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Abstract: This study analyzes the variability of winter haze days and visibility in the
Beijing-Tianjin-Hebei (BTH) region, in relation to the regional average wind speed
changes in the lower troposphere and emissions for 1961-2014. Winter mean surface
meteorological data, NCEP/NCAR atmospheric reanalysis data, and fossil fuel
emission data are used. The results reveal a significant increase in the haze days of
+0.8 days decade! (p<0.01), and a subsequent decline in visibility of -1.56 km
decade™! (p<0.01). Most interestingly, an accelerated increase in the number of haze
days was observed for the last 11-year period (+8.3 days decade!, p<0.01) of the
study period (2004-2014). Regression analysis indicates that the increase of haze
occurrence and decrease in visibility are partly due to the significant (p<0.01)
declining trend of the mean wind speed in the lower troposphere (-0.19 m s-! decade!
at 10 m, (-0.23 m s’! decade’! at 925hPa), and -0.21 m s! decade™! at 850hPa ), and
partly due to the declining (dust storm frequency as a proxy, -0.41 days dec’!)
surrounding particulate sources and increasing fossil fuel emissions (total carbon
emission as a proxy, +48206.8 thousand metric tons dec!). Specifically, wind speed
changes in the lower troposphere explain 41.3% of the interannual varation of the
winter haze days and 71.2% of the visibility variance. These are extended to 51.7%
and 81.6% respectively when combined with information about the natural (dust
storm frequency) and anthropogenic (fossil fuel emissions) particulate sources.
Therefore, the analyses show that wind speed changes in the lower troposphere,
together with the varied natural and anthropogenic sources of particulates, play a key

role in modulating winter haze and visibility conditions in the BTH area.
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1. Introduction

With China’s rapid urbanization (Bai et al., 2014) and industrialization in recent
years, more pollutants have been released into the atmosphere and the occurrence of
haze days in Eastern China have risen (Song et al., 2013; Ding and Liu, 2014).
Because of this, serious pollution incidents in big cities have been occurring more
frequently (Zhang et al., 2012), especially in the Beijing-Tianjin-Hebei (BTH) area
(Zhang et al., 2016). These continuous haze pollution events consequently have
negative effects on human health (Huang et al., 2014; Li et al.,, 2017) and
transportation (Fu et al., 2014), becoming a major environmental issue.

Most previous haze studies have focused on the role played by anthropogenic
emissions on physical and chemical compositions of haze pollution in China’s biggest
cities (Xu et al., 2013; Zhao et al., 2013). These studies found that high pollutant
emissions and chemical reactions in the stable atmosphere have caused serious
pollution events in China’s big cities. Under global climate change (IPCC, 2013),
however, the long-term trend of haze conditions in Eastern China is not solely related
to strengthened anthropogenic activity, but also to variability in climate conditions
(e.g., Linetal., 2015).

Recently, attention has been given to the influence of large-scale atmospheric
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circulation changes, such as the East Asian winter monsoon, and other factors in the
global climate system on haze conditions (Wu et al., 2016; Zhao et al., 2016). Xiao et
al. (2015) found that interannual haze variability is closely related to Atlantic sea
surface temperatures. Li et al. (2016) also observed that a weakened (strengthened)
East Asian winter monsoon causes the increase (decrease) of haze. Meanwhile, Yin et
al. (2015a) showed that increased haze conditions were associated with the weakening
of the East Asian winter monsoon from 1961 to 2015. Further, Wang et al. (2015)
found a significant negative correlation between haze days in Eastern China and
Arctic sea ice change.

Previous studies have also shown that haze formation is closely related to emissions
of air pollutants from human activities and modulated by atmospheric conditions (Li
et al., 2016). In addition, several studies have demonstrated that near-surface wind
speed significantly affects air pollution concentrations (Liu et al., 2013; Zhang et al.,
2014). Furthermore, Lin et al. (2015) found that average near surface wind speed
above 3.5 m s can significantly lessen concentrations of fine particulate matter (i.e.,
PM2.5). Therefore, wind has been suggested as a key atmospheric driver of haze
because weak wind speed reduces the dilution and diffusion effects in the atmosphere
(Yin et al., 2015b).

Many recent studies have reported a declining trend in near-surface wind speed
(i.e., ~10-meter height) over mid-latitude continental surfaces in different regions
across the world (McVicar et al., 2008; Pirazzoli and Tomasin, 2003; Brazdil et al.,

2009; Wan et al., 2010; Azorin-Molina et al., 2014, 2016); see McVicar et al. (2012)
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for a comprehensive review on wind speed trends. Contrary to this negative trend,
termed “stilling” by Roderick et al. (2007), positive trends have been reported over
oceans (Wentz et al., 2007), coastal areas (Pinard, 2007), and high-latitude regions
(i.e., >70°% McVicar et al., 2012; Minola et al., 2016), thus introducing uncertainties
into understandings of wind speed change. In China, studies have revealed that near-
surface wind speed has declined in most areas of the country (McVicar et al., 2012;
Lin et al., 2013). Nevertheless, different descending rates have been found as wind
speed has dropped significantly in Eastern China and along coastal regions, especially
in the BTH region (Liu et al., 2009) and Yangtze River Delta (Shi et al., 2015), where
the serious haze pollution has typically occurred.

Changes in surface wind speed play a major role in the variability of haze
conditions (Li et al., 2016), particularly in winter when less precipitation cause
weakened wet deposition of haze particle. Deng et al. (2013) found that haze layers
are 1-1.5 km thick and, therefore, changes in haze conditions were not only related to
near-surface wind speed, but also to low-level winds in the boundary layer which
impact its formation. However, there have been few studies that focus on the
influence of long-term wind speed change in the lower troposphere on haze variability,
especially under high emission scenarios; e.g., those produced by China’s recent and
rapid urbanization and industrialization (Zhang et al., 2016). Thus, quantification into
the impacts of regional wind speed changes in the lower troposphere on haze
conditions remains to be conducted. Particularly, it has been a challenge to

characterize haze dynamics due to a lack of long-term observation data for
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tropospheric atmospheric haze particles. Nevertheless, studies have demonstrated that
visibility can be used to retrieve the degree of haze in the absence of haze particle
observation data in the troposphere, as well as degradation results from light
scattering and absorption by atmospheric particles from natural or anthropogenic
sources (Sabetghadam et al., 2012; Baddock et al., 2014).

Taken the above into consideration, the main objective of this study is to examine the
variability of winter haze over the BTH region for 1961-2014 and its possible long-
term relationship with wind speed in the lower troposphere regarding both natural and
anthropogenic particulate sources. The BTH region is located in northern China, with
approximately 110 million residents and 216 000 km in size, and became one of most
economically developed regions and the third economic engine in China. With the
rapid urbanization and industrialization over the past 3 decades, and the increase of air
pollution (Chan and Yao, 2008, Gao et al., 2011 and Zhang et al., 2018), a better
understanding of the influence of low-level winds on haze and visibility is strongly
needed. For instance, the continuous haze pollution in January 2013 greatly
threatened human health and traffic safety (Sun et al., 2014).The analysis uses unique
datasets of atmospheric visibility and haze days, derived from synoptic
meteorological stations covering the BTH region where economic development is
rapid and the haze problem represents a serious environmental issue for the
population (Zhang et al., 2016). As such, this study helps better understand the effects
of wind speed changes, as well as natural and human factors in the variability of

winter haze and visibility conditions.
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2. Data and methods
2.1. Data
2.1.1. Haze days

Haze refers to the degradation of atmospheric visibility and obscurity caused by a
large number of suspended fine particulate matter (i.e., PM,s and PM,;) in the
atmosphere (Wu et al., 2009) over a period of a few days to a month. Haze
particulates mainly come from direct emissions such as coal fires, vehicle exhausts,
and dust, as well as secondary reactions in the atmosphere (Huang et al., 2014). In
atmospheric observation, haze is mainly determined by visibility and near-surface
relative humidity(China Meteorological Administration, 2010).When the relative
humidity of the atmosphere is less than 90%, atmospheric turbidity is mainly caused
by haze (Wu et al.,, 2009).Thus judging criteria of haze days is : (i) horizontal
visibility < 10km at 14:00 (Beijing local time) and (ii) relative humidity < 90%.
Meanwhile, rain, hail, and other weather phenomena (i.e., snow) are excluded as
constituting haze days. This was also applied by previous studies (e.g., Liu et al., 2013;
Ding et al., 2014; Wu et al., 2016).

The China Meteorological Administration (CMA) executed tentative specifications
of meteorological observations (ground part) from 1955 to 1979, and the observed
visibility data were recorded in 9 levels of near-surface atmospheric visibility (Table
1). Thereafter, new specifications for surface meteorological observation were

introduced. As such, the observed visibility data have been recorded in km since 1980.
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As data for the entire period (i.e., 1961-2015) need to be processed consistently, the
daily visibility observation data of all stations before 1980 were converted to km
(Zhang et al., 2011); each level replaced by the median of corresponding distance.
Meanwhile, the visibility data is inhomogeneous because the techniques used for the
observations differ from before and after the 1980s; the quality and homogeneity of
the visibility dataset are assessed in Section 2.2 below.

Winter refers to December, as well as the January and February of the following
year, and the regional average number of haze days (N H D) of each winter in the BTH
region is represented by:

NHD = %2:”2 M; (1)
, where m is the number of stations (here m=23) and M denotes the number of haze
days in a station each winter. The regional average visibility (V}S) of each winter in
the BTH region is represented by:
. lam (lan
VIS = %, _ 1(521' = 1Vij) 2)
, where m is the number of stations (here m=23), n is the number of days in winter,

and V denotes the daily visibility.

2.1.2  Surface meteorological data

Observed data from 23 synoptic meteorological stations in the BTH region were
supplied by the CMA for 1961-2015. This dataset (anemometers currently used are
displayed in brackets) contains daily average 10-meter wind speed (NSW, in m s,

measured by EN (electromagnetism) type automatic anemoscope), air temperature (in
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°C, measured by dry bulb thermometer), relative humidity (in %, measured by dry
and wet bulb thermometer), and visibility (in km, measured by a scatter infrared
visibility detector ) recorded at four time intervals (i.e., 02:00, 08:00, 14:00, and 20:00;
Beijing local time) from January 1, 1961 to December 31, 2015. As Figure 1 displays,
the distribution of the stations is relatively uniform, indicating that the average values
of meteorological parameters offer good representations of the whole BTH region.
The study area is located in northern China; a flat terrain area of 216,000 km? with
110 million residents. Supplementary Table S1 provides a description of the

meteorological station network used in this study.

2.1.3 Reanalyzed data: NCEP/NCAR

The NCEP/NCAR monthly atmospheric reanalysis data
(https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.pressure.html; last
accessed April 1, 2018) (Kalnay et al., 1996) of an area bounded by 32.5°N ~45.0°N
and 110.0°E~122.5°E (i.e., covering the whole BTH region) were used for 1961-2015.
The winter haze layer is generally located in the troposphere below 1-1.5 km (Deng et
al., 2013). Thus, decadal haze variation was not only affected by near-surface wind
speed, but also wind speed in the near-surface to the top of the lower troposphere
which directly influenced the horizontal transportation and vertical diffusion of haze
(Li et al., 2016). As such, the reanalyzed atmospheric parameters used were: u-wind
and v-wind speeds at 925 and 850 hPa; geopotential heights of 925 and 850 hPa; and

air temperature at 1000, 925, 850, 700, and 500 hPa. All reanalyzed datasets have the
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horizontal grid-spacing of 2.5°%2.5°.

2.1.4 Fossil fuel emission data as a proxy for human activity

The total Fossil Fuel Emission (here after FFE, in thousand metric tons of carbon) ,
which contain the emissions from fossil-fuel burning, emissions from cement
manufacture, and emissions from gas flaring, represent most of the emission sources
from human, was used as a proxy for human activity emission. The FFE of China
(Boden et al., 2016) for 1961-2014 was provided by the Carbon Dioxide Information
Analysis Center of Oak Ridge National Laboratory (http://cdiac.ess-
dive.lbl.gov/ftp/Global_Carbon Project/National Carbon Emissions 2016 v1.0.xlsx);
last accessed April 1, 2018). The proportion of Gross Domestic Product (GDP
(billion yuan)) for the BTH region in China was used for retrieving the total FFE in
this area. The GDP was provided by the National Bureau of Statistics of China for

1961-2014 (http://data.stats.gov.cn/index.htm; last accessed July 1, 2018).

2.1.5. Dust storm frequency as a proxy for the natural source of particulates
Frequent dust events led to the increase of mineral content (i.e., calcium ions; ca")
in haze particulates (Zhang et al., 2018). Dust storm frequency was therefore used to
indicate the natural mineral aerosol particle emissions (mainly dust). Dust storm
information was supplied by the CMA for January 1, 1961 to December 31, 2015.
Winter Dust Storm Frequency (hereafter DSF) is the total winter dust storm days
divided by the number of stations that had recorded the dust storms in Northern China

10
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for the area bounded by 35°N ~45.0°N and 105.0°E ~120°E, which is considered the

main dust sources for the BTH region (Sun et al., 2006).

2.2. Homogenization of daily meteorological data

Station relocations, anemometer height changes (Wan et al., 2010) or even
degradation of anemometers (Azorin-Molina et al., 2018) may cause breakpoints in
the observed wind speed data. The same with new observation practices adopted for
relative humidity, air temperature, and visibility data. Due to the lack of meta

information about inhomogeneity, the homogenization method implemented in the R

package CLIMATOL version 3.0 (http://www.climatol.eu/; last accessed April 1,
2018) was applied. This is because it uses the well-established relative Standard
Normal Homogeneity Test (SNHT) (Alexandersson, 1986) to detect sudden break
points, and has been successfully used in previous homogenization studies (Azorin-
Molina et al., 2014, 2017).

The test was applied on differences between every single observed series and the
composite reference series computed from the nearest surrounding data in a
normalized form. Normalizations were achieved by the normal ratio method (dividing
observed series by the long-term averages of the series) in the case of visibility and
wind speed, and standardization (removing averages and dividing observed series by
the standard deviations) for air temperature and relative humidity. The SNHT was
applied to the series of differences between the observed and reference series in two
ways: (i) on stepped time windows to minimize the possible masking effects of

multiple breaks, and (ii)) on the whole series. At each stage, the series were
11
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successively split by the most significant break point in an iterative process until no
SNHT value higher than a prescribed threshold remained. All missing data were filled
in using the normalized reference data at the end of the process. Moreover, the older
visibility observations were coded according to a fixed scale, but from the 1980s
onward visibility measurements have been reported in km. However, the numerous
break points detected in the homogenization process appear more or less evenly
distributed along the study period, without any evident accumulation in the 1980s
(Figure 2). This is an expected result for relative homogenization methods when a
change is applied (almost) simultaneously to the whole observation network. Besides,
changing from a scale of fixed intervals to measured visibility can decrease the
granularity of the data, but no relevant changes in the averages should be introduced.
After completing this robust quality control and homogenization protocol, 23

homogeneous series were used in this study.

3. Statistical analyses

The average winter wind speed at 925 hPa (hereafter W925) and average wind
speed at 850 hPa (hereafter W850) were calculated. Using the example of W925, the
average value of U925 and V925 in the areas 32.5°N—45°N and 105°E-122.5°E were
initially calculated and defined as W925=,/U 9%5 + V9%5 . The vertical shear of wind

between 1000 hPa and 925 hPa (hereafter VSW) was defined as VSW=

\/ (Ugso-U 1000)2 + (Vgso — V1000)2. The atmospheric stratification thermodynamic
instability is commonly indicated by A index (Zhang et al., 2014), which is derived by

12
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the following formulation: A=(Tgs0-Ts00)-[(Tss50-Tasgs0)+(T700-Ta700)+( Ts00-Tas00)); T
and T4 denote air temperature and dew point temperature respectively. The subscript
denote 500, 700, and 850 hPa. The A index indicates the stratification instability in
the lower and middle atmosphere. The winter condition of atmospheric stability in
BTH is represented by vertical air temperature difference (in °C) between 925 and
1000 hPa (Zhang et al., 2014).

In order to quantitatively recognize the contributions of wind speed in the lower
troposphere and emissions to haze day and visibility variations, variance based on
multivariate regression (Zhang et al., 2016) was used. In the analysis, wind speed in
the lower troposphere was denoted by the near-surface wind speed, W925, VSW, and
W850, and emissions were denoted by the DSF and FFE. All these series were
standardized in the actual calculation. A multiple linear regression (MLR) equation
was established for a standardized sequence based on multiple regression theory

(Pedroni et al., 1999).

The trend was calculated using the least-squares method (in m s! decade”;
hereafter dec™!), with 5-years moving average series on the basis of the original series,
considering the disturbance of periodic vibration to the original series (Shi et al.,
2014). Moreover, the Pearson correlation analysis and Student’s t-test (with fixed p-
levels as p<0.05 or p<0.01) were used to determine the correlation significance of the
data (Zhang et al., 2015), and a 15-year Gaussian low-pass filter was used to

determine the decadal changes.

4. Results

13
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4.1 Trends of winter haze days and visibility
The mean winter visibility and number of haze days in the BTH are presented in
Figure 3 which shows that the haze days experienced three phases of change: (i) a
gradual increase with a rate of +3.3 days dec! (p<0.01) from 1961 to 1989; (ii) a
decline with a rate of —5.0 days dec™! (p<0.01) from 1990 to 2003; and, (iii) another
gradual increase with a rate of +8.3 days dec! (»p<0.05) from 2004 to 2014, but
particularly in the last 5 years of the study period. For instance, the number of haze
days in 2013 was abnormally high (27.7 days), reaching the top value of the mean
series. The visibility also experienced three clear changing phases, but displayed an
almost opposite trend behavior: (i) a gradual decrease at a rate of -3.22 km dec™!
(p<0.01) from 1961 to 1989; (ii) a continuous increase at a rate of +5.47 km dec-!
(p<0.05) from 1990 to 1995; and, (iii) a constant decrease at a rate of -0.07 km dec-!
(not significant at p <0.05) from 1996 to 2014. As a whole, the number of haze days
displayed an overall increasing trend of +0.8 days dec *! (p<0.01), with an average of
20.4 haze days for the entire 54 year period. Meanwhile, the visibility showed a
declining trend of -1.56 km dec™! (»p<0.01) over the same period, with an average value
of 13.2 km. The interannual and interdecadal (11-year moving average) correlation
coefficients between the number of haze days and visibility were -0.59 and -0.67
(significant at p<0.01) respectively. This demonstrates that the trend of haze days and
visibility were closely linked to each other at the interannual and interdecadal scales.
The spatial distribution of haze days (Figure 4a) and visibility trends (Figure 4b) in
the BTH region for 1961-2014 were also displayed. It shows that 74% (17 stations, 14

14
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stations significant at p<0,05) of the stations showed an increasing haze day trend; the
stations with the highest magnitude of increasing trends were mostly located in big
cities (i.e., Beijing station, Tianjin station) and areas surrounded by machinery
factories and chemical plants (i.e., Tanggu station). Meanwhile, 26% (6 stations, 5
stations significant at p<0.05) of the stations which showed an increasing trend were
found in coastal (i.e., Huanghuai station) and some suburban areas (i.e., Zhangbei
station). Moreover, all the stations displayed a degrading visibility of varying
magnitude, including urban areas (i.e., Beijing station) and industrial districts (i.e.,

Tangshan station).

4.2 Relationship between near surface wind speed and haze
4.2.1 Near-surface wind speed in haze vs. non-haze days

In order to identify typical atmospheric conditions associated with winter haze days
and show how these conditions differ from non-haze days, Figure 5 displays the near
surface wind speed of haze days and non-haze days at the regional level. A slowdown
of both wind speed in haze days and non-haze days dominated before 2000. However,
a recovery was detected in the last 15 years of the study period with wind speed below
2 m s! in haze days. Besides, wind speed in haze days on average is lower than in
non-haze situations, although both show a declining trend. The decreasing trend for
haze days (-0.29 m s'! dec’!; p<0.01) is of a greater magnitude than non-haze days (-
0.18 m s dec”!; p<0.01). Further, wind speed differences between both types of days
tended to increase.

15
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4.2.2. Impacts of different near-surface wind speed groups on haze

On the contrary to the trend in haze days, the regional average winter wind speed
anomaly showed a declining trend at a rate of -0.19 m s™! dec! (p<0.01) from 1961 to
2014 (Figure 6 (a)). Table 2 shows that the frequencies of the average winter wind
speed in the intervals 0-2 m s and 2-3 m s significantly increased (p<0.01) for
1961-2014. On the contrary, the frequencies for wind speeds higher than 3 m s'!
decreased. For instance, the frequency of wind speed in the interval 4-5 m s’!
decreased at a rate of -0.9 days dec’!, and those of 5-6 and 3-4 m s'! at -0.8 days dec
land —0.7 days dec ! respectively.

The relationship between the regional mean near-surface average wind speed and
haze days was also analyzed, confirming that the average wind speed is negatively
correlated with haze days and positively correlated with visibility, with significant
correlation coefficients of -0.53 and 0.83 (p<0.01) respectively. The relationship
between frequencies of different winter wind speed, visibility, and haze days (Table 2)
was further analyzed. Frequencies of average wind speed of 0-2 m s™! and 2-3 m s'' m
s'! were positively correlated with haze days and negatively correlated with visibility.
Frequencies of average wind speed greater than 3 m s! showed a significant negative
correlation with haze days and a significant positive correlation with visibility.
However, frequencies of different wind speeds had different impacts on the increase
and decline of haze days and visibility respectively. The variation in frequencies of
average wind speeds of 0-2 m s and 5-9 m s! had the most significant impact on

16
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winter haze days and visibility. The analysis above shows that increases (decreases) in
frequencies of calm wind (<3 m s') and decreases (increases) in frequencies of
greater average wind speeds (>3 m s™') mean lower (higher) visibility and more (less)

haze days.

4.3 The relationship of wind speeds at 925/850hPa and haze days
Low-level (i.e., 925 hPa and 850 hPa) wind speed in the troposphere can transport
haze particulates for a long distance. Thus, Figure 6(b) and (c) shows the evolution of
winter mean wind speed anomalies for W925 and W850, denoting a decreasing trend
of -0.23 and -0.21 m s! dec! for 1961-2014 respectively. Both W925 and W850
weakened until 1970, strengthened during the 1970s, and declined significantly from
1981 to 2014. The correlation coefficients of W925 and W850 and haze days were -
0.55 (p<0.01) and -0.51 (p<0.05) respectively, and for visibility 0.56 (p<0.01) and
0.47 (p<0.01) respectively. This indicates that variations of W925 and W850 were
closely related to the variability of haze days and visibility. The correlation
coefficients of W925 and W850 and the near-surface wind speed were 0.42 and 0.41
(p<0.01) respectively. This indicates that the variability of near-surface wind speed
was consistent with the changes observed for W925 and W850. However, near-
surface wind speed and W925 showed higher correlations with haze days and
visibility thanW850.
Winter wind speed in the BTH is dependent on the large scale pressure gradients
between the Eurasian Continent and East Asia. Therefore, the regression coefficients
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of haze days to geopotential height at 925hPa and 850 hPa were also calculated (see
Figure7). The regression coefficients of geopotential height at 925hPa and 850 hPa
were found to be negative in the Eurasian Continent, including Siberia and Mongolia,
and had an increasing negative scope with Isobaric gradient. Meanwhile, the
geopotential height regression coefficients of East China to the northwest Pacific were
positive. Similar anomalous patterns indicate that when more winter haze days appear
across the BTH, negative anomalies of geopotential heights control a large area of the
Eurasian Continent at 925 hPa and 850hPa. This means decreasing pressure gradients
between the Eurasian Continent and East Asia, causing weak wind speeds at 925 hPa
and 850hPa which are obviously not conducive to the long distance transport of
atmospheric haze particles. Moreover, the increasing negative scope from 850 hPa to
925hPa demonstrates much weaker wind at 925 hPa, which is more closely linked to

the formation of haze.

4.4 The relationship between wind vertical shear and haze

The regional average VSW in winter is displayed in Figure 8. This can represent
atmospheric baroclinic instability, and is closely related to the genesis of synoptic
disturbances. Besides, the vertical diffusion is also closely related to the VSW. The
VSW shows a declining trend of -0,07m s*! dec’! for 1961-2014 and a weak negative
relation between VSW and haze days (-0.19, not significant at p<0.05). Meanwhile, a
stronger positive relation with visibility (0.27, p<0.05) was found.

We have demonstrated that variations of the regional winter haze days were closely
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related to the variability of wind speed for the whole lower troposphere; the weaker
(stronger) the wind speed in the lower troposphere, the more (less) haze days were
recorded. A regression analysis shows that wind speed in the lower troposphere
explains 41.3% of haze days and 71.2% of visibility variances. However, a positive
trend (+0.4 day decade’!, p<0.01) in haze residuals and a negative trend (-0.91 km
decade!, p<0.01) in visibility residuals were detected. This means that the long-term
variability of haze days and visibility must be explained by other factors. Changes in

natural and fossil fuel emissions are suggested to be key factors.

4.5 Additional role of the natural and anthropogenic particulate sources
Fossil fuel emissions should also play a role in the haze days and visibility by
discharging haze particles directly into the atmosphere. Figure 9 displays a significant
decrease in DSF (-0.41 days dec’!, p<0.01), and an increase in FFE (+48206.8
thousand metric tons dec™!, p<0.01) for 1961-2014. DSF had an opposite trend with
haze days. However, the increased fossil fuel emissions were consistent with
increased haze days except during the 1990s. Therefore, the MLR model between the
wind speed in the lower troposphere (near surface wind speed W925 and W850, VSW)
and emissions was added as explanatory variables to estimate haze days and visibility
(Formulas 7 and 8).
HD=-5.45NSW-5.03W925-1.66W850+2.48VSW+2.11DSF+1.96FFE+1.06 (7)
VIS=5.55NSW+1.70W925+1.77W850-0.05VSW-0.28 DSF-1.2FFE+21.83  (8)
The results show that the fitted curves follow the observed curves closely (Figure
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10). Correlation coefficients between the observed and fitted curves of haze days and
visibility were 0.77 (p<0.01) and 0.91 (p<0.01) respectively. Moreover, there was no
significant trend in haze and visibility residuals, which indicates the robustness of the
regression functions. Wind speed in the lower troposphere, dust storm frequency, and
fossil fuel emissions together can explain 51.7% of haze day and 81.6% of visibility
variances. This is a significant increase compared to using the wind alone as shown in

Section 4.4.

S. Discussion

The trend in winter haze days revealed a statistically significant (p<0.01) decline of
+0.8 days decade! (p<0.01) across the BTH region for 1961-2014, with a clear
dominance (76 %) of stations showing negative trends. This finding is in accordance
with the overall increase of haze days in China (Ding et al., 2014, Wu et al., 2016).
Most interestingly, a recent amplification of haze days was detected for the last 11
years of the study period (2004-2014). This can reflect the occurrence of serious haze
events in the BTH; e.g., the persistent severe haze in Beijing, January 2013, which
lasted more than 20 days (Zhang et al., 2014, Cai et al., 2017). Meanwhile, a
subsequent decline in visibility of -1.56 km decade™! (p<0.01) was also found in the
BTH for the same period, with negative trends in all stations. This in turn confirmed
the increasing occurrence of haze because haze days always have lower visibility (Wu

et al., 2009).
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The near surface wind speed in haze days was weaker and decreased more quickly
compared to non-haze days, indicating adverse wind dispersion conditions in haze
days. The findings also confirmed that the average wind speed in the region was
negatively correlated with haze days and positively correlated with visibility. These
findings are similar to those of Li et al. (2016) and Wu et al. (2016). However, this
study posits that different intervals of wind speed have different impacts on haze days
and visibility. It was found that the opposite influence of wind speed frequency on
haze days and visibility for wind speeds below 3 m s™! (positive) and greater than 3 m
s'! (negative). Lin et al (2015) suggested that wind speed at 3.5 m s*! may be a key
threshold for PM, 5 concentration in China, thus wind speed at 3 m s*' may play a
similar role for haze days and visibility for our study region. This was also indicated
by the weaker wind speed ( below 3 m s!) at the near surface, which resulted in more
haze days as wind speed is the key driving force of local ventilation. Further, the
negative relationship between W850/W925 and the number of haze days also
indicates that weakened wind speed in lower troposphere was conductive to the
increase of haze days. Yet, this was due to a different mechanism than wind near
surface because wind in lower troposphere mainly transports pollutants over a long
distance. These results are in accordance with the influence of atmospheric circulation
on haze — i.e., the East Asian winter monsoon (Li et al., 2016; Wu et al., 2016),
Pacific Decadal Oscillation (Zhao et al., 2016), and the Eurasian pattern (Zhang et al.,
2016 ) — as W950 and W850 were related to the change of large scale circulation.
This is also evident from the anomalous pattern of regression coefficients of
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geopotential height at 925 hPa and 850 hPa with haze days, which were negative in

the Eurasian Continent and positive in East China to the northwest Pacific.

In fact, besides the weakened horizontal wind in the lower troposphere, the
decreased VSW indicated that synoptic-scale disturbances and vertical diffusion also
weakened. Moreover, a sharp drop of atmospheric vertical thermodynamic instability
(see Supplementary Figure S1) also enhances this effect. This means that the vertical
mixing in the lower troposphere is not favorable for the transport of pollutants,
resulting in increased haze days. Besides, the winter stability increased significantly
(+0.05°C dec-1) for 1961-2014 (see Supplementary Figure S2), making the mixing
more difficult. More stable conditions tend to keep air pollutants such as smog close
to surface. This mechanism might partly explains the long-term variability of haze
and visibility across the BTH in winter. Indeed, positive correlations with haze days (r
=0.22, not significant at p<0.05) and statistically significant negative ones with
visibility (r =-0.49, p<0.05) were found. In addition to the role played by the
strengthening of the atmospheric stability, the impact of other local drivers such as
sea- and land-breeze circulations (Miao et al., 2017), urban heat islands (Chen et al.,
2018) and topography (Bei et al., 2018) on episodic pollutants and air quality have
also been analyzed. However, field experimental campaigns and simulations
analyzing these factors have only been carried out for few study cases; therefore, a
long-term study on the impact of all these drivers (i.e., not solely surface wind speed)

on the changes of haze days and visibility deserve further future analysis
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It is posited that the decadal variation of haze days was jointly affected by wind
speed in the lower troposphere, as well as by natural and anthropogenic emissions
from 1961 to 2014. However, their roles may have changed with time due to the
competing effects of these factors on haze (Zhao et al., 2013; Wu et al., 2016). This is
evident in the clear decadal variability of winter haze days detected in the three well-
defined phases described before. Meanwhile, wind speed and natural as well as
anthropogenic sources also changed under different phases (see supplementary Table
S2). The surface wind speed displayed the opposite trend compared to haze days
among the three phases; that is significantly declined in the first and last phases, while
increased in the second phase. W850, W925 and VSW only significantly decreased in
the first phase and increased in the last two phases. DSF also displayed different trend
in the three phases, significantly decreased in the first phase and increased in the last
phase, whereas no trend was found in the second one. Lastly, significant increases

were found for the FFE in all phases, with enlarged magnitude of trends.

In this paper, we only analyzed the physical process of winter haze, that is, the
local ventilation of near surface wind speed versus the long distance transport of
W850 and W925, which are the key driving forces of haze particulate diffusion;
directly particulate emissions from natural and human activities. Before 2003,
physical processes mainly influenced haze formation in the form of relatively stronger
dust storm events (Kang and Wang., 2005; Wang et al., 2017) and lower fossil fuels
emissions. This is also confirmed by the high proportion of mineral aerosol in air-

borne particulates (Sun et al., 2006). Meanwhile, the rapid economic development
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during the last 11 years of the study period caused sharply increasing fossil fuel
emissions (e.g., nitrate and sulfate). This resulted in most atmospheric haze particles
being composed of sulfate particles (Wang et al., 2006; Wu et al., 2009; Huang, et al.,
2014; Zou et al., 2018 ), and the contribution of sand-dust aerosol particles to haze
significantly decreased (Yang et al., 2018). For this period, however, haze formation
not only related to physical processes but also to the chemical reaction of haze
particulates (e.g., nitrate and sulfate) which also played a key role ( Huang et al.,
2014), Thus, haze days dramatically increased for 2004-2014, especially from 2009

to 2014.

Under high fossil fuel emissions and global warming (IPCC, 2013), the decline of
wind speed in China has been partly attributed to the weakened pressure-gradient
force in the lower troposphere (Guo et al., 2011; Chen et al., 2013), especially by a
decrease in the air temperature gradient. To this end, most of the haze particles come
from fossil fuel emissions (Wu et al., 2009; Huang, et al., 2014). From supplementary
Figure S3 (a), it can be seen that increased air temperature in haze days is much
higher than in non-haze days, with weak wind. That is, when the near-surface air
temperature is high, the atmosphere is more stable (Wu et al., 2016) with liquidity
variation not conducive to the diffusion of haze particles. On the other hand, the
higher air temperature in haze days also caused higher relative humidity (see
supplementary Figure S3 (b)), making these days more prone to the accumulation and
hygroscopic growth of sulfate particles (Yu et al., 2018), especially from 1990

onward (see shifted fossil fuel emissions in Figure 10and high moving correlation
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coefficients between winter haze days and relative humidity in supplementary Figure
S4). This, therefore, can strengthen light scattering and absorption by haze particles,
consequently causing visibility degradation and haze intensification. Therefore, our
results nevertheless suggest that the global effort in reducing fossil fuel emissions will

contribute to decreasing the risk of haze events in the BTH.

6. Conclusion

The main conclusions of this study are as follows:
1. Number of winter haze days in the study region showed a distinct increasing trend
whereas visibility showed a distinct declining trend for 1961-2014. Moreover, the
increasing trend of haze days accelerated over the last 11 years of the study period
(2004-2014).
2. While it is confirmed that wind speed in the lower troposphere is the key factor
driving the interannual variability of winter haze days and visibility, natural and fossil
fuel emissions of haze-inducing substances were found to be important for the
increasing trend of haze days.
3. Wind speed in the lower troposphere and particulate sources together can explain
51.7% of the interannual variability of haze days and 81.6% of visibility. This makes
wind speed and particulate sources two of the most critical factors for winter haze

conditions in the study region.
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Supporting information

Table S1 Description of meteorological stations in the BTH

Table S2 Trends of surface wind speed (in m s'! dec! ), W925 (in m s! dec!), W850
(inm s dec!), VSW (in m s' dec!) and DSF(in days dec!) and FFE(in thousand
metric tons dec-1) for different phases

Figure S1 Anomaly series of Atmospheric Thermodynamic Instability ( ATI) for
1961-2014 in the BTH: ATI=(T850-T500)-[( T850-Td850)+( T700-Td700)+( T500-
Td500)); T and Td denote temperature and dew point temperature respectively. The
subscript denote 500, 700, and 850 hPa. The greater the ATI, the more unstable the
stratification.

Figure S2 Variation of winter inversion in the BTH for 1961-2014. A 15-year low-
pass Gaussian filter is drawn.

Figure S3. Winter near-surface characteristics of haze and non-haze days for (a) air
temperature, and (b) relative humidity in the BTH for 1961-2014.
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Figure S4. 20-year moving correlation coefficients between winter haze days and

relative humidity in the BTH for 1961-2014.
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Table captions

Table 1. Correspondence of near-surface atmosphere visibility and horizontal distance
Table 2 Trend in the frequency of daily wind speed and its relation to visibility and
haze days for 1961-2014.
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824

825  Table 1. Correspondence of near-surface atmosphere visibility and horizontal distance

826
Level of near-surface
Visibility distance L (km)
atmosphere visibility
Level 0 L<0.05
Level 1 0.05<L<0.2
Level 2 0.2<L<0.5
Level 3 0.05<L<1.0
Level 4 1.0<L<2.0
Level 5 2.0<L<4.0
Level 6 4.0<L<10.0
Level 7 10.0<L<20.0
Level 8 20.0<L<50.0
Level 9 50<L
827
828
829

830 Table 2 Trend in the frequency of daily wind speed and its relation to visibility and

831 haze days for 1961-2014.

Average wind Trend Correlation Correlation

speed(m s!) (days dec!)  with visibility ~with haze days
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832

833

834

0-2 3.0%* -0.72%* 0.53%*
2-3 L.1%* -0.46%* 0.01
3-4 -0.7%* 0.63%* -0.57**
4-5 -0.9%** 0.79%* -0.50%**
5-6 -0.8%** 0.83%* -0.42%*
6-7 -0.6%* 0.89%* -0.50%*
7-8 -0.4** 0.88%* -0.45%*
8-9 -0.3%* 0.84** -0.41%**
9-10 -0.2%%* 0.78%* -0.37%*
>10 -0.2%* 0.81%* -0.42%*

**denotes the p<0.01
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Figure captions

Figure 1. Terrain map of the BTH and location (for numbers see Table S1) of the 23
meteorological stations used in this study.

Figure 2. Number of splits per year for visibility over the BTH region for 1961-2014
Figure 3. Mean winter haze days and visibility in the BTH region for 1961-2014. A
15-year low-pass Gaussian filter is drawn.

Figure 4. Distribution of (a) winter haze days and (b) visibility trend in the BTH for
1961-2014.

Figure 5. Regional mean winter near-surface wind speed of haze days and non-haze
days in the BTH for 1961-2014. A 15-year low-pass Gaussian filter is drawn.

Figure 6. Regional mean winter mean wind speed anomalies over the BTH at (a) near
surface, (b) 925 hPa and (c) 850 hPa for 1961-2014. A 15-year low-pass Gaussian
filter is drawn. (The correlation coefficient (r) between wind speed and haze days is
shown for each plot. Anomalies are drawn with respect to the 1981-2010 mean.)
Figure 7. Distribution of the regression coefficients of (a) H925 and (d) H850 upon
the regional mean haze days (H925 and H850 denote the geopotential height at 925
and 850 hPa); dots indicate regressions that are significant at the 95% confidence
level.

Figure 8. Regional mean vertical shear of winter wind speed between 1000 hPa and
850 hPa for 1961-2014. R is the correlation coefficient between the vertical shear of
the wind speed and number of haze days.

Figure 9. Temporal evolution of the regional mean winter haze day trend and dust



storm frequency (*-1) (a) as well as the regional mean fossil fuel emission (b) in the
BTH for 1961-2014.
Figure 10. The observed and fitted winter (a) average haze days and (b) visibility in

the BTH for 1961-2014.
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Figure 1. Terrain map of the BTH and location (for numbers see Table S1) of the 23
meteorological stations used in this study.
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Figure 7. Distribution of the regression coefficients of (a) H925 and (d) H850 upon
the regional mean haze days (H925 and H850 denote the geopotential height at 925
and 850 hPa); dots indicate regressions that are significant at the 95% confidence

level.
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Supplementary Tables

Table S1 Description of meteorological stations in the BTH.

Table S2 Trends of surface wind speed (in m s*! dec’!), W925 (in m s*! dec’!), W850
(in m s! dec!), VSW (in m s*! dec’!) and DSF (in days dec!) and FFE (in thousand
metric tons dec!) for different phases

Table S1 Description of meteorological stations in the BTH

i Latitude Longitude Elevation Location of
Number Station Area .
(°N) (°E) (m) stations
1 Miyun 40.38 116.87 73 Beijing Plain
2 Beijing 39.80 116.47 32 Beijing Plain
3 Zhangbei 41.15 114.70 1394 Hebei  Mountain
4 Weixian 39.83 114.57 910 Hebei  Mountain
5 Shijiazhuang 38.03 114.42 81 Hebei Plain
6 Xingtai 37.07 114.50 78 Hebei Plain
7 Fengning 41.22 116.63 661 Hebei  Mountain
8 Weichang 41.93 117.75 844 Hebei  Mountain
9 Zhangjiakou 40.78 114.88 726 Hebei  Mountain
10 Huailai 40.40 115.50 542 Hebei  Mountain
11 Chengde 40.97 117.93 374 Hebei  Mountain
12 Zunhua 40.20 117.95 56 Hebei Plain
13 Qinglong 40.40 118.95 229 Hebei Plain
14 Qinhuangdao 39.93 119.60 3 Hebei Coastal
15 Baxian 39.12 116.38 11 Hebei Plain
16 Tangshan 39.67 118.15 29 Hebei Plain
17 Leting 39.42 118.90 12 Hebei Coastal
18 Baoding 38.85 115.52 19 Hebei Plain
19 Raoyang 38.23 115.73 20 Hebei Plain
20 Huanghua 38.40 117.35 3 Hebei Coastal
21 Jixian 37.22 115.23 23 Hebei Plain
22 Tianjin 39.08 117.07 4 Tianjin Plain
23 Tangguqu 39.00 117.72 11 Tianjin Coastal

Table S2 Trends of surface wind speed (in m s dec''), W925 (in m s*! dec!), W850
(inm s dec!), VSW (in m s*! dec’!) and DSF (in days dec!) and FFE (in thousand
metric tons dec™!) for different phases



Period
1961-1989 1990-2003 2004-2014

Surface wind speed - 0.38** 0.09 - 0.29%*
W925 - 0.44* 0.30 0.10

W3850 - 0.40%* 0.34 0.21

VSW -0.02 0.12 0.35%*
DSF - 0.5%* 0.0 0.3

FFE 18671.4%* 46228.2%* 148581.7**

** and * denotes statistically significant changes at p<0.0land p<0.05,
respectively

Supplementary figures

Figure S1 Anomaly series of Atmospheric Thermodynamic Instability ( ATI) for
1961-2014 in the BTH, ATI=(Tss0-Ts00)-[( Tss0-Tass0)+( T700-Taz00)+( Ts00-Taso0)); T
and T4 denote temperature and dew point temperature respectively. The subscript
denote 500, 700, and 850 hPa. The greater the ATI, the more unstable the
stratification.

Figure S2 Variation of annual mean winter temperature difference between 925 and
1000 hPa in the BTH for 1961-2014. A 15-year low-pass Gaussian filter is drawn.
Figure S3. Winter near-surface characteristics of haze and non-haze days for (a) air
temperature and (b) relative humidity in the BTH for 1961-2014.

Figure S4. 20-year moving correlation coefficients between winter haze days and
relative humidity in the BTH for 1961-2014.
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Figure S1 Anomaly series of Atmospheric Thermodynamic Instability ( ATI) for
1961-2014 in the BTH, ATI=(Tss0-Ts00)-[(Tss0-Tass0)t(T700-Ta700)t( Ts00-Tas00)); T



and Ty denote air temperature and dew point temperature, respectively. The subscript
denote 500, 700, and 850 hPa. The greater the ATI, the more unstable the

stratification.
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Figure S2 Variation of annual mean winter temperature difference between 925 and

1000 hPa in the BTH for 1961-2014. A 15-year low-pass Gaussian filter is drawn.
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Figure S3. Winter near-surface characteristics of haze and non-haze days for (a) air

temperature, and (b) relative humidity in the BTH for 1961-2014.
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Figure S4. 20-year moving correlation coefficients between winter haze days and

relative humidity in the BTH for 1961-2014.



