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A B S T R A C T

In the last decade, North China (NC) has been one of the most populated and polluted regions in the world. The
regional air pollution has had a serious impact on people’s health; thus, all levels of government have im-
plemented various pollution prevention measures since 2013. Based on multi-city in situ environmental and
meteorological data, as well as the meteorological reanalysis dataset from 2013 to 2017, regional pollution
characteristics and meteorological formation mechanisms were analyzed to provide a more comprehensive
understanding of the evolution of PM2.5 in NC. The domain-averaged PM2.5 was 79 ± 17 µgm−3 from 2013 to
2017, with a decreasing rate of 10 μgm−3 yr−1. Two automatic computer algorithms were established to
identify 6 daily regional pollution types (DRPTs) and 48 persistent regional pollution events (PRPEs) over NC
during 2014–2017. The average PM2.5 concentration for the Large-Region-Pollution type (including the Large-
Moderate-Region-Pollution and Large-Severe-Region-Pollution types) was 113 ± 40 µgm−3, and more than
half of Large-Region-Pollution days and PRPEs occurred in winter. The PRPEs in NC mainly developed from the
area south of Hebei. The number of Large-Region-Pollution days decreased notably from 2014 to 2017, the
annual number of days varying between 194 and 97 days, whereas a slight decline was observed in winter. In
addition, the averaged PM2.5 concentrations and the numbers and durations of the PRPEs decreased. Lamb-
Jenkinson weather typing was used to reveal the impact of synoptic circulations on PM2.5 across NC. Generally,
the contributions of the variations in circulation to the reduction in PM2.5 levels over NC between 2013 and 2017
were 64% and 45% in summer and winter, respectively. The three most highly polluted weather types were types
C, S and E, with an average PM2.5 concentration of 137 ± 40 µgm−3 in winter. Furthermore, three typical
circulation dynamics were categorized in the peak stage of the PRPEs, namely, the southerly airflow pattern, the
northerly airflow pattern and anticyclone pattern; the averaged relative humidity, recirculation index, wind
speed and boundary layer height were 63%, 0.33, 2.0m s−1 and 493m, respectively. Our results imply that
additional emission reduction measures should be implemented under unfavorable meteorological situations to
attain ambient air quality standards in the future.
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1. Introduction

With the rapid pace of economic growth and urbanization, air
pollution has become an increasingly serious issue in many developing
countries. Both the government and the public are more concerned
about air quality due to the adverse effects of particulate matter (PM)
on human health, visibility and various climatic problems (Burnett
et al., 2014; J. Li et al., 2016; Li, 2019; Z. Q. Li et al., 2016; Liao et al.,
2015; Maji et al., 2018).

In recent years, air pollution episodes have been frequent in China,
especially in the northern region (Cheng et al. 2016; Song et al. 2017;
Wang et al. 2014c; Wang et al. 2014d; Zhao et al. 2016; Zheng et al.
2016; Zhu et al. 2016). To control the deteriorating situation, all levels
of government have implemented various pollution prevention mea-
sures, e.g., the national-scale Action Plan for Air Pollution Prevention
and Control issued in September 2013. Extensive studies have been
carried out to investigate the characteristics and formation mechanisms
of PM2.5 (particulate matter with an aerodynamic diameter less than 2.5
µm) pollution over North China (NC). For example, PM2.5 concentration
and its chemical composition during the heavy haze pollution episode
in January 2013 were analyzed (Huang et al. 2014; Wang et al. 2014d).
Wang and Zhao (2018) compared the differences in PM2.5 levels and
their seasonal characteristics in 9 cities in the Beijing-Tianjin-Hebei
(BTH) region. However, these studies focused on mainly individual
pollution events or averaged conditions of the PM2.5 concentration. Few
studies focused on the evolutionary characteristics of daily regional
pollution types (DRPTs) and persistent regional pollution events
(PRPEs) in NC. To the best of our knowledge, only Tao et al. (2012)
divided the daily regional pollution conditions into two groups (types
Large and Partial) according to satellite observation, and persistent
regional haze pollution events were identified based on the visibility
and relative humidity in the period 1980–2013 (Wu et al. 2017).
Therefore, to systematically understand the evolution of regional pol-
lution under the condition of massive emission control measures im-
plemented in recent years, more studies on regional pollution types and
episodes in NC based on PM2.5 data in multiple cities are required.

The severity of PM2.5 pollution is known to be strongly dependent
on emissions (Wang and Chen 2016; Zhang et al. 2012), topography
(Wang et al. 2017), meteorology (Cai et al., 2017; Chen et al., 2018; Li
et al., 2019), and physical and chemical reactions (Sun et al. 2015;
Zhang et al. 2015). In particular, meteorological conditions are an
important external factor that can affect the accumulation, diffusion
and chemical progress of pollutants in a region. Therefore, synoptic and
local meteorological conditions play an important role in causing air
pollution.

Some studies have indicated a relationship between air pollution
and synoptic circulation in NC. Typical circulation patterns and corre-
sponding pollution levels and evolution processes have been analyzed
by using a subjective circulation classification approach (Chen et al.
2008; Wang et al. 2014a; Wang et al. 2010; Wu et al. 2017; Zheng et al.
2015). In addition, objective weather classification methods have been
applied extensively. Synoptic categorization techniques, such as the
Kirchhofer method (Zhang et al. 2016), two-stage hierarchical clus-
tering (Zhang et al., 2018a) and the T-mode method (Li et al., 2019; Ye
et al., 2016), have been used to identify the most common circulation
patterns in NC, with which different pollution levels have been con-
nected with different synoptic circulation patterns. Local meteor-
ological parameters (e.g., wind speed, mixing layer height, and hu-
midity) related to PM2.5 pollution have also been discussed. The
dissipation of atmospheric particles depends mainly on the mixing layer
height and wind speed (Tang et al. 2016; Wang et al. 2017; Zhu et al.
2018). Atmospheric humidity has a strong positive correlation with
PM2.5 concentrations, which has been attributed to an accelerated
formation of particulate matter by physical and chemical processes
during high moisture conditions (Leung et al. 2018; Sun et al. 2013;
Zhu et al. 2016). In addition, recirculation corresponding to

unfavorable ventilation has been shown to be one of the most important
factors leading to heavy haze pollution events in BTH (Wang et al.
2014b; Ye et al. 2016). Noticeably, an investigation of regional pollu-
tion events elucidated that, following a thorough cleaning process,
PM2.5 concentrations in the central part of northern China (e.g.,
southern Hebei Province) could accumulate up to>100 μgm−3 within
1–2 days under stagnant weather conditions, after which the region of
high PM2.5 concentrations could be extended over the whole NC and
Yangtze River Delta through spatial oscillation and recirculation (Tao
et al. 2016).

The aforementioned studies have comprehensively investigated the
characteristics of individual pollution events and summarized the
dominant weather types or meteorological conditions related to heavy
air pollution. However, the statistics of weather types and the variation
in key meteorological factors based on the evolution of persistent re-
gional pollution episodes over NC are rarely investigated. In addition,
the contribution of circulation changes to the interannual variability in
PM2.5 needs to be quantified so that the effect of emission control
measures can be evaluated via separating the variability in long-term
data due to climatological and environmental factors.

In this paper, we explore the variability in the characteristics and
evolution of regional pollution types, as well as synoptic and local
meteorological mechanisms over NC. The investigation is based on the
daily PM2.5 and meteorological data from 16 to 58 cities during
2013–2017. Our aims are (1) to characterize the variability in DRPTs
and PRPEs over NC by developing automatic identification algorithms,
(2) to conduct a quantitative analysis on the contribution of circulation
changes to interannual variability in PM2.5, and (3) to reveal the
characteristics of synoptic weather types and circulation dynamics, as
well as key meteorological factors (wind speed, relative humidity,
boundary layer height, recirculation index, and precipitation) during
different stages of persistent regional pollution episodes. These results
are expected to provide important reference information for regional
air pollution control.

2. Data

The NC provinces of Beijing, Tianjin, Hebei, Henan, Shanxi and
Shandong are considered in this research (Fig. 1a). The data of the
hourly concentrations of PM2.5 were obtained for each station from the
National Urban Air Quality Real-time Publishing Platform (http://106.
37.208.233:20035/) issued by the Ministry of Ecology and Environ-
ment. First, daily averaged concentrations for each monitoring site
were calculated based on the hourly data for the days with>20 h of
measurements, and then the daily mean value for all sites in one city
were averaged as the daily average for that city (GB 3095-2012). PM2.5

data were collected from 16 cities (133 sites) in 2013, from 42 cities
(262 sites) in 2014 and from 58 cities (331 sites) in 2015–2017 (Table
S1). Considering the heating period in the observed area, winter was
considered the period between November 15th and March 15th. The
other three seasons were defined here as follows: spring, March 16th to
May 31st; summer, June 1st to August 31st; and autumn, September 1st
to November 14th.

According to Fig. 1 and Table S1, the domain-averaged PM2.5 con-
centrations were 79, 110, 68, 56 and 69 μgm−3 during the whole year
and in winter, spring, summer and autumn, respectively, and these
concentrations decreased at rates of 10, 13, 7, 10 and 10 μgm−3 yr−1.
In addition, higher PM2.5 concentrations and exceedance ratios (ERs)
(the percentage of the days when the PM2.5 concentration exceeded the
Grade II National Ambient Air Quality Standard (NAAQS II) of
75 μgm−3) were observed in southern Hebei in every season (Fig. 1c
and d), which is associated with the dense population (Fig. 1b), highly
concentrated industrial activity and special terrain in the piedmont
plains (Fig. 1a).

Daily meteorological data, including relative humidity (RH), pre-
cipitation and wind speed (WS), for the 58 cities over NC were obtained
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from the National Meteorological Information Centre (http://data.cma.
cn/). Eight measurements per day for were obtained for the U-wind and
V-wind from the China Meteorological Administration in the
Meteorological Information Combine Analysis and Process System
(MICAPS). The 3-h interval (02:00, 05:00, 08:00, 11:00, 14:00, 15:00,
20:00, and 23:00 BJT) boundary layer height (BLH) (gridded at
0.25˚×0.25˚), 6-h interval (02:00, 08:00, 14:00 and 20:00 BJT) sea
level pressure (SLP), geopotential height at 500 hPa, wind vectors at
925 hPa, surface temperature, and surface dew-point temperature, WS,
BLH, wind divergence and vertical velocity reanalysis data (gridded at
1˚×1˚) were obtained from European Centre for Medium-Range
Weather Forecasts (ECMWF) Re-analysis Interim (ERA-Interim).

3. Methods

3.1. Identifying DRPTs and defining PRPEs

Referring to the objective identification technique for regional ex-
treme events (Ren et al. 2012), we developed a computer algorithm that
can automatically identify DRPTs and then define PRPEs over the NC
region based on PM2.5 concentrations in 42–58 cities.

3.1.1. Identification of the DRPTs
A general flowchart to identify the DRPTs was developed (Fig. 2a).

A polluted city (daily PM2.5> 75 μgm−3), severely polluted city (daily
PM2.5> 150 μgm−3) and neighboring cities (any city j within 250 km)
were defined first. The detailed analysis process is presented as follows:

(1) Define the daily regional pollution ratio R and the regional se-
vere pollution ratio Rz. For each day, R= n/N, Rz= nz/N, where N, n,
and nz represent the total number of regional cities, the number of
polluted cities and the number of severely polluted cities, respectively.
(2) Determine the neighboring pollution ratio. For each city, its
neighboring pollution ratio r(j) is given by r(j)= x/X,
where X and× are the number of neighboring cities and polluted cities,
respectively. 3) Select the daily centers of regional pollution. Two
conditions must be satisfied for these centers: r(j) > 0.4, and the dis-
tance between the centers is greater than 250 km. Every polluted city is
scrutinized, and the daily regional pollution centers and their numbers
are obtained. 4) Identify the pollution types. Based on the number of
regional pollution centers (centern) and the values of R and Rz obtained
above, six DRPTs are identified to reveal the daily regional pollution
conditions: Clear, Local-Pollution (Local-P), Small-Region-Circle-
Pollution (Small-C-P), Small-Region-Belt-Pollution (Small-B-P), Large-
Moderate-Region-Pollution (Large-P), and Large-Severe-Region-
Pollution (Large-S-P) (Table S2). Then, we combined Small-C-P, Small-

Fig. 1. Map of the study area and overview of regional pollution conditions. (a) Topographic map of NC; (b) population distribution map of NC; (c) averaged PM2.5

concentration and (d) PM2.5 exceedance ratios (ERs) for 58 cities in four seasons during 2013–2017.
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B-P, Large-P and Large-S-P to create Region-P, Small-C-P and Small-B-P
to create Small-Region-P, and Large-S-P and Large-P to create Large-
Region-P. An additional criterion was added to help determine the type:
If the number of centers< 3 and if R≥ 0.4, manual correction of the
DRPT is needed. The details of the identification are shown in Text S1,
and typical maps for 6 DRPTs are depicted in Fig. 2b.

According to previous studies, regional events usually affect a cer-
tain domain and last for a specific time period (Andreadis et al. 2005;
Ren et al. 2012). Therefore, DRPT identification is the basis of the de-
finition of regional pollution events and can help to clarify not only the
regional pollution variation characteristics in 2014–2017 but also the
duration and starting area of persistent regional pollution over NC. The
classification is not carried out in 2013 because the number of valid
cities is not sufficient.

3.1.2. Definition of PRPEs
Wang et al. (2014d) proposed the definition of a haze episode at a

station as two successive days with daily PM2.5 exceeding 75 μgm−3.
Zheng et al. (2016) developed a program that could simultaneously
divide haze episodes and identify their shapes. Here, a new algorithm
for the automatic definition of regional pollution events is developed on
the basis of the above studies in Section 3.1.1. With the input of a time
series of DRPT, the algorithm program defines PRPEs via 3 major steps,

as shown in Fig. S1. First, we identify periods in which the DRPT
reaches Large-Region-P for at least 3 consecutive days as PRPE candi-
dates; then, if some of the event candidates have no Clear and Local-P
days between them, they will be combined into one event candidate
that could reflect the oscillation of regional pollution; finally, we cal-
culate the start/end days of the event candidates by searching forward/
backward until Clear or Local-P days are found and obtain the complete
events.

3.1.3. Definition of the evolution stages of PRPEs
The evolution of PRPEs in this study considers the entire event from

start to end, with the evolution stages labeled in terms of the DRPT. We
divided every regional pollution event obtained in Section 3.1.2 into
five stages: a staring stage (Clear and Local-P), a developing stage
(Small-C-P and Small-B-P), a peak stage (Large-P and Large-S-P), a
dispersing stage (Small-C-P and Small-B-P), and an ending stage (Clear
and Local-P Clean) (Fig. 3).

3.2. Lamb-Jenkinson weather typing

The automated Lamb-Jenkinson weather type (LWT) approach
(Jones et al. 1993; Lamb 1972) was employed to classify the synoptic
circulation patterns by describing the location of the high- and low-
pressure centers that determine the direction of the geostrophic flow.
Based on the gridded pressure data of a 16-point moveable region with
a central area in the NC (Fig. S2a), the daily mean SLP data from four
times (02:00, 08:00, 14:00 and 20:00 BJT) were used to determine the
daily weather type during the period of 2013–2017. A small number of
empirical rules devised previously (Jones et al. 1993; Trigo and
DaCamara 2000) were then used to classify each day as one of the 26
weather types, consisting of two vorticity types (anticyclonic, A, and
cyclonic, C); eight directional types (northeasterly, NE; easterly, E;
southeasterly, SE; southerly, S; southwesterly, SW; westerly, W;
northwesterly, NW; and northerly, N); and 16 hybrid types (CN, CNE,
CE, CSE, CS, CSW, CW, CNW, AN, ANE, AE, ASE, AS, ASW, AW, and
ANW, which are merged into one class named Others in this study
because each type had only a few cases, which accounted for
0.66–4.3%, as shown in Fig. S2b). The mean surface pressure, wind

Fig. 2. (a) Flow chart for identifying DRPTs; (b) typical maps for 6 DRPTs.

Fig. 3. The evolution stages of PRPEs.
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fields and occurrence days during 2013–2017 are shown in Fig. S2b for
the 26 weather types. The eight directional types were able to reflect
the dominant wind direction of the region, e.g. region was mainly af-
fected by the southerly winds in type S.

3.3. Reconstruction of PM2.5 concentration based on the synoptic
classification

To quantify the interannual variability captured by synoptic circu-
lations, Comrie and Yarnal (1992) suggested an algorithm to separate
synoptic and nonsynoptic variability in environmental data by multi-
plying the overall mean value of a particular pattern by the occurrence
frequency of that type of year. Hegarty et al. (2007) suggested that the
variation in weather types was caused by both intensity and frequency
changes in circulation and that the intensity change was the dominant
factor. Hence, considering both the intensity and frequency of each
circulation type, a reconstructed PM2.5 concentration was described as
follows:

∑+ = +
=

PM̄̄ (fre int) (PM̄ ΔPM )F2.5m
k 1

26

2.5k 2.5km km
(1)

where +PM̄̄ (fre int)2.5m is the reconstructed mean PM2.5 concentration
influenced by the changes in frequency and intensity of the circulations
in year m, and PM̄2.5k and Fkm are the 5-year mean original observed
PM2.5 concentration in weather type k and occurrence frequency of
weather type k in year m, respectively. ΔPM2.5km represents the part of
the annual observed PM2.5 oscillation caused by changes in the in-
tensity of the circulations of each weather type, and it was obtained
through a linear fitting of PM2.5 annual anomalies (ΔPM2.5) based on the
annual observed values and effective circulation intensity index (ECII)
per weather type for the year m. Unlike in the method of Hegarty el al.

(2007) (using only the domain-averaged SLP as ECII), 6 circulation
intensity indexes were used to confirm the ECII for each weather type.
The 6 circulation intensity indexes are (1) mean SLP; (2) the difference
between the highest pressure and lowest pressure (gradient); (3)/(4)
the center pressure of the highest/lowest pressure system; and (5)/(6)
the distance from the highest/lowest pressure centers to the study city.
Finally, the ECII per circulation is identified by the most relevant cir-
culation intensity index with ΔPM2.5. All the indexes for 16 cities were
calculated based on 10°×10° grids covering the domain 32°N-42°N,
110°E-120°E.

3.4. Recirculation index

To consider the characteristics of horizontal recirculation in each
city, the recirculation index is defined based on the Allwine and
Whiteman (1994) algorithm using a set of n discrete observations of U-
wind and V-wind in a time period (τ, desired transport time, 24 h)
within a time interval (T= 3 h). Three parameters were defined as
follows:
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Here, Rec is the ratio of resultant transport distance (L) to scalar
transport distance (S), which gives an indication of the presence of
recirculation on time scales comparable to τ. If Rec equals one, no net

2014/01/01 2014/03/01 2014/05/01 2014/07/01 2014/09/01 2014/11/01
0

100

200

300 Large-S-PLarge-PSmall-B-PLocal-P Small-C-P
PM

co
ce

ra
o

g
m

-3
)

1 ~ 2 2 ~ 3 3 ~ 4 4 ~ 5 5 ~ 6 6 ~ 7DRPT
Clear

2015/01/01 2015/03/01 2015/05/01 2015/07/01 2015/09/01 2015/11/01
0

100

200

300

2016/01/01 2016/03/01 2016/05/01 2016/07/01 2016/09/01 2016/11/01
0

100

200

300

2017/01/01 2017/03/01 2017/05/01 2017/07/01 2017/09/01 2017/11/01
0

100

200

300

Fig. 4. Time series of daily domain-averaged concentrations of PM2.5, DRPTs and PRPEs from 2014 to 2017. The height and the colors of the columns represent the
domain-averaged values of PM2.5 and DRPTs, respectively; PRPEs are shown in gray bands, and dark gray bands represent the peak stage during each event.
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transport occurs, i.e., there has been a complete recirculation where the
air parcel has returned to its origin, and a value of zero means a straight
line (Allwine and Whiteman 1994; Ye et al. 2016).

Daily values of Rec were calculated for 42–58 cities using the three-
hourly surface wind observations in 2014–2017. The calculations were
regarded as invalid when less than 8 observations were available on a
single day.

4. Results and discussion

4.1. Characteristics of DRPT and PRPEs

4.1.1. Characteristics of DRPTs
According to the method described in Section 3.1.1, the daily do-

main-averaged concentrations of PM2.5, DRPTs number and ratios and
averaged concentrations of DRPTs are shown in Fig. 4, Tables S2–S5.
The domain-averaged concentrations for Clear, Local-P, Small-C-P,
Small-B-P, Large-P, and Large-S-P were 39 ± 8, 53 ± 6, 60 ± 8,
73 ± 10, 94 ± 18 and 161 ± 39 μgm−3, respectively. Overall, the
total number of Clear days from 2014 to 2017 increased gradually, with
69, 78, 138 and 171 in 2014, 2015, 2016 and 2017, respectively. In
contrast, Large-P days decreased notably, especially in 2017, varying
from 101 days in 2016 to 69 days in 2017. Large-S-P days decrease
sharply from 2014 to 2015 and then slowly from 32 in 2015 to 28 in
2017. These decreasing trends are attributed to the efficient emission
control measures during the past several years and to the favorable
meteorological conditions for dispersing pollutants, especially in 2017.

On a seasonal scale, Large-Region-P days were the main pollution
types in winter, probably because of unfavorable synoptic conditions
and residential heating (Chen et al. 2018; Zhang et al. 2012). More than
50% of the winter days were Large-Region-P days every year, and the
daily domain-averaged concentrations of PM2.5 during both Large-P
and Large-S-P days were 100 ± 18 and 165 ± 40 μgm−3, respec-
tively. Remarkably, there was a slight increase in the number of Large-
Region-P days in winter from 2014 to 2016, while a sharp decrease
occurred in 2017 (Fig. 5). In contrast, the proportion of Large-Region-P
days was mostly lower than 30% during the other seasons (Figs. 4 and
5).

Changes in the proportion of each pollution type presented almost
the same trend in spring and autumn. The proportion of Large-Region-P
days had a decreasing trend from 2015 to 2017, and the daily domain-
averaged concentrations of PM2.5 for Large-P days and Large-S-P days
were similar in spring and autumn, at approximately 90 and
130 μgm−3, respectively. However, Region-P was still the major

pollution type in 2014 and 2015, between 60% and 75%. Meanwhile,
the proportion of Clear days displayed a notable increase in these two
seasons, representing more than half of the days in 2016 and 2017. The
results showed that Clear days was the main regional pollution condi-
tion in spring and autumn in 2016 and 2017.

In summer, the region is dominated by Clear days. The proportion of
Clear days was significantly higher than those in the other seasons. The
number of Clear days in summer showed a remarkable increase from
41 days in 2014 to 85 days in 2017, with daily domain-averaged con-
centrations of PM2.5 being below 45 μgm−3 every year. The number of
Region-P days decreased accordingly. In particular, no Large-Region-P
days existed during the summer in 2016 and 2017; meanwhile, the
proportions of Clear days were 84.8% and 92.4% in 2016 and 2017
(Tables S3–S5).

In general, the number and proportion of Clear days increased sig-
nificantly in all the seasons from 2014 to 2017; the largest increase was
observed in summer. However, Large-Region-P days had a significant
downward trend from 2014 to 2017 except in winter, when a slight
decrease occurred. Large-Region-P days decreased only 26% from 2014
to 2017 in winter, while the proportions were above 50% in other
seasons. However, the corresponding domain-averaged concentrations
of PM2.5 for different DRPTs had small interannual variations of less
than 10 μgm−3 (Table S5).

4.1.2. Characteristics of PRPEs
Based on the algorithm described in Section 3.1.2, 48 PRPEs (64

candidates) were identified over NC during 2014 to 2017 (Fig. 4). The
peak domain-averaged PM2.5 concentrations of the events showed a
downward trend, decreasing from 110 μgm−3 in 2014 to 98 μgm−3 in
2017; meantime, the PM2.5 concentrations averaged over the whole
events declined from 92 μgm−3 (2014) to 74 μgm−3 (2017). Notably,
there was only a slight oscillation of averaged PM2.5 concentrations
during 2014–2016, whereas a sharp decline occurred in 2017. In ad-
dition, both the number and duration of regional pollution events de-
creased. The numbers of regional pollution events were 25 in winter, 10
in autumn, 9 in spring and 4 in summer, with more than half of the
events occurring in winter. The duration time of these pollution events
may reflect the persistence of unfavorable synoptic conditions. The
trend of the average duration of the regional pollution events in dif-
ferent seasons followed that of the number of these events: 10.8 days in
winter, 5.2 days in spring, 4.8 days in autumn and 3.8 days in summer
(Fig. 6). Furthermore, 9 regional pollution events lasted for more than
10 days in winter, whereas none of the events lasted for more than
9 days in the other seasons. Remarkably, the regional pollution event
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from November 24th, 2016, to January 16th, 2017, was the longest
event in the study period, having a duration of 57 days. In addition, 9 of
the 48 pollution events were combined events, reflecting the oscillation
and continuity of regional pollution, indicating that the pollution in the
whole region does not easily dissipate completely, especially in winter.
Compared with the typical duration of pollution episodes of 3–5 days in
Beijing (Zheng et al. 2016), the regional pollution events over NC
clearly last much longer.

4.1.3. Starting areas of PRPEs
Th evolution of every regional pollution event was divided into 5

stages (Fig. 3). Fig. 7 displays the distribution of the frequency in every
city where the daily concentration of PM2.5 exceeded 75 μgm−3

(NAAQS II) in the developing stage of different PRPEs. All 48 events
and 9 oscillation events exhibited similar distribution characteristics.
Clearly, the most frequently polluted cities are concentrated in the
south of Hebei Province in the developing stage of the events (Fig. 7). In
other words, the results indicated that the PRPEs in NC mainly start in
southern Hebei. For the 48 events, 10 cities were acting at least 24
times as the starting centers of regional pollution events, with Baoding
and Xingtai acting as many as 34 and 35 times, respectively. The rea-
sons for this were large emissions of anthropogenic PM2.5 and its pre-
cursors (Zhao et al. 2017) and unfavorable meteorological conditions
for pollutant dispersion in these areas, including extremely low wind
speeds (Tao et al. 2016; Wang et al. 2014b). The high concentrations of

pollutants in southern Hebei could be transported into the surrounding
areas via the wind, increasing pollution levels in NC to some extent.
Therefore, strengthening pollution control in southern Hebei is very
important for reducing pollution concentrations in the whole NC re-
gion.

4.2. Analysis of meteorological causes of regional pollution

4.2.1. Relationship between weather types and regional PM2.5 pollution
Weather types are thought to be closely related to air quality (Zhang

et al., 2016, 2018). In this study, 26 weather types over NC were
identified using the LWT approach discussed in Section 3.2, and 11
types were combined (Fig. 8) to analyze the regional circulation si-
tuations and corresponding PM2.5 concentrations and DRPT character-
istics.

As shown in Fig. 8a, type A (44.1%), eastern types (30.0%, types E,
NE, SE and ANE were being most common), and Others (29.9%, types
AN, ANE and AE being the most common) were the dominant weather
types in winter. The predominant types in autumn were type A (36.3%)
and Others (23.7%, types AN, ANE, AE and ASW being most common).
In spring, type A (15.9%) and Others (24.4%, types ANW, ASW and
CSW being most common) as well as western circulation (32.0%, SW,
W, NW, ASW and ANW) were predominant. Summer showed a very
different circulation distribution, with the lowest fraction of type A
(8.2%) but the highest fraction of type C (33.4%), while types CN, CNE
and CNW were the most common in the Others category, which reflects
that cyclone circulation occurred frequently during this season.

Fig. 8b reveals that winter had the highest domain-averaged PM2.5

concentration of above 85 μgm−3 for all the weather types, whereas
the lowest concentrations (52 μgm−3 on average for all weather types)
were observed in summer. For the four seasons in general, the highly
polluted types were mainly related to C, southern (types S, SE, and SW)
and eastern (type E) circulations, whereas the less polluted types were
mainly related to A, northern (type N) and western circulations (type
W). However, the relationships between domain-averaged PM2.5 con-
centrations and the 11 weather types in the four seasons showed little
differences.

In winter, the two highest PM2.5 circulations were type S and E
(both 125 μgm−3 on average), followed by type C (124 μgm−3). S and
E circulations are conducive to the transport and accumulation of pol-
lutants from the south plain, resulting in higher PM2.5 concentrations
because southerly or easterly winds prevail (Wang et al., 2014b). In
addition, the region is mainly dominated by southerly wind in type C
(Fig. S2b). The WSs of types S and SE were lower than 2m s−1, and the
two highest RH circulations in winter corresponded to types SE and E
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(the RH was greater than 60% on average) (Fig. S3). The results in-
dicated that the lower WS and higher RH caused by southern, eastern or
cyclone circulations were favorable for increasing PM2.5. This is con-
sistent with the findings of previous studies (Ma et al., 2017; Zhang
et al., 2016, 2018a). The proportion of days reaching the Region-P
(including Small-C-P, Small-B-P, Large-P and Large-S-P) level was more
than 80% in winter (Table S3), so there was little difference among the
proportions of Region-P days of the different weather types (Fig. 8c).
Notably, the two least-polluted types in winter were types A and W; the
number of Clear and Local-P days were relatively high, and the domain-
averaged concentrations were both 95 μgm−3. High pressure, generally
under anticyclone circulations, corresponds to the removal process
because the region is dominated by northerly wind (Fig. S2b). However,
the lower WSs in type A could also sometimes lead to severe regional
pollution.

Type SE had the highest domain-averaged concentrations in both
spring (90 μgm−3) and autumn (85 μgm−3), and the corresponding
proportions of Region-P days were large (90.9% and 87.5%, respec-
tively). Similar features were present in types S and type SW. Therefore,
under the influence of southerly winds, regional PM2.5 concentrations
tend to reach high levels. In contrast, type NW and type A had the
lowest concentrations in spring and autumn, averaging 54 μgm−3.

In summer, because the ratios of Clear days were significantly
higher than those in other seasons (Table S3) and the proportions of
Large-Region-P days were under 10% (except for types SW and W) per
weather type (Fig. 8c), the regional average PM2.5 concentrations were
all lower than 65 μgm−3 (Fig. 8b). Abundant precipitation and less
anthropogenic emissions were the main reasons for the lower pollution
levels in summer compared with those in other seasons.

4.2.2. Quantifying the effects of weather changes on the interannual PM2.5

variations
The concentrations of PM2.5 are tightly linked with meteorological

conditions, as demonstrated by the analysis conducted above. An un-
favorable synoptic circulation pattern exacerbates air pollution levels in
the presence of a high emission background (Liao et al. 2018; Wang
et al. 2017). To quantify the contribution of changing meteorological
conditions on interannual variability in PM2.5 over NC, we re-
constructed PM2.5 concentrations in 16 cities from 2013 to 2017 with a
method that relies on Eq. (1). The meteorological contributions were
approximated as the ratio of the following two metrics in each city: (1)
the difference between the maximum and minimum reconstructed
PM2.5 concentrations and (2) the difference in observed PM2.5 con-
centrations in these 5 years. The annual averaged values of observed
PM2.5 and reconstructed PM2.5 in the four seasons are shown for each
city in Table S6. In general, the contributions of interannual variability
to PM2.5 as influenced by the variation in circulations ranged from 40%
to 65% annually in the 16 cities (Table 1), which reflects changes in the
frequency and intensity of circulations resulting in interannual fluc-
tuations in PM2.5 concentrations. The contributions of the variations in
circulation in spring and summer (city-averaged contributions of 59%)
were higher than those in autumn and winter (45%).

Based on the interannual seasonal variability in domain-averaged
PM2.5 over the 16 cities, the maximum values (80, 100, and 146 μgm−3

in summer, autumn and winter, respectively) were observed in 2013,
and minimum values (45, 58, and 88 μgm−3, respectively) were ob-
served in 2017, spring being an exception to this pattern, which in-
dicated that PM2.5 levels were 44%, 42% and 40% lower in 2017 than
in 2013, respectively. The contributions of variations in circulation on
the total reduction in PM2.5 were 64%, 58% and 45% in summer, au-
tumn and winter, respectively, in those 2 years. The remaining inter-
annual variability was possibly due to nonlinear emission reductions
recently conducted over NC. The results indicate that the meteor-
ological contribution to the interannual PM2.5 reduction was higher in
summer than in winter.
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4.2.3. Characteristics of synoptic types and key meteorological factors
based on PRPEs evolution

For a better understanding of the meteorological influence on
PRPEs, Fig. 9 shows the fraction of weather types in different stages
during regional pollution events. For all 48 PRPEs, the number days
belonging to the starting stage, developing stage, peak stage, dispersing
stage and ending stage were 58, 54, 381, 44 and 54, respectively. Type
A was the dominant circulation in the starting stage, with a proportion
of 63.8%, followed by Others (types AN and AS were most common).
Additionally, in the developing stage, type A and Others also had the
largest proportions, whereas the proportion of southwestern circula-
tions (types ASW and SW) had a notable increase from the starting
stage. In the peak stage, the Others (31.5%, types ANE, AE, ASE, AS and
ASW were most common), southern (16.0%, including type S, SW and
SE) and eastern (10.5%, including types E and SE) circulations types
were dominant, which reflects pollutant transportation and abundant
vapor from the south and east regions. In contrast, northern circulation
(types N and NE) was rare, at 5.5%. Anticyclone-related (types ANE and
AN were dominant in Others), and northern (types W, N and NE)

circulations began to increase when evolving into the dispersing stage.
Notably, type C increased significantly, which was associated with a
frontal passage. In the ending stage, type A and the northern (types N,
NE, AN and ANE) types were more frequent than they were in the
developing or dispersing stage, which provides favorable synoptic
conditions for pollutant dispersion. The proportion of weather types
during the 25 air pollution events in winter is displayed in Fig. S4.
Generally, the circulation features during the winter pollution events
were in accordance with those during all the events, whereas the pro-
portion of type A was higher because of frequent cold airflows in
winter. Consequently, type A circulation days clearly decreased, while
southern (types S and SW) and eastern (types E and SE) circulation days
increased from the starting stage to the peak stage. The number of
anticyclone-related and northern (type N) circulation days increased
from the peak stage to the ending stage.

Not only weather types but also meteorological factors exhibit
crucial links to pollution events. According to Fig. 10, the key para-
meters of RH, WS, BLH and Rec displayed remarkable regularity during
the evolution of all the PRPEs. In general, RH and Rec first increased
and then decreased gradually from the starting stage to the ending
stage, while WS and BLH exhibited the opposite trend. From the
starting stage to the peak stage, the averaged RH notably increased
from 49 ± 17% to 63 ± 10%. Moreover, WS decreased from
2.4 ± 0.7m s−1 in the starting stage to 2.0 ± 0.3m s−1 in the peak
stage, and BLH decreased from 618 ± 207m to 493 ± 177m, re-
spectively. Despite the maximum value of Rec (0.35) occurring in the
developing stage, the value of Rec in the peak stage (0.33 ± 0.06)
slightly increased from that in the starting stage (0.31 ± 0.11), in-
dicating that the recirculation capacity of air parcel increased with the
development of pollution. Furthermore, the high RH and Rec values
together with the low WS and BLH values were in accordance with
southern- and eastern-related circulation in the peak stage, as shown in
Fig. 10. In this comparison, RH decreased from 63 ± 10% to
53 ± 19% in the dispersing process. Recirculation gradually weakened
during the dispersion stage, with Rec reducing by 27%, whereas both
BLH and WS increased dramatically (41% BLH and 43% WS, respec-
tively). Furthermore, Fig. S5 illustrates that in the peak stage in winter,
a higher Rec and lower BLH occurred with values of 0.34 ± 0.07 and
404 ± 129m, respectively. In addition, the averaged RH and WS were
59 ± 9% and 2.0 ± 0.3m s−1.

The regional distribution of four meteorological parameters
(Fig. 11) could reflect the evolution of PRPEs for different cities. The
RH in the south of the region was higher than that in the north, while

Table 1
Contribution of weather changes to PM2.5 interannual variation in 16 cities in
the four seasons.

City Name Spring Summer Autumn Winter All

Chengde 66.0% 71.6% 29.6% 60.0% 55.7%
Zhangjiakou 78.4% 56.8% 32.7% 45.2% 56.0%
Beijing 76.0% 58.8% 61.3% 72.9% 65.4%
Qinghuangdao 48.3% 54.7% 39.5% 44.5% 47.5%
Tangshan 51.4% 64.4% 23.8% 51.6% 46.5%
Langfang 36.3% 58.9% 24.9% 46.3% 40.1%
Tianjin 56.6% 59.7% 42.1% 33.8% 52.8%
Baoding 78.3% 63.6% 42.2% 44.6% 61.4%
Cangzhou 46.8% 55.0% 38.2% 34.5% 46.7%
Shijiazhuang 50.2% 56.4% 52.3% 52.6% 53.0%
Taiyuan 58.9% 67.7% 57.6% 62.6% 61.4%
Hengshui 81.0% 56.1% 50.5% 35.2% 62.5%
Xingtai 55.4% 58.4% 53.8% 45.4% 55.9%
Jinan 44.1% 48.8% 37.0% 50.1% 43.3%
Handan 48.2% 60.5% 39.2% 24.1% 49.3%
Zhengzhou 50.4% 65.4% 38.5% 84.5% 51.5%

Note: The contributions in the table were the ratio of the difference between
maximum and minimum for reconstructed PM2.5 oncentration and the differ-
ence for observed PM2.5 concentration. The weather change is associated with
the change in the frequency and intensity of the circulations.
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the difference tended to be smaller with the development of events.
Most likely affected by the southerly airflow, RH underwent a sharp
increase in the central area in the peak stage, which was comparable to
that in the south. During the dispersing stage, RH in the north quickly
decreased to approximately 50%, which was associated with cold and
dry air from the northwest. At the same time, RH in the southern area
decreased gradually. The variation in BLH was similar to that in RH
during the regional events. BLH in the central and southern NC first
declined as the events unfolded, until the peak stage was reached. The
regional BLH was lower than 500m overall, and the minimum BLH
among all the cities decreased to 394m in the peak stage. Moreover, the
differences in BLH among cities were not large. From the northwest to
the southeast of the region, the BLH rapidly rose to more than 650m in
the dispersing process of the events. This result illustrated that
northern-related synoptic circulations played a key role in regional
pollution removal. WS varied between 2.0 and 3.0m s−1 in most cities,
except for several cities located in the northern area and east coast. The
minimum regional value of WS was observed at the peak stage, in ac-
cordance with the result shown in Fig. 11. Rec reached its maximum in
the peak stage and then decreased slightly throughout the region. The
western region (Shan Xi Province) and middle region (south of He Bei
Province) had higher values of Rec than the other areas of NC during
the evolution of the studied events, which could be related to the dif-
ferences in terrain. The regional events in winter exhibited a similar
regional distribution of meteorological characteristics, as shown in Fig.
S6. In particular, the regional BLH was lower in the peak stage in
winter, and the BLH in most cities was below 450m. In addition, RH
decreased more quickly during the winter dispersing stage.

4.2.4. Meteorological dynamic mechanism of the PRPEs during the peak
stage

The peak stage is the most important period during the PRPEs. The
number of days in the peak stage was 252 in winter, followed by 51, 45
and 15 in autumn, spring and summer, respectively, from 2014 to 2017
(Table S7). As analyzed in Section 4.1.2, more than half of the regional
pollution events with longer durations occurred in winter, so that the
great majority of days in the peak stage were in winter. In particular,
89% (108 of 122) of the Large-S-P days were in winter. In addition, the
average PM2.5 concentration (129 ± 43 μgm−3) in the winter peak
stage days was the highest, and the BLH (380 ± 154m) in winter was
the lowest among the four seasons. Small differences were reflected in
RH, WS and Rec in the four seasons, but all showed high RH, weak wind
and strong recirculation.

We explored atmospheric circulation and dynamic mechanisms
during the peak stage in different seasons by analyzing the character-
istics of the three-dimensional structure of atmospheric circulation at
different levels in the troposphere and the spatial distributions of key
meteorological factors (Fig. 12, Table 2, Figs. S7–S9, and Table S7).
According to the large-scale circulations in different levels and the 26
weather types identified by the LWT approach, three specific circula-
tion dynamics can be categorized, namely, the southerly airflow pat-
tern, the northerly airflow pattern and the anticyclone pattern.

The circulation conditions in winter were used as examples to il-
lustrate the characteristics of these three major circulation patterns.
Fig. 12 depicts composite distributions of the PM2.5 concentration,
geopotential height at 500 hPa, SLP, wind fields at 925 hPa, surface RH,
surface WS and BLH in three typical circulation patterns in the peak
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stage during PRPEs in winter. When the southerly airflow pattern oc-
curred, NC was mainly dominated by zonal westerly or northwesterly
airflow in the middle troposphere (500 hPa) and southwesterly or
southeasterly winds in the low troposphere (925 hPa), which could
bring warm and humid airflows from the southern area and aggravate
regional pollution. The highest PM2.5 concentration was shown in the
plain in front of the Taihang Mountain due to the accumulation of
pollutants caused by weak southerly winds. There was a weak pressure
gradient at the surface, with a low WS of 1.0–2.5 m s−1 and a high RH
of 50% to 80%. BLHs were very low in the region and varied from 200
to 400m. When the northerly airflow pattern occurred, the NC region
was controlled by zonal westerly or northwesterly airflow in the middle
troposphere and weak northerly winds in the low troposphere, in-
dicating less cold and dry air intrusion from high latitudes into the
region. The NC region showed a weak pressure gradient at the surface,
and the WS and BLH over NC were lower than 3.0m s−1 and 500m.
When the anticyclone pattern occurred, zonal northwesterly airflow
and anticyclone circulation prevailed over the NC region at 500 hPa
and 925 hPa, respectively. The region was controlled by a uniform
pressure field at the surface. At this time, the RHs over NC was higher,
varying from 50% to 80%, and BLH and WS were both low. The PM2.5

concentrations in three typical circulation patterns for all the cities
were higher than 100 μgm−3 (Fig. 12a). Generally, the three circula-
tion dynamics in the other seasons exhibited similar characteristics, as
shown in Figs. S7–S9. In addition to horizontal motion, vertical motion
is an important dynamic factor for the PRPEs. When the three patterns
occurred, the wind almost presented a divergence in the mid-lower
troposphere, except for a shallow convergence near the surface in the
southerly airflow pattern. Moreover, downward winds were shown at
1000–500 hPa in each pattern (Fig. 12e). The result indicated that the

NC region was completely controlled by a sinking motion in the mid-
lower troposphere during PRPEs in winter. The region was also domi-
nated by a sinking motion in spring (Fig. S7), but some ascending
motions were shown during PRPEs in summer and autumn (Figs. S8 and
S9).

Generally, most days of the peak stage could be classified in terms of
the three typical meteorological dynamic mechanism patterns (Table
S7). In winter, the numbers of days with the southerly airflow pattern,
the northerly airflow pattern and anticyclone pattern were 45, 78 and
119 days, respectively; and 16, 40 and 48 days of the three circulation
patterns reached Large-S-P, respectively, which indicated that large
severe pollution events more easily occurred under the northerly air-
flow pattern and anticyclone pattern. The peak stage days in spring and
autumn were dominated by the southerly airflow pattern and antic-
yclone pattern, and the days in summer were dominated by the
southerly airflow pattern (Table S7).

4.2.5. The effect of wet and dry removal on PRPEs
The effects of wet and dry removal on regional pollution events

were analyzed based on precipitation and wind speed data of 58 cities
in different dispersing processes (Fig. 13). In this study, there are two
dispersing processes considered for regional pollution. One was named
the Slow-Removal process, i.e., the dispersing process from the peak
stage, through the dispersing stage, and ending in the ending stage. In
contrast, the regional pollution that was dispersed directly from the
peak stage to the ending stage was named Rapid-Removal. We used the
averaged wind speed in dispersing process to describe dry removal. The
average wind speed of 58 cities in the Slow-Removal process
(2.4 m s−1) was lower than that in the Rapid-Removal process
(2.6 m s−1), which reflected that regional events could scavenge more

Fig. 11. Regional distribution of key meteorological factors in each evolution stage for all the PRPEs.
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Fig. 12. Composite distributions of environmental and meteorological factors in three typical circulation dynamics in winter. (a) PM2.5 concentration (units: μg
m−3); (b) geopotential height at 500 hPa (units: gpm) and SLP (shading; units: hPa); (c) wind fields at 925 hPa (vectors) and surface RH (shading; units: %); (d)
surface WS (dashed line; units: m s−1) and BLH (shading; units: m); (e) vertical distribution of wind divergence (red line; units: 10−6 s−1) and vertical velocity (blue
line; units: 10−2 Pa s−1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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quickly when there was a higher wind speed. The precipitation ratios,
i.e., the ratio of the number of events with precipitation to 48 events in
different dispersing processes was also calculated as the indicator of wet
removal. Notably, the precipitation ratios of the 58 cities in the Rapid-
Removal process were between 50% and 60%, which were much
greater than those in the Slow-Removal process (average ratio of 35%)
(Fig. 13). This result indicated that wet removal may be more effective
for a thorough pollution cleaning for the whole NC region.

5. Conclusion

The air pollution in NC is severe, with domain-averaged PM2.5

concentrations equal to 110, 68, 56 and 69 μgm−3 in winter, spring,
summer and autumn, respectively, during 2013–2017. Based on in situ
environmental and meteorological data over 16–58 cities, as well as the
ERA-Interim reanalysis dataset, we explored the regional pollution
characteristics and meteorological formation mechanism of PM2.5 in NC
during 2013–2017. Our main findings and conclusions are summarized
below.

We developed two automatic algorithms to identify DRPTs and
PRPEs in NC. Generally, the domain-averaged concentrations for Clear,
Local-P, Small-C-P, Small-B-P, Large-P, and Large-S-P types were
39 ± 8, 53 ± 6, 60 ± 8, 73 ± 10, 94 ± 18 and 161 ± 39 μgm−3,
respectively, during 2014–2017. Clear days increased significantly from
year to year in all four seasons, with the largest growth observed in
summer. In contrast, Large-Region-P days had downward trends with
the smallest decreases in winter. The average concentration of PRPEs

also declined from 92 μgm−3 (2014) to 74 μgm−3 (2017); meantime,
the number and duration of the PRPEs decreased. More than half of the
air pollution events occurred in winter, with an average duration of
10.8 days. Compared with the typical event duration (3–5 days) in
Beijing (Zheng et al. 2016), regional air pollution events over NC last
longer. The evolution of the PRPEs in NC indicated that the area south
of Hebei was the key area for the development of the PRPEs.

Twenty-six weather types (11 combined circulations) over NC were
identified using the Lamb-Jenkinson weather typing classification
method. Highly polluted types were mainly related to the C, southern
(types S, SE, and SW) and eastern (type E) circulations, whereas less
polluted types were the A, northern (type N) and western circulations
(type W). In general, the contributions of interannual variability to
PM2.5 influenced by variations in circulation ranged from 40% to 65%
in 16 cities, and meteorological contributions to the interannual do-
main-averaged PM2.5 reduction in 2013 and 2017 were 64%, 58% and
45% in summer, autumn and winter, respectively. Based on the evo-
lution of the PRPEs, type A circulation days decreased, while southern
(types S and SW) and eastern (types E and SE) circulation days in-
creased, from the starting stage to the peak stage. The number of an-
ticyclone-related and northern (type N) circulation days increased from
the peak stage to the ending stage. In addition, the RH and Rec in-
creased first and then decreased gradually during the evolution of the
PRPEs, while WS and BLH exhibited the opposite trend. A thorough and
quick pollution cleaning for the whole NC region is closely related to a
wide extent of wet removal (more than 50% cities had precipitation)
and higher WSs (faster than 2.6m s−1). Furthermore, to explore at-
mospheric circulation and dynamic mechanisms, three typical circula-
tion patterns were categorized in the peak stage of the PRPEs, namely,
the southerly airflow pattern, the northerly airflow pattern and antic-
yclone pattern, and the NC region was completely controlled by a
sinking motion in the mid-lower troposphere during these three circu-
lation patterns.

Although the PM2.5 concentration had a significant decline in 2017
compared to those in 2013, the PM2.5 concentration in NC is still high
and far exceeds the annual NAAQS II (35 μgm−3) and the annual WHO
Air Quality Guideline concentration (15 μgm−3). It would take a long
time to improve this condition. In addition, the meteorological con-
tribution accounted for a large proportion of this reduction. Therefore,
the implementation of emission reduction measures should be en-
hanced under unfavorable meteorological conditions, especially in the
southern part of Hebei Province to reduce the intensity and frequency
of regional pollution events.
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