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Abstract: A long- and large-range heavy dust episode occurred from 3 to 8 May 2017 in China.
To explore the impacts of this long-range dust transport episode on the chemical compositions and
size distributions of urban aerosols, such instruments as an online analyzer for monitoring aerosols
and gases (MARGA) and a wide-range particle spectrometer (WPS) were mainly used to monitor
chemical components, such as PM2.5 and aerosol size distributions in the range of 10 nm to 10 µm,
in Nanjing in this study. During the dust episode, the average concentrations of PM2.5 and PM10

and ions of Ca2+, Mg2+, Cl−, SO4
2−, NO3

−, and NH4
+ were 66.2, 233.9, and 1.1, 1.5, 1.1, 11.4, 7.8

and 4.4 µg·m−3, which were 4.4, 5.8, 3.7, 15, 1.38, 1.84, 1.66 and 1.83 times higher than the values
observed before the episode and 2.2, 3.3, 5.5, 5.0, 1.57, 1.97, 1.39 and 1.69 times the levels after the
episode. The dusts were demonstrated to have differential impacts on the water-soluble gases in the
air. During the dust episode, the concentrations of HCl, SO2 and NH3 were comparably low, while
the HNO2 and HNO3 concentrations were high. The diurnal variations in pollutants, including SO2,
HNO3, Cl−, Ca2+, Mg2+, PM2.5 and PM10, were strongly impacted by the dust episode. However,
those variations in NH3, NO3

−, SO4
2− and NH4

+ were only slightly influenced. Pollutants were
distinctively featured in the various dust stages. The concentration of HNO2 was relatively high
in the earliest stage but was substituted by those of SO2, PM10, PM2.5, Ca2+, Mg2+ HNO3 and Cl−

in the explosion stage. The aerosol number concentrations exhibited unimodal distributions in the
earliest and explosion stages but showed bimodal distributions in the duration and dissipation stages.
Additionally, the aerosol size distributions were observed to shift to larger particle segments in
different dust stages. The surface area concentrations exhibited four peaks in different dust stages
and exhibited trimodal distributions in the non-dust episode. The surface area concentration of fine
particles first increased during the earliest stage, while that of coarse particles first decreased during
the dissipation stage.

Keywords: dust transport episode; the Yangtze River Delta; water soluble ions; size distribution; PM

1. Introduction

As one of the major components of atmospheric aerosols, dust aerosols account for 50% of global
aerosols [1,2]. Dust aerosols can influence the energy balance of the Earth’s atmosphere by absorbing
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and scattering solar radiation and surface radiation and can change cloud microphysical structures,
development scales and lifespans by acting as cloud condensation nuclei [3–7]. Simultaneously,
dust aerosols may serve as the reaction interfaces for heterogeneous reactions that further influence
atmospheric chemical processes [8–10]. In addition, dust aerosols delivered upward can experience
long-range transportation and subsequently affect Earth’s biological cycles when the aerosols sink to
the ground and the ocean [11–13].

East Asia is a major source of dust in the world. The estimates for annual global dust emissions
range from 1000 to 3000 trillion grams (Tg), and Asian deserts are assumed to constitute 10–25%
of the total [14–16]. The Taklimakan and Gobi Deserts in southern Mongolia and northern China,
respectively, are two major active sources of East Asian dust [17]. The Gobi Desert in Mongolia and
the Taklimakan and Badain Juran Deserts in northwestern China contribute approximately 70% of the
total Asian dust emissions [18]. Most dust storms in China originate from the Taklimakan Desert, the
Hexi Corridor, and the desert regions of central and western Inner Mongolia [19–21]. The dusts may
exhibit long-range transport processes after they are delivered to higher altitudes. Furthermore, dusts
can participate in a global cycle if they are uplifted to the upper troposphere, approximately 8–10 km
above the Earth’s surface [22,23].

In recent years, research concerning sand mechanisms, dynamic characteristics, physicochemical
properties, transport pathways and environmental climate effects of dusts has been extensively
conducted [24–27]. Mori et al. [28] found that the mass concentrations of dust rapidly declined with the
transport processes. The mass concentration of aerosol was 6700 µg·m−3 in the Chinese interior (in and
around the Inner Mongolia Autonomous Region), 1500 µg·m−3 in Beijing, China, and 230 µg·m−3 at a
remote island in Japan. Seinfeld et al. [29] carried out comprehensive surface, airborne, shipboard, and
satellite measurements of Asian aerosol chemical composition, size, optical properties, and radiative
impacts during the Asian Pacific Regional Aerosol Characterization Experiment (ACE-Asia) study,
which was a first-time assessment of the regional climatic and chemical effects of a continental-scale
mixture of dust and pollution. Huang et al. [30] discovered that the effective particle diameters of ice
clouds, optical depths and ice water paths of cirrus clouds under dust polluted conditions were 11%,
32.8%, and 42% smaller than those particle diameters derived from ice clouds in dust-free atmospheric
environments. Chen et al. [31] indicate that weather conditions, topography, and surface types in dust
source regions may influence dust emission, uplift height, and transportation at the regional scale by
using the WRF-CHEM model. Guo et al. [32] consider observations and modeling to demonstrate how
a typical springtime dust episode develops and how the dust particles can travel over the North Pacific
Ocean to North America. By using satellite data, Li et al. [33] discovered that the vertical structure of
dust plumes, the layer-integrated color ratio and the depolarization ratio all indicated variable climate
effects (e.g., the direct radiative impact) via mineral dust, dependent on the event being observed in
Central Asia.

As one of the major urban agglomerations in East Asia, the Yangtze River Delta (YRD) has a
developed economy, intensive urban cities and large populations. As general anthropogenic activities
that are accompanied by unfavorable weather conditions, dust storms can cause severe air pollution
problems with high particulate matter concentrations in urban environments [34,35]. Huang et al. [35]
discovered that the vertical profiles of PM10 and PM2.5 concentrations showed maxima at altitudes
between 0.2 km and 1.3 km by model simulation during a dust episode from 28 April to 5 May in
2011. The observational results during two dust processes in 2010 also suggested that Asian dust
particles were not homogeneously mixed with anthropogenic pollutants, and the consecutive transport
of anthropogenic air masses and dust plumes had occurred [36]. Huang et al. [37] found that the
northeastern dust reached Shanghai with high acidity and became a mixed aerosol with interactions
among dust, local pollutants, and sea salts. A heavy dust episode occurred from 3 to 8 May 2017 in
East Asia. This episode affected more than ten provinces in China from the north to the south with an
influenced area of over 1.63 million km2. The YRD region was seldom impacted over 3 consecutive
days during this episode. To explore the impacts of this long-range dust transport episode on the
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urban aerosols’ chemical compositions and size distributions, such instruments as an online analyzer
for monitoring aerosols and gases (MARGA) and a wide-range particle spectrometer (WPS) were
mainly used to monitor aerosol chemical components, such as PM2.5 and size distributions in the
range of 10 nm to 10 µm, in Nanjing in this study. This dust episode was divided into four stages,
including I: the earliest stage, II: the explosion stage, III: the duration stage, and IV: the dissipation
stage. Consequently, the aerosol chemical components and size distributions at different dust stages
were also discussed.

2. Materials and Methods

2.1. Data Origins

The PM2.5 and PM10 concentration data were mainly obtained from the national urban
air quality real-time release platform of the China National Environmental Monitoring Center
(http://106.37.208.233:20035/) with a time resolution of 1 h. Aerosol size distribution and water-soluble
ions (WSIs) were measured from the top of the Meteorological building at Nanjing University of
Information Science and Technology (NUIST, Figure 1) with an altitude of 40 m. Meteorological data
were from the observation, training and practice base of the China Meteorological Administration
(Nanjing) on the campus of NUIST at a 1 h time resolution. The observation period was from 1 to
10 May 2017.
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observation periods.

2.2. Instruments

A Wide-Range Particle Spectrometer (WPS, MSP Corporation model 1000XP) was used to measure
aerosol number concentrations for sizes ranging from 10 nm to 10 µm with a time resolution of 5 min.
This instrument combines the principles of differential mobility analysis (DMA), condensation particle
counting (CPC) and laser light scattering (LPS). DMA and CPC are used for measuring particles in
the size range of 10–500 nm, and LPS is used for measuring particles in the range of 0.35 to 10 µm.
Concentrations in the cross-measurement range (0.35–0.5 µm) have discrepancies due to their different

http://106.37.208.233:20035/
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principles. Instrument details can be found in Wang et al. [38]. We used a drying tube in the sheath
air inlet section to eliminate the effects of high relative humidity (RH) on the data. Parts of invalid
data were rejected, as well, and 2198 groups of number spectra data in total were derived from
the observation.

A model ADI 2080 online analyzer for monitoring for aerosols and gases (MARGA, Applikon
Analytical B.V., Netherlands) [39] was employed to obtain gases and water-soluble ions. The MARGA
detection system has the ability to measuring mass concentrations of major water-soluble inorganic
ions in aerosols (NH4

+, Na+, K+, Ca2+, Mg2+, SO4
2−, NO3

−, Cl−) and trace gases (HCl, HNO2, SO2,
HNO3, NH3) at a 1 h time resolution. Instrument details can be found in the cited references [40,41].
Two hundred twenty-eight groups of data were derived for the chemical components, while the HCl,
Ca2+, Mg2+, Cl−, Na+ and K+ data had missing measurements of 76, 70, 58, 44, 220 and 213 groups,
therefore, the Na+ and K+ data were not discussed in this paper.

2.3. Air Mass Backward Trajectories

Air mass backward trajectories over 48 h were calculated and presented in Figure 1.
The trajectories were simulated using the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model, which was developed by the National Oceanic and Atmospheric Administration
(NOAA) Air Resources Laboratory (ARL) [42]. The backward trajectories were calculated at 12:00
(LST) and at 1000 m above the observation sites. The National Weather Service’s National Centers
for Environmental Prediction (NCEP) Global Data Assimilation System (GDAS) archive was used for
meteorological input data.

3. Results and Discussion

3.1. General Characteristics of the Dust Episode

A heavy dust episode occurred from 3 to 8 May 2017 in China. Dusty weather occurred in
several provinces and cities, including southern Xinjiang Basin, central and western Gansu, Ningxia,
inner Mongolia, northern Shanxi, central and northern Shanxi, northern Hebei, Beijing, western
Jilin, Southwestern Heilongjiang, Shandong, Jiangsu, Hubei and northern Hunan. Dust storms
even occurred in some districts of inner Mongolia. The influence areas exceeded 1.63 million km2.
An upward airflow that was generated by divergence at high altitudes and convergence near the
ground in the sand source regions uplifted the dust into the air and transported it eastwards over
northern China, where a downward airflow was generated below the altitude of 700 hPa due to
convergence at high altitudes and divergence near the ground, which mainly resulted in this heavy
dust episode. Besides for the southerly movement of a Mongolian cyclone, the YRD region was barely
impacted by this long-range dust transport episode.

Figure 2 illustrates that the concentrations of PM10 and PM2.5 were relatively low with average
values of 40.5 and 15.0 µg·m−3 (Table 1) before the dust impacted Nanjing. From 1 to 3 May, Nanjing
was characterized by large easterly wind with an average wind speed of 3 m·s−1, a high RH with an
average value of 65.8% and a mean visibility of 8.8 km. Two precipitation events occurred on 2 and
4 May, and the maximum hourly precipitation was 20.7 mm for the latter event. The PM concentrations
decreased inordinately but were only scavenged slightly due to their low levels. However, the
precipitation on 4 May had significant scavenging effects on WSIs in PM2.5, the concentrations of which
were 29.8 and 5.4 µg·m−3 before and after the precipitation, respectively. After 4 May, the dominant
wind was transferred from east to north, indicating the influence of the Mongolian cyclone.
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Figure 2. Time series of air pollutants and meteorological elements during the observation period.

Around 13:00 on 5 May, Nanjing was initially impacted by a dust episode, resulting in a gradual
PM increase. At 05:00 on 6 May, the PM10 concentrations explosively increased as the dust impacted
Nanjing. By 11:00 on 6 May, the PM10 concentrations had increased by 315 µg·m−3 in 6 h with a
maximum level of 481 µg·m−3. The PM2.5 concentrations also increased from 49 to 88 µg·m−3 during
the same time period. After that step, the PM concentrations were continuously high due to the
constant influence of dust. Table 1 lists that the average concentrations of PM2.5 and PM10 were
66.2 and 233.9 µg·m−3 during the dust episode. A cold air occurred on 8 May, which featured a
temperature decrease from 20 ◦C at 04:00 to 14.7 ◦C at 10:00 and a precipitation event. Consequently,
the PM concentrations were reduced and maintained at lower levels with mean values of 30.1 and
70.8 µg·m−3 for PM2.5 and PM10, respectively, after this cold air. The impacts of dust pollution
disappeared, as well.

Figure 1 reveals that southeastern air masses were dominant at an altitude of 1 km in Nanjing
from 1–4 May. On 5 May, the northerly air masses became dominant, leading to the initial influences
of dust pollution on Nanjing. On 6 May and 7 May, the northwestern air masses, mostly from the
sand source regions, were dominant, indicating a continuous impact of dust pollution. On 8 May, the
southerly air masses dominated. The intersection of warm air masses rich in water vapor and inland
air masses resulted in a precipitation event in Nanjing, indicating the end of dust pollution. On 9 May
and 10 May, although the northerly air masses prevailed, the dust air masses moved into the ocean
and had no impacts on the YRD region.

Figure 2 displays that the WSI concentrations rapidly increased when the dust began to impact
Nanjing, especially for those secondary ions of NH4

+, SO4
2− and NO3

−. Additionally, these WSIs
varied in different dust stages. This long-range dust transport episode occurred after a strong
precipitation event, which favors our discussion of the impacts of dust pollution on WSIs in PM2.5 and
aerosol size distributions.

3.2. Impacts of Dust on Aerosol Chemical Components

Table 1 shows that the WSIs in PM2.5 increased inordinately during the dust period.
These minerals created ions of Ca2+ and Mg2+ and caused a sharp increase with average values
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of 1.1 and 1.5 µg·m−3 during the dust, which were 3.7 and 15 times larger than the values before
the dust and 5.5 and 5.0 times larger than those after the dust. During the dust episode, the average
concentrations of SO4

2−, NO3
− and NH4

+ were 11.4, 7.8 and 4.4, accounting for 41.8%, 28.6% and
16.1% of the total ion concentrations, the concentrations of which were 1.84, 1.66, and 1.83 higher than
values before the dust and 1.97, 1.39 and 1.69 times higher than values after the dust, respectively.
The Cl− ion was scarcely impacted by the dust with an average concentration of 1.1 µg·m−3 during
the dust, which was 1.38 and 1.57 times the levels before and after the dust, respectively. The mass
concentrations of PM2.5 and PM10 during the dust were 4.41 and 5.78, and 2.20 and 3.30 times larger
than values before and after the dust, respectively (Table 1). The secondary ions that accounted for
large proportions of the PM2.5 concentrations had a weak increase range compared to those of PM10,
which suggested that these ions were probably from local emissions and were weakly impacted by the
dust episode. According to Table 1, the RH during the dust episode (63.6%) was considerably lower
than that before and after the dust episode. The conditions of low RHs were therefore detrimental to
the formation of the secondary inorganic salt.

Table 1. Pollutant concentrations and meteorological elements during the dust and non-dust episodes.

Before the Dust During the Dust After the Dust

HCl (µg·m−3) 0.5 0.4 0.3
HNO2 (µg·m−3) 2.5 5.1 3.9
HNO3 (µg·m−3) 0.8 1.2 0.9

SO2 (µg·m−3) 9.7 8.7 2.4
NH3 (µg·m−3) 10.2 8.6 10.1
Cl− (µg·m−3) 0.8 1.1 0.7

NO3
− (µg·m−3) 4.7 7.8 5.6

SO4
2− (µg·m−3) 6.2 11.4 5.8

NH4
+ (µg·m−3) 2.4 4.4 2.6

Mg2+ (µg·m−3) 0.1 1.5 0.3
Ca2+ (µg·m−3) 0.3 1.1 0.2

RH (%) 75.6 63.6 71.8
Visibility (km) 8.7 5.8 8.4

PM2.5 (µg·m−3) 15.0 66.2 30.1
PM10 (µg·m−3) 40.5 233.9 70.8

Table 1 lists that the ratios of SO4
2−/NH4

+ were 2.58, 2.59 and 2.23 before, during and after the
dust, and were much lower than the results observed during the 2013 dust process in southeastern
Italy [43]. Besides, the levels derived in our study were much lower than the stoichiometric ratios for
ammonium sulfate (2.66) and ammonium bisulfate (5.38), indicating that ammonium is sufficient for
completely neutralizing sulfate. The ratios of NO3

−/NH4
+ were 1.96, 1.77 and 2.15 before, during and

after the dust, respectively, which were smaller than the stoichiometric ratio for ammonium nitrate
(2.44), indicating that there was a sufficient amount of ammonium to completely neutralize the nitrate.
Simultaneously, the ratios of SO4

2−/Ca2+ before, during and after the dust (20.67, 10.36 and 29.0,
respectively) were significantly larger than the stoichiometric value for CaSO4 (2.4). The ratios of
NO3

−/Ca2+ before, during and after the dust (15.67, 7.09 and 28.0, respectively) were significantly
larger than the stoichiometric value for Ca(NO3)2 (3.1). This finding suggests that during the dust
event, the dominant forms of secondary sulfate and nitrate are ammonium sulfate and ammonium
nitrate, rather than calcium sulfate and calcium nitrate.

Table 1 also reveals that the dust episode had different influences on soluble gases in the air.
During the dust period, the gaseous concentrations of HCl, SO2 and NH3 were 0.8, 0.9 and 0.84 times
the values observed before the dust. However, the HNO2 and HNO3 concentrations during the dust
were elevated and were 2.04 and 1.5 times larger than those before the dust. Nie et al. [41] discovered
the phenomena of dust-promoted particle nucleation and growth along with HONO production at Mt.
Heng. During the dust episode, the acidic gases, comprising of HCl, HNO2, HNO3 and SO2, were
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1.33, 1.31, 1.33 and 3.63 times higher than the values observed after the dust. However, the amount of
alkaline gas of NH3 during the dust was 0.85 times the value after the dust. Although the northerly air
masses were uniformly dominant during and after the dust, they were comparably clean for the latter
after a strong cold air process (Figure 1). In addition, acidic gases are likely to participate in reactions
under rich alkaline conditions. Consequently, the acidic gases had lower concentrations after the dust.

Table 2 illustrates that the impacts of this dust episode on PM concentrations in the YRD region
were similar to those during previous episodes. The PM2.5 concentration influenced by the dust in
Nanjing was analogous to those in Shanghai and Nanjing during the dust episode on 26 and 27 April
2010 [36,44]. but was higher than the level impacted by the dust during 1 to 5 May 2011 in Nanjing [45].
The PM10 concentration during this episode was similar to that during the 2010 episode and was lower
than the value during the 2010 episode. During the dust episode of 2010, the PM levels in Shanghai
were smaller than those in Nanjing. By comparison, the PM2.5 concentration had a maximum value of
637.9 µg·m−3 at the dust source of Tongyu and was 242.5 µg·m−3, 116.15 µg·m−3 and 137.6 µg·m−3 in
Chengdu, Beijing and Xi’an, respectively. This fact confirmed that the PM concentrations decreased
constantly during the long-range dust transport episode.

Table 2. Mass concentrations of PMs and water-soluble ions in PM2.5.

Cl−

(µg·m−3)
NO3

−

(µg·m−3)
SO4

2−

(µg·m−3)
NH4

+

(µg·m−3)
Mg2+

(µg·m−3)
Ca2+

(µg·m−3)
PM2.5

(µg·m−3)
PM10

(µg·m−3)

Nanjing 1.1 7.8 11.4 4.4 1.5 1.1 66.2 233.9
Shanghai [36] 0.93 4.18 6.37 2.83 0.2 2.76 70.7 182.4
Nanjing [44] 0.94 4.04 5.46 1.47 0.11 1.99 73.33 269.22
Nanjing [45] 1.11 1.87 11.2 2.88 0.16 1.12 57.93 302.07
Beijing [46] - 5.60 12.55 2.30 0.45 3.80 116.15 592.91
Xi’an [47] 2.2 3.1 11.7 1.4 0.2 4.3 137.6 -

Chengdu [48] 3.0 5.7 12.6 0.7 0.3 7.3 242.5 -
Tongyu [49] 1.9 6.5 12.6 0.6 1.1 13.9 637.9 -

Notes: “-” represents a missing measurement. The water-soluble ions concentrations in article 44 and 45 refer to the
corresponding contents in PM2.1.

During the dust episode of 2010, the WSI concentrations in PM2.5 in Shanghai were larger than
values in Nanjing, especially for those of SO4

2−, NH4
+, Mg2+ and Ca2+, which were 1.17, 1.93, 1.82

and 1.39 times higher. The various pollutant sources in different cities resulted in this phenomenon.
The Cl− concentrations had little discrepancy between this dust episode and the other dust

episodes in the YRD region, suggesting a weak impact of the dust on city Cl− levels. However, the
Cl− concentration in our study was 0.58, 0.37 and 0.5 times the levels in Tongyu, Chengdu and Xi’an,
respectively, which revealed that the long-range dust transport episode probably increased the Cl−

concentration. The ions of NO3
− and NH4

+ had the largest differences between distinct dust processes,
and the SO4

2− was impacted slightly by different dust episodes. These secondary ions that are capable
of reacting at the surface of dusts may have more complex sources and variations during a dust episode.
The Ca2+ and Mg2+ concentrations were positively related to the impact scope and transportation
speed of the dust.

Figure 3 shows that the diurnal variations of PM2.5 and PM10 were similar during the dust,
peaking between 04:00 and 13:00 when the dust had the strongest influence. The diurnal variations
of SO2, HNO3, Cl−, Mg2+ and Ca2+ were uniformly identical with those of the PMs, suggesting an
impact from the foreign transportation process. Figure 4 exhibits that the wind speed during the dust
episode was smaller than that during the non-dust episode, and simultaneously, the trajectories during
the dust were mostly short (Figure 1). Low wind speeds exacerbated the PM pollution and led to a
sharp decrease in visibility. The visibility during the dust episode was much lower than that during
the non-dust episode and decreased to its minimum value between 08:00 and 12:00 when the PM
concentrations were the highest.
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of the dust and were difficult to generate under low RH conditions during the dust.
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The diurnal variation of NH3 was impacted slightly by the dust episode, the peak of which was
merely delayed by 2 h, according to Figure 3. The HNO2 peak occurred during the nighttime and
had a similar diurnal variation to that of RH, suggesting that its source originated from a gas-liquid
heterogeneous reaction on the surface of the dust.

3.3. Variations of Chemical Components in the Different Developing Stages of Dust

To better discuss the impacts of the dust episode on aerosol components, four developing stages
of dust were determined in this study. I: the earliest stage, II: the explosion stage, III: the duration
stage, and IV: the dissipation stage. Additionally, the non-dust period was classified into rainy days
and sunny days.

Figure 5 presents the variations of air pollutants during the different developing stages of dust.
The concentrations of SO2, PM10, PM2.5, Ca2+ and Mg2+ were comparably high in the explosion and
duration stages and were low in the earliest and dissipation stages. The PM concentrations during
the dust episode were uniformly higher than the values during the non-dust episode. The variations
of Ca2+ and Mg2+ ions conformed to those of the PMs. The SO2 concentration was the lowest in
the earliest dust stage but was higher on rainy and sunny days compared to the levels from the
dissipation dust stage. HNO2 had relatively high concentrations during the earliest and duration
stages, which affirmed the results of Nie et al. [50] from 2009 at Mt. Heng. HNO3 had the highest
concentration in the explosion and duration stages and had low values in the earliest and dissipation
stages. The concentrations of HCl had slight discrepancies during different stages of dust, suggesting
weak impacts from the dust episode.
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The ion concentration of Cl− was much larger during the explosion stage as compared to the
levels in other dust stages, which demonstrated that Cl− was affected greatly by the foreign transport
process in the explosion stage and by local emissions in other stages. The sources of Cl− in the air were
complex and mostly the result of coal burning, waste incineration [51], and the long-range transport
of sea salt [52]. Figure 5 shows that the Mg2+ concentration was the highest in the explosion stage.
Continiet et al. [53] discovered that the sea salt was abundant in ions of Na+, Cl− and Mg2+, which
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illustrated that the Cl− during the dust may be from the long-range transport of sea salt. Figure 1
shows that the air masses during the observation period were mainly from the ocean, which resulted
in the equivalent Cl− concentrations observed on rainy and sunny days.

The secondary WSIs had large discrepancies between different dust stages. The SO4
2−

concentration was ranked in the order of the duration stage > the earliest stage > the explosion
stage > the dissipation stage. In addition, SO4

2− had higher concentrations during the dust episode as
compared to the levels during the non-dust episode, suggesting a foreign transport process of SO4

2−.
Moreover, SO4

2− was weakly impacted by the precipitation event, resulting in the minor concentration
discrepancy observed between rainy and sunny days. The NO3

− concentration was much higher in
the duration stage as compared to values in other dust stages, and simultaneously, it exhibited few
differences between the explosion and dissipation dust stages and the non-dust episode.

3.4. Aerosol Size Distributions at Different Developing Stages of Dust

Figure 6 displays the size distribution of aerosol number concentration during the different dust
stages. During the earliest stage, the number concentration spectrum had the lowest peak level and the
largest peak width at 20–100 nm. During the explosion stage, the spectrum had a unimodal distribution
and exhibited its highest peak value at 30–35 nm. During the duration and dissipation stages, the
spectra distributions were bimodal and peaked at 30-40 nm and 90–100 nm in the duration stage and
at 40–50 nm and 90–100 nm in the dissipation stage, respectively. During the non-dust episode, the
spectrum distribution was unimodal, peaking at 25–30 nm on rainy and sunny days. The number
concentration spectra moved inordinately to larger particle segments in different dust stages.
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Although the PM10 concentrations elevated sharply during the dust period, the aerosol number
concentration during the whole period was mainly focused at 10–500 nm, which accounted for 99%
of the total number concentration (Figure 6). The coarse mode particle aerosols had high growth
multiples, although their number concentrations were low (100 cm−3·nm−1). For example, in the
explosion stage, the aerosol number concentrations at 10–800 nm were 0.88–2.43 (with an average of
1.60) and 0.87–2.48 (with an average of 1.45) times the values on rainy days and sunny days; however,
the concentrations at 800 nm–10 µm were 5.01–53.87 and 4.10–14.02 times larger than the values on
rainy and sunny days.
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Figure 7 displays the size distribution of aerosol surface area concentrations during the different
dust stages. The surface area concentrations of aerosol exhibited four peaks at different dust stages
and trimodal distributions during the non-dust episode. The peaks in the earliest dust stage were
similar to those in non-dust episode, except for particles of 2 to 5 µm impacted by the dust. During the
explosion, duration and dissipation stages, the first peaks were uniformly located at 150–160 nm,
which shifted to fine particle segments compared to those of the non-dust episode. The peaks of surface
area concentration were intensively impacted by the different dust stages. The peaks at 230 nm and
520 nm were affected greatly during the earliest stage. In the explosion stage, the peaks at 2–7 µm had
the largest values and reached 241 µm2·cm−3·nm−1 at 3.7 µm, which was 13.6, 4.9 and 5.5 times larger
than the levels on sunny days and during the earliest and dissipation dust stages, respectively. The four
peaks during the duration stage were generally high with a maximum value of 864 µm2·cm−3·nm−1

at 150 nm. The size distribution during the dissipation stage was similar to that of the duration stage
with the exception of a descendent peak value at 2–7 µm. In conclusion, the surface area concentration
of fine particles first increased when the dust periphery reached Nanjing. During the explosion dust
stage, the surface area concentrations of coarse particles increased sharply, resulting in a rapid decrease
of visibility. In the duration stage, the surface area concentrations reached their maximum values,
and the particles at the whole sizes rapidly increased, leading to the worst air quality. During the
dissipation stage, the surface area concentrations of coarse particles decreased, while the fine particles
maintained high levels, suggesting an impact of the dust on fine particles.
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4. Conclusions

A large-range heavy dust episode occurred from 3 to 8 May 2017 in China, with an influence area
exceeding 1.63 million km2. Along with the southerly movement of a Mongolian cyclone, the YRD
region was seldom impacted by this long-range dust transport episode. The PM and WSIs elevated
inordinately during the dust episode. The average concentrations of PM2.5, PM10, and ions of Ca2+,
Mg2+, Cl−, SO4

2−, NO3
−, and NH4

+ were 66.2, 233.9, 1.1, 1.5, 1.1, 11.4, 7.8 and 4.4 µg·m−3, respectively,
which were 4.4, 5.8, 3.7, 15, 1.38, 1.84, 1.66 and 1.83 times higher than values before the episode and
2.2, 3.3, 5.5, 5.0, 1.57, 1.97, 1.39 and 1.69 times the levels after the episode, respectively. Dusts were
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demonstrated to have different impacts on water soluble gases in the air. During the dust episode,
the concentrations of HCl, SO2 and NH3 were comparably low, while those of HNO2 and HNO3

were high. The diurnal variations of pollutants, including SO2, HNO3, Cl−, Ca2+, Mg2+ PM2.5 and
PM10, were impacted strongly by the dust. However, those of NH3, NO3

−, SO4
2− and NH4

+ were
slightly influenced.

This dust episode was divided into four stages. I: the earliest stage, II: the explosion stage, III: the
duration stage, and IV: the dissipation stage. Additionally, the non-dust period was classified into rainy
days and sunny days. The concentrations of SO2, PM10, PM2.5, Ca2+ and Mg2+ were comparably high
during the explosion and duration stages. HNO2 had relatively high concentrations during the earliest
and duration stages. HNO3 had the highest concentration during the explosion and duration stages.
The ion concentration of Cl− was much larger during the explosion stage as compared to the levels
at other dust stages. The concentrations of HCl, NO3

−, SO4
2− and NH4

+ had minor discrepancies
between different dust stages. During the earliest stage, the number concentration spectrum had
the lowest peak level and the largest peak width at 20–100 nm. During the explosion stage, the
spectrum had a unimodal distribution and had the highest peak value at 30–35 nm. During the
duration and dissipation stages, the spectra distributions were bimodal, which peaked at 30–40 nm
and 90–100 nm during the duration stage and at 40–50 nm and 90–100 nm during the dissipation
stage, respectively. The surface area concentrations exhibited four peaks during different dust stages
and trimodal distributions during the non-dust episode. The surface area concentrations of fine
particles increased first, and those of coarse particles also ultimately increased when the dust affected
Nanjing. However, the surface area concentrations of the coarse particles first decreased during the
dissipation stage.
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