Chemosphere 258 (2020) 127335

Contents lists available at ScienceDirect

Chemosphere
journal homepage: www.elsevier.com/locate/chemosphere

The climate impact on atmospheric stagnation and capability of
stagnation indices in elucidating the haze events over North China
Plain and Northeast China
Yang Gao a, b, *, Lei Zhang a, Ge Zhang a, Feifan Yan a, Shaoqing Zhang c, d, e, Lifang Sheng e,
Jianping Li c, Minghuai Wang f, Shiliang Wu g, Joshua S. Fu h, Xiaohong Yao a, b,
Huiwang Gao a, b
a
Frontiers Science Center for Deep Ocean Multispheres and Earth System, Key Laboratory of Marine Environment and Ecology, Ministry of Education, Ocean
University of China, Qingdao, 266100, China
b
Laboratory for Marine Ecology and Environmental Science, Qingdao National Laboratory for Marine Science and Technology, Qingdao, 266237, China
c
Key Laboratory of Physical Oceanography, Ministry of Education, Institute for Advanced Ocean Study, Frontiers Science Center for Deep Ocean
Multispheres and Earth System (DOMES), Ocean University of China, Qingdao National Laboratory for Marine Science and Technology, Qingdao, 266100,
China
d
International Laboratory for High-Resolution Earth System Prediction (iHESP), Qingdao, 266237, China
e
College of Oceanic and Atmospheric Sciences, Ocean University of China, Qingdao, 266100, China
f
School of Atmospheric Sciences, Nanjing University, Nanjing, 210023, China
g
Atmospheric Sciences Program, Michigan Technological University, Houghton, MI, 49931, USA
h
Department of Civil and Environmental Engineering, University of Tennessee, Knoxville, TN, USA

h i g h l i g h t s
 Large variability exists in seasonal mean PM2.5 and haze duration and frequency.
 The feasibility of the atmospheric stagnation index (ASI) varies by location.
 In future, the climate models predict a decrease of stagnation in Northeast China.
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In this study, the spatial pattern and temporal evolution of PM2.5 over North China Plain (NCP) and
Northeast China (NEC) during 2014e2018 was investigated. The annual mean PM2.5 shows clear
decreasing trends over time, but the seasonal mean PM2.5 as well as the seasonal total duration and
frequency of haze days shows large inter-annual ﬂuctuation. Based on the atmospheric stagnation index
(ASI), this study examined the correlation between ASI and haze events over NCP and NEC. Detailed
analysis indicates that location dependency exists of ASI in the capability of capturing the haze events,
and the ability is limited in NCP. Therefore, we ﬁrst propose two alternative methods in deﬁning the ASI
to either account for the lag effect or enlarge the threshold value of wind speed at 500 hPa. The new
methods can improve the ability of ASI to explain the haze events over NEC, though marginal
improvement was achieved in NCP. Furthermore, this study constructed the equation based on the
boundary layer height and wind speed at 10-meter, apparently improving the ability in haze capture rate
(HCR), a ratio of haze days during the stagnation to the total haze days. Based on a multi-model ensemble
analyses under Representative Concentration Pathway (RCP) 8.5, we found that by the end of this century, climate change may lead to increases in both the duration and frequency of wintertime stagnation
events over NCP. In contrast, the models predict a decrease in stagnant events and the total duration of
stagnation in winter over NEC.
© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction
With the rapid development of urbanization and industrialization, frequent haze events occurring in China, in particular of the
densely populated eastern China, have aroused widespread
concern (Huang et al., 2014; Ding et al., 2016; Zhang et al., 2019;
Gao et al., 2020). During haze events, the accumulation of particulate matter less than or equal to 2.5 mm in diameter (PM2.5) poses
serious health, economic and environmental problems. For
example, the Global Burden of Disease study by Cohen et al. (2017)
found that about 4.2 million people died from long-term exposure
to PM2.5 globally in 2015, with about a quarter of them from China.
Furthermore, in regard to episodic events such as the severe
pollution in January 2013 (Ji et al., 2014; Zheng et al., 2015), Mu and
Zhang (2013) assessed the direct economic losses of transportation
and medical care in China at about 23 billion RMB.
Considering anthropogenic emissions as the important factors
affecting the haze formation (Chan and Yao, 2008; Zhou et al.,
2010), the Chinese government has recently taken a series of actions to control emissions (Wang and Hao, 2012; Zhao et al., 2013;
Tan et al., 2017), resulting in a decline in primary PM and SO2 since
2006 and a signiﬁcant drop in NOx emissions since 2011 (Liu et al.,
2016; Li et al., 2017; Wang et al., 2017; Zeng et al., 2019). Despite
these reductions in anthropogenic emissions, frequent haze events
have occurred in recently years which have been linked to certain
meteorological conditions, in particular atmospheric stagnation
events (Horton et al., 2012; Hou and Wu, 2016; Cai et al., 2017; Liao
et al., 2018).
The atmospheric stagnation event is in general characterized by
weak advection and diffusion in horizontal and vertical directions,
which is unfavorable for the dispersion of air pollutants (Wang and
Angell, 1999; Huang et al., 2018). The Air Stagnation Index (ASI),
proposed by Wang and Angell (1999) to delineate the feature of
stagnant weather, has been widely used by a number of studies
(Leung and Gustafson Jr., 2005; Horton et al., 2012; Horton et al.,
2014). Based on the ASI, an atmospheric stagnation day is deﬁned
when the daily mean near surface (10 m) wind speed is less than
3.2 m/s, daily total precipitation less than 1 mm and upper-air
(500 hPa) wind speed less than 13 m/s. However, when evaluating the relationship between atmospheric stagnation and haze
events over China, several recent studies have indicated that the
ASI approach may not work well (Huang et al., 2017, 2018; Wang
et al., 2018). For instance, Huang et al. (2017) suggested that the
deﬁciency of ASI lies in the threshold of wind speed at 500 hPa
attributable to the topographic heterogeneity, and they adjusted
the pressure level for the threshold from 500 hPa to 400 hPa and
300 hPa for regions with elevation of 1000e3000 m and
3000e4000 m, respectively. However, this adjustment is not
applied in the broad plain areas of eastern China with frequent haze
events, and it is thus essential to investigate how ASI may affect or
explain the haze events over this region.
Climate change can directly affect weather conditions and hence
air quality such as ozone and PM2.5 levels (Jacob and Winner, 2009;
Gao et al., 2012, 2013; Kim et al., 2014; Fiore et al., 2015; Sun et al.,
2015; Zhang et al., 2018; Ma et al., 2019). Future changes of stagnant
weather conditions are tightly linked to the frequency of haze
occurrence. For example, Cai et al. (2017) pointed out that the days
with weather conditions conducive to sever haze episodes in Beijing may increase by 50% by the end of this century (2050e2099)
compared to the historical period (1950e1999). Han et al. (2017)
estimated that weak ventilation days, which are favorable for
haze accumulation, would increase over NEC and BTH at a rate of
2.60%/decade and 2.30%/decade, respectively, which were much
larger than in the other two regions (0.88%/decade for YRD
and 0.01%/decade for PRD). Therefore, it is of vital interest to

investigate how future climate may modulate the meteorological
conditions such as the ASI and subsequently affect haze pollution
over NCP and NEC.
In what follows, we ﬁrst analyze the spatial and temporal
changes of PM2.5 as well as the duration and frequency of haze
events in China during 2014e2018. The capability of ASI in
explaining the haze events is then discussed. Lastly, the impact of
climate change on the ASI days over NCP and NEC is examined
based on Coupled Model Intercomparison Project Phase 5 (CMIP5)
multi-model ensemble.
2. Data description and method
In this study, we analyze the observational data for hourly PM2.5
concentrations during 2014e2018 which are available at http://
www.pm25.in. The meteorological data including daily wind
speed at 10 m and 500 hPa, daily precipitation and boundary layer
height is from ECMWF Interim Reanalysis Data (ERA-Interim (Dee
et al., 2011)), with spatial resolution of 1.125  1.125 . The stational PM2.5 data is interpolated into the same spatial resolution as
ERA-Interim to facilitate the analysis.
When displaying the characteristics of PM2.5 in the ﬁrst place,
the traditional methods often apply the seasonal or annual mean
PM2.5 (Fan et al., 2019; Luo et al., 2019), which however, fails to
delineate a full picture of the pollution extent. Therefore, we
adopted two sophisticated metrics including frequency and duration, commonly used in the examination of extreme weather
events (Gao et al., 2012, 2013; Zhang et al., 2018), and these metrics
may foster a better understanding of haze events in comparison to a
single mean value. In selection of regions, four major economic
areas are often used to examine the haze pollution, including of
BeijingeTianjineHebei (BTH) or North China Plain (NCP), Yangtze
River Delta (YRD), Pearl River Delta (PRD) and Northeast China
(NEC). Among these four regions, the northern areas including BTH/
NCP and NEC normally face more severe haze pollution in comparison to the other two (YRD and PRD). The larger severity of PM2.5
pollution in NCP and NEC can be clearly seen from a few previous
studies, i.e., the annual mean PM2.5 during 2000e2016 depicted in
Fig. 5 and 6 of Luo et al. (2019), a synthesis of PM2.5 concentration
compiled from a variety of studies shown in Fig. 1 of the review
paper by Gautam et al. (2019) as well as an abnormally high
pollution period in December 2015 shown in Fig. 1 by Zhang et al.
(2019). Thus, this study aims to elucidate the characteristics of
annual and seasonal PM2.5 as well as the duration and frequency of
haze events over NCP and NEC.
The CMIP5 (https://esgf-node.llnl.gov/search/cmip5/) multimodel data is used in this study to investigate the changes of
haze related atmospheric stagnation events in China. A total of 20
CMIP5 models (listed in Table 1) are assessed, the daily wind speed
of 10 m and 500 hPa and daily precipitation of both historical
(1975e2004) and future (2071e2100) period under the scenarios
of RCP 8.5 is used in this study. All CMIP5 data are interpolated
bilinearly into 1.25 (latitude)  1.875 (longitude) spatial resolution, the same as our previous studies (Gao et al., 2015, 2016).
3. Results and discussions
3.1. The frequency and duration of haze events in China during
2014e2018
The spatial distribution of seasonal mean PM2.5 concentrations
in China, as shown in Fig. S1 in the supporting information, indicates high PM2.5 levels in winter and the most severe pollution
are found over the eastern China, i.e., over the NCP and NEC regions,
with the seasonal mean PM2.5 concentrations up to 160 mg m 3 or
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Fig. 1. The seasonal duration (top row) and frequency (bottom row) of the haze events under category V (daily PM2.5 of 150e250 mg m 3; left) and VI (daily PM2.5>250 mg m 3;
right) in winter during 2014e2018. The white areas indicate locations with no observational data and gray areas indicate the value is 0. The black and red boxes denote the regions
of NCP and NEC, respectively. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

Table 1
A list of the CMIP5 models analyzed in this study.
Model

Institution

Resolution
(Lon  Lat)

1.
2.
3.
4.
5.
6.
7.

Commonwealth Scientiﬁc and Industrial Research Organization (CSIRO), Australia and Bureau of Meteorology (BOM), Australia

1.875  1.25
1.875  1.25
2.81  2.79
0.75  0.75
1.875  1.86
1.41  1.40
1.875  1.86

ACCESS1.0
ACCESS1.3
CanESM2
CMCC-CM
CMCC-CMS
CNRM_CM5
CSIRO_Mk3.6.0

8. GFDL-ESM2M
9. GFDL-ESM2G
10. HadGEM2_CC
11. INM-CM4
12. IPSL-CM5ALR
13. IPSL-CM5AMR
14. IPSL-CM5BLR
15. MIROC-ESM
16. MIROC-ESMCHEM
17. MIROC5
18. MPI-ESM-LR
19. MPI-ESM-MR
20. MRI-CGCM3

Canadian Centre for Climate Modeling and Analysis, Canada
Euro-Mediterraneo sui Cambiamenti Climatici, Italy
Centre National de Recherches Meteorologiques, Meteo-France, France
Commonwealth Scientiﬁc and Industrial
Research Organization (CSIRO), Australia
NOAA Geophysical Fluid Dynamics Laboratory, USA
Met Ofﬁce Hadley Centre, UK
Institute for Numerical Mathematics, Russia
Institut Pierre-Simon Laplace, France

2.5  2.0
2.5  2.0
1.875  1.25
2.0  1.5
3.75  1.875
2.5  1.25
3.75  1.875

Atmosphere and Ocean Research Institute (The University of Tokyo), National Institute for Environmental Studies and Japan Agency 2.81  1.77
for Marine-Earth Science and Technology
2.81  1.77

Max Planck Institute for Meteorology, Germany
Meteorological Research Institute, Japan

1.41  1.39
1.875  1.85
1.875  1.85
1.125  1.125
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higher (Fig. S1d). These results are consistent in general with the
previous studies (An et al., 2019; Fan et al., 2019). Li et al. (2019)
investigated the characteristics of PM2.5 over two urban agglomerations in Northeast China, including Central Liaoning Urban
Agglomeration (CLUA) and Harbin-Changchun Urban Agglomeration (HCUA), and found the highest mean PM2.5 concentration
during 2015e2017 of 58.3 ± 74.1 mg m 3 occurring at Harbin, a large
city in HCUA. Considering the larger area and population in HCUA
compared to CLUA, the NEC region in this study mainly refers to
HCUA area rather than the entire northeast of China. In other seasons (Figs. S1aec), the spatial heterogeneity care also clear with
signiﬁcantly higher PM2.5 in eastern China except in spring and
summer when the dust aerosol may lead to much higher PM2.5 in
northwestern China, i.e., southern Xinjiang (Fan et al., 2019; Yuan
et al., 2019).
With the air quality index (AQI) (HJ 633e2012; (MEEPRC, 2012)),
the PM2.5 air quality can be classiﬁed into six categories based on
the daily PM2.5 average concentrations at a given location/region: I)
0e35 mg m 3, II) 35e75 mg m 3, III) 75e115 mg m 3, IV)
115e150 mg m 3, V) 150e250 mg m 3 and VI) greater than
250 mg m 3. In this study, a haze event of category X for a speciﬁc
model is deﬁned as if the PM2.5 air quality over that grid falls in
category X or higher for a consecutive period of time. The frequency
and duration of category X haze events are calculated as the
number of haze events and total number of haze days respectively
falling into that categories.
The spatial variations of frequency and duration category V and
VI for haze events in winter are shown in Fig. 1, and the results for
other seasons including spring, summer and fall shown in
Figs. S2e4. We can see that winter is the season with most frequent
haze events (Fig. 1 vs. Figs. S2e4), similar to the results from
examining the seasonal mean PM2.5 concentrations (Fig. S1). Most
parts of eastern China have been affected by severe haze in winter,
in particular the NCP (black box in Fig. 1a) and the NEC (red box in
Fig. 1a) regions. The frequency and duration of haze events under
category V and VI over NCP and NEC during all seasons 2014e2018
are listed in Table 2. Based on Table 2 and Fig. 1, Fig. S2eS4, the
annual total duration and frequency for haze events in category V is
22.3 days and 14.3 events over NCP, 10.6 days and 7.6 events over
NEC, respectively, about 2.9e4.8 times of that in category VI.
However, the average duration of each event under these two
categories is similar, lasting about 1.4 days. Among the total annual
haze days, the occurrence in winter over NCP accounts for more
than half, i.e., 59% (13.2 days) for category V and 76% (3.7 days) for
category VI. In contrast, over NEC, albeit of the dominant haze
occurrence in winter for category V (61%), the total duration in fall
(70%) actually surpassed winter (27%) under category VI.
In addition to the spatial distribution of the ﬁve-year haze

Table 2
The ﬁve-year (2014e2018) mean duration and frequency of haze events for category
V (150e250 mg m 3) and VI (>250 mg m 3) averaged over NCP and NEC during
2014e2018.
Season

Spring
Summer
Fall
Winter
Annual

Region

NCP
NEC
NCP
NEC
NCP
NEC
NCP
NEC
NCP
NEC

Duration (days)

Frequency (events)

Category V

Category VI

Category V

Category VI

3.2
0.7
0.6
0.3
5.3
3.2
13.2
6.5
22.3
10.6

0.3
0.1
0
0
0.9
2.6
3.7
1.0
4.9
3.7

2.3
0.5
0.4
0.1
3.5
2.5
8.2
4.5
14.3
7.6

0.2
0.1
0
0
0.6
1.7
2.2
0.8
3.0
2.6

events, the interannual variations of haze events over NCP and NEC
from 2014 to 2018 is further explored (Fig. 2). There are a couple of
distinct and interesting features. First, from the perspective of
annual mean PM2.5, both NCP and NEC display monotonic
decreasing trends, on average values of
8.0 mg m 3 and
3
-5.4 mg m per year in NCP and NEC during 2014e2018, consistent
with Li et al. (2020) of 10 mg m 3 decrease per year over North
China during 2013e2017. A large concentration drop can be found
over NCP in 2017, with a decrease of 21.7 mg m 3 compared to the
mean PM2.5 in 2014e2016, partly due to the large emission
reduction which is visible in Fig. 10a of Fan et al. (2019). From the
perspective of seasonal scale, PM2.5 mean concentration over NCP
in spring, summer and fall shows in general consistent decreasing
trend with annual variation, whereas in winter, it increases from
2014 to 2016 with maximal value of 116.6 mg m 3 in 2016, followed
by a substantial drop in 2017, and increase again in 2018. The
abnormal seasonal PM2.5 can be viewed more clearly by examining
the values in each month (Fig. S5), showing that the high seasonal
mean PM2.5 in 2015 and 2016 is closely linked to the dramatic
concentration enhancement in December of the respective year.
The high PM2.5 in December 2015 was attributed to the weak
~ o during
dispersion conditions possibly induced by the strong El Nin
that time (Zhang et al., 2019). In contrast, the haze conducive
conditions in December 2016 such as low planetary boundary layer
and near surface wind speed was likely modulated by the weakened East Asia jet stream in the upper troposphere and positive
phase of the East AtlanticeWest Russia pattern in the midtroposphere (Yin and Wang, 2017). Over NEC, a basic decreasing
trend from 2014 to 2018 is observable in all seasons, except that in
the year of 2017, with lowest mean winter PM2.5 concentration
among the ﬁve-year, and higher concentration in fall relative to the
adjacent years. The monthly variation of PM2.5 (Fig. S6) indicates
that the abnormally high PM2.5 in fall 2017 is mainly contributed by
the high value in October (Fig. S6c; comparable to the results shown
in Fig. 3a of Li et al. (2019)), whereas the apparently low PM2.5 in
winter 2017 is due to the equivalently low values in all three
months over this season (Fig. S6d).
Besides to the annual or seasonal mean PM2.5, it is important to
quantify the occurrence of severe pollution cases. Thus, the regional
mean duration, frequency and length of each event with PM2.5
greater than 150 mg m 3 over NCP and NEC is shown in Fig. 2bed,
with seasonal total duration and frequency of PM2.5 for categories I
to VI listed in Tables S1e4. The annual total duration and frequency
in both NCP and NEC tends to decrease from 2014 to 2018,
consistent with the trend of the annual mean PM2.5. The annual
mean event length shows slightly increasing trend over NCP,
opposite to that in NEC. However, larger variability is discernable
when seasonal changes are evaluated. For instance, although a
general decreasing trend is observable in the haze duration and
frequency over NCP, ﬂuctuation exists in the seasonal variation
rather than a monotonic decrease. In regard of NEC, the magnitude
of ﬂuctuation is even larger. The haze duration over NEC in fall is 6.4
days in 2017, whereas it decreases to 2.0 days in 2016 and disappears in 2018; In contrast, the winter of 2017 yields the duration of
1.4 days, much smaller than the other four years ranging from 5.6
days to 7.9 days.

3.2. The capability of ASI in explaining the haze events over NCP
and NEC
To investigate the inﬂuence of the atmospheric stagnation on
PM2.5 concentration over NCP and NEC, we ﬁrstly deﬁne, for any
particular grid, the days less than the thresholds of ASI referred to
as stagnation, and all the other days referred to as non-stagnation.
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Fig. 2. The annual (histogram) and seasonal (green markers) mean PM2.5 concentration (a), as well as the seasonal total duration (b), frequency (c), annual (histogram) and seasonal
mean (green markers) length of each event (d) for haze events (PM2.5 > 150 mg m 3; including both category V and VI), over NCP (left of each sub-panel) and NEC (right of each subpanel) during 2014e2018. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the Web version of this article.)

The thresholds of ASI are that the daily mean 10-m wind speed,
daily mean 500 hPa wind speed and daily total precipitation at
3.2 m/s, 13 m/s and 1 mm, respectively, the same as the previous
study (Horton et al., 2014). The mean PM2.5 during stagnation and
non-stagnation in each season of 2014e2018 is shown in Table 3.
The mean PM2.5 concentration during the stagnation is in general
signiﬁcantly higher than that over the non-stagnation with statistical difference (P < 0.05), except that no signiﬁcant differences
exist in summer NEC and signiﬁcantly lower during stagnation is
observed than non-stagnation days in fall over NEC. The PM2.5
differences can also be identiﬁed from the probability distribution
function (PDF) of the composited PM2.5 during stagnation and nonstagnation (Fig. S7), and the exception discussed above regarding
the summer and fall over NEC is clearly depicted in Fig. S7 that the
probability of PM2.5 concentration over the summer and fall in NEC
shows reversed feature. Meanwhile, stagnation fails to capture a
large amount days with high PM2.5 concentration, indicating the
weakness of ASI in explaining the haze day. To further unveil the
consistency between the values of daily total precipitation, daily
mean wind speed at 10 m and 500 hPa and the thresholds used to
deﬁne ASI, Fig. 3 displays their cumulative probability distribution

Table 3
Daily mean PM2.5 concentration during the atmospheric stagnation and nonstagnation days for NCP and NEC in each season during 2014e2018.
Season

Region

Seasonal mean PM2.5 (mg m
Stagnation

Non-stagnation

Spring

NCP
NEC
NCP
NEC
NCP
NEC
NCP
NEC

71.0
45.9
53.8
24.5
73.3
48.6
102.6
108.2

65.2
41.3
48.2
24.7
68.6
53.9
98.9
67.6

Summer
Fall
Winter

3

)

(CDF) during the days with mean PM2.5 concentration greater than
150 mg m 3 over NCP and NEC.
Based on the CDF, a ﬁve-year (2014e2018) average of 94% and
99% of daily precipitation (Fig. 3a and b), and 87% and 65% of 10-m
wind speed (Fig. 3c and d) over NCP and NEC falls below the
threshold used in ASI, which is 1 mm/day for daily precipitation and
3.2 m/s for daily 10-m wind speed. However, in terms of the wind
speed at 500 hPa, the threshold of 13 m/s only accounts for 22% and
35% of haze days (i.e., PM2.5> 150 mg m 3) over NCP and NEC,
respectively. A similar ﬁnding was also illustrated by Huang et al.
(2018), who found three quarters of the days during high Air
pollution index (i.e., 90th percentile or higher) with wind speed at
500 hPa larger than 13 m/s over Beijing during OctobereMarch
2000e2012. We also display the CDF of daily precipitation, wind
speed at 10-m and 500 hPa during a longer period from 1989 to
2018 (Fig. S8), which supports this ﬁnding as well.
To quantitatively measure to what extent the stagnation days
based on the atmospheric stagnation index matches the haze days,
haze capture rate (HCR) was used to represent the ratio of haze days
during stagnation to total haze days, and the spatial distribution of
HCR in winter during 2014e2018 is shown in Fig. 4a. The haze day is
deﬁned as a day exceeding a certain threshold which we ﬁrst set as
150 mg m 3 to cover the category V and VI based on AQI. The HCR is
less than 40% in most regions, and only a few scattered spots in
central China may reach 90% or so. The average HCR is 38% over NEC
and 7% over NCP, respectively. In particular, the HCR in Beijing is
15%, albeit of slightly smaller, generally consistent with previous
ﬁnding in Cai et al. (2017), showing that the ASI only capture 28% of
the severe haze events in the megacity Beijing in the winter from
2009 to 2015. Therefore, The ASI has limited ability in explaining
the haze events, and this capability show large spatial heterogeneity at least in view of NCP and NEC. Re-examining the composited
method of exact temporal match between ASI and haze day, as well
as the CDF of 500 hpa wind speed shown in Fig. 3, we propose two
alternative methods aiming to increase the HCR so as to improve
the ability of explaining haze events due to stagnation. In regard of
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Fig. 3. Cumulative probability distributions of composited daily precipitation, wind speeds at 10-m and 500 hPa respectively, when PM2.5 > 150 mg m
(right) during 2014e2018.

the temporal match, it is reasonable to assume that a day lag might
exist between stagnation and haze. Based on this assumption, for
any speciﬁc stagnant day, the haze occurring either on the same day
or one day later is considered to be captured by the stagnation.
Based on this method (referred to as ASI-lag), the HCR of ASI-lag is
shown in Fig. 4b. Compared to the original composite method, ASIlag does show improvement to a certain degree, i.e., HCR increased
from 7% to 15% and from 38% to 60% for NCP and NEC, respectively.

3

for NCP (left) and NEC

Therefore, the ASI-lag might be taken into consideration when
applicable. Nevertheless, for NCP, the fraction explained is still low,
which is attributable to low threshold of 500 hPa wind speed,
leading to a possible improvement method by enlarging the
threshold (referred to as ASI-500). A simple test is done by
increasing the threshold of wind speed at 500 hPa used in ASI from
13 m/s to 20 m/s with an interval of 1 m/s, and the resulting HCR
shows monotonic increase from 7% to 36% in NCP and 38%e67% in
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Fig. 4. The haze capture rate, which is the proportion of haze days in the atmospheric stagnation days deﬁned by original ASI (left) and lag considered (right) to total heavy haze
days (exceeding 150 mg m 3) in winter during 2014e2018.

NEC based on the ﬁve-year (2014e2018) average. However, cautions may be aroused for the method of ASI-500, and a general rule
to increment the wind speed at 500 hPa can be linked to the CDF
shown in Fig. 3, i.e., the median or even larger threshold displayed
in Table S5 may be applied to achieve a satisfactory capability of
explaining haze events. Please note that ASI-lag and ASI-500 was
applied independently during the test, and one may expect a larger
improvement if these two methods were combined. Nevertheless,
the ASI ﬁts much better in NEC compared to NCP from either
perspective. Please also note that the spatial resolution in Fig. 4 was
based on 1.125 , and to exclude the inﬂuence due to the coarse
resolution, the same analysis was conducted using a ﬁner resolution grid of 0.5 , in general yielding comparable results (not
shown).
3.3. Capabilities and limitations of different atmospheric stagnation
indices in elucidating the stagnation and haze events
Considering that the deﬁciency of ASI in explaining the haze
events mainly lies in the wind speed at 500 hPa, an alternative
parameter of boundary layer height (BLH) has been proposed by
Wang et al. (2018), in which an equation was derived based on BLH
and WS10 to ﬁt the daily PM2.5 normalized by the respective
monthly mean over United States, Europe and China. Note that the
daily precipitation was always set to be 1 mm or lower. Multiple
curves can be ﬁtted and based on the interest, Wang et al. (2018)
displayed the 100% ﬁtting curve. Based on this ﬁtting equation
and the associated stagnation days, Liao et al. (2018) found that
during the winter of 2013 and 2015, the PM2.5 in southwestern
China during the stagnation is on average of about 1.4 times as high
as that during non-stagnation, implicative of the effect of stagnation on the enhancement of PM2.5. However, the uncertainty
apparently exists in the applications to different locations since this
ﬁtting curve is the combination of data from several countries.
Moreover, while it is important to quantify the ability of stagnation
index based on HCR, it is also useful to evaluate the ratio of haze
days during the stagnation to the total number of stagnation days,
which can be named as the haze stagnation ratio (HSR). It is easy to
imagine that if one artiﬁcially deﬁnes every day as a stagnation day
during a certain period, the HCR would always be 100%, but the HSR
would be very low. Thus, high HCR and HSR is desirable in search of
a good stagnation index in determining the haze events, and to our
knowledge, no study has fully discussed in detail the effectiveness
of the atmospheric stagnation indices in this manner. To this end,

we construct a comprehensive evaluation of the capability and
limitation of the indices in the interpretation of haze events.
Since Wang et al. (2018) derived the ﬁtting equation based on
BLH and WS10 using the data from different countries, we ﬁrst
make a comparison by applying exactly the same ﬁtting method as
Wang et al. (2018) but using data in China, and the ﬁtting line is
shown in Fig. 5a. To test the robustness of the ﬁtting, the HCR and
HSR is applied for three haze categories, corresponding to the PM2.5
concentration of 75 mg m 3 (Fig. 6), 115 mg m 3 (Fig. S9) and
150 mg m 3 (Fig. S10), respectively, with HCR and HSR directly
based on Wang et al. (2018) shown in Fig. 6ab. In terms of the three
haze categories, the HCR (Fig. 6a vs. Fig. S9a and Fig. S10a) tends to
increase when PM2.5 concentration is higher, but HSR (Fig. 6b vs.
Fig. S9b and Fig. S10b) may decrease. For instance, based on Wang
et al. (2018), the average HCR over NCP is 71%, 75% and 79% for
PM2.5 concentration at 75 mg m 3, 115 mg m 3 and 150 mg m 3
(Fig. 6a, Fig. S9a, Fig. S10a), while the HSR is 60%, 39% and 25%
(Fig. 6b, Fig. S9b, Fig. S10b), respectively. In contrast, by revising the
ﬁtting based on the data in China, the HCR over NCP increased by
8%e10% (Fig. 6a, Fig. S9a and Fig. S10a vs. Fig. 6c, Fig. S9c and
Fig. S10c; Table S6), while maintaining the HSR similar as Wang
et al. (2018) albeit of slightly decrease by less than 4%. The similar
feature is observable for regions such as NEC, Yangtze River Delta
(YRD), Pearl River Delta (PRD) as well as the entire China (Table S6).
In addition to the ﬁtting of daily PM2.5 based on the normalization of monthly mean PM2.5, a similar ﬁtting was conducted
directly using daily mean PM2.5 concentration (Fig. 5c). Correspondingly, HCR and HSR was shown in Fig. 6e and f. Moreover, for
the sake of climate studies, it might be useful to conduct normalization using the long term seasonal mean instead of monthly mean,
with the ﬁtting shown in Fig. 5e and the differences of HCR and HSR
relative to the results based on monthly normalization shown in
Fig. 6g and h (Figures. S9g,h, s10g,h). While HCR based on seasonal
normalization is in general compared to that from monthly
normalization, the overall HCR in China based on the direct PM2.5
concentration shows decrease of 7%e9% relative to the monthly
normalization. Therefore, the long-term seasonal normalization
method will be applied in the following discussions. The ﬁtting
method of evaluating the dependence of PM2.5 on BLH and WS10,
we also examined the inﬂuence of WS500 and WS10 (Fig. S11).
Whereas there is slight decrease of 8%e13% for HCR in NCP and NEC
(Figs. S11gei), the changes in HSR is negligible (Fig. S11j-l). Therefore, in the case of BLH is not available, the WS500 may also be used
as a substitute in this ﬁtting relationship.
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Fig. 5. The distribution of normalized daily PM2.5 concentrations by the monthly mean (top row), daily PM2.5 concentrations (middle row), and 5-year winter mean (bottom row)
based on the 10 m wind speed (WS10) and BLH (left column), WS10 and 500 hPa wind speed (right column) during winter 2014e2018 over China. Only the days with daily
precipitation less than 1 mm were selected. Each pixel inside the panel represents the mean daily PM2.5 concentration, conducted with at least 20 sample sizes, in each small bin of
the WS10 (0.25 m/s), BLH (0.04 km), and WS500 (1.3 m/s).

Besides the ﬁtting line at 100%, it is interesting to test the
sensitivity of HCR and HSR to the line selection. Therefore, we ﬁt a
blue line in Fig. 5e, with HCR and HSR shown in Fig. S12. The results
show a decrease in HCR (Figs. S12gei), increase in the HSR
(Fig. S12j-l), with the magnitude of increase in HSR stronger. i.e.,
over the entire China, the HCR decreased by 23%e28%
(Figs. S12gei), while the HSR increased by less than 6% (Fig. S12j-l).
Therefore, a tradeoff in the selection of the ﬁtting curve might exist
and the different signs in the changes in HCR and HSR may indicate
the selection of ﬁtting curve may rely on different applications.
In addition to ﬁt by using the data from the entire China, one

might think that if we directly ﬁt the line using the observational
data in NCP or NEC, the HCR and HSR might be higher. The ﬁtting
curve (Fig. S13) based on the data over NCP and NEC and the corresponding HCR and HSR is shown in Figs. S14e15. The basic
ﬁnding is that HCR decrease by 10e20% whereas the HSR increases
by a few percent. The increase in HSR matches our hypothesis,
however, the decrease in HCR is unexpected. This phenomenon
implies the uncertainty associated with this index and may deserve
further investigation in future when applicable.
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Fig. 6. The HCR (Fig. 6a and c) and HSR (Fig. 6b and d) by Wang et al. (2018) (Fig. 6aeb) and BLH_WS10_Norm_month (Fig. 6ced) as well as the difference between BLH_WS10
(Fig. 6eef), BLH_WS10_Norm_season (Fig. 6geh) and BLH_WS10_Norm_month. The deﬁnition of haze days is PM2.5>75 mg m 3.
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Fig. 7. Future changes of atmospheric stagnation days over NCP (a) and NEC (b) based on 20 CMIP5 model. Abscissa is the average number of days of atmospheric stagnation in
winter during the historical period (1975e2004), and ordinate is the difference of atmospheric stagnation days between future (2071e2100) under RCP 8.5 and historical period.
The black triangle represents the mean value of 20 CMIP5 models, and other markers indicate values for each model. The black vertical line implies the value from the ERA-Interim
(1979e2004).

3.4. Future changes of atmospheric stagnation
It has been inferred from the previous studies (Horton et al.,
2014; Zhang et al., 2018) under climate change, the atmospheric
stagnation events may be projected to increase in many regions.
However, these studies did not examine the changes of stagnation
days in winter, which is high likely to be connected with haze
pollution over NCP and NEC. Therefore, by taking advantage of the
historical (1975e2004) and future (2071e2100, under RCP 8.5
scenario) period results of the CMIP5 multi-model ensemble, the
impact of climate change on atmospheric stagnation is investigated. We ﬁrst examine the future changes of atmospheric stagnation duration based on the standard ASI (Horton et al., 2014). The
total number of stagnation days in winter from each of the 20
CMIP5 models as well as the reanalysis data ERA-Interim
(1979e2004) is shown in Fig. 7. The starting year of ERA-Interim
is 1979 due to the data availability. The duration of stagnation
over NCP and NEC is 9.2 days and 13.7 days based on ERA-Interim,
whereas the CMIP5 generally performs reasonably well, with
multi-model mean duration of 6.1 days and 17.7 days in these two
regions, respectively.
By the end of the century, the stagnation days over NCP in
winter is projected to increase by 0.7 days, yet with low model
agreement, i.e., 11 models of 20 models agree with the mean signal.
In contrast, over NEC, the CMIP5 models robustly (17 models show
negative sign) show a decrease of stagnation, with mean value of
3.0 days in winter. This ﬁnding is further supported by the analysis
of stagnation based on the equation in Fig. 5f, yielding comparable
future changes for both NCP and NEC in winter. Note that as
mentioned earlier, the index leads to increase of historical stagnation a few times compared to the index based on Horton et al.
(2014), and such a large number of stagnation days may not
necessarily correspond to the haze days. Nevertheless, the consistent signal of changes in stagnation enhances the conﬁdence in

interpreting the future changes as well as the haze pollution
associated with it. Over NEC, the results in this study is somewhat
different from the study of Han et al. (2017), in which the air weak
ventilation days increase in winter is projected. The inconsistency is
possibly due to the differences in the index selection (stagnation in
our study vs weak ventilation days in Han et al. (2017)) or model
discrepancies, i.e., 20 CMIP5 models used in this study vs one
regional model driven by three global climate models. Nevertheless, the climate impact illustrated in this study is vital to take into
consideration in future air quality management.
4. Conclusions
This study ﬁrst investigated the spatial and temporal characteristics of haze events over two regions in China where there have
been frequent haze events, including NCP and NEC. Consistent with
previous studies, the annual mean PM2.5 over these regions in
general depicts a decreasing trend in the past years. However,
further analysis focusing on the seasonal variability of haze events
and statistical analysis examining the duration and frequency of
various categories of haze events revealed some unique features.
The seasonal average PM2.5 concentrations do not always show the
decreasing trend during the 2014e2018 period, as observed with
the annual mean PM2.5 concentrations. For example, the winter
mean PM2.5 over NCP were increasing from 2014 to 2016. The total
number of haze days in fall 2017 is much higher than either 2016 or
2018, whereas in winter, it is much lower than any of the other
years. This implies that when examining the seasonal average PM2.5
concentrations, the inter-annual variations in air quality driven by
the inter-annual variations in meteorology dominates over the
general reduction driven by emission control.
The atmospheric stagnation index was recently pointed out for
the shortcoming in explaining the haze events. In this study, we
make a further step to compare its capability in capturing haze
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events in two regions including NEC and NCP, and found that ASI
works much better in NEC than NCP. Two alternative methods
through the incorporation of either a day lag effect or enlarging the
threshold of wind speed at 500 hPa are proposed, which did substantially improve the ability in explaining the haze events.
Moreover, the capability and limitations of atmospheric stagnation
indices, by incorporating the BLH, WS500 and WS10, were
comprehensive evaluated. Whereas the index with BLH and WS10
generally yields better performance in explaining the haze events,
we emphasize that it is necessary to take into account of both HCR
and HSR. In future, the CMIP5 multi-model ensemble predicts an
increase of stagnation days over NCP and decrease of stagnation
days over NEC, with the latter more robust and stronger model
agreement. Albeit of the uncertainties exist, these results imply that
future climate modulation on the stagnant weather patterns may
vary by region, which is important to take into consideration in
future air quality related policies.
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