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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Most significant dust transport event in 
6 years to northern Taiwan occurred in 
April 2018. 

• Revised CMAQ dust emission treatment 
improved the modeled PM10 
performance. 

• Uplifted dust particles reached a 
maximum height of 500–700 hPa. 

• Importance of improving the dust emis-
sion treatment over the marine bound-
ary layer is highlighted.  
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A B S T R A C T   

East Asian Dust (EAD) has had a measurable impact on global climate and air quality, including visibility and 
human health, in numerous locations around the globe over the past decade. The accuracy of an air quality 
modeling system to simulate dust events is vital for early warning systems. The most significant dust event 
observed in 6 years for northern Taiwan occurred during 4th–9th April 2018, and was characterized by high wind 
speeds (9–13 m s− 1) upon arrival to the region. We assessed the windblown dust emission treatment across 
various modifications and found better model performance by decreasing the soil moisture factor and updating 
the aerosol speciation profile over East Asia. In the optimized CMAQ simulation, uplifted dust particles reached a 
maximum height of 500–700 hPa, which is crucial for effective transport of the dust plume to the downwind 
Taiwan region. However, by tracking the vertical distribution profile, we found the model was insufficient to 
estimate dust aerosol after exiting from over the continent and entering the marine boundary layer. Our simu-
lation indicated the dust event consisted of two plumes, where the first one was significantly impacted by wet 
deposition (− 70.65%) from a rainfall belt stretching across Japan, Korea and the East China Sea. Then, low wind 
speed during a period of no precipitation over the marine area led to even greater dust deposition (− 89.11%) 
from the second plume, resulting in a consistent negative bias for the simulation. This modeling study highlights 
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the importance of improving the dust emission treatment for a better simulation of dust aerosol transport over 
the marine boundary layer. To reduce the uncertainty in the dust outflow region, the deposition mechanisms for 
the CMAQ dust treatment should be revised.   

1. Introduction 

Mineral dust has been a public concern for some time as it degrades 
air quality (De Longueville et al., 2010), reduces visibility (Seinfeld 
et al., 2004), and alters the earth’s radiation budget (Miller et al., 2006), 
hydrological processes (Zhao et al., 2011), and atmospheric chemistry 
(Dong et al., 2016; Wang et al., 2012). East Asian Dust (EAD) events, 
which largely originate in the Gobi and Taklamakan deserts (Han et al., 
2010; Bian et al., 2011; Jing et al., 2017), have contributed to severe air 
pollution episodes especially in the East Asia region, including China 
(Zhao et al., 2011; Fu et al., 2013; Xu et al., 2017; Jiang et al., 2018; Tan 
et al., 2020), Korea (Park et al., 2012; Ghim et al., 2017), Japan (Eguchi 
et al., 2009; Uno et al., 2017), Hong Kong (Chow et al., 2014), and 
Taiwan (Tsai et al., 2013), but have also been shown to impact the 
remote Pacific Ocean (Wang et al., 2011, 2012), and the United States 
(Crooks et al., 2016). Moreover, dust particles influence the regional 
climate by cooling or warming the atmosphere (Huang et al., 2014, 
2019; Chen et al., 2017; Dong et al., 2019). The mixing of dust and 
anthropogenic aerosol promote more warming in the atmosphere as 
compared to either anthropogenic aerosol or natural dust (Huang et al., 
2014; Tian et al., 2018; Hu et al., 2019). On the other hand, meteoro-
logical conditions such as precipitation and wind speed can lead to 
variations in the dust aerosol concentration (Guo et al., 2019). 

CMAQ is a state-of-the-science air quality model developed by the 
United States Environmental Protection Agency (US EPA), which has 
shown good predictive capability for dust aerosol concentrations over 
the continental United States (CONUS) (Appel et al., 2013). Imple-
mentation of a physical dust scheme in CMAQ for simulations over East 
Asia has been widely discussed as an alternative to simply changing the 
dust emission factor to that used for North America (Wang et al., 2012; 

Fu et al., 2014; Dong et al., 2016). Dong et al. (2016) introduced a dust 
module that double counted the soil moisture impact and updated the 
source dependent speciation profile for dust emission in CMAQv5.0 over 
East Asia. In CMAQv5.2.1, Foroutan et al. (2017) incorporated a new 
windblown dust emission treatment developed from a recent surface 
roughness length formulation, which itself was derived from field and 
laboratory study results of small-scale Aeolian processes. Foroutan et al. 
(2017) showed that simulated PM10 concentrations over the southwest 
United States in spring 2011 compared well with measurements. The 
NMB of PM10 improved from − 60.1% (CMAQ without dust treatment) 
to − 19.2% (CMAQ with new dust emission treatment). However, there 
have not been any attempts to incorporate the modifications demon-
strated by Dong et al. (2016) for EAD scenarios into the updated CMAQ 
dust treatment presented by Foroutan et al. (2017). Furthermore, CMAQ 
simulation of dust aerosol transport through the marine boundary layer 
to receptor sites outside the Asian continent has also not been explored. 
Taiwan is a maritime island located southeast of China, and is highly 
affected by the long-range transport (LRT) of EAD aerosols during the 
winter and spring seasons when northeasterly winds prevail (Wang 
et al., 2011, 2012; Tsai et al., 2013); thus is an ideal receptor site for 
further evaluation of the CMAQ dust scheme. Dust transport in East Asia 
is largely determined by meteorological conditions, with the corre-
sponding favorable characteristics described by Tsai et al. (2008), 
although some synoptic features favoring dust aerosol transport from 
the source region to Taiwan are still unclear. 

A major dust outbreak occurred over East Asia on 4th–9th April 2018. 
This dust storm originated from the desert regions of northern China and 
Mongolia (Taklimakan and Gobi Deserts) and transported to downwind 
regions of the western north Pacific as depicted from satellite images 
(See Section 2.4). Therefore, in this study, a high spatial resolution 

Fig. 1. (a) Modeling domain configuration where the purple, red, and yellow lines represent the transects that the dust aerosol plumes traveled along in this study 
and that are discussed in Section 5; air quality measurement stations (red markers) in Lanzhou (LZ), Xining (XN), Yinchuan (YC), Beijing (BJ), Shanghai (SH), and (b) 
northern Taiwan: Wanli (WL) and Cape Fuguei (FG) are used in this study. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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CMAQv5.2.1 simulation with inline dust treatment was conducted to 
understand the source, transport and the impact of East Asian dust 
particles on air quality in Taiwan. CMAQ modeling with the new 
windblown dust treatment was applied for the East Asia and Taiwan 
domains. Moreover, we demonstrated an effective way to evaluate the 
dust module over East Asia and addressed the following questions:  

1. How does the dust treatment developed by Foroutan et al. (2017) 
perform in modeling PM10 over East Asia? What are the most 
effective methods in the dust treatment for improving the simula-
tions over East Asia?  

2. What are the synoptic weather patterns associated with the LRT of 
EAD over East Asia?  

3. Is CMAQ with the physical dust scheme able to capture dust aerosol 
transport beyond the Asian continent? What physical processes 
impact dust particles during passage through the marine boundary 
layer? 

2. Methodology 

2.1. Physical parameterization of windblown dust emission 

Saltation or sandblasting is the main physical mechanism for dust 
emission. The onset of saltation caused by the wind, horizontal move-
ment of sand (Kok et al., 2012) particles, and the vertical flux of dust are 

the first, second, and final stages, respectively (Foroutan et al., 2017). 
Dust particles can be lifted when the horizontal wind speed exceeds the 
threshold friction velocity, which is the minimum surface shear stress for 
saltation to occur (Shao et al., 2011). The threshold friction velocity (u*, 

t) is calculated by the model as below: 

u*,t = u*, to fm fr (1)  

where fm and fr are the correction factors of soil moisture and surface 
roughness, respectively, and u*,to is the ideal threshold friction velocity. 

Foroutan et al. (2017) developed the new dust emission treatment by 
integrating the windspeed, soil texture, soil moisture, and surface 
roughness length derived from field and laboratory study. The surface 
roughness length (zo) was modulated with a critical value (λ) of 0.2 
(Shao and Yang, 2005) as shown below: 

zo

/

h = {
0.96 λ1.07, λ < 0.2
0.083 λ− 0.46, λ ≥ 0.2 (2)  

where h is the effective height of roughness elements. According to Shao 
and Yang (2005), zo increases with the increase of λ to a maximum value 
of 0.2, and then decreases as λ further increases. 

2.2. Numerical model and experiments 

Simulations over the East Asia region were carried out with a coarse 
domain of 81 km, and nested towards the Taiwan region at resolutions of 
27 km, 9 km, and 3 km (Fig. 1a). The coarse domain covers the East Asia 
region including the Gobi Desert, which is the main dust source region in 
East Asia during the spring season. (Bian et al., 2011). The meteoro-
logical simulation utilizing the Weather Research Forecast (WRF) model 
version 3.9.1 was based on a two-way nesting technique in which NCEP 
Global Forecast System (GFS) output was used as the initial condition. 
The meteorological fields together with the emission inventory were 
used to drive the air quality model. The present study utilized CMAQ 
model version 5.2.1, with chemistry represented by the Carbon Bond V 
(CB05) gas-phase chemical mechanism in the aerosol module (AERO6). 

The anthropogenic emission data for East Asia, including domains 1, 
2 and 3, were obtained from the MICS-Asia (Model Inter-comparison 
Study for Asia) Phase III emission inventory (Li et al., 2017). Our 
work modified the emissions of SO2 (− 62%), NOx (− 17%), NMVOC 
(+11%), NH3 (+1%), CO (− 27%), PM10 (− 38%), PM2.5 (− 35%), BC 
(− 27%), OC (− 35%) and CO2 (+18%) by referring to the relative 
changes of China’s anthropogenic emissions between 2010 and 2017 
(Zheng et al., 2018). Meanwhile, TEDS 9.0 (Taiwan Emission Database 
System, TWEPA, 2011; https://erdb.epa.gov.tw/) was used for domain 
4. The biogenic emissions were prepared by the Biogenic Emission In-
ventory System version 3.09 (BEIS3, Vukovich and Pierce, 2002) for 
Taiwan and Model of Emissions of Gases and Aerosols from Nature v2.1 
(MEGAN, Guenther et al., 2012) for regions outside Taiwan. CMAQ 
numerical simulations of particulate matter were based on the sum of 
the accumulation and Aitken modes of sulfate mass (ASO4), ammonium 
mass (ANH4), nitrate mass (ANO3), organic matter mass (AOM), organic 
carbon mass (AOC), elemental carbon mass (AEC), unspecified anthro-
pogenic mass (AOTHR) and coarse mode 
marine/soil-derive/unspecified anthropogenic mass (ASEACAT/ASOI-
L/ACORS) (Appel et al., 2013). 

Emission inventories are a driver of 3D air quality models like CMAQ 
and anthropogenic emissions are a major component underlying aerosol 
formation, accumulation and transformation. To capture only dust 
emissions would omit an important fraction of fine and coarse aerosol 
mode development; thus the anthropogenic emission inventory is 
described here in limited detail. To study the performance of CMAQ with 
the dust treatment, we carried out a series of sensitivity simulations by 
using the indices defined in Chang and Hanna (2004) and TWEPA 
(2016), such as Normalized Mean Bias (NMB), Factor of Two (FAC2), 
Correlation coefficient (R) and Index of Agreement (IOA). Simulation 

Table 1 
The details about simulation scenarios.  

Scenarios Descriptions 

DUST_Off Without in-line calculation of dust. 
DUST_Default With the new default wind-blown dust treatment (Foroutan 

et al., 2017). 
DUST_Modified_1 Modified the soil moisture factor, fm, to 0.1 (Darmenova et al., 

2009). 
DUST_Modified_2 Modified the dust emission speciation profile for the Gobi Desert 

(Huang et al., 2010; Dong et al., 2016). 
DUST_Modified_3 Same as DUST_Modified_1, but with implementation of the new 

dust emission speciation profile.  

Table 2 
Default and new dust emission speciation profiles for the Gobi Desert.  

Species Model 
species 

Mass contributions (%) 

Default Newa 

Fine 
mode 

Coarse 
mode 

Fine 
mode 

Coarse 
mode 

Sulfate ASO4 2.50 0.95 2.66 0.47 
Nitrate ANO3 0.02 0.20 0.16 0.084 
Chlorite ACL 0.95 0.54 1.19 0.094 
Ammonium ANH4 0.005 0.35 0.00 0.19 
Sodium ANA 3.94 1.02 0.00 0.30 
Calcium ACA 7.94 1.79 0.00 1.08 
Magnesium AMG 0.00 0.80 0.00 0.82 
Potassium AK 3.77 0.28 0.00 0.12 
Primary organic 

carbon 
APOC 1.08 1.08 0.00 0.00 

Non-carbon 
organic matter 

APNCOM 0.43 0.43 0.00 0.00 

Elementary 
carbon 

AEC 0.00 0.00 0.00 0.00 

Iron AFE 3.36 2.43 0.00 3.06 
Aluminum AAL 5.70 4.27 0.00 4.64 
Silicon ASI 19.43 14.93 0.00 16.25 
Titanium ATI 0.28 0.34 0.00 0.37 
Manganese AMN 0.12 0.063 0.00 0.070 
Water AH2O 0.54 0.54 0.00 0.00 
Unspeciated AOTHR 50.22 70.00 0.00 0.00 
Non-anion dust ASOIL 0.00 0.00 95.99 72.46  

a Dong et al. (2016). 
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results were compared by various statistical methods with measured 
data from China Air Quality Online Analysis Platform (https://www. 
aqistudy.cn/) and Taiwan Environmental Protection Administration 
(TWEPA). 

Table 1 presents the five simulation scenarios, namely DUST_Off, 
DUST_Default, DUST_Modified_1, DUST_Modified_2 and DUST_Modi-
fied_3, and the responding descriptions. DUST_Off did not consider in- 
line calculation of the dust treatment, while DUST_Default included 
the wind-blown dust emission treatment modulated by Foroutan et al. 
(2017). The size of the dust particle in CMAQ is divided into four size 
bins (0.1–1.0 μm; 1.0–2.5 μm; 2.5–5.0 μm; 5.0–10.0 μm). The first two 
bins are the fine-aerosol mode and the second two bins are the 
coarse-aerosol mode, with geometric mean diameters of 1.3914 μm and 
5.2590 μm, respectively. Moreover, the generated dust mass was split 
into 7% and 93% for the fine and coarse mode, respectively. DUST_-
Modified_1 revised fm from 1.0 to 0.1 to reduce the soil moisture impact, 
because the NOAH land surface model used by CMAQ references soil 
moisture values by 10 cm depth, which is not appropriate for dust 
aerosol suspensions occurring at the surface (Darmenova et al., 2009; 
Foroutan et al., 2017). 

The dust treatment has been examined over the continental United 
States; however, simulations of dust events in East Asia have not been 
thoroughly addressed. Based on local measurements (Huang et al., 
2010), Dong et al. (2016) developed a source-dependent species profile 

for the Gobi desert to better depict the dust aerosol in CMAQ. The new 
species profile by Dong et al. (2016), which is itself based on ratios of 
aerosol components measured by Huang et al. (2010), is compared to 
the default set up in the model and is shown in Table 2. The new model 
species consist of anions: sulfate (ASO4), nitrate (ANO3), chloride (ACL); 
cations: ammonium (ANH4), sodium (ANA), calcium (ACA), magnesium 
(AMG) and potassium (AK); and elements: iron (AFE), aluminum (AAL), 
silicon (ASI), titanium (ATI) and manganese (AMN). Certain species that 
were not measured by Huang et al. (2010) are kept the same as the 
default profile, such as primary organic carbons (APOC), non-carbon 
aerosols (APNCOM), elementary carbons (AEC), silicon (ASI) and 
water (AH2O). The contributions of other species are defined as un-
specified (AOTHR) and non-anion dust (ASOIL). As a result, the simu-
lation of DUST_ Modified_2 included the new dust emission speciation 
profile for the Gobi Desert (Table 2). Eventually, we re-ran the model by 
considering the combination of the two modified treatments. Thus, 
DUST_Modified_3 combined the DUST_Modified_1 and DUST_Modi-
fied_2 treatment, by revising fm from 1.0 to 0.1 to reduce the soil 
moisture impact (Darmenova et al., 2009), and at the same time utilized 
the source-dependent species profile for the Gobi desert in an attempt to 
optimize the dust model performance. 

Fig. 2. MODIS Terra images showing dust outbreak across East Asia from 4th–7th April 2018. Red Rectangular, triangle, star and circle indicate Lanzhou, Beijing, 
Shanghai and Taiwan. The red rectangular box with dash line indicates the dust lifting, transport and distribution. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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2.3. Ancillary datasets 

PM10 (particulate matter ≤10 μm in aerodynamic diameter) and 
PM2.5 (particulate matter ≤2.5 μm in aerodynamic diameter) 

concentrations during six dust events in 2013–2018 were obtained from 
the Wanli air quality monitoring station in northern Taiwan maintained 
by the Taiwan Environmental Protection Agency (EPA). In addition, 
both PM10 and PM2.5 concentrations within the mainland China in April 
2018 were obtained from China Air Quality Online Monitoring and 
Analysis Platform (https://www.aqistudy.cn). Moderate Resolution 
Imaging Spectroradiometer (MODIS) Terra satellite images were ob-
tained from the U.S. National Aeronautics and Space Administration 
(https://worldview.earthdata.nasa.gov/) to visualize dust outbreaks 
across East Asia. In order to obtain the vertical distributions of aerosol 
subtype information for the dust plume, the Cloud-Aerosol Lidar and 
Infrared Pathfinder Satellite Observations (CALIPSO) data archive was 
accessed for the study period (3rd and 4th April 2018; nighttime data) via 
https://www-calipso.larc.nasa.gov/products/lidar/. In order to 
demonstrate the spatiotemporal distribution of dust without the influ-
ence of clouds, the Modern Era Retrospective-analysis for Research and 
Application version 2 (MERRA-2) reanalysis data was used in this study. 
MERRA-2 (Gelaro et al., 2017) is a NASA reanalysis utilizing Goddard 
Earth Observing System Data Assimilation System Version 5 (GEOS-5) 
and covering remotely sensed data at a native spatial resolution of 0.5 ◦

× 0.625 ◦. Ultraviolet Aerosol Index (UVAI) is ideal parameter for 
tracking the evolution of episodic aerosol plumes from dust outbreaks, 
volcanic ash, and biomass-burning. The UVAI data (product name: 
OMTO3d V3) was obtained from the Ozone Monitoring Instrument 
(OMI). In this study, UVAI is used to visualize the dust transport in East 
Asia. 

2.4. The East Asian Dust episode 

Fig. 2 shows the severe dust outbreak that developed over East Asia 
and transported towards the western North Pacific during 4th–9th April 
2018 as visualized from the MODIS Terra sensor. Although cloud cover 
partially obscured the dust distribution and transport, MODIS Terra 

Fig. 3. Time series of hourly average surface PM10 and PM2.5 concentrations and wind speed at Wanli station during six dust events in year (a) 2013, (b) 2014, (c) 
2015, (d) 2016, (e) 2017 and (f) 2018. 

Table 3 
Measured versus modeled evaluation of meteorological conditions in East Asia 
during 4th–9th April 2018.    

Stations   

Yinchuan Cape Fuguei Wanli 

Temperature NMB (%) − 2.72 − 0.88 − 1.71  
FAC2 0.97 0.99 0.98  
R 0.90 0.96 0.97  
IOA 1.00 1.00 1.00 

Wind Speed NMB (%) − 42.62 7.76 − 15.38  
FAC2 0.57 1.08 0.85  
R 0.81 0.90 0.73  
IOA 0.92 1.00 0.99 

Note: the definition of the statistical formulas NMB: Normalized Mean Bias; 
FAC2: Factor of Two; R: Correlation Coefficient and IOA: Index of Agreement. 

Table 4 
Evaluation of PM10 concentrations in East Asia.   

Simulation Scenarios 

Off Default Modified_1 Modified_2 Modified_3 

NMB (%) − 83.76 − 78.51 − 52.36 − 50.64 − 23.14 
FAC2 0.24 0.29 0.50 0.51 0.76 
R − 0.13 0.21 0.39 0.40 0.41 
IOA 0.38 0.52 0.76 0.77 0.89 

Note: the definition of the statistical formulas NMB: Normalized Mean Bias; 
FAC2: Factor of Two; R: Correlation Coefficient and IOA: Index of Agreement. 

S.S.-K. Kong et al.                                                                                                                                                                                                                              
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verifies that the dust was present in northwest China on 4th–5th April 
and then present over Shanghai and Taiwan on 6th and 7th April, 
respectively. The observed PM10 and PM2.5 concentrations at Wanli air 
quality monitoring station in northern Taiwan during six dust events in 

2013–2018 are presented in Fig. 3. During the most recent event, 6th–7th 

April 2018, PM10 increased by ~143 μg m− 3 in just 2 h, and eventually 
peaked at 231 μg m− 3 on 00 LST 7th April, while PM2.5 was only 4 μg 
m− 3. The dust event was characterized by initially high wind speeds 

Fig. 4. Time series of modeled and measured dust aerosol over (a) Lanzhou, (b) Xining, (c) Yinchuan, (d) Beijing, (e) Shanghai, (f) Cape Fuguei and (g) Wanli.  

Fig. 5. Daily average modeled PM10 concentration over Taiwan (a–e) and East Asia (f–j) under the following schemes: (a, f) Dust_Off, (b, g) Dust_Default, (c, h) 
Dust_Modified_1, (d, i) Dust_Modified_2 and (e, j) Dust_Modified_3. 

S.S.-K. Kong et al.                                                                                                                                                                                                                              
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(9–13 m s− 1) at Wanli station (red circle in Fig. 1), with PM10 concen-
trations >126 μg m− 3 persisting for a total of 27 h on 6th–7th April 2018, 
making it the longest dust event observed in 6 years for northern 
Taiwan. The high PM10 episode could be largely associated with the 
significant dust storm that swept over East Asia. The vertical distribution 
of aerosol subtypes, as depicted from CALIPSO (Supplement Fig. S1) also 
shows the large emission of dust over northern China and its downwind 
region during the above-mentioned period. Dust reached to 10 km above 
ground level, indicating the severity of the outbreak. 

3. Model evaluation 

3.1. Evaluation of WRF model 

The dust aerosol concentration simulated by CMAQ is dependent on 
meteorological conditions such as surface temperature and wind speed. 
This section evaluates the performance of the WRF model in simulating 
the surface meteorology over domain 1, using Yinchuan as the repre-
sentative site, and domain 4, using the Cape Fuguei and Wanli sites, by 
comparing with the observed data from the weather database WMO 
SYNOPS (http://www.meteomanz.com/?l=1) and TWEPA, 

Fig. 6. Comparison of (a–d) CMAQ AOD spatial distribution over East Asia to that from (e–h) MERRA reanalysis; (i–l) mineral dust of CMAQ results and the (m–p) 
ultraviolet aerosol index (UVAI) over East Asia obtained from OMI. 
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respectively. Evaluation of the WRF simulation was conducted by using 
a statistical index (Emery et al., 2001; Chang and Hanna, 2004): 
Normalized Mean Bias (NMB), Factor of Two (FAC2), Correlation coef-
ficient (R) and Index of Agreement (IOA) (Table 3). In general, WRF 
performed well in modeling surface temperatures and wind speed 
yielding significant Relation (R > 0.3) at all stations. In addition, the 
model showed almost perfect performance in surface temperature 
simulation (IOA = 1.0). The modeled wind speed performance over 
Cape Fuguei and Wanli were better than at Yinchuan, which could be 
due to the poor representation of steep terrains with a coarse grid res-
olution over domain 1 (Wang et al., 2012). 

3.2. Impact of new dust treatment on CMAQ modeling 

CMAQ modeling performance for PM10 was evaluated by the statis-
tical index parameters noted above, such as NMB, FAC2, R and IOA 

(Table 4). The measured and modeled values from the source region 
including Lanzhou, Xining, Yinchuan, Beijing and Shanghai, and the 
reception such as Cape Fuguei and Wanli were compared. In general, the 
results from DUST_Off and DUST_Default were not distinctly different, 
both having underestimated the measured values, leading to NMB of 
− 83.76% and − 78.51%, respectively. Our results were consistent with 
Fu et al. (2014) and Dong et al. (2016), where both studies indicated a 
large model underestimation of PM10 concentrations over East Asia by 
− 72.2% and − 55.4%, respectively. Hence, revising the dust scheme to 
represent the different geographical influences in East Asia and the US is 
vital. DUST_Modified_1 simulations increased the modeled PM10 con-
centrations, resulting in a NMB of − 52.36%, which was much better 
than DUST_Off and DUST_Default. In other words, the process of 
reducing the soil moisture as suggested by Darmenova et al. (2009) 
could effectively free more dust particles from the ground in the source 
region and transport them to receptor locations (e.g. northern Taiwan). 

Fig. 7. Spatial distribution of the wind field and PM10 concentrations (colored) at (a) 00 UTC 4th (surface), (b) 00 UTC 4th (500-hPa), (c) 01 UTC 6th (surface), (d) 11 
UTC 6th (surface), (e) 21 UTC 6th (surface), (f) 21 UTC 6th (800-hPa), and (g) 07 UTC 7th (surface) April 2018. 

Fig. 8. Spatial distribution of potential temperature (dark contour from 300 to 330 K by 2 K) and vertical cross section of PM10 concentrations at (a) 22 UTC 3rd and 
(b) 02 UTC 4th April 2018. The x-axis is the transect represented by the purple line in Fig. 1(a). (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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Dong et al. (2016) suggested that the default species profile within 
the dust treatment might not reasonably represent East Asia dust source 
conditions. Hence, a new speciation profile of dust emission from the 
Gobi Desert was implemented as shown in Table 2. Compared to 
Dust_Modified_1, Dust_Modified_2 resulted in a better NMB of − 50.64%, 
although it was still a slight improvement over the default dust treat-
ment. Combining the modified dust treatments is important for opti-
mizing the performance across all limitations and tailoring it for use in 
the study location. Dust_Modified_3 resulted in further NMB improve-
ment to − 23.14%, by combining both the modified soil moisture factor 
and modified dust source profile. Generally, the time series of DUST_-
Modified_3 is the most satisfying relative to individual modified dust 
treatments when comparing measured and modeled results (Fig. 4). For 
instance, the time series of both measured and modeled PM10 concen-
tration over the source region such as Lanzhou station showed a similar 
trend particularly in capturing the peak value, with a time lag of 10 h 
between the both peaks. Meanwhile, PM10 at the downwind region Cape 
Fuguei peaked at 222.8 μg m− 3 in the DUST_Modified_3 simulation, 
which is only 5.8 μg m− 3 less than the observed peaked value, and is 
much higher than the peak PM10 concentrations of 120.1 μg m− 3 and 
81.1 μg m− 3 from DUST_Modified_1 and DUST_Modified_2, respectively. 

The spatial distributions of daily average PM10 from the various 
simulations are shown in Fig. 5. For the Dust_Off scenario, average PM10 
was less than 30.0 μg m− 3 over the whole Taiwan modeling domain (as 
shown in Fig. 5a). A similar spatial distribution pattern was found from 
the Dust_Default simulation, indicating no significant dust particle 
concentrations were captured by the model in this region. Hence, this 
leads to a similar concern as before that the original CMAQ dust treat-
ment is not appropriate for use in East Asia (Fig. 5b). The insignificant 
PM10 concentrations simulated over Taiwan by DUST_default were 
attributed directly to ineffective lifting of the dust particles in the source 
region of northern China (Fig. 5f and g). Meanwhile, the simulations of 
each individual modified dust scheme (i.e. Dust_Modified_1, and _2) 
successfully emitted and transported a portion of the dust particles from 
the source region, but resulted in PM10 of only 30.0–40.0 μg m− 3 over 
northern and western Taiwan (Fig. 5c and d). As shown in Fig. 5e, high 
PM10 concentrations were simulated by the combined scheme DUST_-
Modified_3, averaging more than 40.0 μg m− 3 over the ocean, and over 
northern and western Taiwan. Furthermore, average PM10 over the 
source region was less than 500.0 μg m− 3 by Dust_Modified_3 (Fig. 5j). 
From the simulations of the dust episode, transported dust aerosol 
contributed 79.3% of the surface PM10 concentrations over northern 
Taiwan, which is consistent with measurements in Shanghai by 76.8% 
(Huang et al., 2012) and modeling work simulated in the Yangtze River 
Delta by 78.9% (Fu et al., 2014) during dust events in 2009 and 2011, 
respectively. 

Modeled surface PM10 concentrations were reasonably well simu-
lated with the ground measurements. Nevertheless, it is vital to verify 
the total dust emission from the source region. As the mean dust emis-
sion flux was simulated by CMAQ model, a high emission flux over 
northwest China was observed from the model indicating the East Asian 
dust source region (Supplement Fig. S2). The mean dust emission flux 
from 4th–7th April 2018 was more than 60 μg m− 2 s− 1, which is similar to 
that simulated by Tan et al. (2017) in 2010 in western China and Gobi 
desert. 

Fig. 6 shows the spatial distribution of daily averaged AOD derived 
from CMAQ and MERRA2 reanalysis during the dust event. It was 
observed that the measured and simulated AOD generally agreed well 
with each other during 4th–5th April 2018 when the massive dust storm 
occurred over the Asian continent (Fig. 6a, b, 6e and 6f). The high AOD 
value above 0.5 indicated that the pollution may have a high contri-
bution from dust particles (Han et al., 2012). The dust was gradually 
transported toward the downwind areas on 6th–7th April 2018 (Fig. 6c, 
d, 6g and 6h)). In this period, high AOD values were found in southern 
China and continental Southeast Asia as suggested by MERRA2 rean-
alysis, which may have additional contribution from biomass burning in 
this particular region. Hence, it is suggested that the model is able to 
reproduce the AOD MERRA2, at the same time showing the source of the 
dust event originating in northwest China. 

The main component of PM10 especially mineral dust is vital for 
analysis and evaluation of the LRT and can be monitored by the UV 
aerosol index (UVAI) from Ozone Monitoring Instrument observations. 
UV aerosol index is calculated by estimating the difference of two UV 
wavelengths. Positive value of UVAI indicates UV is absorbed by a large 
amount of aerosols such as volcanic ash, black carbon and mineral dust 
from the desert. Fig. 6i–p shows the spatial distribution of satellite UVAI 
over East Asia during 6th–7th April 2018. The model results agree well 
with the CMAQ simulations where both datasets illustrate a massive dust 
event over the Gobi Desert on 4th April 2018 (Fig. 6i and m). On 5th April 
2018, the dust plume gradually transported toward northern China as 
shown in Fig. 6j and n. Finally, a high portion of mineral dust was found 
reaching downwind areas such as the Korea Peninsula and Taiwan 
(Fig. 6k and o). 

4. Characteristics of the dust event during transport to Taiwan 

While focusing on the DUST_Modified_3 simulation, we attempted to 
characterize the controlling mechanism of long-range dust transport 
from northern China to northern Taiwan. The weather pattern during 
the April 2018 dust event was characterized as High Pressure Peripheral 
Circulation (HPPC), following Chuang et al. (2008a). The high-pressure 
center was located at 30◦N, near the Asian continent (Fig. 7a). The 

Fig. 9. The spatial distribution of the wind field and PM10 concentration (colored) at the (a) surface, (b) 700 hPa and (c) 500 hPa on 5th April 2018.  
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prevailing wind under HPPC circulated clockwise and local winds were 
northeasterly in northern Taiwan (Fig. 7a). From the DUST_Modified_3 
treatment, it is apparent the model successfully simulated suspension 
and uplifting of the dust plume to the 500 hPa pressure level, followed 
by transport to northern Taiwan, which is located at more than 2000 km 
from the source region (Fig. 7a and b). Our simulation suggested a 
higher altitude of dust aerosol transport of 500 hPa over the source re-
gion compared to the height mentioned by Chen et al. (2017) and Hu 
et al. (2019). In order for the dust particles to transport over the distance 
from northwest China to transboundary downwind locations, the dust 
particles need to remain at a high altitude of the free atmosphere for an 
extended period of time (Tsai et al., 2008). 

Initially, the dust plume was lifted up over the Gobi Desert at 00 UTC 
4th April 2018. The surface synoptic map suggested an intense surface 
High (H in Fig. 7a) of 1034 hPa to the east and a weak surface Low (L in 

Fig. 7a) of 1003 hPa on the south edge of the dust source region. The 
strong pressure gradient as shown in Fig. 7a caused the strong wind 
speed over the Gobi Desert, and eventually triggered the dust emission 
over the area. 

PM10 vertical profiles (Fig. 8) show the dust event extending from the 
source region in northern China towards the coastal area of eastern 
China, along a transect drawn as a purple line in Fig. 1a. Fig. 8a and b 
illustrate the ascending motion of dust particles from the surface layer 
towards the upper level at 500 hPa over a 4-h period (22 UTC 3rd – 02 
UTC 4th April 2018), and transported along the maximum altitude of 
326 K potential temperature isentropic. In the southern Gobi Desert, the 
dust plume reached its maximum height along the 500 hPa (~5 km) 
trough on 02 UTC 4th April as shown by the synoptic weather map in 
Fig. 8b. The dust plume reached Taiwan region 55 h later and descended 
on northern Taiwan at 11 UTC 6th April (Fig. 7d). 

Fig. 10. Spatial distribution of the precipitation (dark contour from 5 to 50 mm by 5 mm) and total deposition flux for (a,c,e,g) 06 UTC and (b,d,f,h) 12 UTC during 
(a–b) 4th, (c–d) 5th, (e–f) 6th and (g–h) 7th April 2018. 
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Fig. 11. Spatial distribution of potential temperature (dark contour from 300 to 330 K by 2 K) and vertical cross section of PM10 concentrations (along the red line 
transect shown in Fig. 1(a)) at (a) 06, (b) 14 UTC 5th April 2018, (c) 01, (d) 06, (e) 13 UTC (f) 23 UTC 6th April 2018, (g) 06 UTC and (h) 23 UTC 7th April 2018; (i) is 
the corresponding time series of PM10 maximum mass concentrations. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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In fact, the model simulated two dust plumes arriving to northern 
Taiwan 20 h apart (Fig. 4f and g). Fig. 7d shows the first dust plume 
reaching northern Taiwan at 11 UTC 6th April 2018, followed by the 
second plume at 07 UTC 7th April 2018 (Fig. 7g). The occurrence of the 
second plume can be explained by the synoptic weather map in Fig. 7a, 
which shows a low-pressure system over northeastern China on 5th April 
2018, a full day after the first plume was emitted from the source region. 
This cyclonic system uplifted the dust aerosol from the Gobi Desert 
surface in northern China to the 700 hPa and 500 hPa pressure levels 
(Fig. 9b and c), and spread further to the east. The dust particles were 
suspended at that altitude for more than 10 h, then diffused downward 
by a strong northwesterly wind to the ocean surface, and eventually to 
the ground level at northern Taiwan on 07 UTC 7th April 2018. 

As shown in Fig. 7e, the second dust plume did not reach the surface 
layer of Shanghai. The PM10 concentrations were generally greater than 
60 μg m− 3 across Shanghai and the nearby region as shown in the black 
dashed-circle. However, the concentrations of PM10 were greater than 
200 μg m− 3 at the 800 hPa layer along the trough system (Fig. 7f). High 

PM10 concentrations were carried by the northwesterly wind towards 
the southeastern region, and eventually deposited over the East China 
Sea (Fig. 7g). As a result, only a very small amount of PM10 managed to 
reach northern Taiwan. 

5. Dust transport and deposition in East Asia 

As we had already modified the dust generation component of the 
model in various ways, we had to assume that the continued underes-
timation might be due to an overestimated loss in the model; hence, this 
section analyzes the LRT path of the dust aerosols and details the dust 
deposition process over the domains. In general, our simulation sug-
gested that the total deposition of the dust aerosol over the Asian 
Continent was larger than over the ocean, contributing 73.4% and 
26.6% to total deposition, respectively. Our result was similar to the 
modeling results from Zhang et al. (2018), who used Weather Research 
and Forecasting with Chemistry (WRF-Chem) model, where the depo-
sition flux across the Asia-Pacific region was 75.6% over land and 24.4% 
over the ocean. Fig. 10a–c shows the total deposition as greater than 

Table 5 
Variations of PM10 along the transect of the red line in Fig. 2a.  

Period (refer to Fig. 9) Change (μg m− 3) Changes (%) Rate (μg m− 3 h− 1) 

a → b 373.10 1123.80 46.63 
b → c − 96.50 − 23.75 − 8.77 
c → d − 136.70 − 44.12 − 22.78 
c → e − 209.90 − 67.75 − 17.49 
e → f 176.40 176.57 17.64 
f → g − 114.50 − 41.44 − 16.35 
f → h − 206.90 − 74.88 − 8.62  

Fig. 12. Daily total precipitation over East Asia in 12 UTC (a, b, c) and 23 UTC (d, e, f), during (a) 5th, (b) 6th and (c) 7th April 2018, respectively.  

Table 6 
Comparison of WRF and observed precipitation in Shanghai.   

Daily total precipitation (mm day− 1)  

5th April 2018 6th April 2018 7th April 2018 

Observation 16.76 0.00 0.00 
WRF 20.78 31.38 0.00 
Bias (%) 24.00 100.00 0.00  
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Fig. 13. Spatial distribution of potential temperature (dark contour from 300 to 330 K by 2 K) and vertical cross section of PM10 concentrations (along the dashed- 
red line shown in Fig. 1(a)) at (a) 17, (b) 22 UTC 5th April 2018, (c) 01, (d) 20 UTC 6th April 2018, (e) 00, (f) 04, (g) 10 UTC 7th April 2018 and (h) is the cor-
responding time series of PM10 maximum mass concentrations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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40.0 mg m− 2 over northern China. Further downwind the dust deposi-
tion flux was more widely distributed over southern China and the ocean 
(Fig. 10d–h), where the corresponding spatial pattern was coherent with 
the precipitation contour. The dust aerosol concentration spatial dis-
tribution exhibited a similar pattern to the deposition flux, consistent 
with the findings by Tan et al. (2017). In other word, regions with higher 
precipitation amount have higher dust depositions and PM10 concen-
trations especially over the downwind area. 

The dust aerosols were then transported towards the East China Sea, 
passing the coastal area of East China (red line in Fig. 1a) on 5th–7th April 
2018. Modeled vertical cross-sections of this transect are shown in 
Fig. 11, indicating that initially there was no significant amount of 
suspended dust at 06 UTC 5th April 2018 (Fig. 11a). At 14 UTC 5th April 
2018, a dust plume entered the transect area (Fig. 11b), with the 
maximum mass concentration increased by 1123.80% (a → b in 
Table 5). The dust plume moved over the east coast of continental Asia at 
the 500 hPa level (~5 km) in the subsequent 10 h (Fig. 11c). During this 
time (14 UTC 5th April to 01 UTC 6th April), the maximum PM10 mass 
concentration was gradually decreased by 23.75% (b → c in Table 5), 
along the altitude of 316 K potential temperature isentropic. The model 
then demonstrated a dramatic reduction in PM10 concentration between 
01 and 13 UTC 6th April 2018 (Fig. 11c–e) by 67.75% of the maximum 
mass concentration (c → e in Table 5). Several studies have mentioned 
that underestimation of the dust emission is the main factor leading to 
the modeled PM10 underpredicted results (Chuang et al., 2008b, 2019; 
Skyllakou et al., 2014); however, our analysis indicates the underesti-
mation could be due to PM10 deposition in the marine boundary layer. 

Excessive dust deposition onto the ocean surface could be caused by 
wet deposition, specifically by cloud washout and rainfall interception 
of suspended dust particles (Li et al., 2011; Tan et al., 2017; Zhang et al., 
2017). Fig. 10 shows the dust outflow region including coastal eastern 
China, Japan, Korea and Taiwan experiencing significant dust 

deposition flux. This situation is closely associated with the spatial dis-
tribution of the total precipitation at the surface (Li et al., 2011). Fig. 12 
shows the daily total precipitation over the study domain from the WRF 
model. On 5th April 2018, the modeled high precipitation >25.0 mm 
was found covering Japan, Korea, East China Sea and Sea of Japan 
(Fig. 12a and d). The pattern became more obvious on 6th April 2018, 
when a significant rainfall belt stretched from northeast Japan towards 
eastern China in a southwest direction (Fig. 12b and e). This may be the 
main reason for the modeled PM10 underestimation in northern Taiwan, 
suggesting a large portion of PM10 deposited to the ocean surface before 
it could reach northern Taiwan. As a result, the modeled dust plume 
entered northern Taiwan with a maximum total concentration of 222.8 
μg m− 3 at 11 UTC 6th April 2018 (Figs. 4b and 7d). Table 6 presents the 
comparison between the modeled and observed (from the US National 
Climate Data Center, NCDC) daily total precipitation in Shanghai during 
the dust event, with the modeled rainfall overestimating the observed 
rainfall on 5th and 6th April 2018. As a result, we believe that the 
over-prediction of modeled rainfall is one of the reasons causing the 
excessive dust deposition near Shanghai and underestimation of PM10 in 
both Shanghai and northern Taiwan. At 23 UTC 6th April 2018, a second 
dust plume entered the red transect at an altitude below 700 hPa 
(Fig. 11f). PM10 concentrations then were significantly reduced by 
74.88% as illustrated in Fig. 11f and h. Different from the first plume, 
the concentration decrease of the second dust plume was not related to 
wet deposition, since total daily rainfall on 7th April 2018 was insig-
nificant (Fig. 12c and f)). Thus, we looked into other meteorological 
processes such as wind speed that could affect dry deposition of the dust 
particles. 

Fig. 13 presents the vertical cross section of PM10 concentrations 
passing over the East China Sea on its way to northern Taiwan, along the 
transect represented by the yellow line in Fig. 2a. The purpose of this 
analysis was to depict the LRT of PM10 concentrations over the ocean 
surface. PM10 was dramatically reduced by 70.65% (b → d in Table 7) 
between 22 UTC 5th and 20 UTC 6th April 2018 (Figs. 13b and 14d). By 
01 UTC 6th April 2018, the first dust plume had been split into two 
(Fig. 13b), due to washout/rainout associated with heavy precipitation 
as shown in Fig. 12b. Then, the second dust plume from the source re-
gion reappeared at 00 UTC 7th April, which indicates the second dust 
plume also originated from the Asian continent and reached the East 
China Sea (Fig. 13e). However, the dust aerosol concentration in the 
second plume was significantly reduced by 89.11% (e → g in Table 7) 
during 01 UTC 6th– 00 UTC 7th April 2018 (Fig. 13e and g). As shown in 

Table 7 
Variations of PM10 along the transect of the yellow line in Fig. 2a.  

Period (refer to Fig. 11) Change (μg m− 3) Changes (%) Rate (μm− 3 h− 1) 

a → b 383.40 1322.06 76.68 
b → c − 130.20 − 31.57 − 43.4 
b → d − 161.20 − 70.65 − 7.32 
d → e 202.50 167.35 50.62 
e → f − 164.90 − 50.97 − 41.22 
e → g − 288.30 − 89.11 − 8.47  

Fig. 14. Wind speed over East Asia at (a) 05 UTC, (b) 11 UTC 6th April 2018 and (c) 04 UTC 7th April 2018.  
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Fig. 13f, the PM10 deposition flux was intensive over the ocean surface 
during that time. 

Recent studies (Li et al., 2012; Tan et al., 2017) have suggested that 
wet deposition plays an important role in reducing the dust particle 
concentrations over the dust outflow region, which contrasts with the 
second dust plume simulated in our study. Unlike wet deposition, which 
is dependent on precipitation, dry deposition is solely dependent on 
gravitational sedimentation. By this mechanism, large particles are more 
easily removed during LRT, leaving a greater contribution from smaller 
particles during transport to the downwind region. In our simulation, as 
there was no significant rainfall during transport of the second plume 
over the ocean (Fig. 12c), we suggested that the sudden PM10 reduction 
(Fig. 13f) was due to dry deposition (Guo et al., 2019). 

Moreover, there was a positive relationship between the dust aerosol 
pattern and the intensity of the 10-m wind speed (Guo et al., 2019). 
Fig. 14 presents the wind speed spatial distribution during transport of 
the dust plumes over the ocean surface. An intense wind speed >16.0 m 
s− 1 was observed over Japan, Korea and East China Sea on 6th April at 
the time of the first plume. Over the Taiwan Strait, such high wind speed 
is expected to transport the PM10 to northern Taiwan. However, due to 
the intense rainfall belt shown in Fig. 12b, e, wet deposition occurred 
over the area. On the other hand, lower wind speeds <12.0 m s− 1 were 
observed over the East China Sea and Taiwan Strait at 04 UTC 7th April 
2018 (black circle in Fig. 14c) at the time of the second plume, which 
exposed the dust particles to higher dry deposition fluxes in the model. 
As a result, we propose that dry deposition may be more significant 
when the average wind speed drops below some threshold (e.g. < 12.0 
m s− 1). As relative to the high wind speed, the low wind speed condition 
could hardly carry the dust particle along the transport pathway; hence, 
the dust particles could easily deposit to the marine surface layer by 
gravitational sedimentation. 

In previous studies involving CMAQ simulations with the dust 
treatment have suggested that dust emission and transport occurs when 
the friction velocity is less than the threshold friction velocity (Dong 
et al., 2016; Foroutan et al., 2017). To note, the windblown dust treat-
ment (Foroutan et al., 2017) recalculated the friction velocity. In our 
study, the simulated dust emissions were sufficient and instead dry 
deposition due to the low wind speed distributed the dust particles over 
the marine boundary layer. Moreover, the dust treatment removes dust 
aerosols in the atmosphere at any rainfall over 0.254 mm or 0.01 in, and 
any rainfall amount below that value mentioned is considered a trace 
amount (Lebo and Seinfield, 2011; Foroutan et al., 2017). Consequently, 
the rainfall belt simply wiped out the entire plume of transported dust 
outflow from the Asian continent. As a result, we suggest the deposition 
mechanisms for the CMAQ dust treatment should be revised for use over 
the marine boundary layer, to reduce the uncertainty in the dust outflow 
region. 

6. Conclusions 

This study modified the new windblown dust emission treatment by 
Foroutan et al. (2017) and analyzed the long-range transport of East 
Asian Dust to Taiwan during 4th–9th April 2018. Compared to previous 
high PM10 episodes, this event was closely related to high wind speeds 
(9–13 m s− 1) over northern Taiwan immediately preceding the dust 
plume, and a prevailing south-westerly wind in northern China. By 
incorporating the new dust treatment without modification (default), 
the CMAQ simulation of PM10 performed only slightly better than 
without the module. By adjusting the soil moisture correction factor and 
dust composition profile in the dust treatment (Dust_Modified_3), the 
model significantly improved on the NMB to − 23.43% from − 78.51% in 
the default scheme. Our evaluation results were in agreement with 
several modeling studies including Dong et al. (2016) and Foroutan et al. 
(2017). Moreover, it is vital for the dust particles to uplift to the 500 hPa 
pressure level over northern China to have sufficient time in the atmo-
sphere for transport to Taiwan region (Tsai et al., 2008). This modeling 

study suggested that large amounts of dust particles deposited onto the 
East China Sea and Taiwan Strait before reaching northern Taiwan, and 
is the primary reason for the modeled PM10 underestimation. Wet 
deposition occurred due to a significant modeled rainfall belt stretching 
from northeast Japan to eastern China in a southwest direction, inter-
cepting the dust plume during transport to the south. Furthermore, 
deposition of the second dust plume occurred due to low wind speeds 
slowing its transport and leading to increased dry deposition of the dust 
particles. The weak wind speed was likely not enough to buoy the dust 
aerosol passing over the marine area. Hence, dust aerosol concentrations 
were reduced by 70.65% and 89.11%, mostly due to the modeled 
rainfall and weak wind speed, respectively. It is suggested that the 
CMAQ simulations can be improved by incorporating the new revised 
dust emission treatment from this study for projecting the long-range 
transport of dust particles over East Asia. Friction velocity and marine 
boundary layer precipitation were the major factors disrupting the dust 
module in this study, and should be carefully taken into account when 
implementing the dust treatment for transport over the ocean. More-
over, the indirect and direct effects between dust particles and cloud 
cover might inhibit or enhance the rainfall pattern, which could impact 
the dust simulation (Huang et al., 2014). It is recommended to imple-
ment the dust-cloud-precipitation interactions to the model in quanti-
fying the aerosol feedback for the future studies. 
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