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Abstract: Economic development and fast growing urbanization in China have caused severe air
pollution, with frequent pollution episodes endangering the health of inhabitants and disturbing
social activities, and as an expanding metropolis, Chengdu has suffered ever since. The concentration
variations of main air pollutants, such as PM;g, PM; 5 and NO,, often show periodicity because
of meteorological impact and anthropic activities, and display orientation discrepancies due to
influences of wind speed (WS), frequency and pollutant sources. These features have complicated the
mechanisms of pollution episodes and deepened the difficulty in pollution control evaluation. The
WS has significant influences on the periodicity and orientation variations in pollutant concentrations,
and quantifying the influence of which is of high significance and provides sustainable foundations
for pollution alleviation strategies. Different time-scale cycles (i.e., Diurnal, weekly, seasonal and
annual), along with the WS, wind frequency, wind and spatial orientations in urban areas, were
analyzed in this paper. Results show that the periodicity of diurnal, seasonal and annual cycles is
remarkable, and weekly cycle is obvious by adding the influence of the WS in 16 orientations. The WS
has direct impacts on pollutants varying in the range of 1.5-2.5 m/s, and has a remarkable diffusion
effect on pollutants once above 2.5 m/s. Over heavy pollution hours in diurnal, weekly, annual cycles
and transitional seasons, the WS had more significant influences on pollutants, and whereas the
wind frequency is not the main impact factor for orientation variations. For Chengdu, the northeast
orientation is suitable to construct a wind panel with a remarkable diffusion effect on pollutants,
while air pollutions in the northwest and southwest orientations were severe with the WS below
1.5 m/s, and pollution diffusion in the north-northwest orientation was the worst. This work can
provide guidance and reference for urban planning optimization and air environment protection in
cities with air quality control considerations impacted by city wind.

Keywords: city wind; air pollutants; orientation variations; concentration; urban planning

1. Introduction

With the rapid economic achievement and development in China, accelerated urban-
ization has been catalyzing many megacities like Chengdu, serving as one of the national
central cities in western China [1]. Urban features affect the atmospheric flow, turbulence
regime, circulation and microclimate, by means of the UHI (Urban heat island), increased
surface roughness, and concentrated condensation nuclei by which the PMs (particulate
matters) can be transformed into aerosols [2]. With the population and resources clustering
in expanding urban sprawls, the high density implies more severe emissions, pollution
concentrations and population exposures [3]. In addition, it has multiple impacts on the
health of inhabitants, and few threats are more fiercely felt by residents than air pollu-
tion [4]. With recent years’ high frequencies of air pollution episodes in China, the air
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quality deterioration and PM concentration phenomenon have become one of the prior-
ities of public concerns [5]. Anthropogenic emissions, formation of secondary aerosol
and adverse meteorological conditions are considered as main causes of heavy pollution
episodes, which are often related to stagnant dispersion conditions, and measures are
needed urgently to alleviate the air pollution in response to short-term alerts.

Recent studies on heavy pollution episodes emphasized the combination of obser-
vation and numerical simulation to visualize the influences of multiple meteorological
factors on haze events, which are mainly concerned with large spatial areas and short
time intervals [6]. Other studies focused on special time ranges, such as monsoon seasons,
abnormal weather events and festivals, and either the meteorological or anthropogenic
influence on pollutants was emphasized, but studies referring to the comprehensive effect
of the two were few [7]. For data scales and time ranges, daily or monthly samples were
common for studies referring to annual or yearly ranges, while studies involving hourly
data were often related to the field measurement, which usually lasted for days or weeks,
but very few can extend data scales to 8760 h over the year [8]. Moreover, studies on air
pollution control measures focused on restricting pollutant sources, which was a funda-
mental solution to eradicate air pollution, but the effect of which that performed in the long
term was difficult to be evaluated, since short-term meteorological influences on pollutants
were remarkable and often concealed original effects of emission control measures [9,10].
Improving urban planning strategy based on wind distribution for ventilation can lessen
the intensity of pollution episodes instantly, and short-term changes in atmospheric stability
would exert more considerable impacts on urban pollutants than control source strengths,
hence researching the periodicity of the wind environment and pollutant variations can
optimize pollution control strategies and its evaluation methods [11].

Air pollution in Chengdu has specific sources, and among pollution episodes recently,
the low fluidity and temperature inversion phenomena were meteorological symbols of
secondary pollution events, while the long-range transport source was the main cause
of dust events [12]. Chen et al. [13] analyzed two dust events in 2013 and found that
the desert dust air in Chengdu was mostly from the northeast and strongly impacted the
local air quality, but exhibited weak regional features. Shi et al. [14] indicated that higher
contributions of the crustal dust in spring were caused by strong winds, and found that
nightly winds cleared many of the pollutants from the air shed, and had no noticeable
weekday/weekend effect. Wang et al. [15] compiled the air pollutant emission inventory
of Chengdu, according to the Multiresolution Emissions Inventory of the Chinese Model,
2017 (MEIC v1.3), and found that the pollutant emission of Chengdu is generally higher
in winter than in summer, emissions of residential and industrial sectors are dominant.
Zhou et al. [16] completed the IVE model and calculated the motor vehicle emission factors
on various types of roads in Chengdu’s different development areas, the spatial distribution
of on-road mobile source pollutant emissions showed that emissions were concentrated
in the downtown with a decreasing trend from the downtown to the suburbs and the
outer suburbs. Hu et al. [17] based on land-use (LU) classification maps, examined the
effects of urban landscapes on pollutant concentrations at different spatial and temporal
scales in Chengdu and found that increasing the area, largest patch index, and patch
cohesion of forests and grasslands, as well as reducing the area, largest patch index,
and patch cohesion of farmlands and developed lands, could effectively lower pollutant
concentrations. Wang et al. [18] assessed the effects of extensive usage of air conditioning
systems in Chengdu during summertime, and the results suggest that using air conditioning
systems facilitates the dispersion of air pollutants over Chengdu. Sun et al. [19] used GIS
spatial analysis technology and landscape ecology analysis methods to analyze the dynamic
changes in land cover and landscape patterns in Chengdu as a result of urban development,
evaluated and compared the wind speed and temperature results simulated using new and
old land-use data (1980 and 2015), the results show that the concentration of PM; 5 in urban
areas was higher than that in the suburbs, and the concentration of PM; 5 was lower on
Longquan Mountain in Chengdu than in the surrounding areas. The above studies were
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involving meteorological simulations, pollutant variations and sources in Chengdu, but
results had limited significance in instructing short-term pollution control, and orientation
variations in pollutant concentrations were still indistinguishable, and quantified analyses
on proper wind conditions in alleviating the air pollution were also in deficiency [20,21].

The wind can both dilute and transport pollutants, but the weak surface wind and
low mixing layers would limit the dispersion of urban pollutants, and anomalous winds
in the lower troposphere may transport external sources [22]. The wind speed (WS) was
thought to be inversely sensitive to pollutants, and airborne concentrations attributed
largely to the dispersion prompted by the WS. Grundstrém et al. [23] found that the low
WS was common in some Lamb Weather Types with specific prevailing wind directions,
and concluded that both concentrations and size distributions of the PM were strongly
dependent on the meteorological conditions, with the wind direction as the dominant
influencing factor. Squizzato et al. [24] found that the high WS can reduce pollutant
concentrations by increasing the vertical dispersion, but can also transfer pollutants from
a buoyant source. Uria-Tellaetxe et al. [25] concluded that negative correlations between
aerosol mass concentrations and the WS indicate the dominance of local sources, and
found that different source types can have different WS dependencies. The above studies
were involving cities that are mostly located in coastal areas, which are often affected by
monsoons and sea winds [26]. While for cities in the hinterland like Chengdu, high still
wind frequencies were common but received limited attention [27]. A study in Shenzhen, a
mega city in southern China, has confirmed that the urban surface-wind patterns greatly
affected pollutant concentrations [28]. The above results proved the influences of the
wind direction and WS on pollutants separately, but neglecting the combined effect of the
two, and ignoring orientation variations in pollutant concentrations that were affected by
the WS and discrepant spatial allocations [29]. Thus, clarifying local ventilation patterns
and quantifying the proper wind condition in prompting pollutant dispersion are of
high significance to assess the effect of source control strategies and short-term pollution
episodes, which might have a profound and long-run beneficial influence on public health
with exposure risk control of main city air pollutants [30,31].

The main objective of this research is to quantify the alleviation effect of urban ven-
tilation on air pollution from perspectives of both time and space and provide guidance
for pollution control strategies. The influence of the WS on pollutants at multiple time
scales can be analyzed by introducing the periodicity in 4 cycles, and orientation variations
in pollutant concentrations can be judged by referring to wind and spatial orientations.
Influences of the WS on the PM;(, PM; 5 and NO, concentrations contain the interference
of the pollutant transportation and the altercation of the diffusion effect. Moreover, the
causes of the heavy pollution status, rather than the non-directional pollutant sources, can
be further analyzed by identifying orientation variations of pollutants. The urban space
is divided into 16 orientations, and the pollutant concentrations in each orientation are
analyzed superimposed on the distribution of urban land and important public infrastruc-
ture. This study identifies the main land use types in heavily polluted areas of the city
and explores the main causes of pollution in different areas of the city, and analyzes the
relationship between urban spatial characteristics and the dispersion of PMjy, PM; 5 and
NO; pollutants. The conclusions can provide information for cities to develop pollution
reduction strategies for different areas. In addition, valuable wind panels in urban areas
can be identified by considering the wind environment and local pollution status. This
work is important for pollution control measures optimization in the short and middle
term in tackling heavy pollution episodes, by analyzing heavy pollution hours in 4 cycles
and the effect of the WS and anthropogenic patterns on the air quality, and proposing a
feasible standard to evaluate the rationality of urban allocations, by analyzing orientation
variations of pollutants in the spatial dimension. The used analysis method is general,
which can be applied to other cities that with limited wind resources (e.g., those located
in the hinterland), and have illustrative significance in delving into the effect of the wind
environment and urbanization on the air quality. This work can provide guidance and
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reference for urban planning optimization and air environment protection in cities with air
quality control considerations impacted by city wind.

2. Methods
2.1. Geographical Information of Chengdu City

Chengdu, one of the biggest inland metropolises in southwestern China, is located at
102.9° E-104.9° E in longitude and 30.1° N-31.4° N in latitude and is the capital of Sichuan
province. Within the range of the Chengdu plain (12,390 km?), the planning control area
of the central city is 626 km?, Chengdu covers a built-up area of 2176 km? and occupies
the western part of the Sichuan basin, which is surrounded by the Tibetan plateau in
the west, Yunnan-Kweichou Plateau in the south and Qin Mountain range in the north.
Chengdu is nearly free of exterior incursions due to its topography, and has a subtropical
monsoon climate with high frequencies of still wind, and hours with the condition of
“no wind” and “indefinite wind direction” occupies more than half of the year (details in
Table 1). According to the textual information of the “General Land Use Plan of Chengdu
(2006-2020)”, the urbanization of the central city of Chengdu shows a trend of expansion
to the northwest and south, and its construction land and building density are growing
rapidly. The northwestern part of the central city is a cluster of industries such as industrial
and mining industries and logistics industries, as well as a rail transportation hub area
that connects to other cities in western China. The southern part of the central city is a
high-tech industry cluster and is an important area for Chengdu to connect to global air
transportation. The center area is dominated by residential land and public facilities. The
eastern part of the city was once the old industrial area of Chengdu, but after a series
of old city renovation measures such as industrial restructuring and people’s welfare
projects, it has become the main recreational area of the city, with the highest amount of
concentrated green space. Satellite cities in the outskirts have specific functions: Pidu
district concentrates on industries, Wenjiang functions as the technology and innovation
center, Shuangliu country serves as the air transport center, Longquanyi lay emphases on
automobile manufacturing, and Xindu sets goals for freight transport. Tianfu’s new district
includes the Wuhou, Chenghua districts and Shuangliu districts, and will be the new city
center with large amounts of construction (including the new Tianfu International Airport).

Table 1. 11 groups in diurnal, weekly, seasonal and annual cycles.

Clusters Time Ranges Hours Clusters Details Time Ranges Hours
New Year’ 00:00, 1 January
Peak hours 24:00~11:00 4380 e ® 2019~23:00, 3 72
. ay January 2019
Diurnal cycle
3 00:00, 7 February
O}f\f peak 12:00~23:00 4380 Spring Festival 2019~23:00, 13 168
ours February 2019
00:00, 00:00, 2 April
Weekday Monday~23:00, 6240 Tomb 2019~23:00, 4 April 72
hours . Sweeping Day A
Friday 2019
Weekly cycle
00:00, Festival hours 00:00, 30 April
Weekend Saturday~23:00, 2520 May Day 2019~23:00, 2 May 72
Sunday 2019
00:00, 19 December 00:00, 9 June
2018-23:00, 3 o Annual Cycle Dr;‘gor.‘ Bfat 2019~23:00, 11 June 72
February 2019 estiva 2019
Winter hours 00:00, 7 N b 00:00, 15 Septemb,
:00, ovember .y :00, eptember
2019~23:00, 17 Mid-autumn 2019~23-00, 17 72
December 2019 estiva September 2019
00:00, 4 February 00:00, 1 October
Seasonal cycle Spring hours 2019~23:00, 4 May 2184 National Day 2019~23:00, 7 168
2019 October 2019
00:00, 5 May . . 00:00, 24 January
Summer hours 2019~23:00, 5 2232 Sprlnguift“’al 2019~23:00, 3 977
A 201 March 201
ugust 2019 TRD hours arch 2019
00:00, 6 August 00:00, 1 July
Autumn hours 2019~23:00, 6 2232 H O?i‘g;‘mlgr sh 2019~23:00, 31 1487
November 2019 y Ry August 2019
Workday hours 5600
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2.2. Meteorological Data

Data of the wind orientation and frequency, WS, PM;g, PM; 5 and NO, concentrations
for over 8760 h were collected in this paper, covering hourly variations from 2018.12.19 to
2019.12.18. Real data of the wind orientation and WS were assembled from the meteorologi-
cal monitor (Figure 1) that was set by the airport, with consecutive updating by the website.
Three pollutants were monitored by the local environmental protection department, and
released by the Chengdu environmental air quality publishing system. The air quality
monitor of “Wuhou technical park” was selected since it lies between the meteorological
monitor and the city center, and can lessen the excessive interferences between the vehicle
traffic and the UHIL. PM;o, PM; 5 and NO, are major pollutants locally and often exceed
the national air quality standard. NO, is a gaseous pollutant and mainly originated from
vehicle exhaust and agricultural chemicals, and is one of the major sources of the UFP
(Ultra-fine particle) which includes PM;y and PM; 5. The lifetime of the NO; is rather short
and can be the indicator for the real time variation and local pollutant source, whereas the

PM;jy and PM, 5 have lifetimes of about 1-2 weeks and months, and can be indicators for
long range transport sources.
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Figure 1. Wind and spatial orientations of Chengdu and the location of monitors and satellite cities.

Data of 8760 h were classified into different groups, 24 h in a day, 7 days in a week,
3 months in a season, official festival, travel-rush-day (TRD) and workday in a year, based
on the periodicity of diurnal, weekly, seasonal and annual cycles accordingly (Table 1). The
diurnal cycle can be further divided into the peak and off-peak hours in terms of fluctuant
features of the WS and 3 pollutants in a day, with dividing points at 11:00 and 23:00.
Weekly cycle can be divided into the weekday (from Monday to Friday) and weekend
(Saturday and Sunday) hours, covering 6240 h and 2520 h individually. The dividing
points in the seasonal cycle corresponded to the Chinese lunar calendar: spring begins
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(19 February 2004), summer begins (19 May 2005), autumn begins (19 August 2006) and
winter begins (19 November 2007), and each season corresponded to 3 months. According
to the official festival and TRD schedule, the annual cycle can be divided into festival,
TRD, and workday hours. Above all, hourly data of 11 clusters in 4 cycles showed the
comprehensive effect of the meteorology and anthropogenic patterns, and heavy pollution
hours can be distinguished by comparisons.

To further analyze orientation variations of the WS and 3 pollutants, 16 wind and
spatial orientations (Figure 1) were introduced in Chapter 4. Hours in 11 clusters can be
further classified into 16 orientations (Table 2), by precluding hours of “no wind” and
“indefinite direction”, and mean values of the WS and pollutant concentration can be
calculated according to 16 orientations. The wind frequency of 16 orientations had two
groups of peak values: the group of “NE to N” (4), “N” (5) and “NW to N” (6), and the
group of “SW” (11), “SW to S” (12) and “S” (13), with the orientation “N” (5) had the
maximum frequency, and orientation “SW to S” (12) was second to that; and the group
of “NW” (7), “NW to W” (8) and “W” (9) was the valley value, with “NW to W” (8) had
the minimum frequency, and “W” (9) was second to that. The orientation with higher
wind frequency had better utilization value and can enhance the dispersion of pollutants
by constructing wind panels, while the orientation with lower wind frequency should be
cautious of nearby pollutant sources.

Table 2. Wind frequencies of 16 orientations in 11 groups.

16 Orientations

No Indefinite NE NE NW NW SW sW SE SE
Wind Direc- SUM E to NE to N to NW to W to SW to S to SE to
tion @@ E @B N (6 N @ W (® W @ay S @3 S @15 E
@ @ (6) ®) (10) 12 (14) (16)

Hour %  Hour %  Hour % Wind Frequency (%)
ggfll;s 1568 36% 1106 25% 1706 39% 129 170 317 598 219 100 275 070 147 551 116 165 996 399 217 1.29
Og(')lflizk 577 13% 1176 27% 2627 60% 430 4.00 476 108 191 666 213 084 137 305 796 120 107 411 381 445
Wflglflfgy 1542 25% 1670 27% 3028 49% 327 310 439 849 207 839 248 076 162 390 958 131 101 376 291 343
Wﬁiﬁ’;‘i 603 24% 612 24% 1305 52% 276 3.07 352 9.89 189 705 215 084 092 429 897 153 112 475 375 268
V}Yé?frir 573 27% 589 28% 950 45% 5.05 337 442 100 202 874 179 063 084 274 958 122 989 442 253 358
sﬁ‘l‘r‘f 586 27% 545 25% 1053 48% 475 323 522 103 196 731 209 114 237 465 109 107 741 313 332 3389
S‘ﬁg‘gser 419 19% 578 26% 1235 55% 1.38 243 397 721 186 866 275 073 130 486 826 154 138 518 291 259
Aﬁ;ﬁg“ 567 25% 570 26% 1095 49% 1.83 347 301 858 225 721 274 064 110 356 9.04 163 995 338 384 292
Fﬁiﬁ‘;:l 193 28% 147 21% 356 51% 3.09 225 393 899 205 815 253 112 056 253 871 149 115 337 534 253
JRD 706 29% 638 26% 1120 45% 295 348 286 571 174 103 295 098 179 348 848 150 1L1 554 438 3.66
Wﬁ;ﬁij 1352 24% 1422 25% 2826 50% 3.08 3.04 467 102 212 686 212 067 138 435 991 132 101 361 244 3.08

3. Results
3.1. Pollutant Concentrations and WS in Diurnal, Weekly, Seasonal and Annual Cycles

Figure 2 shows the average curves and fluctuation ranges of 3 pollutants and the WS in
the diurnal cycle, and the PM;( concentration was the highest with wider fluctuation ranges
in 24 h and per hour, while the NO, concentration was close to the PM, 5 concentration but
with smaller fluctuations in per hour. In the diurnal cycle, the period from 23:00 to 11:00
was defined as peak hours, during which pollutant concentrations were high and remained
almost unchanged; while the period from 11:00 to 23:00 was defined as off-peak hours,
and showed apparent valleys in three curves. The bar graph showed variations of the WS,
with average values fluctuating around 1.85 m/s in peak hours and 1.05 m/s in off-peak
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hours, with average values varying from 0.7 m/s to 2.3 m/s. In peak hours, the PMyg
and PM; 5 curves were moderate and average values fluctuated around 120 ug/ m?> and
75 ug/m3 respectively, while the NO, curve had a small valley and average values varied
from 60 pg/m? to 80 ug/m3. In off-peak hours, apparent valleys occurred in 3 curves,
which may concern higher WS and escalating temperature in the afternoon, and average
values of the PM;g, PM; 5 and NO, varied from 80 pg/ m3 to 117 ug/ m3, from 50 ug/ m?
to 70 pug/m3, and from 42 pg/m3 to 80 pg/m?3, respectively. Moreover, as NO, has close
relationships with vehicle exhausts, two peaks in the diurnal cycle indicated the morning
and evening travel rush hours, but with delays for 2 or 3 h. The average curves of the three
pollutants showed different patterns in peak and off-peak hours, and the periodicity of the
diurnal cycle was obvious.

____Peakhours . _Off-peakhours _ _ Peakhours
140 : 1 PM« concentration: (3.0
: 1 PM.; concentration:
I NO: concentration :
1 Wind speed :
@ 120 —2.5
E ,,,,,,,,,,,,,,,,,,,,,,,, E
E |
2 1 Lo
- T : =1
C 100 T 2.0 o
S : ; a
=} ) L : T
E )\ : ®
€ i : ®
@ 80 %"%/ i} : o
3 L
] [71]
o /} %/
60— % y é/%’
\Ei;’
40 T T 0.5

l T 7
P A - )
2,76, 7> e %o <o, <7, <0 <0 %,
D% % D % % %P %Y % %

Figure 2. Pollutant concentrations and the WS in diurnal cycle.

Average values and fluctuation ranges of three pollutants and the WS for over seven
days per week were shown in Figure 3, and weekday hours included hourly data from
Monday to Friday, while weekend hours indicated hours on Saturday and Sunday. The
PM; concentration was the highest with wider fluctuation ranges daily and in seven days,
while the NO, concentration was the lowest with narrow fluctuation ranges. Average
values of the PM;g and PM; 5 fluctuated around 115 pg/ m? and 75 ug/ mS, respectively,
while the NO, concentration was above 64 pg/m? during weekday hours and below that
during weekend hours, which indicated the traffic decrease during the weekend. Moreover,
pollutant concentrations were higher on Monday, apart from smaller WS, indicating that air
pollution was more severe at the beginning of the workday. PMjy and PM; 5 concentrations
were the lowest on Wednesday, but the NO, concentration was the highest, and the apparent
low WS indicated stagnant dispersion conditions, which can be ascribed to local pollutant
sources other than exterior sources. Above all, pollutant concentrations had small peak-
valley differences in seven days with no more than 10 pg/m?, and the average WS varied
in the range between 1.4 m/s and 1.55 m/s, and there were no apparent discrepancies in
weekday and weekend hours, and the periodicity of the weekly cycle was vague.
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Figure 3. Pollutant concentrations and the WS in weekly cycle.

Figure 4 showed average curves and fluctuation ranges of three pollutants and the WS
in 12 months, and every three months corresponded to one season. The PM; concentration
was the highest with a wider fluctuation range in each month and per season, while the NO,
concentration was close to the PM, 5 concentration but with a smaller fluctuation. Pollutant
concentrations showed that: winter hours > spring hours > autumn hours > summer hours,
and average curves of three pollutants had the biggest variations in winter hours and
smallest variations in spring hours. PM;g, PM; 5 and NO, concentrations obtained peak
values in December, which were 215 pug/m?, 160 ug/m? and 85 pg/m?, respectively, and
with subsequent decreases for months; and after obtained valley values in July, which
were 65 pg/m?, 42 pug/m3 and 50 pg/m?3, average curves were escalating. Aberrant
values occurred in March, PM;g and NO, concentrations were apparently higher than
average curves by reaching 145 pg/m? and 80 ug/m?, and except for the higher WS and
better dispersion effect. These phenomena might be related to exterior sources or the
late spring coldness. WS variations in the bar graph showed the opposite trend with
pollutant concentrations basically but not in the good coupling since influences of other
meteorological factors on pollutants could be in-negligible. Average WS obtained the
highest value of 1.85 m/s in May and obtained the lowest value of 1.07 m/s in December,
and aberrant values occurred in February and September (both were 1.35 m/s). Above all,
the periodicity in the seasonal cycle was obvious.

Festival, TRD and workday hours were distributed over the year, and were inappro-
priate to demonstrate by temporal sequence, thus box-whisker plot graphs in Figure 5
indicated average values and fluctuation ranges of three pollutants and the WS in the
annual cycle. In festival hours, PM;g and PM, 5 concentrations had the highest average
values, which were 115 pg/m? and 90 pg/m3, respectively, and had the widest fluctuation
ranges, with the lower and upper quartiles being 85 nug/m? and 170 pg/m3 for PM;g con-
centrations and were 50 pg/ m? and 115 ug/ m?3 for PM, 5 concentrations. During workday
hours, the average value of the NO, concentration was the highest (70 ug/m?). In TRD
hours, PM;g, PM; 5 and NO, concentrations had the lowest average values which were
90 pg/m?, 50 pg/m? and 55 pg/m?, respectively, and had the narrowest fluctuation ranges,
with the lower and upper quartiles were 55 pug/m? and 115 pg/m? for PM concentrations,
and were 33 pg/m3 and 73 pg/m? for PM, 5 concentrations, and were 30 pg/m3 and
70 ug/ m? for NO, concentrations. The average WS in Festival, TRD and workday hours
were all 1 m/s, and the WS in festival hours had wider fluctuation ranges. Above all, air



Atmosphere 2023, 14, 1068

90f19

quality was bad during festival hours, and the abrupt increase in festival activities was
the main cause of deterioration. Pollutant concentrations in TRD hours were significantly
lower, with the decrease of pollutant sources, and were also related to the pervasive of rail
transit. With discrepancies in the festival, TRD and workday hours, the periodicity in the
annual cycle was obvious.

Winter Spring ummer _ , Autumn _, Winter
€ -----—>|<5----->|<------>|<--->4
1: PMy concentration ~2.0
1: PM:s concentration
: : 1: NO: concentration
200 : : : Wind speed
: B ; 1.8
E :
S| -
= : .6 3
c : o
(<} /2]
- T
M 120 ®
= \{’\ H.4 @
c e
o
3] N \i\ 3
G N \\ L @
80 ,——, -
O N /;K\ o / 2
\/ TR zd ,f&‘/
0 JAN | MAR | MAY | ﬁ ‘ sep_|_Nov_| b
FEB APR G ocT DEC

Figure 4. Pollutant concentrations and the WS in seasonal cycle.
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Figure 5. Pollutant concentrations and the WS in annual cycle: Box-whisker plots of PMyg (blue),
PMj, 5 (green) and NO; (red) concentrations and the WS (white). The lower and upper ends of the
boxes signify lower and upper quartiles, respectively, and the short lateral lines inside the boxes
indicate the mean values. The lengths of whisker denote the 5-95% range, and the star (*) marks the
aberrant values.
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3.2. Influence of WS on Pollutant Concentrations in 16 Orientations

The influence of the WS on pollutant concentrations was demonstrated by linear
equations with data points that corresponded to 16 orientations. It indicates that pollutant
concentration always decreases with increasing WS. Figure 6 shows (a) peak and (b) off-
peak hours in the diurnal cycle, and the linear R2 between the WS and PM;y, PM; 5 and
NO; concentrations in peak hours, which were 0.791, 0.784 and 0.803, respectively, were
higher than that in off-peak hours, with values were 0.413, 0.343 and 0.555. In the diurnal
cycle, the WS had a greater effect on the NO, concentration than on the PM;g and PM; 5
concentrations, and pollutant concentrations in peak hours were higher than that in off-
peak hours. During peak hours, the WS had significant influences on three pollutants,
illustrating that as the WS prompted the dispersion of pollutants, exterior sources were
also introduced. While in off-peak hours, the WS had limited influences on three pollutants
and pollutant concentrations were basically affected by local pollutant sources. Moreover,
when the WS varied in the range of 1.5-2.5 m/s, linear correlations between the WS and
three pollutants were significant, illustrating that the WS had direct impacts on pollutants,
and aberrant values occurred once beyond that range. Furthermore, PM;y and PM;5
concentrations that corresponded to the orientation “NE to E” (2) in Figure 6a were below
average levels, and pollutant concentrations that corresponded to the orientation “NW to
W (8) in Figure 6b were far above average levels.
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Figure 6. Influence of WS on pollutant concentrations over (a) diurnal peak and (b) off-peak hours.

Figure 7 showed comparisons between (a) weekday and (b) weekend hours, and
pollutant concentrations in the weekly cycle had no obvious discrepancies, but the linear R?
between the WS and PM;,, PM; 5 and NO, concentrations in weekday hours (R? is 0.744,
0.682 and 0.64) were apparently higher than that in weekend hours (R? is 0.44, 0.526 and
0.592). During weekday hours, influences of the WS on three pollutants were significant
and the WS had a greater effect on PM;( concentration than on NO, concentration, while
in weekend hours, WS had limited influences on three pollutants. The periodicity of the
weekly cycle was vague when judged by pollutant concentrations, but can be significant
by considering the influence of the WS on three pollutants. Moreover, disparities of the
R2 between the WS and NO, concentration during weekday and weekend hours were
slight, thus during weekend hours, when the influence of the WS on PM;y and PM; 5
decreased, the WS seemed to have a greater effect on NO;. This phenomenon indicated
source discrepancies of three pollutants in the weekly cycle: during weekday hours, three
pollutants had steady sources both locally and exteriorly; while during weekend hours,
the influence of the WS on PM;g and PM; 5 concentrations decreased significantly and the
WS had no apparent decrement, illustrating that pollutant sources of UFP were unsteady,
which largely affected by anthropogenic activities. Furthermore, the WS concentrated in
the range of 1.5-3 m/s in the weekly cycle, and the NO, concentration that corresponded
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to the orientation “NW to W” (8) in Figure 7a was far beyond the average level with the
WS below 1.5 m/s.
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Figure 7. Influence of WS on pollutant concentrations over (a) weekday and (b) weekend hours.

Figure 8 showed (a) winter, (b) spring, (c) summer and (d) autumn hours in the
seasonal cycle, and the linear R? between the WS and PM;, PM, 5 and NO, concentrations
in transitional seasons (R? is 0.648, 0.692 and 0.7 in spring hours, and were 0.711, 0.693 and
0.479 in autumn hours) were higher than that in winter (R2 were 0.519, 0.443 and 0.618),
while the R2 in summer hours were the lowest. Pollutant concentrations were the highest
in winter hours, and the WS had a greater effect on the NO, concentration than on the
PM, 5 concentration; while in summer hours, pollutant concentrations were the lowest,
and the WS had limited influences on three pollutants. Moreover, compared to spring
hours, the WS had a far more significant influence on the PM;y concentration than on
the NO; concentration in autumn hours, illustrating that significant long range transport
sources existed in autumn hours; while in spring hours, the influential extent of the WS on
three pollutants were in equilibrium and pollutant concentrations were affected by local
and exterior sources. Furthermore, PM;y and PM; 5 concentrations that corresponded to
orientation “W” (9) in Figure 8a were far below average levels, resulting in a low overall R?
in winter hours. In transitional seasons, when WS varied in the range of 1.5-2.5 m/s, linear
correlations with three pollutants were more significant.

Figure 9 showed the (a) festival, (b) TRD and (c) workday hours in the annual cycle,
and the linear R2 between the WS and PM;p, PM; 5 and NO, concentrations in workday
hours (R? were 0.685, 0.639 and 0.719) were higher than that in festival hours (R? is 0.44,
0.601 and 0.7), while the R? in TRD hours were the lowest. Pollutant concentrations were
the highest in festival hours, and the WS had a far more significant influence on the NO,
concentration than on the PM;g concentration, indicating that pollutant concentrations in
festival hours were mainly affected by local pollutant sources, which are closely related to
vehicle exhausts and transport volumes. During workday hours, the influential extent of
the WS on three pollutants was in equilibrium and pollutant concentrations were affected
by local and exterior sources. Furthermore, pollutant concentrations that corresponded to
orientation “NW to W” (8) in Figure 9a were far above average levels.
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(d) autumn hours.
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Figure 9. Influence of WS on pollutant concentrations over (a) festival, (b) TRD and (c) workday hours.

4. Discussion

By introducing the wind and spatial orientations in urban areas, analyses of orientation
variations of the pollutant concentration can be further interpreted as comparisons of the
air pollution status and pollutant dispersion in 16 orientations. The spatial orientation with
heavy pollution can be analyzed by considering wind frequencies and social development
status, and the cause of the heavy pollution can be attributed to either exterior sources or
poor dispersions. During heavy pollution hours in four cycles, the WS had more significant
influences on pollutant concentrations. Thus, diurnal peak hours, weekday hours, spring
and autumn hours in the seasonal cycle, and workday and festival hours in the annual cycle
were analyzed in this part, of which with linear R?> between the WS and three pollutants

above 0.6.

Figure 10 showed pollutant concentrations and the WS over diurnal peak hours,
during which the WS prompted pollutant dispersions and introduced exterior sources. The
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PM;o and PM; 5 concentrations varied in consistency among 16 orientations, and obtained
higher values in orientations 6, 7, 11, 12 and 13, and lower values in orientations 2, 3 and 4.
By comparing the high pollution area with the “Chengdu Urban Master Plan (2011-2020)”
and the current information on land use in Chengdu provided by the Chengdu municipal
bureau of planning and natural resources, it can be found that the areas with the highest
PM;g and PM; 5 concentrations are precisely the areas with the highest construction density
and industrial concentration in the city. Figure 10b shows the parcels of commercial and
warehouse land in the city, which are mainly located in the orientation of 6,7, 11, 12 and 13.
Whereas orientations 6 and 7 face Pi county, the upstream (northwest of the Pidu district)
of which is the Pengzhou petroleum plant, and the corresponding WS were below 1.5 m/s,
hence both exterior sources and poor dispersion were the causes of the high pollutant
concentration. orientation of 11, 12 and 13 have high wind frequencies but wind speeds
below 1.8 m/s, suggesting that the higher building density in the area leads to lower wind
speeds, resulting in poor dispersion and higher pollutant concentrations. While the NO,
concentration varied with slight differences, and obtained higher values in orientations 8
and 16. Comparing the current urban land use situation, it can be seen that the orientation
of 8 and 16 are located in the largest railway station area of the city, which is the distribution
area of urban logistics and people flow, and the excessive traffic pressure is the reason for
the high NO, in these two areas.
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Figure 10. Pollutant concentrations and WS among 16 orientations: (a) over diurnal peak hours, with
respect to (b) commercial and industrial land use planning map in Chengdu.
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Figure 11 showed pollutant concentrations over weekday hours, which were affected
by steady local and exterior sources. PMg and NO, concentrations in orientation 8 were
the highest among 16 orientations, because of the poor dispersion with low wind frequency
and the corresponding WS was below 1.5 m/s. In addition, Wenjiang district, where
the orientation 8 was facing, had no apparent sources both locally and exteriorly. As a
traffic hub and a commercial land area, there are more traffic emission sources and higher
building density in the orientation of 8, with low wind speeds, and this area was beyond
the adjustable range of the local wind environment, and accumulated burdens from traffic
related emissions might be the main cause of heavy pollution.
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Figure 11. Pollutant concentrations and WS among 16 orientation s over weekday hours.

Figure 12a,b shows pollutant concentrations and the WS over spring and autumn
hours, and pollutant concentrations were higher over spring hours, and the pollution
status over autumn hours was influenced by exterior sources remarkably. Three pollutants
had higher values in orientations 7 and 8 over spring hours, and had higher values in
orientations 6, 7, 8, 10 and 11 over autumn hours. Comparing the wind speed in spring and
autumn, it can be found that the wind speed of 7 and 9 orientations in autumn is larger
than the wind speed in spring. The pollutant concentration curves of 7 and 9 showed a
decrease in the autumn when the wind speed was higher, indicating that the higher wind
speed had a better pollutant dispersion effect in the same area.

Figure 13a,b shows pollutant concentrations and the WS over workday and festival
hours, and the pollution status over festival hours was influenced by traffic related sources.
Over workday hours, three pollutants had higher values in orientations 6, 7 and 8, and
lower values in orientations 3 and 4. While over festival hours, the NO, concentration
in the commercial land use areas, such as orientations 7 and 11, which are mainly office
functions, showed a decrease. The NO, concentration in the orientation of 8 which is a
railroad transportation hub, and the orientation 10 which is influenced by an air transport
hub and Shuangliu traffic hub area, showed a rise. In particular, orientation 8 has the
highest pollutant concentration, which is due to the low wind frequency and very low
WS causing the poor dispersion of local emissions. However, it should be noted that
the pollutant concentration in orientation 16, which is also a transportation hub, is lower
than in orientation 8. The reason for this is that orientation 16 is in a centralized urban
green area and has a lower building density, which makes the wind speed higher and
effectively diffuses the pollutant sources. In addition, the dispersion effect of orientations
3 and 4 was excellent with apparently higher WS than above 4 m/s, which are the areas
with the highest wind speed in each orientation, and with no apparent sources in the
corresponding orientations, hence pollutant concentrations were the lowest over workday
and festival hours.
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Figure 12. Pollutant concentrations and WS among 16 orientations over (a) spring and (b) au-
tumn hours.

Over heavy pollution hours in diurnal, weekly, annual cycles and transitional seasons,
the WS had more significant influences on pollutants, and whereas the wind frequency was
not the main influencing factor for orientation variations. Comparisons among six time
intervals in four cycles, the diffusion effect of orientations 2, 3 and 4 were excellent, with
medium wind frequencies but exceptional high WS above 2.8 m/s, and wind panels to
accelerate urban ventilation in these directions should be constructed. On the contrary, the
wind in orientations 6, 7, 8, 11, 12 and 13 had a limited effect on pollutant dispersions, with
the WS below 1.5 m/s generally and apt to be affected by local or exterior sources. The air
pollution in orientation 8 (NW to N) was severe, and the pollution status in this area was
beyond the adjustable range of the local wind environment.
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Figure 13. Pollutant concentrations and WS among 16 orientations over (a) workday and (b) festival
hours, with respect to (c) green land use planning map in Chengdu.
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5. Conclusions and Prospects

From the fluctuation patterns of the WS and three pollutants, the periodicity of di-
urnal, seasonal and annual cycles was remarkable, and the weekly cycle was obvious by
adding the influence of the WS in 16 orientations. In the diurnal cycle, three pollutants
had apparent valleys over off-peak hours, which may be concerned with higher WS and
escalating temperature in the afternoon; and two peaks of the NO, concentration indicated
the morning and evening travel rush hours, but had delays for 2 or 3 h. In the weekly
cycle, NO; concentrations over weekend hours were lower than that over weekday hours,
and the traffic volume on Monday increased after the decrement over the weekend. In
the seasonal cycle, pollutant concentrations show that: winter hours > spring hours > au-
tumn hours > summer hours, and obtained peak values in December and valley values
in July. In the annual cycle, PMjy and PM; 5 concentrations were the highest over festival
hours, while NO; concentration was the highest over workday hours, and pollutant con-
centrations were the lowest over TRD hours for three pollutants. From the perspective
of urban space and pollution concentrations, the areas with the highest PMjy and PM; 5
concentrations show a high overlap with the concentrated areas of urban commercial
and warehouse sites, where high building density leads to low wind speeds, resulting
in poor dispersion and high pollutant concentrations. The areas with the highest NO,
concentrations have a high overlap with areas where people and logistics are concentrated,
such as urban transportation hubs like train stations and airports. In such areas, excessive
traffic pressure and poor wind environment are the main causes of high NO, pollutant
concentrations in cities. In addition, urban concentrated green areas have an effect on
reducing the concentration of pollutants. In areas with low wind speed cities, planning
urban concentrated green areas is an effective way to reduce the concentration of pollutants
in local areas of the city.

During heavy pollution hours of diurnal, weekly, annual cycles and transitional
seasons, WS had more significant influences on pollutants, and whereas wind frequency
was not the main influencing factor for orientation variations. WS had direct impacts
on pollutants when varied in the range of 1.5-2.5 m/s, and had remarkable diffusion
effects on pollutants once above 2.5 m/s. In the diurnal cycle, as the WS prompted the
diffusion of pollutants, exterior pollutant sources were also introduced. In the weekly cycle,
pollutant sources showed discrepancies over weekday and weekend hours, by adding
the influence of the WS on pollutants in 16 orientations. In the seasonal cycle, pollutant
concentrations over spring hours were mainly affected by local pollutant sources, while
the influence of the exterior pollutant source was significant over autumn hours. In the
annual cycle, pollutant concentrations were mainly affected by local sources and vehicle
exhausts. For Chengdu, the northeast orientation was suitable to construct a wind panel
with a remarkable diffusion effect on pollutants, while air pollutions in the northwest and
southwest orientations were severe with WS below 1.5 m/s, and pollution diffusion seems
to be the worst in the north-northwest orientation.

The work at this stage initially makes a tentative effort to investigate the possible
correlation between ambient air pollutants concentrations with city wind environment and
distribution variations on different time scale considerations. When fitting and integrating
the air pollutant concentration with climatic parameters, it will be affected by many other
factors, such as atmospheric circulation, city size, physical-chemical properties of studied air
pollutants, urban temperature, humidity and precipitation conditions, etc. Such limitations
also arise in some future research works for further investigation:

(1) An inland city with a monsoon climate, Chengdu, in western China is chosen as
the case here, with a loop layout and central symmetry urban planning. Changes in
climatic zones or regions (tropical, subtropical, maritime climates, etc.), terrain types
(plain, plateau, mountain, coastal cities, etc.), and specific urban planning (commer-
cial/industrial/residential districts, traffic network, etc.) can contribute to various air
quality levels and distributions from different space and time scale perspectives.
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(2) Dynamic and coupled climatic conditions play a significant role in determining spe-
cific city outdoor air environments, in terms of dynamic temperature, humidity,
precipitation and wind variation impacting both pollutants distribution and possible
interactive reactions. The linear fitting approach is used here to approximately qual-
ify the multi-impact city pollution distributions with climatic factor and time-scales
considerations. More accurate and advanced algorithm or statistics analysis methods
such as multiple regression, Fourier transformation, sequential quadratic program-
ming, etc. might be more helpful to reveal explicitly the multi-factor interactive
influence mechanism.

(38) Practical city air quality index also depends on the pollutant types, monitoring and
evaluation standards. For instance, the emission and transmission mechanisms are
quite different among particles, volatile organic compounds and microorganism con-
taminants, resulting in different wind impacting effects. In practical applications, the
air quality index could vary widely with different monitoring approaches, bench-
marks and reference values, even in places or climatic regions.

Although the specific results obtained in typical cases may not meet all the situations
under different conditions, the analysis methods used in this article, through quantitatively
linking air pollutant concentrations with city wind distributions, are general and can
be applied to other occasions. This work can provide analysis guidance and reference
for urban planning optimization and city air quality control with wind-related climatic
considerations, especially for those undergoing massive city expansion and infrastructure
construction in developing countries.
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