Response to Anonymous Referee #1

We would like to thank the referee for his/her valuable comments and suggestions which help
us improve the quality of the manuscript. All the comments and concerns raised by the referee
have been answered carefully point-by point as below and the corresponding parts in the
manuscript have been improved.

The original comments are copied here in black color.

Author’s responses are in blue color.

All changes to the manuscript have been highlighted with red color in the submitted revised
manuscript.

This paper conducted the weather analysis of heavy PMyy pollution events in Chengdu,
Deyang, and Mianyang in the northwest Sichuan Basin. Authors extracted major weather patterns,
including winds, air temperature, BLH, and pressure system during the occurrence of heavy
pollution in this region. The Sichuan Basin is one of several heavily contaminated regions across
China and has a typical geographic terrain and persistent weather system. It is necessary to
summarize the influences of such the typical terrain and weather system on air pollution prediction
in the Basin. To be published in ACP, the paper needs to be improved by addressing following
points.

Response: Thank you very much for your positive comments and nice summary.

General comments

1. From my understanding, authors used measured met data in their weather analysis. They
highlighted a dry low-pressure system at 700 mb, a warm southerly wind flow, and temperature
inversion above the ABL as favorable weather pattern contributing to heavy pollution in their
study area. A question might be rasied: what is the background weather pattern in Sichuan Basin?
Perhaps a better way to present their analysis is to show anomalies of these met variables from
their respective long-term means during the deteriorating and improving air quality, instead of
real-time measurements, such as figures 2, 4, 5, 8, 9, etc. For example, many readers might not
understand what fig.2 is all about because we cannot figure out that wind vectors in this figure are
not prevailing winds vectors and if geopotential heights represent the background GH.

Response: Thank you very much for your constructive comments. In order to present our



analysis in a better way, the anomalies of geopotential heights and wind vectors at 700 hPa, the
anomalies of west-to-east vertical cross-section of 24-hour temperature change and wind vectors
(synthesized by u and w), and the anomalies of temperature vertical profiles were analyzed in the
revised manuscript.

To explore the differences between these low-pressure systems and the background of winter
atmospheric circulation over there, the anomalies of wind vectors and geopotential heights at 700
hPa were calculated (Fig. S1). The calculation method is as follows: the averaged wind vectors
and geopotential heights at 700 hPa during periods of deteriorating air quality in the above eight
events subtracted from their winter mean values from 1 January 2006 to 31 December 2012 and
from 1 January 2014 to 28 February 2017. As illustrated in Fig. S1, the anomalies of geopotential
heights were negative in the northwest of the urban agglomeration during periods of deteriorating
air quality in these heavy air pollution events. As a result, this urban agglomeration was located in

front of an anomalous cyclone and was controlled by a strong southerly anomaly wind (Fig. S1).

40°N

30°N

25°N

20°N
90°E 95°E 100°E 105°E 110°E 115°E

2 -15 -1 05 0 05 1 15 2

Fig. S1 The anomalies of geopotential heights (shading, units: dagpm) and wind vectors (black
arrows) at 700 hPa (the averaged wind vectors and geopotential heights at 700 hPa during periods
of deteriorating air quality in the eight heavy air pollution events subtracted from their winter
mean values from 1 January 2006 to 31 December 2012 and from 1 January 2014 to 28 February
2017). The red dots show the location of the urban agglomeration.



Additionally, the anomalies of west-to-east vertical cross-section of 24-hour temperature
change and wind vectors (synthesized by u and w) (Fig. S2), and the anomalies of temperature
vertical profiles (Fig. S3) were also analyzed to further investigate the influencing mechanism of
low-pressure system on heavy air pollution events. Fig. S2 shows that anomalous warming
appeared above the atmospheric boundary layer, while anomalous cooling was observed within
the boundary layer when the urban agglomeration was located in front of low-pressure system and
was controlled by a southerly warm air flow at 700 hPa. This vertical structure of the anomalies of
24-hour temperature change led to an increase in the stability of the lower troposphere. As
illustrated in Fig. S3, the positive anomalies of temperature between 1500 m and 3000 m above
the ground level increased significantly with height. The maximum value of positive anomalies
appeared at about 3000 m and was up to 9 <C. These features revealed that a strong temperature
inversion existed above the boundary layer and suppressed the vertical exchange of atmosphere.
As a result, the anomalous secondary circulation was also confined in the boundary layer, with its
center located at about 925 hPa (Fig. S2). These results of anomalies analysis were consistent with
the above analysis for real-time data, and further proved that the influencing mechanism of

low-pressure system on heavy air pollution events is credible.
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Fig. S2 West-to-east vertical cross-section of the anomalies of 24-hour temperature change and




wind vectors (synthesized by u and w) through the most polluted area (30.75°N) (the averaged
24-hour temperature change and wind vectors during periods of deteriorating air quality in the
eight heavy air pollution events subtracted from their winter mean values from 1 January 2006 to
31 December 2012 and from 1 January 2014 to 28 February 2017). Note that the vertical velocity
is multiplied by 100 when plotting the wind vectors. The most polluted area is marked by red solid
dots. The gray shading represents the terrain.

——08:00 BST
—#—20:00 BST

5000

4000 -~

(T

-

(-

(e
I

Height (m)

b

-]

o

(=)
1

0 I I | T

-2 0 2 4 6 8 10
Anomalies of temperature (°C)

Fig. S3 Vertical profiles of temperature anomalies at Wenjiang station (30.75°N, 103.875°E)
measured by radiosonde (the averaged temperature during periods of deteriorating air quality in
the eight heavy air pollution events subtracted from their winter mean values from 1 January 2006
to 31 December 2012 and from 1 January 2014 to 28 February 2017).

2. Likewise, Table 2 presents relative vorticity at 700 hPa showing positive in deteriorating
air quality but seems not telling readers how these relative vorticities were calculated. Are these
departure from the mean averaged over all deteriorating and improving air quality events?
Similarly, how were positive and negative BLH, LTS, and MWS in Table 3 estimated?

Response: Thank you very much for your valuable comments. The values of relative vorticity
at 700 hPa in Table 2 and the values of BLH, LTS, and MWS in Table 3 were not departure from
the mean averaged over all deteriorating and improving air quality events. They all were estimated
in each of the eight heavy air pollution events. It is considered as a better way to characterize the
transits of low-pressure systems for each heavy air pollution event and to estimate the impacts of

low-pressure systems on the dispersion capacity of air pollutants in the lower troposphere.



According to your comments, the detailed descriptions of the captions for these met variables
in Table 2 and Table 3 have been revised as follows:

Table 2. Relative vorticity at 700 hPa during the periods of deteriorating and improving air
quality in each of the eight heavy air pollution events.

Table 3. Height of the atmospheric boundary layer (BLH), lower tropospheric stability (LTS),
and mean wind speed (MWS) in the lower troposphere during periods of deteriorating air quality
in each of the eight heavy air pollution events, and the differences of them between periods of
improving and deteriorating air quality in each event.

3. Authors constructed an index based on the results presented in Table 3 to predict the
occurrence of heavy air pollution. To demonstrate the usefulness of this index, authors need to
apply this index to several independent pollution events and see if the index could successfully
forecast heavy pollution in the study area.

Response: Thank you very much for your valuable comments.

First, the index of mean wind speed (MWS) in the lower troposphere was constructed based
on the concept of ventilation coefficient, which has been widely used to measure the capability of
air pollutants’ dispersion in the eastern plains of China (Deng et al., 2014; Lu et al., 2012; Tang
et al., 2015). Thus, the MWS has a certain physical meaning and rationality. The construction
basis and specific method of MWS have been added in the revised manuscript.

Sichuan Basin belongs to a low wind speed zone in China due to its deep mountain-basin
topography, and the wind speed in the mixing layer is often low and with small change
magnitudes (Chen and Xie, 2012; Huang et al., 2017; Wang et al., 2018). For analyzing air
quality in Sichuan Basin, the meteorological conditions in the lower troposphere that can reflect
ventilation should be considered. To quantitatively evaluate the horizontal dispersion of air
pollutants in Sichuan Basin, the mean wind speed (MWS) in the lower troposphere was
constructed based on the concept of ventilation coefficient (\VC is a product of mixing layer height
multiplied by average wind speed through the mixing height). In the eastern plains of China, the
ventilation coefficient has been widely used to measure the capability of air pollutants’ dispersion
(Deng et al., 2014; Lu et al., 2012; Tang et al., 2015).

Second, the usefulness of this new index (WMS) have been demonstrated to be good by

several independent pollution events. As shown in Table 3, the values of this new index (MWS) of



these six events (1-5 and 8) increased significantly after the low-pressure systems had transited
the urban agglomeration, and the air quality of these six events improved significantly. For the
events 6 and 7 which occurred during the Spring Festival, the improvement of their air quality was
mainly attributable to the stop of the letting-off of fireworks. These results revealed that the new
index could successfully forecast heavy pollution in the study area.

4. Discussions on Figs. 4 and 8. Discussions and interpretations of these two figures could be
improved by clearly describing the lifespan of the low-pressure system and other met conditions
during the pollution event. For instance, Fig. 4a shows the beginning of weather pattern causing
air pollution and Fig. 4d illustrates the met conditions in the end of pollution event.

Response: Thank you very much for your valuable comments. This manuscript have been

revised according your comments.

Other comments

1. Line 123, visibility, how is visibility measured? | don’t think visibility helps discussions.

Response: We agree with your comments, and the visibility has been removed in our revised
manuscript.

2. Line 143, not clear wind speed on the ground. In terms of no-slip condition, wind speed at
the ground surface is zero. Or the wind speed at 10 m height? How many levels from the ground
surface to 700 mb? V with an upper arrow is wind vector. If Eq 3 denotes wind speed, this upper
arrow should be removed.

Response: Thank you very much for your valuable comments. In line 143, the new index
(MWS) was calculated based on sounding data which were measured at Wenjiang station (see Fig.
1) in Chengdu. Thus, “Wind speed on the ground” has been revised to “Wind speed at the ground
surface”. The vertical levels from the ground surface to 700 mb were not fixed. In general, the
number of vertical levels was more than six. The V in Eq 3 denotes wind speed, and thus the upper

arrow of V has been removed in the revised manuscript.
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3. Line 154, any criteria being used to define a “persistent” pollution event?

Response: A “persistent” pollution event was defined by two or more consecutive days with
daily PMy, mean concentration > 250 ug m °. Moreover, this criteria being used to define a
“persistent” pollution event has been added in the revised manuscript.

A “persistent” pollution event was defined by two or more consecutive days with daily PM;q
mean concentration > 250 pg m °, which is reported to be harmful to the health of local residents
(Chow et al., 2006; Guo et al., 2016c; Langrish et al., 2012; Lim et al., 2012).

4. Line 172, in front of low-pressure, better say east or west of the low-pressure system.

Response: Agreed and corrected in the revised manuscript.

5. Line 214, “being” should be “were”

Response: Agreed and corrected in the revised manuscript.
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Response to Anonymous Referee #2

Thank you very much for your constructive comments which help us improve the quality of
the manuscript. We have carefully modified the manuscript according to your comments. We hope
you will be satisfied with our revisions.

The original comments are copied here in black color.

Author’s responses are in blue color.

All changes to the manuscript have been highlighted with red color in the submitted revised

manuscript.

General comments

Recently, air pollution issues loom large in most parts of China with the development of the
economy. Sichuan Basin is one of the seriously polluted areas. This manuscript analyze the
relationships between low-pressure systems and heavy air pollution events, and discuss the
physical mechanisms of the heavy air pollution in winter in Sichuan basic. The ten heavy air
pollution cases were used to analyse over urban agglomeration during 2006-2012 and 2014-2017
in winter, and the eight of those heavy air pollution cases were affected by a dry low-pressure
system at 700hPa. When the urban agglomeration is located in front of the low-pressure system,
the weather system is controlled by the warm south wind current, and the unstable condition
appears at the top of the boundary layer at the same time. The results will be helpful to improve
our understanding on environment studies and fall well within the scope of ACP. The minor
revisions on the present manuscript are needed before it can be published as followings.

Response: Thank you very much for your positive comments and nice summary.

Minor comments

1. (P.4) Line 120-122: Why the daily average of PMy, is from the last noon to this noon
during 2006-2012, but from the last midnight to this midnight during 2014-2017? Please try to
describe the purpose.

Response: Thank you very much for your valuable comments.

The third revision of the “Ambient Air Quality Standard” (AAQS) (GB3095-2012) in China
was released on February 29", 2012, replacing the old “Ambient Air Quality Standard” (AAQS)

(GB3095-1996). This new standard (GB3095-2012) began to be carried out gradually since 2013.



Thus, the daily average of PMy, was from the last noon to this noon during 2006-2012 based on
the new “Ambient Air Quality Standard” (AAQS) (GB3095-2012). However, based on the old
“Ambient Air Quality Standard” (AAQS) (GB3095-1996), the daily average of PMy, was from the
last midnight to this midnight during 2014-2017. These detailed descriptions have been added in
the revised manuscript.

The third revision of the “Ambient Air Quality Standard” (AAQS) (GB3095-2012) was
released on February 29", 2012, replacing the old “Ambient Air Quality Standard” (AAQS)
(GB3095-1996) and PM,s5 was adopted into the AAQS in China since 2013. The air quality
monitoring stations needed to be updated and the data of air pollutants monitored in the three
cities existed missing measurement during 2013. Thus, the winter heavy pollution events during
2013 had not been analyzed in this paper. Moreover, the PMy, daily mean concentration from 1
January 2014 to 28 February 2017 refers to the 24-hour average concentration of PM;, from 00:00
BST (Beijing Standard Time, i.e., Coordinate Universal Time (UTC) +8 h) to 24:00 BST on the
current day based on the new “Ambient Air Quality Standard” (AAQS) (GB3095-2012). However,
based on the old “Ambient Air Quality Standard” (AAQS) (GB3095-1996), the PMy, daily mean
concentration from 1 January 2006 to 31 December 2012 refers to the 24-hour average
concentration of PMy, from 12:00 BST on the previous day to 12:00 BST on the current day.

2. Fig.2: What time is the result in Fig.2?

Response: Thank you very much for this question. The weather maps at 700 hPa based on
ERA-Interim daily data show Fig. 2(a) a trough from event 2 at 20:00 BST on 28 January, 2006
and Fig. 2(b) a low vortex from event 4 at 14:00 BST on 22 December, 2007. The information is
added in the figure caption.

Fig. 2 Weather maps at 700 hPa based on ERA-Interim daily data showing (a) a trough from
event 2 at 20:00 BST on 28 January, 2006 and (b) a low vortex from event 4 at 14:00 BST on 22
December, 2007. The blue lines are isopleths of geopotential height, the red lines are isotherms
and the black arrows are wind vectors. The green dots show the location of the urban
agglomeration.

3. (P8) Line 218: from CASE 3, CASE 4, and CASE 5, the results that is the effect of the low
pressure system at 700 hpa causing the value of Boundary Layer height fall. Please describe the

reasonableness. We know, the inversion disappears at the higher level, the wind speed increases in



the lower layer, the turbulent motion enhancement, and the boundary layer height increases in the
boundary layer when the low-pressure system at 700 hPa passed.

Response: Thank you very much for your valuable comments.

First, Sichuan Basin belongs to a low wind speed zone in China due to its deep
mountain-basin topography (Fig. 1). The wind speed in the boundary layer is often low and with
small change magnitudes (Chen and Xie, 2012; Huang et al., 2017; Wang et al., 2018), and the
cold air induced by the transit of low-pressure systems usually can’t reach in the ground layer (Fig.
5). As a result, the increased magnitudes of wind speed (Fig. 6b, Fig. 7 ¢ and 7d) and the change
magnitudes of temperature (Fig. 6a, Fig. 7a and 7b) were very small in the boundary layer after
the low-pressure system at 700 hPa passed. Especially for events 3 and 4, the wind speed
decreased and a temperature inversion formed in the boundary layer. Thus, the boundary layer
heights in air pollution events 3 and 4 decreased after transit of the low-pressure system.

Second, there was a typo in the sentence of “the boundary layer heights in air pollution
events 2, 4, and 6 decreased after transit of the low-pressure system”. For event 6 which occurred
during the Spring Festival of China, the improvement of its air quality was mainly attributable to
the stop of the letting-off of fireworks. As shown in Table 2 and Table 3, the study areas were still
located in the front of the low-pressure system and the capacity for dispersion had not yet
improved (including the boundary layer height decreased) when the air quality started to improve.
Event 6 should be therefore removed in this sentence.

Third, the detailed descriptions about the reasonableness have been added in the revised
manuscript according to your comments.

From Fig.6 and Fig.7, we also found some interesting features that the effects of the transit of
low-pressure systems at 700 hPa on the meteorological factors within the boundary layer were
weak. These features may be related to its deep mountain-basin topography (Fig. 1). Under the
effects of the deep mountain-basin topography, wind speed in the boundary layer is often low and
with small change magnitudes (Chen and Xie, 2012; Huang et al., 2017; Wang et al., 2018), and
cold air induced by the transit of low-pressure systems usually can’t reach to the ground layer (Fig.
5). As a result, the increased magnitudes of wind speed (Fig. 6b, Fig. 7 ¢ and 7d) and the change
magnitudes of temperature (Fig. 6a, Fig. 7a and 7b) were very small in the boundary layer after

the low-pressure system at 700 hPa passed. Especially for events 3 and 4, the wind speed



decreased and a temperature inversion formed in the boundary layer. These characteristics of the
wind and temperature profiles in the boundary layer were the key factors leading to the evolution
of boundary layer height as shown in Table 3.

4. Table 3, Please add instructions on how to calculate the boundary layer height. The values
in the table 3 are average results, right?

Response: Yes, the values in the Table 3 are average results. The height of atmospheric
boundary layer was obtained from the ERA-Interim daily dataset at the surface with 3 h temporal
resolution (00:00, 03:00, 06:00, 09:00, 12:00, 15:00, 18:00, and 21:.00 UTC)

(http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/). This boundary layer height

was defined as the level where the bulk Richardson number, based on the difference between
quantities at that level and the lowest model level, reaches the critical value Ri,, = 0.25 (Beljaars,
2006). The instructions on how to calculate the boundary layer height have been added in the
revised manuscript.

5. CASE 6, the whole pollution process lasts a day, but the relative vorticity of air quality is
02:00 on February 3, but the air quality improvement is 14: 00 on February 3 in Table 2. Please
confirm the reasonableness of the boundary layer height.

Response: Thank you very much for your valuable comments. The boundary layer height in
event 6 has been confirmed to be correct according to your comments. As shown in the response
to the third minor comment, in event 6, which occurred during the Spring Festival of China, the
improvement of its air quality was mainly attributable to the stop of the letting-off of fireworks.
As shown in Table 2 and Table 3, the study areas were still located in the front of the
low-pressure system, and the capacity for dispersion has not yet improved (including the decrease
in boundary layer height) when the air quality started to improve. The boundary layer height has
not increased during the periods of improving air quality in event 6 because the low-pressure
system has not yet passed.

6. CASE 6 and 7, the low-pressure system at 700 hPa throughout all the pollution process,
the value of pollutant concentration was decreased quickly, why? due to fireworks only? are other
processes affecting pollution ?

Response: Thank you very much for this constructive comment.

First, the effects of fireworks on air quality in Chengdu during Chinese New Year (CNY)


http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/

from 2013 to 2017 have been investigated. The results showed that time-variations in PMj
concentration during CNY were similar in these five years, even though their meteorological
conditions were different. As illustrated in Fig. S4, PMy, concentration increased sharply during
the periods of the letting-off of fireworks in CNY, and began to decrease significantly after the
letting-off of fireworks stopped. These results were consistent with the changes in particulate
pollutant concentrations during CNY in other cities of China

(http://www.zhb.gov.cn/gkmi/hbb/gt/201702/t20170201 395336.htm). It is a common

phenomenon that PMy, concentrations decreased sharply after the letting-off of fireworks stopped
during CNY. Additionally, to evaluate the effects of excessive emission about fireworks on air
quality in a better way, we analyzed the diurnal variations of the differences of averaged PMy
concentration in Chengdu between during in the periods of the letting-off of fireworks in CNY
(defined as the period from 12:00 BST on the Eve of CNY to 12:00 BST on 1 Lunar January) and
5 days before the letting-off fireworks, and between during 5 days after the letting-off of fireworks
in CNY and in the periods of the letting-off of fireworks from 2013 to 2017, see Fig. S5. The
letting-off of fireworks during CNY was observed to have a significant effect on the air quality in
Chengdu. Especially during 5 days after the letting-off of fireworks stopped, production was
reduced, factories were shut-down and the numbers of vehicles were lower due to the week-long
holiday of CNY (Liao et al., 2017). As a result, the maximum decrease in the magnitude of PMyq
concentration was more than 220 pg m™ and occurred at night from 00:00 BST to 06:00 BST (Fig.
S5) which corresponded to the period of the centralized letting-off of fireworks.

Second, unlike in the normal heavy air pollution events, the concentrations of particulate
matter began to decrease sharply in event 6 and 7 before the low-pressure system transited over
the urban agglomeration (Fig. 8), when the strong temperature inversion still existed above the
boundary layer (Fig. 10), the local secondary circulation was still confined in the boundary layer
(Fig.9) and the capacity for dispersion has not yet improved significantly (Table 3).

Based on the above analysis results, we conclude that the sharp decreases in PMj
concentration for event 6 and 7 were mainly attributable to the significant reduction in emissions
induced by the letting-off of fireworks stopped and the week-long holiday of CNY. The detailed

discussions had been added in the revised manuscript.
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7. Fig.6, some discussions about the evolution of the PBL height may be also good for a more
complete picture.

Response: Thank you very much for this valuable comment. According to your comments,
in-depth discussions of Fig. 6 and Fig. 7 were added to explain the evolution of PBL height. The
detailed discussions had been made in the response to the third minor comment.

8. CASE 6 and CASE 7, the stronger wind shear at 850 hPa means the stronger dynamic
turbulence (Fig. 9). How about the characteristics of the wind profile in the boundary layer (refer
to Table 3) ?

Response: As shown in the response to the third minor comment, wind speeds in the
boundary layer is often low and with small change magnitudes (Fig. 6b, Fig. 7 c and 7d). In order
to explain the evolution of PBL height in Table 3, the characteristics of the wind profile in the
boundary layer have been analyzed and added in the revised manuscript.

9. Please unify the format of the references, such as uppercase and lowercase.

Response: the format of the references have been unified according to your comments.
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Abstract

The cities of Chengdu, Deyang, and Mianyang in the northwest Sichuan Basin are part of a rapidly developing
urban agglomeration adjoining the eastern slopes of the Tibetan Plateau. Heavy air pollution events have frequently
occurred over the cities in recent decade, but the effects of meteorological conditions on these pollution events are
unclear. We explored the effects of weather systems on winter heavy air pollution from 1 January 2006 to 31 December
2012 and from 1 January 2014 to 28 February 2017. Ten heavy air pollution events occurred during the research period
and eight of these took place while the region was affected by a dry low-pressure system at 700 hPa. When the urban
agglomeration was in front of the low-pressure system and the weather conditions were controlled by a warm southerly
air flow, and a strong temperature inversion appeared above the atmospheric boundary layer acting as a lid. Forced by
this strong inversion layer, the local secondary circulation was confined within the atmospheric boundary layer and the
horizontal wind speed in the lower troposphere was low. As a result, vertical mixing and horizontal dispersion in the
atmosphere were poor, favoring the formation of heavy air pollution events. After the low-pressure system had
transited over the region, the weather conditions in the urban agglomeration were controlled by a dry and cold air flow

from the northwest at 700 hPa. The strong inversion layer gradually dissipated, the secondary circulation enhanced and
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uplifted, and the horizontal wind speed in the lower troposphere also increased, resulting in a sharp decrease in the
concentration of air pollutants. The strong inversion layer above the atmospheric boundary layer induced by the
low-pressure system at 700 hPa thus played a key role in the formation of heavy air pollution during the winter months
in this urban agglomeration. This study provides scientific insights for forecasting heavy air pollution in this region of

China.

1 Introduction

Air quality, especially the occurrence of heavy air pollution events, is not only strongly affected by excessive
emission of air pollutants, but is also closely associated with meteorological conditions, including atmospheric
circulations, weather systems, structures of atmospheric boundary layer, and the corresponding meteorological
parameters (Deng et al., 2014;Gu and Yim, 2016;Li et al., 2015;Wei et al., 2011;Ye et al., 2016;Zhang et al.,
2012a). The total amount of pollutants emitted in a particular period of time is usually stable in China (Wu et al.,
2017), but there are large differences in the concentrations of air pollutants, indicating that the meteorological
conditions have an important role in modulating concentrations of ambient air pollutants (Gao et al., 2011;Hu et al.,
2014;Ji et al., 2014;Ji et al., 2012;Wang et al., 2010;Wang et al., 2009;Yang et al., 2011).

Weather systems control the ability of the atmosphere to disperse pollutants and thus provide the primary driving
force for variations in regional air pollution (Chen et al., 2008;Ye et al., 2016). Lesniok et al. (2010) reported that the
atmosphere was stagnant and that the concentrations of near-ground air pollutants increased significantly in Upper
Silesia, Poland during periods with an anticyclonic circulation. By contrast, when a cyclonic circulation prevailed,
causing an inflow of fresh air masses from regions with lower levels of pollution, the concentrations of air pollutants
decreased. As synoptic-scale high-pressure ridges at 500 hPa transit across Utah, accompanied by warm advection
above valleys, the stability of the atmosphere is increased and favors the formation of persistent pools of cold air,
resulting in deterioration in air quality (Whiteman et al., 2014).

Many studies have been carried out on the impact of weather systems on air quality in China. Bei et al. (2016)
2
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classified typical synoptic situations and evaluated their contributions to air quality in the Guanzhong Basin, China.
They found that an inland high-pressure system at 850 hPa resulted in temperature inversion, low horizontal wind
speed and a shallow atmospheric boundary layer, which favor the formation of heavy air pollution. Weather systems
have significantly impact on the transport of air pollutants. Luo et al. (2018) reported that the trans-boundary air
pollution and the pollutant concentration in Hong Kong increased when a tropical cyclones is approaching. During
winter, floating dust particles over northwestern China can be carried downstream to northern China by the prevailing
northwesterly winds at 700 hPa, where they mix with anthropogenic pollution to form a regional haze (Tao et al.,
2012;Tao et al., 2014). Changes in weather systems also significantly influence air quality. Shallowing of the East
Asian trough and weakening of the Siberian high-pressure in winter can induce weak horizontal advection and vertical
convection in the lower troposphere, reducing the height of the boundary layer in the Beijing—Tianjin—Hebei region
and favoring the formation of haze (Zhang et al., 2016).

The deep Sichuan Basin to the east of the Tibetan Plateau has a maximum elevation difference >2000 m, and is
ranked fourth in China for heavy air pollution after the Beijing—Tianjin—Hebei region, the Yangtze River Delta, and the
Pearl River Delta (Tian et al., 2017;Zhang et al., 2012b). The complex terrain leads to unique weather systems that
affect air quality in this region (Chen et al., 2014;Huang et al., 2017). Low-pressure systems, such as a southwest
vortex and low trough, are often formed at 700 hPa due to the dynamic and thermodynamic effects of the Tibetan
Plateau (Wang and Tan, 2014;Yu et al., 2016) and have different characteristics in different seasons. They are warm
and moist low-pressure systems in summer and autumn and have crucial effects on local precipitation (Feng et al.,
2016;Peng and Cheng, 1992); much work has been carried out in an attempt to understand the impacts of these
low-pressure systems on precipitation (Chen et al., 2015;Fu et al., 2011;Kuo et al., 1986;Kuo et al., 1988;Ni et al.,
2017). In winter and spring, however, these low-pressure systems are both dry and cold (Feng et al., 2016). No
attempt has previously been made to investigate the association between air quality and these dry and cold

low-pressure systems.



73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

Chengdu, Deyang, and Mianyang, have undergone rapid development to form an urban agglomeration in the
northwest Sichuan Basin. This urban agglomeration lies close to the eastern slopes of Tibetan Plateau, and is affected
by low-pressure systems moving east from the plateau (Feng et al., 2016). Heavy air pollution events have frequently
occurred over there in recent decade. Number of days with exceedance of Grade Il standards (MEP, 2012) is more
than 150 days each year in Chengdu (Ning et al., 2018). Most previous studies have investigated the basic
characteristics of air pollution (Chen and Xie, 2012;Chen et al., 2014;Luo et al., 2001;Ning et al., 2018;Tao et al.,
2013a;Tao et al., 2013b;Zhang et al., 2017) and the related meteorological parameters (He et al., 2017;Li et al.,
2015;Liao et al., 2017;Zeng and Zhang, 2017). However, the influencing mechanism of dry low-pressure system on
heavy air pollution events has yet to be comprehensively explored. The main purpose of this study was to statistically
analyze the relationships between low-pressure systems and winter heavy air pollution events in this urban
agglomeration, and to explore the physical mechanisms involved in the formation of winter heavy air pollution. This
study can deepen our understanding of the meteorological causes of heavy air pollution events in winter, and provide
scientific insights that can be used by local governments to take effective measures to mitigate air pollution.

This paper is organized as follows. The data and methods are described in Section 2. Section 3 provides a
statistical analysis of the relationships between the low-pressure systems and winter heavy air pollution. Section 4
illustrates the physical mechanisms of the effect of weather systems on air pollution and our conclusions are
summarized in Section 5.

2 Data and methods
2.1 Air quality data

Air pollution in the Sichuan Basin during the winter months is mainly caused by particulate matter (Ning et al.,
2018). The Chinese Ministry of Environmental Protection (MEP) currently monitors particles with diameters <2.5 ym
(PMy5) and particles with diameters <10 pm (PMy,). We studied heavy air pollution events occurring during the winter

months in Chengdu, Deyang, and Mianyang in the northwest Sichuan Basin (Fig. 1). We selected pollution events with
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a daily PM;, mean concentration >350 pg m ° from 1 January 2006 to 31 December 2012 and from 1 January 2014 to
28 February 2017. The third revision of the “Ambient Air Quality Standard” (AAQS) (GB3095-2012) was released on

February 29" 2012, replacing the old “Ambient Air Quality Standard” (AAQS) (GB3095-1996) and PM, s was

adopted into the AAQS in China since 2013. The air quality monitoring stations needed to be updated and the data of
air pollutants monitored in the three cities existed missing measurement during 2013. Thus, the winter heavy pollution

events during 2013 had-have not been analyzed in this paper. Moreover, the PM;q daily mean concentration from 1

January 2014 to 28 February 2017 refers to the 24-hour average concentration of PM;, from 00:00 BST (Beijing

Standard Time, i.e., Coordinate Universal Time (UTC) +8 h) to 24:00 BST on the current day based on the new

“Ambient Air Quality Standard” (AAQS) (GB3095-2012). However, based on the old “Ambient Air Quality Standard”

(AAQS) (GB3095-1996), tFhe PM;q daily mean concentration from 1 January 2006 to 31 December 2012 refers to the

24-hour average concentration of PM, from 12:00 BST—{Beijing-Standard—Time—i-e—Coordinate-Universal-Fime
{JUFC)-+8-h) on the previous day to 12:00 BST on the current day. Fhe-PM,-dathy-mean-concentration-from-1-January

eurrent-day—Hourly concentrations of PM, s, sulfur dioxide (SO,), nitrogen dioxide (NO,), carbon monoxide (CO), and
ozone (O3) were also measured in the three cities from 1 January 2014 to 28 February 2017. These above air quality

data were collected from the MEP website (http://datacenter.mep.gov.cn/index).

2.2 Meteorological data
(1) ERA-Interim daily data

To analyze the weather systems at 700 hPa, and the dynamic and thermodynamic conditions in the lower
troposphere, the temperature, the geopotential, the vertical velocity, and the u and v components of wind during the
study period were obtained from the ERA-Interim daily dataset (0.125°x 0.125<grids) from 950 to 500 hPa for a total
of 14 vertical layers (with a vertical separation of 25 hPa from 950 to 775 hPa and a vertical separation of 50 hPa from

750 to 500 hPa). These meteorological data are available for 00:00, 06:00, 12:00, and 18:00 UTC and were collected
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from the website (http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=pl/). The height of the atmospheric

boundary layer was obtained from the ERA-Interim daily dataset at the surface with a 3 h temporal resolution (00:00,
03:00, 06:00, 09:00, 12:00, 15:00, 18:00, and 21:00 UTC)

(http://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/) to explore the structure of the atmospheric

boundary layer. This boundary layer height was defined as the level where the bulk Richardson number, based on the

difference between quantities at that level and the lowest model level, reaches the critical value Ri, = 0.25 (Beljaars,

2006).
(2) Sounding data

Radiosonde measurements from launches at Wenjiang station (see Fig. 1) in Chengdu city (30.70°N, 103.83°E,
elevation 541.0 m) at 08:00 and 20:00 BST were obtained from the University of Wyoming website

(http://weather.uwyo.edu/upperair/sounding.html) and included the temperature, potential temperature, and horizontal

wind. These data were used to investigate the dynamic and thermodynamic structure of the lower troposphere.

2.3 Quantitative measures of meteorological conditions
2.3.1 Lower tropospheric stability

The lower tropospheric stability (LTS) is defined as the difference in the potential temperature between 700 hPa
and the surface (Slingo, 1987), and can be used to describe the thermodynamic state of the lower troposphere (Guo et
al., 2016a;Guo et al., 2016b). The LTS can be used to quantitatively evaluate the vertical mixing of air pollutants in

the lower troposphere:

LTS=6700npa —Osurkce @)

A large LTS represents a high degree of stability in the lower troposphere and indicates the potential for the weak
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vertical mixing of air pollutants.
2.3.2 The mean wind speed in the lower troposphere

Sichuan Basin belongs to a low wind speed zone in China due to its deep mountain-basin topography, and the

wind speed in the mixing layer is often low and with small change magnitudes (Chen and Xie, 2012;Huang et al.,

2017;Wang et al., 2018). For analyzing air guality in Sichuan Basin, the meteorological conditions in the lower

troposphere that can reflect ventilation should be considered. To quantitatively evaluate the horizontal dispersion of air

pollutants in Sichuan Basin, the mean wind speed (MWS) in the lower troposphere was constructed based on the

concept of ventilation coefficient (\VC is a product of mixing layer height multiplied by average wind speed through

the mixing height). In the eastern plains of China, the ventilation coefficient has been widely used to measure the

capability of air pollutants’ dispersion (Deng et al., 2014;Lu et al., 2012;:Tang et al., 2015). However, Thus, the

meteorological conditions above the mixing layer should also be considered in Sichuan Basin. To quantitatively

evaluate the horizontal dispersion of air pollutants in Sichuan Basin, the mean wind speed (MWS) in the lower

troposphere was constructed based on the concept of ventilation coefficient. The mean wind speed (MWS) in the lower

troposphere was defined as:

1h
MWS = - [, V(z)z @)

where h is the height above the ground at 700 hPa and V/(z) is the wind speed in the lower troposphere. This can be

simplified as follows:

1 n
MWSZHZ[Vi (2))+Via(zi1)]-05-Az, ®)
=

where n is the number of vertical layers from the ground surface to 700 hPa isobaric layer (including the 700 hPa

isobaric layer, and n is greater than 6 in general), V; (Zi) is the wind speed in a vertical layer (when i=0 represents
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the wind speed at the ground surfaceen-the-ground and i=n represents the wind speed at 700 hPa), and AZi is the

difference in height between the two adjacent vertical layers. A large value of MWS suggests strong horizontal
dispersion of air pollutants.
3 Heavy air pollution events and weather conditions
3.1 Overview of the heavy air pollution events

A total of ten heavy winter air pollution events occurred from 1 January 2006 to 31 December 2012 and from 1
January 2014 to 28 February 2017 in the urban agglomeration of Chengdu, Deyang, and Mianyang. Nine events were
accompanied by a low-pressure system at 700 hPa, and the low-pressure systems in eight events were dry and didn’t
induce precipitation. This paper explores the impacts of dry low-pressure systems on the eight winter heavy air
pollution events (see Table 1 for a summary of these eight events).

Table 1 shows that there was low visibility during these eight heavy air pollution events in which particulate
matter is the primary pollutants. Six of the eight events were classified as persistent air pollution events;. A

“persistent” pollution event was defined by two or more consecutive days with daily PM;, mean concentration > 250

ug m °, which are—is reported to be harmful to the health of local residents (Chow et al., 2006;Guo et al.,

2016c;Langrish et al., 2012;Lim et al., 2012), and the longest duration was 10 days. Most of the heavy air pollution
events had the characteristics of regional pollution, with five pollution events occurring in multiple cities. Two heavy
air pollution events (events 6 and 7) occurred during the Spring Festival, with maximum daily mean PMy,
concentrations up to 403 and 562 |g m?® on the Chinese New Year Day. This suggests that the centralized letting
letting-off of fireworks during the traditional Chinese Spring Festival, accompanied by poor conditions for the
dispersion of air pollution, may lead to a sharp increase in the concentration of particulate pollutants near ground level
within a short period of time (Huang et al., 2012;Liao et al., 2017;Shi et al., 2011;Wang et al., 2007).

3.2 Weather systems and meteorological conditions during heavy air pollution events

An analysis of the synoptic conditions showed that the urban agglomeration was affected by low-pressure systems

8
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(low vortex or low trough) at 700 hPa during periods of deteriorating air quality in the eight heavy air pollution events

(Fig. 2). These studied areas were all located in front of low-pressure systems (east of low-pressure systems) and were

controlled by a southerly warm air flow (Fig. 2). To explore the differences between these low-pressure systems and

the background of winter atmospheric circulation over there, the anomalies of wind vectors and geopotential heights at

700 hPa were calculated (Fig. S1). The calculation method is as follows: the averaged wind vectors and geopotential

heights at 700 hPa during periods of deteriorating air quality in the above eight events subtracted from their winter

mean values from 1 January 2006 to 31 December 2012 and from 1 January 2014 to 28 February 2017. As illustrated

in Fig. S1, the anomalies of geopotential heights were negative in the northwest of the urban agglomeration during

periods of deteriorating air quality in these heavy air pollution events. As a result, this urban agglomeration was

located in front of an anomalous cyclone and was controlled by a strong southerly anomaly wind (Fig. S1).

Weather systems can be characterized by their relative vorticity. A positive relative vorticity usually corresponds
to a low-pressure system, whereas a negative relative vorticity usually represents a high-pressure system. Thus the
relative vorticity at 700 hPa was analyzed during periods of both deteriorating and improving air quality (Table 2).

Table-2shews-that-As shown in Table 2, the relative vorticities at 700 hPa during periods of deteriorating air quality

were all positive. This indicated that the study areas were located in front of low-pressure systems at 700 hPa. As a
result, a southerly warm air flow dominated at 700 hPa and led to an increase in temperature above the atmospheric
boundary layer, which increased atmospheric stability and favored the formation of an air pollution event. During
periods of improving air quality, the relative vorticities at 700 hPa of six heavy air pollution events (except for events 6
and 7) were negative, showing that the low-pressure systems had transited across the study areas. These areas were
thus controlled by a northerly dry, cold air flow at 700 hPa. As a consequence, the temperature above the atmospheric
boundary layer decreased and the stability of the atmosphere weakened, which favored the vertical mixing of air
pollutants.

To explore the impacts of low-pressure systems on the structure of the atmospheric boundary layer, the boundary
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layer height during periods of deteriorating and improving air quality were analyzed for each heavy air pollution event
(Table 3). In most of the heavy air pollution events, the height of the boundary layer increased after the low-pressure
system had passed across the study area. However, the increase in the height of the boundary layer was not as
significant as that seen in Eastern China (He et al., 2015;Ji et al., 2012;Leng et al., 2016;Qu et al., 2017;Quan et al.,
2013) and the boundary layer heights in air pollution events 3, and 4,-and-6 decreased after transit of the low-pressure
system. These results show that the effects of the transit of low-pressure systems at 700 hPa on the height of the

boundary layer were weak, and the causes for the formation of these features will be discussed later. It is therefore

difficult to explain the variations in the concentrations of air pollutants in the study areas by considering only the
meteorological conditions within the boundary layer.

Previous studies have shown that the meteorological conditions above the boundary layer should also be
considered (Guo et al., 2016a;Guo et al., 2016b;Slingo, 1987). Therefore an index of the MWS in the lower
troposphere was proposed and this index, together with the LTS of the eight heavy air pollution events, was further
investigated (Table 3). The differences in the potential temperature between 700 hPa and the surface during periods of
deteriorating air quality in the eight events were all >18.54 K and the maximum value was 29.45 K, indicating that the
lower troposphere was very stable. The MWS was <4.22 m s * for all eight events, with a minimum of 1.91 m s
These results show that the low-pressure systems resulted in the stagnation of air in the lower troposphere. After the
low-pressure systems had transited the study area, the lower tropospheric stability significantly decreased, with a
maximum decrease in the LTS of up to —11.23 K, and the MWS increased. This showed that the arrival of a dry, cold
air flow induced by the transit of the low-pressure system significantly weakened the stability of the lower troposphere
and increased the wind speed, improving air quality.

In events 6 and 7, however, although the study areas were still located in front of the low-pressure system and the
capacity for dispersion had not yet improved, the concentrations of particulate matter began to sharply decrease before

the transit of the low-pressure system. Both of these events occurred during the Chinese Spring Festival. After the
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Chinese New Year Day, the letting-letting-off of fireworks stopped and the emission of air pollutants was significantly
reduced, resulting in a sharp decrease in the concentration of particulate matter (Liao et al., 2017;Shi et al.,
2011;Wang et al., 2007). The decrease in the magnitude of the daily mean concentration of PMy, in event 7 was up to
350 ug m °. These eight heavy air pollution events in the northwest Sichuan Basin can therefore be categorized into
two types based on their date of occurrence. The two heavy air pollution events (6 and 7) occurring during the Chinese
Spring Festival were categorized as Spring Festival excessive emission heavy air pollution events. The other six events
(events 1-5 and 8) were categorized as normal heavy air pollution events.
4 Impacts of low-pressure systems on heavy air pollution events

To further explore the mechanism involved in the formation of heavy air pollution events, with a particular
emphasis on the effect of low-pressure systems on air quality, a typical event was selected from the eight events
described in the preceding section. The variations in air quality and the dynamic and thermodynamic conditions in the
lower troposphere of the selected event were analyzed. Additionally, the impacts of Spring Festival excessive emission
on heavy air pollution events were also been-investigated.
4.1 The influencing mechanism of low-pressure systems on heavy air pollution events

Heavy air pollution event 8 occurred from 1 January 2017 to 6 January 2017 (Table 3) and the most polluted area
was Chengdu. The maximum daily mean concentrations of PM,s and PMy, occurred on 5 January 2017. The
maximum PM, daily mean concentration in Chengdu was up to 480 ug m . The concentrations of particulate matter
increased sharply (Fig. 3) from 00:00 BST on 3 January 2017 to 00:00 BST on 5 January 2017 and the concentrations
of nitrogen dioxide and carbon monoxide also showed an increasing trend. Since 12:00 BST on 5 January 2017, the
concentrations of particulate matter decreased significantly (Fig. 3).

Fig. 4 shows the weather maps at 700 hPa during event 8. Fig. 4a shows that there was no low-pressure system at
700 hPa over the urban agglomeration at 02:00 BST on 2 January and there was a dry, cold air flow from the northwest.

Soon, as shown in Fig. 4b, A-a low trough was generated at 700 hPa on the west side of the urban agglomeration at
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14:00 BST on 2 January 2017, which showed the beginning of low-pressure system causing air pollution. This trough

later developed and was enhanced, and the lifespan of this low-pressure system was about 3 days. the-The urban

agglomeration was still located at the front of the trough and was controlled by a warm, moist air flow from the
southwest until 02:00 BST on 5 January 2017 (Fig. 4b and 4c). The concentrations of particulate matter in the urban
agglomeration increased sharply and the air quality deteriorated. The trough developed further and a low vortex was
formed, which transited across over the study area at 02:00 BST on 5 January 2017 (Fig. 4d). The urban agglomeration

was then located behind the low vortex and was controlled by a northerly dry, cold air flow (Fig. 4d), which illustrated

the meteorological conditions in the end of air pollution event. and-As a result, the air pollutants were rapidly

dispersed.

The west—east vertical cross-sections of the 24-hour change in temperature and wind vectors (u and w) in the most
polluted area (30.75°N) (Fig. 5) and the vertical profiles of temperature and horizontal wind speed (Fig. 6) were
analyzed to investigate the effects of the low-pressure system on the dynamic and thermodynamic dispersion of air
pollutants in the lower troposphere.

Fig.4b and 4c shows that the urban agglomeration was located in front of the low-pressure system and was
controlled by a southerly warm air flow. There was a descending motion between the top of the boundary layer and
500 hPa (Fig. 5a and 5b). Under the effects of warm advection and descending motion, a warming center appeared
between 800 and 650 hPa (Fig. 5a—c) and the maximum increase in the 24-hour temperature was up to 10<C (Fig. 6a).
Weak cooling occurred below 800 hPa, a strong temperature inversion appeared between 775 and 650 hPa (Fig. 6a),
and the stability of the lower troposphere increased. The urban agglomeration was dominated by the low-pressure
system for a long time and a long-lasting strong temperature inversion was therefore induced and maintained above the
boundary layer. This was different from the temperature inversion that is often seen within the boundary layer in
Eastern China (Ji et al., 2012;Li and Chan, 2016;Li et al., 2012;Wang et al., 2014;Zhang and Niu, 2016). The

temperature inversion acted as a lid over the boundary layer, suppressing the dispersion of air pollutants. This lid effect
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restrained vertical mixing in the atmosphere and the local secondary circulation was therefore confined in the boundary
layer, with its center located at about 850 hPa (Fig. 5a—c). The horizontal wind speed below 800 hPa was <2 m s * (Fig.
6b). These results indicate that vertical mixing and horizontal dispersion were weak, causing accumulation of air
pollutants at the ground level. The concentrations of particulate matter then sharply increased to their peak value (Fig.
3), generating a heavy air pollution event.

A low vortex and trough at 700 hPa transited across the urban agglomeration and a northwestly dry, cold air flow
prevailed (Fig. 4d). Under the influence of the cold air flow, a cooling center appeared between 800 and 650 hPa (Fig.
5d), whereas the air temperature increased below 800 hPa (Fig. 5d). As a result, the stability in the lower troposphere
was weakened and the strong inversion layer gradually disappeared (Fig. 6a). The lid effect above the boundary layer
also disappeared, resulting in an increase in the local secondary circulation, the center of which was uplifted to 700
hPa (Fig. 5d). The horizontal wind speed below 800 hPa also increased (Fig. 6b). The air pollutants were able to
disperse over a larger space and the vertical mixing and horizontal dispersion were significantly improved. The air
quality improved and the heavy air pollution event ended.

To verify whether the mechanism involved in the formation of event 8 is used for the others heavy air pollution
events, the vertical profiles of temperature and horizontal wind speed in events 1-7 (Fig. 7) were explored during the
periods of both the low-pressure system controlling and transited over this urban agglomeration. Similar to the event 8,
a strong temperature inversion appeared over the study area between 800 and 650 hPa (Fig. 7a) when the urban
agglomeration was located in the front of low-pressure system and was controlled by a southerly warm air flow at 700
hPa. Meanwhile, the horizontal wind speed was low below 800 hPa; the wind speed at all levels below 850 hPa was <2
m s ! (Fig. 7c). After the low-pressure system had transited across the urban agglomeration, the strong inversion layer
above the boundary layer gradually disappeared (Fig. 7b), and the horizontal wind speed in the lower troposphere

increased (Fig. 7d). Therefore, the influencing mechanism of low-pressure system on heavy air pollution events is

common in this urban agglomeration.
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Additionally, the anomalies of west-to-east vertical cross-section of 24-hour temperature change and wind vectors

(synthesized by u and w) (Fig. S2), and the anomalies of temperature vertical profiles (Fig. S3) were also analyzed to

further investigate the influencing mechanism of low-pressure system on heavy air pollution events. Fig. S2 shows that

anomalous warming appeared above the atmospheric boundary layer, while anomalous cooling was observed within

the boundary layer when the urban agglomeration was located in front of low-pressure system and was controlled by a

southerly warm air flow at 700 hPa. This vertical structure of the anomalies of 24-hour temperature change led to an

increase in the stability of the lower troposphere. As illustrated in Fig. S3, the positive anomalies of temperature

between 1500 m and 3000 m above the ground level increased significantly with height. The maximum value of

positive anomalies appeared at about 3000 m and was up to 9 <C. These features revealed that a strong temperature

inversion existed above the boundary layer and suppressed the vertical exchange of atmosphere. As a result, the

anomalous secondary circulation was also confined in the boundary layer, with its center located at about 925 hPa (Fig.

S2). These results of anomalies analysis were consistent with the above analysis for real-time data, and further proved

that the influencing mechanism of low-pressure system on heavy air pollution events is credible.

From Fig.6 and Fig.7, we also found some interesting features that the effects of the transit of low-pressure

systems at 700 hPa on the meteorological factors within the boundary layer were weak. These features may be related

to its deep mountain-basin topography (Fig. 1). Under the effects of the deep mountain-basin topography, wind speed

in the boundary layer is often low and with small change magnitudes (Chen and Xie, 2012;Huang et al., 2017;:Wang

et al., 2018), and cold air induced by the transit of low-pressure systems usually can’t reach in the ground layer (Fig.

5). As a result, the increase magnitudes of wind speed (Fig. 6b, Fig. 7 ¢ and 7d) and the change magnitudes of

temperature (Fig. 6a, Fig. 7a and 7b) were very small in the boundary layer after the low-pressure system at 700 hPa

passed. Especially for events 3 and 4, the wind speed decreased and a temperature inversion formed in the boundary

layer. These characteristics of the wind and temperature profiles in the boundary layer were the key factors leading to

the evolution of boundary layer height in Table 3.
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4.2 Impacts of Spring Festival excessive emission on heavy air pollution events

Table 1 shows that events 6 and 7 occurred during the Chinese Spring Festival when the concentration of
particulate matter increased sharply. Low concentrations of gaseous pollutants were found throughout these two events,
however, which may be related to a reduction in production or the shut-down of factories, as well as lower numbers of
vehicles during the week-long Spring Festival (Liao et al., 2017). The centralized letting-letting-off of fireworks
during the Chinese Spring Festival played an important part in the sharp increase in the concentrations of particulate
matter (Huang et al., 2012;Liao et al., 2017;Shi et al., 2011;Wang et al., 2007). We investigated the impacts of
Spring Festival excessive emission on event 6 and 7.

It’s noteworthy that the emission of air pollutants increased sharply during this period of deteriorating air quality
for event 6 and 7 due to the centralized letting-letting-off of fireworks during the Chinese Spring Festival. What’s more,
under the effects of low-pressure system, the strong temperature inversion appeared above the atmospheric boundary
layer (Fig. 7a) and the horizontal wind speed was low below 800 hPa (Fig. 7c). The combination of excessive
emissions with poor dispersion conditions resulted in the maximum daily concentrations of PMy, occurring on the
Chinese New Year Day (Table 1). The maximum daily mean PM;y concentration of eight heavy air pollution events
occurred in event 7 and was up to 562 pg m ° (Table 1). This shows that the excessive emissions during the short

Chinese Spring Festival were able to increase the peak concentrations of particulate matter._ Thus, the centralized

letting-off of fireworks in the Chinese Spring Festival combined with the impacts of low-pressure system were the

main causes of these two events in this region of China.

Unlike in the normal heavy air pollution events, the concentrations of particulate matter began to decrease sharply
in event 6 and 7 before the low-pressure system transited over the urban agglomeration (Fig. 8a and 8b), when the
strong temperature inversion was still present above the atmospheric boundary layer (Fig. 10)-and, the local secondary

circulation was still confined in the atmospheric boundary layer (Fig. 9a and 9b) and the capacity for dispersion has

not yet improved significantly (Table 3). To explore the causes of the sharp decrease in PM;, concentration for these
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two events, the effects of fireworks on air quality in Chengdu during Chinese New Year (CNY) from 2013 to 2017

have been investigated. The results showed that time-variations of PM,, concentration during CNY were similar in

these five years, even though their meteorological conditions were different. As illustrated in Fig. S4, PMyg

concentration increased sharply during the periods of the letting-off of fireworks in CNY, and began to decrease

significantly after the letting-off of fireworks stopped. These results were consistent with the changes of particulate

pollutant concentrations during CNY in other cities of China

(http://www.zhb.gov.cn/gkml/hbb/qt/201702/t20170201_395336.htm). It is a common phenomenon that PM;g

concentrations decreased sharply after the letting-off of fireworks stopped during CNY. Additionally, the diurnal

variations of the differences of averaged PM;,_concentration in Chengdu between during in the periods of the

letting-off of fireworks in CNY (defined as the period from 12:00 BST on the Eve of CNY to 12:00 BST on 1 Lunar

January) and 5 days before the letting-off fireworks, and between during 5 days after the letting-off of fireworks in

CNY and in the periods of the letting-off of fireworks from 2013 to 2017 have been also analyzed (Fig. S5) to evaluate

the effects of excessive emission about fireworks on air guality in a better way. As shown in Fig. S5, the letting-off of

fireworks during CNY had a significant effect on the air quality in Chengdu. Especially during 5 days after the

letting-off of fireworks stopped, production was reduced, factories were shut-down and the numbers of vehicles were

lower due to the week-long holiday of CNY (Liao et al., 2017). As a result, the maximum decrease in the magnitude of

PM,,_concentration was more than 220 pug m™ and occurred at night from 00:00 BST to 06:00 BST (Fig. S5) which

corresponded to the period of the centralized letting-off of fireworks. Based on the above analysis results, we found

that the sharp decreases in PM,, concentration for event 6 and 7 were mainly attributable to the significant reduction in

emissions induced by the letting-off of fireworks stopped and the week-long holiday of CNY. This indicated that these

two events were strongly dependent on emissions. Fhus-the-centralized-letting-off-of fireworks-in-the-Chinese-Spring
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5 Conclusions and discussions

We investigated the relationships between low-pressure systems and winter heavy air pollution events in the
urban agglomeration of Chengdu, Deyang, and Mianyang in the northwest Sichuan Basin and explored the influence of
dry and cold low-pressure systems on winter air quality.

A total of ten heavy winter air pollution events occurred in the urban agglomeration from 1 January 2006 to 31
December 2012 and from 1 January 2014 to 28 February 2017. The meteorological causes of eight of these air
pollution events were attributed to dry low-pressure systems (trough and low vortex) at 700 hPa. The schematic
diagram in Fig. 11 shows that a strong temperature inversion appeared above the atmospheric boundary layer because
the urban agglomeration was located in front of low-pressure system at 700 hPa and was controlled by a warm
southerly air flow. This strong inversion layer acted as a lid over the boundary layer and suppressed the dispersion of
air pollutants, confining the local secondary circulation within the atmospheric boundary layer. The horizontal wind
speed in the lower troposphere was low. As a result, the space available for the vertical and horizontal dispersion of air
pollutants was small. The concentrations of air pollutants increased to their peak values, resulting in heavy air
pollution events.

After the low-pressure system had transited across the urban agglomeration, the strong inversion layer above the
boundary layer gradually disappeared, resulting in an increase and uplift of the secondary circulation and an increase in
the horizontal wind speed in the lower troposphere. The space available for the vertical and horizontal dispersion of air
pollutants increased and the concentrations of air pollutants decreased sharply, ending the heavy air pollution event.
The centralized letting-letting-off of fireworks during the Chinese Spring Festival was one of the main causes of the
heavy air pollution events in this region of China.

The urban agglomeration studied here, which is flanked by the eastern slopes of the Tibetan Plateau, is sensitive
to low-pressure systems moving east from the plateau (Feng et al., 2016). The complex terrain forms local secondary

circulations, which have a significant impact on air quality (Chen et al., 2009;L.iu et al., 2009;Miao et al., 2015). We
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392  found that the intensity and altitude of the local secondary circulations were markedly affected by the low-pressure
393  system and changes in circulation affected the local air quality. The mechanism of influence of the low-pressure
394  system on the local secondary circulation requires further elaboration using numerical simulation. The centralized
395 | letting-letting-off of fireworks during the Chinese Spring Festival significantly affected the air quality (Huang et al.,
396  2012;Liao et al., 2017;Shi et al., 2011;Wang et al., 2007), especially during some of the heavy air pollution events in
397  the urban agglomeration, although the impact of fireworks on air quality was remarkably different depending on the
398  dispersion conditions (Li et al., 2006). Sensitivity research should therefore be carried out using models coupled with
399  detailed meteorological and chemical processes to quantitatively examine the impacts of the centralized emission of air

400  pollutants from the Chinese Spring Festival on local air quality.
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634  Table 1. Overview of the eight heavy air pollution events affected by dry low-pressure systems.

Heavy air pollution event Most polluted da; End date of heavy air pollution event
Most yare P y vyarp Other cities
Startand end  PMy, concentration PM N PM o with heavy
Event poII_uted _ 10 e i 10  \isibitit 10 ) Visibilit air
city dates of air range in this period Date concentration Date concentration .
) pollution
pollution event (ngm™) (ngm™) (ngm™)
| 1 Mianyang 13-14 Jan 2006 284-442 13 Jan 2006 442 800 15 Jan 2006 166 12000 Chengdu
| 2 Chengdu 29 Jan 2006 407 29 Jan 2006 407 <50 30 Jan 2006 190 11000 None
3 Chengdu 19-23 Dec 2006 348-385 23 Dec 2006 385 1500 24 Dec 2006 246 11000 None
4 Chengdu 21-24 Dec 2007 260-529 23 Dec 2007 529 800 25 Dec 2007 174 3000 Mianyang
5 Chengdu  18-20 Jan 2009 264-381 19 Jan 2009 381 <50 21 Jan 2009 220 11000 Mianyang
6 Chengdu 3 Feb 2011 403 3 Feb 2011 403 2000 4 Feb 2011 190 11000 None
7 Chengdu 22-31 Jan 2014 282-562 31 Jan 2014 562 <500 1 Feb 2014 207 2500 Deyang
8 Chengdu  1-6 Jan 2017 294-480 5 Jan 2017 480 100 7 Jan 2017 118 11000 Deyang
635
636
637
638

639 Table 2. Relative vorticity at 700 hPa during the periods of deteriorating and improving air quality in each of the eight
640 heavy air pollution events.

641
Deteriorating air quality Improving air quality
Event . Relative vorticity . Relative vorticity
Time (BST) o Time (BST) 5 -1
(1x107s7) (1x<107s7)

1 02:00 on 13 Jan 2006 2.58 20:00 on 13 Jan 2006 —0.94

2 02:00 on 29 Jan 2006 4.15 08:00 on 30 Jan 2006 -3.36

3 20:00 on 22 Dec 2006 4.64 14:00 on 23 Dec 2006 -1.09

4 14:00 on 22 Dec 2007 0.59 14:00 on 23 Dec 2007 -0.82

5 02:00 on 19 Jan 2009 1.75 08:00 on 19 Jan 2009 —2.48

6 02:00 on 3 Feb 2011 2.96 14:00 on 3 Feb 2011 3.16

7 02:00 on 31 Jan 2014 9.12 02:00 on 1 Feb 2014 5.49

8 20:00 on 4 Jan 2017 6.49 08:00 on 5 Jan 2017 -5.74
642
643
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644
645
646
647 | Table 3. Height of the atmospheric boundary layer (BLH), lower tropospheric stability (LTS), and mean wind speed
648 | (MWS) in the lower troposphere during periods of deteriorating air quality in each of the eight heavy air pollution
649 | events, and the differences of them between periods of improving and deteriorating air quality in each event.

650

T . Differences between periods of improving
Deteriorating air quality

Event and deteriorating air quality
BLH (m) LTS(K)  MWS(ms? BLH (m) LTS(K)  WMS (ms™)

1 278.16 23.13 2.86 144.75 -11.23 0.41
2 375.42 29.45 412 139.08 -10.2 1.93
3 279.50 18.54 2.99 -16.45 -5.61 0.34
4 282,61 18.58 1.91 -39.62 -7.23 1.04
5 251.53 19.63 3.1 51.17 -7.88 0.85
6 282.16 25.80 422 -16.87 0.55 1.01
7 23257 25.95 421 30.77 -1.97 -1.07
8 266.23 18.88 2.59 107.57 -8.4 0.27

651

652
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655  Fig. 1 Topographic map (shading, units: m) of the Sichuan Basin (delineated in red) and surrounding areas showing
656  the location of the cities of Chengdu, Deyang, and Mianyang (red dots). The Wenjiang station is marked with blue
657  five-pointed stars. For interpretation of the colors, see web version of this article.
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Fig. 2 Weather maps at 700 hPa based on ERA-Interim daily data showing (a) a trough from event 2 at 20:00 BST on
28 January, 2006 and (b) a low vortex_from event 4 at 14:00 BST on 22 December, 2007. The blue lines are isopleths

of geopotential height, the red lines are isotherms and the black arrows are wind vectors. The green dots show the
location of the urban agglomeration.
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668  Fig. 3 Average hourly concentrations of surface PMyg (red solid line) and PM,s (blue solid line) in the urban
669  agglomeration from 00:00 BST on 3 January 2017 to 00:00 BST on 8 January 2017 during event 8. The dashed red
670 line represents Grade 11 standard of PM, daily concentration (150 pg m™3), the dashed blue line represents Grade 11
671  standard of PM, daily concentration (75 pg m ).
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Fig. 5 West-to-east vertical cross-sections of 24-hour temperature change (shading, units: <C) and wind vectors
(synthesized by u and w) through the most polluted area (30.75°N) during event 8 at (a) 14:00 BST on 3 January 2017,
(b) 08:00 BST on 4 January 2017, (c) 14:00 BST on 4 January 2017 and (d) 14:00 BST on 5 January 2017 during
event 8. Note that the vertical velocity is multiplied by 100 when plotting the wind vectors. The most polluted area is
marked by red solid dots. The gray shading represents the terrain.
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Fig. 7 Vertical profiles of (a) temperature and (c) horizontal wind speed in the urban agglomeration during periods
controlled by the low-pressure system. Vertical profiles of (b) temperature and (d) horizontal wind speed after the
low-pressure system had transited across the urban agglomeration for seven heavy air pollution events (events 1-7).
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701  lines are isopleths of geopotential height, the red lines are isotherms and the black arrows are wind vectors. The green

702  dots show the location of the urban agglomeration.
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Fig. 9 West-to-east vertical cross-sections of 24-hour temperature change (shading, units: <C) and wind vectors
(synthesized by u and w) through the most polluted area (30.75°N) during the periods of improving air quality (a) for
event 6 and (b) for event 7. Note that the vertical velocity is multiplied by 100 when plotting the wind vectors. The
most polluted area is marked by red solid dots. The gray shading represents the terrain.
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712 Fig. 10 Vertical profiles of temperature at Wenjiang station (30.75°N, 103.875°E) measured by radiosonde during
713 periods of improving air quality for event 6 and 7.
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718  Fig. 11 Schematic diagram of the mechanism of influence of a dry low-pressure system on winter heavy air pollution
719  events in the urban agglomeration.
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