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Abstract: PM; 5 data from major cities in the southern North China Plain during 20132015 were
comprehensively analyzed relative to variation features, meteorology effects, and regional transport
contributions. The annual average ranged from 87 to 123 ug m~3, with the highest in Baoding and
Shijiazhuang, the moderate in Handan and Hengshui, and the lowest in Cangzhou, which revealed
an evident concentration gradient with distance from the mountains. PM; 5 pollution indicated
significantly regional characteristics and high correlations in daily PM, 5 changes and similar seasonal
and diurnal variations in five cities. The highest concentrations mainly occurred in the winter, then
autumn, spring, and summer, and the diurnal variations were bimodal with peaks during the morning
rush hours and at night, which were mostly dominated by the differences in source emissions and
the boundary layer. The PM; 5 concentrations were significantly positively correlated with relative
humidity, especially during winter. The highest PM; 5 concentrations in all cities were associated
with the south, southeast, and southwest pathways, while the short northwest pathway in the winter
for Baoding and Shijiazhuang experienced the highest concentration. Regional contributions ranged
from 19.6 to 33.7% annually, with the largest in Baoding and Shijiazhuang. These results provide a
scientific basis for pollution forecasting and control in these heavily polluted cities.

Keywords: PM,; 5; seasonal and diurnal variation; meteorology; regional transport; southern Hebei

1. Introduction

Haze pollution in the southern Hebei province of the North China plain has deteriorated in recent
decades [1-3]. The highest PMj; 5 particles with aerodynamic diameters <2.5 pm levels in this region
have been reported recently [4-6] and can result in severe health risks. Rapid growth in both the
economy and energy consumption, especially in coal combustion, industrialization, urbanization,
and motorization, together with a unique topography, which is surrounded by mountains to the
north and west (Figure 1a) [7-10], have contributed to this heavy pollution. The aerosol pollution in
this region has been investigated by several studies using analyses of chemical compositions [11-13]
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and a source apportionment that uses air quality models [14-16]. These studies have shown that
high level emissions of gaseous precursors (NOy, SO,, and VOCs etc.) and high concentrations of
secondary inorganic ions, organic carbon, elemental carbon, and most crustal elements, together with
unique local topographic factors and unfavorable meteorological conditions contributed to higher
PM; 5 concentration. Overall, coal combustion, industrial and domestic sources, and regional transport
were the major contributors to the severe pollution levels in this region [10]. The main industries and
enterprises (power plants and heavy industries etc.) emitting exhaust gases in Hebei Province and the
population distribution are shown in Figure 1b,e.

To mitigate the haze pollution, the most comprehensive and strict national action plan for air
pollution prevention and control was proposed by China’s State Council on 10 September 2013.
The PMj; 5 levels in the Beijing-Tianjin-Hebei region are required to drop 25% in 2017 compared to 2012
levels. Accordingly, a strict action plan for air pollution prevention and control was also released by the
government of the Hebei province (Available online: http://www.hebei.gov.cn/). A series of emission
reduction measures, including the optimization and adjustment of the industrial structure, industrial
air pollution control, the management of coal quality and usage, vehicle fuel quality and emission
control, and dust control were implemented. However, Shijiazhuang (SJZ, the provincial capital of
Hebei), Baoding (BD), Handan (HD), and Hengshui (HS) were ranked in the top 10 most polluted cities
in China from 2013 to 2015 by the Ministry of Environmental Protection of China (MEPC) (Available
online: http://www.zhb.gov.cn/xxgk/jjwm/index_1.shtml). Thus, improving air quality in these
cities is both necessary and urgent.

Previous studies have focused on short-term pollution episodes [17,18] or pollution conditions
only in SJZ [4,12], which has not aided in understanding the long-term annual, seasonal, and diurnal
variation of PM, 5 in major cities in the southern Hebei province. This lack of information hinders the
research of physical and chemical processes that affect the air quality. Additionally, regional transport
is under the control of atmospheric circulation patterns and this is a significant contribution to PM; 5
pollution levels in the heavily polluted surrounding areas [10,19]. Massive studies have reported the
significant influence of the southern Hebei province on Beijing air pollution [19-21]. However, the
regional transport contributions in the major cities of southern Hebei are rarely investigated and they
urgently need to be studied and quantified for each heavily polluted city. It is critical to understand
and establish the emission reduction strategy at the local and regional scales [21].

In this paper, the annual, seasonal, and diurnal variations of PM; 5 concentrations, as well as the
influence of the meteorological conditions in the five major cities of southern Hebei were analyzed
from 2013 to 2015. The transport pathways and contributions from the surrounding regions were also
explored using receptor models, such as potential source contribution function analysis [22,23] and
trajectory sector analysis [21,24], by combining the observed PM, 5 concentrations and back trajectories.
This information will be crucial for improving the understanding of pollution formation mechanisms,
enhancing the forecast accuracy, and developing effective pollution control strategies in this most
polluted region.
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Figure 1. Topography (a), population count (b), and PM, 5 concentrations in 2015 (c) over the east
of China, the locations of the five cities in the south of North China Plain (d), main industries and
enterprises emitting exhaust gases in Hebei Province from the MEPC (e). Note: the blue squares in
(c) represent the five cities in this study; the red regions, black lines, and gray lines in (d) represent
the urban area, province boundary and prefecture boundary, respectively. The population data were
downloaded from http://sedac.ciesin.columbia.edu/data/set/gpw-v3-national-identifier-grid.

2. Data and Methodology

2.1. Description of the Study Cities

Hebei province, which includes 11 prefectural-level cities, is located in North China, with the
mountains to the north and west, oceans to the east, and the plains to the south (Figure 1a). Hebei
province and the municipalities of Beijing and Tianjin are merged as the Jing-Jin-Ji city cluster region,
which has one of the largest populations globally (Figure 1b). The gross domestic product (GDP) of
Hebei is 2942.12 billion RMB, and coal consumption is 296.35 million tons, which puts it in sixth and
fourth place, respectively, out of 31 provinces and municipalities in China according to the China
Statistical Yearbook 2014. In addition, the fraction of secondary industry in this region (e.g., heavy


http://sedac.ciesin.columbia.edu/data/set/gpw-v3-national-identifier-grid

Atmosphere 2018, 9, 157 4 of 21

industry, real estate) accounts for 51.05% in all three industries. The climate in Hebei province is
characterized by a continental monsoon zone that has a prevailing northerly wind with dry, cold
air and little precipitation in winter and a prevailing southerly wind with wet, hot air and high
precipitation in summer and transitional periods in spring and autumn. The 5 prefectural cities, SJZ,
BD, HD, HS, and Cangzhou (CZ) (Figure 1d), are located in the southern Hebei province and had
populations of 10.03, 10.29, 9.38, 4.42, and 7.38 million people (4.30, 2.81, 1.65, 0.52, and 0.47 million in
the urban area), and GDPs of 510.0, 275.78, 308.00, 113.9, and 313.34 billion RMB, respectively, based
on the Hebei Statistical Yearbook 2014. In addition, vehicle counts were 2.19, 2.13, 1.63, 0.89 and 1.47
million until the second quarter of 2015 (Available online: http://www.hetj.gov.cn/). The highest
PMj; 5 concentrations in China were observed in this region in 2015 (Figure 1c).

2.2. PM; 5 and Meteorological Data

The real-time, hourly PM; 5 concentration data were downloaded from the live-updated website
published by the MEPC (Available online: http:/ /www.zhb.gov.cn/) during 2013-2015. All monitoring
sites were located in the urban areas of the cities. There were four sites in BD, five sites in SJZ, three
sites in HD, three sites in HS, and three sites in CZ. The hourly data of concentrations from these
monitoring sites in every city were averaged over three hours, six hours, and daily for further analysis,
with at least 18 hourly values required calculating the daily averages. PM; 5 was measured using a
micro oscillating balance method from commercial instruments according to the China Environmental
Protection Standards HJ 655-2013 (Available online: http:/ /kjs.mep.gov.cn/hjbhbz/).

Every 6-h interval meteorological parameters (local time 02:00, 08:00, 14:00, 20:00) during
2013-2015 in the five cities (Figure S1) were acquired from the China Meteorological Administration.
Daily temperature (T), wind speed (WS), relative humidity (RH), and precipitation were averaged
using the four measurement results. Six-hour interval wind directions (WD) and WS, as well as
six-hour averaged PM; 5 concentrations were used to plot the maps of wind rose and the relationship
between PM; 5, WS, and WD.

The planetary boundary layer heights (PBLH) in 3-h intervals were obtained from the U.S.
National Oceanic and Atmospheric Administration (NOAA) READY archived meteorological GDAS
data (1° x 1°) (Available online: http:/ /www.ready.noaa.gov/READYamet.php) based on Coordinated
Universal Time (UTC). All UTC values were converted to local time (Beijing time).

2.3. Backward Trajectory Modeling

The HYSPLIT4.9 model from the (NOAA) Air Resources Laboratory (Available online: http:
/ /ready.arl.noaa.gov/HYSPLIT.php) and meteorological data (GDAS for 1° x 1° resolution) were
used to calculate the individual, three-day backward trajectories. The trajectory endpoint was the
city center at a height of 200 m above ground level (i.e., within the mixed layer). The city centers
were located in BD at 38.89° N and 115.49° E, SJZ at 38.05° N, and 114.54° E, HD at 36.60° N and
114.52° E, HS at 37.74° N and 115.68°E, and CZ at 38.32° N and 116.87° E). The backward trajectories
were calculated at 00:00, 03:00, 06:00, 09:00, 12:00, 15:00, 18:00, and 21:00 UTC every day for each city
during 2013-2015 in five cities. Three-hour averaged PM; 5 concentrations before the end time of
each trajectory were combined with the backward trajectories and used for the trajectory cluster and
receptor models.

2.4. Methods

2.4.1. Trajectory Cluster Method

To explore the impact of air mass transport on PM; 5 pollution in the target cities, backward
trajectories were clustered based on Euclidean distance and a suitable cluster number was determined
using the ‘eye ball’ method with the software TrajStat [25]. PMj;5 concentrations were grouped
according to the trajectory cluster. Normalized contributions for the different clusters to PM; 5
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concentrations were calculated on an annual and seasonal basis by combining the occurring frequency
of every cluster and the responding PM; 5 averaged concentrations.

2.4.2. Potential Source Contribution Function (PSCF) and Trajectory Sector Analysis (TSA) Method

To investigate and quantify the effect of regional transport on PM; 5 concentrations in a receptor
city, the receptor models of the PSCF [26] and TSA [10,24] were used. Both are based on the results
of the HYSPLIT model and PMj; 5 concentrations. The domain zone of the PSCF is divided into i x j
small equal grid cells with a 0.5° x 0.5° resolution. The domain zone and the threshold values for the
five cities during the study period are shown in Table S1. The total number of trajectory endpoints in
the ijth grid cell is n;; and the total number of trajectory endpoints for which the measured pollutant
concentration exceeds a threshold value is m;;. The PSCF value in the ijth cell is defined as mi]-/ 1jj.
In this study, the 75% percentile value was chosen as the threshold, which represented the heavy
pollution criterion. To remove the uncertainty in cells with small njj values, such as those less than
approximately three times the average number of trajectory endpoints in all the i x j cells, a weight
function W(n;;) was adopted as follows based on running the PSCF program many times,

1.00 (150 < m;;)
0.70 (50 < n;; < 150)
0.42 (20 < njj < 50)

0.17 (1’[1‘]‘ < 20)

W (nij) = ©)

The TSA method first divided into twelve 30° sectors in the central of the receptor city, numbered
in a clockwise direction (1-12) starting in the north. To reduce the converting deviation, the analysis
region was fixed in the range of 28-60° N and 70-130° E. The locations of the trajectory during the
first 4 h were excluded because the sectors might be poorly defined close to the origin, and a small
amount of curvature in a trajectory can lead to spurious results [24]. The average concentration of
sector j (C;) and the percentage of the concentration associated with air masses from sector j (%C;) are
defined by YN, C; fij/ Njand C;N;/ Z}'i1 C;iN; x 100, respectively. N is the total number of trajectories,
C; is the concentration within the ith trajectory, f;; is the time spent in sector j for the ith trajectory,
and N; N, fij) is the total time during which the trajectories passed through sector j. The detailed
information about the trajectory cluster, PSCF and TSA methods are described in Wang et al., 2015 [10].

3. Results and Discussion
3.1. Characteristics of PM 5 Concentrations in Five Cities during 2013-2015

3.1.1. Overview of the PM; 5 Concentrations

The annual average PMj; 5 concentrations during 2013-2015 were 123 £ 90, 122 £ 101, 114 + 81,
109 £ 77, and 87 + 58 ug m~3 for BD, S]Z, HD, HS, and CZ, respectively (Table 1), which severely
exceeded the Chinese Ambient Air Quality Standards (CAAQS) Grade I (yearly limit 15 ug m~3) by
6-8 times and Grade I (yearly limit 35 pg m~—2) by 2.5-3.5 times. The population-weighted mean of
PMj, 5 in all five cities was 119 ug m~3, which was six times as high as the global population-weighted
mean (20 pg m~3) [27] and highlighted a high health risk. It is important to note that the annual
PMj, 5 concentrations in BD, SJZ, HD, and HS were much higher than those in other Chinese cities
that have been reported previously [4,7]. The maximum daily average PM; 5 concentrations were
626,771, 641,705, and 387 ug m~3 in BD, SJZ, HD, HS, and CZ, respectively (Figure 2a), all of which
occurred during winter and indicated extreme fine particle pollution. In general, the ratio at which
PM, 5 exceeded 75 nug m~3, the daily limit for Grade I CAAQS, was between 48.1-64.9%, and the
ratio at which PM, 5 > 250 pg m~3, the threshold value for the most severe pollution, was between
2.2-10.2%. The most severely polluted cities were located near the mountains including BD, SJZ, and
HD, while the less-polluted cities were located near the sea, like CZ. This is attributed to adverse
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diffusion conditions with the orographic wind convergence zones along the Taihang and Yanshan
Mountains [18] and the lower PBLH (Figure 3). The severe pollution levels in this region are caused
by both local primary emissions from industrial and domestic sources and secondary production
from the abundant precursors [10,12,13,15,28,29], as well as the special topography (Figure 1a), the
unfavorable weather conditions that are stagnant with weak winds and low PBLH (Figures 3 and 4),
and the regional transport contribution [10,15,18,21].

The day-to-day variations of PM; 5 in these cites (Figure 2a) showed similar trends, and the
concentrations were elevated synchronously in all cities during heavy haze episodes, largely driven
by the evolution of synoptic circulation and meteorological factors. The correlation coefficients
between the daily PM; 5 concentrations in the cites were 0.74-0.88 (Table 1), which demonstrated the
regional fine particulate pollution characteristic due to the horizontal and vertical homogeneity of
the meteorological conditions in the study region (Figures 3 and 4) and the secondary formation of
PM,5 [30]. The annual average PM;5 concentrations from 2013 to 2015 in these cities declined
significantly each year (Figure 2b). The annual average values in 2013 were in the range of
103-155 ug m~3, but decreased by 30-66 g m~> in 2015 and ranged from 70 to 107 ug m 2, with
a reduction in the differences among the cities as well. The largest decline was observed in SJZ,
from 155 in 2013 to 89 pug m~2 in 2015. The rapid decline of PM, 5 annual means was partially
ascribed to the decreased frequency of extremely heavy pollution incidences because of the exceedance
ratio at which PMj 5 > 250 pg m—3 (Figure 2) dropped from 3.6-16.2% in 2013 to 1.4-8.2% in 2015.
Furthermore, the largest reduction occurred during winter, declining by 24, 119, 88, 51, and 53
ug m~3 in BD, SJZ, HD, HS, and CZ, respectively, between 2013 and 2015. This was the season
that contributed the most to the decrease in annual mean PM;5. The meteorological conditions
became slightly unfavorable from 2013 to 2015, with weakening winds, especially in SJZ in 2014,
and decreasing humidity, with the exception of autumn (Figure 4). The precursors of PM, 5 (like
NO; and SO,) in North China also significantly declined from 2013 to 2015, which was observed
from OMI satellite (Figure S2). Thus, the effectiveness of source reduction measures in this region
was significant and facilitated the decline of PM; 5 concentrations. Remarkably, the even stricter
environmental protection laws were enforced in China beginning on 1 January 2015 (Available
online: http://www.gov.cn/xinwen/2014-04/25/content_2666328.htm), which could further the
implementation of pollution control measures.
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Figure 2. Daily variation (a) and monthly average and exceedance ratio variations (b) of PMj 5 in five
cities during 2013-2015. (The Grade II National Ambient Air Quality Standard for the daily limit is
75 ug m~3; BD-Baoding, SJZ-Shijiazhuang, HD-Handan, HS-Hengshui, CZ-Cangzhou).
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3.1.2. Seasonal Variation

The seasonal and monthly average PM; 5 concentrations are shown in Table 1 and Figure 2. At least
20 daily mean concentrations were required to calculate the monthly averages. Seasonal categories
are divided into spring (March, April, and May), summer (June, July, and August), fall (September,
October, and November), and winter (December, January, and February). The annual variation in
monthly averaged PM, 5 concentrations showed similar seasonal trends during 2013-2015. In general,
the highest concentrations of PM, 5 were observed in the winter (126-203 pg m~2), followed by autumn
(79-118 pg m~3), spring (82-98 ug m~3), and summer (67-82 ug m~3), successively. Additionally, the
differences in PMj 5 concentrations between the cities peaked in winter and were lowest in summer.
The PM; 5 pollution levels in CZ were not as severe as the other cities, which had higher ratios
of attaining the CAAQS Grade II (32.3-63.4%) in all four seasons. In the other 4 cities, attainment
days were less than 20% in winter and severely polluted days (PMy 5 concentration > 250 ug m3)
accounted for 19.0-30.8%. Additionally, the attainment ratios in spring and autumn were in the range
of 37.1-50.5%, and the highest attainment ratios were in summer at 49.6-53.5%.

The highest PM; 5 concentrations almost always occurred during the winter months in the
study cities. The most polluted month on record was January 2013, which was caused by
extremely unfavorable weather conditions and high secondary transformation, as previously
reported [10,16,18,31]. The spring PM; 5 maxima usually occurred in March and the autumn maxima
in November or October, due to the increased emissions from domestic heating and agricultural
burning during the October harvest season [10,32,33]. The variations in emissions, meteorological
conditions, type of long-distance transport, and secondary production are associated with the pollution
levels in different seasons [34]. The highest density of coal consumption and heavy industries are also
found in this region, which emitted massive primary particles and gaseous precursors [29,35]. The
highest concentrations were found in winter and autumn due to the enhanced anthropogenic emissions
from coal combustion for heating and biomass burning for the clean-up of agricultural waste [36].
Stagnant meteorological conditions often occurred in winter and autumn with less precipitation,
moderate humidity (average 62%) (Figure 3), lower PBLH (average 320 m) (Figure 4), and higher
frequencies of weak winds (Figure 5), which together suppressed pollution diffusion and facilitated
particle production and hygroscopic growth. Although the warm temperature and high humidity
during summer promoted the photochemical formation of particles, the lower emissions and higher
precipitation resulted in the lowest PM; 5 concentrations. The highest wind speeds and PBLH occurred
during spring and facilitated air ventilation and vertical convection, resulting in lower pollution levels.
The regional transport influence will be discussed in Sections 3.3 and 3.4.
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Figure 5. Wind rose plots for the four seasons in the five cities during 2013-2015. Calms represents

wind speed <1 ms™".

3.1.3. Diurnal Variation

The seasonal diurnal variation of PM;5 in all the study cities during 2013-2015 is shown in
Figure 6 to identify the potential emission sources. A bimodal pattern with peaks during the morning
rush hours (e.g., traffic exhausts) and at night was observed. The morning peak during autumn and
winter was approximately 1-2 h later compared to that in spring and summer (8-9 a.m.), due to the
low PBLH before noon (Figure 3). The decreased afternoon concentrations were attributed to the
better dispersion conditions, with increasing PBLH and wind speeds. From 1600 to the nighttime, the
afternoon rush hours and increased source activities caused an increase PM, 5 concentration, while the

declining PBLH after sunset resulted in pollution accumulation. The highest PM; 5 concentrations in
all cities occurred during winter and autumn. Furthermore, the concentrations at night were higher
than during the day. This was associated with the enhanced emissions from domestic heating and the
lower PBLH. The best air quality occurred during the summer due to good diffusion conditions and
less anthropogenic emissions, with minimum concentrations during the afternoon between 52 and
69 ug m 3, which also exceeded the CAAQS Grade II The highest concentrations were observed in
SJZ and BD, except during summer, and the lowest were observed in CZ. This can be explained by the
higher emissions from industrial and residential sources [15,35] and more stagnant atmosphere with
lower PBLH in SJZ and BD. However, during summertime, the highest concentrations occurred in HD
and HS. One possible explanation are the weak winds and the higher frequency of southerly winds

(Figure 2a).
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Figure 6. Statistic diurnal variation of PM; 5 for the four seasons (a-spring, b-summer, c-autumn,
d-winter) in five cities during 2013-2015.

3.2. Relationship between PM, 5 and Meteorological Parameters

The relationship between pollutants and meteorological factors in the five study cities during
2013-2015 was quantified into four seasons using Pearson correlation coefficients (Table 2). In general,
the correlation coefficients of the cities showed little difference, indicative of the regional pollution
characteristic. A negative correlation between the PM, 5 and WS (wind speed) was observed, especially
in winter, which suggested that horizontal dispersion was important. However, a weak correlation
in summer was likely due to a higher PBLH, which promoted vertical dilution. Weak negative
correlations were observed between PM; 5 and precipitation in the same day or the previous day,
while these correlations were not significant in most cities. The positive correlation between PM; 5 and
temperature was only observed in the summer, which indicated that the photochemical reaction was
important during that time, whereas, the negative correlations in other seasons were likely associated
with higher emissions from heating or the condensation of semi-volatile species in low temperatures.
It should be noted that these correlations were not significant in half of the study cities.

PMj; 5 concentrations were significantly positively correlated with RH during all seasons and in
all cities, with stronger correlations during winter. Weak correlations in summer and autumn were
ascribed to massive precipitations in summer and early autumn, which contributed to higher humidity
and eliminated particles through wet deposit. The RH- and T-dependent distribution of PM; 5 and
wind speed (Figures 7 and 8) demonstrated an obvious concentration gradient with the elevated RH.
On average, the lowest PM; 5 concentrations occurred at RH < 30% with no dependence on T, which
was likely due to the ability of the high winds to disperse the pollutants. The PM; 5 showed a rapid
increase when RH > 50%, especially at low temperatures. These results illustrated that severe haze
events in this region mostly occurred in conditions of high humidity, weak winds, and high emissions
due to heating in cold periods. High humidity plays an important role in elevating pollution levels
by facilitating particle transformation, hygroscopic growth [31,37] and the partition of semi-volatile
species into the aerosol phase [38], meanwhile high humidity usually accompanies lower PBLH [39].
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Table 1. Statistical summary of PM; 5 in 5 cities during 2013-2015.
Average + Standard Deviations (SD) Pearson Correlation Coefficient % Exceedance Ratio (>75 ug m 3 (>250 pug m—3))
Annual Spring Summer Autumn Winter BD SJZ HD HS cz Annual Spring Summer Autumn Winter
BD 12390 98+£51 78+£35 118+91 203 £110 1 0.85 0.74 0.77 0.81 64.9 (9.3) 62.9 (1.1) 47.8 (0) 61.2 (8.4) 89.0 (28.5)
S]Z 122+101 97+£54 80£45 111+£89 203 & 141 0.85 1 0.87 0.83 0.82 60.8 (10.2) 61.5(2.2) 46.4 (0) 54.9 (8.8) 81.4 (30.8)
HD 114 £81 89+£39 82+£35 102+61 185£115 0.74 0.87 1 0.88 0.79 63.8 (6.5) 58.2 (0.4) 50.4 (0.4) 61.2(2.2) 86.3 (24.0)
HS 109+77 82+£39 82+£36 104+63 173 £110 0.77 0.83 0.88 1 0.86 60.2 (5.4) 49.5 (0) 50.4 (0) 59.0 (3.3) 82.9 (19.0)
cz 87 £ 58 75+38 67133 79 £ 56 126 £76 0.81 0.82 0.79 0.86 1 48.1 (2.2) 44.7 (0.4) 36.6 (0) 443 (1.1) 67.7 (7.6)

Note: BD-Baoding, SJZ-Shijiazhuang, HD-Handan, HS-Hengshui, CZ-Cangzhou.

Table 2. Pearson correlation coefficients between daily PM; 5 concentrations and meteorological factors in five cities during 2013-2015.

Spring Summer Autumn Winter
RH ws T Pre Prep (Prior RH WS T Pre Prep (Prior RH WS T Pre Prep (Prior RH WS T Pre Prep (Prior

Day) Day) Day) Day)
BD 033 —016 —024 —0.14 —0.16 025 —0.09 0.29 0 —0.08 023 —033 —0.18 —0.14 —0.17 056 —0.43 —0.18 —0.01 —0.01
S]Z 0.4 —0.24 —0.15 -—0.08 —0.15 035 —019 0.02 -0.02 —0.16 027 —029 —-0.16 -—0.17 —0.2 056 —0.29 —03 —0.03 —0.05
HD 038 —0.07 —0.14 -0.01 —0.14 0.2 0.02 0.07  —0.02 —0.05 015 —-008 —-01 —0.13 —0.21 055 —-0.12 —-0.18 -0.07 —0.08
HS 037 —015 —-0.06 —0.09 -0.11 029 —0.01 013 —0.04 -0.11 028 —0.15 —-0.06 —0.07 —0.22 058 —0.26 —0.08 —0.04 —0.06
Ccz 0.35 -01 0.05 —0.01 —0.09 0.13 0.16 019 —0.03 —0.16 022 —013 —02 —0.09 —0.15 054 —0.28 0.02 —-0.07 —0.07
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Figure 7. The relationship among T, RH, and PM, 5 concentrations in five cities during 2013-2015.

Tellne .ot .-'. o ta{&”‘ -.’n‘ 0.000
301 AL e »'-q‘-'i&i"ﬁ T R -
AR Sane R T AL IR N
: . 3":.13::,‘3\. i&ﬁ%{ﬁﬁ?}f 1.000
1 H f ?: Ay :';i-..‘.' .‘
2 : 't i ":‘_ ;gi,' : :’ 2.000
'.“-’:' 3.000
- J
O 4.000
: 104
L .
i * ... Wind speed
S5 (msT)
0 - ]
-10 T T T T T T T T

RH (%)

Figure 8. The relationship among T, RH, and wind speed for all data in 5 cities during 2013-2015.

The PM, 5 concentrations of target cities are not only decided by local emissions, but also by the
surrounding pollution regions. Maps of wind rose and the relationships between the 6-h average PM; 5
concentration, wind speed, and wind direction in the study cities are presented in Figures 5 and 9 to
investigate the regional influence. The lowest wind speeds were found in SJZ, HD, and HS, epically
during winter and autumn. The wind speeds associated with southeasterly to southwesterly winds
were usually very low, except for HD, HS, and CZ in spring and summer. The strong northwesterly
winds were mostly in BD and only occurred during summer in SJZ and CZ. At the remaining sites,
northwesterly winds were weak. High PM; 5 values were associated with weak winds, less than
2 m s~ !, which revealed higher local emissions. Low PMj; 5 values were associated with winds from
the northwest except during winter. In most cities, PM; 5 concentration increased with elevated wind
speed in different wind directions, which is indicative of the influence of the regional transport from
the surrounding polluted regions. The regional transport is discussed in detail in the next sections.
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Figure 9. Maps of relationships between average PM; 5 concentration and wind speed in five cities
during 2013-2015.

3.3. Transport Pathways and Source Analysis

The main transport pathways, corresponding PM; 5 concentrations, and normalized contributions
to PM; 5 concentrations as defined by the cluster frequency and the mean PM; 5 concentration in all
cities for the entire study period and different seasons are displayed in Figure 10 and Figure S3. The
main transport pathways can be divided into seven categories from the results of the trajectory clusters:
north (N; BD-C2, §JZ-C4, HD-C2, HS-C2, CZ-C5 & C7), long northwest (NWL; BD-C1 & C4, SJZ-C1 &
C3, HD-C1, HS-C1 & C4, CZ-C2 & C4), short northwest (NWS; BD-C5 & C6, SJZ-C5 & C6, HD-C4,
CZ-C1), long southeast (SEL; BD-C3, SJZ-C2, HD-C5, HS-C5), short southeast (SES; HS-C3, CZ-C3),
south (S5; HD-C3, CZ-C6), and southwest (SW; HS-C7). The southernly pathways, SEL, SES, S, and
SW, were predominant and accounted for 44.7%, 46.8%, 50.3%, 54.6%, and 48.7%, respectively, in BD,
SJZ, HD, HS, and CZ. NWS pathways made larger contributions of 18.9-20.3% in BD and SJZ, and
less than 12.3% in other cities. In addition, due to the monsoonal influence, the frequency of southern
pathways increased in the summer, and northern pathways increased in the winter.
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Figure 10. Mean backward trajectory clusters and statistical summary of cluster frequency, PM; 5
concentrations associated with different trajectory clusters, and normalized contributions for different
clusters to PM, 5 concentrations in five cities during 2013-2015. (C represents Cluster, percent represents
the normalized contribution of the cluster frequency and the mean PM; 5 concentration).

The highest PM; 5 concentrations were generally associated with NWs, SEL SES, S, and SW
pathways in the range of 132-139 ug m~3 for BD, 134-162 pg m~2 for SJZ, 116-137 pug m 2 for HD,
117-149 pg m 2 for HS, and 89-112 pg m 2 for CZ, which was higher than the corresponding annual
averaged concentrations. Moderate PM; 5 concentrations (46—67 pg m %) were associated with the
NWL, and the lowest PM; 5 concentrations (20~33 ug m~3) with the N. On the seasonal scale, mean
PMj, 5 concentrations for different pathways showed somewhat similar trends, but the magnitudes
in the same cluster varied according to season, with the highest concentrations in winter and lowest
in summer. Moreover, the PM; 5 concentrations associated with the southerly pathways were higher
than those associated with the NWS for seasonal means. Due to the high occurrence frequency of the
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southerly pathways, as well as their high corresponding PM, 5 concentrations, the southerly pathways
contributed the most to PM; 5 concentrations on the order of 50.2-65.0% for all cities. The seasonal
PM; 5 contributions from every pathway also changed, with increased contributions from the southerly
pathways during the summer and decreased contributions during the winter. Notably, the NWS
pathways in winter were large contributors to PM; 5 in BD and SJZ, at 25.8% and 38.2%.

The potential source contributions to the high PM;5 concentrations varied among the cities
(Figure 11). These results suggested that regional transport from the northwest and south of BD and
SJZ played a dominant role in the formation of severe haze pollution events. These regions included
southwestern Inner Mongolia, northern Shanxi and Shannxi, southern Hebei, eastern Henan, western
Shandong, and northern Anhui and Jiangsu. The high potential source regions for HS were located in
southern Hebei, Shandong, Henan, and northern Jiangsu and Anhui. Remarkably, the domain of potential
sources was the largest in HD and smallest in CZ. The high PSCF values for HD were located in western
Inner Mongolia, northern Shannxi, southern Shanxi and Hebei, Tianjin, eastern and central of Henan,
western and southern Shandong, and northern Jiangsu and Anhui. The high PSCF values for CZ were in
southern Hebei, Shandong, eastern and central of Henan, northern Anhui and Jiangsu, and central Hubei.

SIZ
e

Figure 11. The Potential Source Contribution Function (PSCF) maps of the potential sources of PM; 5
in five cities during 2013-2015. The red dot represents the target city.
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Generally, the contribution from the surrounding areas was consistent with the distributions
of the source emissions. A huge amount of anthropogenic emissions from industrial production,
vehicle exhaust, and domestic sources cover the surrounding regions in the study cities [35]. For
example, coal mining, power generation regions, numerous metallurgical works, and coal chemical
industries are located in Shanxi and southwestern Inner Mongolia, which emit lots of particles and
gaseous precursors. Domestic heating with coal in the winter leads to higher emissions of pollutants.
Moreover, stagnant weather with weak winds is often accompanied by the southerly winds, which
brings pollutants into the cities, especially near the mountains, inducing the elevated pollution levels.

3.4. Regional Transport Contribution

According to the TSA method, annual and seasonal 12 sector concentrations (Cj) and percentages
(%Cj) of PM;5 in the study cities are presented in Figure S4, which demonstrated evident sector
gradients. On average, with the exception of HD, the highest mean concentrations of PM; 5 (ranging
from 138-170 pug m~2 in BD and SJZ, and 97-135 pg m 2 in HS and CZ) were associated with sectors
6-10, moderate mean concentrations with sectors 2-5 and 11, and the smallest mean concentrations
(ranging from 58-87 j1g m~3) in sectors 1 and 12. The highest concentrations of PM, 5 were in sectors
4-6 in HD, ranging from 124-136 pg m~3, and the lowest concentrations in sector 12 (91 ug m~3). The
concentration gradients of the trajectory sectors in BD and SJZ were larger than those in HD, HS, and
CZ, which indicated there were more contributions from regional transport to PM; 5 pollution levels
in BD and SJZ. The seasonal variation in sector concentrations exhibited similar trends to the annual
variation in all cities. However, the concentrations in all sectors were highest in winter, while sectors
5-7 had the highest summer concentrations. The sector concentration percentages were highest in
sectors 6—7 and 10-11 for BD and SJZ, sectors 1-3, 5-7, and 10-12 for HD, and sectors 6-7 for HS and
CZ. In addition, the increased sector percentages came from the southerly sectors during the summer
and the westerly sectors during the winter due to the transition in the predominant wind direction.

The background and long-distance regional transported PM; 5 concentrations in the study cities
were roughly estimated using the methods of Wang et al. (2015). The sectors with the lowest
concentration were defined as the background concentration (Cb) due to the relatively few sources
there. The locations of the trajectory during the first 4 h (Figure S5) represented the local extents,
which was not resolved in the TSA analysis. The Cb levels of PM; 5 were 81 pg m 3 in sectors 1
and 12, 76 pg m~3 in sectors 1 and 12, 91 ng m~3 in sector 12, 80 ug m~3 in sectors 1 and 12, and
64 ug m~3 in sector 1, 11 and 12 for BD, SJZ, HD, HS, and CZ, respectively. Additionally, the Cb
concentrations were highest in the winter and lowest in the summer. Figure 12 shows the annual
and seasonal concentrations and contributions of transport components to PM; 5 in each sector of
the different cities after subtracting Cb. The largest transported concentration and contribution was
associated with sectors 5-10 for BD and SJZ ranging from 36% to 56%, and sectors 5-8 for HD, HS, and
CZ ranging from 18% to 45%. The larger contribution from sectors 9-10 to BD and SJZ occurred in
winter and autumn due to increased coal combustion use for heating in the northwest regions. The
highest transported contributions in every sector changed slightly with the seasonal transition, with
the highest contributions from the northwest in the winter and from the south in the summer.

The annual and seasonally transported PM; 5 concentrations and percent contribution during
2013-2015 for the study cities are displayed in Table 3, calculated by combining the transported
concentrations or contributions and the frequency of the trajectories in the corresponding sectors. The
annual mean contributions of 31.4% (42.4 pg m~3), 33.7% (46.4 ug m~3),19.6% (23.3 ug m~3), 24.8%
(30.2 ug m~3), and 20.2% (21.6 ug m~3) for BD, SJZ, HD, HS, and CZ, respectively, were attributed
to long-distance transportation from the upwind polluted regions. The seasonal mean transported
contributions showed higher values in summer and autumn, and lower in spring and winter. One
explanation for this pattern is that more stagnant weather occurred in winter; thus, local emissions
are more dominant. These results are comparable to previous source analysis results. The regional
transport contribution accounted for 23-30% in SJZ, according to the China National Environmental
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Monitoring Center (Available online: http://www.cnemc.cn/publish/totalWebSite /news/news_
42659.html), based on chemical composition apportionment. The transport contribution in winter
was approximately 25% and 26.8% for SJZ and HD, obtained using complex atmospheric chemical
transport models [10].
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—@— Annual
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Figure 12. Annual and seasonal transported concentration and percentage of each sector for PM; 5 in
five cities during 2013-2015.
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Table 3. Annual and seasonal transported PM; 5 concentrations and contribution percentages in 5 cities
during 2013-2015.

Concentration (ug m—3) Percentage (%)

Annual Spring Summer Autumn Winter Annual Spring Summer Autumn Winter

BD 424 27.9 27.1 55.4 64.7 31.4 25.5 31.5 41.2 27.2
SJZ 46.4 35.0 35.0 459 64.4 33.7 31.3 39.9 34.1 26.5
HD 23.3 19.1 20.2 26.5 439 19.6 19.8 23.4 23.8 21.0
HS 30.2 244 26.1 359 51.9 248 26.5 29.8 294 24.0
cz 21.6 225 24.0 249 39.6 20.2 25.1 32.0 245 23.8

The results were calculated through combining the transported concentrations (percentages) and the percent
frequency of air mass in different sectors.

4. Summary and Conclusions

This study investigated the annual, seasonal, and diurnal variations of PMj 5 concentrations, as
well as meteorological effects and source analysis for the five major cities in southern Hebei located in
the North China Plain. This information will help to better understand the current PM; 5 characteristics
in this most polluted region and provide a basis for pollution forecasting and management. The PM; 5
concentrations during 2013-2015 in the five cities were very high and indicated the overall regional
fine particulate pollution. The population-weighted mean of PM; 5 was 119 ug m~2 in five cities,
which was six times as high as the global population-weighted mean. However, a significant decline
in PM; 5, especially in winter, was observed in the study cities, indicating the effectiveness of source
reduction measures in this region.

The highest PM; 5 concentrations were mainly observed in the winter (126-203 pg m~3), followed
by autumn (79-118 pg m~3), spring (82-98 ng m~3), and summer (67-82 ug m~3). In winter, attainment
days only less than 20%, and the severely polluted days were 19.0-30.8%. The diurnal variations in
PM; 5 in this study showed a bimodal pattern, except in the winter, and the peak at night in the winter
was the highest due to enhanced emissions from heating and the reduced PBLH. In addition, high
concentrations of PM; 5 were usually associated with high relative humidity (RH > 50%), especially a
rapid increase of PM; 5 with elevated RH at low temperatures.

The analysis of the transport contribution indicated that the southerly pathways yielded the
greatest PM, 5 contributions, ranging between 50.2-65.0% in all cities, whereas the short northwesterly
pathway was a high contributor to PM; 5 concentrations in BD and SJZ (25.8-38.2%) during winter.
Overall, more regional contributions were in BD and S]Z at 31.4% and 33.7%, whereas less contributions
from 19.6-24.8% for HD, HS, and CZ. The regional contribution was highest in summer and autumn,
and lowest in winter and spring. The heaviest PM; 5 pollution in BD and SJZ was ascribed to weak
winds, low PBLH, and larger regional transport contributions, as well as large source emissions.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4433/9/4/157/s1,
Figure S1: Locations of the observation sites (red for PM; 5 and blue for meteorological observation) and the
prefectural boundary layer in 5 cities in the south of North China Plain, Figure S2: The annual average variations
of the NO; tropospheric column and SO, column amounts (planetary boundary layer) from the OMI satellite
during 2013-2015 in NC (34-40°N, 110-120°E). (These data based on OMI level 3 products (OMSO2e.003 and
OMNO2d ) were provided by GES DISC (Goddard Earth Sciences Data and Information Services Center)),
Figure S3: Statistical summary of cluster frequency, PM; 5 concentrations associated with different trajectory
clusters, and normalized contribution for different clusters to PM; 5 concentration in 5 cities during 2013-2015 for
different seasons, Figure S4: Annual and seasonal sector concentrations (Cj) and percentages (%Cj) for PMy 5 in 5
cities during 2013-2015, Figure S5: The locations of the trajectories during the first 4 hours in the 5 cities during
2013-2015, Table S1: The domain zone and the threshold values for 5 cities during 2013-2015.
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