
1.  Introduction
As one of the severest natural disasters, dust storms (DS) have posed a great threat to atmospheric environment 
in the world. Dust aerosols from DS are one of the most important particulate components in the atmosphere, 
and they have a profound impact on air quality, human health, marine biogeochemical cycle, and climate change 
(Bi et al., 2016; Chen et al., 2021). The generation of DS is closely related to meteorological conditions. Strong 
winds can eject a large amount of dust particles from the surface to the atmosphere and transmit these dust 
particles, which occur mainly in arid regions (Chen et al., 2013; Nabat et al., 2015). The transport pathways and 
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hygroscopicity. To improve model simulations of aerosol optical hygroscopicity, it is necessary to use a 
segment parameterization to describe aerosol light scattering enhancement factor during dust-influence periods. 
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change in aerosol chemical compositions of fine particles near the surface. The enlarged mass ratio of sulfate 
to nitrate (greater than 4) during dust periods can promote ambient aerosol deliquescence, which is important 
to quantify aerosol optical properties. To provide a reference for improving the model simulation of aerosol 
optical hygroscopicity, different parameterization schemes are derived to fit the change of aerosol light 
scattering enhancement factor with RH during dust and no-dust periods. The closure study of aerosol optical 
hygroscopicity parameters suggests that aerosol scattering Ångström exponent plays an important role in the 
overestimation of optical hygroscopicity parameters.
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influence areas of DS can be determined based on satellite observations or the analysis of air backward trajecto-
ries (Gandham et al., 2022; Xu et al., 2022; Yu et al., 2019).

In past decades, many studies focus on the impact of DS on air quality. Dust particles blend with anthropo-
genic pollutants and absorb various gases traced in the downwind path (Geng et al., 2009; Huang, Zhuang, Li, 
et  al.,  2010; Krueger et  al.,  2004; Li and Shao, 2012). Dust aerosols in the atmosphere can provide reactive 
surfaces for many heterogeneous chemical reactions during their long-distance transport (Bauer et al., 2004). 
Denjean et al. (2016), Huang, Zhuang, Lin, et al. (2010), and Krueger et al. (2004) demonstrate that the transport 
pathways, concentrations of gaseous precursors, and meteorological conditions are the main factors influencing 
the aging processes of dust aerosols. The secondarily generated materials (such as sulfate, nitrate, etc.) through 
the heterogeneous reactions can form a hydrophilic layer on the dust surface (Xu et al., 2020). Therefore, study-
ing  the change of aerosol chemical and optical hygroscopicity properties during DS is important to understand 
the role of dust in the earth-atmosphere system. However, studies on this are rare.

Chen et al. (2020) indicated that the optical hygroscopicity of dust aerosols plays an important role in their effects 
on atmospheric chemistry and climate change. The aerosol light scattering enhancement factor, f(RH), is defined 
as the ratio of scattering coefficients at a certain high relative humidity (RH) and at a relatively dry state (low 
RH), which is widely used to describe aerosol optical hygroscopicity. Aerosol chemical compositions and mixing 
state determine aerosol population hygroscopicity, which has an influence on f(RH). When aerosols contain a 
large number of dust particles, the increase of f(RH) with RH becomes slower due to the suppressed aerosol 
hygroscopicity by dust components (Xia et al., 2019). More study about the impact of dust aerosols on f(RH) is 
needed to make the quantitative analysis in the model.

In early 2021, Southeast Mongolia and North China experienced several severe DS, which seriously deteriorated 
air quality and reduced atmospheric visibility (Liu et al., 2021). Yin et al. (2022) identified that a sharp change 
in the surface air temperature and a lack of precipitation in the dust source areas resulted in dry soil and exig-
uous spring vegetation. The development and movement of Mongolian cyclones easily blew and transported 
large amounts of dust particles into North China, leading to large-scale DS (Xu et al., 2022). The severe DS can 
influence the Yangtze River Delta (YRD) region. In this study, two DS in March and May 2021 are selected to 
investigate the impacts of DS on aerosol chemical compositions and optical hygroscopicity in the YRD.

This paper is organized as follows. Section 2 describes the sampling site, the measurement instruments, and 
the data analysis method. Section 3 presents the analysis results, including aerosol chemical and optical proper-
ties and the relationship between aerosol chemical compositions and optical hygroscopicity during the dust and 
no-dust periods. A summary and conclusions are given in Section 4.

2.  Materials and Methods
2.1.  Sampling Site

One and a half years of comprehensive field campaign in 2020–2021 is carried out in Nanjing to study the interac-
tions of atmosphere, aerosol, boundary layer, and cloud. Nanjing is located in the central Yangtze River Delta (YRD) 
(Figure 1a). The observation site is located on the campus of Nanjing University of Information Science & Technol-
ogy (NUIST, 32°13′N, 118°46′E), which is surrounded by residential areas and farm lands (Figure 1b). Longwang 
Mountain is located on the south side of the campus. On the farther east side, there are some industrial manufacturers 
including steel works and power plants. In addition, two main roads (Jiangbei Blvd Expressway and Nanjing Ring 
Freeway) are located on the east and west sides of the campus, respectively. H. Wang et al. (2016) indicated that this 
site is influenced by multiple local and regional pollution sources, consisting of mineral dust, coal combustion, traf-
fic emissions, biomass burning, and sea salts. For the YRD region, the major PM2.5 species are organic carbon (OC), 
elemental carbon (EC), and water-soluble inorganic ions (K +, NH4 +, Cl −, NO3 −, and SO4 2−) (Ming et al., 2017).

2.2.  Instruments

In this campaign, two multi-wavelength integrating nephelometers (model Aurora-3000, Ecotech) are used to 
observe aerosol scattering coefficients (σsp) and backward scattering coefficients (σbp) at wavelengths (λ) of 
450 nm, 525 nm, and 635 nm (Ren et al., 2021). A PM2.5 cyclone inlet (BGI-VSCC) is installed at about 4 m above 
the ground to only let particles with diameters less than 2.5 μm (PM2.5) enter the dual-nephelometer system, 
which is produced by Beijing Met High-Tech Co., Ltd. The setup of this kind of humidified nephelometer is 
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first described by Kuang et al. (2017). The RH in the first nephelometer during the observation period is always 
controlled below 40% (Figure S1 in Supporting Information S1). An example of a whole-day RH cycle to show 
the performance of the system is given in Figure S2 in Supporting Information S1. Parallel experiments of two 
nephelometers are conducted before the field campaign, and the results are shown in Figure S3 in Supporting 
Information S1. It shows the good measurement consistency between two nephelometers. The optical chamber 
interiors of nephelometers are cleaned and full calibration is conducted every month. Full calibration is first with 
freon standard gas (R134) for span check, and then with dry and clean air for zero check. The calibration toler-
ance of the zero checks is ±2 Mm −1, and that of the span check is ±2% of the span point. Note that the measured 
σsp values and the f(RH) calculations are corrected for angular truncation errors, which are proposed by Müller 
et al. (2011).

An Aerodyne aerosol chemical speciation monitor with a quadrupole mass spectrometer and a PM2.5 lens system 
(Q-ACSM) is used to measure the mass concentrations of non-refractory aerosol chemical species (sulfate, 
nitrate, ammonium, chloride, and organics (Org)) (Y. Wang et al., 2021). Refractory black carbon (BC) in PM2.5 
is measured using a seven-wavelength aethalometer (model AE-33, Magee), whose wavelength channels include 
370, 470, 520, 590, 660, 880, and 950 nm. The mass concentration of BC is calculated from the change in optical 
attenuation at channel 6 (i.e., 880 nm). The retrieve of BC mass concentration at this channel is weakly affected by 
brown carbon and dust aerosols (Koven and Fung, 2006; Yang et al., 2009). Moreover, a micro pulse lidar (model 
MPL-4B, Sigma Space) is used to measure the vertical distributions of aerosol backward scattering coefficient 
and the depolarization ratio (DR). The DR can be used to indicate particle shapes and types (Liu et al., 2017). 
Due to the incomplete laser pulse, there is a dead zone of 150 m above the surface, and the maximum detection 
height is 20 km. A scanning mobility particle sizer (SMPS) equipped with a differential mobility analyzer (model 
3081, TSI Inc.) and a condensation particle counter (model 3776, TSI Inc.) is used to measure particle number 
size distribution (PNSD) from 14 to 740 nm. Meteorological parameters including temperature, RH, and wind 
direction and speed (WD and WS) are recorded by the meteorological observatory at NUIST.

In addition to the field measurement data at NUIST, the data of PM2.5 and particles with diameters less than 
10 μm (PM10) at the nearest environmental monitoring site (Maigaoqiao site) are used in this study (Figure S4 
in Supporting Information  S1). The Jiangsu city air quality monitor data release platform (https://air.cnemc.
cn:18014/, last access: July 2023).

2.3.  Methods

Aerosol light scattering enhancement factor, f(RH, λ), is commonly used to characterize the impact of aerosol 
hygroscopicity on the aerosol scattering ability (i.e., aerosol optical hygroscopicity), which is defined as

Figure 1.  (a) Geographical location of Nanjing in the Yangtze River Delta and (b) the surrounding areas around the sampling site (NUIST).
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𝑓𝑓 (RH, 𝜆𝜆) =
𝜎𝜎sp(RH, 𝜆𝜆)

𝜎𝜎sp(RH0, 𝜆𝜆)
,� (1)

where σsp(RH, λ) denotes the scattering coefficient (σsp) at a certain high RH (RH  >  40%), and σsp(RH0, λ) 
denotes the σsp at a certain RH0 (RH = 0%) at the wavelength λ.The formula (f(RH)measure = f(RH)/f(RH0)) is used 
to correct the measured f(RH,λ) (Kuang et al., 2017). The f(RH0) is the average of all f(RH < 40%, λ) during the 
observation period.

A physically based single-parameter scheme describing the relationship of f(RH) and RH is proposed by Brock 
et al. (2016) to describe f(RH). The formula is written as

𝑓𝑓 (RH) = 1 + 𝜅𝜅sca
RH

100 − RH
,� (2)

where κsca is a parameter that fits f(RH) best.

The scattering Ångström exponent (SAE) characterizes the wavelength dependence of σsp and is calculated using 
the σsp data at λ1 = 635 nm and λ2 = 450 nm in this study based on the following equation:

SAE =
− log

(

𝜎𝜎sp(𝜆𝜆1)∕𝜎𝜎sp(𝜆𝜆2)
)

log(𝜆𝜆1∕𝜆𝜆2)
.� (3)

An ion-pairing scheme described by Gysel et al. (2007) is applied to convert ions to inorganic salts:

𝑛𝑛NH4NO3
= 𝑛𝑛NO−

3
,�

𝑛𝑛NH4HSO4
= min

(

2𝑛𝑛SO2−
4
− nNH+

4
+ 𝑛𝑛NO−

3
, 𝑛𝑛NH+

4
− 𝑛𝑛NO−

3

)

,�

𝑛𝑛(NH4)2SO4
= max

(

𝑛𝑛NH+
4
− 𝑛𝑛NO−

3
− 𝑛𝑛SO2−

4
, 0

)

,� (4)

𝑛𝑛H2SO4
= max

(

0, 𝑛𝑛SO2−
4
− 𝑛𝑛NH+

4
+ 𝑛𝑛NO−

3

)

,�

𝑛𝑛HNO3
= 0,�

where n denotes the number of moles. The volume concentration for each aerosol chemical composition is calcu-
lated according to the molar mass and their density (ρ). The ρ of H2SO4, (NH4)2SO4, NH4HSO4, NH4NO3, BC, 
and Org are 1,830, 1,769, 1,780, 1,720, 1,600, and 1,200 kg/m 3, respectively. Then the volume fractions of sulfate 
(H2SO4 + (NH4)2SO4 + NH4HSO4), nitrate (NH4NO3), and weak-hygroscopicity aerosols (BC + Org) in all aero-
sol chemical compositions can be calculated.

Due to the f(RH) is determined by multiple factors including particle number size distribution (PNSD), chemical 
composition, density, and refractive index, Chen et al. (2014) developed an improved algorithm for retrieving 
aerosol hygroscopicity parameter, κf(RH), using the data of f(RH), PNSD, and chemical composition. The algo-
rithm procedure is illustrated in Figure S5 and Text S1 in Supporting Information S1.

The HYSPLIT model is used to analyze air mass sources and aerosol transport pathways (Stein et al., 2015). 
And the Potential Source Contribution Function (PSCF) developed by Ashbaugh et al. (1985) is used to identify 
aerosol source on the basis of HYSPLIT model.

Unless otherwise stated, all aerosol optical parameters discussed in this study are based on the measurements 
at a wavelength of 525 nm. The time appeared in this study is China Standard Time (CST), which is 8 hr ahead 
of  UTC.

3.  Results and Discussion
3.1.  Overview

During the long-term field campaign in 2020–2021, two dust storm events affecting the YRD region are observed. 
Figures 2 and 3 show the time series of meteorological parameters and aerosol properties before and during DS1 
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and DS2. The data during two dust periods [6:00 on March 30–6:00 on March 31 (Dust1) and 18:00 on May 
7–18:00 on May 8 (Dust2)] and two non-dust periods [0:00 on March 23–0:00 on March 27 (No-Dust1) and 
0:00 on May 1–0:00 on May 5 (No-Dust2)] are compared. The no-dust periods are selected before dust periods 
to avoid the impact of residual dust aerosol after the DS. In addition, several selection conditions are considered: 
first, the aerosol DR near the surface is less than 0.2 in the no-dust periods. Second, the meteorological conditions 
in selected no-dust periods are similar to those in the corresponding dust periods. Third, the time range of no-dust 
period is enough long to represent the general situation of no dust impact.

Zhang et al. (2021) indicated that the shape of most dust particles is nonspherical with a large DR value, rang-
ing from 0.2 to 0.35. Figure 2a shows that the DR values near the surface remain below 0.15 during No-Dust1 
and increase to above 0.2 or even 0.3 during Dust1. Moreover, the high values of DR during Dust1 are mainly 
found below 1 km and the surface wind speed is relatively high (Figure 2b), indicating the presence of dust 

Figure 2.  The time series of (a) the vertical distribution of aerosol depolarization ratio (DR), (b) hourly wind speed and direction (WS and WD), (c) mass 
concentrations of PM2.5 and PM10, (d) aerosol scattering coefficient (σsp) of dry aerosols at 525 nm wavelength, and (e) aerosol scattering Ångström exponent (SAE) 
from 23 March to 3 April 2021. All the parameters are measured at the NUIST site except for PM2.5 and PM10 at the Maigaoqiao site. The blue and yellow backgrounds 
denote the No-Dust1 and Dust1 periods, respectively.

Figure 3.  Same as Figure 2 but from 29 April to 10 May 2021. The blue and yellow backgrounds denote the No-Dust2 and Dust2 periods, respectively.
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and associated impact on aerosol properties in the lower atmosphere. Meanwhile, during No-Dust1 the mean 
mass concentrations of PM2.5 and PM10 with the standard deviations at Maigaoqiao are 27.65  ±  11.41 and 
93.06 ± 25.52 μg/m −3, respectively. And they increase to 84.96 ± 19.47 and 421.92 ± 119.82 μg/m −3 during 
Dust1 (Figure 2c). It is obvious that PM10 has much more increase than PM2.5, indicating that the dust storm 
transports a lot of large coarse-mode dust aerosols to the YRD region. The σsp also increases during Dust1 
(Figure 2d) but its trend is slightly inconsistent with that of PM10 or PM2.5. This is likely because the difference in 
the measurement site can lead to some trend difference between σsp and PM10 or PM2.5 (Figure S4 in Supporting 
Information S1). More importantly, the change of some aerosol properties (such as aerosol chemical composition 
and particle number size distribution) plays an important role in the nonlinear relationship between σsp and PM10 
or PM2.5 (Tao et al., 2015). This also can lead to the different trends between σsp and PM10 or PM2.5. The scattering 
Ångström exponent (SAE) values can be used to indicate the dominated size mode of aerosols (Xia et al., 2019). 
The significant decrease and low values of SAE (0.08 ± 0.19) near the surface during Dust1 (Figure 2e) further 
indicate that the surface aerosol is impacted largely by coarse-mode particles.

Figure 3a depicts that most aerosol DR values near the surface remain below 0.15 during No-Dust2. During 
Dust2, the aerosol DR above 1 km altitude firstly increases above 0.2 and then that near the surface increases 
above 0.2. This indicates that dust aerosols during Dust2 are transported from the upper atmosphere to the YRD 
region, which is different from that during Dust1. This is consistent with the analysis of backward trajectories 
shown in Figure 4. Figure 3a also suggests that some dust aerosols in the upper atmosphere can descend to the 
near surface likely due to the gravitational sedimentation. During No-Dust2, the mean mass concentrations of 
PM2.5 and PM10 with standard deviations are 16.34 ± 8.42 and 69.54 ± 20.82 μg/m −3, respectively (Figure 3c). 
And those during Dust2 are 44.08 ± 4.65 and 178.21 ± 20.88 μg/m −3, respectively. Obviously, the increases 
of PM2.5 and PM10 are weaker during Dust2 than those during Dust1. This indicates that the dust storm with 
a high-altitude transport path (Dust2) has a weaker impact on the surface aerosols in the YRD region rela-
tive to that with a low-altitude transport path (Dust1). Figure 3d also suggests that the mean σsp during Dust2 
(137.13 ± 21.28 Mm −1) is much lower than that during Dust1 (261.84 ± 59.35 Mm −1) (Figure 2d). The σsp 
increases slightly during the initial period of Dust2. At around 08:00 on May 8, the σsp decreases quickly with the 

Figure 4.  Seventy-two-hour HYSPLIT backward trajectories and transport heights above ground level (AGL) starting from 
the NUIST site at (a and c) 16:00 on March 30, and (b and d) 08:00 on 8 May 2021. The line colors show trajectories with 
different starting altitudes (0.1, 0.5, and 1 km).
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enhancement of northwesterly winds (Figure 3b). Meanwhile, the SAE decreases from 1.56 ± 0.21 (No-Dust2) to 
0.50 ± 0.14 (Dust2) (Figure 3e). All this suggests the increase of coarse-mode particles near the surface is weaker 
during Dust2 than that during Dust1.

Figures 4a and 4b are the seventy-two-hour HYSPLIT backward trajectories during the first dust storm (Dust1) 
affecting the NUIST site at 16:00 on 30 March 2021 and the second dust storm (Dust2) at 08:00 on 8 May 2021. 
According to the backward trajectories, both dust events originate in Mongolia, which is in agreement with previ-
ous studies (Qian et al., 2022; Xu et al., 2022). During Dust1, air masses at low altitudes (0.1 and 0.5 km) are 
transported long distances from Mongolia lands and pass through the sea areas before reaching the YRD region 
(Figure 4a). However, the air mass at the top of the boundary layer (1 km) originates from the south local inland 
and passes through the coast before reaching the YRD region, indicating that the upper layer is weakly affected by 
dust aerosols during Dust1. However, the backward trajectories during Dust2 (Figure 4b) are distinct from those 
during Dust1. All backward trajectories starting at three altitudes during Dust2 do not pass through the sea areas. 
The upper air mass (1 km) originates from Mongolia lands, while the lower air masses (0.1 and 0.5 km) originate 
from the southwest local inlands. This implies that dust aerosols during Dust2 mainly influence the upper atmos-
phere. Figures 4c and 4d also show that the initial transport heights of dust air mass in Dust2 are much higher than 
those of dust air masses in Dust1. These indicate that two DS have the same sources but their transport paths and 
impacting atmospheric layers are different.

In summary, the two DS influencing the YRD region have distinct transport paths although their sources are the 
same. During DS1, the dust air masses are transported in the lower atmosphere and pass through the sea areas, 
making a large change in aerosol properties near the surface. During DS2, the dust air masses are transported in 
the upper atmosphere and only pass through inlands, making a relatively weaker impact on the surface aerosol 
properties. Both dust air masses lead to the increase of coarse-mode particles on the surface but the increase 
degree is stronger during DS1.

3.2.  Aerosol Chemical Compositions in PM2.5

The time series of the mass concentrations and fractions of aerosol chemical compositions (BC, Org, NO3 −, 
SO4 2−, NH4 +, and Cl −) in PM2.5 are shown in Figure 5. During Dust1, the total mass concentration of aerosol 
chemical compositions first decreases and then increases (Figure 5a), which has similar trend with that of σsp 
(Figure 2d). During Dust2, the total mass concentration of aerosol chemical compositions is relatively stable. 
This is probably because the surface fine particles are mainly affected by the local aerosols during Dust2. Mean-
while, the low WS (Figure 3b) during the initial stage of Dust2 is not conducive to the diffusion of aerosols. 

Figure 5.  Time series of (a) the mass concentrations and (b) the mass fractions of aerosol chemical compositions in PM2.5 (NO3 −, SO4 2−, NH4 +, Cl −, Org, and BC). Pie 
charts show their mean mass fractions during No-Dust1, Dust1, No-Dust2, and Dust2.
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Figure 5b shows that the mass fractions of aerosol chemical compositions have an obvious change from no-dust 
periods (No-Dust1 and No-Dust2) to dust periods (Dust1 and Dust2).

The pie charts in Figure 5 further suggest that the mass fractions of BC during Dust1 and Dust2 (12.9% and 
8.1%) are higher than those during No-Dust1 and No-Dust2 (7.7% and 4.7%). The increased BC may be from 
the long-distance carrying of dust air masses from the highly populated areas in North China. The pie charts in 
Figure 5 also suggest the mass fractions of nitrate during dust periods are lower than those during no-dust peri-
ods, suggesting that the DS do not greatly promote the formation of nitrate. This is in contrast to a study by Z. 
Wang et al. (2018), which suggests that the formation of sulfate is few but the formation of nitrate is abundant 
through the heterogeneous reactions on the dust surface. The reason for this difference is that the heterogeneous 
reactions strongly depend on multiple factors, including mineralogy, RH, and the concentrations of SO2 and 
NO2 (Gaston, 2020). As an example, Krueger et al. (2004) and Xu et al. (2020) indicated that the heterogeneous 
reactions of mineral dust are intensely correlated with dust compositions. The calcium-containing minerals, such 
as calcite (CaCO3) and dolomite (CaMg(CO3)2), are favorable for nitrate formation, while alkaline metals are 
favorable for sulfate formation.

The mass fraction of sulfate is larger during Dust1 than that during No-Dust1. Three possible reasons can lead to 
the increase of sulfate mass fraction: first, as mentioned above, a large part of dust particles are alkaline, which 
is in favor of the transformation of SO2 to sulfate through the enhanced heterogeneous reactions on the surface of 
dust aerosols (Y. Wang et al., 2005). Second, the sulfate existing in primary dust can be transported to the YRD 
region (Q. Wang et al., 2011). Finally, as shown in Figure 4a, the air masses during Dust1 pass through the sea 
areas, which can carry sea-salt sulfate to the YRD region. During Dust2, the mass fraction of organics is higher 
than that during No-Dust2. The analysis of potential source contribution function (PSCF, Figure S6 in Supporting 
Information S1) suggests that most organics during Dust2 are mainly from local emission and regional transmis-
sion near the surface.

In summary, there are similarities and differences in the impact of DS1 and DS2 on aerosol chemical composi-
tions in PM2.5. In general, the retrieved BC mass fraction increases and the detected nitrate mass fraction decreases 
from no-dust periods to dust periods. However, the mass fraction change of organics or sulfate is adverse between 
from No-Dust1 to Dust1 and from No-Duts2 to Dust2. This is caused by the different transport paths of DS1 and 
DS2. The weaker impact of dust storm on the surface aerosols during DS2 leads to a smaller change in aerosol 
chemical compositions in PM2.5.

3.3.  Aerosol Light Scattering Enhancement Factor in PM2.5

Figure 6 displays the change of f(RH) with RH during No-Dust1, Dust1, No-Dust2, and Dust2. The mean f(RH) 
at intervals of 1% RH during four periods is shown in Figure 6a. It indicates that the values of f(RH) during Dust1 
and Dust2 are always less than those during No-Dust1 and No-Dust2, especially at the moderate and high RH 
levels. Moreover, ambient aerosol deliquescence phenomenon can be found around RH = 79–85% during Dust1 
and Dust2, showing a slow increase of f(RH) at RH < 79% and a fast increase of f(RH) at 79% < RH < 85%. 

Figure 6.  The variations of f(RH) with RH during (a) the four periods, (b) No-Dust1, Dust1 (c) No-Dust2, and Dust2. The dots in (a) represent the mean f(RH) at 
intervals of 1% RH. The dots in (b) and (c) represent the measured f(RH) and the lines show the fitting results using the f(RH) parameterization schemes.
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Ammonium sulfate and ammonium nitrate (AS-AN) particles with different mixing ratios lead to mutual deli-
quescence relative humidity (MDRH) and full deliquescence relative humidity (DRH). The DRH of AS-AN 
particles increased with the decrease of ammonium nitrate content, closing to the DRH of pure ammonium sulfate 
particles (Sun et al., 2018). Ren et al. (2021) showed that the environmental aerosol deliquescence phenome-
non is easy to occur when the mass ratio of sulfate to nitrate (𝐴𝐴 𝐴𝐴

SO
2−
4

∕NO
−
3
 ) is greater than ∼4. According to our 

measurement, 𝐴𝐴 𝐴𝐴
SO

2−
4

∕NO
−
3
 in PM2.5 during Dust1 and Dust2 are always higher than 4 (Figure S7 in Supporting 

Information S1), which is the reason for environmental aerosol deliquescence during dust periods. Because of 
the higher 𝐴𝐴 𝐴𝐴

SO
2−
4

∕NO
−
3
 in Dust2 than that in Dust1, the aerosol deliquescence phenomenon is more intense during 

Dust2 than that during Dust1. As a contrast, f(RH) during No-Dust1 and No-dust2 increases rapidly with RH 
and the f(RH = 90%) is close to 1.9. All the results demonstrate that DS can effectively reduce aerosol optical 
hygroscopicity by increasing the hydrophobic aerosols (such as mineral aerosols) although they may promote the 
formation of secondary aerosols (Shi et al., 2008).

To improve the simulation accuracy of aerosol optical hygroscopicity, it is necessary to develop an optimal param-
eterization to describe f(RH). The following three-parameter parameterization scheme is commonly applied for 
no deliquescence phenomenon of environmental aerosols, which is used during No-Dust1 and No-Dust2.

𝑓𝑓 (RH) = 𝑎𝑎 + 𝑏𝑏

(

1 −
RH

100

)−1

+ 𝑐𝑐

(

1 −
RH

100

)−2

� (5)

where a, b, and c are three fitting parameters.

Due to the environmental aerosol deliquescence phenomenon during Dust1 and Dust2, the above scheme can 
bring a large deviation. The following segment parameterization scheme is used.

⎧

⎪

⎪

⎨

⎪

⎪

⎩

� (RH) = � + �
(

1 − RH
100

)−1
+ �

(

1 − RH
100

)−2
RH < 79%

� (RH) = � + �RH 79 ≤ RH ≤ 85%

� (RH) = � + �
(

1 − RH
100

)−1
+ �

(

1 − RH
100

)−2
RH > 85%

� (6)

where a, b, and c are the fitting parameters.

The parameterization results are shown in Figures 6b and 6c. The results also suggest that the environmental 
aerosol deliquescence phenomenon during Dust2 is more obvious than that during Dust1. Different aerosol char-
acteristics in different regions cause the diverse f(RH) parameterization scheme (Table S2 in Supporting Informa-
tion S1). As a result, the three-parameter parameterization of f(RH) is adapted during non-dust periods, which can 
be used for the simulation of aerosol optical hygroscopicity for the general situation in the Yangtze River Delta. 
Meanwhile, the segment parameterization is highly adapted for the special dust periods.

Figure 7 shows the f(RH = 85%) as a function of the volume fractions of aerosol chemical components during 
different periods. The f(RH = 85%) and the volume fraction of sulfate aerosols are always positively correlated, 
with higher correlation coefficients (R = 0.69 and 0.76) during Dust1 and Dust2 than those during No-Dust1 
and No-Dust2 (R = 0.22 and 0.47) (Figures 7a and 7d). This indicates the enhancement effect of sulfate aero-
sols on aerosol optical hygroscopicity, especially during dust periods. Figures 7b and 7e show that the volume 
fractions of NH4NO3 are positively correlated with the f(RH = 85%) during Dust1, No-Dust1, and No-Dust2 
(R = 0.83, 0.67, and 0.23), also implying the enhancement effect of nitrate aerosols on aerosol optical hygro-
scopicity. However, the volume fraction of NH4NO3 is negatively correlated with the f(RH = 85%) during Dust2 
(R = −0.78) (Figure 7e). This is because the decrease of nitrate is always accompanied by the rapid increase of 
sulfate aerosols during Dust2 (Figure S8 in Supporting Information S1), the increased sulfate aerosols make the 
increase of f(RH = 85%) when NH4NO3 decreases. This is also why the more obvious environmental aerosol 
deliquescence phenomenon in Dust2 than in Dust1. Figures 7c and 7f suggest that the f(RH = 85%) are always 
negatively correlated with the total volume fractions of weak-hygroscopicity aerosols (Org + BC) during four 
periods, indicating the large suppressing impact of organics and BC on aerosol optical hygroscopicity.

During the observation period, the fitted κsca using Equation 2 ranges from 0.03 to 0.15. As mentioned above, 
the f(RH) is affected by particle number size distribution (PNSD), chemical composition, and so on. Using the 
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data of PNSD and chemical components, the f(RH) can be calculated based on the Mie model, and then aero-
sol hygroscopic parameter, κf(RH), can be retrieved (see the method described in Section 2.3). The comparison 
between κf(RH) and κsca is shown in Figures 8a and 8b. The mean ratio κsca/κf(RH) (Rκ) are 0.78, 0.63, 0.75, and 0.66 
in No-Dust1, Dust1, No-Dust2, and Dust2, respectively. It suggests that the calculated κf(RH) is more approaching 
to κsca during no-dust periods than that during dust periods. During dust periods, the overestimation of κf(RH) is 
obvious. The variation of Rκ with SAE is shown in Figure 8c. It shows that Rκ becomes lower with the decrease 
of SAE, indicating the large impact of PNSD difference on Rκ. This phenomenon is consistent with the report of 
Kuang et al. (2017). The correlation coefficient (R 2 = 0.58) between Rκ and SAE confirms that the variability of 

Figure 8.  The linear relationship between values of κf(RH) calculated by Mie model and κsca fitted by formula 2 during (a) No-Dust1, Dust1, (b) No-Dust2, and Dust2. 
Solid purple and red lines represent bivariate regression lines. The black line is a 1:1 line. (c) The ratio κsca/κf(RH) (Rκ) versus SAE during Dust1, Dust2, No-Dust1, and 
No-Dust2. The red line represents the linear fit.

Figure 7.  Aerosol light scattering enhancement factor at RH = 85%, f(RH = 85%), as a function of the volume fractions of aerosol chemical components: (a and 
d) sulfate aerosols (H2SO4 + (NH4) 2SO4 + NH4HSO4), (b and e) nitrate aerosol (NH4NO3), and (c and f) weak-hygroscopicity aerosols (Org + BC) during dust and 
non-dust periods. Solid blue and orange lines represent bivariate regression lines.
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Rκ can be mostly explained by the change of SAE. The parameterization scheme between Rκ and SAE in this study 
is Rκ = 0.63 + 0.10 × SAE, which is different with that proposed by Yu et al. (2018) (Rκ = 0.45 + 0.15 × SAE). 
This is likely related to the difference of aerosol chemical compositions between two different measurement sites. 
The non-detected dust aerosols can also lead to the overestimation of κf(RH), However, the content of dust aerosols 
is small in fine particles.

In summary, the DS can significantly suppress aerosol optical hygroscopicity in the YRD region. The 
enlarged 𝐴𝐴 𝐴𝐴

SO
2−
4

∕NO
−
3
 (larger than 4) promotes environmental aerosol deliquescence during dust periods. The 

relationships between f(RH = 85%) and aerosol chemical components highlight the enhancement effect of 
sulfate and nitrate aerosols and the suppressing effect of weak-hygroscopicity aerosols on aerosol optical 
hygroscopicity. The closures between κf (RH) and κsca further indicate that the low SAE is responsible for the 
overestimation of κf (RH) during dust periods. To accurately parameterize f(RH), dust and no-dust periods need 
to be distinguished.

4.  Conclusions and Impactions
In this study, two DS (DS1 and DS2) are chosen to study the impacts of DS on aerosol chemical compositions 
and optical hygroscopicity based on the field measurements in Nanjing in 2021. The data during two dust periods 
[6:00 on March 30–36:00 on March 31 (Dust1) and 18:00 on 7 May–18:00 on 8 May (Dust2)] and two no-dust 
periods [0:00 on 23 March–0:00 on 27 March (No-Dust1) and 0:00 on 1 May–0:00 on 5 May (No-Dust2)] are 
selected to compare.

The seventy-two-hour HYSPLIT backward trajectories suggest that two DS have different transport paths and 
different impacting atmospheric layers, making a different change in the chemical components and optical hygro-
scopicity of aerosols near the surface. During DS1, the dust air masses are transported in the lower atmosphere 
and pass through the inlands and sea areas before reaching the YRD region. During DS2, the dust air masses are 
transported in the upper atmosphere and only pass through the inlands. As a result, DS1 has a stronger impact on 
aerosol properties near the surface than DS2. Both DS1 and DS2 lead to increases in coarse-mode particles near 
the surface but the increasing degree is higher in DS1 than in DS2.

The measurements by ACSM and AE-33 show that the black carbon (BC) mass fraction increases and the 
nitrate mass fraction decreases in fine particles (PM2.5) from no-dust periods to dust periods. However, a change 
in the mass fraction of organics or sulfate is adverse between two dust periods compared to two no-dust peri-
ods, which is caused by the different transport paths and impacting heights of DS. The weaker impact of dust 
storm on the surface aerosols during Dust2 leads to a smaller change of aerosol chemical compositions near 
the surface.

The variation of aerosol light scattering enhancement factor (f(RH)) with RH indicates that dust aerosols can 
effectively reduce aerosol optical hygroscopicity. Meanwhile, the sulfate and nitrate aerosols have the enhance-
ment effect and the organics and BC aerosols have the suppressing effect on aerosol optical hygroscopicity. The 
enlarged mass ratio of sulfate to nitrate (greater than 4) during dust periods can promote environmental aerosol 
deliquescence. For this reason, a three-parameter parameterization scheme to fit f(RH) is reasonable to no-dust 
periods, while a segment parameterization scheme is reasonable to dust periods. The founded environmental 
aerosol deliquescence phenomena in dust periods are special in this study, which inspires scientists to think 
deeply the impact of dust aerosols on atmospheric environment.

The closure study between the κf (RH) calculated by Mie model and κsca fitted by measured f(RH) suggests that 
the variability of Rκ can be mostly explained by the change of SAE. More research about the factors for optical 
hygroscopicity parameters are needed in the future. To accurately parameterize f(RH), dust and no-dust periods 
need to be distinguished in models.
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Data availability may be found in the online version of this article. The data used in the analysis are available at 
DOI: https://doi.org/10.57760/sciencedb.09680. HYSPLIT trajectories are available via the READY website by 
the NOAA (https://www.ready.noaa.gov; NOAA, 2022).
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