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Anonline coupledmeteorology-chemistry-aerosolmodel (WRF-Chem) is used to quantify the impact of soil dust
on radiative forcing, boundary layermeteorology and air quality over East Asia. The simulation is conducted from
14 to 17 April 2015, when an intense dust storm originated in the Gobi Desert and moved through North China.
An integrated comparison analysis using surface observations, satellite, and lidar measurements demonstrates
the excellent performance of the WRF-Chem model for meteorological parameters, pollutant concentrations,
aerosol optical characteristics, and the spatiotemporal evolution of the dust storm. Themaximum aerosol optical
depth induced by dust aerosols is simulated to exceed 3.0 over the dust source areas and 1.5 over the downwind
regions. Dust has a cooling effect (−1.19Wm−2) at the surface, a warming effect (+0.90Wm−2) in the atmo-
sphere and a relatively small forcing (−0.29Wm−2) at the top of the atmosphere averaged over East Asia from
14 to 17 April 2015. Due to the impact of dust aerosols, the near-surface air temperature is decreased by 0.01 °C
and 0.06 °C in the daytime and increased by 0.13 °C and 0.14 °C at night averaged over the dust sources and the
North China Plain (NCP), respectively. The changes in relative humidity are in the range of−0.38% to+0.04% for
dust sources and−0.40% to +0.27% for NCP. The maximum decrease in wind speed of ~0.1 m s−1 is found over
NCP. The planetary boundary layer height during the daytime exhibits maximum decreases of 16.34 m and
41.70 m over dust sources and NCP, respectively. The pollutant concentrations are significantly influenced by
dust-related heterogeneous chemical reactions, with a maximum decrease of 1.66 ppbV for SO2, 7.15 ppbV for
NOy, 35.04 μg m−3 for NO3

−, and a maximum increase of 9.47 μg m−3 for SO4
2− over the downwind areas.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Soil dust has gained increasing attention in recent decades, because
it not only affects energy budget of climate system by scattering and ab-
sorbing radiation, but also has an adverse effect on air quality and
human health (Liu et al., 2003; Kutiel and Furman, 2003; Yu et al.,
2011; Han et al., 2012; Liu et al., 2016; Maghrabi and Al-Dosari, 2016).
Dust aerosols aremainly uplifted from arid, semiarid and desert regions,
which cover approximately one third of the earth's land surface (Chun
et al., 2001). The entrainment of dust and its further emission into the
atmosphere depend on several factors, including vegetation cover, soil
moisture, snow depth and threshold friction velocity (Andy, 2002;
Kang et al., 2014). Dust aerosols can be removed by dry deposition
and wet deposition from the atmosphere. Dry deposition dominates
pheric Physics (IAP), Chinese
near source regions (Zhao et al., 2003; Yasunari et al., 2016), and wet
deposition dominates during the long-range transport (Hsu et al.,
2009). Recent estimate of global dust emission ranges from 1000 to
5000 Mt/year (Sokolik and Toon, 1996; Zender et al., 2004), with high
temporal and spatial variability.

East Asia is one of the most important dust emission regions in the
world. Dust particles are often observed in spring (from March to
May), mainly lifted up from the Taklimakan Desert in west China and
the Gobi Desert in south Mongolia and north China (Chen et al.,
2015a,b). The annual dust emission ranges from 500 to 1100 Tg
(Zhang et al., 1997), accounting for approximately 10–25% of global
emissions (Tegen and Schepanski, 2009).

Extensive studies have researched the spatiotemporal evolutions of
dust aerosols over East Asia, by in-situ measurements, satellite re-
trievals, and numerical simulations. For example,Wang et al. (2016) an-
alyzed surfacemeteorological data from319 stations in China and found
the value of DSE (dust storm event, meaning the duration and outbreak
area of a complete dust storm process) was decreasing under the global
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warming scenarios from 1978 to 2007, but strong dust storms (the out-
break area of an event N 105 km2) will probably bring greater risk to air
quality in future. By using automated two-wavelength polarization
lidar, Sugimoto et al. (2005) found that the contribution of dust aerosols
to the total backscattering coefficientwas N60% during dust events over
urban areas in China and Japan (Shimizu et al., 2004). However, these
in-situ observations are generally spatial limited for the sparse coverage
of ground-based sites (Chen et al., 2015a,b). The transport and charac-
teristics of dust storms, including the changes of atmospheric parame-
ters along dust tracks, can be monitored by multi-satellite sensors. Cao
et al. (2014) discussed aerosol optical properties during several severe
dust storms from 2005 to 2010 using MODIS data. Their results show
the increase of the concentration of scattering particles during dust
events and the enhancement of water mass mixing ratio after dust
events. Satellite observations from CALIPSO also revealed that sum-
mer-timedust storms over the Tibetan Plateau occurredmore frequent-
ly than previously found fromTibetan surface observations, because few
surface-layer sites were available over remote Tibet (Huang et al., 2007;
Liu et al., 2008). In spite of excellent spatial coverage, satellite measure-
ments often generated biases over cloudy areas.

As an effective method to reproduce complex physical and chemical
processes, numerical modeling has beenwidely used to exhibit the evo-
lution characteristics of dust stormswith high temporal and spatial res-
olution. A number of offline simulations have been conducted to
estimate the amount of dust emission and the impacts of dust aerosols
on radiative forcing (Grini et al., 2005; Park et al., 2005; Ahn et al.,
2007). However, these non-coupled offline simulations failed to repre-
sent the radiative effect associated with adjustments in both dust and
meteorological fields (Liu et al., 2016). Chen et al. (2014) used a fully
chemistry-meteorology coupledWRF-Chemmodel to estimate dust ra-
diative forcing, and reported that dust decreased the net surface radia-
tive flux by 5–30 W m−2. Surface cooling could increase atmospheric
stability and generate negative feedbacks on dust mobilization, leading
to a decreased dust load (Zhang et al., 2009). By using an online coupled
regional model RIEMS, Han et al. (2013) analyzed the changes in dust-
induced meteorological variables in March 2010 over East Asia, and re-
ported that the radiative forcing induced by dust aerosols caused amax-
imum reduction of temperature by −7.0 °C and wind speed by
−4.0m s−1. By using theWRF-Chemmodel, Ying et al. (2011) revealed
that dust aerosols could significantly reduce the surface-layer concen-
trations of OH andO3 by influencing the solar radiation and atmospheric
photolysis rate.

Different dust schemes with different physicochemical parameters
result in different dust emission amounts (Kang et al., 2011; Wu and
Lin, 2013). Shao (2004) proposed a dust emission parameterization,
and the scheme was proved to generate reasonable dust emission
amount over source areas, and have a great performance in reproducing
the spatial distribution of dust particles over the downwind regions in
East Asia (Wu and Lin, 2013; Kang et al., 2014; Su and Fung, 2015).

Recently, increasing attention has been focused on dust-related het-
erogeneous reactions (Wang et al., 2012). The laboratory studies have
demonstrated the impacts of heterogeneous chemistry on the surface
of dust particles on pollutant concentrations (Zhu et al., 2010; He et
al., 2014). However, fewmodeling studieswhich focused on dust events
over East Asia included heterogeneous chemistry on the surface of dust
particles in the models. More recently, a latest severe dust storm oc-
curred in East Asia during 14–17 April 2015. The detailed transport
mechanism, radiative perturbations, and the feedback tometeorological
fields during this dust event have not been estimated yet.

In this study,we use a fully-coupledWeather Research and Forecast-
ing Model with Chemistry (WRF-Chem) model, with an advanced dust
emission scheme (Shao, 2004 scheme) and nine dust-related heteroge-
neous chemical reactions, which were not included in WRF-Chem
model previously, to obtain a comprehensive understanding of the evo-
lutions of the latest dust storm, and quantify the impact of dust aerosols
on radiative forcing, boundary layer meteorological parameters, and
gaseous pollutants aswell as inorganic aerosols. Themanuscript is orga-
nized as follows. The descriptions of model, heterogeneous reactions,
emissions, numerical simulations and observational data are presented
in Section 2. The simulated meteorological parameters, pollutant con-
centrations, aerosol optical depth, and dust extinction coefficient are
evaluated in Section 3.1. Section 3.2 exhibits the evolution of the dust
episode. The impacts of dust on meteorological variables, and pollutant
concentrations are presented in Sections 3.3 and 3.4, respectively.
Sections 4 and 5 show the summaries and discussions.

2. Methodology and data

2.1. WRF-Chem model

The Weather Research and Forecasting Model version 3.7
(Skamarock et al., 2008) coupled with Chemistry (Grell et al., 2005) is
employed to simulate the meteorology and chemistry over the model
domain as shown in Fig. 1(ii). The model computational domain covers
Asia (15.4°S–58.3°N, 48.5°E–160.2°E) using 180 × 170 grid points at
45 km horizontal resolution. To minimize the influence from lateral
boundary conditions, the simulated results in the inner region
(29.8°N–50.6°N, 79.2°E–133.3°E) with 45 × 92 grid points are selected
to analyze (Wu et al., 2012). The vertical grid contains 52 full sigma
levels from the surface to 50 hPa, of which the lowest sixteen layers
are below 1 km, and the first layer is approximately 16 m.

The initial and lateral boundary conditions of meteorological fields
are obtained from the National Center for Environmental Prediction
(NCEP) Final Analysis (FNL) data with 1° × 1° spatial resolution and
6 h temporal intervals. Four dimensional data assimilation (FDDA)
(Otte, 2008) is used, with a nudging coefficient of 3.0 × 10−4 for the
wind, temperature and humidity at all levels, to limit the model bias
of simulated meteorological fields (Lo et al., 2008). The output data
from a global chemical transport modelMOZART-4 is used as the chem-
ical initial and boundary conditions. Detailed descriptions of the species
mapping from MOZART to WRF-Chem can be found on the website
http://www.acd.ucar.edu/wrf-chem/.

The gas-phase chemical mechanism CBMZ (Carbon Bond Mecha-
nism) (Zaveri and Peters, 1999) coupled with an 8-bin sectional aerosol
model MOSAIC (Model for Simulating Aerosol Interactions and Chemis-
try) (Zaveri et al., 2008) with aqueous chemistry is used in this study.
The aerosol size distribution is divided into discrete size bins defined
by their lower and upper dry particle diameters (Gao et al., 2015). All
major aerosol species are considered in thismodel, including sulfate, ni-
trate, ammonium, chloride, sodium, black carbon, primary organic
mass, liquid water and other inorganic mass (Zaveri et al., 2008). De-
tailed parameterization schemes used in this study are listed in Table 1.

The Shao 2004 dust emission scheme (referred to as Shao_2004) is
used in our simulation. This dust emission parameterization was pro-
posed by Shao (2004) and was implemented in WRF-Chem by Kang et
al. (2011) and Wu and Lin (2013). Three important parameters are
used to calculate the dust emission amounts: (1) the threshold friction
velocity, (2) the horizontal sand flux, and (3) the vertical dust flux.
The threshold friction velocity is defined as theminimum friction veloc-
ity to initiate soil particle movement. It can be parameterized by the co-
hesive force which is proportional to particle size (Shao and Lu, 2000),
and it is strongly affected by soil moisture, salt concentrations in the
soil, and roughness elements on the surface. The horizontal sandflux in-
dicates the intensity of dust saltation, defined as a vertical integral of the
streamwise saltating particle flux density when the friction velocity ex-
ceeds the threshold friction velocity (White, 1979). The vertical dust
flux is defined as the emitted dust mass concentration per unit area
per unit time, and it is calculated using the equation proposed by Shao
(2004). More detailed descriptions of the dust parameterization can
be found in Shao (2004) and Kang et al. (2011).

Previous studies have reported that Shao_2004 scheme had a good
performance in dust emission amount over source areas and spatial
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Fig. 1. (i) The locations of the observation stations. Green triangles, red dots, blue five-pointed stars, and the purple triangle represent meteorological stations, concentration sites,
AERONET sites, and lidar station, respectively. (ii) Study domain and spatial distribution of dust emissions over East Asia. Two regions (A: dust source areas, B: North China Plain) are
defined by the black boxes for analysis.
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distribution of dust particles over the downwind regions over East Asia
(Wu and Lin, 2013; Kang et al., 2014; Su and Fung, 2015). In this study,
the dust scheme is coupled with the MOSAIC aerosol module following
Zhao et al. (2010), who partitioned the total dust mass into eight bins in
the MOSAIC model.
2.2. Heterogeneous reactions

Table 2 shows the nine heterogeneous chemical reactions that are
assumed to occur on the surface of dust particles in this study. Absorp-
tion and heterogeneous reactions of gases on the dust particles are com-
monly parameterized using a pseudo-first-order rate constant (Zhu et
al., 2010; Li et al., 2011; Wang et al., 2012; Li et al., 2012; Zheng et al.,
2015), and they are assumed to be irreversible (Jacob, 2000).
Table 1
Options in the WRF-Chemmodel used in this study.

Options WRF-Chem

Microphysics option Morrison two-moment microphysics scheme
Longwave radiation option RRTMG scheme
Shortwave radiation option RRTMG scheme
Surface layer option MYNN surface layer
Land surface option Unified Noah land-surface model
Urban canopy model Single-layer UCM
Boundary layer option MYNN 2.5 level TKE scheme
Cumulus option Grell 3D ensemble scheme
Photolysis scheme Fast-J
Dust scheme Shao (2004)
Chemistry option CBMZ
Aerosol option MOSAIC
The rate coefficient ki (s−1) for the loss of gaseous pollutants is cal-
culated as proposed by Heikes and Thompson (1983):

ki ¼ ∫rmax
rmin

kmt;i rð Þ � n rð Þ � dr ð1Þ

where i represents the gas-phase species, n(r)×dr is the number con-
centration (particles cm−3) of particles with a radius between r and
r + dr (cm), kmt,i(r) is the size-dependent mass transfer coefficient
(m3 s−1) and is determined by

kmt;i ¼ 4� π � Di � V

1þ Kn � χ þ 4� 1−γð Þ
3� γ

� � ; ð2Þ

where Di (cm2 s−1) is the gas-phase molecular diffusion coefficient of
species i, V is the ventilation coefficient that is taken as unity, Kn is the
dimensionless Knudsen number which is defined as the ratio of the ef-
fectivemean free path of a gasmolecule in air to the effective particle ra-
dius, andχ represents a correction factor for anisotropicmovement. The
reactive uptake coefficient γ represents the fraction of collisions with
dust particles that lead to irreversible loss of gases, and it is themost im-
portant parameter for kmt ,i. However, the uncertainty of γ is very large
(Michel et al., 2002; Wang et al., 2012; Kumar et al., 2014). Our study
is focused on dust aerosols over East Asia, and the best guess values of
γ for different gases are taken from Zhu et al. (2010) and Kumar et al.
(2014), as shown in Table 2. Many laboratory studies have demonstrat-
ed the importance of relative humidity (RH) to γ, but few modeling
studies considered the dependence of γ on RH (e.g., Dentener et al.,
1996; Wang et al., 2012). In this study, we include the RH-dependence



Table 3
Experimental design.

Experiments Description Dust
Heterogeneous chemical reactions on
dust surfaces

CTLa Dust_Hetrxn On On
NoD_NoHb Nodust_Nohetrxn Off Off
D_NoHc Dust_Nohetrxn On Off

a The simulation with both dust emissions and heterogeneous chemical reactions on
dust surfaces.

b The simulationwithout dust emissions and heterogeneous chemical reactions on dust
surfaces.

c The simulationwith dust emissions butwithout heterogeneous chemical reactions on
dust surfaces.

Table 2
Uptake coefficients for heterogeneous reactions on dust surfaces.

Reactions Uptake coefficients RH-dependence ref Reaction ref

O3 + Dust = Products RH-dependence Cwiertny et al. (2008) Zhu et al. (2010)

HNO3 + Dust = 0.5NOx + ProductsRH-dependenceLiu et al. (2008)Kumar et al. (2014)OH + Dust = 0.05H2O2 + ProductsRH-dependenceBedjanian et al. (2013a)Kumar et al.
(2014)HO2 + Dust = 0.1H2O2 + ProductsRH-dependenceBedjanian et al. (2013b)Kumar et al. (2014)H2O2 + Dust = Products2.00E−03–Pradhan et al.
(2010)NO2 + Dust = 0.5HONO + 0.5HNO32.10E−06–Zhu et al. (2010)NO3 + Dust = HNO30.1–Martin et al. (2003)N2O5 + Dust = 2HNO30.03–Zhu et al.
(2010)SO2 + Dust = H2SO4RH-dependencePreszler Prince et al. (2007)Zheng et al. (2015)
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of γ for gases (e.g., SO2, O3, OH, HO2 and HNO3), as in Kumar et al.
(2014).

2.3. Emissions

The anthropogenic emissions are taken from the MIX inventory
(mosaic Asian anthropogenic emission inventory for MICS-Asia and
HTAP projects, http://mix.greenresource.cn/) for year 2010. The species
include sulfur dioxide (SO2), nitrogen oxides (NOX), carbon monoxide
(CO), non-methane volatile organic compounds (NMVOC), ammonia
(NH3), black carbon (BC), organic carbon (OC), PM2.5 (particle matter
with an aerodynamic diameter of 2.5 μm or less), PM10 (particle matter
with an aerodynamic diameter of 10 μm or less), and carbon dioxide
(CO2) aggregated from four sectors (power, industry, residential, and
transportation). The biogenic emissions are calculated online using the
Model of Emission of Gases and Aerosol from Nature (MEGANv2.04).
The biomass burning emissions are taken from theGlobal Fire Emissions
Database, Version 3 (GFEDv3.1). The volcano emissions are taken from
AEROCOM hindcast data and the Japan Meteorological Agency. Dust
emission is calculated using the algorithm proposed by Shao (2004),
and sea salt emission is calculated online following Gong et al. (1997).

2.4. Numerical experiments

Two dust events were recorded by China's NationalWeather Bureau
from 15 March to 19 April 2015, which swept through northern China
on 28 March and 15 April, respectively. Although the second dust
storm only lasted for two days, it was regarded as the worst sandstorm
event over the past decade, with PM10 mass concentrations at most
monitoring sites in Beijing reaching 1000 μg m−3.

Our simulation is conducted for the period over 10 to 18 April 2015
with the hourly model output. The initial four days are discarded as
model spin up to minimize the effect of the initial conditions. To quan-
tify the impacts of dust aerosols and heterogeneous chemical reactions,
we perform the following three WRF-Chem simulations (Table 3): (1)
CTL: The control simulation with dust emissions and heterogeneous
chemical reactions on dust surface; (2) NoD_NoH: The simulationwith-
out dust emissions and heterogeneous chemical reactions on dust sur-
face; (3) D_NoH: The simulation with dust emissions but without
heterogeneous chemical reactions on dust surface. The results from
CTL simulation during 14–17 April 2015 are used to evaluate the
model performance and exhibit the spatiotemporal evolutions of the
dust storm. The impacts of dust aerosols on radiative forcing and plane-
tary boundary-layer meteorology can be quantified by (D_NoH –
NoD_NoH). The differences between D_NoH and CTL simulations repre-
sent the effects of dust-related heterogeneous chemical reactions on air
quality.

2.5. Observation data

The simulated meteorological parameters, including 2 m tempera-
ture (T2), 2 m relative humidity (RH2), and 10 m wind speed (WS10),
are compared with hourly measurements at three sites (Hohhot
(40.82°N, 111.68°E), Beijing (39.93°N, 116.28°E) and Tianjin (39.18°N,
117.35°E)) in China collected from the website http://www.
wunderground.com. The hourly measurements of surface-layer
concentrations for SO2, NO2, PM2.5 and PM10 at four Chinese stations
(Hohhot (40.80°N, 111.66°E), Beijing (40.14°N, 116.72°E), Shijiazhuang
(38.05°N, 114.45°E) and Shanxi (40.11°N, 113.38°E)) are provided by
the China National Environmental Monitoring Center (CNEMC)
(http://113.108.142.147:20035/emcpublish/). The observed hourly
mass concentrations for sulfate and nitrate are taken from the Research
Center for Eco-Environmental Sciences (RCEES), Chinese Academy of
Sciences (CAS) (located at 40.01°N, 116.34°E). The Aerosol Robotic Net-
work (AERONET), a ground-based remote-sensing aerosol network
consisting of worldwide automatic sun- and sky-scanning spectral radi-
ometers (Holben et al., 1998), provides the aerosol optical depth (AOD)
products at 440 and 675 nm, which are used to calculate the AOD at
550 nm with the Angstr€om exponent. The measured AOD values at
four sites (Beijing_CAMS (39.93°N, 116.32°E), Xianghe (39.75°N,
116.96°E), Anmyon (36.54°N, 126.33°E) and Yonsei_Univ (37.56°N,
126.94°E)) are used, and AERONET Level 1.5 data (cloud-screened
data) are utilized in this study because Level 2.0 data (cloud-screened
and quality-assured data) are not available during the simulation peri-
od. The satellite-retrieved 550 nm AOD products from the Moderate
Resolution Imaging Spectroradiometer (MODIS) are also used to com-
pare with the simulated ones. The model results from 10:00 to 11:00
(LST) are extracted and averaged, because MODIS on board the Terra
platform passes over China at 10:30 local time. The time-height cross-
sections of the dust extinction coefficient observed by Mie-lidar system
are used to evaluate the vertical distribution and temporal evolution of
simulated dust aerosols. The lidar has a vertical resolution of 30 m and
covers from the surface to 3 km, and it is located at the Institute of At-
mospheric Physics (IAP), Chinese Academy of Sciences (CAS)
(39.98°N, 116.38°E). All observation sites mentioned above are marked
in Fig. 1(i).
3. Results

3.1. Model evaluation

Simulation results from the CTL scenario from 14 to 17 April 2015
are used to compare with observations for evaluating themodel perfor-
mance, includingmeteorological parameters (T2, RH2,WS10), air pollut-
ant concentrations (SO2, NO2, PM2.5, PM10, NO3

−, SO4
2−) and aerosol

optical properties (AOD and extinction coefficient).
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http://www.wunderground.com
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Fig. 2. Time series of the observed (black dot) and simulated (red plus) hourly 2 m temperature (°C), 2 m relative humidity (%), and 10 m wind speed (m s−1) at Hohhot, Beijing, and
Tianjin stations during 14–17 April 2015. Observed maximum instantaneous wind speeds are also shown as blue dots.
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3.1.1. Meteorology
Fig. 2 presents the time series of simulated and observed T2, RH2, and

WS10 at three sites (Hohhot, Beijing, and Tianjin) during 14–17 April
2015. The corresponding statistical metrics are listed in Table 4. As
shown in Fig. 2, the model captures well the peaks and troughs of the
observed T2 (a–c) and RH2 (d–f) at all three sites, with high correlation
coefficients (R) of 0.93–0.96 for T2 and 0.92–0.95 for RH2. Themaximum
mean biases (MB) of T2 (2.82 °C) and RH2 (−5.83%) are found at Beijing
Table 4
Statistics of the comparisons between the simulated and observed 2m temperature (°C), 2m re
and NO2 (ppbV) during 14–17 April 2015.

Mete_Vars Stations OBSa SIMa

T2 (°C) Hohhot 8.57 7.35
Beijing 16.72 19.54
Tianjin 17.49 16.96

RH2 (%) Hohhot 28.04 30.18
Beijing 35.36 29.53
Tianjin 33.66 35.75

WS10 (m s−1) Hohhot 3.70 3.52
Beijing 4.61 3.95
Tianjin 4.92 4.13

PM2.5 (μg m−3) Hohhot 55.81 49.53
Beijing 76.97 103.33
Shijiazhuang 78.56 111.11
Shanxi 42.37 64.04

PM10 (μg m−3) Hohhot 215.05 136.83
Beijing 165.56 168.79
Shijiazhuang 211.33 206.24
Shanxi 145.19 140.88

SO2 (ppbV) Hohhot 10.83 9.78
Beijing 3.96 11.64
Shijiazhuang 15.21 21.19
Shanxi 10.53 17.86

NO2 (ppbV) Hohhot 21.00 18.86
Beijing 25.04 17.80
Shijiazhuang 22.54 19.91
Shanxi 14.37 13.58

Where SIMi andOBSi indicatemodel predictions and observations, respectively. i refers to a give
OBSi .

a OBS and SIM are the hourly averages of the observation and model results.
b MB is the mean bias, MB=∑i=1

nstd(SIMi−OBSi)/nstd.

c RMSE is the root mean square error, RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑nstd

i¼1 ðSIMi−OBSiÞ2=nstd
q

:

d R is the correlation coefficient, R ¼ ∑nstd
i¼1 ½ðOBSi−OBSÞ�ðSIMi− SIMÞ�ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑nstd
i¼1 ðOBSi−OBSÞ2�∑nstd

i¼1 ðSIMi−SIMÞ2
p :

e IOA is the index of agreement, IOA ¼ 1− ∑nstd
i¼1 ðSIMi−OBSiÞ2

∑nstd
i¼1 ðjOBSi−OBSjþjSIMi−SIMÞjÞ2

:

station, which results from the overestimate of the minimum tempera-
ture and underestimate of the maximum relative humidity. The simu-
lated wind speed, an important factor for wind erosion, generally
matches well with the observations (Fig. 2g–i). However, underesti-
mate of WS10 is found during 15–16 April when high wind speed is ob-
served, which may be partly attributed to the coarse model resolution
(Liu and Westphal, 2001). Meanwhile, different planetary boundary
layer parameterizations produce different wind speeds (Kwun et al.,
lative humidity (%), 10mwind speed (m s−1), PM2.5 (μgm−3), PM10 (μgm−3), SO2 (ppbV)

MBb RMSEc Rd IOAe

−1.22 2.17 0.96 0.97
2.82 3.29 0.96 0.91
−0.52 2.44 0.93 0.95
2.14 6.61 0.92 0.94
−5.83 10.77 0.96 0.92
2.09 7.85 0.95 0.96
−0.18 1.96 0.76 0.87
−0.66 2.51 0.84 0.76
−0.79 1.48 0.91 0.92
−5.73 31.46 0.44 0.65
24.78 48.45 0.69 0.78
32.71 49.85 0.46 0.55
21.39 33.31 0.63 0.70
−79.69 217.47 0.63 0.63
6.35 136.37 0.75 0.77
−3.38 105.37 0.50 0.70
−9.13 64.84 0.87 0.91
−0.95 8.11 0.57 0.75
7.56 10.45 0.45 0.46
5.62 11.02 0.54 0.68
7.46 10.10 0.82 0.72
−2.05 6.67 0.86 0.91
−7.08 13.89 0.70 0.79
−3.49 16.26 0.46 0.60
−0.68 9.05 0.53 0.73

n time and nstd is the total number of samples. SIM ¼ 1
nstd�∑nstd

i¼1 SIMi,OBS ¼ 1
nstd �∑nstd

i¼1
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Fig. 3. Time series of the observed (black dot) and simulated (red plus) hourly PM2.5 and PM10 concentrations (μgm−3) at Hohhot, Beijing, Shijiazhuang, and Shanxi stations during 14–17
April 2015.
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2009) and the setting of the boundary layer scheme can result in the
mismatch of the wind speed between observations and simulations.
This deviation can also be found in other studies (Santos-Alamillos et
al., 2015; Koletsis et al., 2016). The root mean square errors (RMSE) at
the three sites range from 1.48m s−1 to 2.51 m s−1 and the correlation
coefficients range from 0.76 to 0.91. We also present observed maxi-
mum instantaneous wind speed in Fig. 2(g− i) with blue dots, indicat-
ing the eruption of a dust storm. The index of agreement (IOA) is a
standardized measure of model prediction error, varying between 0
and 1. A value of 1 indicates a perfect match, and 0 indicates no agree-
ment (Willmott, 1981). Table 4 exhibits high IOA values of exceeding
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Fig. 4. Time series of the observed (black dot) and simulated (red plus) hourly SO2 and NO2mix
2015.
0.75 for T2, RH2 and WS10, indicating excellent performance of WRF-
Chem in simulating meteorological parameters.

3.1.2. Particle matter and gas-phase pollutants
The surface-layer concentrations of PM2.5, PM10, SO2 and NO2 from

14 to 17 April 2015 are collected at four Chinese sites: Hohhot (near
the dust source region), Beijing, Shijiazhuang, and Shanxi (along the
transport and downwind regions). The time series of the observed and
simulated hourly PM2.5 and PM10 concentrations at the four stations
are shown in Fig. 3, with the statistical parameters listed in Table 4.
The model successfully reproduces the general variation features of
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ing ratios (ppbV) at Hohhot, Beijing, Shijiazhuang, and Shanxi stations during 14–17 April
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Fig. 5. Scatter plots of the observed and simulated hourly nitrate and sulfate concentrations (μgm−3) at RCEES (40.01°N, 116.32°E). Red and blue dots represent simulated concentrations
in CTL and D_NoH, respectively. Also shown are the 1:1, 1:2, and 2:1 lines (dashed).
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aerosol concentrations at all sites during 14–17 April (IOA ranging from
0.55 to 0.91, and R ranging from 0.44 to 0.87), with high PM concentra-
tions during dust-storm period and low PM concentrations during non-
dust period. The model has acceptable performance on PM2.5 and PM10

concentrations at Hohhot site near the dust source. The dust event dur-
ing 15–16 April is captured by both observation and simulation. The
MBs of PM2.5 and PM10 are calculated to be −5.73 μg m−3 and
−79.69 μg m−3, respectively. The negative deviations at Hohhot site
20150414

20150415

20150416

20150417

Fig. 6. Spatial distributions of the aerosol optical depth (AOD) at 550 nm retrieved from MOD
retrievals are a combination of the standard (over ocean) and “Deep Blue” (over land) product
which is near the dust source regions may result from the model's dis-
ability to distinguish between desert and other underlying surfaces
owing to the relatively coarse resolution. Themodel also exhibits excel-
lent performance over the downwind areas (Beijing, Shijiazhuang, and
Shanxi sites), reproducing well the temporal evolutions of PM and
depicting accurately the abrupt increase in the PM10 concentrations
that occurred on 16 April although the peak values at all the three
sites (652.70 μg m−3, 459.05 μg m−3, and 534.82 μg m−3 for Beijing,
Spatial R = 0.74

Spatial R = 0.83

Spatial R = 0.75

Spatial R = 0.77

IS (left) and simulated by WRF-Chem model (right) during 14–17 April 2015. The MODIS
s. Unit: −.
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Shijiazhuang, and Shanxi sites respectively) are underestimated. The
underestimated maximum WS10 may account for the underestimation
of the peak values of PM10 concentrations.

Fig. 4 shows the time series of the observed and simulated hourly
SO2 (a–d) and NO2 (e–h) mixing ratios. The dust event started on 15
April with high surface-layer wind speed, decreasing the mixing ratios
of SO2 andNO2, and ended on 17April with increasing SO2 andNO2 con-
centrations. Despite an overestimation for SO2 (MBs ranging from
−0.95 to 7.56 ppbV) and an underestimation for NO2 (MBs ranging
from −0.68 to −7.08 ppbV) (Table 4), the model generally captures
well the temporal evolutions of the two gases at all stations, with high
R values of 0.45–0.86 and IOA values of 0.46–0.91.

The simulated hourly concentrations of nitrate and sulfate from two
cases (CTL and D_NoH) are compared with the observations taken from
RCEES during 14–17 April (Fig. 5). The CTL simulation demonstrates
that the WRF-Chem model reproduces well the observed nitrate and
sulfate concentrations within a factor of 2. The Rs are calculated to be
0.90 and 0.91, and IOAs are 0.87 and 0.93 for nitrate and sulfate, respec-
tively. Comparing the concentrations in D_NoH and CTL simulations, we
find that the simulation for nitrate with heterogeneous chemistry on
dust surface is improved significantly, with the MB decreasing from
11.97 μgm−3 to 5.89 μgm−3. TheWRF-Chem exhibits excellent perfor-
mance on sulfate concentrations, with aMB value of 1.24 μgm−3 in CTL
simulation).

3.1.3. Aerosol optical depth
The spatial distributions of AOD at 550 nm simulated by the WRF-

Chem model and retrieved from MODIS are shown in Fig. 6. The
model generally reproduces well the spatial patterns and temporal evo-
lutions of AOD. On 14 April, both the observed and simulated AOD
values reflect the generation of dust particles over the Taklimakan De-
sert. The high AOD values retrieved from MODIS over northeast China
are mainly attributed to haze particles. The haze phenomenon can be
detected from the product of the aerosol subtypes of CALIPSO (the
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) in-
struments, as well as the aerosol index from OMI (Ozone Monitoring
MB = 0.06
R = 0.78

MB = 0.31
R = 0.80

Fig. 7. Scatter plots of the observed and simulated hourly AOD at Beijing_CAMS, Xianghe, Anm
Instrument). The failure to capture the haze may partly result from
the non-real-time emission inventory; the emissions used in this
study are for year 2010. On 15 April, themodeled AOD captures the spa-
tial distribution but slightly underestimates the values in northern
China. On 16 April, large AOD values are shown by WRF-Chem model,
stretching from northeast China to the Korean Peninsula and the Yang-
tze River Delta. However, these large values are mainly contributed by
thick clouds. Due to cloud contamination, the AOD values are set to be
missing byMODIS, but the large cloudwater contentmakes amaximum
AOD value N2 in simulation results. Other than dust aerosol, anthropo-
genic aerosol is also amain contributor to AODvalues on 17 April. At the
same time, another local dust event occurred in the Taklimakan Desert
andwas also captured by theWRF-Chemmodel. Fig. 7 shows the scatter
plots of hourly AODvalues at 550nm taken fromAERONET and simulat-
ed by themodel for four sites from 14 to 17 April 2015. The model gen-
erally has a good performance on AOD values. The correlation
coefficients are in the range of 0.78–0.96, and the MBs are in the range
of 0.06–0.31.
3.1.4. Dust extinction coefficient
Mineral dust can be discerned according to the depolarization ratio

(DR) of their scattering light signal. Based on the characteristic, the
dust extinction coefficients can be calculated according to DR and
used to estimate and validate the temporal evolutions of dust storms.
Fig. 8 shows the dust extinction coefficients in Beijing measured by
lidar and simulated by the model. Both the measured and simulated
time-height cross-sections clearly exhibit the dust plumes from 15 to
16 April. However, the model generally underestimates the extinction
coefficient values, especially on 16 April. The mismatch may be partly
attributed to the negative deviation of PM10 concentrations as shown
in Fig. 3(f).

In summary, all the above validations suggest that the WRF-Chem
model has the ability to reproduce the temporal evolutions and spatial
distributions of the severe dust storm that occurred on 15 April, which
provides confidence for further investigation with the model.
MB = 0.06
R = 0.80

MB = 0.07
R = 0.96

yon, and Yonsei_Univ sites. Also shown are the 1:1, 1:2, and 2:1 lines (dashed). Unit: −.
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Fig. 8. Time-height cross-sections of the dust extinction coefficients measured from Mie-lidar and simulated by WRF-Chem at IAP (39.98°N, 116.38°E) during 14–17 April 2015. The
simulated dust extinction coefficient is calculated as the difference in extinction coefficients in NoD_NoH and D_NoH simulations. Unit: km−1.
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3.2. Dust episode

Mineral dust makes a significant contribution to AOD during dust
events (Han et al., 2012). Therefore, the AOD values at 0400 and 1600
Fig. 9. Simulated spatial distributions of 10mwind (m s−1) and AOD values (−) at 0400 and 16
aerosols to AOD.
(LST) from 14 to 17 April 2015 are used to provide detailed information
on the dust evolutions (Fig. 9). The dust storm occurred as follows: dust
particles were first lifted up from the Taklimakan Desert at 0400 (LST)
14 April and blown eastward to northern Inner Mongolia with the
00 (LST) from14 to 17April 2015. Purple contour lines denote the 50% contribution of dust



Table 5
Summary of radiative forcing (W m−2) by dust aerosols averaged over East Asia during
14–17 April 2015.

SW LW NET

TOA −0.54 0.25 −0.29
ATM 2.41 −1.50 0.90
BOT −2.95 1.76 −1.19

(W m-2)

Fig. 10. Simulated all-sky radiative forcing by dust aerosols averaged over 14–17 April 2015. “TOA”, “ATM”, and “BOT” represent the dust radiative forcing at the top of the atmosphere, in
the atmosphere, and at the surface, respectively. “NET” denotes the sum of dust shortwave (SW) and longwave (LW) radiative forcing. Unit: W m−2.
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increasing westerly at 1600 (LST) 14 April. A deep low-pressure system
with a cold center at 850 hPa was found over northwestern Mongolia
andmoved to centralMongolia on 14April. The strong temperature gra-
dient caused a high surface-layer wind speed exceeding 10m s−1, lead-
ing to high dust concentrations of exceeding 10,000 μg m−3 around the
Gobi Desert in Mongolia. However, most dust particles were settled
near the dust sources owing to gravity. The low-pressure systemcontin-
ued to move eastward, and the northwesterly was predominant over
the dust source regions in Mongolia at 0400 (LST) 15 April. At 1600
(LST), one trough axis stretched across northeastern China followed
by a strong cold advection, resulting in additional wind erosion in
southernMongolia. Themaximum instantaneous wind speed exceeded
15 m s−1, which led to a movement of numerous dust particles from
Mongolia to Inner Mongolia. During the late afternoon on 15 April and
the following early morning, dust aerosols swept through Beijing, caus-
ing highAOD values of exceeding 1.1 at 0400 (LST) 16April. Meanwhile,
the low-pressure system persistentlymoved eastward, furtherweaken-
ing the northwesterly and decreasing the wind speed (less than the
threshold velocity for dust emissions). Owing to the dry deposition,
the AOD values contributed by dust aerosols decreased (b0.5) in
North China from 1600 (LST) 16 April to 1600 (LST) 17 April. Although
high dust concentrationswere foundover the TaklimakanDesert during
this time, this newborn dust event was local and had a smaller effect.

3.3. Impacts of dust aerosols on radiative forcing and meteorological
variables

Dust aerosols affect energy budget by scattering and absorbing radi-
ation, and the feedback of radiative perturbationsmay further influence
meteorological fields. Fig. 10 shows the spatial distributions of short-
wave (SW), longwave (LW) and net (SW + LW) radiative forcing
(RF) induced by dust aerosols at the top of the atmosphere (TOA), in
the atmosphere (ATM), and at the surface (BOT) averaged over 14–17
April. The radiative forcing is calculated as the difference in radiation
flux between NoD_NoH and D_NoH simulations. At TOA, the SW radia-
tive perturbation depends strongly on the dust SW absorption and has a
cooling effect, especially over downwind regions. The regional-aver-
aged dust SW radiative perturbation at TOA is −0.54 W m−2, and the
maximum perturbation is−17.88Wm−2 over the downwind regions.
The dust LW radiative forcing at TOA is generally small, with a regional-
averaged value of 0.25 W m−2. The net radiative perturbation, mostly
determined by dust SW radiative forcing, has a cooling effect with a re-
gional-averaged value of−0.29Wm−2. In the atmosphere, dust parti-
cles absorb SW and warm the atmosphere, with regional-averaged SW
radiative forcing of 2.41Wm−2 and a maximum value of 25.49Wm−2

over dust source areas. The dust LW radiative forcing has a maximum
value in the deserts owing to the strong interactions between LW and
coarse-mode dust particles that are spatially confined to the deserts be-
cause of their short lifetime and the limited distance they are carried
(Zhao et al., 2011). The dust aerosols generally produce a net warming
effect, with regional-averaged RF of 0.9 W m−2. At the surface, dust
aerosols attenuate the downward SW radiation, leading to a cooling ef-
fect with a regional-averaged value of−2.95 W m−2, and trap the LW
radiation emitted from the surface, resulting in a warming effect with
a regional-averaged value of 1.76 W m−2. The net RF by dust aerosols
at the surface is calculated to be −1.19 W m−2. Table 5 summaries
the simulated dust radiative forcing averaged over the analyzed region.
In general, the net radiative effects of dust aerosols are warming for at-
mosphere, and cooling for surface and TOA.

Fig. 11 shows the diurnal variations of the dust-induced changes in
T2, RH2, WS10, and PBLH averaged over the dust source area and the
downwind region (NCP: North China Plain) during the period 15–16
April 2015. The dust-induced changes are denoted by the differences
of meteorological parameters between NoD_NoH and D_NoH simula-
tions. The simulated dust aerosols have a slight cooling effect in the day-
time, with near-surface air temperature (08:00– 18:00 LST) decreasing
by 0.01 °C and 0.06 °C averaged over the dust sources and NCP, respec-
tively. However, the nocturnal temperature is simulated to increase by
0.13 °C and 0.14 °C averaged over the two regions. The maximum
warming of 0.37 °C is found at night on 15 April over dust sources,
and a comparable magnitude is found one day later over NCP. The RH2

exhibits an increase in the daytime and a decrease at night. These
changes show a contrary tendency with that of temperature, and
range from−0.38% to+0.04% (−0.12% on average) over dust sources,
−0.40% to+0.27% (−0.10% on average) overNCP. The overall decrease
of relative humidity over both upstream and downstream areas may be
related to the increase of air temperature, as well as the absorption of
dust aerosols. The hydroscopic growth of dust particles can further ag-
gravate air quality (Howell et al., 2006). As mentioned above, dust



Fig. 11.Diurnal variations of the dust-induced changes in the 2m temperature (°C), 2m relative humidity (%), 10mwind speed (m s−1), and PBLH (m) averaged over thedust source areas
(A, blue dotted line) and downwind areas (B, red dotted line) during the period 15–16 April 2015.

52 L. Chen et al. / Atmospheric Research 187 (2017) 42–56
particles absorb solar radiation,whichwarms the atmosphere and cools
the surface over NCP. This leads to an increase of the daytime atmo-
spheric stability and a decrease of the wind speed near the surface
with a maximum change of −0.07 m s−1. At night, dust particles trap
more outgoing infrared radiation, warming the surface and cooling the
atmosphere. The enhanced instability increases vertical transport of
fast wind aloft to surface, by which surface wind is strengthened with
amaximumchange of+0.03ms−1 overNCP. The influence of dust par-
ticles onWS10 over dust sources is negligible. PBLH is an important fac-
tor for turbulent mixing extent (Liu et al., 2016) and atmospheric
stability (Hong, 2010). The PBLH is depressed in the daytime, withmax-
imum decreases of 16.34 m and 41.70 m over the source areas and NCP
respectively. The depressed PBLH is attributed to the lower height of
capping inversion, which results from dust-induced increase of day-
time atmospheric stability (Liu et al., 2016). At night, PBLH is increased
owing to the dust-induced atmospheric instability; the maximum in-
creases are 29.44 m and 16.78 m over the dust sources and NCP,
respectively.
3.4. Impacts of dust aerosols on pollutant concentrations

For further analysis on the influence of dust aerosols and dust-relat-
ed heterogeneous chemical reactions on pollutant concentrations, we
show in Figs. 12–15 the surface-layer concentrations of gases (i.e., SO2

and NOy) and aerosol species (i.e., SO4
2− and NO3

−) averaged over the
period of 14–17 April 2015 in NoD_NoH, D_NoH, and CTL simulations.
NOy includes NO, NO2, NO3, HNO3, HONO, HNO4, and N2O5, as proposed
by An et al. (2013).
Fig. 12. Spatial distributions of the simulated SO2mixing ratios averaged over 14–17April 2015
are also shown: (d) D_NoH minus NoD_NoH, (e) CTL minus D_NoH, and (f) CTL minus NoD_N
All the three simulations show the similar spatial distributions of
surface-layer SO2 and NOy mixing ratios, with high values of 15–
40 ppbV over downwind regions owing to high emissions and low
values (b5 ppbV) near the dust source areas. The impacts of dust emis-
sions on gases are illustrated by the differences between NoD_NoH and
D_NoH simulations. Influenced by dust emissions, surface-layer SO2 and
NOy mixing ratios are changed, especially over the downwind regions
(both increase by 0.1 ppbV for SO2 and NOy averaged over NCP). This
perturbation may result from the feedback of the influenced meteoro-
logical fields induced by dust aerosols (Gao et al., 2015), and the wind
speed and PBLH decrease by −0.02 m s−1 and −4.85 m, respectively,
averaged over NCP. Dust particles make the net radiation forcing nega-
tive at the surface (Table 5). As a result of surface cooling, the sensible
heat flux and turbulent energy in the boundary layer decrease, leading
to the reduction of PBLH and downward transport of momentum from
upper layer to the surface, and consequently reduce the wind speed
near the surface (Han et al., 2013; Liu et al., 2016). The differences of
gas concentrations between D_NoH and CTL simulations reflect the im-
pacts of dust-related heterogeneous chemical reactions on the gases.
The simulated SO2 and NOy exhibit a significant response to dust-relat-
ed heterogeneous chemistry, with a maximum decrease of 1.66 ppbV
(29.83%) for SO2 and 7.15 ppbV (83.59%) for NOy over the downwind
region. The reductions over dust sources are relatively smaller due to
the lower concentrations of pollution gases. The differences in gas con-
centrations due to the combined effects of dust emission and heteroge-
neous chemistry (CTL minus NoD_NoH) are almost identical to those
due to the effects of heterogeneous chemistry alone (CTL minus
D_NoH), indicating the nonnegligible role of dust-related chemical
reactions.
in (a) NoD_NoH, (b)D_NoH, and (c) CTL simulations. The differences in SO2 concentrations
oH. Unit: ppbV.



Fig. 13. Same as Fig. 12 but for the simulated NOy. Unit: ppbV.
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By comparing the concentrations of SO4
2− and NO3

− in NoD_NoH and
D_NoH simulations, we find that dust emissions have a relative small ef-
fect on sulfate and nitrate. The sulfate changes by −0.42 to
+0.59 μg m−3, and the nitrate changes by −0.47 to +0.98 μg m−3

(Figs. 14 and 15). The SO2 heterogeneous reactions on dust particles
lead to a regional-averaged increase of 0.6 μg m−3 and a maximum in-
crease of 9.47 μgm−3 for SO4

2−. Although nitric acid is formed by the re-
actions of NO2, NO3, and N2O5 on dust particles, the concentrations of
NO3

− are decreased, owing to the uptake of nitric acid by dust aerosols.
The nitrate is simulated to decrease by up to 35.04 μg m−3 over the
downwind regions. In general, including the heterogeneous chemical
reactions on dust particles in models may increase concentrations of
SO4

2− and decrease concentrations of NO3
−, which improves the simula-

tion for sulfate and nitrate in models, as previous studies have reported
the underestimation of SO4

2− and overestimation of NO3
− in a lot of

models (Wang et al., 2013; Gao et al., 2014; Park et al., 2014; Goto et
al., 2015).
4. Conclusion

We use the online coupled WRF-Chemmodel to reproduce a severe
dust storm occurred over East Asia from 14 to 17 April 2015 and quan-
tify the impact of soil dust on radiative forcing, boundary layer meteo-
rology and air quality. A variety of measurements from ground-based
sites, satellite, and lidar are used to evaluate the model performance
on meteorological parameters, pollutant concentrations, aerosol optical
depth, and dust extinction coefficient. The model exhibits an excellent
Fig. 14. Same as Fig. 12 but for the
performance on these parameters andwell captures the spatiotemporal
evolutions of the dust storm.

The dust particles were first uplifted from the Taklimakan Desert by
a deep low-pressure system and then blown eastward to northern Inner
Mongolia in 14 April 2015. Due to gravity settling, most dust particles
settled near the dust sources. The low-pressure system continued to
move eastward, and the northwesterly was predominant over the
Gobi Desert on the early morning of 15 April, which caused strong
wind erosion. The dust storm exerted a widespread influence over
NCP and Korean Peninsula on 16 April. The low-pressure system persis-
tently moving eastward weakens the northwesterly and decreases the
wind speed, which led to the end of the dust event on 17 April.

The regional-averaged SW and LW radiative forcing by dust aerosols
at TOA are simulated to be −0.54 W m−2 and +0.25 W m−2, respec-
tively. The net radiative forcing at TOA has a negative value of
−0.29 W m−2, indicating a cooling effect of dust aerosols. The dust
aerosols generally produce a net warming effect, with regional-aver-
aged radiative forcing of 0.9 W m−2 in the atmosphere. At the surface,
dust has a cooling effect; the net dust radiative forcing is simulated to
be −1.19 W m−2. In general, the net radiative effects of dust aerosols
are warming for atmosphere, and cooling for surface and TOA.

Influenced by dust aerosols, T2 is decreased in the daytimeby 0.01 °C
and 0.06 °C, but increased at night by 0.13 °C and 0.14 °C averaged over
the dust sources andNCP, respectively. The changes in relative humidity
are in the range of −0.38% to +0.04% for dust sources and −0.40% to
+0.27% for NCP. The maximum decrease in wind speed of ~0.1 m s−1

is found over NCP, but the change is negligible over dust sources. The
day-time PBLH is depressed, with the maximum decreases of 16.34 m
simulated SO4
2−. Unit: μg m−3.



Fig. 15. Same as Fig. 12 but for the simulated NO3
−. Unit: μg m−3.
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and 41.70 m over source areas and NCP, respectively. However, the
PBLH increases a lot at midnight due to the dust-induced atmospheric
instability.

We then examine the impacts of dust-related heterogeneous chem-
ical reactions on the gases (SO2, NOy) and aerosols (SO4

2−, NO3
−). The

significant reductions in SO2 and NOy mixing ratios are simulated over
the downwind areas, with the maximum decrease of 1.66 ppbV for
SO2 and 7.15 ppbV for NOy. The SO2 heterogeneous reactions on dust
particles lead to a regional-averaged increase of 0.6 μg m−3 and a max-
imum increase of 9.47 μg m−3 for SO4

2−. Due to the uptake of nitric acid
by dust aerosols, the nitrate exhibits a maximum decrease of
35.04 μg m−3 over the downwind regions.

5. Discussion

There are some uncertainties in our simulations that can be im-
proved in future studies:

(1) The uncertainty caused by the plastic pressure of soil surface, a
critical parameter used in Shao (2004), may result in lower
dust emission amount (Kang et al., 2011). The accuracy of soil
plastic pressure should be improved in future studies.

(2) Previous studies have reported that different uptake coefficients
for heterogeneous reactions on dust surfaces may cause differ-
ences in the concentrations of gases and aerosols (Zhu et al.,
2010; Wang et al., 2012; Kumar et al., 2014). Further sensitivity
experiments could be conducted to quantify the differences.

(3) We just select a dust event onApril 14–17, 2015 as a case study to
present the influence of dust on boundary layermeteorology and
air quality. Ensemble simulations with more dust events will be
designed and implemented to make conclusions more robust.

(4) It is noted that the latest version of MIX is 2010 emission, while
the dust storm happened in 2015. The selection of emission
may intervene with the simulation results. In order to explore
the influence of selected emission on the simulation results, we
Table 6
The differences in the concentrations of air pollutants averaged over NCP owing to dust and du
Unit: ppbV for SO2 and NOy, μg m−3 for SO4

2− and NO3
−.

Impacts Description

SO2 (ppbV) NO

2010 Doubled 20

Dust emissionsa Diff_1 0.10 0.21 0.1
Heterogeneous reactionsb Diff_2 −0.28 −0.61 −

a Dust emissions: the impacts of dust particles.
b Heterogeneous reactions: the impacts of heterogeneous chemical reactions on the dust su
conduct another three simulations similar to CTL, D_NoH and
NoD_NoH, but with doubled emissions.We list in Table 6 the dif-
ferences in the concentrations of air pollutants averaged over
NCP owing to dust and dust-related heterogeneous chemical re-
actions, with 2010 emissions and doubled emissions. It is found
that when the anthropogenic emission doubled, the difference
in the concentrations of air pollutants also nearly doubled. In
fact, the ratio of the differences in the concentrations of air pol-
lutants with 2015 emissions to those with 2010 emissions
would be much smaller, because the emissions of SO2 and NOy

only increased b5% from 2010 to 2013 (He, 2013).
(5) In this study we focus on the impacts of dust aerosols on bound-

ary-layer meteorological parameters. The presence of mineral
dust can also significantly affect the number of ice particles
through heterogeneous nucleation processes (Min et al., 2014;
Zhang et al., 2015), change cloud drop size distribution as cloud
condensation nuclei (Posfai et al., 2013), and even influence pre-
cipitation chemistry (Dong et al., 2011). Therefore, dust-radia-
tion-cloud-precipitation interactions will be included in future
studies to provide a more thorough assessment of dust-meteo-
rology feedback.
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