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ABSTRACT

Stagnation weather affects atmospheric diffusion ability, and hence causes the occurrence of haze events, which
have been happening frequently in northern China (NC). This work puts forward an air stagnation index (ASlrs)
to characterize the stagnation weather in NC, in which the processes of ventilation, vertical diffusion, and wet
deposition potency are concerned. ASIts can be applied to analyze air stagnation conditions with daily to monthly
time scale. It is shown that the ASItg and particulate matter smaller than 2.5 um in diameter (PM,s) concen-
trations own similar lognormal probability distribution functions on both daily and monthly time scales. And the
correlation analyses between the ASItg and PM, 5 concentrations indicate that the ASItg can reflect the monthly
and daily variations in PM, 5 concentrations in NC. In addition, ASItg could be used as a leading predictor of haze
events since correlation coefficients of ASlIts leading PM, s concentrations by 1 day were significant and were
larger than simultaneous correlation coefficients in almost all areas in NC. The robust relationship between ASItg
and PM, 5 concentrations exists possibly because the index can reflect the activities of synoptic systems. ASIrtg
could be a useful statistical indicator for variations in PM, 5 concentrations and haze events, and a good tool in
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analyzing the relationship between climate change and long-term variations in haze in NC.

1. Introduction

Northern China (NC; Fig. 1) has been experiencing
severe air pollution during recent years because of high
quantities of emissions accompanied by rapid economic
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development and urbanization (Hu et al. 2014; IPCC
2013; Mijling et al. 2013; Tie et al. 2009; Yuxuan Wang et
al. 2013; Zhang et al. 2012). Aerosol concentrations over
NC are highly sensitive to meteorological parameters
and show strong variabilities at daily (Quan et al. 2014;
Guo et al. 2017), monthly (Zhang et al. 2012; Guo et al.
2017), and annual time scales (Mu and Liao 2014; Feng
et al. 2016) since the meteorological factors, including
wind speed, planetary boundary layer height (PBLH), and
precipitation, can modulate aerosol dilution, transport,
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FIG. 1. (a) Geographic distribution of the observation sites (diamonds) for the observed PM, 5 concentrations in NC
(32°—47°N, 105°-132.5°E, including north China, northeast China, and their near areas in the manuscript). The polygon
represents the BTH region (36°-42°N, 114°~118.5°E). (b) Time-averaged PM, s concentrations in 0.625° X 0.5° grids
obtained via interpolation from 1 Apr 2013 to 31 Mar 2016. (c),(d) The geographic distributions of correlation co-
efficients between the monthly mean ASItg values and PM, 5 concentrations and ASIyoaa Values and PM, s con-
centrations, respectively, in NC from 1 Apr 2013 to 31 Mar 2016. The dots in (c) and (d) denote areas statistically
passing the 99% confidence level. The observed PM, s data are from the China National EMC published by the MEP.

deposition processes, and even chemical reactions (Mu
and Liao 2014; Seinfeld and Pandis 2006; Zhao et al. 2012).
Hence, meteorology plays an important role in the oc-
currence of extreme haze events, characterized by ex-
tremely high concentrations of particulate matter smaller
than 2.5 um in diameter (PM;5) (Quan et al. 2011; Zhao
et al. 2013; R. Zhang et al. 2014; Guo et al. 2015; Wang
et al. 2015; Gao et al. 2016). Under favorable meteoro-
logical conditions, PM, 5 can rapidly accumulate to very
high levels. For example, Quan et al. (2014) reported a
wave of haze events over the North China Plain (NCP)
with a maximal observed PM, s concentration reaching
600 ugm > and a sustained haze event even persisted up
to 6 days in Beijing during December 2012. They indicated
that stagnation weather, generally characterized by low

wind speeds and decreased PBLH, was the dominant
factor in these haze events.

It is desired to establish a single “meteorological in-
dex” that could qualify the relationship between varia-
tions in meteorology and aerosol concentrations. It
could be useful to understand the impacts of variations
in weather and climate on the air quality, and to predict
the occurrences of haze events. However, it is a very
difficult issue to make a uniform index to trace the
evolution of aerosol concentrations in any region and
time scale because the interactions between aerosols
and multimeteorological factors are extremely complex,
even with many unclear mechanics, especially on the
diurnal time scale (Z. Li et al. 2017). Hence, a meteo-
rological index should have its focused spatial and
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TABLE 1. Meteorological indices used for qualifying variations in the aerosol concentrations or air quality from previous studies in NC.

Meteorological

index scheme Method/definition

Involved subregions

Applied time scale in NC

Horton et al. (2014)

(ASInoaa)
of meteorological parameters

Feng et al. (2016)
parameters in each grid cell
Yang et al. (2016)
Cai et al. (2017)
Huang et al. (2017)

the criterion of temperature inverse

Percentage of stagnation days in a period of time,
where stagnation days are defined by thresholds

Multilinear regression with eight meteorological

Tendency of wet equivalent potential temperature
of air masses to compare with the variations in visibility
Summation of three normalized atmospheric
factors selected by statistical correlation
Modified ASInoaa With a topographically dependent
upper-air wind speed and without concerning

Greater than or equal to All of NC

monthly

Central and
southern NC
Central and

Interannual

Less than or equal

to daily southern NC
Daily Vicinity of Beijing
Greater than or equal All of NC

to monthly

temporal scope. These meteorological indices that were
applied to NC in previous studies are presented in Table 1.
In summary, two methods were used to establish these
indices. The first and most common one is to establish an
empirical-statistical model using PM, 5 concentrations
and multivariable meteorological data by multilinear re-
gression (MLR; Tai et al. 2010, 2012; Feng et al. 2016) or
through other statistical methods, such as the summation
of multinormalized atmospheric factors (Cai et al. 2017).
An empirical-statistical meteorological index is efficient
for studying variations at a specific place and time scale
but it lacks a sufficient physical background. The appli-
cation scopes of these indices are narrow. The second
method is to establish an index that can physically char-
acterize the air stagnation weather, which is strongly
related to the variability in aerosol concentrations (Jacob
and Winner 2009; Sun et al. 2013; Ye et al. 2016).

The air stagnation index (ASI) was issued by the Na-
tional Oceanic and Atmospheric Administration (NOAA)
in the United States (https:/www.ncdc.noaa.gov/societal-
impacts/air-stagnation/overview). Here we refer to it as the
ASInoaa, Which was also referred to as NCDC ASI in
Horton et al. (2012, 2014). ASInoaa is defined as the
percentage of stagnation days in a period of time (e.g.,
1 month). Stagnation days herein refer to days in which the
daily sea level geostrophic wind speed is less than 8ms ™!
(or when the surface wind speeds are less than 4ms™ ", or
the wind speed at 10m is less than 3.2ms "), on which the
daily wind speed at 500 hPa is less than 13ms ™', and on
which no precipitation occurs and the daily temperature
is inverted within the PBL (using the layer between the
surface and 850hPa in practice). By the definition, the
ASInoaa scheme mainly involves three key processes re-
lated to variations in aerosol concentrations: 1) local hori-
zontal ventilation in the atmospheric column, that is,
ventilation potency, 2) local vertical diffusion potency in
the PBL, and 3) wet deposition potency. The ASIyoaa has

been widely used in many studies in many regions of the
world (Leibensperger et al. 2008; Horton et al. 2012, 2014),
including China (Huang et al. 2017). And it is reportedly
able to characterize the seasonal and interannual variations
in aerosol pollution (Mamtimin and Meixner 2011). How-
ever, it is worthy to note that the ASInoaa is semiempirical
based on observations in the United States (Korshover
1976; Korshover and Angell 1982; Wang and Angell 1999),
and thus it could not be suitable for capturing the haze
event effectively in other regions. For example,
the criterion of temperature inverse in the definition of
ASInoaa, Which only uses two pressure levels, could not be
applicable in China because the temperature profiles in the
low troposphere, including the PBL, seem extremely
complex in China because of the strong positive feedback
induced by high aerosol concentrations (Yuan Wang et al.
2013; Guo et al. 2016; Z. Li et al. 2017). According to Cai
et al. (2017), only 28% of the severe haze events in Beijing
were captured using the ASInoaa. In addition, the
ASInoaa cannot reflect short-term variations in aerosol
concentrations because of its representation of stagnation
days as percentages in a given period of time.

To fill these gaps, considering the basic aerosol pro-
cesses related to meteorological fields, we introduced a
new ASI scheme (hereafter referred to as ASIts) that is
applicable to daily and monthly variations in aerosol
concentrations in NC. This paper is organized as follows.
An illustration of the ASItg scheme, the meteorological
data, and the observed PM, s concentrations are pro-
vided in section 2. In section 3, we demonstrate the
geographic distribution and probability distribution
function (PDF) of ASItg and the performance of ASItg
in capturing the monthly variations in PM, 5 concen-
trations over NC, which are accompanied by a com-
parison of ASItgs with the ASInoaa- Then we apply the
ASlIts to the daily PM, 5 concentration variations and
prediction of extreme haze occurrence in NC. We also
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discuss the uncertainties in the relationship between
ASIts and the PM, 5 concentrations induced by the
scheme parameters of ASIts. Finally, in section 4, we
draw our conclusions and discuss the potential applica-
tions of ASIrs.

2. Data and methods
a. The scheme of ASIrs

The ASIts scheme is designed to include the same
three basic processes that strongly effect stagnation
weather conditions and the accumulation of aerosols
over NC as ASInoaa, With a form of

ASL =P, PPy, 1)
where Py, Pp, and Py represent the ventilation potency,
vertical diffusion potency in the PBL, and wet de-
position potency, respectively. In this index, the three
parameters are multiplied together rather than added to
avoid determination of the weights of the three param-
eters, which could vary in different circumstances. This
method was used in many parameterization schemes in
models and remote sensing retrieval of aerosols (Chen
et al. 2012; Seinfeld and Pandis 2006; Tang et al. 2017;
Zhang and Li 2015). As a result, the ASItg series always
has the same time resolution as the meteorological
samples used in the right-hand terms. In addition, sev-
eral mathematic processes are adopted to make ASItg
dimensionless and keep its value not exceeding two or-
ders of magnitude (similar to the variation of PM, ),
which are detailed in the following paragraph.

In the ASItsscheme Py presents the effects of the wind
speed in the local atmospheric column, rather than only
surface winds in the ASInoaa, Which are simply repre-
sented by the weighted average of the wind speed from
the surface layer to the top of the atmosphere as follows:

JZT o(z)U(z)dz
[ T — 2)
J o(2) dz

where U denotes the weighted average of the wind speed,
zo and z7 are the geopotential heights at the surface and
the top of the atmospheric column, respectively, U(z) is
the wind speed at the geopotential height z, and o(z)
denotes the weights of U(z), thereby reflecting the in-
dependent impacts of the wind speed at a height z on the
PM, 5 concentrations at the surface. The vertical distri-
bution of o(z) is difficult to determine at present. Since
aerosols are basically concentrated in the PBL and de-
crease rapidly above the PBLH (Hara et al. 2011; Li and
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Han 2016), we assume well-mixed atmospheric condi-
tions with confined aerosol masses in the PBL (Li et al.
2016; He et al. 2016). Then, the vertical distribution of
o(z) is constant, and (2) can be simplified as

— 1 ZPBL
U= 1 [ U(z)dz, 3)
~ %y

ZpBL Jz,

where zppp is the geopotential height at the top of the
PBL. Some previous studies also labeled the term
j:BL U(z) dz in (3) the ventilation index (VI), which was
found to be significantly negatively correlated with
aerosol concentrations in China (Jiang et al. 2015; Liu
et al. 2015). Therefore, Py can be presented by the ex-
pression Py = f(U), where f(U) is a decreasing function
of U. A simple expression of f(U) can be written in form
of the power law relationship f(U) =A,'U"¢, where
a >0, to illustrate the nonlinear relationship between
wind speed and the PM, 5 concentrations (Liu et al. 2007
Cobourn 2010; You et al. 2016). In addition, the magni-
tude of U over NC has a wide range from 1072 to
10" ms ™! according to our calculations. Therefore, we set
a = 1/4 in order to keep the order of magnitude of Py at
1 and to avoid excessively large values of Py due to sit-
uations with very weak wind speeds in the PBL (i.e.,
U — 0). The uncertainty caused by the value of « in
ASItgis discussed in section 3e. It is shown that « is not a
sensitive parameter for the relationship between ASItg
and PM, 5 concentrations when a = 1/2 in NC. A scaling
parameter Ay, whichissetto 1 m sfl, also is used to make
Py dimensionless. Finally, Py is expressed as follows:

| - —1/4
_ j U(z) dz} . 4

P,=A,!
1% |4 _
ZppL ~ %o Jz,

The parameter of vertical diffusion potency Pp de-
pends on local turbulence characteristics. It is difficult to
accurately describe mixing in the PBL by solving the
underdetermined system of dynamic equations for tur-
bulence (Lin and McElroy 2010). However, since aerosol
masses are mainly concentrated in the PBL (Hara et al.
2011; Li and Han 2016), the PBLH can reflect the vertical
diffusion capability. Hence, Pp is expressed as follows:

P —/\70, (5)

D _
ZpeL ~ %o

where Ap is the scaling parameter for Pp. Because the
order of magnitude of the PBLH is ~10° m over NC, A,
is set to 10° m to confine the order of magnitude of P, to 1.

The wet deposition is very efficient for the removal of
aerosol masses. Hence, the precipitation threshold of
1 mm day7l used in the ASIyoaa (Horton et al. 2012, 2014;
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Huang et al. 2017) is reserved in the definition of Py .
Since Py should be positive to avoid a singularity in the
ASlIys time series, Py is expressed as follows:

P, = L7301 (6)

where r is the daily mean accumulated precipitation rate
(mmday ') and

6(r):{l,rzl

0, r<1’ )
The order of magnitude of Py is also 1, similar to the P, and
Pp. The expression of Py, represents a significant decrease
(e-folding) of the stagnation conditions due to precipitation.

Substituting (3), (4), and (6) into (1), the ASIrs can be
represented as follows:

~1/4
1 Z

Ael1-30] [ﬁ J PBL U dz}

ASL. — pBL ~ %0 Jz L ®

TS —
ZpL ~ %o

where A =Ap/Ay =10%s, which keeps the ASlrtg di-
mensionless, is a linear parameter that cannot impact
the relationship between ASIts and PM, 5. Since Py,
Pp, and Py are all positive and with an order of mag-
nitude of 1, the ASItg will be positive and also has an
order of magnitude of 1.

The ASIts scheme owns several favorable character-
istics when compared with other previous indices: 1) the
ASIys scheme does not include statistic-empirical pa-
rameters to represent the effects of meteorological
variables and characterize the stagnation weather;2) the
ASlItg scheme can be applied to the variations in PM; 5
concentrations on daily to monthly time scales (see
section 3); and 3) ASIyg is calculated with the same
frequency of meteorological variables.

b. PM2'5 data

The observed surface PM, s concentrations in NC are
published by the China Ministry of Environmental Pro-
tection Environmental Monitoring Center (MEP/EMC)
(http://113.108.142.147:20035/emcpublish/). The datasets
became available in January 2013 when the MEP began to
release real-time PM, s data. This study used daily and
monthly averaged PM, 5 concentrations from 1 April 2013
to 31 March 2016 at approximately 472 sites in NC
(Fig. 1a; 32°-47°N, 105°-132.5°E). In addition, we obtained
the gridded PM, 5 data by spatially interpolating the origi-
nal MEP observation sites into the meteorological data grid
(0.625° X 0.5% see section 2c) to avoid a heterogeneous
distribution of observation sites and missing values at
many sites. Such an approach was used in previous studies
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that analyzed the influences of meteorological factors on
aerosol concentrations (Tai et al. 2010, 2012; T. Zhang
et al. 2016). It should be noted that interpolation errors
exist in areas where the PM, 5 observation sites are scarce,
including northern Inner Mongolia and some mountain-
ous areas in southwestern NC. Thus, analysis hereinafter
will avoid these areas. Figure 1b shows the geographic
distribution of the time-averaged PM, 5 concentrations by
interpolating the observed data over NC from 1 April 2013
to 31 March 2016. The PM,s concentrations are the
highest in the central and southern parts of the Beijing—
Tianjin-Hebei region (BTH), up to 110-120ugm >,
which is corresponding to the previous studies (Li et al.
2016; Zou et al. 2017). Some other areas in NC including
the western Shandong Province, central Henan Province,
central Shanxi Province, and the vicinity of Harbin had the
mean PM, 5 concentrations of 90-100, 90-100, 70-80, and
70-80 ugm >, respectively, which were also reported in
previous studies (Quan et al. 2011; Zhang et al. 2012).

¢. Meteorological data

The meteorological data, including the geopotential
height, PBLH, and precipitation, come from the Modern-
Era Retrospective Analysis for Research and Applica-
tions, version 2 (MERRA-2), dataset, which is available
from the Goddard Earth Sciences Data and Information
Services Center (GES DISC, https://disc.sci.gsfc.nasa.gov).
The highest-resolution datasets (0.625° X 0.5°) in MERRA-2
are used to retrieve accurate interpolation results. The
MERRA-2 meteorological datasets assimilated conven-
tional and satellite observations detailed in Koster et al.
(2016) and Gelaro et al. (2017), and were validated in
Bosilovich et al. (2015). Compared with the National
Centers of Environmental Prediction—-Department of
Energy AMIP-II reanalysis (NCEP-2) data, the normal-
ized mean bias of geopotential height and wind speed in
the low troposphere in NC (lower than 500hPa) were
0.1% and 7%, respectively. Reichle et al. (2017) assessed
the seasonal biases and time series correlation of the
MERRA-2 dataset versus the Global Precipitation Cli-
matology Project, version 2.2 (GPCPv2.2), precipitation
dataset over 1980-2015 and showed that the MERRA-2
precipitation data have no apparent bias over NC.
MERRA-2 data have been used in many studies on the
structure and the dynamics of atmospheric circula-
tion systems (Coy et al. 2016; Bosilovich et al. 2017) and
the global atmospheric water balance and variability
(Bosilovich et al. 2017). In this manuscript, the ASIts
is calculated using the MERRA-2 data from 1 April 2013
to 31 March 2016. Besides the original gridded MERRA-2
data, we also use the sites’ data that are obtained via bi-
linear interpolation from the corresponding gridded data
into the PM, s monitoring network of the MEP/EMC.
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values in NC, obtained from the MEP PM, 5 observations from April 2013 to March 2016.

3. Results and analysis
a. The monthly variations of ASIrs in NC

ASIts had a robust relationship with the monthly
variations in PM, 5 concentrations in NC. Figure 1c is the
spatial distribution of correlation coefficients between the
monthly ASIts and PM, s concentrations in the same
grid. It is shown that the monthly variations in ASItg are
correlated positively with PM,s. The correlation co-
efficients in 99.1% of the areas in NC passed the ¢ test at a
99% confidence level. The correlation coefficients in
BTH, Shanxi, and the northern Anhui Province were
large and reached up to 0.9-1.0, 0.8-0.9, and 0.8-0.9, re-
spectively. Since these regions were also the severe
aerosol-polluted regions in NC (Fig. 1b), it is suggested
that the high aerosol pollution levels in these areas should
be largely attributed to the air stagnation conditions. In
addition, we also show the geographic distribution of
correlation coefficients between the monthly ASINoaa
values and PM, s concentrations in NC (Fig. 1d). It is
clear that the ASIts shows a more significant relationship
with PM, 5 concentrations than the ASIxoaa among the
grid cells throughout NC, indicating that the ASIyg is
more suitable for analyzing monthly variations of PM, 5
concentrations in NC than the ASInoaa.

To conduct a more in-depth analysis of these re-
lationships, the PDFs of the ASIts, ASInoaa, and the
PM, 5 concentrations are shown in Fig. 2. The PDF of
the monthly PM, 5 concentrations in NC was a smooth
lognormal distribution (Fig. 2a), with the highest prob-
ability density at approximately 41 ugm>. The log-
normal PDF distribution of PM, s concentrations is
similar to the results from previous studies (Sakalys
et al. 2004; Ovadnevaité et al. 2007; Lu 2002). We
calculate the normalized mean bias [NMB;NMB =
Y IP(C) = Pin(O/Z Pin(C) X 100%, where €

represents the PM,s concentrations, and P(C) and
Pn(C) are the probability values of the observed con-
centration C and the lognormal fitting PDF curve, re-
spectively] of the PM, s to compare the similarities between
the PDF of the PM,5 concentrations and its lognormal
fitting curve. The NMB of the PM, 5 concentrations toward
its lognormal function curve was 24.0%. By comparison,
the PDF of the monthly ASItg values was also smooth and
showed a favorable lognormal distribution similar to the
PDF of the PM, 5 concentrations (Fig. 2b). The NMB of the
ASIts PDF toward its lognormal function curve was 27.4%
(the NMB here is the same as the equation for PM, s
concentrations but the value of C is ASlyg), which was
similar to the NMB of the PM, 5 (24.0% in Fig. 2a) and was
much better than that of the ASIxoaa (179.1% in Fig. 2¢),
further indicating that the ASlys can better reflect the
monthly PM, 5 variations in NC than ASInoaa.
Considering that the BTH is the most polluted area in
NC (Fig. 1b), we particularly compare the monthly vari-
ations in the regional-mean ASlts, ASInoaa, and PM; 5
in BTH from April 2013 to March 2016 (Fig. 3). It is clear
that the ASItg scheme can capture the peaks and troughs
of the monthly PM, 5 concentration series, with a signif-
icant correlation coefficient of 0.86, which passes the 7 test
at 99% confidence level. The ASIts had a clear seasonal
fluctuation with high values from December to February
(1.6-2.4) and low values from May to September (0.3—
1.0). The simultaneous monthly mean PM, 5 concentra-
tions in BTH were 100-140 ugm > from December to
February and 30-50 ugm > from May to September.

b. The daily variations of ASIts in NC

The ASIts scheme can also be applied to daily time-
scale variations, which is highly needed in analyzing haze
events. Figure 4a shows the geographic distribution of
correlation coefficients between the daily ASIts and
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FIG. 3. The monthly mean PM, 5 concentrations (black line; ug m™~>), and ASlys (red line) and
ASInoaa (blue line) values in BTH from April 2013 to March 2016. The correlation coefficients
between the PM, 5 concentrations and the ASIts and ASInoaa are 0.86 and —0.37, respectively.

PM, 5 concentrations in NC from 1 April 2013 to
31 March 2016. Among almost all of the NC grids, the
daily ASIts and PM; 5 concentrations showed a signifi-
cant correlation. The correlation coefficients were 0.6-0.7
in BTH and 0.5-0.6 in the other areas with high PM, 5
concentrations (as shown in Fig. 1b). In addition, similar
to the monthly analyses, we also calculate the PDFs of the
daily PM, 5 concentrations and the daily ASlItg (Figs. 4b
and 4c, respectively). The PDFs of PM, s and ASIyg were
lognormal distributions, with similar NMBs of 16.9% and
9.7%, respectively. These results indicate that the ASItg
can also reflect the daily PM, 5 variations in NC.

Furthermore, 10 urban observation sites at aerosol-
polluted cities, including Beijing, Tianjin, Shijiazhuang,
Xi’an, Zhengzhou, Yinchuan, Ji'nan, Taiyuan, Harbin, and
Hohhot (marked in Fig. 4a), are selected to examine the
relationship between the local ASIts and PM, 5 concen-
trations. All those cities have been suffering heavy aerosol
pollution reported by previous studies (Huang et al. 2011;
Sun et al. 2013; Han et al. 2014; Mao et al. 2014; Wang et al.
2014; Q. Zhang et al. 2015; Gui et al. 2016; J. Li et al. 2017,
Wang et al. 2017). The correlation coefficients between the
daily ASIts and PM, 5 at the 10 polluted cities range from
0.4 to 0.7 and pass the ¢ test at a 99% confidence level,
further indicating that the ASItg can be used to assess the
PM, 5 variations in polluted cities of NC.

To present the relationship between high ASIts and
extreme haze, we define an extreme haze day (EHD) as
the day with the 5% highest daily PM, 5 concentrations
during the period of the analysis (from 1 April 2015 to
31 March 2016 in Fig. 5). The high ASItg values essen-
tially companied the occurrence of EHDs for the 10 cities
(Fig. 5). Taking Beijing as an example, EHDs occurred
mainly from October 2015 to March 2016 with maximum
daily mean PM, 5 concentrations of up to 200500 ugm >,
which is similar to the findings in previous studies
(Gui et al. 2016; J. Li et al. 2017). The high ASIts values
in the period also generally companied the EHDs, with
the peak values ranging from 1.8 to 7.0. Two other BTH
cities, Tianjin and Shijiazhuang, had a similar EHD
occurrence as Beijing during the same period. The local

ASlIrg values in the two cities ranged from 3.0 to 10.0 and
also effectively captured the aerosol pollution episodes.
In Xji’an, Yinchuan, Ji’'nan, Taiyuan, and Hohhot, the
EHDs in the wintertime were always accompanied by
high ASIts values. It should be noted that the relation-
ship between the daily PM, 5 concentrations and ASltg
may be interfered by other factors, including strong
nonlocal aerosol mass transportation, emergency emis-
sion control measures, and accidental emissions from
biomass burning in NC (C. Chen et al. 2015; Z. Chen et al.
2015; Yang et al. 2015; Long et al. 2016). For example, the
ASlIts scheme does not favorably track the two extreme
events in Zhengzhou during January 2016, possibly be-
cause they were largely contributed by transportation
from other places (Wang et al. 2017).

To present the close relationship between high ASIyg
and EHDs, Fig. 6 illustrates the ASIts PDFs for EHDs
(daily PM, 5 concentration =142 ugm>) and non-EHDs
(daily PM,s concentration <142ugm ) in NC from
1 April 2013 to 31 March 2016. 1t is clear that the ASItg
on EHDs and non-EHDs had substantially different
values. Although these PDFs were lognormal (similar to
those shown in Figs. 4b and 4c), the frequency of air
stagnation weather in NC increased markedly on EHDs
compared with non-EHDs, with a significant shift in
ASItg toward higher values. The ASIts of highest prob-
ability density and mean ASItg values of EHDs were 1.3
and 2.5, respectively, greater than the values of non-
EHDs (0.3 and 1.2, respectively). These results suggest
that ASIts can qualify the occurrence of EHDs in NC.

c. Application of ASIys as a predictor of extreme
haze events

Because air stagnation weather provides a favor-
able atmospheric environment for the accumulation of
aerosol masses (Wang and Angell 1999), it is suggested
that the effects of air stagnation weather on the PM; 5
concentrations are not immediate but rather precede
variations in the PM, 5 concentrations. Hence, an ASI
should have the ability to be a leading predictor of
EHDs. To verify this assumption, Fig. 7 presents the
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FIG. 4. (a) Geographic distribution of correlation coefficients between the daily ASIrts values and the PM, s
concentrations in NC from 1 Apr 2013 to 31 Mar 2016. The dots denote areas statistically passing the 99% confi-
dence level. The selected 10 aerosol-polluted cities with severe aerosol pollutions in NC are marked by black
diamonds. (b),(c) The PDFs (circles) and their lognormal fitting profiles (black lines) for the daily PM, 5 concen-

trations and ASIts values, respectively, in NC.

lead-lag correlation coefficients between the PM, s
concentrations and ASItg in the same 10 cities as shown
in Fig. 5. It shows that the largest correlation coefficients
between ASIts and the PM, 5 concentrations were not
simultaneous. Rather, ASItg led PM, s concentrations
by 1 day for all of the 10 cities, with the maximal sig-
nificant lead-lag correlation coefficients ranging from
0.6 to 0.8. Significant lead correlation coefficients were
also maintained for at least 4 days in each of the 10 cities
as air stagnation days as defined by Wang and Angell
(1999). Moreover, the correlation coefficients of ASItg
leading PM, 5 concentrations by 1 day were significant
in all of the areas in NC and were larger than the

simultaneous correlation coefficients in approximately
98% of the grid cells in NC (Fig. 8). In the severely
polluted regions mentioned in section 2b, such as the
southern BTH, the lead correlation coefficients reached
up to 0.6-0.8. These results indicate that ASIts can re-
flect the aerosol mass accumulation and diffusion pro-
cesses in NC.

At present, although various chemical transport
models (CTMs) such as the WRF model with Chemistry
(WRF-Chem; Chen et al. 2016), the Community Mul-
tiscale Air Quality (CMAQ) modeling system (Hu et al.
2016), and the Nested Air Quality Prediction Model
System (NAQPMS; J. Li et al. 2017) have been used to
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FIG. 5. PM, 5 concentrations (ug m ) on non-EHDs (black lines) and EHDs (blue lines), and the ASIrg values
(red lines) for the selected 10 aerosol-polluted cities from Fig. 4a between 1 April 2015 and 31 Mar 2016.

forecast PM, s concentrations in NC, extreme haze
predictions have generated considerable uncertainties
in NC due to the uncertainties in parameterization of
physical and chemical processes and out-of-date emis-
sion inventory. The significant lead correlation between
ASItg and the PM, 5 concentrations indicate that the
ASIys of the previous day should be able to predict the
daily PM, 5 concentrations and the occurrence of EHDs
in NC. Hence, we establish a simple prediction model to
verify the prediction performance at the sites of the
aforementioned 10 cities. The statistical model can be
used through four steps. First, establish a statistical lin-
ear regression model between the daily PM, 5 concen-
trations and the previous day’s ASIyg values using

No. of EHDs with the previous day’s ASI

data from 1 April 2013 to 31 March 2015 (i.e., the first
2 years) for every city site. Second, define an EHD as
the day having extreme 5% high daily PM, 5 concen-
trations during the first 2 years (the same as the defi-
nition in section 3b). The lower limits of the daily PM, s
concentrations on EHDs (denoted as PM, s-EHD) in
the 10 cities are shown in Table 2. Third, calculate
the previous day’s ASItg values corresponding to
PM, s-EHD using the linear regression model (Table 2,
denoted as ASIys-PD). Fourth, apply the ASIts-PD
results to the period from 1 April 2015 to 31 March
2016 (i.e., the last year), to predict the occurrences of
EHDs and calculate the prediction accuracy (Table 2),
which is defined as

s = ASL-PD

X 100%. 9)

No. of EHDs
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Taking Beijing for example, an EHD is defined by a
daily PM, 5 concentration =217.4 ug m > Correspond-
ingly, the previous day’s ASlts value of an EHD would
be greater than 1.9. Using such predictions by ASItg in
the previous day, 72.7% (16 of 22 days) of the EHD can
be captured in Beijing. In the other cities, the PM, s-EHD
values were 103.9-300.3 ug m~ >, with the ASIts-PD
values ranging from 1.7 to 3.9. The EHD prediction ac-
curacies using ASIts-PD were 44.4%-100.0% in the 10
cities. The highest prediction accuracy was located in
Shijiazhuang, which was also the most polluted among the
10 cities, with a PM,s-EHD of 300.3 ug m~>. With this
approach, although the ASItg scheme has no explicit
consideration of emission, the ASIys prediction should
also have an adjustment to the emission change to some
degree, because the observed PM, 5 concentrations in the
recent 2 years are always used to build the statistical
prediction model. Hence, if the emissions change in recent
years, the PM, s concentrations and the ASIts-PD can
also have a corresponding adjustment. To summarize, we
can predict all the occurrences of EHDs in Shijiazhuang
over the last year using data from the previous 2 years
only. The ASIys represents an easily used and compu-
tationally efficient method for EHD predictions, which
could be a supplement to the CTM predictions in NC
(see Table S2 in the online supplementary material). At
last, it should be noted that this approach would not be
favorable when the emissions substantially change in a
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very short term (such as several days), which is beyond
the consideration of the statistical prediction model.

d. ASIrs with low- and high-frequency signals of
PM; 5 concentrations

Many previous studies emphasized that changes in
synoptic patterns are important drivers for variations in
the PM, 5 concentrations and the occurrences of aerosol
pollution events in NC (Ye et al. 2016; Bei et al. 2016;
Zheng et al. 2015; Y. Zhang et al. 2016). Modulating by
such synoptic activity, the PM, 5 concentrations have a
strong cycle with a period of 4-7 days in NC (Guo et al.
2014; Quan et al. 2014, 2015). Synoptic activities can
impact the variations in PM, 5 concentrations via con-
trolling the air stagnation conditions (Ye et al. 2016).
Driven by favorable synoptic system activities, a stag-
nation weather pattern could last for several days (Wang
and Angell 1999). Hence, in addition to monthly and
daily time scales, it is necessary to study the relationship
between ASIrs and PM, 5 concentration variations over
a period of several days.

In this manuscript, we define low-frequency (high
frequency) variations as a period greater than or equal
to (less than) 5 days. Figure 9 shows the low-pass and
high-pass PM, 5 concentrations and the ASItg values
for Beijing. The low- and high-pass signals are calculated
using a Lanczos filter (Duchon 1979). It is shown that
the relationship between ASIts and the PM, 5 concen-
trations was more significant in the low-frequency
variations than in the high-frequency variations. The
low-frequency ASItg series was able to capture the
crests and troughs of the PM; s concentrations, espe-
cially for the episodes with high PM, 5 concentrations in
the wintertime. The simultaneous and largest lead-lag
correlation coefficients in the low-frequency variations
were 0.61 and 0.68, respectively (the largest lead-lag
correlation was also observed when the ASItg led the
PM, 5 concentrations by 1 day, as shown in Fig. 7). By
comparison, the high-frequency ASItg series was not
clearly related to the variations in the PM, 5 concen-
trations. The simultaneous correlation in the high-
frequency series was not as significant as that in the
low-frequency series. Although the lead-lag correlation
coefficient for ASItg that led the PM, 5 concentrations
by 1 day passed the ¢ test with 99% confidence, the
correlation value was only 0.33, which was far smaller
than the corresponding value of low-frequency series.
The same results can also be seen in other cities in NC
(see Figs. S1-S9 in the supplementary material). The
results indicate that the influence of ASItg on the vari-
ations in the PM, 5 concentrations mainly reflects the
impacts of cycles of activity in synoptic systems, which
has been reported in previous studies (Guo et al. 2014;
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FIG. 7. Lead-lag correlation coefficients between the PM, 5 concentrations and ASItg in the 10 aerosol-polluted
cities in Figs. 4a and 5 between 1 Apr 2015 and 31 Mar 2016. The positive (negative) x-axis values denote the ASIts
lead corresponding to the PM, 5 concentrations ranging from —5 to 5 days. In particular, a value of 0 on the x axis
denotes a simultaneous correlation. The dashed curves denote the ¢ test at a 99% confidence level.

Quan et al. 2014, 2015). In addition, since the ASIrtg
mainly reflects the variations in the PM, 5 concentra-
tions on synoptic time scales, it could also be used to
assess the extreme haze events persisting for several
days (see Table S1 in the supplementary material).

e. Sensitivity of the ASIys scheme to its parameters

Although the abovementioned results demonstrate
that the new ASIyg scheme in this manuscript is strongly
related to the PM, 5 concentrations in NC, the power-
law exponent @ = 1/4 that we set in (4) and (8) is mainly

based on the analysis of the order of magnitude.
Therefore, it is necessary to analyze the sensitivity of the
ASIts scheme to the parameter a. We calculate the
monthly ASIyg by adopting four different values of «
equal to 1, 1/2, 1/3, and 1/5, and compute the correlation
coefficients between the PM, 5 concentrations and those
ASlys series (Fig. 10). When o = 1/4, the correlation
coefficients are significant throughout most of NC.
However, when « is set to 1, the correlation coefficients
of most of the aerosol-polluted areas such as BTH are
evidently smaller than the values when « is set to 1/4, as
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between ASItg and the PM, 5 concentrations at a lead of 1 day. The
hatched areas denote the areas in which the lead correlation co-
efficients are greater than the simultaneous correlation coefficients
shown in Fig. 4a.

shown in Fig. 1c. When « is set to 1/2, 1/3, and 1/5, the
geopotential patterns of the correlation coefficients be-
tween the PM, s concentrations and ASItg are very
similar to those when « is set to 1/4. For example, in
BTH, the correlation coefficients reached 0.8-0.9, 0.8—
0.9, and 0.9-1.0 when « is equal to 1/2, 1/3, and 1/5, re-
spectively. It is thus evident that « is not a sensitive
parameter to the relationship between the stagnation
conditions and the PM, s concentrations in NC when
a =1/2. The ASIts scheme adopted in this manuscript
can efficiently reflect its relationship with variations in
PM, 5 concentrations.

Another noteworthy parameter in the ASlrg is the
PBLH since the PBLH could have much uncertainty
due to various diagnosis methods and data (Von Engeln
and Teixeira 2013; W. Zhang et al. 2016; Y. Zhang et al.
2014; Seidel et al. 2010; McGrath-Spangler and Molod
2014). To estimate the impacts of the uncertainty in
PBLH, we calculated the daily ASIts when PBLH have
random relative error less than 25% and 50%, re-
spectively (Table 3). It is found that the ASIts with 25%

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 75

and 50% uncertainty of PBLH were significantly cor-
related with the ASIts used in the manuscript, with the
correlation coefficients of 0.98 and 0.91, respectively,
and with the small normalized mean biases of 13%
and 29%, respectively. Additionally, the PBLH directly
from the reanalysis datasets should not be suitable
for the real-time diagnosis of ASIys and haze prediction.
So in this case, PBLH derived from other methods such
as critical bulk Richardson number (BRN; McGrath-
Spangler and Molod 2014; Guo et al. 2016; Y. Zhang
et al. 2014) could also be used to calculate ASIts (see
Fig. S10 in the supplementary material).

At last, we analyzed the uncertainty of ASItginduced
by precipitation threshold by comparing the ASItg
with the counterparts using the thresholds of 2 and
Smmday !, respectively. It is also shown that the
threshold of precipitation could not affect the ASItg
values so much (Table 4).

4. Conclusions and discussion

This study introduced a new ASItg scheme to quantify
the air stagnation conditions and investigate the re-
lationship between ASIts and observed PM, 5 concen-
trations on monthly and daily time scales. The new
ASlIts scheme considers air diffusion potency via ad-
vection, turbulence potency in the PBL, and the effect of
wet deposition. The ASItg scheme was then applied to
analyze and predict the occurrence of extreme haze
events in NC between 1 April 2013 and 31 March 2016
using MERRA-2 meteorological fields and MEP/EMC
PM, 5 concentrations in NC.

ASIyts showed a close relationship with the monthly
variations and PDF of the PM, 5 concentrations in NC.
The correlation coefficients among 99.1% of the areas
in NC passed the ¢ test at a 9% confidence level. In
many aerosol-polluted areas of NC, the correlation co-
efficients between ASItg and the PM, 5 concentrations

TABLE 2. Lower limit of daily PM, 5 concentrations on EHDs (PM, s-EHD), corresponding lower limits of ASIts on the previous day
(ASIts-PD) calculated using data from 1 Apr 2013 to 31 Mar 2014, and prediction accuracies for EHDs using ASIts from 1 Apr 2015 to

31 Mar 2016 for the 10 cities in NC.

City PM, s-EHD (ugm ™) ASIs-PD Prediction accuracy (%)
Beijing 217.4 1.9 72.7 (16 of 22 days)
Tianjin 187.2 2.5 81.8 (9 of 11 days)
Shijiazhuang 300.3 2.1 100.0 (8 of 8 days)
Xi’an 189.0 1.5 80.0 (8 of 10 days)
Zhengzhou 202.9 2.0 88.2 (15 of 17 days)
Yinchuan 103.9 2.6 44.4 (12 of 27 days)
Ji'nan 183.8 21 75.0 (18 of 24 days)
Taiyuan 149.5 1.7 90.0 (9 of 10 days)
Harbin 211.0 3.9 58.3 (7 of 12 days)
Hohhot 113.9 1.8 77.3 (17 of 22 days)
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reached 0.8-1.0. The PDFs of the monthly ASIts values
and PM, 5 concentrations in NC all showed lognormal
distributions with similar NMBs. On the daily time scale,
ASlIys is applicable for analyzing the variations in the

R(ASks,PM,5): (a=1/1)

PM, 5 concentrations and extreme haze events in NC.
The daily ASIts and PM, s in NC were significantly
correlated from 1 April 2013 to 31 March 2016. The
ASItg scheme was able to track the variations in the

R(ASks,PM,5): (0=1/2)

R(ASlre,PM,5): (0t=1/3)

R(ASls,PM, 5): (0i=1/5)

0.5
FIG. 10. As in Fig. 1c, but for the parameters « = 1, 1/2, 1/3, and 1/5 in (8).
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TABLE 3. The correlation coefficients and NMB between the
daily ASItg in the manuscript and the ASlyg calculated by PBLH
with uncertainties of 25% and 50% in NC from 1 Apr 2013 to
31 Mar 2016.
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TABLE 4. The correlation coefficients and NMB between the
daily ASIts used in the manuscript and the ASItg calculated by the
thresholds of 2 and 5mmday ™! precipitation in NC from 1 Apr
2013 to 31 Mar 2016.

Uncertainty of Correlation coefficients NMB of

Threshold of precipitation Correlation NMB of

PBLH (%) of ASIts ASlIts (%) (mmday 1) coefficients of ASIts  ASlts (%)
25 0.98 13 2 0.99 3
50 0.91 29 5 0.97 7

PM, 5 concentrations in the 10 polluted cities in NC. In
addition, because the correlation coefficients for ASItg
leading the PM, 5 concentrations by 1 day were greater
than the simultaneous correlation coefficients for ap-
proximately 98 % of the grid cells of NC, ASIygis a useful
leading predictor of the extreme haze events in NC. The
prediction accuracies of extreme haze days using the
ASlIts scheme were favorably 44.4%-100.0% for the 10
cities. It is also found that the air stagnation conditions
represented by ASIrs and the PM,s concentrations
mainly depended on low-frequency variations (signal
period =5 days) compared with high-frequency varia-
tions (signal period <5 days). These results indicate that
the influence of ASIyg on the variations in PM, 5 con-
centrations mainly reflects the impacts of activities in
synoptic systems, as was reported in previous studies.

It should be noted that this study only applied the
ASItg scheme to NC. But we find that ASItg does not
have a comparably strong relationship with the varia-
tions in the PM, 5 concentrations over southern China
(SC) as it does for NC. This could be possibly attributed
to two reasons: 1) some parameters of ASIyg are de-
signed mainly with regard to the magnitudes of the
variables for NC, and 2) other meteorological parame-
ters, including higher humidity, temperature, and vola-
tile organic compound emissions, are quite different in
SC (Fu and Liao 2012) and are not related to the air
stagnation conditions but could markedly impact the
aerosol concentrations over SC (Li et al. 2014; Jiang
etal. 2012; Y. W. Zhang et al. 2015; Chan et al. 2017; Qin
et al. 2016; Jiang et al. 2008). Hence, a modified mete-
orology index involving additional physical and chem-
ical processes is required to qualify EHDs and variations
in the aerosol concentrations for SC.

Because of the good performance in illustrating the
variations in the PM, 5 concentrations driven by air stag-
nation weather, the ASItg scheme may be a useful tool for
analyzing variations in the aerosol pollution in NC that are
driven by variations in meteorological conditions on the
synoptic scale and month-to-month time scale. Because of
the significant leading correlations shown between the
daily ASIts values and the PM, s concentrations and
simple calculation requirements, the ASIts scheme can

be used to predict the occurrences of EHDs in NC. In
section 3c, we simply used an empirical model with a
constant ASIts-PD by the data of the first 2 years to
predict the occurrences of EHDs in the third year. In
practice, the ASIts and PM; 5 data in the previous year
can be used to establish a dynamically updated ASIts-PD
and then to make a more favorable prediction. We think
the ASIts-based prediction is just a supplementary tool
for extreme haze event prediction and analysis in NC.
For example, the ASItgs could be a useful analysis tool to
understand the causes of haze event occurrence in NC.
By comparing with the ASI and CTM prediction, more
could be understood about the effects of emissions and
meteorology, respectively, in an extreme haze event.
The ASIrts prediction could also combine with the re-
gional meteorological models and regional air quality
models to forecast the extreme haze in the subsequent
few days. Finally, because of the good relationship be-
tween monthly ASItg and PM, 5 concentrations and the
simple expressions of ASIrs, the ASItg could be helpful
for understanding the impacts of climate change and
general atmospheric circulation on long-term variations
in haze events over NC, which is one of the frontier
study issues (Feng et al. 2016; Cai et al. 2017; Chen and
Wang 2015; Ding and Liu 2014).
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