atmosphere

A

Article

Characters of Particulate Matter and Their Relationship

with

Meteorological Factors during Winter Nanyang 2021-2022

Miao Zhang >3*(, Shiyong Chen !, Xingang Zhang !, Si Guo !, Yunuo Wang !, Feifei Zhao 1, Jinhan Chen !,
Pengcheng Qi !, Fengxian Lu !, Mingchun Chen # and Muhammad Bilal >*

check for
updates

Citation: Zhang, M.; Chen, S.; Zhang,
X.; Guo, S.; Wang, Y.; Zhao, E; Chen,
J.; Qi, P; Lu, F; Chen, M,; et al.
Characters of Particulate Matter and
Their Relationship with
Meteorological Factors during Winter
Nanyang 2021-2022. Atmosphere 2023,
14,137. https://doi.org/10.3390/
atmos14010137

Academic Editor: Kei Sato

Received: 11 December 2022
Revised: 30 December 2022
Accepted: 4 January 2023
Published: 8 January 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Academy of Remote Sensing Technology and Application, Nanyang Normal University,

Wolong Road No. 1638, Nanyang 473061, China

Key Laboratory of Natural Disaster and Remote Sensing of Henan Province, Nanyang Normal University,
Wolong Road No. 1638, Nanyang 473061, China

Engineering Research Center of Environmental Laser Remote Sensing Technology and Application of
Henan Province, Nanyang Normal University, Wolong Road No. 1638, Nanyang 473061, China

Teacher Education College, Beijing Language and Culture University, Xueyuan Road No. 15,

Beijing 100083, China

School of Surveying and Land Information Engineering, Henan Polytechnic University, Jiaozuo 454000, China
*  Correspondence: zm_liesmars@whu.edu.cn (M.Z.); muhammad.bilal@connect.polyu.hk (M.B.);

Tel.: +86-151-3909-7793 (M.Z.)

Abstract: The purpose of this study is to investigate the air quality levels of Nanyang city according
to Chinese air quality standards. Therefore, in this study, fine particulate matter (PM; ), coarse
particulate matter (PMj), and total suspended particulate (TSP) were analyzed from 19 November
2021 to 19 March 2022 in Nanyang city. The results show that the average concentrations of PM; 5,
PMjy, and TSP were 106.47 ug/ m3, 137.32 ng/ m?, and 283.40 ng/ m>, respectively. The numbers
of days that meet the national secondary air quality standard of 24-h average concentrations were
29.75% for PMy 5, 63.64% for PMyg, and 63.64% for TSP, indicating that most of the time, the air
quality of Nanyang city remains polluted in winter, especially with more contributions of PM; 5
compared to PM;g and TSP. The higher concentrations were observed between 07:00 and 08:00,
suggesting that vehicular emissions can be a major cause of air pollution in Nanyang city. The results
also show a significant positive correlation between particulate matter and relative humidity, and a
weak correlation with temperature and wind speed, which suggests that higher relative humidity
increases the formation of particulate matter. This study can provide theoretical support for the local
government to formulate air pollution prevention and control policies for Nanyang city.

Keywords: aerosol; particulate matters; Nanyang city; meteorological factors; winter

1. Introduction

Aerosols are suspended systems of liquid or solid particles in the atmosphere [1,2].
The aerodynamic diameter of aerosol particles usually ranges from 0.01 to 100 um, and
their shapes can be subspherical, flaky, needle-like, or irregular [3]. Aerosols affect climate
mainly through several mechanisms: first, atmospheric aerosols directly affect climate
by scattering and absorbing short-wave and long-wave radiation [4-7]; second, aerosols
can act as cloud condensation nuclei and ice nucleating particles affecting cloud micro-
physical characteristics, and cloud droplet number density, cloud phase, and cloud life
cycle indirectly affect the climate system [8,9]; third, aerosol particles indirectly influence
atmospheric chemical processes, thus changing other atmospheric components such as
greenhouse gases [10-15]. Aerosols affect the climate as well as the surrounding ecological
environment and human health [16]. With the advancement of scientific research, aerosols
are closely related to many environmental problems such as haze and smog events [17,18].
The fine particulate matter PM, 5 (particle aerodynamic diameter is less than 2.5 um) and
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PM;j (particle aerodynamic diameter is less than 10 um) are considered as the main pollu-
tants of air pollution and play an important role in regional and urban pollution space [19].
The increase of PM; 5 and PMjg in mass concentration can increase the extinction coeffi-
cient of the atmosphere and reduce the visibility through the atmosphere, leading to the
occurrence of smog events, and harm the environment and human health, thus more and
more attention has been paid to the study of particulate matters on hazy days [20-24].

The observation study of aerosols is a prerequisite for haze pollution management and
prevention. In China, the rapid development of the economy and urbanization construction
has led to a large number of anthropogenic pollutant emissions and several haze pollution
episodes in recent decades. Scientists have conducted a large number of experimental
studies on haze and have achieved many pioneering research results. PM; 5 concentrations
during smog in Wuhan are 9.9 times higher than those during non-smog periods (333 versus
34 ug-m—3), which showed that the degree of haze pollution was very serious [25]. Li et al.
studied the temporal and spatial distribution of PM; 5 and PM; in Shen-yang, Northeast
China. The relationship between PM and meteorological factors is discussed [26]. Li et al.
used trajectory clustering potential source contribution function (PSCF) and concentration-
weighted trajectories (CWT) methods to study transmission paths and potential sources
of PM; 5 and PMj in each season in Beijing [27]. Tao et al. found that increasing relative
humidity can increase PMj 5 particle size, increase its extinction characteristics, and reduce
visibility. At the same time, increased relative humidity also contributes to PM; 5 produc-
tion [28]. At present, the haze in China is mainly distributed in the Beijing-Tianjin-Hebei
region [29,30], the Yangtze River Delta region [31], and the Pearl River Delta region [28,32];
where the economy is developed and the level of anthropogenic pollutants emission is
high, haze is responsible for a long-lasting wide range of highly concentrated aerosols.

In recent years, the Central Plains region of China has also experienced rapid economic
development and urbanization, and air pollution events have been occurring. Located
in Central China, Nanyang is a more developed city in southwestern Henan province
and a strategic water source for the Chinese South-North Water Transfer Project. The city,
located in the Nanyang Basin, has seen rapid economic development and frequent air
pollution incidents in recent years. However, relatively few studies have been conducted
on atmospheric particulate matter in Nanyang. Therefore, this study selects Nanyang as
the experimental area and focuses on the concentration characteristics of PM, 5, PMjp, and
TSP, and the causes of and the relationship between particulate matter and meteorological
factors during winter from 19 November 2021 to 19 March 2022.

2. Materials and Methods

The air quality monitoring station is located in Nanyang, a city with an area of
approximately 26,000 km? and with a population of approximately 9,713,100 [33] in the
southwest of Henan Province. It is at the intersection of the three provinces of Hubei, Henan,
and Shanxi as well as the core of the geographic region formed by the three provincial
capitals, i.e., Wuhan, Zhengzhou, and Xi’an. The climate is generally moderate and is
a four-season humid subtropical climate, with strong monsoon influences: winters are
cool but dry, and summers are hot and humid. Spring and autumn provide transitions of
reasonable length.

The Nanyang Normal University Station (NYNU) was selected as the experimental
site, which is located in the southwest suburb of Nanyang and the left bank area of
the Baihe River (Figure 1). The air quality monitoring station comprises a particulate
matter monitoring module and a meteorological element monitoring module. The particle
monitoring module consists of a 2.5 um sampling head and a 10 pm sampling head, which
can continuously provide real-time measurements of TSP, PM; 5, and PM;( concentrations
using the light scattering method, and data transmission to the background computer for
storage. The measuring range of the data is 0-1000 ug/m?3, and the minimum monitoring
limit is <1 pg/ m3. The meteorological element module includes five sensors that can
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provide real-time measurements of temperature, relative humidity, wind direction, wind
speed, and air pressure. The measuring accuracy and range are given in Table 1.
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Figure 1. Location of the air quality monitoring station (Latitude: 32°17' N-33°48’ N; Longitude:
110°58' E-113°49’ E).

Table 1. The measuring accuracy and range of parameters in the NYNU site.

Parameters Unit Accuracy Range
PM, 5 (ug/m?3) <1 0~1000
PM; (ug/m?3) <1 0~1000

TSP (ug/m?3) <1 0~1000

WS (m-s~1) +0.3 0~30
T (°Q) +0.3 —30-70

RH (%) +5 0~100

The experimental period is from 19 November 2021 to 19 March 2022, which coincides
with the high incidence of haze during winter in Nanyang and is conducive to the in-
depth exploration of haze characteristics. In the study, we first used statistical methods
to analyze the overall characteristics of PM2.5, PM10, TSP, and the meteorological factors
(wind speed, wind direction, temperature, and relative humidity) in winter in Nanyang.
Then, the characteristics of the day-to-day variation of these variables are studied, and the
relationship between PM2.5, PM10, TSP, and the meteorological factors is discussed.
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3. Results and Discussion
3.1. Temporal Behavior of Particulate Matters and Meteorological Factors

The temporal behaviors of PM; 5, PMyg, TSP, temperature, relative humidity, and wind
speed are shown in Figure 2, and the statistical information of the corresponding parameters
is given in Table 2. In general, all six physical variables had certain daily cycle features; the
features of PM, 5, PM;(, and TSP were the same, and the mean concentrations of PM, 5,
PMjy, and TSP were 106 pg/m3, 137 pg/m3, and 283 pg/m?, respectively, indicating that
concentrations of particulate matter were higher than the Chinese ambient air quality
secondary standard (100 pg/m?3 annual mean for PMyg, 35 ug/m? annual mean for PM, 5).
The standard deviations of PM, 5, PMyg, and TSP were 57 ug/m3, 74 ug/m?, and 131 ug/m?3,
respectively, indicating that concentrations of particulate matter had more dramatic changes
during the observation period. In January 2018, the mean PM, 5 mass concentration in
Wuhan was 170 pg/m? during polluted weather, which was higher than the four-month
mean PM; 5 mass concentration observed in this study [34]. At the NYNU site, a heavy
pollution event occurred from 16 to 20 January 2022, and the maximum concentrations of
PM, 5, PMj, and TSP were 309 nug/ m3, 399 ug/ m3, and 747 ug/ m?, respectively, which
were 2.9, 2.9, and 2.6 times, respectively, that of the average concentrations throughout
the winter season. This indicates that the mean particulate matter concentrations in the
Nanyang area during the severe winter haze were very high. This severe haze event was
similar to what was experienced in Wuhan in June 2012, when the PM, 5 concentrations
reached 333 pg/ m?, which was 9.9 times higher than the PM; 5 mass concentration during
normal days [25].

Table 2. Statistics of each variable of particulate matter and meteorology parameters during the
experimental period.

Percentiles
Parameters Unit Mean SD Number Skewness

10% 25% 50% 75% 90%
PMy 5 (ug/m3) 106.47 57.35 2888 1.10 39.60 69.14 96.85 101.90 131.77
PMyy (ng/ m?) 137.32 74.20 2888 1.09 50.76 89.06 125.27 170.23  236.35
TSP (ng/ m3) 283.40 131.28 2888 1.09 130.27 198.04 26210 341.61 458.63

WS (m-s~1) 0.61 0.53 2888 2.34 0.18 0.26 0.44 0.75 1.30

T °O) 5.59 5.04 2888 0.98 0.38 2.21 4.18 8.30 13.98

RH (%) 73.31 16.54 2888 —0.32 51.62 61.96 73.41 86.56 93.97

Nanyang is located on the dividing line of the zero degrees isotherm in January in
China, with an average temperature of 6 °C and average relative humidity of 73% in
winter. This indicates that the winter temperature in Nanyang is relatively low and the
relative humidity is relatively high. The lower temperature is not conducive to atmospheric
convection, resulting in a lower atmospheric boundary layer height and an increase in
particulate matter concentration [35]. The higher relative humidity is conducive to the hy-
groscopic growth of aerosols, which increases concentration. The higher relative humidity
is also conducive to the occurrence of optical secondary reactions of polluting gases and
the formation of new aerosol particles, which also increases the particulate matter mass
concentration and aggravates the air pollution level. At the same time, the average wind
speed (WS) was lower (1 m/s), and the main prevailing wind direction was southeast (26%
relative frequency) and east (22.5% relative frequency) (Figure 3). This could be related to
the topography of Nanyang as it belongs to the basin terrain, surrounded by mountains on
three sides (Qinling mountain range in the northwest, Fuyu mountain range in the north,
and fewer mountains in the southwest). Low wind speed is not conducive to the transport
and dispersion of pollutants, which might contribute to haze pollution events. Therefore,
the meteorological and topographical factors of Nanyang could be one of the triggers for
the local haze pollution events.
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Figure 2. Time series of each variable over the whole experimental period (red line), black dots
indicate the daily average of the parameters: (a) PM; 5 (1ug/ m3); (b) PMyg (ng/ m?); (c) TSP (ng/ md);
(d) Temperature (°C); (e) Humidity (%); (f) Windspeed (m/s).

Figure 4 shows the relative frequency and cumulative frequency distribution of each
variable of particulate matter and meteorology during the experimental period. Skewness
is a measure of the direction and degree of skewness of the data distribution, indicating
the degree of asymmetry of the density curve of the probability distribution relative to the
mean, which intuitively appears to be the relative length of the tail of the density function
curve. The normal distribution has a skewness of zero; there is a positive skewness if the
data distribution is skewed to the left, and a negative skewness if the data distribution is
skewed to the right. As given in Table 2, skewness values of PM; 5, PM;g, TSP, WS, T, and
RH were 1.10, 1.09, 1.09, 2.34, 0.98, —0.32, respectively, indicating that distributions of all
variables are skewed to the left, except for the relative humidity, which is skewed to the
right. As shown in Figure 5, concentrations of PM, 5 were mainly concentrated in the range
of 25~150 pg/m3, with a relative frequency of 75%; concentrations of PMy were mainly
concentrated in the range of 25~200 pg/m?, with a relative frequency of 79%; concentrations
of TSP were mainly concentrated in the range of 100~375 ng/m?, with a relative frequency
of 79%. The distribution of T (°C) was mainly concentrated between —2.5~10 °C, with
a relative frequency of 86%; RH (%) is mainly concentrated between 80%~100%, with
a relative frequency of 54%, indicating that the relative humidity is high during winter.
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WS (m/s) is mainly concentrated between 0~0.5 m/s, with a relative frequency of 56%,
indicating a low wind speed value during winter.
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Figure 3. Wind speed and direction rises at the NYNU site in Nanyang from 19 November 2021 to 19
March 2022.
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Figure 4. Relative and cumulative frequency distributions of the variables over the entire experimen-
tal period: (a) PM; 5; (b) Temperature; (c) PMyg; (d) Relative Humidity; (e) TSP; (f) Wind speed.
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Figure 5. Daily trends of each variable at the NYNU station during the experimental cycle. Black dots
represent the mean and red areas represent the standard deviation of (a) PMy 5 (ug/ m3); (b) Tempera-
ture (°C); (c) PMyq (ug/ m?); (d) Humidity (%); (e) Total suspended particulate matter TSP (ug/ m?);
(f) Windspeed (m/s).

Table 3 presents PM, 5 and PM;; concentrations observed at several stations in China,
including urban and rural stations. The mean and standard deviation of PM; 5 and PMjg
in winter at the NYNU site were 106 4 57ug/m?3 and 137 + 74 pg/m?3, respectively. As
mentioned, PM;,5 and PM;( concentrations exceeded the Chinese national secondary
standard, which was nearly equivalent to the concentrations in Beijing (108 png/m? for
PMy 5,172 pg/ m?3 for PMj) [32], but was lower than other major cities during periods of
haze pollution, such as Wuhan (170 pg/m3 for PM,5) [34] and Nanjing (222 pg/m? for
PM; 5, 316 ug/ m? for PMy) [36]. This suggests that the air pollution level in Nanyang city
was comparably moderate. The mean PM, 5/PMj ratio of 0.77 indicates the presence of
mainly PM, 5 compared to PMj, and this result is consistent with the findings of Zhang
et al. [33]. The mean value of PM, 5 /PMj( in mainland Chinese cities was 0.67, which is
also similar to our result [37].

Table 3. Comparison of particulate matter mass concentration between NYNU station and other

regional stations.

PM; 5 PMyg

SITE TYPE PERIOD SEASON (ug/m’)  (ug/md) Reference
NYNU (China) urban November 2021-March 2022 Winter 106 =57 137 +74  This work
Taocha (China) rural October 2018-September 2019 Annual 51+£22 57425 [33]
Wuhan (China) urban 18-21 January 2018 Winter 170 —_— [34]

Shenyang (China) urban 2014-2015 Annual 72 118 [26]
Nanjing (China) urban 2001 Annual 222 316 [36]
Chengdu (China) urban 2009-2011 Annual 60 71 [38]
Hongkong (China) urban January 2000-December 2001 Winter 50.2 789 [39]
Shanghai (China) urban January 2004-December 2005 Winter 68 118 [40]
Beijing (China) urban September 2017-August 2019 Annual 108 172 [32]
Guangzhou (China) urban March 2013-February 2014 Annual 52 73 [32]
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3.2. Diurnal Variation of Particle Concentrations and Meteorological Factors

Figure 5 shows the daily variability of each variable at the NYNU monitoring station
during the experimental period. From Figure 5a,c,e, it can be seen that the concentrations
of PMj 5, PMj, and TSP peaked from 7:00 a.m. to 8:00 a.m. with 124 pg/m3, 160 ug/m3,
and 324 pg/m?3, respectively. The NYNU monitoring station was located near the com-
mercial area of Wolong Road, and staff would come to work on campus from 7:00 a.m. to
8:00 a.m. The morning rush hour and enhanced commercial activities led to the discharge
of pollutants in the morning [41]. In addition, relative humidity also reaches the maximum
value (88%) during the morning (7:00 a.m. to 8:00 a.m.). The increase in relative humidity
might be responsible for photochemical reactions and the generation of secondary aerosol
particulate matter, which could also increase aerosol concentrations. At the same time, the
low wind speed (~0.5 m/s) in the morning causes a continuous accumulation of particulate
matter. PMj 5, PMjg, and TSP begin to decrease after the morning peak and reach the
lowest value level of 81 ug/m3, 105 pg/m?3, and 226 pg/m?3, respectively, at 14:00-18:00
local time. The reason could mainly be that the temperature rises from 14:00-18:00 and
the wind speed accelerates, which leads to the atmospheric boundary layer being lifted,
diluting the concentration of particulate matter [27]; similarly, particulate matter was also
blown away by the increased wind speed. The relative humidity also reached the min-
imum of the day (52%) from 14:00 to 18:00, the secondary aerosol production efficiency
decreased, and the mass concentration of particulate matter decreased. At 18:00-24:00, the
concentration of particulate matter gradually increased, and was maintained at a very high
level from 0:00 to 8:00 a.m., which was mainly due to the lower temperature and lower
altitude of the atmospheric boundary layer at night, leading aerosols to gather in the lower
space. At the same time, during the night time, the wind speed also gradually weakened,
which was not conducive to the dispersion of particulate matter, increasing particulate
matter concentrations.

3.3. Relationship between Particulate Matter Concentrations and Meteorological Parameters

The relationships between mass concentrations of PM; 5, PM;g, TSP, and temperature,
relative humidity, and wind speed are shown in Figure 6. By studying the relationship
between the concentration of particulate matter and meteorological factors, we can identify
the main influencing factors that affect the mass concentration of particulate matter in the
atmosphere. As shown in Figure 6, each small red dot on the graph represents the daily
average value of each variable. In Figure 6, the correlation coefficients (R) of temperature,
humidity, and wind speed with PMy5, PM;y, and TSP are —0.17, —0.17, —0.17, 0.53,
0.53, 0.53, and 0.10, 0.10, 0.10, respectively, indicating that the values of PM; 5, PMjj,
and TSP show a weak negative correlation with temperature, a relatively strong positive
correlation with humidity, and a weak positive correlation with wind speed. Therefore,
relative humidity is the most important influencing factor on the mass concentration of
particulate matter during winter for the NYNU site. The increase in relative humidity could
induce photochemical reactions and produce secondary aerosol particulate matter in the
atmosphere. In winter, the temperature and wind speed at NYNU were always low, so
the temperature and wind speed have little influence on PM mass concentrations. In the
study of Bai et al., when RH reached 90-100% high values, the aerosol scattering coefficient,
absorption coefficient, extinction coefficient, and SSA are also at high values, indicating
that high relative humidity can promote the formation of PM [34]. Similarly, in the study
of Zhang et al., a high correlation was found between relative humidity and PM mass
concentration at the TC suburban site, which is mainly due to the high relative humidity that
accelerated the photochemical reaction in the atmosphere, generating secondary aerosols
in winter [33]. Similar results were also found in other cities, such as Beijing [27,42],
Shanghai [40,43], and Guangzhou [28,44].
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Figure 6. Correlation analysis of PM; 5, PMjg, TSP, and meteorological elements during the experi-
mental cycle: (a) PM; 5 and temperature; (b) PM; 5 and humidity; (c) PM; 5 and wind speed; (d) PM1g
and temperature; () PM1y and humidity; (f) PMjp and wind speed; (g) TSP and temperature; (h) TSP
and humidity; (i) TSP and wind speed.

4. Conclusions

To investigate the characteristics of winter aerosols in Nanyang (China) and their
influencing factors, we conducted a four-month observation experiment at the NYNU
station of Nanyang Normal University to deeply investigate the relationship between
winter aerosols and meteorological parameters. This study can provide theoretical support
and valuable data support for government decision-makers as well as related researchers.
The relevant conclusions are as follows:

(1) During the whole experimental cycle, the overall concentrations of PM; 5, PMj,
and TSP monitored at this site were 106 (ug/ m?), 137 (ng/ m?), and 283 (ng/ m?), respec-
tively, on average. The number of days that meet the national secondary standard 24-h
average mass concentration of PM; 5 accounts for approximately 30%, PM;g accounts for
approximately 64%, and TSP accounts for approximately 64%. The sources and distribution
of aerosols in Nanyang are mainly determined by anthropogenic emissions, such as dust
from industrial and agricultural production, waste gas from fossil fuel combustion, and
vehicle exhaust from transportation.

(2) The mass concentrations of PM; 5, PMjg, and TSP at NYNU station are mainly due
to commercial activities and vehicle emissions. At the NYNU station, the type of particulate
matter is dominated by fine particulate matter (PM; 5). Meanwhile, the mass concentrations
of PM; 5, PMjg, and TSP at NYNU station are mainly concentrated in the morning from
7:00 to 8:00 a.m. LT due to the increase of pollutant emissions in the morning rush hour.

(3) The mass concentrations of PM, 5, PMjo, and TSP in Nanyang in winter showed
significant positive correlations with relative humidity and weak correlations with temper-
ature and wind speed. This suggests that higher relative humidity in Nanyang in winter
could increase the formation of particulate matter.
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