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ABSTRACT 
 

Two regional chemical transport models were applied to simulate high concentrations of particulate matters (PM) 
observed in East Asia in January 2015; the first model is the Nested Air Quality Prediction Modeling System (NAQPMS) 
and the second is the Community Multi-scale Air Quality Model (CMAQ). The variation of PM2.5 in both models showed 
well agreement with measurements over both eastern China and western Japan. Based on the model results and the aerosol 
compositions observed in Fukuoka in western Japan, three types of PM long-range transport (LRT) were identified: N-, S-, 
and D-type. The N episode showed higher fine-mode nitrate (fNO3

–) concentrations than fine-mode sulfate (fSO4
2–), 

indicating the importance of NO3
– LRT. The S episode showed the highest fSO4

2– concentrations (28.9 µg m–3), which 
were 3.4-fold higher than fNO3

–, due to high relative humidity. During the D episode, dust stagnated in Fukuoka for three 
days, due to the influence of low- and high-pressure systems; thus, dust LRT is also important in winter besides spring. 
Both models reasonable explained variations in aerosol components during both N and S episodes; however, both 
underestimated fSO4

2– especially during D episode, suggesting that they may miss certain emissions or chemical mechanisms. 
High coarse-mode NO3

– (cNO3
–) concentrations (maximum: 6.3 µg m–3), and high cNO3

–/fNO3
– ratios (maximum: 1.2) 

were observed during D episode. NAQPMS successfully captured this cNO3
– peak after including heterogeneous reactions 

on dust. Our results emphasize the importance of such heterogeneous processes for understanding the LRT of dust and 
anthropogenic pollutants over East Asia. 
 
Keywords: Secondary inorganic aerosol; Dust; Air quality model; Heterogeneous reaction. 
 
 
 
INTRODUCTION 
 

The long-range transport (LRT) of particulate matters 
(PM, e.g., mineral dust and anthropogenic aerosols) is an 
important environmental issue, especially in East Asia, where 
the emissions of both dust and anthropogenic pollutants 
are in large mount. Various intensive field studies were 
commissioned to resolve the transport and chemical evolution 
of dust and anthropogenic aerosols from the Asian continent; 
these included the Aerosol Characterization Experiments 
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over Asia (ACE-Asia) (Huebert et al., 2003; Seinfeld et 
al., 2004) and the Transport and Chemical Evolution over 
the Pacific (TRACE-P) (Carmichael et al., 2003; Jacob et 
al., 2003). Both ACE-Asia and TRACE-P studies were 
conducted in the spring, during which time the prevalent 
winds were from the west, and dust occurred frequently over 
East Asia. In addition to these studies, numerical transport 
models have been used to illustrate the LRT of Asian dust 
during spring, such as the Chemical Weather Forecast 
System (CFORS) (Uno et al., 2008; Itahashi et al., 2010) 
and the Nested Air Quality Prediction Modeling System 
(NAQPMS) (Li et al., 2012). However, few studies have 
examined the LRT of dust in winter. 

In recent years, severe anthropogenic aerosol pollution 
has become a critically important issue in China; specific 
instances of severe pollution usually occur in winter 
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months, such as the pollution episode in January 2013 
(Uno et al., 2014; Wang et al., 2014). Therefore the LRT 
of anthropogenic aerosols during the winter in East Asia is 
important, but not well understood. Sulfate (SO4

2–) is an 
important component of anthropogenic aerosols that has 
drawn much attention. The first phase of Model Inter-
Comparison Study in Asia (MICS-Asia Phase I) revealed 
the importance of SO2 and SO4

2– LRT over East Asia, 
involving eight LRT models (Carmichael et al., 2002). A 
recent modeling study determined that LRT drove the 
domination of SO4

2– aerosols over west Japan during two 
air pollution episodes, even in summer when southern winds 
usually blow over Japan (Itahashi et al., 2012).  

Compared with SO4
2–, there is less research focus on the 

LRT of nitrate (NO3
–), as the atmospheric lifetime of NO3

– 
is shorter than SO4

2–. In addition, NO3
– is produced via a 

reversible reaction between nitric acid (HNO3) and ammonia 
(NH3), and is thus more difficult to accurately measure 
than SO4

2–. However, emission control measures in China 
instituted in 2006 have led to a dramatic decrease in SO2 
concentrations (Itahashi et al., 2014); since this time, NO3

– 
has become more prevalent, especially in winter when low 
temperatures favor the formation of NO3

–. Recently, Itahashi 
et al. (2017) used the Community Multi-scale Air Quality 
Model (CMAQ) to demonstrate the importance of relative 
humidity (RH) towards SO4

2– and NO3
– pollution over East 

Asia in winter; further modeling studies are necessary to 
confirm such behavior, as the results of a single model 
may contain large uncertainties.  

In this study, we applied two regional chemical transport 
models to simulate high concentrations of particulate matter 
less than 2.5 µm in diameter (PM2.5) that occurred in East 
Asia in January 2015. The performance of the two models 
was evaluated by comparing model results to PM2.5 and 
PM10 observations over eastern China and western Japan, 
as well as fine and coarse mode secondary inorganic aerosols 
(SIA) measured at Fukuoka, Japan. Based on model results 
and observations, we found that three types of pollution 
caused the three high PM2.5 episodes observed over western 
Japan. We also showed LRT patterns during the three 
pollution episodes using model-simulated horizontal aerosol 
distributions and backward trajectories. 

 
METHODS 
 
Observation  

Recordings of aerosol concentrations were conducted in 
the metropolitan area of Fukuoka, which is the fourth largest 
metropolitan area in Japan and the largest city on the island 
of Kyushu. Mass concentrations of PM, SO4

2–, NO3
–, and 

water-soluble organic compounds (WSOC) in both fine 
(particle diameter [Dp] < 2.5 µm) and coarse mode (2.5 µm < 
Dp < 10 µm) were measured using a continuous dichotomous 
aerosol chemical speciation analyzer (ACSA-12, KIMOTO 
Electric Co., Ltd) at 1-h time intervals (Kimoto et al., 
2013) on the rooftop (4F) of the building housing the 
Fukuoka Institute of Health and Environmental Science 
(FIHES, Longitude: 130.48°E, Latitude: 33.51°N). The 
mass concentrations of PM were determined via beta-ray 

absorption. Mass SO4
2– concentrations were determined using 

the BaSO4-based turbidimetric method, with the addition of 
BaCl2 dissolved in a polyvinylpyrrolidone solution. The 
mass concentrations of NO3

– and WSOC were determined 
using an ultraviolet absorption-photometric method.  

In addition to these analytes, NH4
+ is also important, as 

it is a counterion for both SO4
2– and NO3

–. The concentration 
of NH4

+ was measured using a semi-continuous microflow 
analytical system (Kimoto Electric Co. Ltd., MF-NH3A, 
(Osada et al., 2011)). This system was located at the Chikushi 
Campus of Kyushu University (CCKU, Longitude: 130.47°E, 
Latitude: 33.52°N), ~5 km northwest of the ACSA-12 site 
(FIHES). Gaseous NH3 was removed from the sample 
stream using a phosphoric acid-coated denuder. Then 
atmospheric NH4

+ was dissolved in ultrapure water using a 
continuous air–water droplet sampler and quantified by 
fluorescence. The cut-off diameter at the inlet impactor 
was ~2 µm, smaller than ACSA PM2.5 cut-off.  

The vertical distribution of aerosol extinction coefficients 
was continuously observed using a depolarized multi-
wavelength Mie-Raman lidar system, which was also 
located at CCKU (Hara et al., 2016). This location is one 
site within the Asian Dust and Aerosol Lidar observation 
network (AD-Net) (Sugimoto et al., 2008). The contribution 
of anthropogenic and dust aerosols to the extinction 
coefficient was estimated according to the depolarization ratio 
(DR), which assumes that anthropogenic (DR = 0.02) and 
dust (DR = 0.35) aerosols are externally mixed (Sugimoto et 
al., 2003).  

The size and shape character of aerosol particles (0.5 µm 
< Dp < 10 µm) were measured using a newly developed 
polarization optical particle counter (POPC) (YGK Corp., 
Yamanashi, Japan, (Kobayashi et al., 2014)) located at 
CCKU (Pan et al., 2015). POPC uses a linearly polarized 
laser source at 780 nm and measures both forward and two 
compounds (perpendicular [S] and parallel [P] with respect to 
the scattering angle plane) of backward scattering intensity. 
The particle size is thus determined from the forward 
scattering intensity. The DR, defined as the fraction of the 
perpendicular polarization direction over total backward 
scattering, ([S/(S + P)]), is a good indicator of whether a 
particle is spherical. Particles that are both small in size 
(< 1 µm) and DR (< 0.2) are thus identified as anthropogenic 
aerosols; particles that are larger (> 3 µm) with a DR > 0.1 
are recognized as dust aerosols (Pan et al., 2016). 

In addition to observations in Fukuoka, hourly PM2.5 
concentrations were also measured on Goto Island and 
Tsushima Island, which are located to the west and 
northwest of Kyushu Island. These islands do not have 
significant anthropogenic emission sources and are thus 
regarded as remote sites. To evaluate aerosol concentrations 
simulated by our models, we also used hourly aerosol 
observations conducted by the China National Environmental 
Monitoring Center (http://106.37.208.233:20035) from three 
cities (Beijing, Qingdao, and Shanghai) in eastern China; 
the locations of these observation sites are shown in Fig. 1. 
 
Chemical Transport Models  

Two regional chemical transport models were used in 
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Fig. 1. Terrain height over East Asia. White squares indicate observation sites (B: Beijing; Q: Qingdao; S: Shanghai; 
G: Goto; T: Tsushima; F: Fukuoka).  

 

this study: the NAQPMS (Wang et al., 2001; Li et al., 
2012; Chen et al., 2017; Wang et al., 2017) and the CMAQ 
(Byun and Schere, 2006). All configurations selected for 
both NAQPMS and CMAQ simulations are summarized in 
Table 1. NAQPMS used a horizontal resolution of 45 km 
over East Asia (Fig. S1(a) in supplementary material), with 
20 vertical layers spaced in a non-uniform manner using a 
sigma coordinate. The first CMAQ domain covered East 
Asia with an 81-km horizontal resolution; the nested domain 
covered eastern China and the whole of Japan at a 27-km 
horizontal resolution (Fig. S1(b)), with a 37-layer vertical 
grid for sigma-pressure coordinates. Both NAQPMS and 
CMAQ used the same aerosol thermodynamic module 
(ISORROPIA, (Nenes et al., 1998)) and aqueous chemistry 
module (RADM, (Chang et al., 1987)), but applied different 
gas-phase chemistry mechanisms. The gas-phase mechanism 
used for NAQPMS was the carbon-bond mechanism Z 
(CBM-Z, Zaveri and Peters, 1999), while the SAPRC99 
mechanism was used within CMAQ (Carter, 2000). In the 
present study, the CMAQ model did not include mineral 
dust, while NAQPMS used a size-segregated dust module 
in which dust particles were separated into four bins 
according to size: 0.43–1 µm, 1–2.5 µm, 2.5–5 µm, and 5–10 
µm, and heterogeneous reactions on dust particles were also 
included within the model (Li et al., 2012 and Table S1 in 
supplementary material). NAQPMS explicitly calculated the 
amounts of sulfate and nitrate produced from heterogeneous 
reactions. Sea salt emissions in NAQPMS were calculated 
online following Athanasopoulou et al. (2008), and were 
divided into 4 size bins same as dust. Sea salt emissions in 
CMAQ were calculated online based on the methodology 
in Kelly et al. (2010), and were treated on three size bins 
of the Aitken mode (< 0.1 µm), the accumulation mode 
(0.1–2.5 µm), and the coarse-mode (> 2.5 µm). NAQPMS 
considered aerosols from oxidation of DMS, while CMAQ 

did not consider DMS. Anthropogenic emissions within 
CMAQ were obtained from the Regional Emission Inventory 
in Asia (REAS) version 2.1 (Kurokawa et al., 2013), while 
NAQPMS used a mosaic Asian anthropogenic emission 
inventory for MICS-Asia and HTAP projects (MIX, 
version 1.1) (Li et al., 2017). Emissions in January 2008 
and January 2010 were used in CMAQ and NAQPMS. 
The largest difference between the two inventories is that 
NOx emissions in MIX were 13.8% higher than that within 
the REAS over China, but 13.4% lower over Japan. SO2 
emissions in MIX were 8.8%, 12.3% and 2.5% lower than 
REAS over China, Japan and South Korea, respectively. 
Differences in NH3 emissions between the two inventories 
were less than 5% for all three East Asian countries. 

Meteorological variables used in both chemical transport 
models were provided by the Weather Research and 
Forecasting model (WRF, Skamarock et al., 2008), noting 
that different versions were used for different models 
(Table 1). The two WRF simulations used the same PBL 
scheme, land surface schemes, and cumulus parameterization, 
but used different cloud microphysics and radiation schemes. 
Boundary and initial conditions of WRF were based on 
final analysis data (FNL) from the United States National 
Center for Environmental Prediction (US-NCEP), which 
was also used in gridded nudging. Both WRF simulations 
showed good agreement with observed data, for example, 
the comparison of relative humidity (RH) was shown in 
Figs. S2 and 5. WRF slightly underestimate the observations 
at upwind sites (Beijing and Qingdao) during episode N, 
especially at the night of January 9 and 10. 

The simulation period was from January 1st–23rd, 2015, 
and the first 6 days were discarded as model spin-up time. 
The 72-h backward trajectory starting from Fukuoka was 
calculated using HYSPLIT (Stein et al., 2015) to investigate 
the air mass origin for episodes of high PM2.5. 
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Table 1. Configurations and emissions of NAQPMS and CMAQ. 

 NAQPMS CMAQ v4.7.1 
Air Quality Model Settings   

Domains 1 2 
Horizontal resolution (km) 45 81, 27 
Horizontal grids 182 × 172 95 × 75, 145 × 145 
Total vertical layers 20 37 
Layers between ground and 2 km 9 17 
Gas-phase mechanism CBMZ SAPRC99 
Aqueous-phase mechanism RADM RADM 
Thermodynamic equilibrium ISORROPIA ISORROPIA 
Dust heterogeneous reactions Li et al. (2012) No 

Meteorology   
Model version WRF v3.7.1 WRF v3.3.1 
Total vertical layers 35 37 
PBL scheme Yonsei University scheme Yonsei University scheme 
Land surface scheme Noah model Noah model 
Cumulus parameterization Grell 3D Grell 3D 
Cloud microphysics Lin Morrison double-moment 
Longwave radiation scheme RRTM RRTMG 
Shortwave Radiation scheme Goddard RRTMG 
FDDA Gridded nudging Gridded nudging 

Anthropogenic Emissions (kt/Jan.) China, Japan, South Korea China, Japan, South Korea 
Datasets MIX v1.1 REAS v2.1 
Year 2010 2008 
NOx 2447.1, 164.0, 88.4 2150.2, 189.3, 90.3 
SO2 2627.3, 53.6, 34.9 2882.2, 61.1, 35.8 
NH3 610.8, 15.9, 14.8 642.1, 15.3, 15.0 

 

RESULTS AND DISCUSSION 
 
Temporal Variations in PM2.5 for Eastern China and 
Western Japan 

Fig. 2 shows the PM2.5 concentrations in Beijing, Qingdao, 
and Shanghai in eastern China, and Fukuoka, Goto, and 
Tsushima in western Japan. Table 2 shows the statistical 
analysis used to determine model reproducibility. Fig. 2 
and Table 2 indicate a high correlation between observations 
and the two models over all sites, noting a correlation 
coefficient (R) greater than 0.79 for all paired PM2.5 datasets. 
Mean fractional bias (MFB) and mean fractional error (MFE) 
of CMAQ and NAQPMS satisfied model performance 
criteria (MFB ≤ ± 60%, and MFE ≤ + 75%) proposed by 
Boylan and Russell (2006). These results indicated that 
observed concentrations and variations in concentration for 
PM2.5 in eastern China and in western Japan are well 
explained by both models, despite differences in model 
frameworks (Table 1). 

Both models well reproduced the variability in PM2.5 
concentration, but underestimated the observed peak 
concentrations (446.9 µg m–3) in Beijing. The highest 
concentration simulated by CMAQ was 389.4 µg m–3, 
while that by NAQPMS was 308.8 µg m–3. In Qingdao and 
Shanghai, both models successfully captured the variability 
and peak PM2.5 concentrations during each episode. The 
observed underestimation of PM2.5 in Beijing may be due 
to the difficulty in capturing its complex topography within 
simulations, noting that the terrain in the Qingdao and 

Shanghai regions is relatively flat (Fig. 1).  
Three high PM2.5 concentration episodes were identified 

in western Japan (Fig. 2(d)). The first episode (‘1st’ in 
Fig. 2(d)), which lasted from 17:00 LT (local time, = UTC 
(Coordinated Universal Time) +09:00) on January 9 to 
21:00 on January 11, had a maximum concentration of 
86.4 µg m–3 at Fukuoka and 105.1 µg m–3 at Goto Island. 
The second episode (‘2nd’ in Fig. 2(d)) was shorter, lasting 
from 17:00 on January 16 to 6:00 on January 17, with a 
maximum concentration of 106.2 µg m–3 at Fukuoka and 
104.8 µg m–3 at Goto Island. The third episode (‘3rd’ in 
Fig. 2(d)) lasted from 4:00 on January 19 to 3:00 on January 
22 and had a maximum concentration of 57.1 µg m–3 at 
Fukuoka and 59.9 µg m–3 at Goto Island; this episode had 
the lowest peak concentration, compared with the first and 
second episodes, but was the longest in duration.  

The first two episodes were well reproduced by both 
models. However, the CMAQ model underestimated PM2.5 
concentrations during the third episode due to the omission 
of dust. The average PM2.5 concentration measured during 
this episode was 43.3 µg m–3 in Fukuoka; the CMAQ model 
estimated this as 24.7 µg m–3, similar to the anthropogenic 
PM2.5 estimated by NAQPMS (23.1 µg m–3). When dust is 
integrated into the model, the total PM2.5 of NAQPMS was 
40.5 µg m–3, which is in good agreement with measured 
concentrations, which means about 43.0% of the PM2.5 was 
contributed by dust aerosols. Therefore, due to the mixing 
of dust with anthropogenic pollutants, the daily-averaged 
mass concentration of PM2.5 over three days (January 19–
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Fig. 2. Time series of the PM2.5 concentration in Beijing, Qingdao, and Shanghai, China and at Fukuoka, the Goto Islands, 
and Tsushima Island, Japan during January 7–23, 2015. Black circles indicate observations. Magenta and yellow shadings 
indicate simulated anthropogenic and mineral dust PM2.5 by NAQPMS. Green lines indicate simulated PM2.5 by CMAQ. 
Three high PM2.5 concentration episodes in Fukuoka are shown as ‘1st’, ‘2nd’ and ‘3rd’ in (d). 

 

21) exceeded the Japanese National Ambient Air Quality 
Standard (NAAQS; 35 µg m–3). This indicates that mineral 
dust may also be an important aerosol component in 
winter, as well as the spring. 

 
Characteristics of the Three Air Pollution Episodes in 
Fukuoka 

We used observations of lidar, POPC, and ACSA in 

Fukuoka to reveal characteristics of the air pollution 
episodes observed in western part of Japan. Fig. 3 shows 
the vertical distribution of mineral dust and anthropogenic 
particle extinction coefficients measured using lidar. Fig. 4 
shows aerosol volume distribution as a function of DR and 
size (observed using the POPC), as well as the percentage 
of each species within the fine-mode secondary inorganic 
aerosols (fSIAs) during all three episodes.  
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Table 2. Statistical summary of comparisons of the model results with observations. 

 MO (µg m–3) MS (µg m–3) MFB (%) MFE (%) R 
a) PM2.5 in East China      

CMAQ 93.6 97.3 7.9 20.3 0.85 
NAQPMS w/o dust 97.9 20.1 36.6 0.79 
NAQPMS w dust 103.2 39.9 49.6 0.81 

b) PM2.5 in West Japan      
CMAQ 21.9 14.5 –46.0 66.9 0.81 
NAQPMS w/o dust 18.1 –29.1 60.8 0.80 
NAQPMS w dust 23.1 –9.6 51.5 0.87 

c) Fukuoka fine mod SIA      
CMAQ 11.5 8.1 –52.1 56.7 0.85 
NAQPMS w/o dust 9.9 –45.9 68.3 0.80 
NAQPMS w dust 11.2 –35.1 63.1 0.84 
Fine mod SO4

2–      
CMAQ 5.4 2.5 –88.1 93.1 0.81 
NAQPMS w/o dust 3.1 –76.4 95.4 0.72 
NAQPMS w dust 3.5 –66.7 86.6 0.78 
Fine mod NO3

–      
CMAQ 3.3 3.5 –40.1 78.9 0.76 
NAQPMS w/o dust 4.3 –19.7 87.2 0.72 
NAQPMS w dust 4.9 –0.9 86.8 0.78 
Fine mod NH4

+      
CMAQ 2.7 1.8 –59.8 63.5 0.80 
NAQPMS 2.3 –44.1 65.1 0.78 

d) Beijing PMc      
NAQPMS w/o dust 27.3 24.5 –3.8 52.5 0.37 
NAQPMS w dust 30.4 15.1 46.4 0.59 

e) Fukuoka PMc      
NAQPMS w/o dust 15.1 6.4 –72.9 81.5 0.49 
NAQPMS w dust 11.9 –49.4 74.0 0.78 
Coarse mode SO4

2–      
NAQPMS w dust 0.7 0.6 –16.6 76.5 0.45 
Coarse mod NO3

–      
NAQPMS w dust 1.7 1.0 –57.1 84.9 0.76 

MO: mean observation; MS: mean simulation; MFB: mean fractional bias; MFE: mean fractional error; R: correlation 
coefficient. 

 

During the first episode, the anthropogenic aerosol 
extinction coefficient (< 0.15 km–1) dominated the dust 
extinction coefficient (< 0.06 km–1), as observed by lidar 
(‘1st’ in Fig. 3). At January 11 13:00 during the first 
episode (Fig. 4(a)), when PM2.5 concentration is highest 
(86.4 µg m–3) in Fukuoka, POPC also showed the 
anthropogenic aerosol (small size and DR) was dominant 
and mixed with a small amount of dust aerosols (large size 
and DR). Aerosol component observations also suggest 
that anthropogenic SIA is important, as it accounted for 
48.5% of the PM2.5. Among three SIA species, NO3

– was 
the most prevalent (42%), while fractions of SO4

2– (34%) 
were 8% lower. This underscores the importance of NO3

– 
LRT during the winter which has not been the focus of 
previous work (Itahashi et al., 2012; Uno et al., 2014). We 
therefore refer to the first episode as ‘type N’.  

The second episode was distinctive from this first 
episode. Lidar results (‘2nd’ in Fig. 3) showed that the dust 
extinction coefficient was very small (about 0.01 km–1); 
the anthropogenic aerosol extinction coefficient reached 

0.2 km–1, suggesting that this episode was driven by 
anthropogenic pollution. Lidar also showed high sphere 
extinction coefficient before the second episode due to 
aerosol hygroscopic growth under high RH condition 
(Fig. 5(a)). POPC also resulted in a high volume of small 
anthropogenic particles with low DR, with almost no dust 
aerosols (Fig. 4(b)). Sulfate accounted for 65% among the 
three SIA species, and was ~3.4-fold greater than nitrate. 
This episode also resulted in the highest SO4

2– concentration 
(28.9 µg m–3) over the entire period, and is thus referred to 
as ‘type S’ within this study.  

The third episode showed high dust extinction coefficients 
that lasted for about three days, with a maximum of 
~0.1 km–1 according to lidar results (‘3rd’ in Fig. 3). During 
this period, the anthropogenic extinction coefficient was low 
(< 0.1 km–1) on January 19, and increased to ~0.15 km–1 on 
January 21. The POPC (Fig. 4(c)) clearly showed a large 
volume of dust aerosols mixing with anthropogenic aerosols. 
The ratio of SIA to PM2.5 was 30.1% at 12:00 on January 
19, which was lower than during episodes N and S due to 
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Fig. 3. Temporal variation of the vertical distribution of (a) mineral dust and (b) anthropogenic aerosol extinction 
coefficients by lidar at Fukuoka.  

 

 
Fig. 4. Aerosol volume distribution as a function of depolarization ratio (DR) and size, as well as percentages of each 
species in fine-mode secondary inorganic aerosols (fSIAs) during the (a) first (type N), (b) second (type S), and (c) third 
(type D) episodes. 
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high concentrations of dust within the PM2.5. This confirms 
that dust was an important component in PM2.5 during this 
episode, as simulated by NAQPMS. We refer to this third 
episode as ‘type D’ within this study. 

 
Long-Range Transport of Anthropogenic Pollutants 
during Type N and S Episodes 

Fig. 5 shows temporal variations in RH and fSIAs in 
Fukuoka; the fSIAs were composed of fine mode sulfate 
(fSO4

2–), nitrate (fNO3
–), and ammonia (fNH4

+). Both models 
reasonably reproduced variations in fSIA, as well as its 
discrete components, especially during the three episodes 
of high fSIA. The correlation coefficient (R) between fSIA 
observations and both models was greater than 0.8 (Table 2). 

Both the MFB and MFE of CMAQ and NAQPMS satisfied 
model performance criteria previously proposed (Boylan 
and Russell, 2006).  

Although both NAQPMS and CMAQ well reproduced 
variations in fSIA, both models underestimated fSO4

2– 
concentrations (Table 2), which is a common problem of air 
quality models especially in winter time, e.g., WRF-Chem 
(Huang et al., 2014) and GEOS-CHEM (Uno et al., 2017a). 
There would be several reasons for sulfate underestimation, 
e.g., inaccurate emission or meteorology field, missing 
mechanisms. During episode N, WRF slightly underestimate 
RH at upwind sites (Beijing and Qingdao) at the night of 
January 9 and 10 (Fig. S2), which may be one reason for 
underestimation of sulfate. However during episode D, the

 

 
Fig. 5. Time series of (a) relative humidity (RH), (b) total concentration of fSIAs, and (c–e) concentration of SO4

2–, NO3
–, 

and NH4
+, respectively, in Fukuoka, Japan. Black circles indicate observations. RH values used in NAQPMS and CMAQ 

are shown as magenta and blue lines, respectively, in (a). Magenta and yellow shadings indicate simulated anthropogenic 
and dust heterogeneous reactions-produced fSIA by NAQPMS, while green lines indicate simulated fSIA by CMAQ in 
(b–e). 
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simulated fSO4
2– by the two models were both significantly 

lower than the observations, while the models did not 
underestimate RH (Figs. S2 and 5). The observed average 
concentration of fSO4

2– was 8.9 µg m–3 in episode D, while 
NAQPMS and CMAQ simulations of anthropogenic fSO4

2– 
indicated 3.2 µg m–3 and 2.9 µg m–3, respectively. After 
considering soil-derived fSO4

2– (4% of fine mode dust (Wu 
et al., 2012)) and heterogeneous reactions on dust particles, 
NAQPMS simulated a total fSO4

2– concentration of 4.8 
µg m–3, 42.7% lower than the observation. This indicates 
that current models may miss certain emissions of SO2 or 
chemical mechanisms that promote the conversion of SO2 
to SO4

2– when dust is present. For example, smog chamber 
results show that NO2 and SO2 have a synergistic effect 
when they react at the surface of mineral dust, leading to 
the rapid conversion of SO2 to SO4

2– (He et al., 2014).  
From Fig. 5, it is clear that both observations and model 

results showed higher fNO3
– than fSO4

2– during the type N 
episode, with higher fSO4

2– than fNO3
– during the type S 

episode, as discussed previously. To reveal the importance 
of LRT on high concentrations of fSIA during type N and 
S episodes, the spatial distributions of fSIA and the fSO4

2–

/fSIA ratio simulated by NAQPMS and backward trajectories 
from Fukuoka were shown in Fig. 6. The spatial distribution 
in fSIA showed similar patterns during the two episodes, 
in which high-concentration regions of fSIA stretched 
from the eastern coastline of China to the East China Sea 
and western Japan. These spatial distribution patterns showed 
the outflow of fSIA from continental Asia to western 
Japan, which is consistent with corresponding PM2.5 peaks 
at both Qingdao and Japan (Fig. 2).  

The fSO4
2–/fSIA ratio increased from eastern China to 

western Japan, which is due to the irreversible formation 
of (NH4)2SO4 and decomposition of NH4NO3 when 
concentrations of NH3 and HNO3 decrease during transport. 
Backward trajectories during both type N and S episodes 
showed similar patterns, in which an air mass left the south 
Shandong province in China and reached Fukuoka within

 

 
Fig. 6. Simulated daily variation of fSIA spatial distribution during type N (a, b) and type S (c, d) period when the air mass 
left China (a, c), and when the air mass reached Fukuoka (b, d). Contours shown by thin and thick blue lines for SO4

2–/SIA 
ratio represent 0.25 and 0.5, respectively. The 72-h HYSPLIT backward trajectory from Fukuoka is overlaid by green lines 
with triangles at 6-h intervals. The light green part indicates the trajectory before the time of the figure, while the dark 
green part indicates the trajectory after. 
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24 h. As the distance from the Chinese coastline to Fukuoka 
is ~1000 km, the speed of the air mass must have exceeded 
40 km h–1. 

Fig. 6(a) shows the spatial distribution for the type N 
episode, during which time the air mass was located over 
China. A high concentration of fSIA (> 100 µg m–3) occurred 
over the east coast of China before the air mass moved to 
Fukuoka, whereas the fSO4

2–/SIA ratio was less than 0.25 
over the eastern part of China and the East China Sea. When 
the air mass arrived in Fukuoka, the fSO4

2–/fSIA ratio was 
~0.25 over western Japan (Fig. 6(b)), which meant that 
(NH4)2SO4 (1.4 times that of SO4

2–) comprised ~35% of the 
fSIA, while NH4NO3 was ~ 65% of the fSIA (Fig. 4(a)).  

During the type S episode, model results showed that 
the atmosphere above Fukuoka had an fSO4

2–/fSIA ratio of 
more than 0.5 (Fig. 6(d)); thus, (NH4)2SO4 was more than 
70% that of the fSIA while NH4NO3 was less than 30% 
(Fig. 4(b)). Fig. 6(c) shows the spatial distribution of the 
air mass when it was located over China, during which 

time high concentrations of fSIA (> 100 µg m–3) occurred, 
similar to the type N episode. The fSO4

2–/fSIA ratio increased 
when the air mass arrived at Fukuoka compared with that 
in China, suggesting that the production of fSO4

2– occurs 
quickly during the transport process.  

Values of RH were significantly higher (~100%) during 
the beginning of the S-type episode compared with the N-
type episode (< 70%; Fig. 5(a)). This signifies that SO4

2– 
formed quickly through aqueous-phase reactions under 
high RH conditions. More details regarding the differences 
between these two episodes, outlined using the CMAQ 
model, can be found in Itahashi et al. (2017). 
 
Mechanism of Dust LRT in Fukuoka during the D-Type 
Episode 

Fig. 7 shows the simulated spatial distribution of mineral 
dust and backward trajectories from Fukuoka during the 
D-type episode. Northeast China was controlled by a low-
pressure system at 12:00 on January 18 (L1 in Fig. 7(a)),

 

 
Fig. 7. Simulated daily variation of dust spatial distribution during type D period. Contours represent isobaric lines at sea 
level. The 72-h HYSPLIT backward trajectory from Fukuoka is overlaid by magenta lines with markers at 6-h intervals. 
Backward trajectories with squares, circles, and triangles represent air masses starting from Fukuoka at 12:00 of January 
19, 20 and 21 (LT), respectively. The light magenta part indicates the trajectory before the time of the figure, while the 
dark magenta part indicates the trajectory after. 
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during which time southern China was controlled by a 
large high-pressure system (H1). Northern China (including 
the provinces of Inner Mongolia, Shaanxi, Shanxi, and 
Hebei) were between the two weather systems, and covered 
by strong northwestern winds and mineral dust at maximum 
concentrations of more than 150 µg m–3. Backward 
trajectories at Fukuoka from 12:00 on January 19 (line with 
squares) and January 20 (line with circles), are shown in 
Fig. 7(a); the air mass was in Northern China at 12:00 on 
January 18, which then moved quickly and directly to 
Fukuoka within 24 h. This distance is ~1500 km, meaning 
that the speed of the air mass was greater than 60 km h–1.  

After this, the low-pressure system (L1) moved to 
northeastern Japan, and the high-pressure system (H1) 
controlled over eastern China and the East China Sea (12:00 
on January 19; Fig. 7(b)). South Korea and western Japan 
were between these two systems and were thus covered by 
a plume of dust transported from Asia through strong 
northwestern winds. The backward trajectory from Fukuoka 
at 12:00 on January 20 (line with circles) also indicated that 
the air mass was on South Korea’s western edge at 12:00 on 
January 19, at which time the dust concentration was over 
40 µg m–3. This air mass was then quickly transported to 
northern Kyushu Island within 12 h, after which time it 
moved slowly to Fukuoka over another 12 h.  

At 12:00 on January 20, the high-pressure system (H1) 
moved to the northeast to cover a large part of eastern 
Asia, including northeast China, Korea, and western Japan 
(Fig. 7(c)). Winds within the Kyushu area were low while 
under the influence of this high-pressure system, which 
slowed the movement of the air mass after 00:00 on January 
20. Thus, high atmospheric concentrations of dust were 
stagnant over the Kyushu area. 

At 12:00 on January 21, the high-pressure system (H1) 
moved to the northeast of Japan and an inverted trough 
(L2) formed at the southern end of Kyushu Island (Fig. 7(d)). 
The dominant wind direction over Kyushu Island was 
southeast due to the influences of the two weather systems; 
thus, the dust plume moved slowly to the northwest. The 
backward trajectory from Fukuoka at 12:00 of January 21 
(line with triangles) indicated that the air mass had already 
reached the south Kyushu Island at 00:00 of January 20, 
and stayed on the island for 36 h to reach Fukuoka. The 
daily variation of dust spatial distribution implied the 
direct transport of mineral dust from continental Asia to 
the downwind regions, and the dust plume was stagnant 
over western Japan for three days under the control of high 
pressure and low pressure systems.  

 
Importance of Heterogeneous Reactions on Mixing of 
Dust and Anthropogenic Pollutants during LRT 

Fig. 8 shows the variations of coarse mode PM (PMc) in 
Beijing and Fukuoka, as well as coarse mode NO3

– (cNO3
–) 

and SO4
2– (cSO4

2–) in Fukuoka. Mineral dust is an important 
aerosol of PMc; however, the CMAQ model in this study 
did not include it. Thus, we only show the simulation 
results of NAQPMS. NAQPMS well reproduced the 
temporal variations of coarse-mode aerosols in Beijing, but 
underestimated PMc in Fukuoka. After considering the dust 

component, NAQPMS simulated PMc increased by 5.5 
µg m–3 (46.2%) to 11.9 µg m–3, and was 3.6 µg m–3 (21.2%) 
lower than observations (Table 2). MFB and MFE were 
–49.4% and 74.0% respectively, and satisfied the model 
performance criteria proposed by Boylan and Russell (2006). 
From Fig. 8, it can be seen that during episode D, the high 
concentration of dust lasted about 1.5 days in Beijing and 
about 3 days in Fukuoka; the transport mechanism was 
discussed earlier. The model showed good agreement with 
observed cSO4

2– measurements, but slightly underestimated 
cNO3

–; this may be due to underestimation of the uptake of 
HNO3 on sea salt particles, and without considering 
anthropogenic NO3

– in coarse mode. 
The observed concentration of cSO4

2– with a maximum 
of 2.4 µg m–3 was significantly lower than that of fSO4

2–, 
while the maximum ratio of cSO4

2– to fSO4
2– was 0.3, 

indicating that fSO4
2– was much more important for SO4

2–. 
However, NO3

– was quite different. The observed cNO3
– 

showed a high concentration, with a maximum of 6.3 µg m–3, 
and the maximum ratio of cNO3

– to fNO3
– was 1.2 during 

episode D, indicating that cNO3
– could be more important 

than fNO3
– during the dust period. NAQPMS reasonably 

reproduced the observed concentration variation and peak 
of cNO3

–, after considering heterogeneous reactions on 
dust particles. As a result of heterogeneous reactions, NO3

– 
formed on the surface of dust particles and they were mixed 
internally. The maximum concentration of dust NO3

– 
simulated by NAQPMS was 5.7 µg m–3, accounting for 
14.8% of the dust concentration; this may be important for 
the size, shape, and hydrophilic property of dust aerosol 
and its direct and indirect effects on climate. 
 
CONCLUSIONS 

 
Two regional chemical transport models (NAQPMS and 

CMAQ) were used to simulate several episodes of high 
PM2.5 concentration observed in January 2015 over eastern 
China and western Japan. Simulation results from both 
models reasonably explained observed PM2.5 levels, as 
well as the variation observed within three sites in both 
eastern China and western Japan. Some bias existed between 
these models due to differences in frameworks, including 
model domains, horizontal resolution, vertical layers, and 
emissions. 

Based on the model results and the synergetic aerosol 
observations in Fukuoka, Japan, three types of LRT of air 
pollutants were observed. The first episode showed increased 
fNO3

– concentrations relative to fSO4
2– (type N), indicating 

the importance of NO3
– LRT in winter. The second episode 

showed fSO4
2– concentrations, which were ~3.4-fold greater 

than fNO3
– (type S). The third episode showed high dust 

concentrations mixed with anthropogenic pollutants (type 
D), indicating that the LRT of dust was also important in 
winter, as well as spring. 

Both models reasonably explained variations in aerosol 
components during episodes N and S. Simulated spatial 
distribution variations indicated the outflow of fSIA from 
continental Asia to western Japan, consistent with the 
corresponding PM2.5 peak at Qingdao and over Japan. 
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Fig. 8. Time series of coarse-mode PM (PMc) concentration in Beijing (a) and Fukuoka (b), as well as coarse-mode SO4

2– 
(c) and NO3

– (d) concentration in Fukuoka during January 7–23, 2015. Black circles indicate observations. Magenta, blue, 
and yellow shadings indicate anthropogenic, sea salt, and dust heterogeneous reactions produced PM simulated by 
NAQPMS. 

 

During episode S, RH was significantly higher than episode 
N, therefore, SO4

2– formed quickly due to aqueous-phase 
reactions under high RH conditions. 

During episode D, mineral dust transported from 
continental Asia was quickly transported to downwind 
regions, stagnating over the south of Japan for three days. 
Measurements showed high cNO3

– concentrations and high 
cNO3

–/fNO3
– ratio during episode D. These findings were 

well reproduced by the NAQPMS model after considering 
heterogeneous reactions on dust particles, which indicates 
the importance of heterogeneous processes for the LRT of 
dust and anthropogenic pollutants over East Asia (Pan et 
al., 2017; Uno et al., 2017b, c). During this period, both 
models underestimated fSO4

2– levels, indicating that current 
models may miss certain emissions of SO2 and mechanisms 
promoting the conversion of SO2 to SO4

2–.  
 
ACKNOWLEDGMENTS 
 

This work was supported by the Ministry of Education, 
Culture, Sports, Science and Technology (MEXT), the 
Japan Society for the Promotion of Science (JSPS) and the 
Grants-in-Aid for Scientific Research (KAKENHI) 
program (Grant JP25220101). The first author was also 
supported by the National Natural Science Foundation of 

China (Grant No. 41505115). We acknowledge the Ministry 
of the Environment, Japan, for providing the preliminary 
observation data at Goto and Tsushima before final 
production. 
 
SUPPLEMENTARY MATERIAL 
 

Supplementary data associated with this article can be 
found in the online version at http://www.aaqr.org. 
 
REFERENCES 
 
Athanasopoulou, E., Tombrou, M., Pandis, S.N. and 

Russell, A.G. (2008). The role of sea-salt emissions and 
heterogeneous chemistry in the air quality of polluted 
coastal areas. Atmos. Chem. Phys. 8: 5755–5769. 

Boylan, J.W. and Russell, A.G. (2006). PM and light 
extinction model performance metrics, goals, and criteria 
for three-dimensional air quality models. Atmos. Environ. 
40: 4946–4959. 

Byun, D. and Schere, K.L. (2006). Review of the 
governing equations, computational algorithms, and 
other components of the models-3 community multiscale 
air quality (CMAQ) modeling system. Appl. Mech. Rev. 
59: 51–77. 



 
 
 

Wang et al., Aerosol and Air Quality Research, 17: 3065–3078, 2017 3077

Carmichael, G.R., Calori, G., Hayami, H., Uno, I., Cho, 
S.Y., Engardt, M., Kim, S.B., Ichikawa, Y., Ikeda, Y., 
Woo, J.H., Ueda, H. and Amann, M. (2002). The MICS-
Asia study: Model intercomparison of long-range transport 
and sulfur deposition in east asia. Atmos. Environ. 36: 
175–199. 

Carmichael, G.R., Tang, Y., Kurata, G., Uno, I., Streets, 
D., Woo, J.H., Huang, H., Yienger, J., Lefer, B., Shetter, 
R., Blake, D., Atlas, E., Fried, A., Apel, E., Eisele, F., 
Cantrell, C., Avery, M., Barrick, J., Sachse, G., Brune, 
W., Sandholm, S., Kondo, Y., Singh, H., Talbot, R., 
Bandy, A., Thorton, D., Clarke, A. and Heikes, B. (2003). 
Regional-scale chemical transport modeling in support of 
the analysis of observations obtained during the TRACE-
P experiment. J. Geophys. Res. Atmos. 108: 8823. 

Carter, W.P.L. (2000). Implementation of the SAPRC-99 
Chemical Mechanism Into the Models-3 Framework. 
Final Report to U.S. EPA: 1–101. 

Chang, J.S., Brost, R.A., Isaksen, I.S.A., Madronich, S., 
Middleton, P., Stockwell, W.R. and Walcek, C.J. (1987). 
A 3-dimensional eulerian acid deposition model - physical 
concepts and formulation. J. Geophys. Res. Atmos. 92: 
14681–14700. 

Chen, X., Wang, Z., Yu, F., Pan, X., Li, J., Ge, B., Wang, 
Z., Hu, M., Yang, W. and Chen, H. (2017). Estimation 
of atmospheric aging time of black carbon particles in 
the polluted atmosphere over central-eastern china using 
microphysical process analysis in regional chemical 
transport model. Atmos. Environ. 163: 44–56. 

Hara, Y., Nishizawa, T., Sugimoto, N., Matsui, I., Pan, X., 
Kobayashi, H., Osada, K. and Uno, I. (2017). Optical 
properties of mixed aerosol layers over japan derived 
with multi-wavelength mie–raman lidar system. J. Quant. 
Spectrosc. Radiat. Transfer 188: 20–27. 

He, H., Wang, Y., Ma, Q., Ma, J., Chu, B., Ji, D., Tang, 
G., Liu, C., Zhang, H. and Hao, J. (2014). Mineral dust 
and NOx promote the conversion of SO2 to sulfate in 
heavy pollution days. Sci. Rep. 4: 4172. 

Huang, X., Song, Y., Zhao, C., Li, M., Zhu, T., Zhang, Q. 
and Zhang, X. (2014). Pathways of sulfate enhancement 
by natural and anthropogenic mineral aerosols in china. 
J. Geophys. Res. Atmos. 119: 14165–14179. 

Huebert, B.J., Bates, T., Russell, P.B., Shi, G.Y., Kim, 
Y.J., Kawamura, K., Carmichael, G. and Nakajima, T. 
(2003). An overview of ACE-Asia: Strategies for 
quantifying the relationships between Asian aerosols 
and their climatic impacts. J. Geophys. Res. Atmos. 108: 
8633. 

Itahashi, S., Yumimoto, K., Uno, I., Eguchi, K., Takemura, 
T., Hara, Y., Shimizu, A., Sugimoto, N. and Liu, Z. 
(2010). Structure of dust and air pollutant outflow over 
east Asia in the spring. Geophys. Res. Lett. 37: L20806. 

Itahashi, S., Uno, I. and Kim, S. (2012). Source contributions 
of sulfate aerosol over east Asia estimated by CMAQ-
DDM. Environ. Sci. Technol. 46: 6733–6741. 

Itahashi, S., Uno, I., Hayami, H. and Fujita, S.I. (2014). 
Modeling investigation of controlling factors in the 
increasing ratio of nitrate to non-seasalt sulfate in 
precipitation over Japan. Atmos. Environ. 92: 171–177. 

Itahashi, S., Uno, I., Osada, K., Kamiguchi, Y., Yamamoto, 
S., Tamura, K., Wang, Z., Kurosaki, Y. and Kanaya, Y. 
(2017). Nitrate transboundary heavy pollution over east 
asia in winter. Atmos. Chem. Phys. 17: 3823–3843. 

Jacob, D.J., Crawford, J.H., Kleb, M.M., Connors, V.S., 
Bendura, R.J., Raper, J.L., Sachse, G.W., Gille, J.C., 
Emmons, L. and Heald, C.L. (2003). Transport and 
chemical evolution over the Pacific (TRACE-P) aircraft 
mission: Design, execution, and first results. J. Geophys. 
Res. Atmos. 108: 9000. 

Kelly, J.T., Bhave, P.V., Nolte, C.G., Shankar, U. and 
Foley, K.M. (2010). Simulating emission and chemical 
evolution of coarse sea-salt particles in the Community 
Multiscale Air Quality (CMAQ) model. Geosci. Model 
Dev. 3: 257–273. 

Kimoto, H., Ueda, A., Tsujimoto, K., Mitani, Y., Toyasaki, 
Y. and Kimoto, T. (2013). Development of continuous 
dichotomous aerosol chemical speciation analyzer. 
Clean Technol. 23: 49–52 (in Japanese). 

Kobayashi, H., Hayashi, M., Shiraishi, K., Nakura, Y., 
Enomoto, T., Miura, K., Takahashi, H., Igarashi, Y., 
Naoe, H., Kaneyasu, N., Nishizawa, T. and Sugimoto, 
N. (2014). Development of a polarization optical particle 
counter capable of aerosol type classification. Atmos. 
Environ. 97: 486–492. 

Kurokawa, J., Ohara, T., Morikawa, T., Hanayama, S., 
Janssens-Maenhout, G., Fukui, T., Kawashima, K. and 
Akimoto, H. (2013). Emissions of air pollutants and 
greenhouse gases over Asian regions during 2000–2008: 
Regional emission inventory in Asia (REAS) version 2. 
Atmos. Chem. Phys. 13: 11019–11058. 

Li, J., Wang, Z.F., Zhuang, G., Luo, G., Sun, Y. and 
Wang, Q. (2012). Mixing of Asian mineral dust with 
anthropogenic pollutants over east Asia: A model case 
study of a super-duststorm in March 2010. Atmos. Chem. 
Phys. 12: 7591–7607. 

Li, M., Zhang, Q., Kurokawa, J.I., Woo, J.H., He, K., Lu, 
Z., Ohara, T., Song, Y., Streets, D.G., Carmichael, G.R., 
Cheng, Y., Hong, C., Huo, H., Jiang, X., Kang, S., Liu, 
F., Su, H. and Zheng, B. (2017). Mix: A mosaic asian 
anthropogenic emission inventory under the international 
collaboration framework of the mics-asia and htap. 
Atmos. Chem. Phys. 17: 935–963. 

Nenes, A., Pandis, S.N. and Pilinis, C. (1998). Isorropia: A 
new thermodynamic equilibrium model for multiphase 
multicomponent inorganic aerosols. Aquat. Geochem. 4: 
123–152. 

Osada, K., Ueda, S., Egashira, T., Takami, A. and 
Kaneyasu, N. (2011). Measurements of gaseous NH3 
and particulate NH4

+ in the atmosphere by fluorescent 
detection after continuous air-water droplet sampling. 
Aerosol Air Qual. Res. 11: 170–178. 

Pan, X., Uno, I., Hara, Y., Kuribayashi, M., Kobayashi, H., 
Sugimoto, N., Yamamoto, S., Shimohara, T. and Wang, 
Z. (2015). Observation of the simultaneous transport of 
Asian mineral dust aerosols with anthropogenic pollutants 
using a POPC during a long-lasting dust event in late 
spring 2014. Geophys. Res. Lett. 42: 1593–1598. 

Pan, X., Uno, I., Hara, Y., Osada, K., Yamamoto, S., 



 
 
 

Wang et al., Aerosol and Air Quality Research, 17: 3065–3078, 2017 3078

Wang, Z., Sugimoto, N., Kobayashi, H. and Wang, Z. 
(2016). Polarization properties of aerosol particles over 
western Japan: Classification, seasonal variation, and 
implications for air quality. Atmos. Chem. Phys. 16: 
9863–9873. 

Pan, X., Uno, I., Wang, Z., Nishizawa, T., Sugimoto, N., 
Yamamoto, S., Kobayashi, H., Sun, Y., Fu, P., Tang, X. 
and Wang, Z. (2017). Real-time observational evidence 
of changing Asian dust morphology with the mixing of 
heavy anthropogenic pollution. Sci. Rep. 7: 335. 

Seinfeld, J.H., Carmichael, G.R., Arimoto, R., Conant, 
W.C., Brechtel, F.J., Bates, T.S., Cahill, T.A., Clarke, 
A.D., Doherty, S.J., Flatau, P.J., Huebert, B.J., Kim, J., 
Markowicz, K.M., Quinn, P.K., Russell, L.M., Russell, 
P.B., Shimizu, A., Shinozuka, Y., Song, C.H., Tang, 
Y.H., Uno, I., Vogelmann, A.M., Weber, R.J., Woo, J.H. 
and Zhang, X.Y. (2004). Ace-Asia - regional climatic and 
atmospheric chemical effects of Asian dust and 
pollution. Bull. Am. Meteorol. Soc. 85: 367–380. 

Skamarock, W.C., Klemp, J.B., Dudhia, J., Gill, D.D., 
Barker, D.M., Duda, M.G., Huang, X.Y., Wang,W. and 
Powers, J.G. (2008). A description of the advanced 
research WRF version 3. NCAR Technical Note, National 
Center for Atmospheric Research, Boulder, Colorado, 
USA. NCAR/TN-475+STR, pp. 1–113. 

Stein, A.F., Draxler, R.R., Rolph, G.D., Stunder, B.J.B., 
Cohen, M.D. and Ngan, F. (2015). Noaa's hysplit 
atmospheric transport and dispersion modeling system. 
Bull. Am. Meteorol. Soc. 96: 2059–2077. 

Sugimoto, N., Uno, I., Nishikawa, M., Shimizu, A., 
Matsui, I., Dong, X.H., Chen, Y. and Quan, H. (2003). 
Record heavy Asian dust in Beijing in 2002: Observations 
and model analysis of recent events. Geophys. Res. Lett. 
30: 1640. 

Sugimoto, N., Matsui, I., Shimizu, A., Nishizawa, T., 
Hara, Y., Xie, C., Uno, I., Yumimoto, K., Wang, Z. and 
Yoon, S.C. (2008). Lidar network observations of 
tropospheric aerosols. Proc. SPIE 71530A: 1–13. 

Uno, I., Yumimoto, K., Shimizu, A., Hara, Y., Sugimoto, 
N., Wang, Z., Liu, Z. and Winker, D.M. (2008). 3D 
structure of Asian dust transport revealed by CALIPSO 
lidar and a 4DVAR dust model. Geophys. Res. Lett. 35: 
L06803. 

Uno, I., Sugimoto, N., Shimizu, A., Yumimoto, K., Hara, 
Y. and Wang, Z. (2014). Record heavy PM2.5 air pollution 
over China in January 2013: Vertical and horizontal 
dimensions. SOLA 10: 136–140. 

Uno, I., Osada, K., Yumimoto, K., Wang, Z., Itahashi S., 
Pan, X., Hara, Y., Yamamoto S. and Nishizawa, T. 
(2017a). Importance of long-range nitrate transport based 
on long-term observation and modeling of dust and 
pollutants over East Asia. Aerosol Air Qual. Res. 17: 
3052–3064. 

Uno, I., Yumimoto, K., Pan, X., Wang, Z., Osada, K., 
Itahashi, S. and Yamamoto, S. (2017b). Simultaneous 
dust and pollutant transport over East Asia: The tripartite 
environment ministers meeting march 2014 case study. 
SOLA 13: 47–52. 

Uno, I., Yumimoto, K., Osada, K., Wang, Z., Pan, X., 
Itahashi, S. and Yamamoto, S. (2017c). Dust Acid uptake 
analysis during long-lasting dust and pollution episodes 
over East Asia based on synergetic observation and 
chemical transport model. SOLA 13: 109–113. 

Wang, Z., Pan, X., Uno, I., Li, J., Wang, Z., Chen, X., Fu, 
P., Yang, T., Kobayashi, H., Shimizu, A., Sugimoto, N. 
and Yamamoto, S. (2017). Significant impacts of 
heterogeneous reactions on the chemical composition 
and mixing state of dust particles: A case study during 
dust events over northern china. Atmos. Environ. 159: 
83–91. 

Wang, Z.F., Maeda, T., Hayashi, M., Hsiao, L.F. and Liu, 
K.Y. (2001). A nested air quality prediction modeling 
system for urban and regional scales: Application for 
high-ozone episode in Taiwan. Water Air Soil Pollut. 
130: 391–396. 

Wang, Z.F., Li, J., Wang, Z., Yang, W.Y., Tang, X., Ge, 
B.Z., Yan, P.Z., Zhu, L.L., Chen, X.S., Chen, H.S., 
Wand, W., Li, J.J., Liu, B., Wang, X.Y., Wand, W., 
Zhao, Y.L., Lu, N. and Su, D.B. (2014). Modeling study 
of regional severe hazes over mid-eastern China in 
January 2013 and its implications on pollution prevention 
and control. Sci. China-Earth Sci. 57: 3–13. 

Wu, F., Zhang, D., Cao, J., Xu, H. and An, Z. (2012). Soil-
derived sulfate in atmospheric dust particles at Taklimakan 
desert. Geophys. Res. Lett. 39: L24803. 

Zaveri, R.A. and Peters, L.K. (1999). A new lumped structure 
photochemical mechanism for large-scale applications. 
J. Geophys. Res. Atmos. 104: 30387–30415. 

 
 

Received for review, December 5, 2016 
Revised, April 23, 2017 

Accepted, May 24, 2017

 


