Atmos. Chem. Phys., 14, 1238254 2014 Atmosphenc _g
www.atmos-chem-phys.net/14/1239/2014/ . g
d0i:10.5194/acp-14-1239-2014 Chemistry >
© Author(s) 2014. CC Attribution 3.0 License. and Physics @

Source, transport and impacts of a heavy dust event in the Yangtze
River Delta, China, in 2011

X. Ful”®, S. X. Wangh?”, Z. Cheng!, J. Xing3, B. Zhaot, J. D. Wang!, and J. M. Haol*

Istate Key Joint Laboratory of Environment Simulation and Pollution Control, School of Environment, Tsinghua University,
Beijing 100084, China

2State Environmental Protection Key Laboratory of Sources and Control of Air Pollution Complex, Beijing 100084, China
3US Environmental Protection Agency, Research Triangle Park, NC, USA

“4Collaborative Innovation Center for Regional Environmental Quality, Tsinghua University, Beijing 100084, China

*These authors contributed equally to this work

Correspondence tds. X. Wang (shxwang@tsinghua.edu.cn)

Received: 8 June 2013 — Published in Atmos. Chem. Phys. Discuss.: 20 August 2013
Revised: 18 December 2013 — Accepted: 26 December 2013 — Published: 3 February 2014

Abstract. Dust invasion is an important type of particle pol- cles arrived. The concentrations of @xd OH were reduced
lution in China. During 1 to 6 May in 2011, a dust event by 1.5% and 3.1 % in the whole of China, and by 9.4 % and
was observed in the Yangtze River Delta region (YRD). The12.1 % in the YRD region, respectively. Such changesgn O
highest PMg (particles up to 10 p in diameter) concentra- and OH levels can affect the future formation of secondary
tion reached over 1000 pugTh and the visibility was below  aerosols in the atmosphere by directly determining the oxi-
3km. In this study, the Community Multi-scale Air Quality dation rate of their precursors. The work of this manuscript is
modeling system (CMAQ5.0) coupled with an in-line wind- meaningful for understanding the dust emissions in China as
blown dust model was used to simulate the formation, spatialvell as for the application of CMAQ in Asia. It is also help-
and temporal characteristics of this dust event, and analyzéul for understanding the formation mechanism and impacts
its impacts. The threshold friction velocity for loose, fine- of dust pollution in the YRD.

grained soil with low surface roughness in the dust model

was revised based on Chinese data to improve the model per-

formance. This dust storm broke out in Xinjiang and Mon-

golia during 28 to 30 April and arrived in the YRD region 1 Introduction

on 1 May. The transported dust particles contributed to the

mean surface layer concentrations of RNh the YRD re- Mineral dust is the largest single contributor to particu-
gion 78.9% during 1 to 6 May with their impact weakening late matter in the atmosphere (Forster et al., 2007; Rind et
from north to south due to the removal of dust particles along@l-» 2009). China is one of the regions that is usually af-
the path. The dry deposition, wet deposition and total depofected by dust storms, especially in spring. The dust particles
sition of PMyg in the YRD reached 184.7 kt, 172.6 kt and mainly originate from deserts in northern China and Mon-
357.32 kt, respectively. The dust particles also had significanfiolia (Zhang et al., 2003), which can reach Taiwan, south-
impacts on optical/radiative characteristics by absorption an@™ China, Korea and even North America (Ault et al., 2011;
scattering. In Shanghai, the largest perturbations of aerosdran et al., 2013; Lin et al., 2012; Park et al., 2013). Sus-
optical depth (AOD) and irradiance were about 0.8 DU andpended dust particles can be transported long distances as
—130 W nT2, which could obviously influence the radiation carriers and reaction sites of many harmful species, such as
balance in this region. The decrease of actinic fluxes impactdungal spores, microorganisms and anthropogenic pollutants,
future photochemistry. In Shanghai, the negative effects orincluding NQ,, VOC, and Pb (Huang et al., 2010; Lee et

the NO, and G photolysis could be -35 % when dust parti- al-» 2009). Some studies have shown that the number of peo-
ple with lung inflammation or stroke increases significantly
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during a dust storm episode (Ichinose et al., 2008; Kang ethe dust emission characteristics, meteorological conditions,

al., 2013). It can also impact the radiation directly by absorp-dust transport, and effects of dust on deposition and photo-

tion and scattering (Sokolik et al., 2001; Sun et al., 2012), ancchemistry, is presented in Sect. 4. Major findings and conclu-

indirectly serve as cloud condensation nuclei (CCN) (Smoy-sions are summarized in Sect. 5.

dzinetal., 2012; Solomos et al., 2012). Finally, dust particles

can be removed by dry and wet depositions, which can take o

new nutrients into the surface water and may also result i? Model description

acidification (Doney et al., 2007; Shi et al., 2012).
Numerical modeling is a useful method to analyze the

characteristics of a dust event. In the recent decade, NUnne \ay triple nesting simulation domains are used in this
merous physical- or empirical-based numerical models ha""study as shown in Fig. 1. They are based on the Lam-

been dev_eloped to describe the formation and transport of projection with the two true latitudes of 28 and
dust particles (e.g., Han et al., 2004; Wang et al., 2012ay> N, pomain 1 covers most of China with a grid resolu-
Zender et al., 2003). They are usually implemented into airtjon of 36 kmx 36 km: domain 2 covers the eastern China
quality or climate models and used to analyze the impactsy i, g grid resolution of 12 knx 12 km; domain 3 covers
of dust particles on air quality, biogeochemical cycling, cli- {4 Yangtze River Delta region with a grid resolution of
mate, and so on (Han et al., 2012; Wang et al., 2010a; Yary ym « 4km. From 1 May of 2011, an obvious increase of
etal., 2012). The Community Multi-scale Air Quality mod- ihe particulate matter (PM) concentration in the YRD re-
eling system (CMAQ) developed by the United States E”V"gion was observed. The highest RMparticles up to 10 p in
ronmental Protection Agency (US EPA) is one of the widely diameter) concentration reached over 1000 g§and the

used air quality models (Knipping et al., 2006; Wang et al., yisihility decreased from above 10km to below 3 km. The
2010c; Wang et al., 2012b). Wang et al. (2012a) |mplementqulv|2_5/|;,M10 ratio was only 25 %, which may be affected by

an online dust emission and heterogeneous chemistry mod,q qyst storm. Considering the transport of dust, the simula-
ule into CMAQ version 4.7. Tong et al. (2011) developed a5, episode chosen is from 28 April to 6 May in 2011.
dust emission model called FENGSHA and used it to esti-

mate the dust emission in the United States. Based on Tong'’s.2 CMAQ model configurations and inputs
work, the dust model was coupled with the newest version
of CMAQ (CMAQ5.0) and was officially released in Febru- The Community Multi-scale Air Quality modeling system
ary of 2012 http://www.cmag-model.ory/ Up to now, this  version 5.0 (CMAQ5.0) with the updated 2005 carbon bond
model has been used in the US only and its performance igas-phase mechanism (CB05) and the AERO6 aerosol mod-
other regions, especially in East Asia, still needs to be evaluule was applied in this study, which was officially released
ated. in February 2012. CBO05 is enhanced by using the updated
The Yangtze River Delta (YRD), located in the easterntoluene chemistry (Whitten et al., 2010), modifying rate con-
part of China, is one of China’s most developed and denselstants for NOs hydrolysis and adding reactions of xylene
populated regions. This region covers 213346 kmnly and toluene with chlorine radical. For the aerosol module,
about 2.22% of China’s territory. However, highly popu- AEROG reflects many new features and improvements over
lated metropolitan cities such as Shanghai, Nanjing, SuzhouAEROS5. The enhancements include splitting primary2BM
and Hangzhou are locate in the YRD. Therefore, it hosts((particles up to 2.5 1 in diameter) emissions into 18 species,
11.65% of the national population, produces 21.51% ofincorporation of ISORROPIAv2.1 (Fountoukis and Nenes,
China’s GDP, consumes 16.57 % of the nation’s coal and2007), update of primary organic aerosol (POA) aging (Si-
bears 16.26 % of the total vehicle population in 2010 (Na-mon and Bhave, 2012), addition of a new in-line windblown
tional Bureau of Statistics of China, 2011a; 2011b). Previousdust model (Tong et al., 2011), and update of secondary or-
observations have indicated that long-range transport of dusganic aerosol (SOA) yield parameterization.
particles may significantly contribute to the particulate pollu- The Weather Research & Forecasting Model (WRF) ver-
tion in Shanghai, the largest megacity in this area (Huang esion 3.3.1 was used to generate the meteorological fields. The
al., 2010; Fu et al., 2010). Therefore, it is necessary to quanfirst guess fields were obtained from final operational global
tify the impacts of dust transport on regional air quality in the analysis data of the National Center for Environmental Pre-
YRD region. diction (NCEP). The Automated Data Processing (ADP) data
In this paper, we analyzed a strong dust event observeavere used in the analysis of four-dimensional data assimila-
in the YRD region during 1 to 6 May of 2011 using the tion (FDDA). The physical options used in the WRF model
CMAQ5.0 with an in-line windblown dust model. In the were Morrison double-moment microphysics scheme (Mor-
next section, a detailed description of the model system igison et al., 2009), the Rapid Radiative Transfer Model for
presented. Section 3 evaluates the model performance o8CMs (RRTMG) shortwave and longwave radiation scheme
meteorological conditions and pollutants concentration pre{Mlawer and Clough., 1998; Mlawer et al., 1997), Pleim—Xiu
dictions. A further analysis of this dust event, including land surface scheme (Xiu and Pleim., 2001), ACM2 PBL

2.1 Simulation domain and episode
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Fig. 1. Modeling domains and locations of the monitoring sites used for model evaluation. The red triangles indicate the 546 monitoring sites
associated with the Ministry of Environmental Protection of China.

scheme (Pleim, 2007), and Kain—Fritsch cumulus schem@&able 1. The emissions of major pollutants for each domain during

(Kain., 2004). 28 April to 6 May.

In this study, the anthropogenic emission inventory was
developed based on the information provided by Fu et Unit Domain1l Domain2 Domain 3
al. (2013), Zhao et al. (2013), and t.he Trace—E emissions PMy, 103t 5436 329.7 28.5
(Strgets etal., 2003). qu the YRD region (|nc_lud|ng Jiangsu, PMys  10%t 3992 230.9 153
Zhejiang and Shgnghgl), t'he data were malnl_y from Fu et SO, 103t 706.6 501 36.5
al. _(20_13)_, which is with higher spatial resolution than the NOy 103t 5715 395.7 56.4
emission in Zhao et al and TRACE-P. For other provinces NH3 108t 4327 276.1 30.1
in China outside the YRD, the data were from Zhao et voc  1®mol 55 251 4

al. (2013). For other Asian countries, the TRACE-P data
set was used. The biogenic emissions were calculated by
the Model of Emissions of Gases and Aerosols from Nature ; T ;
(MEGAN) (Guenther et al., 2006). The total emissions for ducted, which refers to the situation where the dust model is
major pollutants (not including dust emissions) are listed in
Table 1. 2.3 The in-line windblown dust model in CMAQ5.0

In order to evaluate the performance of the dust
model and the impacts of dust emissions, three simu-The dust emissions were generated by the new in-line wind-
lations are conducted in this study: DUST_DEFAULT, blown dust model in CMAQ5.0 (Tong et al., 2011). The ver-
DUST_REVISED and DUST_OFF. As shown in Table 2, tical flux F (gm~2s1) was calculated by the following for-
here DUST_DEFAULT means the situation where the dustmula:
model with officially released parameters is used. It is de-
signed to evaluate the performance of the default dust modef = ZK x A x 25 S x SEPx uy x - ufnx,j) for u > u, (1)
for this dust event. For DUST_REVISED, three parameters "/ §
— friction velocity for loose, fine-grained soil with low sur- - \here; is the type of erodible lands, including shrub land,
face roughness, and R/PMg ratio — are chosen based shrup grass and barren langiis the soil types. Different
on Chinese measurement data. In order to analyze the imsoj| types have different fractions of clay, silt and safd;
pacts of dust, the third simulation (DUST_OFF) is also con-represents the ratio of vertical flux to horizontal sediment

turned off.

www.atmos-chem-phys.net/14/1239/2014/ Atmos. Chem. Phys., 14, 123%4 2014
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Table 2. Scenario design for model simulations.

Run Index Model Configuration Purpose

DUST_DEFAULT The default parameters in the official version were used. Performance evaluation of
(e.g.,u’*“.’j ~ 0.7 on average and PM;/ PM1p=0.2) the default dust model

DUST_REVISED The threshold friction velocity for loose, fine-grained soil with low surface  Performance evaluation of
roughness and Pyt /PMjg ratio are chosen based on Chinese data the revised version
(u;ti)j ~ 0.3 and PM 5/PM;9=0.1)

DUST_OFF The dust model was turned off Analysis of dust impacts

Table 3. Performance statistics of meteorological variables. See text for abbreviation definitions.

Domainl Domain2 Domain3 Benchmark

Wind speed Mean OBS (m$) 3.53 3.26 3.50
(WS10) Mean SIM  (msl) 3.48 3.23 3.29
Bias (ms —0.05 —0.03 —0.21 <105
GE (ms1 1.35 1.21 0.99 <2
RMSE (ms1) 1.82 1.69 1.35 <2
I0A 0.82 0.80 0.83 >0.6
Wind direction Mean OBS (deg) 231 195 129
(WD10) Mean SIM  (deg) 220 200 128
Bias (deq) 25 3.4 1 <+10
GE (deg) 42 38 28 <30
Temperature Mean OBS (K) 288.2 292.2 292.2
(T2) Mean SIM  (K) 286.3 291.4 290.8
Bias (K) -1.9 -0.8 -1.4 <405
GE (K) 2.9 2.0 2.3 <2
RMSE (K) 5.8 3.1 2.8
I0A 0.88 0.95 0.87 >08
Humidity Mean OBS (g kgl) 6.88 10.13 9.63
(H2) Mean SIM  (gkg?l) 6.95 10.12 9.11
Bias (gkg b 0.07 —0.01 —0.52 <+1
GE (gkgb 1.42 1.76 1.41 <2
RMSE (kg1 13.93 11.69 1.95
I0A 0.31 0.63 0.66 >0.6

flux, which is associated with the clay content (%) and calcu- In this equation,u,, is the threshold friction velocity,
lated by the following formula (Marticorena and Bergametti, which controls the intensity and the onset of dust emissions.
1995; Tong et al., 2011): Itis expressed by j = u/*”.’j X fai,j X fmi,j, considering

the effects of surface roughnesg;(;), soil moisture and
(2)  snow cover ;). “:m.,j is the threshold friction veloc-

ity for loose, fine-grained soil with low surface roughness.
A is the particle supply limitationp is the air densityyg is The default value oit;n. . is based on the measurement re-
gravitational constant; an§(m?) is the area of dust source, sults of dust samples ’f/rom the Mojave Desert in America
which is based on the MODIS land use data. For the thredGillette et al., 1980); the average value is 0.7, which is used
erodible land types, it assumes that the fraction of erodiblein the simulation of DUST_DEFAULT. For the simulation
lands capable of emitting dust is 0.5, 0.25 and 0.75, respecDUST_REVISED, the value 0.3 was chosen based on the
tively; SEP is the soil erodibility factor, which is determined measurement results of dust samples from the northern desert
by the following formula: in China (Li et al., 2007). Besides the different default value,

. the PMy5/PMyg ratio for dust emission was chosen as 0.1

SEP=0.08x clay%+1.00xsilt% +0.12x sand%  (3) (et al., 2003; Wang et al., 2012a). For other parameters,
uy (ms~1) is the friction velocity, which directly comes from  the default values in the model were used.
the output of WRF.

« _ [10P234e=6 for clay% < 20%
~]10.0002 for clay%s>20% ’
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Table 4. Model performance for hourly P\ concentrations. See text for abbreviation definitions.

Domainl Domain2 Domain 3

Number of stations 546 405 82
Mean OBS(ug m3) 119 127 176
DUST_OFF Mean SIM (ug m3) 63 79 49
Bias (ug nm3) -56 —48 —127
NMB (%) —47.1 -37.8 -72.2
R 0.05 0.04 0.05
DUST_DEFAULT  Mean SIM (ug m3) 64 81 51
Bias (ug nv3) —55 —46 —125
NMB (%) —46.2 —36.2 -71
R 0.07 0.06 0.13
DUST_REVISED  Mean SIM (ug md) 106 136 152
Bias (ug nm3) -13 9 —24
NMB (%) —-10.9 7.1 —-13.6
R 0.42 0.46 0.63
3 Model evaluation representation of steep terrains with a coarse grid resolution
(Wang et al., 2012a). For humidity, generally the model can
3.1 Evaluation of meteorological simulations reproduce the observed values. For domain 2 (12km grid)

and domain 3 (4 km grid), all statistical parameters are within
. T the benchmark range. For domain 1 (36 km grid), the bias and
'I_'he accuracy O.f th? mete_orologlcal prediction IS the founda-GE values are above the benchmark, but the I10A value is a
tion of air quality simulation. Table 3 summarizes the sta-

tistical performance of 10 m wind speed and wind direc- little lower. Because the benchmark values are mostly based

fon (WS10 and WD10, respectvel), 2 m termperature (127 (0 0TS 000 T M B0 ER0 AR SE RS
and 2 m humidity (H2). Here, the simulated wind direc- 9 b

tion was calculated based on U-wind speeds (uu) and V_36 km, this slight underestimation is acceptable. Because the

wind speeds (w). lts range is<owind_direction< 360 de- dust storm formation and transport are affected significantly

gree and it has a unique value. Hourly or every third hourby wind, we further compare wind speed and wind direc-

observation data were obtained from the National Climatic.tlon between observations and predictions at the 3 monitor-

DataCenter (NCDO) or 195 statons wiindomain 1,767 19 1% (52876 1 i e i e sure e iong
stations within domain 2 and 90 stations within domain 3. ' '
The statistical parameters contain mean observation (Meas »  Eyaluation of chemical variables
OBS), mean simulation (Mean SIM), bias, gross error (GE),
root mean square error (RMSE), and the index of agree3.2.1 Evaluation of pollutants concentration predictions
ment (IOA), which are explained in detail in Baker (2004).
The benchmark values are suggested by Emery et al. (2001Jwo observational data sets were used for model evaluation
which are based on results of many studies in the US. Thesef pollutants concentration predictions. The first one was the
values are also used as reference standards in this study. hourly PMyg concentration for official monitoring sites in
As shown in Table 3, the performance of WS10 is satis-Mainland China obtained from the Ministry Environmental
factory. The bias, GE, RMSE and IOA values of all three do- Protection of the People’s Republic of China (MERjtg:
mains are within the benchmark range. For WD10, while the//113.108.142.147:20035/emcpublisiZonsidering that the
biases are below 10 degrees, the gross errors are 2 to 21 ddata from some monitoring sites were missing for the time
grees higher than the benchmark value. The high gross erroggeriod of this simulation episode, 546 monitoring sites (as
may have resulted from a caveat in treating the wind direc-shown in Fig. 1) were chosen for the model evaluation. the
tion vector as a scalar in the calculation method, as describedecond data set was from the field measurements by Ts-
in previous studies (Wang et al., 2010b; Zhang et al., 2006)inghua University for 3 monitoring sites in the YRD re-
The T2 predictions are slightly underestimated, but the IOAgion (as shown in Fig. 2), which were Shanghai, Nanjing in
values for all three domains are close to one, indicating anJiangsu Province and Ningbo in Zhejiang Province.
acceptable performance. The results for domain 1 (36 km Table 4 shows the hourly P concentrations from ob-
grid) are relatively worse, which mainly result from the poor servations and simulations DUST_OFF, DUST_DEFAULT

www.atmos-chem-phys.net/14/1239/2014/ Atmos. Chem. Phys., 14, 123%4 2014
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Fig. 2. Comparison of simulated P)j concentrationga, c, e)and PM 5 concentrationgb, d, f) with observations at three sites in the YRD.

and DUST_REVISED for all 3 domains. The results of —38.6 % and-50.4 %, on average, during 28 April to 6 May.
DUST_OFF underestimate the R concentration sig- The R values for these three sites are 0.77, 0.66 and 0.59, re-
nificantly, with the normalized mean biases (NMBs) spectively. The revised model can generally capture the dust
of —47.1%, —37.8% and —72.2% for domain 1, outbreak eventduring 29 and 30 April.
2, and 3, respectively. Compared with the results of In orderto evaluate the performance of DUST_REVISED
DUST_OFF, the model performance of DUST_DEFAULT further, we compared the temporal variations of simulated
was not substantially improved. The model performance ofhourly PMyg and PM 5 concentrations with observations in
DUST_REVISED is significantly improved compared with 3 monitoring sites in the YRD region (as shown in Fig. 2).
that of DUST_DEFAULT. The NMBs for domains 1, 2, and From 1 to 4 May, a strong dust event occurred in this region
3 are—10.9%, 7.1% and-13.6 %, respectively. The cor- and the highest PM concentration could reach more than
relation coefficients §) are at the range of 0.4-0.6. Fig- 1000 pg n73. In general, the model could reproduce the tem-
ure S2 shows the comparison of the spatial distribution forporal trends and high P) concentrations well. The NMBs
the PMyg concentrations. In general, the spatial distribution of PM1g predictions for Nanjing, Shanghai and Ningbo are
of the observations was consistent with the simulations, es—17 %,—35 % and 4 %, respectively, and the correlation co-
pecially near the source region (e.g., 29 and 30 April). Weefficients R) are about 0.65-0.85. Relatively large devia-
can also see some overestimated cases at downwind regiort#ns occur at a few moments (e.g., early 2 May in Nanjing,
The possible reason is that the simulated results are averagarly 3 May in Shanghai and midday 2 May in Ningbo),
values for 36 km grid and it is difficult to capture the specific which may be the result of poor predictions of wind speed
concentration for every point accurately for some time. or wind directions at these moments. For example, for early
In order to test the model performance in terms of theMay 3 in Shanghai, the simulated wind direction is 20—
ability to reproduce dust emission better, we compared40 degrees, but the observed wind direction is 90-180 de-
PMso concentrations between observations and predictiongrees. On 3 May, dust particles were transported from sea
at the 3 sites near source region, which were Baotou irto land and therefore this deviation of wind direction may
Inner Mongolia (109.85E, 40.68 N), Jinchang in Gansu have lead to the underestimation of PM in Shanghai. For the
(102.19 E, 38.52 N) and Yinchuan in Ningxia (106.2°E, PMgzs concentration, the model could reproduce its varia-
38.48 N). The comparison of observed and simulated hourlytion trend well and the correlation coefficien#®)(are about
PMjo concentration is shown in Fig. S3. Compared with 0.6-0.8. However, the model tends to overestimate the°M
DUST_DEFAULT and DUST_OFF, the model performance concentration slightly, with NMBs of 14 %, 28 % and 41 %
for DUST_REVISED is improved significantly. The respec- for Nanjing, Shanghai and Ningbo, respectively. This over-
tive NMBs for Baotou, Jinchang and Yinchuan ar22.2%,  estimation may be affected by the splitting between,BM

Atmos. Chem. Phys., 14, 123%254 2014 www.atmos-chem-phys.net/14/1239/2014/
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Fig. 3. Comparison of simulated daily average AOD with observations at two AERONET sites, 28 April to 6 May.

and PM5_10, because we just simply allocate 10 % of dust
PMjo emission to PMs. Nonetheless, the comparison re- )
sults demonstrate that the CMAQ5.0 with the revised dust (828 April 2011

module could capture the PM variation reasonably well. 5N e : ke
3.2.2 Evaluation of aerosol optical depth (AOD) 10N Y ‘3;% T
- e e )
predictions - _EPMW__QEI’NMQ{Q |
Figure 3 compares the temporal variations of observed daily a0 ; - \-\*;iw;ei,;_\ g
average AOD column from AERONET (Aerosol Robotic _— “\‘mﬁa’%h AN
Network—an international federation of ground-based sun }Er/ g \»”5;:’ |
and sky scanning radiometer networks) and predictions from =0 /;*'j*{ '&Eﬁa J 3 .
DUST_REVISED at two sites. The Beijing site (116238 : Y 3 ot TRz o T E

39.98 N) is located at the transport path of dust and the p0°E 100F  110F 120°E 130°F
Taihu site (120.21E, 31.42 N) is in the YRD region. The (b) 29 April 2011
comparisons for the sites near the dust source region are

L/km 2

not included because the measurement data at these sites are*™ 77~ : - e
missing during this episode. As shown in Fig. 3, the sim- ... _t_r\_j L}@ y
ulated AOD agrees well with the observations. The NMBs o L -
for the Beijing and Taihu sites are 5.4 % and 17.8 %, respec- *™ [~—— 5 N'M\"{?;-E\; T
tively. This demonstrates the ability of DUST_REVISED in ape L L;\Mﬁ;‘;ﬁf Ix
capturing both the day-to-day variations of aerosols that in- \Q&\m /J\j
clude dust particles. BN ﬁj‘\f_;} ' .

Figure S4 presents the daily averaged AOD distributions oy | 57 Krw?d _}”ﬁ
derived from simulation and retrieved from MODIS during f ;—*:‘;\“?z' R
the dust event. The comparison shows that the simulated e A .

AOD can generally catch the spatial distribution of satellite

. . (c) 30 April 2011
observations over eastern China.

L/km 2
45°N —

4 Results and discussion 40N [ S
il 2 T
L BN AT S ‘\"Eﬁ gy
4.1 Dust emission 3 { TR
30°N —<\ \M-\j\‘\jﬁ"s@i ]
The simulation results of DUST_REVISED indicate that | ““*HJCE/EWM .
about 695 kt dust particles (Pl were emitted in Xinjiang }E,?ffg \fﬁi’
and Mongolia during 28 to 30 April 2011. Figures 4 and 2o -/*JT'{ Lt s s
- s o ; ok Oy L |
5 show the spatiotemporal characteristic of dust emissions. : e ICoTOUR FRON 2 T0 S BY 2

On 28 April, a large amount of dust particles (about 145 kt) 90°E 1006 110°F 120°F 130°E
were generated in Xinjiang Province and southwestern Mon-
golia by the strong northwesterly wind. On 29 April, more

new dust particles (about 515 kt) were emitted in south Mon-
golia and the highest density of dust emission could reach

DUST_REVISED model.

1245

Fig. 4. Distribution of daily mean dust PM emissions by
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Fig. 5. The temporal variation of dust emissions.

above 7tknT2. The largest value of total dust emission for dispersion of dust particles. The tail of the cold front passed
the whole region occurred at 15:00 Beijing Time (BJT) on over the YRD region at the end of 4 May. The temperature
29 April, about 66.8 kthl. Another small amount of dust and wind speed began to increase, the pressure began to
particles were emitted on 30 April, only about 35kt. As decrease.

shown in Fig. 5, the predicted total dust emissions based

on DUST_DEFAULT were only about 11kt and underes- 4.3 Dust transport and its impacts on PMg

timated by 98 % compared with that of DUST_REVISED. concentration

The default threshold friction velocity for loose, fine-grained

soil with low surface roughness (about 0.7) was too high forFigure 8 shows the spatiotemporal variation of &M
Asian dust sources. concentration differences between DUST_REVISED and

DUST_OFF, which helps to understand the transport of this
dust event and the impacts of the dust storm o P&bn-
centrations. The emitted dust particles mixed together and
moved on in a southeastern direction. ThegNoncentra-
o ) _ tions at the sites near the dust sources, i.e., Lanzhou city in
As shown in Fig. 6a, b, on 28 April, a cyclone was formed in G315y Province, reached nearly 5000 ;rg”nOn 30 April,
Mongolia, associated with a cold front in the rear part of the he qust began to affect eastern and central China. For ex-
low-pressure system. Strong surface winds (8714ﬁ16c— ~ ample, the PMp concentration in Tianjin increased from
curred in eastern Xinjiang and western Mongolia, generatingg pg nm3 to 1100 pg 3. The dust band arrived in the YRD

a dust storm there. On 29 April, the low-pressure cycloneqn 1 May and the P concentration in Shanghai increased
developed further and moved east towards middle-southergqy, 50 ug 3 to 640pug 3 (as shown in Fig. 2). The
Mongolia (as shown in Fig. 6¢c, d). The strong horiz_on- maximum PMg value reached 1000 ugTh on 2 May. An-

tal wind flow and the vertical flow caused the uplifting qther part of the dust band also reached Korea and even
of dusts in this region. These possible locations of dUStJapan, but was blown back to the YRD by the southwest-
storms are in accordance with the satellite observationgn wind on 3 May. This pathway of dust is similar to a dust
(http://www.temis.nI/airpolIutipn/absaai/apsaai—gome2a. storm observed in Shanghai in 2007 (Fu et al., 2011), which
php?year=2011&datatype=pics&freq=dailyDue to the s one of the typical dust pathways that leads to heavily pol-
influence from the low pressure system, the high pressurg,ieq days in the YRD due to dust transport. From 4 May,
associated ywth _cold air arrived in the YRD region on 1 May he impact of dust on the YRD region began to decline. By
(as shown in Fig. 6 e, f). From 1 May, the pressure andcomparing the simulation results of DUST_REVISED and
wind speed began to increase, and the temperature begf?jUST_oFF, the contribution of the dust emissions to the
to decrease. As shown in Fig. 7, the pressure in Shanghgj,ean surface layer concentrations of lh the YRD re-
increased from 1003.5mb on 1 May to 1016 mb on 3 May, gion reached 78.9% during 1 to 6 May, with the impacts
and the temperature decreased by 5-10 degrees CelsiUgeakening from north to south due to the deposition of dust
When the upper-level trough was leading the approach ofyarticles along the path. This contribution ratio is compara-
cold air from north to south, dust particles also arrived in e with the ground measurements taken in Shanghai during

the YRD and the PIyh concentration in Shanghai increased 5 qyst storm in 2009, which reached 76.8% (Huang et al.,
from 74pgnT3 to 800ugnt3 on 1 May (as shown in 2012).

Fig. 2). Controlled by high pressure, the wind became
relatively light from midday 3 May, which is adverse to the

4.2 Analysis of metrological condition for this dust
event
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(a) Surface analysis B _‘ ; .,_{.f’_'\'\ (b)500hPa analysis
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(c) Surface analysis _)&‘ Sl U L " (d) 500hPa analysis
20 BJT 29 April 2011 o 20 BJT 29 April 2011

/ . ‘. i i
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Fig. 6. Surface and 500 hPa weather chart in China for 28 Aprib), 29 April (c, d) and 1 May 201X%e, f).

4.4 Deposition of dust aerosols in the YRD region and the difference (TDEP_DIFF) of total deposition between
DUST_REVISED and DUST_OFF situations for Rjin
ddomain 3 (covering the YRD region) in these six days.

Dust particles can eventually be removed by both dry an s
The dry depositions of PM accounted for 51.7 % of the

wet depositions. During 1 to 6 May, the dry deposition, LU ;
wet deposition and total deposition of Rpwere 184.7kt,  total- In general, the dry depositions in Jiangsu Province and
172.6 kt and 357.32 kt, respectively, of which P§deposi- Shanghai city were larger than that in Zhejiang Province,
tions accounted for 5.7 %, 36.4% and 20.5 %, respectivelyVhich was affected by the Pid concentration. Dust par-

Figure 9 shows the spatial distribution of dry deposition ticles were transported from north to south and the con-
(DDEP), wet deposition (WDEP), total deposition (TDEP) Centration became lower at the end of the transport path.
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Fig. 7. Surface meteorological variables from 1 to 6 May in the Shanghai monitoring site.
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Fig. 8. The spatiotemporal variation of dust impacts on jfgMoncentration (ug m3) in the surface layer during this dust event
(DUST_REVISED minus DUST_OFF).

Meanwhile, relatively high values can also be seen at some Comparison between the results of DUST_REVISED and
urban and forest regions. Besides the impacts off¢dn- DUST_OFF shows that the long-range transport of dust par-
centration, the larger associated parameters (e.g., the surfatieles increased the total deposition of iMn the YRD by
roughness length and leaf-area index) can lead to higher det082 %, of which dry deposition increased by 2398 % and
position velocity (Kumar et al., 2008; Fan et al., 2009). As wet deposition increased by 655 %. These deposited parti-
shown in Fig. 9, wet depositions mainly occurred in the Eastcles are very harmful because of their impacts on urban en-
China Sea, Shanghai, southern Zhejiang Province, etc. Besironment as well as on air quality and human health when
sides the impacts of P concentration, this distribution resuspended in the atmosphere. Additionally, single particle
was related to the distribution of cloud and precipitation analysis in previous literatures shows that dust particles are
(shown as Fig. Sb). usually rich in N (Fu et al., 2012; Geng et al., 2009), which
can contribute to nitrogen deposition.
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(a) DDEP / (b) WDEP (d) TDEP_DIFF
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Fig. 9. The PMg deposition in the YRD region from 1 to 6 May.
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Fig. 10.The average differences of the aerosol optical depth (AOD) at 550 nm and downward irradiance simulated by DUST_REVISED and
DUST_OFF, 28 April to 6 May.

4.5 Impacts of dust storm on optical/radiative variables  4.5.2 Impacts on photochemistry
and photochemistry
Photolysis rates
4.5.1 Impacts on AOD and radiation
Dust particles have important effects on photolysis rates
Figure 10 presents the dust impact on aerosol optical deptfBian and Zender, 2003; Ying et al., 2011). Photolysis rates
(AOD) and irradiance, on average, during 28 April to 6 May. (min~1), also called/-values, have been computed for a
The average contribution of dust on AOD in the whole of chemical species by (Philip, 2000):
China is 36.5%. The high values of contribution occurred
near the source region, about 1.3DU (above 90%). The
strong negative effects impacts on radiative forcing mainIyJw = [ Foi (1) @i (M) da,
concentrated over the source regions where heavy dust bur- 1
den and large contributions to AOD from dust were mea-
sured, about—30 to —20Wm 2, on average. The rela-

tively low values of irradiance change, ranging fres20 to o: () and @; () are unique to reactions and species. How-

2 . .
—10Wnr*, could be found over the North China Plain and gyer, qust can affect the actinic flux through absorption and
the China Sea. These values are similar to those of a PreViscattering.

ous study (Han et al., 2012). The hourly averaged simulation an online photolysis module is incorporated in CMAQ

results showed that in Shanghai, the largest perturbations of o \yhich allows the calculation of actinic fluxes and photol-

AOD and irradiance were about 0.8DU ard30WnT=, s rates for each grid at each time step based on the changes
which could obviously influence the radiation balance in this;, particle concentrations (Binkowski et al., 2007). In this

region.

whereF (1) is the actinic fluxg; (1) is the absorption cross
section,®; (1)is the quantum yield, andis the wavelength.

study, the impacts of dust on photolysis chemistry through
their effects on the actinic flux are analyzed by comparing
the results of DUST_REVISED with that of DUST_OFF.
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Fig. 11.The average differences of the photolysis rates simulated by DUST_REVISED and DUST_OFF, April 28 to May 6.
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Fig. 12.Diurnal cycle of the percentage change of thed\fBotolysis rate and the{photolysis rate in Shanghai, 1 to May 3.

There are two important photolysis rates affecting tro- Concentrations of O; and OH
pospheric ozone photochemistry, (1) the N@hotolysis
(JINO2]) to form the ground state oxygen atom3®j and  The photolysis frequencies {03 (O'D)] and J[NO5] play
(2) the O3 photolysis (J [6§O'D)]) to form the electroni- @ key role in the formation of ®and OH in the troposphere
cally excited OtD) atom (Li et al., 2011): through the following reactions:

NO2 +hv — NO+O(3P)
OCP)+02+M — O3+ M
O3+ hv — 02+O(1D)

As shown in Fig. 11, the N® photolysis (/[NO2]) and O(lD)JFHZO—’ 20H
the O3 photolysis{[O3(OD)]) are respectively reduced by OH+VOCs+0; — RO,
about 2.4% and 1.9 %, on average, in domain 1 during 28R02+NO — RO+NO;
April to 6 May. The perturbations are mainly in dust source The simulation results show that the surfacg @ncentra-
regions and along the dust transport path, which are similations reduced about 1.5 %, on average, for domain 1 and the
to the distribution of irradiance changes. maximum reached 6 ppbv due to the dust storm. Figure 13a
Figure 12 shows the diurnal variation of the percentageshows that the largest perturbations of @curred in a re-
change of/[NO;] and J[O3(O'D)] in Shanghai, whichisin  gion that included the China Sea, eastern China and Korea.
the YRD region. The reduction of[NO,] and J[O3(O'D)] One major reason is that the air mass with dust remained
due to dust is significant in the early morning of 2 May, over this region for two days (2—-3 May, as shown in Fig. 8)
nearly —40 %. Besides the impacts of high dust concentra-due to the high pressure control. The average decrease of
tion, these significant reductions also indicate the effect ofOH was about 3.1 % overall in domain 1, resulting from the
a long aerosol optical path for incoming radiation when thereductions in O YD) generated by ultraviolet photolysis of
solar zenith angle (SZA) is large in the morning (Li et al., Oz (Bian and Zender, 2003). As shown in Fig. 13b, the re-
2011). duction of OH concentrations is correlated with the spatial
distribution of J[NO3] reduction due to the short chemical
lifetime of OH. For the YRD region, because of the reduc-
tion of local generation and long transport, the &d OH

O3+ hv —> Oz—i—O(ng
NOy + hv —> NO+O( P)
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Fig. 13. The average differences between the simulations in the surface layer by DUST_REVISED and DUST_OFF, 28 April ttap May.
O3 concentrations(b) OH concentrations.

concentrations respectively decreased by 9.4% and 12.1 %ion of local generation and reduction of long-range trans-
on average. These values are comparable with those reportgubrt, the G and OH concentrations decreased by 9.4 % and
by Ying et al. (2011), in which the ©reduction in Mexico  12.1 %, respectively. Such changes in&d OH levels can
City dipped to 10ppbv and the reduction of OH was 5-20 %further affect the formation of secondary aerosols in the at-
during a dust event. The change of @nd OH level can fur-  mosphere by their direct determining effects on the oxidation
ther affect the formation of secondary aerosols in the atmo+ates of their precursors. For example, nitrate particles and
sphere by changing the oxidation rate of their precursors. Fosulfate particles can decrease due to the lessening in conver-
example, nitrate particles and sulfate particles may decreassion of HNQ; from NO; reaction with OH, and bSO, from
because of the lessening in conversion of HN@M NO, SO, reaction with OH and @
reaction with OH, and ESOs from SO, reaction with OH Research on the dust pollution is an important work and
and G. modeling is a useful method. CMAQ is a widely used air
quality model and the revision of parameters for the dust
emission model is meaningful for an effective CMAQ ap-
5 Conclusions plication. Further studies that include more accurate parti-
] i . cle size distributions of dust emissions, heterogeneous reac-
In this study, we analyzed a dust event in 2011 with the(ong on the surface of dust particles, and the interaction be-
CMAQ5.0 coupled with an in-line windblown dust model. yyeen dust particle and meteorological parameters shall be
The threshold friction velocn_y for loose, fine-grained s_0|l conducted to improve the understanding of dust impacts on
with low surface roughness in the dust model was revisedyir quality. The PM 5/ PMsg ratio for dust emission is a fixed
according to Chinese monitoring data.'The pred|ct|on§ of the51ue in the current model. However, in actuality, it may be
model DUST-REVISED agreed well with the observations. ,¢fected by soil texture, wind speed, and so on. Additionally,
~ This dust storm broke out in Xinjiang and Mongolia dur- {he current CMAQ version does not consider some impor-
ing 28 to 30 April, 2011. Dust particles were transported a4t heterogeneous reactions on the surface of dust particles,
long distance and the impacts even _spread tothe YRD regions,ch as S@ Os, and HO,, which might also be an impor-
On 1 May, the PMo concentration in the YRD region be- gt contributors to the impacts of dust on pollutant concen-
gan to increase, reaching a maximum 1000 pgrithe large  yation. In future studies more heterogeneous reactions shall
amount of dust particles carrying fungal spores, microorgant,g coupled into the model. We also did not consider the ef-
isms and anthropogenic pollutants during transport posed gts through the feedbacks of dust on meteorology in this
serious threat to public health. In such a densely populatedy,qy. |t will be meaningful to consider these effects by run-

region, the human health loss can be quite serious. The duﬂing the two-way coupled WRF—CMAQ modeling system in
particles also had significant impacts on the optical/radiativeyne future.

characteristics by absorption and scattering. The visibility

decreased to below 3 km during the dust event, which impairs

road and air transportation. The hourly averaged simulatiorsupplementary material related to this article is

results showed that in Shanghai, the largest perturbations cdvailable online athttp://www.atmos-chem-phys.net/14/
AOD and irradiance were about 0.8 DU ard.30 W n1 2, 1239/2014/acp-14-1239-2014-supplement.pdf
respectively. The decrease of actinic fluxes further impacts

the photochemistry in this region. In Shanghai, the negative

effects on the N@and G photolysis were-35 % when dust

particles arrived. For the YRD region, because of the reduc-
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