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Abstract: Ultrafine particles with a diameter below 1 um are strongly linked to traffic and industrial
emissions, causing a growing global health concern. In order to reveal the characteristics of
ultrafine particles in central China, which makes up the sparse research in industrial cities of a
developing country, particle number concentrations (PNC) together with meteorological parameters
and concentrations of trace gases were measured over one year in Wuhan. The number concentration
of ultrafine particles peaked in winter and was the lowest in summer across the entire size range
monitored. Further, particles with a diameter smaller than 30 nm increased dramatically in
concentration with decreasing diameter. The monthly averaged number concentrations of particles
discriminated in three size ranges formed a near- inverse parabolic distribution peaking in January.
This trend is supported by a negative correlation between PNC and precipitation, temperature,
and mixing layer height, which emphasizes the effect of these meteorological parameters on scouring,
convection, and diffusion of particles. However, since wind not only disperses particulate matter
but also brings in exogenous particles, wind speed plays an equivocal role in particle number
concentrations. The diurnal analysis indicates that hourly measurements of trace gases concentrations
could be used as a proxy for dense industrial activities and to reveal some complex chemical reactions.
The results of this study offer reasonable estimations of particle impacts and provide references for
policymaking of emission control in the industrial cities of developing countries.
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1. Introduction

Particulate matter plays a crucial role in climate change, directly and indirectly [1,2], affecting
cloud formation [3], visibility [4,5] and precipitation [6], as well as the radiation budget [7]. Particulate
matter in the air may endanger human health, causing lung inflammatory reactions and cardiovascular
problems in the short term, and reduction of life expectancy in the long term [8-10]. However,
current situation is that more megacities keep being built up and air quality problems emerge frequently
in central China.
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Several regional studies have published size distribution and number concentrations of aerosol
particles in North America [11-13], Europe [14-16] and many parts of China, including the Pearl River
Delta region, the Yangtze River Delta region and northwestern China [17-19], revealing intrinsic
characteristics of the different areas. For instance, the particle number concentrations and size
distribution decrease with increasing distance from a freeway [20]. A study carried out in London,
England, pointed out that wind and rain significantly affect PNC [21]. New particle formation
events also influence PNC significantly [11,13,14]. Meanwhile, despite a few common characteristics,
particle number concentrations and size distribution show different modes, varying across areas.
In a German urban area, Wehner [22] found a peak mode of PNC at around 15 nm, while it was
estimated around 50 nm in an Australian urban area [23]. Some studies found a clear difference
between the PNC on weekdays versus weekends [11,23], while Wu [18] did not observe any distinction.
These differences suggest that PNC and size distribution partly depend on regional and local factors.

As previously mentioned, most of these studies were conducted in developed countries, or in
capital cities of developing countries such as Beijing [18] or Guangzhou [24]. However, the research in
Wuhan, a fast-developing city relying on industry development in central China, is still sparse while
the city is experiencing a flourish of the steel industry. The present study reports a 1-year analysis of
the measurements of number concentrations and size distribution of fine particles. The seasonal and
monthly variations of particle number concentrations and size distribution are detailed and tested for
correlations with meteorological parameters including precipitation, temperature, mixing layer height
and wind speed. Finally, a case analysis of diurnal variations was conducted using air pollutants to
explore the key factors affecting the variability of the concentration of fine particles in different modes
in Wuhan.

2. Materials and Methods

2.1. Site Description

Wuhan, the capital city of Hubei province, is located in central China at the confluence of the
Yangtze and Han rivers, with a population exceeding 10 million people. Over the past decades,
Wuhan has been experiencing rapid development and it has become a highly industrialized and
urbanized mega city in China. Lying in the Middle-Lower Yangtze plains, the city enjoys a subtropical
monsoon climate with substantial rainfall in summer and low precipitation in winter. The monitoring
site is located on the top floor of the State Key Laboratory of Information Engineering in Surveying,
Mapping and Remote Sensing in the Wuhan urban area, which is demonstrated in Figure 1.

2.2. Measurements and Instrumentation

A scanning mobility particle sizer (SMPS, model 3936L75-N, TSI Inc., Shoreview, MN, USA),
which detects particles with diameters from 15.1 to 661.2 nm, was used to measure particle size
distribution continuously at the study site. The SMPS separates particles based on their electrical
mobility and consists of an Electrostatic Classifier (EC, model 3080, TSI Inc., Shoreview, MN, USA)
and a Condensation Particle Counter (CPC, model 3775, TSI Inc., Shoreview, MN, USA). The inlet
of the measurement instrument was placed about 50 feet above the ground and consisted of a 5-feet
long metal tube (0.5-inch internal diameter) with aerosol and sheath flow set to 0.3 and 3.0 L- min .
A microcomputer system controlled the acquisition and computed the size distribution and number
concentrations of the experimental aerosol. The measuring instrument was examined weekly to check

for a blocked inlet, for the performance indicator and for zero counts.



Atmosphere 2016, 7, 96 3o0f12

110°0'0"E 112°00"E 114°00"E 116°0'0"E

or 34°00"N
32°0'0"NA F32°0'0"N
30°0'0"N+ F30°0'0"N
110°0'0"E 11206'0”E/ H4200°E 116°00°E
114° E 5 E
C n L
§ .
31PN ‘ l\\ [ = ®N
| o .
N » Wuhan o
. Han River =3, j
Y b * -‘r_”._;_,;,/
- A pd rvpcl‘inncnlai'\Sirc
\‘-\ Yangtze River " \
= \\;‘;" -
300N " F30° N

114° E 115°E

Figure 1. Location of the sampling site: (a) location of Hubei Province, China; (b) location of Wuhan in
Hubei Province and (c) location of the experimental site in Wuhan.

Meteorological parameters and gaseous pollutants data were added to support the analysis
discussion. Precipitation, temperature, wind speed and mixing layer height values were obtained from
the website [25] and China Meteorological Administration in Wuhan. By comparing and analyzing
the weather record over five years, the data of the year in this experiment did not depict significant
difference and could embody the general meteorological characteristics in Wuhan. The mixing layer
height, which is not determined by a measure, was calculated according to the nation standard
GB/T13201-91. Here are the formulas:

when atmospheric stability is at level A, B, C and D:

u
Ly = as—¢ (1)

when atmospheric stability is at level E and F:

u
Ly = bey /= @)

where Ly, is the mixing layer height, a; and bs are mixing layer coefficients, ujg is the average wind

speed at 10-meter height and f is Coriolis parameter which is calculated by the following formula:

f = 2Qsin® 3)

where @ is geographic latitude and () is the rotation rate of the earth whose value is
7.29 x 107° rad- s~ . However, this is the national standard from China Meteorological Administration.
More accurate mixing layer height could be calculated by additionally considering convective
turbulence and prognostic equations on unstable atmospheric conditions [26].
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The concentrations of air pollutants, including CO, SO,, O3, and NO, used in this study were
supplied by three national air quality monitoring sites located around the experimental site and
monitored by a non-dispersive infrared analyzer (Advanced Pollution Instrumentation, model 300A),
a pulsed ultraviolet fluorescence analyzer (API, model 200A), an ultraviolet photometric analyzer
(TEI 49i) and a chemiluminescence method (API, Model 100A).

3. Results and Discussion

3.1. Seasonal Variability

A seasonal analysis was demonstrated firstly to display the seasonal variations and characteristics
of particle size distribution and number concentration. In this study, the four seasons were defined
based on both astronomy and climate method conjunctively, which is the common practice of
seasonal classification, i.e., spring (March, April, and May), summer (June, July, and August),
autumn (September, October, and November) and winter (December, January, and February).
Continuous hourly measurements were divided per season and Figure 2 shows the concentrations
of particles of varying diameter and size distributions in the four seasons. Since the log-normal law
serves as an appropriate mathematical model for particle size distribution analysis so that the various
mathematical terms are properly interpreted, the particle number size distribution was fitted by a
log-normal distribution function [27], defined as:

2
dN N exp - <logDp - logCMD) @
2
dlogDp v/ 27tlog(rg D) (1 og Gg)

where N is the total number concentration, Dy, is the particle diameter, oy is the geometrical standard
deviation, and CMD is the count median diameter.
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Figure 2. Number size distribution of fine particles in four seasons.

The particle size distribution indicates differences across seasons during the year. Overall,
the PNC in winter were higher than in the other three seasons for each diameter. The PNC in summer
was the lowest, which may be attributable to meteorological parameters, such as temperature [28],
precipitation [29], wind speed [29] and mixing height [30]. There was a decreasing trend in
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concentrations with particle diameter in winter and autumn, interrupted by a slight increase in
concentrations for particles around 50 nm in winter. Concentrations were slightly different between
spring and summer, especially for particles smaller than 100 nm that were more abundant in
spring. PNC dropped consistently for particles between 100 and 300 nm and then remained around
5 x 10* cm 3 for larger particles. In all four seasons, the concentrations of particles with diameter larger
than 110 nm were relatively low and the highest concentrations were dominated by particles smaller
than 110 nm throughout the year. Such findings concur with research conducted in Pittsburg [11] and
Lanzhou, China [31]. In addition, particles smaller than 30 nm in winter and autumn display a sharp
increase in concentration with decreasing diameter, while particles of the same size range in summer
and spring did not vary as much. Considering the technical limit of the instrument, particles smaller
than 15 nm were not detected. Nevertheless, it can be hypothesized by extrapolation of the curves
that particles smaller than 15 nm might make up for a large proportion of all particles in winter and
autumn, as has been previously found [31,32]. These differences in four seasons suggest the existence
of different sources of ultrafine particles. For instance, in winter, with less photochemical reaction and a
weak convection, high vehicle or burning emissions may be the major sources of ultrafine particles [32].

3.2. Monthly Variability

In order to better understand the possible relationship between meteorological parameters and
particle number concentrations and size distribution, monthly measurements of PNC were confronted
with meteorological parameters such as precipitation, temperature, mixing layer height and wind
speed, as shown in Figures 3-6. Particles were divided into three size ranges, based on their mobility
diameter: 15-30 nm, 30-110 nm and 110-661 nm, respectively representing the nucleation mode,
the Aitken mode and the accumulation mode [33]. The annual averaged number concentrations of
submicron particles in three sizes reached 8083 em™3, 11,193 ecm 3 and 7801 cm~—3, respectively,
which is similar to previous study in Beijing [18]. By observing the concentration variation in
Figure 3, the particles in all three modes displayed a comparable trend from January to December,
forming a near-inverse parabolic distribution. The highest monthly concentration appeared in January,
reaching 21,150 cm—3, 26,557 cm 2 and 23,918 cm 3, respectively for each mode. The lowest monthly
concentration of particles in nucleation mode and accumulation mode appeared in July, reaching
1157 cm™2 and 2629 cm~3, respectively. Particles with a diameter of 30 to 110 nm reached the lowest
concentration in May, namely 4734 cm 3. The correlation coefficients describing the relationship
between particle number concentrations in three modes and meteorological parameters, including
precipitation, temperature, mixing layer height and wind speed, are shown in Table 1. There does exist
autocorrelation between these variables that the solar radiation, which is represented by temperature,
drives the mixing layer height during the day by generating convective turbulence, while the mixing
layer height is determined by mechanical turbulence via wind during the night [34-36]. However,
this study tries to explore the meteorological effects separately to explain the specific contribution by
each meteorological variable, although they could have influence on the others.

The monthly averaged precipitations during the experimental period varied from 14 mm to
3162 mm. Figure 3 clearly shows that it rained most in summer, particularly in July, when particles
reach their lowest concentrations. By contrast, in December and January, particle concentrations
reached maximum values as the precipitation dropped to its minimum. There is a negative correlation
between precipitations and the PNC (Table 1), with coefficients of —0.557 (p = 0.060), —0.656 (p = 0.021)
and —0.618 (p = 0.032), respectively for the 3 modes. With a confidence level of 95%, the precipitation
is significantly negatively correlated with particle concentrations in the size ranges of 30-110 nm and
110-661 nm. As Castro [37] pointed out previously, the washout of soluble particles would be fast and
noticeable when the precipitation intensity exceeds 3.2 mm-h~!. Considering that the concentration of
particles smaller than 30 nm does not present significant correlation with precipitation, the washout
effect may mainly act on large particles. Substantial rainfall in Wuhan, especially in summer, may be
the key factor causing the rapid decline of particle concentrations, especially of particles larger than
30 nm.



6 0of 12

Atmosphere 2016, 7, 96

(urwu) voneydroaid 1101 A[qIUOIA

=3 =3 =) = < =1
s} = e =1 vy S =
on o (@] o™ - - w
! | ) g T ! e T ! T

=

=

=

=

<

=

=

e

B=

Q

]

=

=B

.

[ ]15-30nm

RS
Sotteleteteiateled
TSTerereretetes
Statstarisenitentes
JRESIREEL
X

R NI R]
R
REIIIRR
Jotsteteteters!|
SRR
St

O wy < o (] —

(Lo OT) IQUINU AJe[NONIE]

Figure 3. Monthly averaged number concentration of particles in three modes and monthly pattern

of precipitation.
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The recorded mixing layer height displays a monthly variability comparable to that of the
temperature and reaches its extremes in the same months, while varying from 337 to 588 m. It is
likely that the mixing height that determines the volume through which pollutants are diluted
increases with the temperature, causing a higher dilution and lower particle concentrations [30].
Accordingly, Figure 5 demonstrated a negative correlation between the mixing layer height and particle
concentrations, with correlation coefficients of 0.594 (p = 0.042), 0.909 (p = 0.000) and 0.657 (p = 0.020)
shown in Table 1. The mixing height has a significant negative correlation with particle concentrations
with the confidence level of 95%, suggesting another factor directly influencing the particle number
concentration, since Wuhan is always experiencing an extremely hot summer, resulting in evident
variation of mixing height.
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Figure 5. Monthly averaged number concentration of particles in three modes and monthly pattern of
mixing layer height.

The monthly averaged wind speed displayed a double-peak pattern over one year, as shown in
Figure 6, with the maximum of 2.89 m-s~! in July and the minimum of 1.22 m-s~! in December.
In general, the higher the wind speed was, the lower the particle number concentrations were,
which could be explained by the dilution of clean air and dispersion force increasing with the wind
speed, whereas a lower wind speed contributes to a relatively stable air condition that prevents
the migration and diffusion of gaseous pollutants [18]. Although wind speed may possibly have a
reverse impact on the PNC, monthly averaged data indicated that the wind speed was not inversely
proportional to PNC. A small peak in wind speed occurred in February when the PNC did not show
any peak or nadir. The correlation analysis showed no significant correlation between local wind
speed and particle concentrations, with correlation coefficients of 0.487 (p = 0.108), 0.515 (p = 0.087)
and 0.531 (p = 0.075). Hussein [28] has previously noted the two opposite effects of the wind speed on
PNC: low wind speed contributes to a stable atmospheric stratification, which diminishes the diffusion
effect on particles, and a relatively higher wind speed increases the re-suspension of particles larger
than 100 nm from street surfaces, enhancing the PNC. Moreover, the high-speed wind may also bring
in exogenous aerosols and increase the concentration correspondingly [8]. It is likely that the PNC
in Wuhan were affected by wind speed in both manners, and that none of them played a dominant
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role. Therefore, the unclear influence of the wind may lead to unexplained correlations between wind
speed and particle number concentrations.
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Figure 6. Monthly averaged number concentration of particles in three modes and monthly pattern of
wind speed.

Table 1. Pearson correlation coefficients between particle concentrations in three modes and
meteorological parameters.

Correlation Coefficient 15-30 nm 30-110 nm 110-665 nm

Precipitation —0.557 —0.656 * -0.618*

Temperature —0.622 * —0.740 ** —0.610*
Mixing Layer Height —0.594 * —0.909 ** —0.657 *

Wind Speed —0.487 —0.515 —0.531

The * means significance of p < 0.05, the ** means significance of p < 0.01.

3.3. Diurnal Variability

As shown in Figure 7, the contour plot of the particle number concentration on three consecutive
days in April was given to study the diurnal pattern of fine particles, completed with mass concentration
of NO,, O3, CO and SO, studied to obtain further insights into the mechanisms. During this
experimental period, the weather was partly cloudy with a gentle breeze and no precipitation.

On a macro scale, the normalized number concentrations of particles in the size range of 20 to
200 nm clearly showed periodic variations, while the normalized number concentrations of particles
larger than 200 nm remained relatively low. Particles of approximately 25 to 50 nm display a unimodal
diurnal pattern during the 3 days, reaching a peak at noon every day, which is consistent with a
study of particles in Pittsburg [11]. What should be noticed is that O3 behaves in a comparable
manner, with mass concentrations peaking around 12:00, as Figure 8 indicates. Moreover, the mass
concentration of NO, showed opposite trends. It is known that O3 is generated via photochemical
processes involving NO, and O, in the air, which may explain the increase of O3 subsequent to a
decrease in NO; in the morning. Therefore, the variations of O3 are linked to the intensity of light
and the high mass concentrations of O3 may indicate a strong solar radiation. With the consideration
that a strong photochemical process favors the formation and growth of secondary particles, the noon
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peak could probably be attributed to the nucleation process during which the nanoparticles become
detectable via condensation or coagulation [32]. Since the diurnal mass concentrations of O3 are
proportional to the number concentration of particles ranging from 25 to 50 nm, the mass concentration
of O3 could potentially be used as an indicator of the number concentration of relevant particles.
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Figure 7. Contour plot of size distribution of number concentration on three consecutive days based
on particle diameter (color bar scale: dN/dlog D, in cm~3).
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Figure 8. Diurnal variations in trace gases concentrations (NO,, O3, CO and SO;).

Another finding from Figure 7 is the periodicity of the PNC for particles with a diameter of
around 50 to 150 nm, which experienced a peak at midnight, even though the duration of this growth
and the size range of involved particles varied slightly from one day to the other. Accordingly,
the CO and NO, showed a consistent diurnal profile with those particles, with mass concentrations
peaking before 12 p.m. It is possible that industrial combustions at night emit these exhaust gas and
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contribute to the growth of relevant particle number concentrations. Since Wuhan is an industrial city
relying on steelmaking in central China, the industrial combustion might have a significant impact
on the PNC. The trace gas SO, did not demonstrate apparent diurnal pattern or periodicity, might
be caused by the disturbance of industrial activity. In general, it can be concluded that the industrial
emission of pollutants at night might contribute to the burst of particles in large Aitken mode and
small accumulation mode.

4. Conclusions

The number concentrations and size distribution of particles in the size range of 15-661 nm
were measured for one year by the SMPS 3936 together with meteorological parameters including
precipitation, temperature, mixing layer height and wind speed in Wuhan since June 2013. A case study
of three-day continuous particle number concentrations was analyzed and revealed the characteristics
of the diurnal variations of PNC. The analysis also included measurements of pollutant gases in order
to identify the mechanisms driving the variability of the concentration of fine particles within different
modes. Some conclusions can be drawn through analysis and discussion.

The annual averaged number concentrations of submicron particles in three size ranges reached
8083 cm—3, 11,193 cm 3 and 7801 cm 3, respectively, which is similar to previous study in Beijing.
Fine particles reached the highest number concentrations in winter and the lowest in summer,
regardless of their size range. Particles smaller than 110 nm dominated in all four seasons, and more
markedly in winter and autumn, while the number concentration of particles smaller than 30 nm
rose dramatically with decreasing diameter. This phenomenon was similar to previous researches in
Pittsburg and Lanzhou. The phenomenon observed in autumn and winter was caused by the lack of
convection, combined with heavy vehicular or burning emissions.

Monthly averaged number concentrations of particles in three size ranges formed a near-inverse
parabolic distribution, reaching the highest value in January. The precipitation presents an opposite
trend to that of the particle concentrations, supported by a significant negative correlation. It is likely
that the washout of soluble particles caused by the abundant rainfall in summer could accounts for the
noticeable drop in concentrations since Wuhan experiences a subtropical monsoon climate.

The temperature was negatively correlated with particle concentrations since high temperatures
favor vertical convection, which in turn favors diffusion and dispersion. Moreover, the mixing layer
height that evolves comparably with the temperature and determines the volume through which
pollutants can be diluted demonstrates negative correlation with particle concentrations as well.
Thus, the simultaneous high temperature and mixing layer height may directly affect the particle
number concentrations.

The monthly averaged wind speed depicted a double-peak pattern during the experiment, with no
significant correlation with particle concentrations. What should be noticed is that a relatively high
wind speed could not only disperse the particulate matter, but also bring in exogenous aerosol,
leading to an unclear change of direction of the particles number concentrations.

In the diurnal analysis, particles ranging from 25 to 50 nm in diameter displayed a unimodal
distribution, peaking at noon, which is consistent with the diurnal profile of mass concentration
of O3. Since O3 is the product of photochemical reactions affected by the strong solar radiation
which is conductive to the formation and growth of secondary particles, O3 could be a relevant
indicator of particle concentrations. Particles in the size ranges of 50 to 150 nm experienced increasing
concentrations before midnight, like the CO and NO, concentrations, which may be affected by
industrial combustions around midnight given that Wuhan is an industrial city.

This study presents an analysis of the characteristics of particle number concentration and size
distribution, completed with meteorological parameters and gaseous pollutants. Complementary
studies, such as the chemical and optical properties of particulate matter, are in progress to precisely
identify the sources of particles in different size ranges. The results of this study can provide references
and guidelines for policymaking of emission control in the industrial cities of China.
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