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• A haze-to-dust event with a dust swing
process was investigated in a coastal city.

• The dust swing process promoted the for-
mation of sulfate.

• Local coal burning and waste incineration
were the main contributors to haze.

• Secondary aerosol was transported to the
site during the polluted dust period.
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The long retention of dust air masses in polluted areas, especially in winter, may efficiently change the physicochem-
ical properties of aerosols, causing additional health and ecological effects. A large-scale haze-to-dust weather event
occurred in the North China Plain (NCP) region during the autumn-to-winter transition period in 2018, affecting
the coastal city Qingdao several times between Nov. 27th and Dec. 1st. To study the evolution of the pollution process,
we analyzed the chemical characteristics of PM2.5 and PM10–2.5 and source apportionments of PM2.5 and PM10,

The dust stagnated around NCP and moved out and back to the site, noted as dust swing process, promoting SO4
2−

formation in PM2.5 and NO3
− formation in PM10–2.5. Source apportionments were analyzed using the Positive Matrix

Factorization (PMF) receptor model and weighted potential source contribution function (WPSCF). Before the dust
invasion, Qingdao was influenced by severe haze; waste incineration and coal burning were the major contributors
(~80%) to PM2.5, and the source regionwas in the southwest of Shandong Province. During the initial dust event,min-
eral dust and the mixed factor of dust and sea salt were the major contributors (46.0 % of PM2.5 and 86.5 % of PM10).
During the polluted dust period, the contributions of regional transported biomass burning (22.3%), vehicle emissions
(20.8%), and secondary aerosols (33.8%) to PM2.5 from the Beijing–Tianjin–Hebei region significantly increased. The
secondary aerosols source wasmore regional than that of vehicle emissions and biomass burning and contributed con-
siderably to PM10 (30.8 %) during the dust swing process. Our findings demonstrate that environmental managers
should consider the possible adverse effects of winter dust on regional and local pollution.
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1. Introduction

Complex regional air pollution is a commonenvironmental issue inChina,
characterized by the combination of multiple air pollution processes (Aunan
et al., 2018; Hu et al., 2015). Compared with their constituents in isolation,
mixed pollutants in a complex pollution event may synergistically increase
the harmful effects on the human body (Li et al., 2019). Complex pollution
events often last for a few days, as a variety of natural and anthropogenic
sources of particulate matter (PM) influence the pollution characteristics at
different stages, altering the environmental and health impacts (Emberson
et al., 2001; Fuzzi et al., 2017; Morishita et al., 2011; Xiao et al., 2013).

Previous research on haze and sand dust in China has focused on char-
acterizing physicochemical properties of particulate matter and deriving
the source apportionment information (Chan and Yao, 2008; Du et al.,
2021; Fu et al., 2014; Nie et al., 2012; Shi et al., 2020). Haze anddust events
in China typically have distinct synoptic conditions. Haze weather is prone
to occur in winter, especially in the North China Plain (NCP) region, be-
cause of emissions from heating and poor atmospheric diffusion conditions
(Wang et al., 2015), whereas dust days occur more frequently in spring
because of Mongolian cyclones and/or Asian highs (Li et al., 2018; Pan
et al., 2015; Zhang et al., 2003). However, more dust events have been
observed recently in the transition period between autumn and winter
(Wang et al., 2020b; Zhao et al., 2020a). According to our analysis of dust
events from 2015 to 2018, three to eight Asian dust events affect the NCP
region in late autumn and winter each year, and the average concentration
of PM2.5 in NCPduring dust events can be up to 39 μg·m−3 higher than non-
dust days (Tables S1-S2).

The invasion of dust can further deteriorate the air quality in North
China. On the one hand, mineral dust is a radioactively active aerosol
that can absorb both short- and long-wave radiation (Choobari et al.,
2014). Dust storms can perturb the temperature stratification, resulting in
awarmer upper dust layer and lower surface temperature,making the plan-
etary boundary layer more stable, indirectly aggravating local air pollution
near the ground in eastern China (Wang et al., 2020b; Yang et al., 2021). On
the other hand, dust usually has a large particle surface area where hetero-
geneous reactions that form secondary aerosols can occur (Zhang et al.,
2018) or a photo-induced dust surface-mediated condensable vapor
production (Nie et al., 2014). Moreover, the abundant transition metals in
themineral aerosol will catalyze the oxidation of SO2, promoting the forma-
tion of sulfate (Cwiertny et al., 2008; Li et al., 2020; Liu and Abbatt, 2021;
Wang et al., 2021) and resulting in growth of particles (Nie et al., 2014).
Above all, dust that occurs in the late autumn/winter may exacerbate
environmental impacts due to the high primary emissions from heating
and poor meteorological diffusion conditions (Beig et al., 2019; Cai et al.,
2020; Oduber et al., 2019).

Recent studies on the complex events usually focused on the secondary
formation of particles, revealing a more complex atmospheric chemistry
process due tomixed pollutants, but few of them focus on the source appor-
tionment variation of mixed pollution events (Dong et al., 2020; Huang
et al., 2018; Ko et al., 2016; Wang et al., 2020a; Yang et al., 2019). As the
formation mechanism and source are inseparable, identifying the variety
of sources during the pollution evolution is critical to understanding their
impact on the formation mechanism (Cesari et al., 2018; He et al., 2012).
However, few studies focus on the source apportionment variation of
mixed pollution events. During the transition period from autumn towinter
in 2018, a large-scale haze-to-dust event occurred in North China. The dust
air mass was transported out and back to Qingdao (a typical coastal city ad-
jacent to the Yellow Sea), noted as a dust swing process in this study. This
study is divided into two parts. In this section, the synoptic conditions of
the haze-to-dust and dust swing process are analyzed and the contributions
of different anthropogenic and natural sources and their potential source
locations are identified and discussed, which are critical to understanding
the complex physical and chemical evolution processes in the atmosphere.
In Section 2, we will investigate the formation of secondary ions and the
interactions between secondary aerosol formation and transition element
(e.g., Fe and Mn) dissolution during the dust swing process.
2

2. Materials and methods

2.1. Sampling and chemical analysis

The sampling site was on the rooftop of the Baguanshan Atmospheric
Research Observatory (36.03°N, 120.20°E; 74 m above sea level) in
Qingdao (Fig. S1). This site is located 500 m away from the coastline of
the Yellow Sea and on the outflow of Asian dust (Hao et al., 2007). The
campaign was conducted from Nov. 9th to Dec. 4th 2018 (Fig. S2).

PM2.5 and PM10 were collected using four high-flow particulate matter
samplers (TE-6070BLX, Tisch Environmental Co., Ltd., USA and TH-1000C
II, Wuhan Tianhong Instrument Co., Ltd., China) onWhatman®#41 filters
and Pall® quartz filters. The sampling time for a single sample was about
12 h under normal air quality, usually from 8:00 a.m. to 8:00 p.m., and
3–6 h at a higher frequency under haze or dust conditions. We collected
113 PM2.5 samples and 107 PM10 samples during the observation period.

Element concentrations (Al, V, Cr, Mn, Fe, Ni, Co, Cu, Zn, Ga, As, Se, Rb,
Cd, Cs, Ba, Pb) were measured in samples collected on the #41 filters via
inductively coupled plasma-mass spectrometry (iCAP Qc, Thermo Fisher
Scientific, Germany) (Bowie et al., 2010). For the samples collected on
quartz filters, the major ions were measured by Dionex ICS-3000 Ion
Chromatography, and OC and EC were measured using a Sunset OC/EC
analyzer. The concentration of organic matter (OM) was calculated as 1.6
times the OC concentration (Kong et al., 2019).

The hourly concentrations of PM2.5, PM10, and the gas phase pollutants
were downloaded from the national urban air quality real-time release plat-
form of the China National Environmental Monitoring Centre (https://
quotsoft.net/air/). Hourly meteorological parameters, including the wind
speed and direction and geopotential height, were derived from ERA5,
the fifth-generation reanalysis data set published by the European Centre
for Medium-Range Weather Forecasts (https://cds.climate.copernicus.eu/
cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=overview).

2.2. Positive matrix factorization model

Weused a positivematrix factorization (PMF) receptormodel to analyze
the sources of PM2.5 and PM10 (Sowlat et al., 2016; Zhang et al., 2009). The
PMF receptor model performs the optimal weighted least-squares fitting
and can generate the minimum variance factor and accurately calculate
the error estimate to improve stability (Tapper, 1993). PMF is widely used
for atmospheric particulate matter source analyses (Lee et al., 2008;
Pandolfi et al., 2011; Reff et al., 2007; Wang et al., 2019). Details of the
conduction of PMF in this study can refer to Text S1 in the supporting
information.

2.3. Backward trajectories and weighted potential source contribution function
analysis

The backward trajectories during the sampling periodwas calculated by
Hybrid Single-Particle Lagrangian Integreted Trajectory (HYSPLIT4)model
(https://ready.arl.noaa.gov/hypub-bin//trajtype.pl?runtype=archive)
(Draxler and Rolph, 2010;McGowan and Clark, 2008). The hourly trajecto-
ries were computed backward for 72-h from the sampling site at 300 m
above the ground surface. Meteorological data used in the HYSPLIT
model was from the US National Center for Environmental Prediction
Global Data Assimilation System (GDAS) with a resolution of 1.0 × 1.0°
(Hersbach et al., 2020).

The potential source contribution function (PSCF),which is essentially a
conditional probability function, is used to preliminarily determine the
source area of pollutants (Pongkiatkul and Oanh, 2007; Zeng and Hopke,
1989; Zong et al., 2018). PSCF values were calculated from the 72-h
backward trajectories and the concentration of the factor resolved by
PMF (Wang, 2019). The calculated domain for PSCF was a range of
30–55°N, 75–125°E, and a grid cell with a resolution of 0.5° × 0.5° was
divided (Kong et al., 2020). The weight potential source contribution
function (WPSCF) was used in this study to reduce the uncertainty

https://quotsoft.net/air/
https://quotsoft.net/air/
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-pressure-levels?tab=overview
https://ready.arl.noaa.gov/hypub-bin//trajtype.pl?runtype=archive
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(Dimitriou et al., 2020; Kulshrestha et al., 2009; Zhang et al., 2015). Details
of PSCF and WPSCF can refer to Text S2 in the supporting information.

3. Results and discussion

3.1. Synoptic conditions of the haze-to-dust case

A regional haze event occurred in theNCP region fromNov. 24th to 26th,
2018, followed by a dust invasion from Mongolia (Tang et al., 2020; Zhao
et al., 2020a). To understand the changes in the chemical characteristics of
aerosols when the dust air mass mixed with local anthropogenic pollutants,
we examined the haze-to-dust pollution episode at Qingdao from Nov.
27th to Dec. 1st. The episode was divided into six stages according to the
metrological condition andparticlemass and compositions (Fig. 1), including
the haze period (6:00–14:00 Nov. 27th), the transition period, in which
a mixed sample was affected by both haze and dust (M; 14:00–18:00
Nov. 27th), dust I (DI; 18:00 Nov. 27th–00:00 Nov. 29th), dust II (DII;
0:00–17:00 Nov. 29th), dust-weakening (DW; 17:00 Nov. 29th–22:00 Nov.
30th), and polluted dust (PD; 22:00 Nov. 30th–21:00 Dec. 1st).

In Qingdao, haze occurred from 6:00 to 15:00 on Nov. 27th, with PM2.5

concentrations ranging from 112 μg·m−3 to 151 μg·m−3, reaching moder-
ate pollution levels as defined by the Chinese National Ambient Air Quality
Standard (NAAQS, GB-3095-2012). The occurrence of haze was caused by
stable weather conditions, e.g., a uniform pressure distribution, weakwind,
and an inversion layer, as shown in Figs. 1, 2, and S3, respectively. Accord-
ing to the surface geopotential height and wind velocity colored with PM2.5

concentrations in Fig. 2a–c, a transport of a high PM2.5 concentration zone
was observed from the Beijing–Tianjin–Hebei (BTH) region (marked by
black circles) to the downwind NCP region, inducing the haze occurrence
in Qingdao. In addition, the inversion layer on the morning of Nov. 27th
resulted in poor dispersion conditions (Fig. S3), aggravating the haze pollu-
tion in Qingdao.
Fig. 1.Time series ofmeteorological parameters andmass concentrations of air pollutant
haze pollution, the transition period, in which a mixed sample was affected by both haze
refer to China Standard Time (CST = GMT + 08:00).

3

One sample was collected from 14:00 to 18:00 on Nov. 27th with an
increase in PM10 concentration and a simultaneous decrease in PM2.5

concentration (Fig. 1). During this period, the wind speed increased and
the relative humidity (RH) declined rapidly in Qingdao, suggesting the
site began being affected by the dry dust airflow (Fig. 2f). Thus this sample
was collected during the transition period from haze to dust, influenced by
both haze and dust pollution. This sample, noted mix (M) sample, revealed
a decrease of PM2.5/PM10 from 0.57 in the haze period to 0.23 when the
dust air mass arrived.

The distribution of PM10 concentration (Fig. 2d–f) shows that the dust
plume appeared in Inner Mongolia on Nov. 26th and moved to the south-
east (Fig. S4). The NCP region was gradually affected by the dust plume,
and the dust air mass began to affect Qingdao at 14:00 on Nov. 27th
(Fig. 2f). The PM10 concentration peaked at 671 μg·m−3 at 00:00 on Nov.
28th. Till 00:00 on Nov. 29th, the dust plume continued to affect the NCP
region (Fig. 2g). This period was defined as Dust I period (DI). A much
lower average ratio of PM2.5/PM10 was observed in the DI period (0.11)
than in the haze (0.57) and transition (0.36) periods.

At 00:00 on Nov. 29th, short-term precipitation occurred in Qingdao,
accompanied by the movement of the dust plume and a significant decline
in PM2.5 and PM10 concentrations (Fig. 1). Because the dust plume
stagnated in the NCP region, Qingdao was affected by dust air masses
immediately after the rainfall, leading to a second increase in the PM2.5

and PM10 concentrations (Fig. 2g–h). The ratio of PM2.5/PM10 was still
below 0.25 from 1:00 to 18:00 on Nov. 29th. This period was named the
Dust II episode (DII), during which Qingdao was affected by the stagnant
dust air mass.

The dust plume moved slowly to the southwest under the easterly flow
since 22:00 on Nov. 29th, and moved out of Qingdao (Fig. 2i). Under the
influence of clean airflow from the Yellow Sea, the PM10 and PM2.5 concen-
trations dropped from 160 and 34 μg·m−3 to 89 and 15 μg·m−3 defined as
the Dust Weaken period (DW).
s during the haze-to-dust and dust swing process. H,M, DI, DII, DW, and PD stand for
and dust, dust I, dust II, dust-weakening, and polluted dust periods. The time labels



Fig. 2. The synoptic conditions at 1000 hPa and the mass concentrations (μg·m−3) of PM2.5 (a–c, l) and PM10 (d–k) in the surface layer from Nov. 26th to Dec. 1st China
Standard Time (CST). The black curves and vectors represent the geopotential heights (unit: gpm) at 1000 hPa with 20 gpm intervals and the wind velocity (unit: m/s).
The Cressman interpolationmethod describes the horizontal distributions of the PM2.5 and PM10 concentrations. The Beijing–Tianjin–Hebei region and Qingdao are marked
by a black circle and a red star.
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However, a swing of the dust air mass occurred in the NCP region
(Fig. 2j–k). Since 8:00 on Dec. 1st, the dust air mass was slowly transported
back to Qingdao by a southeastward wind. Unlike the previous two dust
episodes, there was a wide range of high PM2.5 concentration areas in the
NCP region (Fig. 2l). As shown in Fig. 1, the PM2.5 and PM10 concentrations
in Qingdao increased during 4:00–16:00 on Dec. 1st, and the PM10 concen-
trationwas>150 μg·m−3 (Fig. 1). Considering that the average PM2.5/PM10

ratio during this period (0.31) was still lower than 0.4, we noted it as the
Polluted Dust period (PD) (Guan et al., 2017; Li et al., 2018). As the dust
air mass stayed and swung in the NCP region for four days, the complex
pollution may have been affected by multiple chemical reactions and vari-
ous sources because of mixing mineral aerosols with the regional/local
emitted pollutants.
4

3.2. Component analysis during the haze-to-dust and dust swing process

The relative contributions and concentrations of the major components
are displayed in Figs. 3 and S5, respectively. Given the low contributions
from individual metals, we show the sum contributions in Fig. 3 and the de-
tails for each species in Fig. S6. Unfortunately, the ion data for PM10were un-
available during the haze, transition, and DII periods due to instrument
maintenance.As the haze event progressed,we observed significant increases
in the concentrations of NO3

− (from 21.48 μg·m−3 to 32.77 μg·m−3) and OM
(from 19.04 μg·m−3 to 40.95 μg·m−3), accounting for 31.8 % and 39.7 % of
the PM2.5 concentration on average, respectively. Similar high contributions
of NO3

− and OM during the haze period were also observed in other cities
in North China, suggesting that heterogeneous reactions may promote the



Fig. 3. Time series of (a) PM concentrations and the relative proportions of chemical compositions in (b) PM2.5 and (c) PM10–2.5 during the haze-to-dust and dust swing
process. The right figures show the average ratios of the relative fractions of the components in PM2.5 and PM10 during these periods. The abbreviations are the same in Fig. 1.
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formation of secondary aerosols under high relative humidity (Cheng et al.,
2015; Yang et al., 2015). Somemetallic elements, including typical anthropo-
genic elements Cu, Zn, Pb, As, and Se, contributed 31.2 % of the total metals
in the haze period but only 0.8 % during the DI period (Fig. S6).

When the dust invaded Qingdao, a mixed sample (M, Fig. 3) was col-
lected during the transition period, influenced by haze and dust. The
relative contribution of OM decreased sharply in PM2.5 compared with
the haze period. At the same time, the contribution of mineral elements
increased under the dust effect. Among these elements, the relative contri-
bution of typical crustal element Al increased (Fig. S6), with Al concentra-
tions substantially increasing from 0.29 μg·m−3 to 9.33 μg·m−3 in PM2.5

(Fig. S7). In contrast, the concentrations of the anthropogenic pollutants
Pb, Zn, Cd, and As in PM2.5 significantly decreased (Fig. S7). Although the
PM2.5 concentration decreased, the SO4

2− concentration in PM2.5 increased
from10.14 μg·m−3 to 15.45 μg·m−3 and the contribution of SO4

2− increased
from 9.8 % to 13.1 %.

Compared to the mixed PM2.5 sample (M), the PM2.5 sample collected
during the dust peak (the first sample of the DI period) contained more
mineral elements and Ca2+. The sum concentrations of Al, Fe, and Ca2+

increased to 84.67 μg·m−3 in PM10–2.5, more than four times that in PM2.5

(17.85 μg·m−3). These three crustal species account for 43.2 % of PM2.5

and 54.8 % of PM10–2.5 during the DI period. Secondary species NO3
−

showed amore rapid decrease than SO4
2− in both concentration and contri-

bution in the DI period.
After the precipitation, the chemical composition of PM changed signif-

icantly during DII period. The contribution of mineral elements obviously
decreased, while EC, NO3

−, and NH4
+ increased (Fig. 3). The backward tra-

jectories during DII period showed that the airflow stagnated on the surface
layer (under 900 hPa) of Qingdao for up to 50 h—nearly twice as long as
5

that in DI period (Fig. S8). Therefore, the aerosol collected during DII
period was greatly affected by local emissions.

During the DW period, the concentrations and relative contributions of
mineral elements in PM2.5 continued to decrease (Figs. 3 and S5). The
concentrations of SO4

2−, NO3
− and OM in PM2.5 were 2–6 times lower

than those in the DII period, but the relative contributions of these species
increased (Fig. 3).

During the PD period, the contribution of mineral elements in PM2.5

(2.5 %) was higher than that during the non-dust period (1.8 %). We also
observed higher Al and Fe concentrations in PM10–2.5 (Fig. S6). Unlike DI
and DII, the contribution of NH4

+ increased to 13.1% during the PD period,
suggesting the influence of human activities (Murano et al., 1998; Park
et al., 2018). According to the backward airflow trajectory, this PD period
may be influenced by air masses transported from the BTH region
(Fig. S9), where the concentrations of PM10 in Beijing and Tianjin were
as high as 200 and 250 μg·m−3, respectively. The transported air mass
passed through the Bohai Sea and the Yellow Sea before arriving in
Qingdao; thus, a consistently high RH (67–82 %) was observed during
the PD period. This high RH may have induced the gradual increases in
SO4

2− concentrations in both PM2.5 and PM10–2.5 (Figs. 3 and S5).
Comparing the major components between PM2.5 and PM10–2.5 (Figs. 3

and S5), mostly OM and secondary ions, such as NO3
−, SO4

2−, and NH4
+,

existed in PM2.5, especially in the haze period, and more crustal composi-
tions existed in PM10–2.5. For the three dust periods, the sum of the mineral
metals (Al, Fe, Cr, Mn, Co, Ba) and Ca2+ more substantially contributed to
the PM10–2.5 (29.2 %) than the PM2.5 (9.9 %). The increase in mineral com-
ponents combined with changes in the atmospheric environment may have
impacted the formation of secondary aerosols. As shown in Fig. 3, the rela-
tive contribution of SO4

2− in PM2.5 increased as the dust event progressed.
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The average contribution of SO4
2− in PM2.5 increased from 9.84 % in the

haze period to 11.56 % in DI and 12.06 % in DII. Remarkably high sulfate
contributions were observed during the DW (19.8 %) and PD (21.6 %)
periods. Although the PM10–2.5 data are incomplete, we also observed a
higher contribution of SO4

2− in PM10–2.5 in DW (14.0 %) and PD (18.9 %)
than in DI (8.7 %). This information indicates the production of SO4

2− in
both fine and coarse PM during the dust swing process. NO3

− and NH4
+

showed similar variations in PM2.5, both of which are indicators of human
activities (Lin et al., 2007; Murano et al., 1998; Park et al., 2018). The rela-
tive contributions of NO3

− and NH4
+ in PM2.5 were lowest during the DI

period and increased during DII and PD periods when the air masses were
more influenced by the lower troposphere and air mass transport from the
BTH region. NO3

− in PM10–2.5 showed similar trends, but more NO3
− was

produced in PM10–2.5 than in PM2.5. But NH4
+ in PM10–2.5 showed minimal

contribution during the three dust periods because it is mainly concentrated
in fine particles (Mace, 2003; Wang et al., 2003; Wang et al., 2014). Our de-
tailed investigation of the secondary ions is discussed in Part II of this study.

3.3. Source analysis

3.3.1. The PMF factors
In this study, nine PM2.5 and ten PM10 factors were finally identified

(Fig. 4). The average contribution proportions in PMcan be found in Fig. S10.
Fig. 4. The contribution profiles of nine factors of PM2.5 a

6

The main species defining factor 1 for PM2.5 were NO3
−, NH4

+, Zn, As,
and Pb. Althoughwe usually ascribe SO4

2− andNO3
− to the typical stationary

source and moving source emissions, a recent isotope study suggested that
coal burning is the dominant source of NO3

− in Northeast China (Zhao
et al., 2020b). As and Pb are elements commonly released fromcoal combus-
tion, and Pb, Zn, and Cu are often observed in emissions from municipal
solid waste incineration (Abanades et al., 2002; Li, 2004). Previous studies
have shown that coal burning and waste incineration sources contain large
amounts of Cl− (Lucarelli et al., 2019; Park et al., 2019; Shang et al.,
2019). Thus, factor 1 was identified as a mixed emission from coal burning
and waste incineration. In PM10, however, coal burning and waste incinera-
tion are identified as two factors and the coal-burning factor was character-
ized by a high proportion of As, a typical marker for coal-fired power plant
emissions (Tan et al., 2015; Zhou et al., 2014). As shown in Fig. S11, several
data were unavailable for PM10 in the period with the high contributions of
coal burning & waste incineration during the haze pollution, which may
cause the difference between PM2.5 and PM10.

The biomass burning factor had relatively high loadings of K+, consis-
tent with previous reports (Yan et al., 2015; Zhang et al., 2010; Zong
et al., 2016). Zn and Ba are also typical elements of biomass combustion
(Li et al., 2007). The factor of secondary aerosols was characterized by
high SO4

2− and oxalate loadings, which are generally produced by second-
ary liquid phase reactions (Contini et al., 2010; Yu et al., 2005). The traffic
nd ten factors of PM10 identified by the PMF model.
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emissions factor had high loadings of EC andOC,major pollutants from gas-
oline and diesel combustion (Liu et al., 2016; Liu et al., 2019). Zn also had a
relatively high loading in this factor, which could be attributed to tire wear
and lube oil additives (Begum et al., 2004; Fergusson and Kim, 1991).

TheMineral dust factor consisted of crustal dust elements, such as Al, Fe,
Ba, and Mn (Bilos et al., 2001; Shi et al., 2009; Wu et al., 2020). The road
dust factor in PM2.5 was identified by high loadings of Mg2+, Ca2+, EC,
and OC and the moderate contributions of Cu and Ba. Mg2+ and Ca2+

mainly come from industrial emissions and construction activities (Han
et al., 2007). EC and OC are released in vehicle emissions (Ke et al., 2008;
Querol et al., 2013), and brake wear and tire friction can produce Cu (Lin
et al., 2015). While in PM10 there is a mixed factor of dust and sea salt,
consisting of both crustal tracers, including Al, Fe, Mg2+, and Ca2+ (Koçak
et al., 2011) and fresh sea salt aerosol ions, Na+ and Cl− (Gupta et al.,
2015). This factor showed high contributions during the DI period, which
passed over the Bohai Sea before arriving at the site (Figs. S8 and S11).

Sea salt and ship emission were two marine source factors. The sea salt
factor was characterized by abundant Na+ and Cl− (Gupta et al., 2015;
Park et al., 2019). The ship emission factor had high proportions of Ni
and V, which are typically associatedwith emissions from residual oil, indi-
cating that these species were likely derived from shipping activities and
industrial processes (Pey et al., 2013).

The last factor was industrial processes, characterized by high loadings
of Cu, Ba, and some Zn, Cr, and Ni (Amil et al., 2016; Soleimani et al.,
2018). Previous studies have reported that metal melting plants are major
sources of Cu, Zn, and Cr (Lee and Hieu, 2011; Liu et al., 2017), and
power plants are major sources of Cr and Cu (Marcazzan et al., 2001;
Schauer et al., 2002). Ba and Ni are released in industrial pollution from
metal smelting (Font et al., 2022; Xiao et al., 2021).

3.3.2. Relative contributions of factors in the haze-to-dust and dust swing processes
The relative contributions and concentrations of each factor identified

by PMF for PM2.5 and PM10 are shown in Figs. 5 and S11. The coal burning
Fig. 5. The time series (left) and average (right) relative contributions of the source fa
abbreviations are the same in Fig. 1.
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and waste incineration factor was the dominant source of PM2.5 during the
haze episode, accounting for 79.1 %. Traffic emissions factor was the
second highest one, which maybe because of the accumulation of local
emissions, considering the poor dilution conditions.

For the mix samples (M) collected during the transition period, the con-
tributions of biomass burning, secondary aerosols, and mineral dust in
PM2.5 significantly increased to 30.7 %, 16.4 %, and 3.0 %, respectively
(Fig. 5). These sources may have been partially transported from the BTH
region. When Qingdao was affected by dust plumes (DI), the primary con-
tributing source of particles was dust and a mix of dust and sea salt sources,
which contributed 31.1 % of PM2.5 and 86.5 % of PM10, respectively. Ship
emissions accounted for 9.0 % of PM2.5 during DI because of the transport
of airflow from the southwest passing over the Bohai Sea and the Yellow
Sea (Fig. S8).

After the precipitation event, the contribution of mineral dust in PM2.5

was reduced to 6.5 % in DII, and the contributions of traffic emissions
and biomass burning rose to 33.8 % and 23.1 %, respectively (Fig. 5).
Changes in the source contributions demonstrated that the aerosol particles
collected during DI were mainly contributed by mineral dust, whereas
those collected during DII were more greatly affected by local emissions,
which were proved by the backward trajectories (Fig. S8).

In the DW period, we can find the contributions of secondary aerosol,
sea salt and ship emissions to PM2.5 were increasing (Fig. 5), under the con-
trol of the marine source air mass from the Yellow Sea (Fig. 2i). While the
secondary aerosols and traffic emissions significantly increased in PM10.
In the PD period, the contributions from biomass burning, coal burning
and waste incineration sources significantly increased in PM2.5 and the
secondary aerosols dominated the source of PM10 (50.3 %).

During the DI, DII, and PD periods, mineral dust aerosols contributed less
to PM, and the contributions of secondary aerosols and traffic emissions
substantially increased. The increase in the relative contribution of the sec-
ondary aerosol factor corresponds to the increase in the SO4

2− concentration,
which was probably promoted by the liquid-phase reaction. The vehicle
ctors to (a)PM2.5 and (b) PM10 during haze-to-dust and dust swing episodes. The
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emissions, biomass burning, coal burning, and waste incineration sources,
which accounted for significant proportions during the haze and PD periods,
contributed more to PM2.5. Mineral dust and the mixture of dust and sea salt
sources, which accounted for large proportions during theDI period, contrib-
uted more to PM10.

3.3.3. Regional sources of the contributing factors on the dust and non-dust days
TheWPSCF was used to analyze the potential source distribution of the

major factors contributing to PM to determine the regional transport char-
acteristics of pollutants (Li et al., 2017). Because of the short occurrence
time of the haze event, few paths could be used to calculate theWPSCF sep-
arately. Thus, we separated the sampling period into dust and non-dust pe-
riods for the WPSCF analysis to reduce uncertainty. The dust period
comprised the DI, DII, DW, and PD days, and the non-dust period included
all other sampling days, excluding the dust days. We plotted the backward
trajectories during the haze period in red on the non-dustfigures tofind the
impacts of haze on regional PM sources. A larger WPSCF indicates a more
significant contribution of the regional sources to the pollutants at the
receptor site (Ren et al., 2021). In this study, we considered areas with
WPSCFs >0.7 as the areas with the most significant contribution to the
pollutant (Zhang et al., 2015).

As shown in Fig. 6, during the dust period, the high WPSCFs of the
major factors in PM2.5 and PM10 can be classified into two distributions.
The dust particles in both PM2.5 and PM10 and the mixed source of dust
and sea salt in PM10 mainly originated from long-range transport from
Siberia and Mongolia that turned back toward the west after arriving at
the Bohai Sea. Secondary aerosols, traffic emissions, biomass burning,
Fig. 6. TheWPSCF distributions of the factors contributing to PM2.5 and PM10 during the
shown in the non-dust figures.
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and coal burning and waste incineration in PM2.5 were generally distrib-
uted in Shandong province and the Bohai Sea. The WPSCF distribution
with lower values (< 0.7) for biomass burning on dust days in PM10 indi-
cates that biomass burning had a minor contribution to PM10 during the
dust period. The transport paths for traffic emissions and secondary aero-
sols on dust days were from the BTH region for PM2.5 and PM10. Traffic
emission sources were more locally derived compared with the secondary
aerosols. The potential source distribution of the mineral dust and the
mixed factor of dust and sea salt on dust days were distributed at sea. The
mineral dust particles were mixed with sea salt particles to some extent
when the dust air flow passed over the sea before reaching Qingdao during
the dust period (Figs. S8 and S9). The average RH during these periods was
not very low (68%), especially during the PD period (65–82%).When dust
or aging dust particles are transported with gases to the marine boundary
layer, secondary aerosols are produced, and the high RH of the marine
environment can supply water content for heterogeneous reactions to
occur. Thus the high WPSCF of the mineral dust factor in PM2.5 and PM10

and the mixed factor of dust and sea salt in PM10 on the dust days were
distributed at sea.

During non-dust days, most of the major contributing factors, including
traffic emissions, biomass burning, coal burning and waste incineration,
showed high loadings in the south of Shandong Province. The high
WPSCF distributions of secondary aerosols were located in the Yangtze-
Huaihe River Basin (indicated by a black block in Fig. 6) and near the
coast of the Yellow Sea. The source regions of secondary aerosols in PM2.5

are related to high RH (Huang et al., 2015). Generally, dust or mixed dust
and sea salt during the non-dust period were not evident. As marked with
non-dust and dust periods. The red backward trajectories during the haze period are
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red lines in the non-dust period, the backward trajectories of the air mass
during the haze period are mostly located in the high WPSCF areas of
coal burning andwaste incineration and traffic emissions. These two factors
were the major contributors to PM2.5 during the haze period.

4. Conclusion

A long-lasting haze-to-dust and dust swing process (Nov. 27th–Dec. 1st)
was investigated during the autumn/winter transition period in Qingdao,
a coastal city in North China. Combined with the analysis of pollutant
distribution and synoptic conditions, we found that haze pollution was
influenced by the transport of polluted air masses from the BTH region. In
addition, the south wind provided a warm and humid airflow to Qingdao
with an inversion layer that resulted in poor dispersion, exacerbating the
haze pollution. During the haze period, coal burning andwaste incineration
factors contributed nearly 80 % to PM2.5.

The four-day dust pollution event was mainly due to the stagnation of
the dust air mass in the NCP region. The dust plume slowly moved to the
southwest under the easterly wind, moving out and then back to Qingdao.
To investigate the pollution evolution, we divided the whole process into
three different dust events with one dust-weaken period identified. The
DI period was an intense dust event, with the highest concentrations of
crustal metals (Al and Fe, and Ca2+), accounting for 43.2 % in PM2.5 and
54.8 % in PM10–2.5. During this initial dust period, mineral dust, road
dust, or the mixed factor of dust and sea salt were the dominant sources
of PM2.5 (46.0 %) and PM10 (86.5 %), respectively. According to the
backward trajectories analysis, Qingdao was influenced more by the
surface pollutant emissions as the dust stagnated (DII and PD periods),
resulting in the mixing of the dust air mass with local pollutants during
transport. We observed significant SO4

2−, NO3
− and OM production in the

PM2.5 and NO3
− production in the PM10. Biomass burning (23.1 %) and

vehicle emissions (33.8 %) contributed considerably to PM2.5 in the DII
period. During the PD period, secondary aerosols contributed most to
PM2.5 (33.8 %) and PM10 (56.7 %). In contrast, this factor only contributed
9.8 % and 3.6 % to PM2.5 and PM10 in the DI period, indicating more aged
dust in the PD period.

The potential contribution source regions of the PMF factors were ana-
lyzed via the WPSCF. During non-dust days, the high WPSCF of biomass
burning, vehicle emissions, secondary aerosols, coal burning, and waste
incineration were mainly distributed in the south of Shandong Province,
where the airflow passes during haze. Mineral dust and the mixed factor
of dust and sea salt were generally transported long-range from Siberia
and Mongolia, turning west toward the site upon arrival at the Bohai Sea.
From the WPSCF result during the dust days, biomass burning, vehicle
emissions, and secondary aerosols in PM2.5 were transported from the
BTH region to the site during the dust swing period. The WPSCF distribu-
tion suggests that the high potential sources of biomass burning and vehicle
emissions were more local than that of secondary aerosols, which also
contributed to PM10.
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