
1. Introduction
Mineral dust is recognized as one of the most important aerosol species in the troposphere. High loadings of 
dust particles could severely impair the visibility, disrupt social and economic activities and pose a hazard-
ous effect to human health, such as raising the risk of respiratory disease (K. H. Kim et al., 2013; Shiraiwa 
et al., 2017). After its deposition to the earth surface, dust may also participate in global biogeochemical 
cycle by acting as a potential source of essential nutrients to marine and terrestrial ecosystems (Mahowald 
et al., 2005), or lower the albedo of snow/ice surface as dark impurities (Painter et al., 2007). Intense dust 
storm frequently hits eastern Asia under the influence of subtropical cyclones and frontal systems (Husar 
et al., 2001; J. Kim, 2008). Exerting great impact on dense population and concentrated human activities, 
dust storm stands as a prominent and outstanding problem over this area (J. Huang et al., 2014). Annually, 
about 800 Tg of dust over East Asia is injected into the atmosphere, 50% of which can be transported to 
downstream areas such as eastern China, Korea, Japan, and even Pacific Ocean by large-scale meteoro-
logical processes, leading to widespread dust events lasting for several days (Chun et  al.,  2001; Shao & 
Dong, 2006; X. Wang et al., 2004).

As one of the absorbing aerosols, mineral dust has been the focus of tremendous studies owing to its crit-
ical interaction with radiation and clouds. The radiative forcing of dust aerosol was investigated by online 
coupled meteorology-chemistry model, which exhibits a negative forcing at ground surface and positive in 
the atmosphere (L. Liu et al., 2016). The heating rate induced by dust was estimated using radiative transfer 
model along with satellite observations and can reach as high as 5.5 K/day in the mid troposphere (J. Huang 
et al., 2009). Moreover, dust aerosol was reported positively correlated with precipitation over central India, 
which is attributed to enhanced Indian summer monsoon and moisture transport caused by dust heating 
over Arabian Sea (Vinoj et al., 2014). Indirectly, droplet size distribution and coverage of shallow water 
clouds are significantly influenced by mineral dust as indicated by statistical analysis over subtropical arid 
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areas (Kaufman et al., 2005). In parallel to the aforementioned effect, absorbing aerosol is also proved to be 
related to enhanced haze pollution through increasing atmospheric stability or stagnation, which is found 
both in regional and global models considering effect of aerosols (A. J. Ding et al., 2016; X. Huang, Ding, 
Wang, et al., 2020; Lou et al., 2019; Z. Wang, Huang, & Ding, 2018). However, most of them focused on 
black carbon from anthropogenic emissions and the role of natural absorbing aerosol like dust is scarcely 
explored and quantified. Together with its substantial emission, Asian dust may exert a significant impact 
on tropospheric meteorology and air quality over both the source region and downstream areas.

Located at the eastern edge of Continental Asia, Yangtze River Delta (YRD) is one of the most rapidly devel-
oping regions with large energy consumption. Although declined trends of anthropogenic emissions have 
been verified in up-to-date studies (Gu et al., 2013; Zheng et al., 2018), the magnitude of gaseous and aerosol 
pollutants is still high compared to their counterparts in other city clusters worldwide. In fact, particulate 
matter and ozone pollution could be frequently observed in this region due to high intensity of human ac-
tivities (Fu et al., 2008; L. Li et al., 2011). Besides, YRD also suffers from long-range transported mineral dust 
from inland source regions such as Gobi Desert, which is often mixed with anthropogenic pollutants (X. X. 
Zhang et al., 2018; Zhou et al., 2018). Such mixing can contribute to the deterioration of air quality in two 
ways. First, high levels of acid gaseous precursors such as sulfur dioxide (SO2) and nitrogen dioxide (NO2) 
were taken in by dust particle, leading to the formation of sulfate and nitrate aerosols via heterogeneous re-
actions (Jordan et al., 2003; J. Li et al., 2012; Q. Wang, Dong, et al., 2018). In some other cases, the formation 
and growth rate of small particles were observed to be enhanced under the influence of photo-induced, dust 
surface-mediated reactions during a polluted dust (Nie et al., 2014). Second, the positive feedback between 
dust and boundary layer stability may enhance the local pollution, which becomes more prominent as the 
absorbing efficiency of dust was significantly enhanced after mixed with anthropogenic aerosols (Obregón 
et al., 2015; Tian et al., 2018).

In this study, a widespread dust event as well as its influence on air quality of downstream cities was thor-
oughly analyzed using observations combined with regional air quality modeling. The dust originated from 
Gobi Desert was first transported southwards to YRD city clusters, worsening the ventilation conditions and 
exacerbating the local-emitted primary pollution. Then, the plume was exported to East China Sea, where 
the secondary pollution was invigorated and finally recirculated back to YRD, raising the concentration of 
ozone and secondary inorganic aerosols in coastal cities. The mixing of natural dust and anthropogenic 
pollutants is one of the major issues which can severely damage the air quality and ecosystem through 
chemical reactions and meteorological feedback. The latter process could be more pronounced consider-
ing the amplification of dust absorbing properties after mixing. Therefore, the study aims to improve our 
understandings on the mixed pollution induced aerosol-radiation interaction and its influence on regional 
environment. The rest of the article is organized as follows. The observational data and methodology are 
introduced in Section 2. Section 3 consists of the overview of this dust event as well as model evaluation, 
the impact of dust-induced aerosol-radiation interaction (ARI) on primary pollution accumulation and sec-
ondary pollution formation. Conclusions are summarized in Section 4.

2. Data and Method
2.1. Ground-Based and Satellite Observations

Hourly ground-level meteorological variables (including 2m-temperature, relative humidity, wind speed 
and direction, etc.) archived at the US National Climate Data Center (NCDC), and hourly concentrations 
of PM2.5, PM10, and ozone released by the Ministry of Ecology and Environment of China were collected 
through October to November 2019 to picture the evolvement of the pollution episode and perform eval-
uation for the model. Primary and secondary aerosols including their chemical composition and radiative 
flux at the Stations for Observing Regional Processes of the Earth System (SORPES) in Nanjing were rou-
tinely recorded. The concentrations of sulfate, nitrate, and ammonium and other water-soluble ions were 
measured using the Monitor for Aerosols and Gases in Ambient Air. Radiation and heat flux were observed 
by flux measurement system mounted on a 3-m tower at the station. Detailed description of the site and 
instruments could be found in A. Ding, Huang, et al. (2019). Atmospheric sounding at Nanjing (32.00°N, 
118.80°E, WMO station number 58238) has also been applied to compare with temperature profile provid-
ed by global forecast system. The radiosondes were launched twice a day (00:00 and 12:00 UTC) to detect 
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atmospheric variables (air temperature, wind speed, water mixing ratio, 
etc.) on primarily mandatory pressure levels for the lower troposphere.

Satellite-retrieved aerosol optical depth (AOD) at mid-visible channel 
(550 nm) provided by MODerate resolution Imaging Spectroradiometer 
(MODIS Collection 6.1) with a horizontal resolution of 10 km (MOD04, 
Terra) was applied to show general information of the dust storm. In 
addition, the Level 2 aerosol profile and vertical feature mask from the 
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CA-
LIPSO version 4) datasets were used to provide information of vertical 
distribution and transport of dust aerosols.

2.2. Regional Meteorology-Chemistry Coupled Modeling

Numerical simulations of meteorological and chemical processes dur-
ing the episode are conducted by WRF-Chem version 4.0, which is an 
online-coupled three-dimensional transport model considering source 
and emission of pollutants, gas-phase and aqueous chemical transforma-
tions, aerosol dynamics, and deposition (Grell et al.,  2005). The model 
also describes direct and indirect effect of aerosols, and has been widely 
applied to study the aerosol's feedback on radiation and clouds (A. J. Ding 
et al., 2016; X. Huang et al., 2016). The model domain covered the entire 
eastern China and surrounding areas with a 20 × 20 km grid resolution. 
Vertically, 40 layers extended from the ground surface to the model top 

(50 hPa), with more levels placed in the lower troposphere to better describe boundary layer processes. To 
investigate the dust transport and subsequent pollution in YRD, the simulation was operated for 2 weeks 
from mid-October to early November, leaving the first 5 days as spin-up. For each day a run covering 36 h 
was conducted and the last 24-h results are analyzed to minimize the influence of initial conditions and 
retain thermodynamic effects of aerosols (Berge et al., 2001; A. J. Ding et al., 2016). The initial and bound-
ary conditions of meteorological variables are obtained from National Center for Environment Prediction 
(NCEP) global final analysis data (FNL) with a 1° × 1° spatial resolution that update every 6 h. For chemical 
fields such as ozone, the initial and lateral boundary conditions are based on prescribed vertical profile as 
those of McKeen (2002). The outputs of chemical species from previous runs were used as the initial con-
ditions for the following run.

Table  1 summarizes the selected physical and chemical options for WRF-Chem, which have been suc-
cessfully adopted in our previous work on ARI. A new version of the rapid radiative transfer model was 
utilized to simulate the radiation transfer procedure for both shortwave and longwave radiation within 
the atmosphere (Iacono et al., 2008; Zhao et al., 2011). Noah land surface scheme combined with revised 
MM5 Monin-Obukhov scheme were implemented to describe the land-atmosphere exchange (Jiménez 
et al., 2012; Tewari et al., 2016). The diurnal variation of planetary boundary layer (PBL) was represented 
by Yonsei University PBL scheme under the influence of dust as well as anthropogenic aerosols (Hong 
et al., 2006). For numerical characterization of atmospheric chemistry, the Carbon Bond Mechanism ver-
sion Z gas-phase chemistry and Model for Simulating Aerosol Interactions and Chemistry (MOSAIC) aer-
osol scheme were adopted (Zaveri & Peters, 1999; Zaveri et al., 2008), in which aerosols were assumed to 
be spherical particles divided into four discrete bins (0.039–0.156, 0.156–0.625, 0.625–2.5, and 2.5–10 μm) 
according to their dry diameters. Aerosols were internally mixed in each size bin and their optical proper-
ties (extinction coefficient, single-scattering albedo and asymmetry factor) were computed as a function of 
wavelength based on Mie theory and volume averaged refractive indices.

Anthropogenic emissions from industrial processes, power plants, on-road mobile sources, residential com-
bustion and agricultural activities were derived from MIX Asian emission inventory database (Multires-
olution Emission Inventory for China), covering major pollutants such as carbon monoxide (CO), SO2, 
nitrogen oxides (NOx), ammonia (NH3) and speciated VOCs with the finest resolution of 0.25° × 0.25° over 
eastern Asia (M. Li, Zhang, et al., 2017). MEGAN (Model of Emissions of Gases and Aerosols from Na-
ture, version2) module embedded in WRF-Chem is used to calculate biogenic emissions online (Guenther 
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Domain setting

Horizontal grid 181 × 201 (20 km)

Vertical layers 40

Model configuration

Shortwave radiation RRTMG

Longwave radiation RRTMG

Land surface Noah

Surface layer Monin-Obukhov

Boundary layer YSU

Microphysics Lin et al.

Cumulus parameterization Grell-Deveny

Photolysis Fast-J

Gas-phase and aerosol chemistry CBMZ and MOSAIC

Abbreviations: CBMZ, Carbon Bond Mechanism version Z; MOSAIC, 
Model for Simulating Aerosol Interactions and Chemistry; RRTMG, rapid 
radiative transfer model.

Table 1 
WRF-Chem Domain Setting and Configurations for Physical/Chemical 
Parameterization
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et al., 2006). More than 20 biogenic species, including isoprene, monoterpenes and sesquiterpenes, were 
considered and then involved in the photochemistry calculation.

Goddard Chemistry Aerosol Radiation and Transport (GOCART) module coupled with MOSAIC was 
applied in this study to describe dust emissions based on erosion map and surface wind speed (Ginoux 
et al., 2001; Zhao et al., 2010). To be specific, the dust emission flux could be estimated by the expression:

   2
10m 10m t 10m,p p tF CSs U U U U U 

where p represents the particle size range, and C is a dimensional factor could be valued as 1 μg s2 m−5; S 
denotes the source function derived from soil erodibility by wind; sp is the fraction of each size range in 
erodible dust, including clay, silt and sand which are in different size bins. Dynamic variables are U10m (hori-
zontal wind speed at 10 m) from meteorological fields and Ut (threshold velocity) depending on particle size 
and soil moisture (Fécan et al., 1999; Shao & Lu, 2000).

Mineral dust can impact the transfer of radiation through both scattering and absorption. However, the re-
fractive index of dust has always been controversial. For shortwave radiation, the real part of the refractive 
index for dust was well acknowledged and set to 1.53 in the model, while the imaginary part, which stands 
for its absorptivity, varies a lot. Observations over east and central Asia identified the imaginary values to be 
0.0022 for pure dust and 0.0036 for transported polluted dust (Bi et al., 2016). Laboratory study also showed 
quite a large range from 0.0006 to 0.0048 at 520 nm for dust from eight different source regions. A recom-
mended value of 0.003 was selected to perform the simulation (Zhao et al., 2010). For longwave radiation, 
refractive index is strongly dependent on wavelength, and values from Optical Properties of Aerosols and 
Clouds data set were employed (Hess et al., 1998).

Two parallel simulations are designed: one without aerosol's effect (noARI), in which the aerosols cannot 
perturb radiation transfer and cloud microphysical processes, and one with interactions between aerosols 
and meteorological fields (ARI), in which optical properties of aerosols were calculated at each time step 
and then coupled with the radiative transfer model for both short- and long-wave radiation to further per-
turb meteorology. Domain settings and model configurations are exactly the same as aforementioned for the 
pair of simulations to explore the impact of dust aerosols on radiative energy budget, downwind accumula-
tion of primary pollutions over land and secondary pollution formation over the sea surface.

2.3. Identification of Potential Source Regions

With the intension to identify transport pathways of air masses during the studied episode, the Lagrangian 
particle dispersion model (LPDM) was operated using Hybrid Single-Particle Lagrangian Integrated Trajec-
tory model for crucial days during the event (A. Ding et al., 2013; Stein et al., 2015). In general, 3,000 parti-
cles were released every hour from the receptor at a specific height (100 m) and were then tracked backward 
for several days. The positioning of particles was determined by mean wind patterns and a turbulent trans-
port component after they are released from the backward starting point. Particle residence times of below 
100  m were used to identify the “footprint” retroplume, the spatiotemporal distribution of which were 
indicative of potential source regions and their relative contributions to air masses at specific locations. 
Specifically, LPDM model was first performed for Shanghai (31.2°N, 121.43°E) on 2 November to achieve 
the entire transport pathway of the dust, driven by 1° × 1° Global data assimilation system data, and then 
for Nanjing (32.05°N, 118.78°E) on October 30 to examine the change of diffusion conditions influenced by 
aerosols, driven by WRF-Chem output files under noARI/ARI conditions.

3. Results and Discussions
3.1. Mixed Pollution Episode and Model Evaluations

The formation of dust events has usually been related to cold weather systems with high surface wind speed 
(Husar et al., 2001; J. Kim, 2008). On October 27, 2019, the Mongolia cyclone was located northwest of Gobi 
Desert and rapidly moved eastward, resulting in cold air invasion behind (Figure S1). Due to a strong baro-
clinic instability at 850 hPa and corresponding large pressure gradient at surface, the average wind speed 
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over Gobi reached as high as 15 m/s, which was well above generally assumed threshold wind speed (9 m/s) 
for Asian dust suspension (Kurosaki & Mikami, 2007). Combined with extremely low relative humidity 
(RH, ∼20%), the dust storm broke out in the afternoon of 27 October and swept through most part of China, 
including northeast China, North China Plain (NCP), and YRD areas.

According to ground-based measurements and satellite observations, the dust took a southern route from 
the north to central and eastern China (Figure 1, Figure S2). Situated close to the dust source region, Yin-
chuan (YC) was greatly affected by the storm with an hourly PM10 concentration reaching 500 μg/m3 at 00 
local time (LT) on 28 October. Highest concentration of mineral dust was detected 6 h later in Beijing (BJ) 
with a rather sharp peak, indicating the fast moving of the dust plume passing by the city. Station Jinan 
(JN) and Xuzhou (XZ), located in the center of NCP, showed similar variations, with average coarse particle 
concentration on the dust outbreak day being 229 and 304 μg/m3 respectively. After its arrival at Nanjing 
and Shanghai within 48 h, the dust plume moved eastward to the ocean surface. The spatial distribution 
of the dust pollution is also displayed in Figure 1 by satellite retrieved AOD. The dust plume characterized 
with AOD larger than one moved swiftly from north to south, and then exported to East China Sea at YRD. 
These features were generally reproduced by our model simulations (Figure S2). Additionally, contempo-
raneous surface coarse particle concentrations from air quality monitoring stations and regional modeling 
are also presented in Figure S2, with a more detailed statistical evaluation for both meteorological variables 
and major pollutants including PM10 and ozone for the entire episode (Table S1). The correlation coeffi-
cients for atmospheric fundamental variables such as temperature and relative humidity were over 0.8 with 
mean bias of −0.25°C and −3%, respectively. The predictions of PM10 and ozone are also reasonably well 
with normalized mean bias of 16% and 11%. Possible reasons for bias could be missing or inaccurate model 

WANG ET AL.

10.1029/2020JD033601

5 of 16

Figure 1. (Left column) Time series of PM10 concentrations at different air quality monitoring stations (YC: Yinchuan, BJ: Beijing, JN: Jinan, XZ: Xuzhou, NJ: 
Nanjing, SH: Shanghai) during the dust episode. The corresponding locations of these stations are marked in blue on the right map. (Right column) Aerosol 
optical depth at 550 nm over eastern China retrieved by MODIS satellite on 28 (upper) and 29 (lower) October. Missing values are shaded in gray. MODIS, 
MODerate resolution Imaging Spectroradiometer.
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representations of subgrid processes as well as uncertainties in emission inventory (M. Li, Liu, et al., 2017; 
Thomas et al., 2019; Y. Zhang et al., 2016). Despite some deviations, the simulated meteorology and chem-
ical fields show good agreement with observations, which provides a solid foundation for utilizing the sim-
ulation results to analyze the episode.

The vertical distribution of the dust plume can be illustrated more clearly by the satellite lidar on board the 
CALIPSO (Figure 2). A layer of mineral dust over NCP, extending south to YRD city clusters (about 30°N), was 
primarily located below 2 km in altitude. The extinction of these aerosols is clearly revealed by CALIPSO aero-
sol profile and well captured by the model (Figure S3). After transported to YRD city clusters, dust aerosol was 
mixed with anthropogenic pollutants emitted from the ground surface, and was then carried to ocean areas to 
the east (Figure S4). To gain more general insight into the mixing, the spatial distributions of PM10, represent-
ing the dust aerosol, and CO, corresponding to anthropogenic emission are shown in Figure 3. As illustrated 
by the simulation, the mixed plume (PM10 > 400 μg/m3, CO > 200 ppb) mainly concentrated within PBL, 
which coincides with satellite retrieval of polluted dust. Five-day backward Lagrangian dispersion simulation 
was performed on 2 November to acquire the footprint retroplume. The air mass originated from Gobi Desert 
where the erodibility was greater than 10%, was transported to YRD region and mixed with anthropogenic 
pollutants on 29–30 October, raising PM10 concentrations in urban areas to over 350 μg/m3. The mixed plume 
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Figure 2. (a) 5-day backward footprint calculated by LPDM initiated on 2 November. Red circle on the map showed 
the starting point of air masses, Shanghai. The brownish contour represents erodibility of Gobi Desert. (b) and (c) 
Vertical cross section of aerosol type determined by CALIPSO on 28 October at 18:20 UTC and the corresponding 
track. LPDM, Lagrangian particle dispersion model; CALIPSO, Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 
Observation.
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was then exported to the East China Sea before recirculated back to YRD on 2 November, accompanied by 
enhanced secondary pollution. The hourly secondary inorganic aerosols reached over 100 μg/m3 and max-
imum daily 8-h average (MDA8) ozone increased to 80 ppb (Figure 4 and Figure S5). The composition and 
formation mechanism of these two pollution episodes in YRD city clusters are quite different and will be 
studied separately in the following sections.

3.2. Dust-Induced Feedback Intensifying the Pollution Accumulation

As the dust plume passed through, a quick transformation of atmospheric aerosol composition took place in 
Nanjing (Figure 4). The coarse particles experienced an abrupt increase to over 500 μg/m3 in the afternoon 
of 29 October, in consistence with Calcium, which is the main ingredient of mineral aerosols. By compari-
son, the secondary aerosols including nitrate, sulfate, and ammonium declined from 60 to less than 20 μg/
m3, due mainly to horizontal dispersion caused by large wind speed (exceeding 5  m/s) associated with 
frontal system. Simultaneously, surface observed incoming shortwave radiation was greatly diminished, the 
maximum of which is only 621 W/m2 compared to 700 W/m2 the day before, both under clear sky condition. 
The reduction can be attributed to the extinction of dust mixed with other anthropogenic aerosols, which 
is also verified by the discrepancies between ARI and noARI simulations, namely a 70 W/m2 decrease in 
solar radiation on 29 October (Figure S6). Generally, the average daytime shortwave radiation is 440 W/m2 
in noARI scenario but declines to 370 W/m2 considering the effect of aerosol during the episode, the latter 
of which is closer to the observed 369 W/m2.

However, due to the absorption of dust aerosols, it aroused not only a negative radiative forcing at the earth 
surface, but also a positive forcing within the atmosphere (J. Huang et al., 2014; L. Liu et al., 2016). Near 
surface cooling caused by less energized underlying surface and atmospheric warming induced by dust 
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Figure 3. Daily average simulated distribution of dust (PM10) and anthropogenic pollutants (CO) on (a) 29 and (b) 31 October at the altitude of 500 m. Vectors 
show synoptic circulations. Vertical cross section of PM10 and CO through YRD region and zonal wind (share the same reference vector with (a)) on (c) 29 and 
(d) 31 October. The position of the cross section is marked by the red line on the first map. YRD, Yangtze River Delta.
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heating were clearly demonstrated as in Figure 5. On 29 October, a maximum warming of 0.3°C was con-
centrated between 1.5 and 2 km with little diurnal variation, suggesting a large-scale transported heating 
dust layer. After mixed with locally emitted pollutants, the mixed plume aroused a more intensive feedback 
pattern on 30 October at Nanjing, increasing the upper level warming to 0.5°C. The surface cooling lasted 
through the entire dust episode despite some offset by the entrainment of warmed air into PBL in the late 
morning (Z. Wang, Huang, & Ding, 2018). Such variations of stratification were also confirmed by sounding 
observations. Since the global forecast system has not considered the effect of aerosols on meteorology yet, 
the disparities between atmospheric sounding observations and forecast temperature profile could reflect 
the impact exerted by aerosols to some extent. In order to avoid deviation caused by strong synoptic process, 
temperature profiles from 30 October instead of 29 were studied. The vertical air temperature detected by 
radiosonde displayed a significant positive bias relative to the forecast at upper levels while negative in 
lower atmosphere at both 00 (08) and 12 (20) UTC (Local Time). Therefore, upper level warming combined 
with surface cooling generated a more stabilized boundary layer, and also denoted the vertical redistri-
bution of solar energy. In comparison, temperature profiles from WRF-Chem simulations show similar 
pattern due to the assimilation of observation in initial conditions from NCEP, yet ARI exhibits more at-
mospheric heating and closer to observations (Figure S7). The diurnal variations of PBL height with and 
without the aerosol's feedback are shown as well. The tardive evolvement in the morning, the advanced fall 
in the afternoon and the overall shallower mixing height (1,125 m/1,309 m in feedback/no-feedback situa-
tion) due to dust-induced ARI are consistent with previous modeling and observational studies (A. J. Ding 
et al., 2016; X. Huang et al., 2018).

With stabilized stratification in the lower troposphere, the concentration of surface pollutants changed as 
a response. Figure 6 shows the spatial distribution of PM10 as well as perturbations of daytime PBL height 
and surface concentration of primary pollutants. The daytime average coarse particles reached a maximal 
concentration of 450 μg/m3 at the west of YRD, with the high value center located in Nanjing. Correspond-
ingly, the reduction of PBL height induced by aerosol-radiation feedback exceeded 150 m at the center of the 
pollution belt, greatly hindering the diffusion and dispersion of near surface pollutants. The concentration 
of near surface CO, which is the primary pollutant mainly caused by anthropogenic emissions in urban 
areas, increased by about 50 ppb (∼10%). This increment resulted from both weakened vertical mixing and 
reduced horizontal dispersion, the latter being clearly demonstrated as in Figure 7. Under the influence 
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Figure 4. Time series of incoming shortwave radiation, PM10 and calcium concentration along with secondary pollution including inorganic aerosols (sulfate, 
nitrate, and ammonium) and ozone observed at SORPES in Nanjing during the pollution episode. Cloudy days are marked with blue cloud icon at the top.
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Figure 5. Atmospheric sounding of air temperature (circles) compared with its counterpart in GFS (gray line) at (a) 
00 and (b) 12 UTC on 30 October at Nanjing. Orange circle denotes positive bias (observation greater than forecast), 
while blue circle negative. The relative size of the circle represents absolute value of bias. (c) Temperature difference at 
Nanjing caused by ARI in WRF-Chem simulation and PBL height in two scenarios (solid line for noARI and dash line 
for ARI). ARI, aerosol-radiation interaction; GFS, global forecast system.

Figure 6. (a) Spatial distribution of PM10 concentration and surface wind fields on 30 October. (b) The reduction of daytime PBL height and (c) the 
enhancement of near-surface CO concentration caused by aerosol-radiation feedback on 30 October. Three main cities of YRD (SH: Shanghai, NJ: Nanjing, HZ: 
Hangzhou) are marked on the map. YRD, Yangtze River Delta.
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of aerosol-boundary layer meteorology feedback, the scope of 24-h backward footprint originated from 
Nanjing shrunk significantly, suggesting a poorer ventilation condition for the region.

3.3. Dust-Induced Feedback Enhancing Secondary Pollutants Formation

Absorbing aerosols such as dust could interact with radiation not only over land but also over the ocean. On 
2 November, dust aerosols carried by an anticyclonic circulation engulfed most part of eastern China as well 
as East China Sea, resulting in over 150 μg/m3 of PM10 extending from the surface to 1,000 m above sea level 
(Figure 8). However, it is noticeable that different and even opposite feedback was triggered over these two 
surfaces. For the land surface, the cooling effect of all the aerosols dominated with a maximum temperature 
reduction of more than 1°C at near surface layer and a 0.5°C warming at the altitude of about 1,000 m. On 
the contrary, the mixed plume over offshore areas east to YRD exhibited a uniformly warming throughout the 
lower troposphere, that is, 0–500 m above the sea level, accompanied by a negligible effect at higher eleva-
tion. Such different variations of atmospheric stratification could be attributed to distinct thermal character-
istics of terrestrial fields and the ocean (Q. Ding, Sun, et al., 2019). To be specific, with greater heat capacity, 
the ocean is less susceptible to the diminution of solar radiation reaching its surface, allowing the warming 
of the atmosphere caused by absorbing aerosols in charge of the stratification change. Vertically, the atmos-
pheric heating caused by absorbing aerosols located mostly at upper PBL over land surface (Z. Wang, Huang, 
& Ding, 2018), while the warming over the sea was confined within a less-developed marine boundary layer.

The alteration of humidity conditions due to ARI is also studied. Overall, the latent heat over offshore 
areas east to YRD was reinforced by about 10 W/m2 during the daytime, indicative of more evaporation. 
To investigate the factors contributing to such change, a bulk aerodynamic relationship for moisture flux 
(proportional to latent heat) over water surface is adopted:

   water satF C U q T q 

where C is a dimensionless bulk transfer coefficient for moisture, U is the horizontal wind speed, qsat is 
the saturated specific humidity at near-surface air temperature T defined by Clausius-Clapeyron equation. 
Therefore, the difference caused by atmospheric warming and circulation change can be acquired by:

        water 1 sat 1 0 0 sat 0 0ΔF C U q T q C U q T q 

where subscript 1 denotes situation with ARI while subscript 0 noARI. As near-surface air gets warmer 
over ocean, the saturated water vapor increases (qsta(T1) > qsta(T0)). Along with greater wind speed (U1 > U0, 
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Figure 7. 24-h backward footprint of air mass arriving Nanjing on 30 October calculated by Lagrangian Particle Dispersion Model (LPDM) driven by 
meteorological fields (a) without and (b) with ARI considered superimposed over the land use map of YRD. Black star on the map shows the location of the 
starting point Nanjing. ARI, aerosol-radiation interaction; YRD, Yangtze River Delta.
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Figure 9a), the evaporation is enhanced and the latent heat flux increases. With more evaporation, the RH 
over ocean in near surface layer increased from 68% to 72% and the water vapor mixing ratio was enhanced 
by a magnitude of 0.4 g/kg as well. Notably, compared with latent heat perturbation, which well-displayed 
local surface features, the spatial distribution of RH change took on more homogeneous characteristics due 
to atmospheric transport and mixing.
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Figure 8. Simulated daytime average PM10 (upper panel) and temperature perturbation (lower panel) due to aerosol radiative effect at surface, 500 and 1000 m 
on 2 November. The area inside the black box with most significant warming is of interest and is the scope of profile average in Figure 10.

Figure 9. Daytime 10 m wind speed (a), surface latent heat (b), and near surface relative humidity (c) difference between ARI and noARI scenario on 2 
November around YRD region. ARI, aerosol-radiation interaction; YRD, Yangtze River Delta.
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Under warm and humid environments, air mass containing anthropo-
genic gas precursors is conducive to form secondary pollution including 
ozone and inorganic aerosols. Higher temperature could promote ozone 
production through several ways. First, the absorption cross-section of 
ozone, which is proportional to photolysis frequency of the gas, increased 
with temperature (Chehade et  al.,  2013), indicating a positive correla-
tion of air temperature and photochemical reactions. Second, warmer 
atmosphere triggered faster thermal decomposition of Peroxyacetyl ni-
trate (PAN), which led to ozone destruction in urban areas yet facilitated 
ozone formation in remote troposphere due to nonlinear relationship of 
NOx (=NO + NO2) and ozone (Fischer et al., 2014; X. Huang, Ding, Gao, 
et  al.,  2020; Singh & Hanst,  1981). Further, overall faster chemical re-
actions took place under higher temperature. Since that biogenic VOCs 
(BVOC) emission is generally very small above the ocean, the influence 
of temperature on BVOC could be omitted. With a notable warming with-
in the boundary layer, the ozone production rate was enhanced by 1 ppb-
v/h shown in Figure 10 (P. Liu et al., 2020; H. Zhang et al., 2015), which 
is comparable to the rate of ozone changed with increasing temperature 
from observations (2.15 ppbv/°C) as well as simulations (2.05 ppbv/°C) 
(Coates et al., 2016). Higher oxidation rate due to elevated ozone resulted 
in additional sulfate and nitrate by gas-phase reactions with more OH 
radical during daylight (Seinfeld, 2006). Besides, moister condition fea-
tured larger RH is conducive to heterogeneous reactions that produce 
more secondary transformation (X. Huang, Ding, Wang, et al., 2020; Sun 
et al., 2014). As a result, secondary inorganic aerosols, like sulfate, nitrate, 
and ammonium within the boundary layer substantially increased. Aside 
from chemical reactions, sufficient water vapor also favors the hygroscop-
ic growth of secondary aerosols. Such process efficiently contributes to 
ambient particle concentrations as well.

Due to the easterly wind, the mixed plume was finally transported back to coastal cities in YRD such as 
Shanghai. Surface ozone diagnostic analysis of Shanghai on 2 November is shown in Figure 11. With excessive 
NOx  emissions from traffic in the city, the chemical processes of ozone were mostly negative due to 
NOx titration. By contrast, the most significant contributions of surface ozone resulted from horizontal 
advection and vertical mixing, indicating the secondary pollution generated over marine surface has a great 
impact on air quality of seaside cities. To be specific, the ozone concentration remained quite high (∼80 ppb) 
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Figure 10. Area-averaged vertical profile of ozone production change 
and SNA difference caused by aerosol-induced feedback. The area 
scope is denoted by the black box in Figure 8. SNA, sulfate, nitrate, and 
ammonium.

Figure 11. Time series of surface ozone diagnostic analysis (chem: chemical transformation; vmix: vertical mixing; 
advt: atmospheric advection) at Shanghai on 2 November.
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during the daytime on 2 November, suggesting a high atmospheric oxida-
tion capacity. The sulfur oxidation ratio (    2 2

4 4 2SOR SO / SO SO , all 
in molar concentration, the same hereafter) and nitrogen oxidation ratio 

    3 3 2NOR NO / NO NO  increased from 0.20 to 0.32 and 0.07 to 0.16, 
respectively, suggesting growing secondary aerosols and thus facilitated the 
particulate matter level enhancement. With the effect of ARI considered, the 
simulated ozone and fine particle increased by about 20% and 15%, respec-
tively, agreeing better with observations (Table 2). However, underestima-
tions still exist. One possible reason is related to the underrepresented ab-
sorption of polluted Asian dust, the single scattering albedo (SSA) of which 
can reach as low as 0.76, much smaller than generally acknowledged value 

of 0.9 (Costa et al., 2006; D. H. Kim, 2005). As indicated by underestimation of aerosol extinction (Figure S3) and 
solar radiation reduction (Figure S6), the extinction of aerosols can be estimated low in the model. Hence, the 
radiative forcing and its interactions with ambient meteorological conditions can be biased low.

4. Conclusions
On the basis of multiple observations and a coupled atmospheric dynamic model, a widespread dust storm 
occurring in the autumn of 2019 and its influence on the air quality of downwind cities were investigated 
comprehensively. Both optical properties and radiative effect of aerosols in this episode were reproduced 
reasonably well by online-coupled WRF-Chem model. The dust originated from Gobi Desert made its way 
south under the control of a weak cold front. After transported to YRD region, the dust was mixed with an-
thropogenic pollutants. Large amount of incoming solar irradiance was scattered as well as absorbed by the 
aerosol layer, leading to a large-scale surface cooling and upper-level atmospheric heating. Such a stratifica-
tion change was confirmed by both radiosonde observations and simulations. Owing to more stabilized low-
er troposphere, a reduction of 15% in averaged daytime (12:00–16:00) PBL height (184 m) was diagnosed, 
as well as weakened vertical and horizontal dispersion of locally emitted pollutants shown by LPDM model 
results. Poor ventilation contributed to the degradation of near surface air quality and increased primary 
pollutants by 10% in YRD city clusters.

After exported to offshore areas, the mixed plume caused quite different aerosol-meteorology feedback com-
pared to continental fields. Instead of surface cooling, an entire lower atmospheric heating occupied the off-
shore areas east to YRD region with a maximum warming of 0.5°C. In addition, the evaporation and hence 
relative humidity over the area were enhanced by elevated temperature and larger wind speed. Accordingly, 
ozone formation was accelerated by ∼1 ppbv/h within PBL under higher temperature, and secondary aer-
osols including sulfate, nitrate, and ammonium increased due to faster photochemical and heterogeneous 
oxidation. The mixed plume subsequently returned to YRD city clusters with SOR/NOR being amplified by 
1.5–2 times, and significantly contributed to the secondary gas and aerosol pollution in seaside cities such 
as Shanghai. This study reveals the complexity of interactions between natural dust and anthropogenic pol-
lutants through both atmospheric chemistry and meteorological feedbacks, which is of great importance in 
both regional air pollution and climate.
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tions are archived at http://weather.uwyo.edu/upperair/sounding.html, and the global hourly surface me-
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The CALIPSO data are available at https://subset.larc.nasa.gov/calipso. The MIX Asian anthropogenic 
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Average concentration OBS ARI noARI

PM2.5 (μg/m3) 58.55 49.40 40.04

MDA8 (ppb) 79.04 67.12 54.48

Abbreviation: ARI, aerosol-radiation interaction.

Table 2 
Observed MDA8 and Fine Particulate Concentration Compared With 
Simulations With/Without Aerosol-Radiation Interactions
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