VOLUME 32

1. Introduction

FEBRUARY 2018

Differences in Meteorological Conditions between Days with Persistent and
Non-Persistent Pollution in Beijing, China

Ting YOU'!?, Renguang WU"*", and Gang HUANG?*>¢

1 Center for Monsoon System Research, Institute of Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029
2 College of Atmospheric Sciences, Chengdu University of Information Technology, Chengdu 610225
3 State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics, Institute of
Atmospheric Physics, Chinese Academy of Sciences, Beijing 100029
4 Laboratory for Regional Oceanography and Numerical Modeling, Qingdao National Laboratory for Marine
Science and Technology, Qingdao 266237
5 Joint Center for Global Change Studies, Beijing 100875
6 University of Chinese Academy of Sciences, Beijing 100049

(Received June 5, 2017; in final form August 24, 2017)

ABSTRACT

We compared the regional synoptic patterns and local meteorological conditions during persistent and non-persist-
ent pollution events in Beijing using US NCEP-Department of Energy reanalysis outputs and observations from met-
eorological stations. The analysis focused on the impacts of high-frequency (period < 90 days) variations in meteoro-
logical conditions on persistent pollution events (those lasting for at least 3 days). Persistent pollution events tended
to occur in association with slow-moving weather systems producing stagnant weather conditions, whereas rapidly
moving weather systems caused a dramatic change in the local weather conditions so that the pollution event was
short-lived. Although Beijing was under the influence of anomalous southerly winds in all four seasons during pollu-
tion events, notable differences were identified in the regional patterns of sea-level pressure and local anomalies in
relative humidity among persistent pollution events in different seasons. A region of lower pressure was present to
the north of Beijing in spring, fall, and winter, whereas regions of lower and higher pressures were observed northw-
est and southeast of Beijing, respectively, in summer. The relative humidity near Beijing was higher in fall and
winter, but lower in spring and summer. These differences may explain the seasonal dependence of the relationship
between air pollution and the local meteorological variables. Our analysis showed that the temperature inversion in
the lower troposphere played an important part in the occurrence of air pollution under stagnant weather conditions.
Some results from this study are based on a limited number of events and thus require validation using more data.
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heart attacks, and premature death if the particles penet-

Particulate matter in the form of microscopic solid or
liquid particles suspended in the earth’s atmosphere is a
major cause of air pollution. Particulate matter poses sig-
nificant threats to human health (Kaur et al., 2007; Pope
II et al., 2009), the environment (Berico et al., 1997),
and transportation (Ji et al., 2012). For instance, particu-
late matter may lead to permanent mutations in DNA,

rate unfiltered into our lungs and bloodstream (Wilson et
al., 2004). Particulate matter may cause traffic conges-
tion as a result of reduced visibility. Particulate matter
can also reflect and absorb solar radiation and alter the
properties of clouds (Twomey, 1974; Lyu et al., 2016). A
greater understanding of the relationship between air pol-
Iution and meteorological conditions may help to im-
prove the prediction and effective mitigation of the distri-
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bution of air pollutants.

Air pollution is influenced by emissions of particulate
matter (Buchanan et al., 2002; Beaver et al., 2010; Mo-
lina et al., 2010), the weather (Buchanan et al., 2002;
Chen et al., 2008; Jacob and Winner, 2009; Beaver et al.,
2010; Fung and Wu, 2014; Zhao et al., 2016), and the
local topography (Fu et al., 2014). The major sources of
aerosol pollution in Beijing include the burning of coal as
fuel, exhaust fumes from traffic, and dust transported
from other regions (Sun et al., 2004). The local meteoro-
logical conditions and topography are responsible for the
conversion, diffusion, and transport of aerosol particles.
Beijing is characterized by a monsoon climate, with
northerly winds prevailing in winter and southerly winds
dominating in summer, and the city is located south of
the Yan Mountains and east of the Taihang Mountains.
As a result of this half-open basin topography, which is
unfavorable for the diffusion of air pollutants, regional
air pollution tends to be more severe when southwesterly
and southeasterly winds prevail over the North China
Plain (Chen et al., 2008; Liu et al., 2013; Pu et al., 2015;
Zhang L. et al., 2015; Ye et al., 2016).

The concentrations of particulate matter in Beijing
show remarkable interannual, seasonal, monthly, weekly,
and diurnal variations (Choi et al., 2008; Tian et al.,
2014). A reduction has been observed in the number of
days with atmospheric pollution in the Beijing metropol-
itan region over the last decade (Tian et al., 2014). Tian
et al. (2014) reported that the poorest air quality occurs in
spring and the best air quality in summer. Choi et al.
(2008) suggested that there is a possible link on a weekly
scale between cloud formation and particulate matter
with a diameter < 10 um (PM,,). PM, 5 pollution gener-
ally increases at night and decreases during the day (Lyu
et al,, 2016). The overall concentration of particulate
matter varies on different temporal scales. It is therefore
important to investigate the relationship between the con-
centration of particulate matter and meteorological vari-
ables on different temporal scales.

A range of weather factors may affect air pollution.
Previous studies have suggested that weak winds and
high relative humidity (Zhang H. L. et al., 2015) are fa-
vorable to the formation of pollution events. Weak winds
can re-suspend particles, leading to the accumulation of
aerosol particles. A high relative humidity facilitates the
partition of semi-volatile species into the aerosol phase
(Hu et al., 2008), leading to high concentrations of par-
ticulate matter. Atmospheric pressure has been sugges-
ted to be the most important meteorological factor influ-
encing the concentration of PM,, (Tian et al., 2014). The
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direction of winds is a key factor in the occurrence of air
pollution. The highest PM, 5 concentrations in Beijing
were observed during easterly winds (Zhang H. L. et al.,
2015). The impact of precipitation on air quality has been
reported in many studies. Increased rainfall may im-
prove air quality as aerosols are washed out of the atmo-
sphere (Cheng et al., 2006; Wang and Lu, 2006; Dawson
et al., 2007). The vertical structure of the atmospheric
boundary layer plays an important part in the variations
in the concentration of surface pollutants (Zhang L. et al.,
2015). Temperature inversion can suppress the develop-
ment of vertical mixing and the dispersion of air pollut-
ants (Ji et al., 2012).

The effect of synoptic patterns on air quality has re-
ceived increasing attention in recent years. Chen et al.
(2008) observed that the increasing phase of the air pol-
lution index was associated with high pressure followed
by low pressure. Zhang R. H. et al. (2013) reported that a
weak East Asian monsoon, an anomalous high at 500
hPa, a reduction in the vertical shear of horizontal winds,
and an anomalous inversion in the near-surface atmo-
sphere all provide favorable conditions for the develop-
ment and persistence of fog and haze over eastern China.
Chen and Wang (2015) reported that the occurrence of
severe haze events in the boreal winter is generally re-
lated to weakened northerly winds, the development of
inversion anomalies in the lower troposphere, a weak-
ened East Asian trough in the mid-troposphere, and the
northward displacement of the East Asian jet in the up-
per troposphere. Zhang et al. (2016) found a significant
correlation between air quality and the strength of the
East Asian monsoon and the interannual variability in the
frequency of weather patterns. Ye et al. (2016) showed
that a high frequency of low visibility events was associ-
ated with certain flow types, including high pressure to
the northeast of the North China Plain, a weak low pres-
sure band, high pressure to the southeast, and high pres-
sure to the north.

Air quality often shows prominent day-to-day changes
in Beijing, which is of great concern to the public. Given
the regular source of emissions and the fixed terrain, the
day-to-day changes in air quality may be attributed to
changes in the meteorological conditions. Most previous
studies have examined the total field of meteorological
variables when analyzing the reasons for the occurrence
of air pollution. However, because meteorological vari-
ables vary on different timescales, the respective roles of
slow and fast changes in meteorological variables cannot
be determined based on the results of these previous
studies. We therefore separated the slow and fast changes
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in meteorological variables and focused on analyzing the
relationship between pollution events and the rapid vari-
ations in meteorological conditions. This allowed us to
determine the relative contributions of slow and fast vari-
ations in meteorological conditions in the occurrence of
pollution events in Beijing.

You et al. (2017) analyzed the synoptic meteorologi-
cal patterns affecting air pollution and their inter-season-
al variations in Beijing. However, they did not distin-
guish between persistent and non-persistent pollution
events. By contrast, our study focused on pollution
events that persisted for at least three days and aimed to
compare the difference in meteorological conditions
between persistent and non-persistent pollution days sep-
arately by season. Differences in the meteorological con-
ditions and their temporal evolution between persistent
and non-persistent pollution days may help to elucidate
the processes that produce persistent atmospheric pollu-
tion. This would be of benefit in forecasting the states of
atmospheric pollution and in making informed decisions
for the mitigation of atmospheric pollution based on the
meteorological conditions.

This paper is organized as follows. The data and the
methods used in the study are described in Section 2.
Sections 3 and 4 examine the temporal evolution of met-
eorological fields corresponding to persistent and non-
persistent pollution days, respectively, with the purpose
of understanding the differences between persistent and
non-persistent pollution events. Section 4 documents and
compares the local conditions between persistent and
non-persistent events. A summary and discussion are
provided in Section 5.

2. Data and methods

Mean daily PM;, concentration data for Beijing were
obtained from the Beijing Environmental Protection Bur-
eau during the period 1 January 2008 to 25 September
2015. Daily PM,, data at 12 national air quality monitor-
ing sites available for the period 1 January 2013 to 25
September 2015 were used to validate the pollution
events. Hourly meteorological data from four of the sta-
tions used in this study—including the surface temperat-
ure, pressure, relative humidity, and wind speed—were
obtained from the China Meteorological Administration
(CMA). The daily mean meteorological data were calcu-
lated from the hourly meteorological data at the four ob-
servation stations. The average of the meteorological
variables at the four stations was used to represent the
mean meteorological state in Beijing.

The temperature profile at 0000 and 1200 UTC
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between January 2007 and June 2014 was obtained from
a CMA radiosonde station at 39°48'N, 116°28'E. Meteor-
ological data—including the air temperature at 2 m, 1000
hPa, and 850 hPa, mean sea-level pressure, relative hu-
midity at 1000 hPa, zonal and meridional winds at 10 m,
and geopotential height at 500 hPa—were provided 4
times per day (at 0000, 0600, 1200, and 1800 UTC) by
the US NCEP-Department of Energy Reanalysis-2 data-
set (Kanamitsu et al., 2002) with a horizontal resolution
of 2.5° x 2.5° from January 2007 to December 2015. The
daily mean values of the reanalysis variables were con-
structed by averaging the four values falling within a day
of local time as the daily mean particulate matter concen-
trations. Reanalysis variables on 2.5° x 2.5° grids were
used to identify the synoptic-scale meteorological condi-
tions for air pollution events in Beijing. The features on a
smaller spatial scale, which may involve effects from
complex terrains, could not be resolved in this study us-
ing the reanalysis data.

This study aimed to investigate the meteorological
conditions present during persistent and non-persistent
pollution events separately in the four seasons. The time
periods of the four seasons were defined following the
method of You et al. (2017), where spring includes the
days from 1 March to 31 May, summer from 1 June to 31
August, fall from 1 September to 30 November, and
winter from 1 December to 28 February. The analysis
was based on seven springs, summers, falls, and winters.

Most previous studies used original data to document
the relationship between air pollution and meteorologi-
cal variables and the interseasonal variations were not
taken into account. It is likely that the relationship
between air quality and meteorological variables will
vary by season and will depend on the timescale. This
study focused on the influence of high-frequency meteor-
ological variations. Following the work of You et al.
(2017), harmonic analysis was used to extract high-fre-
quency meteorological variations (period < 90 days)
from the observed data. The slow meteorological vari-
ations (period > 90 days) were excluded from the analy-
sis. This method differs from most previous studies,
which did not separate meteorological variations on dif-
ferent timescales.

3. Synoptic patterns of persistent pollution
events

This section examines the regional patterns of differ-
ent meteorological variables corresponding to persistent
pollution days in the four seasons. Persistent pollution
events were determined separately for the four seasons as
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follows. First, we defined the polluted day as a day when
the concentration of PM,, was > 150 pg m~ (He et al.,
2014). A persistent pollution event was recorded when
there were three or more consecutive pollution days. For
the period 2013—15 when data from 12 stations were
available, we used an alternative definition of a persist-
ent pollution event as when the PM;, concentration
reached the level of a persistent event simultaneously at
more than 8 of the 12 stations. The persistent pollution
events determined based on 12 air quality monitoring sta-
tions all fell into the events defined by the mean PM,,
data over the last two years. Therefore the mean PM,,
data were a good representation of the regional pollution
conditions in Beijing. Because the temporal coverage of
the 12 air quality monitoring stations was shorter than
that of the mean data, we used the mean data to analyze
the relationship between the meteorological conditions
and air pollution.

Table 1 presents the number of persistent pollution
events and the mean PM,, values by season. The num-
ber of events in spring, summer, fall, and winter was 24,
7, 21, and 21, respectively. The highest mean PM,, con-
centration was observed in spring and the lowest mean
PM,, concentration was observed in summer. The low-
est number of events was observed in summer, represent-
ing the lowest probability of persistent pollution events
for the year.

Composite maps of the persistent pollution events
were constructed for the surface air temperature, the sea-
level pressure, the low-level relative humidity, and the
surface winds in each of the four seasons by averaging
the reconstructed high-frequency meteorological vari-
ations (referred to as anomalies to distinguish them from
the original values) at each grid point. We then ex-
amined the temporal evolution of synoptic patterns in
each of the four seasons, which may help us to under-
stand the persistence of air pollution in Beijing. The
composite anomalies in summer may not be as robust as
in the other seasons because there were only seven pollu-
tion days during the period of analysis.

The synoptic patterns appeared to be fairly stable for
persistent pollution events in spring. A higher surface air
temperature was maintained over most of eastern China

Table 1. Number of persistent pollution events and mean PM,, val-
ues by season

Number of events Mean PM;, value (ug m~)

Istday 2ndday  3rd day
Spring 24 211.36 273.48 282.49
Summer 7 179.55 199.23 203.18
Fall 21 198.08 261.89 254.60
Winter 21 217.19 256.97 266.60
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(Figs. la—c). A large region of temperature anomaly was
located north of Beijing. Anomalous low sea-level pres-
sure was observed north of Beijing during the pollution
events (Figs. 1d-f). This was accompanied by an anom-
alous cyclone, the center of which was located south of
Lake Baikal on the first polluted day, over Mongolia on
the second polluted day, and north of Beijing on the third
polluted day. During the first two days, the region around
Beijing was under the continuous influence of anomal-
ous southwesterly winds, but the anomalous winds
weakened on the third day. Anomalous southwesterly
winds controlled southeast China during the pollution
events, which transported warmer and wetter air from
lower latitudes, leading to higher surface air temperat-
ures (Figs. la—). The effect of an increase in temperat-
ure appeared to overcome the increase in specific humid-
ity, leading to a decrease in relative humidity (Figs.
1g—i). The North China Plain was in a region with south-
erly winds or relatively weak winds and lower level an-
omalous convergence, which provided favorable condi-
tions for the persistence of pollution.

For the persistent pollution events in summer, a higher
surface air temperature was recorded in Mongolia on the
first polluted day (Fig. 2a). This higher temperature re-
gion moved slowly southwestward over time, reaching
north of Beijing on the third polluted day (Figs. 2b, c).
The distribution of anomalous sea-level pressure fea-
tured a northwest—southeast contrast, with lower pres-
sure lying northwest and higher pressure southeast of
Beijing (Figs. 2d—f). A similar pattern of anomalous
pressure on pollution days has been reported previously
by You et al. (2017). The associated southerly winds
transported warmer air from the south, contributing to a
higher surface air temperature (Chen et al., 2008; Wang
et al., 2010). Under the influence of southerly winds, pol-
lution particles south of Beijing were easily transported
to Beijing, which favored persistent pollution events over
Beijing. The lower relative humidity concurred with the
higher surface air temperature during this period (Figs.
2g—i). It was obvious that the movement of the anomal-
ous synoptic patterns was slow. The slow movement of
synoptic patterns provided favorable conditions for the
persistence of air pollution over Beijing. The composite
features were relatively weak in summer due to the lim-
ited number of days with pollution.

For persistent pollution events in fall, a zonal band of
higher surface air temperature with a slow increase in
magnitude was maintained north of Beijing (Figs. 3a—c).
A region of anomalously low sea-level pressure was ob-
served over Mongolia with the center moving slowly
southeastward (Figs. 3d—f). Anomalous southerly winds
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Fig. 1. Composite anomalies of (a—c) surface temperature (K), (d—f) sea-level pressure (shading; hPa) and winds at 10 m (vector with scale at
top-right corner; m s™'), and (g-i) relative humidity (%) during persistent pollution events in spring. Polluted 1, Polluted 2, and Polluted 3 refer
to the first, second, and third day, respectively. The dotted region shows where the composite anomalies are significant at the 95% confidence
level according to the one-tailed Student’s #-test. Only winds that are significant at the 95% confidence level are plotted.

therefore controlled most of eastern China, which ac-
counted for the higher surface air temperature in the
north. A band of high relative humidity covered the re-
gion southeast of Beijing (Figs. 3g—i), which may be at-
tributed to the anomalous southerly winds bringing wet-
ter air from lower latitudes. The North China Plain over-
all was under the influence of a higher air temperature,
higher relative humidity, and anomalous southerly winds
during this time period. These synoptic patterns facilit-
ated the transport to, and storage of, pollutants near
Beijing.

For persistent pollution events in winter, a large re-
gion of higher surface air temperature moved eastward
over the midlatitudes (Figs. 4a—c). During this process, a
higher temperature was maintained over Beijing. An an-
omalous low sea-level pressure moved southeastward,

with the center located southwest of Lake Baikal on the
first day, over Mongolia on the second day, and over
North China on the third day (Figs. 4d—f). The North
China Plain was under the influence of large anomalous
southerly winds on the first two days and the anomalous
winds weakened on the third day. Positive relative hu-
midity anomalies controlled the region around Beijing,
with their magnitude increasing during the pollution
events (Figs. 4g—i). The higher relative humidity and
higher temperatures were attributed to anomalous south-
erly winds that brought warmer and wetter air from the
south. The temperature, pressure, and wind patterns dis-
played clearer movement over time in winter than in the
fall. However, the North China Plain was still under the
influence of anomalous southerly winds, higher temper-
atures, and higher relative humidity in the winter, as in
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Fig. 2. Asin Fig. 1, but in summer.

the fall, conditions that provided favorable conditions for
the persistence of pollution.

A higher surface air temperature was observed during
the persistent pollution events in all four seasons, with
the center located to the north of Beijing. Another com-
mon feature was that Beijing was under the influence of
anomalous southerly winds. The regional synoptic pat-
terns experienced relatively small changes during the
pollution events in all four seasons, which was associ-
ated with the slow movement of the synoptic patterns.
However, some notable differences were seen among the
four seasons. An anomalous negative pressure covered
the region around Beijing in the spring, fall, and winter,
whereas a northwest low pressure—southeast high pres-
sure pattern was observed in summer. The relative hu-
midity in Beijing was lower in spring and summer, but
higher in fall and winter, consistent with the results of
You et al. (2017).

4. Synoptic patterns for non-persistent pollu-
tion events

This section examines the regional patterns of differ-
ent meteorological variables corresponding to non-per-
sistent pollution days in the four seasons. After identify-
ing a pollution day based on the method described in the
preceding section, we examined the PM,, value in the
two days after the pollution day. The day with the PM;,
value < 50 pg m™ in an individual season was identified
as a clean day in that season. When two consecutive
clean days were detected after the polluted day, a non-
persistent pollutant event was recorded.

Table 2 shows the number of identified non-persistent
pollution events and the corresponding mean PM;, val-
ues in the four seasons. There were 3, 5, 8, and 11 non-
persistent pollution events in spring, summer, fall, and
winter, respectively. The mean PM,, concentration var-
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Fig.3. Asin Fig. 1, but in fall.

ied from 26 to 43 pg m™ on the clean days in the four
seasons. As for the persistent pollution events, compos-
ite maps of the meteorological variables were construc-
ted for non-persistent pollution events in the four sea-
sons by averaging the reconstructed variations with peri-
ods < 90 days. The number of events was small, particu-
larly in spring and summer. Thus the features based on
the composite map may not be as robust as those for the
persistent pollution events.

The regional meteorological patterns corresponding to
the non-persistent pollution events in spring showed pro-
nounced changes during the events. The surface air tem-
perature around Beijing changed from positive to negat-
ive anomalies following the eastward movement of large
regions of temperature anomaly along the midlatitudes
(Figs. Sa—c). The North China Plain was dominated by an
anomalous low pressure on the polluted day, accompan-
ied by anomalous cyclonic winds with a convergence
centered southwest of Beijing (Fig. 5d). On the follow-

ing two days, the anomalous low and the cyclone moved
southeastward quickly and Beijing was influenced by
large anomalous northerly winds (Figs. Se, f). On the
pollution day, two large regions of positive relative hu-
midity were observed, one lying on the border of Mongo-
lia and the other over central China (Fig. 5g). The latter
was associated with an anomalous lower level conver-
gence of moisture. The northern region remained station-
ary, whereas the southern region moved quickly east-
ward, following the movement of the anomalous cyclone,
and was replaced by a larger region of negative relative
humidity in the following two days (Figs. Sh, i). Thus
Beijing experienced a dramatic change from higher tem-
peratures, lower pressures, and an anomalous cyclone to
lower temperatures and anomalous northerly winds. The
relative humidity near Beijing did not show a large
change, however. It appears that the large region of an-
omalous northerly winds plays an important part in
cleaning the air.
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Fig. 4. Asin Fig. 1, but in winter.

Table 2. Number of non-persistent pollution events and mean partic-
ulate matter values in the four seasons

Number of events Mean PM,, value (ug m™>)

Istday  2ndday  3rd day
Spring 3 284.95 33.45 42.99
Summer 5 210.46 26.18 32.05
Fall 8 197.39 31.85 30.10
Winter 11 204.25 28.94 28.79

The surface air temperature anomalies around Beijing
switched from positive to negative corresponding to the
non-persistent pollution events in summer (Figs. 6a—c).
An anomalous low and associated anomalous southerly
wind controlled the North China Plain on the polluted
day (Fig. 6d), which was favorable for the transportation
of air pollutants from regions south of Beijing where
more emissions were located. With the southeastward
movement of the anomalous low and the cyclone, anom-
alous northerly winds dominated the region surrounding

Beijing on the following two days (Figs. 6e, f). The relat-
ive humidity anomalies were small near Beijing on the
pollution day (Fig. 6g). This was replaced by very large
positive anomalies in the relative humidity (Fig. 6h),
which may be due to the anomalous convergence of
moisture at lower levels (Fig. 6¢). This indicated that the
cleaning of the air was a result of precipitation quickly
washing out particles of pollution. The anomalies in rel-
ative humidity weakened on the following day (Fig. 61).
The distribution of the pressure anomaly featured a
northwest high—southeast low pattern on the second clean
day. This pattern was typical of clean days in summer
(You et al., 2017). The composite anomalies were gener-
ally weak in relation to the small number of events.
Pronounced changes were observed in temperature,
pressure, and wind patterns corresponding to the non-
persistent pollution events in fall. On the pollution day,
Beijing and the surrounding regions were under the influ-
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Fig. 5. Composite anomalies of (a—c) surface temperature (K), (d—f) sea-level pressure (shading; hPa) and wind at 10 m (vector with scale at
top-right corner; m s™'), and (g-i) relative humidity (%) during non-persistent pollution events in spring. Polluted 1, Clean_1, and Clean_2 refer
to the polluted day and the first and second clean day, respectively. The dotted region shows where the composite anomalies are significant at the
95% confidence level according to the one-tailed Student’s z-test. Only winds that are significant at the 95% confidence level are plotted.

ence of higher temperatures (Fig. 7a) and lower pres-
sures and the anomalous convergence of winds (Fig. 7d),
which was favorable for the accumulation of pollutants.
There were positive anomalies in relative humidity
around Beijing (Fig. 7g). On the following clean days,
Beijing was characterized by lower temperatures (Figs.
7b, c), higher pressure, and anomalous northerly winds
(Figs. 7e, f). Such changes were associated with the
quick southeastward movement of negative temperature
anomalies and an anomalous anticyclone from southwest
of Lake Baikal. The change in temperature may be ex-
plained by anomalous northerly winds carrying colder air
from higher latitudes. However, the anomalies in relat-
ive humidity decreased in magnitude (Figs. 7h, i). The
changes in wind after the rapid movement of the synop-
tic patterns appeared to be a major reason for the disper-

sion of pollutants.

The changes in the meteorological patterns corres-
ponding to non-persistent pollution events in winter were
mostly similar to those in the fall. A switch in the tem-
perature anomalies from positive to negative (Figs. 8a—c)
and the replacement of lower pressure and the anomal-
ous cyclone by high pressure and anomalous northerly
winds (Figs. 8d—f) were observed around Beijing. The re-
lative humidity anomalies were small around Beijing on
clean days in winter (Figs. 8g—i). Another difference was
that the movement of the synoptic pattern was faster in
winter than in the fall.

The switch from polluted to clean air was associated
with rapid changes in the meteorological conditions. The
temperature anomaly was positive on the polluted day
and changed to negative on the clean days. The sea-level
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Fig. 6. Asin Fig. 5, but in summer.

pressure was lower on the polluted day, but it became
higher on the clean days, except in summer. An anomal-
ous convergence of lower level winds was observed on
the polluted day, which favored the accumulation of pol-
lutants. Anomalous northerly winds were observed on
clean days, which was beneficial for the dispersion of air
pollutants. These large changes in local meteorological
variables were associated with the rapid movement of
synoptic patterns, which was distinct from the days with
persistent pollution. The distinction between persistent
and non-persistent pollution events will be discussed fur-
ther in Section 5.

5. Difference in local conditions between per-
sistent and non-persistent pollution events

The previous two sections analyzed the synoptic pat-
terns corresponding to persistent and non-persistent pol-

lution events in Beijing and identified prominent differ-
ences between the two types of event. The synoptic pat-
terns tended to move slowly during persistent pollution
events, leading to stagnant weather patterns favorable for
persistent air pollution (Ye et al., 2016; Zhang et al.,
2016). By contrast, the rapid movement of synoptic pat-
terns during non-persistent pollution events led to a
prominent change in the meteorological conditions from
those favorable for the accumulation of air pollutants to
those favorable for their dispersion, meaning that the pol-
lution status could not be sustained. This section con-
siders the temporal evolution of local meteorological
conditions under persistent and non-persistent pollution
events during different seasons.

First, we compare the changes in surface temperature,
pressure, relative humidity, and wind speed. Area-mean
anomalies of these four variables were constructed based
on the average of observations from the four meteorolo-



FEBRUARY 2018

(a) Polluted 1 ()

Ta (K)

50N 3 50N

40N Je el 40N -

3N 30N J

20N ] 20N

You, T., R. G. Wu, and G. Huang

Polluted 1

91

Polluted 1 RH (%)

SLP (hPa)

son iz
40N

30N

20N -

— i
100E 120E

Clean_1

Clean_1

— —1t—
100E 120E

SLP (hPa)

(h) Clean_1

RH (%)

(b) Ta (K)

50N 50N 3

40N -t 40N

50N

40N
3N 30N 30N 4
20N - 20N - 20N
100E 120E 100E 120E
(c) Clean_2 Ta (K) (f) Clean_2 SLP (hPa) (1) Clean_2 RH (%)

50N e 50N SON 4 o
40N - 40N 40N
30N 30N - 30N -
20N 20N - 20N -

[ U [ | L. [ .
-6 129 6 -3 0 3 6 9 12 -18

Fig. 7. Asin Fig. 5, but in fall.

gical stations for the two types of event in each season
(Tables 1 and 2). A composite anomaly was constructed
from five days before to five days after the first day of
these events.

The surface air temperature increased before and dur-
ing persistent pollution events, with significant anom-
alies in all four seasons (Fig. 9a). The increase in temper-
ature was earlier in spring and summer than in fall and
winter and the temperature anomalies in spring were lar-
ger than those in the other three seasons. The temperat-
ure anomalies decreased rapidly after the end of the per-
sistent event. The pressure anomalies remained negative
and significant during the air pollution event and re-
covered quickly after the end of the persistent events in
spring, fall and winter (Fig. 9b). The pressure anomalies
switched in summer. The temporal variations in the ob-
served pressure anomalies agreed with the evolution of
pressure patterns based on the reanalysis dataset. During

the persistent pollution events, the relative humidity an-
omalies were weakly negative in spring and summer, but
large, positive, and significant in fall and winter (Fig.
9c). This is also consistent with the reanalysis dataset.
The surface wind speed weakened significantly during
the events and then recovered in the spring, fall, and
winter (Fig. 9d). The wind speed anomalies were small in
summer. These changes in wind speed were in agree-
ment with the relation of the anomalous winds to the cli-
matological mean wind direction in the reanalysis data-
set.

All four variables showed a large change from the pol-
luted day to the clean day in the non-persistent pollution
events. The surface temperature decreased rapidly after
the polluted day in all four seasons, with large negative
temperature anomalies at day 2 (Fig. 10a). The surface
pressure changed from negative to positive anomalies
(Fig. 10b) with the smallest change in summer. The relat-
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ive humidity began to decrease after the polluted day in
spring, fall, and winter (Fig. 10c). The decrease in relat-
ive humidity in summer was later than in the other three
seasons. The relative humidity anomalies were more sig-
nificant in fall and winter. The surface wind speed in-
creased from the polluted day to the clean day in all four
seasons (Fig. 10d) and the wind speed anomalies were
more significant in fall and winter.

We compared the difference in the stability of the
lower troposphere between the persistent and non-per-
sistent pollution events. Previous studies have suggested
that the presence of a temperature inversion favors the
occurrence of pollution (Ye et al., 2016). All the air tem-
perature anomalies showed an increase in significant pos-
itive values with height during persistent pollution events
in the lower troposphere below 900 hPa in the spring,
fall, and winter (Figs. 11a, ¢, d). This indicated an anom-
alous inversion during persistent pollution events, which

restricted the dispersion of pollutants. The change in the
temperature anomalies with altitude was relatively small
in the lower troposphere in summer (Fig. 11b). The
change in the positive temperature anomalies with height
in the lower troposphere was small on the polluted day
for non-persistent pollution events. However, the in-
crease in significant negative temperature anomalies with
height was large on the clean days in spring, fall, and
winter (Figs. 11e, g, h) and the vertical structure of the
temperature anomalies became favorable for the disper-
sion of pollutants. The temperature anomalies in the
lower troposphere were insignificant in summer (Fig.
11f). This suggests that the temperature inversion was
less important in the pollution events in summer than in
the other seasons.

The effects of atmospheric stability were analyzed us-
ing an instability index calculated using the reanalysis
dataset for the air temperature recorded four times per
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Fig. 9. Temporal evolutions of (a) surface temperature, (b) pressure, (c) relative humidity, and (d) wind speed anomalies from five days before
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posite anomalies significant at the 95% confidence level according to the one-tailed Student’s #-test.

day during the period January 2007 to December 2015.
The air temperature averaged over the region 37.5°—
42.5°N, 115°-117.5°E was used to calculate the stability
index, which was defined as the air temperature at 850
hPa minus the air temperature at 1000 hPa. A positive
stability index indicated that the atmospheric stratifica-
tion was stable in the lower troposphere and a negative
index indicated unstable atmospheric stratification.

The stability index value was usually positive in all
four seasons between one day before and two days after
the first polluted day of persistent pollution events (Figs.
12a—d). By contrast, the instability index was larger in
fall and winter and smaller in summer. In particular, the
instability index anomaly was significant on all three pol-
luted days (Fig. 12¢). The instability index experienced
an obvious switch from positive before the polluted day
to negative on the clean days in spring, fall, and winter
during non-persistent pollution events (Figs. 12e, g, h).
In addition, the instability index anomaly was large, neg-
ative, and significant in fall (Fig. 12g). The instability in-
dex was smaller in summer (Fig. 12f). This contrast in
the stability index indicated that the effect of atmosphe-
ric stability on pollution was more robust in spring, fall,

and winter than in summer.

An important difference between the persistent and
non-persistent pollution events was the rate of change of
the synoptic pattern with time. The synoptic patterns
changed relatively slowly during persistent pollution
events, but rapidly during non-persistent pollution
events. This led to a prominent difference in the tempo-
ral evolution of the local meteorological conditions. We
compared 3-day mean geopotential height at 500 hPa
between the persistent and non-persistent pollution
events to help understand the contributions to the differ-
ent rates of change of synoptic patterns. A stronger ridge
was observed west of Lake Baikal during non-persistent
pollution events (Figs. 13e, g) than during persistent pol-
lution events (Figs. 13a, ¢) in spring and fall. The East
Asian trough was much deeper with a westward displace-
ment and the ridge over west Siberia was much stronger
during non-persistent pollution events (Fig. 13h) than
during persistent pollution events (Fig. 13d) in winter.
This difference was associated with the distribution of
height anomalies. During non-persistent pollution events,
the height anomalies were negative over North China and
positive west of Lake Baikal (Figs. 13e, g, h). The oppos-
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Fig. 10. As in Fig. 9, but during non-persistent pollution events.

ite height anomalies were observed in these regions dur-
ing persistent pollution events (Figs. 13a, ¢, d). Conse-
quently, larger northwesterly winds were observed over
the midlatitudes of East Asia during non-persistent pollu-
tion events, which guided the rapid movement of lower
level weather systems. The meteorological conditions
were thus able to change quickly and the pollution status
was short-lived. By contrast, the mid-tropospheric steer-
ing winds were weak during persistent pollution events
and the lower level weather systems moved relatively
slowly. Such a weak circulation may be followed by
weaker cold air from the north, but more warm and hu-
mid air from the south (Zhang X. Y. et al., 2013). This
favors stagnant weather conditions and the formation of a
temperature inversion in the lower troposphere, leading
to the persistence of pollution. The difference in the 3-
day mean 500-hPa geopotential height field was relat-
ively small between the two types of event in summer
(Figs. 13D, 1).

6. Summary and discussion

We analyzed the regional synoptic patterns and local
meteorological conditions corresponding to persistent

and non-persistent pollution events in Beijing during
2007-15. The analysis was conducted separately for the
four seasons to identify inter-seasonal changes in the
factors affecting the occurrence of pollution events.
Prominent differences were detected between persistent
and non-persistent pollution events in both the regional
patterns of occurrence and the local conditions.

An analysis of the synoptic patterns suggested that the
slow movement of weather systems favored a longer dur-
ation of air pollution events. The slow movement pro-
duced stagnant weather conditions, which were unfavor-
able for the dispersion of air pollutants. By contrast, the
rapid movement of weather systems led to a dramatic
change in the local weather conditions and rapidly
changed the pollution status so the pollution event was
short-lived. The difference in the movement of weather
systems appeared to be related to the mid-tropospheric
circulation.

The regional synoptic patterns showed notable inter-
seasonal differences for persistent pollution events.
Lower pressure extended from the north to cover the re-
gion around Beijing in spring, fall, and winter, whereas
the pressure anomaly distribution featured a northwest
low—southeast high contrast around Beijing in summer.
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Fig. 11. Vertical distributions of air temperature anomalies (°C) dur-
ing (a—d) persistent pollution events and (e—h) non-persistent pollution
events in different seasons in Beijing. The marked points denote that
the composite anomalies were significant at the 95% confidence level
according to the one-tailed Student’s #-test.

Higher relative humidity was observed near Beijing in
fall and winter, whereas the relative humidity was lower
in spring and summer. The changes in temperature and
relative humidity were mostly associated with changes in
the winds. The most fundamental variable for changes in
air quality were the winds, which were dynamically con-
sistent with the pressure distribution. The effects of wind
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sons. The star symbols above the bars denote when the composite sta-
bility index was significant at the 95% confidence level according to
the one-tailed Student’s ¢-test.

changes were manifested in the transport of air pollut-
ants and in the modulation of temperature and relative
humidity via horizontal advection.

The changes in synoptic patterns corresponding to
non-persistent pollution events were mostly consistent
among the four seasons, although some differences were
seen at the time of switching. The main features in-
cluded the eastward movement of positive and negative
temperature regions and the southeastward movement of
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anomalous regions of low pressure (cyclones) and high
pressure (anticyclones). The changes in relative humid-
ity were less clear. The anomalous convergence of lower
level winds or southerly winds near Beijing was re-
placed by anomalous northerly winds during the pollu-
tion events.

The changes in the local meteorological conditions
were consistent with the movement of the synoptic pat-

terns. During persistent pollution events, the surface air
temperature first increased, was sustained at the high va-
lue, and then decreased. The surface pressure decreased
and then recovered quickly, except in summer. The sur-
face wind speed reduced, stayed at a low value, and then
increased in the spring, fall, and winter. The relative hu-
midity increased to a high value and then decreased after
the pollution event in fall and winter. During non-persist-
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ent pollution events, a large decrease in temperature and
relative humidity and an increase in pressure and wind
speed were observed in all four seasons.

The temperature inversion in the lower troposphere
was a key factor in the occurrence of air pollution in
spring, fall, and winter. The inversion was maintained
during persistent pollution events, but reversed with the
clearing of the air pollution. This contrast in the temper-
ature inversion between the two types of event was
closely associated with the temporal changes in the syn-
optic patterns. The impact of atmospheric stability on air
pollution appears to be more robust under stagnant
weather conditions.

This study focused on the impact of high-frequency
(period < 90 days) variations in meteorological condi-
tions on the occurrence of persistent air pollutions events
in Beijing. This differed from previous studies that ana-
lyzed all the meteorological fields. Some of the results
obtained in this study are similar to those of previous
studies. This indicates that high-frequency variations in
meteorological conditions determine the prominent day-
to-day changes in air quality that are often experienced in
Beijing. This study also shows that the relationship
between air pollution and the variation in relative humid-
ity in spring and summer differs from the general rela-
tionship obtained in previous studies. We identified that
the high relative humidity condition for air pollution ap-
plies in fall and winter, but not in spring and summer.

The composite analysis used in this study was based
on a defined number of pollution events. The number of
events was fairly limited in some categories, such as per-
sistent events in summer (seven events) and non-persist-
ent events in spring (three events) and summer (five
events). As such, some of the features obtained based on
this composite analysis may not be robust. Further ana-
lysis using a greater amount of data is needed to confirm
the results of this study. An analysis of synoptic patterns
with respect to the persistent pollution events determ-
ined based on PM, 5 measurements at the US Embassy in
Beijing led to similar results. In particular, the relative
humidity anomalies were large and positive in fall and
winter, but small or negative in spring and summer.
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