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HIGHLIGHTS

e New emission-weighted index to characterize the intensity of air stagnation.

o The index has a close spatial relationship with PM, 5 observations in North China.
e The index reflects low-frequency variability in haze-related weather conditions.

o Increasing stagnation over 1980-2018, with a drop since 2013, in North China.

e Significant stagnation variability challenges the emission reduction plan.

ARTICLE INFO ABSTRACT

Keywords: Recently, climatological and environmental researchers have paid significant attention to the long-term trends

Haze and variations in haze-related weather conditions in North China (NC). This study investigates this topic using a

North C'hina quantified air stagnation index (ASIg) that combines stagnation intensity with fixed emission information, given

Stagnation that haze occurrence depends strongly on the rate of emission. ASIg has a close spatial and temporal relationship
with observed PM; 5 concentrations, and a strong sensitivity to haze occurrence in NC. The annual ASI increased
by 18.2% over the period 1980-2018 due to significant decreases in planetary boundary layer height and
ventilation. However, there was an apparent drop during 2013-2018, which suggests that lower stagnation
intensity may take effect on the improved air quality in NC reported in recent years. Such low-frequency
oscillation occurred twice during 1980-2018. Hence, if the current trend of decreasing stagnation intensity re-
verses, haze events may become more common in the future. In addition, the interannual variations in stagnation
intensity were very significant. The percentage change of ASIg was as high as 50%-70% in some years. Finally,
using the year-to-year growth ratio of ASIg, we highlight the difficulty of the “clean air challenge” due to the
variations in stagnation in NC. The results suggest that the enforcement of the emission reduction plan should be
tailored according to the stagnation conditions in the region and period of interest.

1. Introduction for understanding the interannual variation (IAV) and long-term trends
in NC air quality (Feng et al., 2016), given the lack of national in-situ

The increasing frequency of haze events in North China (NC) during aerosol monitoring networks before 2013 (Ma et al., 2014; Xin et al.,
the last decade has motivated considerable effort to understand the long- 2016). Studies have shown that various large-scale atmospheric or
term variation in haze-related meteorological conditions. This is helpful oceanic circulation systems influence NC haze, such as the East Asian
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Monsoon (Zhu et al., 2012; Yin and Wang, 2016), Arctic Oscillation
(Xiao et al., 2014; Yin and Wang, 2016), East Asian Trough and East
Asian Jet (Chen and Wang, 2015), Pacific Decadal Oscillation (Zhao
et al., 2016) and North Atlantic Oscillation (Chen et al., 2019). Circu-
lation indexes have also been proposed and used for haze projection (Cai
et al., 2017; Pei et al., 2018).

However, circulation does not directly determine the occurrence of
haze. Instead, the circulation affects local weather processes such as
aerosol diffusion or wet deposition. In NC, the occurrence, development
and extinction of these haze events are closely related to the variations
in air stagnation intensity. Strong air stagnation is characterized by
weak diffusion in the boundary layer and absence of precipitation
(Wang and Angell, 1999; Feng et al., 2018; Wang et al., 2018), providing
favorable meteorological conditions for rapid accumulation of severe
pollution (Sun et al., 2015). When the stagnation intensity weakens, air
quality tends to improve (Wang et al., 2016). Recent extreme haze
events in NC, with observed maximum PMj 5 concentrations exceeding
600 pg m~3, were caused by air stagnation (Quan et al., 2014; Zhang
etal., 2014; Yeetal., 2016, Shao et al., 2018a, b). Some studies have also
reported that the long-term variation in aerosol concentrations in NC
can be modulated by long-term variations in air stagnation (Fu et al.,
2014; Shao et al., 2018a, b; Hong et al., 2019).

Unfortunately, air stagnation is not a quantity that can be obtained
from conventional meteorological observation networks. It must be
parameterized as an air stagnation index (ASI) using conventional
meteorological variables. Previous studies have proposed several ASI
schemes, based mostly on various definitions of the “air stagnation day”
(ASD) meeting several thresholds. For example, the earliest and
commonly used ASD from NOAA (National Oceanic and Atmospheric
Administration) is defined as a day on which the daily sea level
geostrophic wind speed is < 8 m s~%, the daily wind speed at 500 hPa is
< 13 m s~ 1, no precipitation occurs and the temperature is inverted
within the planetary boundary layer (PBL) throughout the day (Wang
and Angell, 1999; Horton et al., 2014; Huang et al., 2017). However, it is
reported to not be applicable for the variations in aerosol pollution in
China (Cai et al., 2017; Feng et al., 2018; Wang et al., 2018). There are
some ASD definitions specifically defined for China, which consider
thresholds of daily maximal ventilation in the atmospheric boundary
layer, real latent instability (Huang et al., 2018) or planetary boundary
layer height (PBLH) (Wang et al. 2016, 2018; Hong et al., 2019). These
ASIs based on ASDs are a type of “frequency index” that counts the ASD
numbers in a given time period (such as one month or one year).
However, a frequency index cannot represent well the continuous
temporal variations in stagnation intensity from daily to interdecadal
timescales.

Motivated by this, Feng et al. (2018) proposed an ASI (labeled as
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ASIy hereafter; see Section 2), which can provide daily stagnation in-
tensity values at specific locations (e.g., measurement sites or grid cells
of a meteorological model). The ASIy is well correlated to the daily and
monthly variations in observed PM; 5 concentrations at most NC grid
cells, and thus can reflect the synoptic situations that drive haze varia-
tion in NC. The ASIy can be used as a prediction tool for extreme NC
haze events. For five of the most aerosol-polluted cities in NC, including
Beijing, the prediction accuracy is >70%. However, Feng et al. (2018)
did not analyze the long-term variations in ASIy, which would be
helpful for understanding historical haze variation over NC. Further-
more, to fully investigate the haze-related meteorological conditions in
NC, emission information should be considered, because the same
stagnation intensity can cause very different aerosol pollution levels
under different emission conditions. The lack of emission information in
ASIy; means that it cannot accurately represent the spatial pattern of air
quality (Fig. 1) and the geographical distribution of its trends and var-
iations. Previous ASIs (including these circulation indexes) have expe-
rienced problems related to this issue.

Therefore, to address these limitations, an ASI that includes both the
stagnation intensity and emission information is required. This study
establishes an emission-weighted stagnation intensity index (referred to
as ASIg hereafter) by combining the ASIy; with a parameterized emission
factor, and analyzes its climatological distribution, long-term variations
and trend in NC over 1980-2018. The rest of this paper is organized as
follows: Section 2 describes the details of the ASIg scheme, the aerosol
concentrations and meteorological datasets. Section 3 contains the re-
sults, with Section 3.1 presenting the performance of ASIg using the
observed PMjy 5 concentrations from September 2013 to September
2016. In Sections 3.2 and 3.3 we show the long-term variations and
trends in stagnation intensity in NC, and the effects of horizontal
ventilation, PBLH and precipitation on such trends and variations. In
section 3.3, we also discuss the year-to-year relationship between the
stagnation intensity and emission reduction, which provides some in-
sights into the potential results of the recent emission control strategies
in different areas of NC. Section 4 draws conclusions and discusses the
possible future trend of stagnation intensity.

2. Methods and data
2.1. ASIg scheme and statistical method

The ASIy; is defined as the product of three coefficients in the form:

ASIy = A-Py-Pp-Py, (€D)]

where Py, Pp and Py denote the parameters of ventilation, vertical
diffusion and wet deposition, respectively. 1 is used to keep the ASIy
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Fig. 1. Plots between time-averaged observed PM, s concentrations (x-axis) and (a) surface wind speed (m s™1), (b) PBLH (m) and (c) ASIy (dimensionless) over NC

from May 2013 to August 2016. These meteorological variables (PBLH and sur
concentrations.

face wind speed) used by ASIy are not related to the distribution of aerosol
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dimensionless and on an order of magnitude of one. Py is defined by a
non-linear function of the height-weighted average of wind speed over
the PBL as:
—1/4
1 "ZPBL
Po= | [T | @
0

ZpBL — 20

where U(z) is the wind speed at the geopotential height z (unit: m) and
2o and zpp, are the geopotential heights of the surface and top of the PBL,
respectively. Pp is simply the inverse of PBLH denoted by:

1
Pp=——-—
ZpBL — 20

3
Py is designed to reflect the significant decrease (e-folding) of the
stagnation conditions induced by precipitation, and is written as:

Py =100, @)

where r is the daily mean accumulated precipitation rate (units: mm
d_l) and:

0={or 21 ®

Finally, the ASIy; is parameterized as follows:

—1/4
Aell=50) (+ Jo U(z)dz)

ASIy =
M (ZPBL - Zo)

(6)

where A = 103573, Unlike the ASD-based indexes that are based on fixed
thresholds for a series of meteorological variables, the ASIy; scheme is a
parameterization of the physical processes that directly affect aerosol
accumulation or elimination. The ASIy directly represents stagnation
intensity as a function of wind speed, PBLH and precipitation. It can be
easily calculated according to the spatial and temporal resolution of the
wind, PBLH and precipitation datasets. Its applicability to variations in
PM, 5 concentrations and haze prediction over the whole of NC has been
presented in Feng et al. (2018).

To include emission information in the ASI, we propose the ASIg
scheme defined as:

ASIg(x,y,t) = ASIu(x,y,1)-Pe(x, y). )

Here, Py denotes the emission factor as a spatially varying back-
ground, which can be obtained from the following three steps. First, we
define the PM, s-related emissions (labeled as E) according to the main
components of PMy 5 and the conversion process from various pre-
cursors in the form of:

E= 0.22E[502] +0.1 E[NOX] + E[BC] +2.1 E[OC] + 0'17E[[erpene§: + E[OP] s 8)

where Ejso,), Eno,)> Ejpc)s Ejoc)s Ejterpenesy and Ejop) are the emission
quantities of SO, NOy, black carbon (BC), organic carbon (OC), terpenes
and other particle sources of PMj s, respectively (the derivation of E is
set out in the supplementary material).

Second, considering that pollution at a specific location is affected by
nearby emission sources, we use a smoothed emission (Eg) to represent
an exponentially reduced influence of nearby emissions with distance
following Lu et al. (2015) and Shao et al., 2018a, b. In addition, we
consider the effects of short-range transport processes due to the pre-
vailing wind field on emissions. The Eg at a specific grid cell (x,y) is
designed to be the sum of nearby emissions weighted by distance and
climatological wind fields, which is in the form of:
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Dzi j (xvy)
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Es(x,y): Z

Dy (e3) <D (x)

where

1
Dy, (x,y) =Dro {EUL[U) cos O (x,y) + 1] . (10)

E ;) is the PM3 s-related emission at the grid cell (i,j) obtained from eq.
(8). D) (x,y) is the distance between grid cell (i,j) and (x,y). Uy, is the
speed of the climatological low-level wind (LLW) at the grid (i,j); this is
normalized across all the NC grid cells. Here we consider LLW as the
vertical average of winds at levels lower than 850 hPa where short-range
transport mostly occurs. Over the mountainous areas with elevation
higher than 850 hPa, LLW is averaged within the PBL. 6 (x,y) is the
angle between the direction of the LLW and the direction from the grid
cell (i,j) to (x,y) (referred to as the “LLW angle”). The truncation dis-
tance coefficient Drq is set to 200 km. Equation (9) indicates that the
influence of emissions at the grid cell (x,y) rapidly decreases with
Dy, (x,y). D1, (x,y) varies with LLW speed and angle at grid cell (i,j). A
large LLW speed and a small LLW angle (i.e., (x,y) located downwind of
(i,j)) means that emissions at the grid cell (i,j) have a strong impact on
(x,y) and a relatively long transport range in that direction. In contrast,
small LLW speed implies a minor impact of E; in all directions.

Third, we rescale the Eg(x,y) over the whole of NC with a scaling
factor of 10 to keep the ASIg dimensionless and on the order of magni-
tude of one, as was done for ASIy;. Hence the quantity Pg is in the form
of:

ES - ml[l(Es)

BT max(Es) — min(Es)

x 10, 1)

where the “min” and “max” denote the minimum and maximum of Eg
over NC, respectively. Equation (7) suggests that Pg is a spatial
weighting function, which provides the fixed emission background for
ASIy. It does not vary with time (either interannually or inter-
seasonally) and makes ASIg more realistic in reflecting the spatial dis-
tribution of haze-related meteorology. The temporal variations in ASIg
are not impacted by Pg because of the use of fixed emissions E;j and
climatological LLW speeds Uy, for each grid cell. In other words, for a
specific grid cell or site in NC, the ASIg is still a pure meteorological index
that reflects the variability of local haze-related weather conditions. This
notion is analogous to sensitivity studies using fixed emission in-
ventories in chemical transport model simulations (Feng et al., 2016; Mu
and Liao, 2014).

The daily ASIg is calculated using daily reanalysis data (see section
2.2), and the monthly, annual and climatological ASIg are derived from
the mean of daily ASIz. We perform long-term trend and IAV analyses for
the annual and December—January-February (DJF) mean series of ASIg.
The maximum percentage deviation (MxPD) and mean percentage de-
viation (MnPD) (Feng et al., 2016; Mu and Liao, 2014; Fu and Liao,
2012) are used to represent the relative largest and mean IAV in ASIg,
respectively; these can be written as:

max(ASIg) — min(ASIg)

MxPD = min(AST,) x 100% , 12)
LNV !
LS~V IAST
MnPD :M x 100%, (13)
ASIg

where ASI; and ASIE; denote the long-term mean of ASIg and its devi-
ation in the ith year. N is the size of the time-series (number of years).
MxPD and MnPD denote the quantified variability of haze-related
weather conditions in NC. We calculate the ASIg and apply the trend
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and IAV analyses separately at each reanalysis grid cell. Other statistical
methods used in this study include correlation and linear regression
analysis, which are all statistically tested at 99% confidence. The linear
trends are presented as percentages using the 1980 value as the
benchmark.

2.2. Meteorology, emissions and PMg 5 data

The MERRA-2 (Modern-Era Retrospective Analysis for Research and
Applications, version 2, real-time available at https://disc.sci.gsfc.nasa.
gov) (Gelaro et al., 2017) daily meteorological data from 1980 to 2018
are used to calculate the daily ASIg. The horizontal resolution of
MERRA-2 is 0.5 ° x 0.625 °. More information on the applicability of
MERRA-2 data to air stagnation studies over NC may be found in Feng
et al. (2018).

The emission quantities used here for calculating E (Eq. (8)) are from
the Multi-resolution Emission Inventory for China (MEIC) provided by
Tsinghua University (http://www.meicmodel.org) for the year 2012 on
a resolution of 0.25 ° x 0.25 °. The emissions are categorized into five
sectors including power, industry, residential, transportation, and agri-
culture. The MEIC is a bottom-up inventory and provides both gaseous
and particle species related to PMy s, including SO, NOy, non-methane
volatile organic compounds, NH3, BC, OC and other PMj; 5 emissions.
Since this study focuses on the temporal variation in ASI, we use the

(a) Annual Emission (kT)
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annually averaged MEIC datasets to obtain the fixed PM, s-related
emissions. In addition, to match the horizontal resolution of the emis-
sion inventory with the meteorological data, we interpolated the emis-
sion quantities (in kg km~2) onto the MERRA-2 grid cells using bilinear
interpolation, as applied by Matthias et al. (2018) and in the MarcoPolo
inventory (http://www.marcopolo.eu/). The close relationship between
the PM;s-related emissions E using bilinear and inverse distance
weighting methods (with correlation coefficient up to 0.986) indicates
that the interpolation methods rarely affect the emission distribution.
Fig. 2a shows that E is high over the NC Plain (NCP) and northeastern
NG, as observed in previous studies (Zhang et al., 2009, Li et al., 2017a,
b). Values of E are relatively high in Beijing, Changchun, Xi’an and in the
other capital cities of provinces in NC due to the high level of anthro-
pogenic activity in these urban areas.

To present the effectiveness of ASIg, we use the observed daily PMj 5
concentrations that are averaged from the original MEP/EMC observa-
tions (China Ministry of Environmental Protection, Environmental
Monitoring Center, real-time accessed at http://113.108.142.14
7:20035/emcpublish/) from September 2013 to September 2016;
approximately 1126 d and 470 sites in total. The spatial distribution of
these sites was shown in Fig. 1a in Feng et al. (2018). To match the ASIg,
the observed PM3 5 concentrations are interpolated onto MERRA-2 grid
cells using inverse distance weighting. To avoid the impact of interpo-
lation error on the estimation, the interpolation is only applied to grid
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Fig. 2. Geographical distribution of the (a) annual total PM, s-related emissions (kT), (b) emission coefficient (Pg), (c) annually averaged ASIg and (d) seasonally
averaged ASIy in December—January-February (DJF) in NC from 1980 to 2018. The NCP region and 13 selected cities are indicated by the boxed domain and di-

amonds in (a), respectively.
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cells within 200 km of a site.

3. Results
3.1. ASIg and its relationship with haze in NC

Fig. 2 shows the geographical distribution of the annual emission E,
the emission factor Pg and annually and seasonally averaged ASIg. The
geographical distribution of Pg (Fig. 2b) is similar to that of E (Fig. 2a),
with high values over urban areas in NC in both cases. However, the
Gaussian smoothing process means that the Pg distribution is smoother
than that of E. Pg and E are higher in the NCP than in other areas of NC.
The strongest emission belt extends along the line Tianjin—
Shijiazhuang-Zhengzhou, with Pg values greater than 6. High Pg values
also cover the areas along Harbin-Changchun-Shenyang, and in the
vicinity of other urban areas such as Ji’'nan and Xi’an.

Weighted by Pg, the climatological ASIg also shows a similar distri-
bution (Fig. 2c). The regions with high ASIgz values—around
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Tianjin-Shijiazhuang-Zhengzhou, Harbin-Changchun-Shenyang and
near Ji'nan and Xi’an—also show high Py values, with the ASIg value
exceeding 5 and 3 in Ji’'nan and Xi’an, respectively. These regions with
high ASIg are more sensitive to stagnation weather, which means that
under such high emission levels, stagnation conditions will cause severe
aerosol pollution. Conversely, in regions with low emissions, such as the
mostly rural area of Inner Mongolia and the mountainous area of
western NC, even strong air stagnation conditions may not induce haze
events (Fig. S1). During DJF, the ASIg has much higher values over the
whole of NC (Fig. 2d), indicating that the stagnation causes worse air
quality in winter than in other seasons.

By including the emission information, the ASIg can reasonably well
reflect the spatial distribution of aerosol concentrations, giving a better
estimate than ASIy (Fig. S1). The high (low)-value areas of the clima-
tological ASIg closely match the areas of high (low) aerosol pollution in
NC (Fig. 3a). For example, the “stagnation belts” of Tianjin—
Shijiazhuang-Zhengzhou and Harbin—Changchun-Shenyang also expe-
rience severe aerosol pollution. Such spatial agreement can also be

R(ASIg,PM;5)

0.3 0.4 0.5 0.6 0.7

ASIc PDF when PM,s>=150 and <150 ugm®
10|....l....l 1
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40
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Fig. 3. Geographical distribution of (a) long term-averaged PM, 5 concentrations and (b) correlation coefficients between 5-day low-pass filtered time-series of daily
ASI; and PM, 5 concentrations from September 01, 2013 to September 30, 2016. The NCP region and selected 13 cities are indicated by the boxed domain and
diamonds in (a), respectively. The small black dots in (b) represent the grid cells passing the t-test with a confidence level of 99%. The correlation coefficients in
northern Inner Mongolia grid cells, in white, are not involved in the estimation. Panel (c) is a plot between ASIg and PM, s over the period from September 01, 2013
to September 30, 2016; the red and blue dots denote the locations in the NCP and other areas of NC, respectively. Panel (d) shows the ASIg probability distribution
function for severe haze days (red thick line; defined as days with PMy 5 > 150 pg m~>) and other days (blue thick line; defined as days with PMy 5 < 150 pg m~>)
over all observation sites in NC. The red (blue) solid line represents the most likely ASIg on high- (low-) pollution days. The red (blue) dashed line represents the mean
ASIg on high- (low-) pollution days. (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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shown by the plot between ASIg and PMs 5 concentration (Fig. 3c). Their
correlation coefficient (0.73) is much higher than those between PMy 5
concentration and surface wind speed, PBLH and ASIy (Fig. 1). Most
sites in the NCP with large ASIg (red dots) also have correspondingly
higher PM; 5 concentrations than other areas of NC (blue dots).

The ASIg can also reflect the temporal variation in aerosol concen-
trations. Fig. 3b shows correlation coefficients between the daily ASIg
and PM, 5 concentrations in every grid cell over NC. Here, the daily
time-series are filtered using a 5-day low-pass Lanczos filter (Duchon,
1979). We use a period longer than 5 days because a haze event can last
for over 4 days (Wang and Angell, 1999), driven by synoptic-scale ac-
tivity (Ye et al., 2016). The coefficients are significant at the 99% level
according to the t-test at all NC grid cells. ASIg, in particular, performs
best in the NCP and western part of NC, with the largest values
exceeding 0.7. Since the emission factor is primarily important in spatial
terms, such in-situ correlation reflects the impact of the meteorology on
aerosol pollution. To further illustrate the relationship between varia-
tions in ASIg and PMj 5 concentrations, we examine their 5-day low-pass
filtered time-series for 13 selected cities in NC, including Beijing,
Tianjin, Shijiazhuang, Xi’an, Zhengzhou, Yinchuan, Ji’'nan, Taiyuan,
Harbin, Hohhot, Shenyang, Changchun and Xuzhou from September
2013 to September 2016 (Fig. 4). The ASIg aligns closely with most
peaks and troughs of PM; 5 concentrations in these cities. In addition,
the seasonal variation of PM3 5 concentrations can be partly attributed to
the more (less) frequent occurrence of stagnant weather in winter
(summer) (Qu et al., 2010; Sun et al., 2015; Wang et al., 2015). The high
correlation between the ASIg and PMs s concentrations in NC is also
observed on intra- and inter-seasonal timescales (Fig. S2). According to
Eq. (7), these temporal variations in ASIg reflect the variation in stag-
nation rather than in emission. Therefore, the close relationship between
PM, 5 concentration and ASIg reflects the strong effects of stagnation on
PMz s.

To demonstrate the sensitivity of ASIg to haze occurrence over NC,
Fig. 3d shows the probability distributions (PD) of this index for severe
haze days (“SHD”; PMy 5 concentration > 150 pm’3) and other days
(“non-SHD™) over all days and grid cells (Fig. 3d). The definition of SHD
is in accordance with the national air quality standard of China. Both PD
curves exhibit a log-normal-like distribution, which is consistent with
the typical PD of PMy 5 concentrations reported by many previous
studies (Sakalys et al., 2004; Ovadnevaité et al., 2007; Lu, 2002; Feng
etal., 2018). However, there are very different values of ASIz under SHD
and non-SHD situations. The SHD curve shifts toward large ASIg, with
the most likely and mean ASIg values changing from 1.8 to 3.7 for the
non-SHD case to 4.5 and 9.0 for SHD, respectively. The distinctive ASIg
values in SHD and non-SHD cases indicate that ASIg can be used as a
reliable indicator of severe haze occurrence in NC.

3.2. Long-term trends in stagnation intensity

Fig. 5a and b presents the time-series and long-term linear trends of
the regionally averaged ASIg for the whole year and DJF during
1980-2018 in NC. There has been a significant amplification of stag-
nation conditions over the whole of NC in the past 39 years, both
annually and during the wintertime. The annual and DJF ASIg have
increased by approximately 4.8% and 4.1% per decade (Table 1), which
is equivalent to a total increase of 18.2% and 15.6% since 1980. This
increase in ASIg indicates that air stagnation plays an important role in
the long-term increasing frequency of haze events since 1980 (Yang
et al., 2018). The bottom panels of Fig. 5 show the regional distribution
of the long-term trend of ASIg. A significant positive trend is observed for
the annual ASIg over a large area of NC, especially in the areas with
severe aerosol pollution, such as the NCP, which have regional average
trends of approximately 6.5% per decade (Table 1). Of the 13 selected
NC cities listed in Table 1, 11 of them (including Tianjin, Shijiazhuang,
Ji’nan, Zhengzhou, Xi’an and Xuzhou) exhibit significant positive trends
of annual ASIg. The largest increase is about 9%-10% per decade near
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Ji’nan. In northeastern NC, the increases in annual ASIg around She-
nyang, Changchun and Harbin are also significant, with a maximum of
approximately 7%-8% per decade. In winter, there are eight NC cities
showing significant positive trends in ASIg (Table 1). Most areas of the
NCP still show significant positive trends, with the regional average and
maximum value in the NCP being 6.0% and about 9%-10%, respec-
tively. In northeastern NC, except for the area near Changchun, the
positive trends in annual ASIg are less significant.

To fully understand the observed significant increase in stagnation
intensity, we investigate the long-term variation and trends in the
ventilation (inverse of Py), PBLH (inverse of Pp) and wet deposition
factor (Pyw in Eq. (1)) for the whole year and DJF during 1980-2018
(Fig. 6). A significant negative trend in ventilation is observed for both
the whole year (—1.4% per decade; Table 1) and in wintertime (—1.3%
per decade), which is consistent with the declining near-surface wind
speed in NC shown by many previous studies (Guo et al., 2011; McVicar
et al., 2010; Shi et al., 2019). Over the past 39 years, PBLH showed the
same strong decrease (—1.8% and —2% per decade for the whole year
and wintertime; Table 1) as ventilation. However, the increase in the wet
deposition factor is not significant. Hence, the positive trend for stag-
nation intensity should be attributed to decreased ventilation and lower
PBLH. Table 1 also shows the long-term trends for the ventilation, PBLH
and wet deposition factor in NCP and in the 13 selected cities. In NCP,
the negative trends for annual ventilation (—1.7% per decade) and PBLH
(—3.4% per decade) are larger than those over the whole of NC, indi-
cating that the NCP has worse meteorological conditions than other
areas of NC. Therefore, under the highest emission levels in the NCP
(Fig. 2), such negative trends would have induced more extreme haze
events in recent decades. All 13 cities in NC exhibit negative trends in
annual ventilation and PBLH. The strongest negative trend of PBLH is
5.3% per decade, in Ji’nan and Xuzhou, and is likely responsible for the
maximum positive trend in ASIg being near these two cities. Two cities
with no significant trend in ASIg (Shenyang and Hohhot) also show weak
negative trends for the ventilation factor and PBLH. The wintertime
trends for the three factors are similar but slightly lower than the annual
trends in most cities, consistent with the result for the regional mean
shown in Fig. 6.

The mechanism for long-term decreased PBLH and ventilation in NC
may be worth exploring. The circulation change in the lower tropo-
sphere (such as weaker monsoons) and the increase in the drag coeffi-
cient, induced by the rapid urbanization over previous decades, may
have important implications for decreased wind speed and ventilation
(Guo et al., 2011; Wu et al., 2016). In addition, the feedback of aerosol
radiative effects that cause a lower PBLH provides another explanation
for such negative trends in PBLH (Ding et al., 2016; Li et al., 2017b).

Apart from the overall positive trend, the stagnation intensity also
displays some interdecadal variability: the annual ASIg increased
sharply in 1984-1992 and 2000-2005 but fell slowly in 1992-2000 and
2005-2010. The ASIg achieved a maximum value during 2013-2016
when a series of several haze events occurred, as reported by many
previous studies (Quan et al., 2014; Shao et al., 2018a; Ye et al., 2016;
Zhang et al., 2014). Note that the ASIg shows an apparent negative trend
during 2013-2018; approximately —5.8% and —3.5% for annual and
wintertime means, respectively. This indicates that the recently reported
decrease in aerosol concentration in NC since 2013 (http://www.xinh
uanet.com/english/2019-01/07/c_137726516.htm) may be partly
attributable to the lower stagnation intensity. The interdecadal oscilla-
tion during DJF is similar to that of the annual mean: the DJF ASIg
increased steeply during 1984-1992 and 2000-2005 and decreased
during 1993-2000 and 2005-2010. The trend and interdecadal oscil-
lation characteristics for ASIg in DJF resemble the long-term variations
in atmospheric visibility and PMj 5 concentration, simulated using the
CESM (Community Earth System Model) over 1980-2014 (Yang et al.,
2018). The decadal variation in ASIg can be explained by the corre-
sponding variations in ventilation and PBLH (Fig. 6). Prior to 1990, high
ventilation and PBLH produced weak stagnation intensity, which
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the Web version of this article.)
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Fig. 5. Time-series of regionally averaged (a) annual and (b) DJF ASIg during 1980-2018 in NC. The purple dashed line and solid line in (a) and (b) denote the long-
term trend in 1980-2018 and in the last 5 yr (i.e., 2013-2018), respectively. The green curves denote a 5-yr running average of the ASIy series. Plots (c) and (d)
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Table 1
Long-term trends of ASIg, ventilation, PBLH and wet deposition (Py) for annual and DJF means over the whole of NC, NCP and 13 selected cities in NC from 1980 to
2018. An asterisk denotes a statistically significant trend at the 99% confidence level using the two-sided t-test.

Trend in annual mean (% decade ™) Trend in DJF (% decade ™)
ASIg Ventilation PBLH Py ASIg Ventilation PBLH Py

NCrowhead 4.8* —1.4* —1.8* 0.3 4.1* —1.3* —2.0% 0.7
NCP 6.5% -1.7* —3.4* 0.4 6.0* —-1.1* —3.6* 0.5
Beijing 4.1% —2.4% —2.5% 0.1 3.4 -1.5 —2.5% 0.6
Tianjin 7.6* —2.2% —3.7* 0.2 8.3* —1.3* —4.5% -0.1
Shijiazhuang 6.3* -2.7 —2.4 0.4 6.8* —2.6% —2.5% -0.1
Xi’an 4.7* —2.5% -3.6* 1.0 4.5*% -3.1 —4.7* 1.6
Zhengzhou 7.8% -0.9 —4.0% 0.5 7.6* -0.1 —5.2% 1.2
Yinchuan 2.8* -1.6 -1.9 0.3 2.8* —-2.7 -1.9 1.0
Ji’nan 8.7* —2.2% —5.3*% 0.9 7.9*% -1.6 —4.4* 0.7
Taiyuan 3.9% ~3.3% -1.6 0.3 3.4 2.7 2.0 0.0
Harbin 6.0% -1.2 —3.4* 0.0 3.9 -0.8 -1.8 0.5
Hohhot 1.8 —2.2 -1.9 0.6* -0.7 —-1.1* -1.3 1.4*
Changchun 7.7% —2.4% —2.2% 0.2 7.3% —4.0% -1.8 1.1
Shenyang 2.9 -1.0 -1.1 0.7 2.7 -0.1 -1.5 1.8
Xuzhou 8.7* -0.5 —5.3*% 0.5 8.2% -0.5 —5.6* 0.6

suppressed the occurrence of haze events. However, the rapid decrease negative trend in ASIg and haze in NC.

in ventilation and PBLH during 1999-2013 induced a large surge in

haze-related meteorological conditions. In the last 5 years, ventilation 3.3. Interannual variation in stagnation intensity

and PBLH have begun to increase again and the stagnation intensity and

aerosol pollution have subsequently improved. In addition, the Fig. 5 exhibits an apparent IAV in regional ASIg over NC. The MxPD

above-average wet deposition factor may have an impact on the recent and MnPD of annual (DJF) ASIg are 26.9% (29.7%) and 5.0% (5.3%),
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respectively (Table 2). In other words, variations in the annual-mean
and winter-mean haze-related meteorological conditions have a
maximum and average magnitude of approximately 30% and 5%,
respectively. Since there is a significant trend in the ASIg series, the
MxPD and MnPD of annual (DJF) ASIg that are recalculated after sub-
tracting linear trends are lower at 18.2% (24.7%) and 2.8% (3.9%),
respectively. Comparison between the ASIz MnPDs calculated with and

Table 2
Interannual variation of ASIg in NC, in terms of the MxPD (%) and MnPD (%) for
the ASIg series, with and without long-term trends.

Annual DJF

with trend without trend with trend without trend
MxPD 26.9 18.2 29.7 24.7
MnPD 5.0 2.8 5.3 3.9

without the linear trend suggests that most of the IAV of stagnation
intensity (especially in winter) is not a result of the long-term trend.
Correlation analyses show that the ventilation, PBLH and wet deposition
factor are also significantly related to ASIg. The PBLH has the highest
correlation coefficients with ASIg (—0.73/-0.81 for annual/DJF
including the trend and —0.54/—0.66 for annual/DJF excluding the
trend), suggesting that the PBLH may have more important effects on the
IAV of stagnation intensity in NC than other meteorological variables.
The geographical distribution of MxPD and MnPD of ASIg indicates
there is high IAV in haze-related meteorology in the severely polluted
NCP, especially in the southern area near Ji’'nan, Zhengzhou and Xuz-
hou, and in northeastern NC (Fig. 7). The annual MxPD and MnPD in
these areas reach 50%-70% and 10%-12%, respectively, which is more
than double the regional mean value of NC, suggesting a large IAV in
aerosol pollution in these areas. Conversely, haze-related meteorology is
more stable in the less-polluted western NC, where the annual MxPD and
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Fig. 7. MnPD (a, b) and MxPD (c, d) for annual ASIg, (a, c¢) and DJF ASIg (b, d) over NC during the period 1980-2018. These values are indicative of the IAV of ASIg.

MnPD are approximately 10%-30% and 2%-6%, respectively. In
wintertime, the IAV distribution in ASIg is generally similar to the
annual ASIg distribution, but with much higher values. The MxPD and
MnPD in southern NC exceed 100% and 12% in DJF, respectively,
indicating large interannual differences in haze occurrence over the past
39 winters, driven by stagnation intensity. Considering the smaller long-
term trend of ASIg in DJF than for the whole year (Table 1), the IAV of
ASIg excluding the trend in winter should be much stronger than in other
seasons.

Under the same emission intensity, the year-to-year changes in ASIg
(Figs. 5 and 7) will cause quite different air quality in different years.
The IAV of ASIg can provide a valuable reference for developing a
reasonable and effective emission control strategy. In the areas and
years with large increases in ASIg relative to a specific benchmark year, a
moderate emission reduction will not improve air quality. Conversely, a
large decrease in ASIg will cause less haze than the benchmark year even
without any emission reduction. Therefore, the year-to-year growth
ratio of ASIg provides some insights into the difficulty of tackling the
“clean air challenge” by reducing emissions in NC. Here, we take the
year 2013 as a typical example to illustrate this point. Many NC areas
reportedly experienced extreme haze events in 2013 (Li et al., 2019;
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Quan et al., 2014; Shang et al., 2019; Shao et al., 2018a; Tao et al., 2014;
Ye et al., 2016; Yin et al., 2017; Zhang et al., 2014). Meanwhile, the
stagnation intensity exhibited a large increase in 2013 relative to 2012
(Fig. 5a). Using 2012 as the benchmark year, the ASIg in 2013 increased
in most areas of NC (Fig. 8a), especially in northeastern NC, where the
growth ratio reaches ~50%. In NCP, the growth ratio was also high,
with the maximum of 30%-40% located north of Ji’nan. The growth
ratio was negative in western NC, indicating that haze could be reduced
because of the decrease in stagnation in the region, even with no
emission reduction.

A recent official report shows a remarkable improvement in China’s
aerosol pollution in 2018 relative to 2013 (http://www.mee.gov.cn/xx
gk2018/xxgk/xxgk15/201906,/t20190606_705778.html).  Therefore,
we also investigate the change of ASIg in the year 2018 using 2013 as a
benchmark year. Most areas of NC have a negative change of ASIg,
including 11 out of all 13 selected cities (Fig. 8b). As the ASIg does not
include the temporal changes in emissions, the officially reported
improvement may be partly attributed to the decrease in stagnation
intensity from 2013 to 2018. The comparisons between 2013 and 2012
(Fig. 8a) and between 2018 and 2013 (Fig. 8b) suggest that the difficulty
rating of the “clean air challenge” should change markedly with the
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Fig. 8. Growth ratio of ASIg (%) in (a) 2013 against 2012 and (b) 2018 against 2013.

year, benchmark selection and region. Hence, an emission reduction
plan tailored to different years and regions is necessary.

4. Discussion and conclusions

The frequent occurrence of haze events in NC has directed attention
to the variations in haze-related meteorology. Most previous studies
were mainly based on various statistical indexes or stagnation day fre-
quency indexes. This study investigated the issue using an emission-
weighted air stagnation index (ASIg) that combines a meteorology-
based stagnation intensity index, ASIy, with a spatially (but not
temporally) varying emissions factor derived from the MEIC. Including
this emission information allows ASIg to capture the spatial distribution
of PMy 5 concentrations, improving the results obtained with a pure
meteorological index like ASIy;. There are two “stagnation belts” along
the lines Tianjin-Shijiazhuang-Zhengzhou and Harbin-Changchun--
Shenyang, which are also severely polluted areas in NC. The ASIg shows
a significant temporal relationship with PMys concentrations on
different timescales and in all grid cells and several selected big cities in
NC. ASIg is a good indicator for severe haze occurrence due to the strong
sensitivity of ASIg to haze occurrence in NC. Hence, ASIg could be used
to aid climatological analyses of relationships between atmospheric
circulation and haze in NC. However, note that the ASIg cannot reflect
variations in the amount of emissions and the corresponding change in
aerosol concentrations, because the temporal variation of emissions is
not included in the index.

A significant long-term positive trend for stagnation intensity in NC
since 1980 is shown, with an 18.2% increase in ASIg since 1980. The
NCP and 11 out of the 13 cities considered exhibited large positive
trends of annual ASIg, with the largest trend of 9%-10% per decade
located in the south of the NCP. These long-term trends are mainly
caused by significant negative trends in the ventilation and PBLH in NC.
ASIg also shows apparent annual oscillation during the previous 39
years, increasing in 1984-1992 and 1999-2013, but slowly decreasing
during 1992-1999 and 2013-2018. The reduced stagnation intensity in
the last five years will have contributed to the recent improvement in
aerosol concentration in NC. Moreover, the IAV in ASIg in NC is very
strong and is as high as 50%-70% in the severely polluted NCP. Such
large year-to-year changes in stagnation intensity may result in quite
different air quality under the same emission intensity. Comparison
between the growth of ASIg in 2013 against 2012 and in 2018 against
2013 suggests that the difficulty rating of the “clean air challenge”
should change markedly considering the stagnation intensity in each
year, benchmark selection and region. Hence, an emission reduction
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plan tailored to different years and regions is necessary.

This study focuses mainly on the variation and trends in air stagna-
tion intensity over the last 39 years. If the significant positive trend in
stagnation intensity continues in the future, haze events in NC will
become more severe than current levels. In addition, besides the long-
term trend, there is a weak but visible oscillation evident in the 5-yr
running average ASIg (Fig. 5a and b). Peak values occurred around
1990-1992, 2003-2006 and 2013-2016 (i.e., at around 10- to 14-yr
intervals). The last peak in 2013-2016 coincides with reports of haze
events in the region and the stagnation intensity has been decreasing
since that period. If such interdecadal oscillation persists and pushes the
ASIg curve upwards in the future, the long-term positive trend will
continue, and haze events will reoccur. Therefore, it is necessary to
continually implement a strict emissions policy over the next few years.
Future work is welcomed to investigate the mechanisms involved in the
long-term oscillation of stagnation intensity and to project future haze-
related meteorological conditions in NC.
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