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Abstracts

Dust invasion is an important type of particle pollution in China. During 1 to 6 May in
2011, a dust event was observed in the Yangtze River Delta region (YRD). The highest PMyg
concentration reached over 1000pg/m® and the visibility was below 3km. In this study, the
Community Multi-scale Air Quality modeling system (CMAQS5.0) coupled with an in-line
windblown dust model was used to simulate the formation, spatial and temporal
characteristics of this dust event, and analyze its impacts. The threshold friction velocity for
loose, fine-grained soil with low surface roughness in the dust model was revised based on
Chinese data to improve the model performance. This dust storm broke out in Xinjiang and
Mongolia during 28 to 30 April and arrived in the YRD region on 1 May. The transported
dust particles contributed to the mean surface layer concentrations of PMy in the YRD region
by 78.9% during 1 to 6 May and the impacts weakened from north to south due to the
removal of dust particles along the path. The dry deposition, wet deposition and total
deposition of PMy, in the YRD reached 184.7kt, 172.6kt and 357.32kt, respectively. The dust
particles also had significant impacts on optical/radiative characteristics by absorption and
scattering. In Shanghai, the largest perturbations of AOD and irradiance were about 0.8DU
and -130 W/m?, which could obviously influence the radiation balance in this region. The
decrease of actinic fluxes future impacts the photochemistry. In Shanghai, the negative effects
on the NO; and O; photolysis could be -35% when dust particles arrived. The concentrations
of Oz and OH were reduced by 1.5% and 3.1% in the whole China, and by 9.4% and 12.1% in
the YRD region, respectively. The change of O; and OH level can future affect the formation
of secondary aerosols in the atmosphere by directly determines the oxidation rate of their
precursors. The work of this manuscript is meaningful for understanding the dust emissions in
China as well as for the application of CMAQ in Asia. It is also helpful to understand the

formation mechanism and impacts of dust pollution in the YRD.
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1 Introduction

Mineral dust is the largest single contributor to particulate matter in the atmosphere
(Forster et al., 2007; Rind et al., 2009). China is one of regions which are usually affected by
dust storms, especially in spring. The dust particles mainly originate from deserts in northern
China and Mongolia (Zhang et al., 2003), which can reach Taiwan, southern China, Korea and
even North America (Ault et al., 2011; Fan et al., 2013; Lin et al., 2012; Park et al., 2013).
Suspended dust particles can be transported a long distance as carriers and reaction sites of
many harmful species, such as fungal spores, microorganisms and anthropogenic pollutants
including NOx, VOC, and Pb (Huang et al., 2010; Lee et al., 2009). Some studies showed that
the number of people with lung inflammation or stroke increased significantly during dust
storm episode (Ichinose et al., 2008; Kang et al., 2013). It can also impact the radiation
directly by absorption and scattering (Sokolik et al., 2001; Sun et al., 2012), and indirectly
serve as cloud condensation nuclei (CCN) (Smoydzin et al., 2012; Solomos et al., 2012).
Finally, dust particles can be removed by dry and wet depositions, which can take new
nutrients into the surface water and may also result in 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, numerous physical or empirical based numerical models have been
developed to describe the formation and transport of dust particles (e.g. Han et al., 2004;
Wang et al., 2012a; Zender et al., 2003). They are usually implemented into air quality or
climate models and used to analyze the impacts of dust particles on air quality,
biogeochemical cycling, climate, and so on (Han et al., 2012; Wang et al., 2010a; Yan et al.,
2012).The Community Multi-scale Air Quality modeling system (CMAQ) developed by the
United States Environmental Protection Agency (US EPA) is one of the widely-used air
quality models (Knipping et al., 2006; Wang et al., 2010c; Wang et al., 2012b). Wang et al.
(2012a) implemented an online dust emission and heterogeneous chemistry module into
CMAQ version 4.7. Tong et al. (2011,submitted) developed a dust emission model called
FENGSHA and used it to estimate the dust emission in the United States. Based on Tong's
work, the dust model was coupled with the newest version of CMAQ (CMAQ5.0) and
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was officially released in February of 2012 (http://www.cmag-model.org/). Up to now, this

model has been used in the US only and the performance in other regions, especially in
East Asia, still need to be evaluated.

The Yangtze River Delta (YRD), located in the eastern part of China, is one of China's
most developed and densely populated regions. This region covers 213340km?, only about
2.22% of China’s territory. However, A few metropolitan cities such as Shanghai, Nanjing,
Suzhou, and Hangzhou locate in the YRD. Therefore, it lives 11.65% of the national
population, produces 21.51% of the GDP, consumes 16.57% of the national energy and bears
16.26% of the total vehicle population in 2010 (National Bureau of Statistics of China, 2011a;
2011b). Previous observations have indicated the long range transport of dust particles may
significantly contribute to the particulate pollution in Shanghai, the largest mega-city in this
area (Huang et al., 2010; Fu et al., 2010). Therefore, it is necessary to quantify the impacts of
dust transport on regional air quality in the YRD region.

In this paper, we analyzed a strong dust event observed in the YRD region during 1 to 6
May of 2011 using the CMAQ5.0 with an in-line windblown dust model. In the next section,
a detailed description of model system is presented. Section 3 evaluates the model
performance on meteorological conditions and pollutants concentration predictions. A further
analysis of this dust event, including the dust emission characteristics, meteorological
conditions, dust transport, effects of dust on deposition and photochemistry is presented in

section 4. Major findings and conclusions are summarized in Section 5.

2  Model description

2.1 Simulation domain and episode

One-way triple nesting simulation domains are used in this study, as shown in Fig.1.
They are based on the Lambert projection with the two true latitudes of 25°N and 40°N.
Domain 1 covers most of China with a grid resolution of 36kmx 36km; Domain 2 covers the
eastern China with a grid resolution of 12kmx 12km; Domain 3 covers the Yangtze River

Delta region with a grid resolution of 4kmx4km. From 1 May of 2011, an obvious increase


http://www.cmaq-model.org/�

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

28

of the PM concentration in the YRD region was observed. The highest PMy, concentration
reached over 1000pg/m® and the visibility decreased from above 10km to below 3km. The
PM,s/PMy, ratio was only 25%, which may be affected by dust storm. Considering the

transport of dust, the simulation episode chosen is from 28 April to 6 May in 2011.

2.2 CMAQ model configurations and inputs

The Community Multi-scale Air Quality modeling system version 5.0 (CMAQ?5.0) with
the updated 2005 Carbon Bond gas-phase mechanism (CB05) and the AERO6 aerosol module
was applied in this study, which was officially released in February 2012. CBO5 is enhanced
by using the updated toluene chemistry (Whitten et al., 2010), modifying rate constants for
N»Os hydrolysis and adding reactions of xylene and toluene with chlorine radical. For aerosol
module, AEROG6 reflects many new features and improvements over AEROS5. The
enhancements include splitting primary PM,s emissions into 18 species; incorporation of
ISORROPIAV2.1 (Fountoukis and Nenes, 2007); update of primary organic aerosol (POA)
aging (Simon and Bhave, 2012); addition of a new in-line windblown dust model (Tong et
al.,2011 submitted); update of secondary organic aerosol (SOA) yield parameterization.

The Weather Research & Forecasting Model (WRF) version 3.3.1 was used to generate
the meteorological fields. The first guess fields were obtained from final operational global
analysis data of the National Center for Environmental Prediction (NCEP). The Automated
Data Processing (ADP) data was used to the analysis of four-dimensional data assimilation
(FDDA). The physical options used in the WRF model were Morrison double-moment
microphysics scheme (Morrison et al., 2009), the Rapid Radiative Transfer Model for GCMs
(RRTMG) shortwave and longwave radiation scheme (Mlawer and Clough., 1998; Mlawer et
al., 1997), Pleim-Xiu land surface scheme (Xiu and Pleim., 2001), ACM2 PBL scheme
(Pleim, 2007), and Kain-Fritsch cumulus scheme (Kain., 2004).

In this study, the anthropogenic emission inventory was developed based on the
information provided by Fu et al. (2013), Zhao et al. (2013), and the Trace-P emissions
(Streets et al., 2003). For the YRD region (including Jiangsu, Zhejiang and Shanghai), the

data were mainly from Fu et al. (2013), which is with higher spatial resolution than the
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emission in Zhao et al and TRACE-P. For other provinces in China except for the YRD, the
data were from Zhao et al. (2013). For other Asian countries, TRACE-P dataset was used.
The biogenic emissions were calculated by the Model of Emissions of Gases and Aerosols
from Nature (MEGAN) (Guenther et al., 2006). The total emissions for major pollutants (not
including dust emissions) are listed in Table 1.

In order to evaluate the performance of the dust model and the impacts of dust emissions,
three simulations are conducted in this study, including DUST_DEFAULT,
DUST_REVISED and DUST_OFF. As shown in Table 2, here DUST_DEFAULT means the
situation that the dust model with officially-released parameters is used. It is designed to
evaluate the performance of the default dust model for this dust event. For DUST_REVISED,
parameters including the threshold friction velocity for loose, fine-grained soil with low
surface roughness and PM,s/PMy, ratio are chosen based on Chinese measurement data. In
order to analyze the impacts of dust, another simulation (DUST_OFF) is also conducted,

which refers to the situation that the dust model is turned off.
2.3 The in-line windblown dust model in CMAQ5.0

The dust emissions were generated by the new in-line windblown dust model in
CMAQ5.0 (Tong et al., 2011 submitted). The vertical flux F (gm* s *) was calculated by

the following formula:

i, ]

F:ZKxAxngixSEqu*x(uf—uz )forl, > U, )
ij

Where i is the type of erodible lands, including shrub land, shrub grass and barren land; j is
the soil types. Different soil types have different fractions of clay, silt and sand; K represents
the ratio of vertical flux to horizontal sediment flux, which is associated with the clay content
(%) and calculated by the following formula (Marticorena and Bergametti, 1995; Tong et al.,

2011 submitted):

K- 100%™ for clay% < 20% @
0.0002 for clay% >20%

Ais the particle supply limitation; pis the air density; g is gravitational constant; S (m?) is
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the area of dust source, which is based on the MODIS land use data. For the three erodible
land types, it assumes that the fraction of erodible lands capable of emitting dust is 0.5, 0.25
and 0.75, respectively; SEP is the soil erodibility factor, which is determined by the following
formula:

SEP =0.08x clay% +1.00x silt% + 0.12 x sand % 3

U, (m/s) is the friction velocity, which directly comes from the output of WRF.

In this equation, U, is the threshold friction velocity, which controls the intensity and

the onset of dust emissions. It is expressed by U ; =U. ;x g x f; ;. considering the

effects of surface roughness ( f, ), soil moisture and snow cover ( f_; ). u;ti,j is the

threshold friction velocity for loose, fine-grained soil with low surface roughness. The default
value of u;ﬂ'j is based on the measurement results of dust samples from the Mojave Desert in
America (Gillette et al., 1980) and the average value is 0.7, which is used in the simulation of
DUST_DEFAULT. For the simulation DUST_REVISED, it was chosen as 0.3 based on the
measurement results of dust samples from the northern desert in China (Li et al., 2007).
Besides, different from the default value, the PM,s/PMy, ratio for dust emission was chosen
as 0.1 (Niu et al., 2003; Wang et al., 2012a). For other parameters, the default values in the

model were used.

3 Model evaluation

3.1 Evaluation of meteorological simulations

The accuracy of the meteorological prediction is the foundation of air quality simulation.
Table 3 summarizes the statistical performance of 10-m wind speed and wind direction
(WS10 and WD10, respectively), 2-m temperature (T2) and 2-m humidity (H2). Here, the

simulated wind direction was calculated based on U-wind speeds (uu) and V-wind speeds
(wv). Its range is 0 <wind _direction < 360 degree and it had an unique value. Hourly or

every third hour observation data were obtained from the National Climatic Data Center
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(NCDC) for 1955 stations within Domain 1, 787 stations within Domain 2 and 90 stations
within Domain 3. The statistical parameters contain mean observation (Mean OBS), mean
simulation (Mean SIM), bias, gross error (GE), root mean square error (RMSE), and the index
of agreement (I0A), which are explained in details in Baker (2004). The benchmark values
are suggested by Emery et al. (2001), which are based on results of many studies in US. These
values are also used as reference standards in this study.

As shown in Table 3, the performance of WS10 is satisfactory. The bias, GEs, RMSEs
and 10A values of all the three domains are within the benchmark range. For WD10, while
the biases are below the 10 degrees, the gross errors are 2 to 21 degrees higher than the
benchmark value. The high gross errors may result from a caveat in treating the wind
direction vector as a scalar in the calculation method, as described in previous studies (Wang
et al., 2010b; Zhang et al., 2006). The T2 predictions were slightly underestimated. But the
IOA values for all three domains are close to one, indicating an acceptable performance. The
results for Domain 1 (36-km grid) are relatively worse, which mainly result from the poor
representation of steep terrains with a coarse grid resolution (Wang et al., 2012a). For
humidity, generally the model can reproduce the observed values. For Domain 2 (12-km grid)
and Domain 3 (4-km grid), all statistical parameters are within the benchmark range. For
Domain 1 (36-km grid), the bias and GE values is above the benchmark, but the I0A value is
a little lower. Because the benchmark values are mostly based on the domains with 4-km or
12-km resolution and the meteorological predictions can be more accurate than that for 36-km,
this slight underestimation is acceptable. Because the dust storm formation and transport are
affected significantly by wind, we further compare wind speed and wind direction between
observations and predictions at the 3 monitoring sites (see Fig.S1),which are in the source

region, along the transport path and in the downwind region, respectively.

3.2 Evaluation of chemical variables

3.2.1 Evaluation of pollutants concentration predictions

Two observational datasets were used for model evaluation of pollutants concentration

predictions. The first one is the hourly PMy, concentration for official monitoring sites in
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Mainland China obtained from the Ministry Environmental Protection of the People's

Republic of China (MEP) (http://113.108.142.147:20035/emcpublish/). Considering that the

data of some monitoring sites are missing during this simulation episode, 546 monitoring sites
(as shown in Fig.1) were chosen for the model evaluation. Another dataset was from the field
measurement by Tsinghua University for 3 monitoring sites in the YRD region (as shown in
Fig. 2), including Shanghai city, Nanjing in Jiangsu Province and Ningbo in Zhejiang
Province.

Table 4 shows the hourly PMj, concentrations from observations and simulations
DUST_OFF, DUST_DEFAULT and DUST_REVISED for all 3 domains. The results of
DUST_OFF underestimate the PMyq concentration significantly, with the Normalized Mean
Bias (NMBs) of -47.1%, -37.8% and -72.2% for the Domain 1, 2, and 3, respectively.
Compared with the results of DUST_OFF, the model performance of DUST_DEFAULT was
not improved substantially. The model performance of DUST_REVISED is significantly
improved compared with that of DUST_DEFAULT. The NMBs for Domain 1, 2, and 3 are
-10.9%, 7.1% and -13.6%, respectively. The correlation coefficients (R) are at the range of
0.4-0.6. Figure S2 shows the comparison of the spatial distribution for the PMy
concentrations. In general, the spatial distribution of the observations was consistent with the
simulations, especially near the source region (like 29 and 30 April). We can also see some
overestimated cases at downwind regions. The possible reason is that the simulated results are
average values for 36km grid and it's difficult to capture the specific concentration for every
point accurately for some time.

In order to test the model performance in terms of the ability to reproduce dust emission
better, we compared PMo concentration between observations and predictions at the 3 sites
near source region, which include Baotou in Inner Mongolia (109.85E, 40.68N), Jinchang in
Gansu (102.19E, 38.52N) and Yinchuan in Ningxia (106.17E, 38.48N). The comparison of
observed and simulated hourly PM;, concentration is shown in the Fig.S3. Compared with
DUST_DEFAULT and DUST_OFF, the model performance for DUST_REVISED is
improved significantly. The NMBs for Baotou, Jinchang and Yinchuan are -22.2%, -38.6%
and -50.4% averagely during 28 April to 6 May. The R values for these three sites are 0.77,

0.66 and 0.59, respectively. The revised model can generally capture the dust outbreak event
9
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during 29 and 30 April.

In order to evaluate the performance of DUST_REVISED further, we compared the
temporal variations of simulated hourly PMy, and PM, 5 concentration with observations in 3
monitoring sites in the YRD region (as shown in Fig. 2). From 1 to 4 May, a strong dust event
occurred in this region and the highest PM;, concentration could reach more than 1000pg/m®.
In general, the model could reproduce the temporal trends and high PMy, concentrations well.
The NMBs of PMy, predictions for Nanjing, Shanghai and Ningbo are -17%, -35% and 4%,
respectively, and the correlation coefficients (R) are about 0.65-0.85. Relative large
deviations occur at a few moments (e.g. early of May 2 in Nanjing, early of May 3 in
Shanghai and middle of May 2 in Ningbo), which may result from the poor prediction of wind
speed or wind direction at these moments. For example, at early time of May 3 in Shanghai,
the simulated wind direction is 20-40 degree, but the observed wind direction is 90-180
degree. On 3 May, dust particles were transported from sea to land and therefore this
deviation of wind direction may lead to the underestimation of PM in Shanghai. For the PM,
concentration, the model could reproduce its variation trend well and the correlation
coefficients (R) are about 0.6-0.8. However, the model tends to overestimate the PM,s
concentration slightly, with NMBs of 14%, 28% and 41% for Nanjing, Shanghai and Ningbo,
respectively. This overestimation may be affected by the splitting between PM, s and PM 5 1o,
because we just simply allocate 10% of dust PMj, emission to PM,s. Anyway, the
comparison results demonstrate the CMAQS5.0 with the revised dust module could capture the

PM variation reasonably well.

3.2.2 Evaluation of aerosol optical depth (AOD) predictions

Figure 3 compares the temporal variations of observed daily average AOD column from
AERONET and predictions from DUST_REVISED at two sites. The Beijing site (116.38E,
39.98N) is located at the transport path of dust and the Taihu site (120.21E, 31.42N) is in the
YRD region. The comparisons for the sites near the dust source region are not included,
because the measurement data at these sites are missing during this episode. As shown in

Fig.3, the simulated AOD agrees well with the observations. The NMBs for Beijing and

10
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Taihu site are 5.4% and 17.8%, respectively. This demonstrated the ability of
DUST_REVISED in capturing both the day-to-day variations of aerosols including dust
particles.

Figure S4 presents the daily averaged AOD distributions derived from simulation and
retrieved from MODIS during the dust event. The comparison shows that the simulated AOD

can generally catch the spatial distribution of satellite observation over Eastern China.

4  Results and discussion

4.1 Dust emission

The simulation results of DUST_REVISED indicated that about 695kt dust particles
(PMyo) were emitted in Xinjiang and Mongolia during 28 to 30 April, 2011. Fig. 4 and Fig. 5
show the spatio-temporal characteristic of dust emissions. On 28 April, a large amount of dust
particles (about 145kt) were generated up in Xinjiang Province and southwestern Mongolia
by the strong northwestern wind. On 29 April, more new dust particles (about 515kt) were
emitted in south Mongolia and the highest density of dust emission could reach above 7t/km?.
The largest value of total dust emission for the whole region occurred at 1500 BJT on 29
April, about 66.8kt/h. Another small amount of dust particles were emitted on 30 April, only
about 35kt. As shown in Fig.5, the predicted total dust emissions based on DUST_DEFAULT
were only about 11kt and underestimated by 98% compared with that of DUST_REVISED.
The default threshold friction velocity for loose, fine-grained soil with low surface

roughness (about 0.7) was too high for Asian dust sources.

4.2 Analysis of metrological condition for this dust event

As shown in Fig.6 (a) and Fig.6 (b), on 28 April, a cyclone was formed in the Mongolia,
associating with a cold front in the rear part of the low-pressure system. Strong surface winds
(8-14m/s) occurred in eastern Xinjiang and western Mongolia, generating a dust storm there.
On 29 April, the low-pressure cyclone developed further and moved toward east to the

middle-southern Mongolia (as shown in Fig.6 (c) and (d)). The strong horizontal wind flow
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and the vertical flow caused the uplifting of dusts in this region. These possible locations of
dust storms are in accordance with the satellite observations

(http://www.temis.nl/airpollution/absaai/absaai-gome2a.php?year=2011&datatype=pics&freq

=daily). Due to the influence from the low pressure system, the high pressure associated with
cold air arrived in the YRD region on 1 May (as shown in Fig.6 (e) and (f)). From 1 May, the
pressure and wind speed began to increase, and the temperature began to decrease. As shown
in Fig.7, the pressure in Shanghai increased from 1003.5mb on 1 May to 1016mb on 3 May,
and the temperature decreased by 5-10 degree Celsius. When the upper-level trough was
leading the approach of cold air from north to south, dust particles also arrived in the YRD
and the PMy, concentration in Shanghai increased from 74pg/m® to 800ug/m® on 1 May (as
shown in Fig.2). Controlled by high pressure, the wind became relatively light from the
midday of 3 May, which is adverse to the dispersion of dust particles. The tail of the cold
front passed over the YRD region at the end of 4 May. The temperature and wind speed began

to increase, the pressure began to decrease.

4.3 Dust transport and its impacts on PMy, concentration

Fig.8 shows the spatio-temporal variation of PM;, concentration differences between
DUST_REVISED and DUST_OFF, which helps to understand the transport of this dust event
and the impacts of dust storm on PMy concentration. The emitted dust particles mixed
together and moved on toward eastern and southern direction. The PMy, concentration at the
sites near the dust sources, i.e. Lanzhou city in Gansu Province, could reach nearly
5000pg/m®. On 30 April, the dust began to affect the eastern and central China. For example,
the PMy, concentration in Tianjin city increased from 50ug/m® to 1100pg/m®. The dust band
arrived in the YRD on 1 May and the PMy, concentration in Shanghai increased from
50ug/m?® to 640pg/m® (as shown in Fig. 2). The maximum PMyq value reached 1000pg/m® on
2 May. Another part of the dust band also reached Korea and even Japan, but was blew back
to the YRD by the southwestern wind on 3 May. This pathway of dust is similar with the dust
storm observed in Shanghai in 2007 (Fu et al., 2011), which is one of the typical dust

pathways that lead to heavily polluted days in the YRD due to dust transport. From 4 May,

12
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the impact of dust on the YRD region began to decline. By comparing the simulation results
of DUST_REVISED and DUST_OFF, the contribution of the dust emissions to the mean
surface layer concentrations of PMyg in the YRD region is 78.9% during 1 to 6 May and the
impacts weakened from north to south due to the deposition of dust particles along the path.
This contribution ratio was comparable with the ground measurement in Shanghai during a

dust storm in 2009, which was 76.8% (Huang et al., 2012).

4.4 Deposition of dust aerosols in the YRD region

Dust particles can be finally removed by dry and wet depositions. During 1 to 6 May, the
dry deposition, wet deposition and total deposition of PMy, were 184.7kt, 172.6kt and
357.32kt, respectively, of which PM,s depositions accounted for 5.7%, 36.4% and 20.5%,
respectively. Fig.9 shows the spatial distribution of dry deposition (DDEP), wet deposition
(WDEP), total deposition (TDEP) and the difference of total deposition between
DUST_REVISED and DUST_OFF situation (TDEP_DIFF) for PMy, in the Domain 3
(covering the YRD region) in these six days.

The dry depositions of PM,, accounted for 51.7% of the total. In general, the dry
depositions in Jiangsu Province and Shanghai city were larger than that in Zhejiang Province,
which was affected by the PMy, concentration. Dust particles were transported from north to
south and the concentration became lower at the end of the transport path. Meanwhile,
relatively high values can also be seen at some urban or forest regions. Besides the impacts of
PMyo concentration, the larger associated parameters (e.g. the surface roughness length and
leaf-area index) can lead to higher deposition velocity (Kumar et al., 2008; Fan et al., 2009).
As shown in Fig.9, wet depositions mainly occur in East Sea, Shanghai, southern Zhejiang etc.
Besides the impacts of PM;oconcentration, this distribution was related with the distribution
of cloud and precipitation (shown as Fig.S5).

Comparison between the results of DUST_REVISED and DUST_OFF shows that the
long range transport of dust particles increased the total deposition of PMygin the YRD by
1082%, of which dry deposition increased by 2398% and wet deposition increased by 655%.

These deposited particles are very harmful because of their impacts on urban environment as

13
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well as on air quality and human health when resuspending in the atmosphere. Besides, single
particle analysis in previous literatures shows that dust particles are usually rich in N (Fu et al.,

2012; Geng et al., 2009), which may contribute to nitrogen deposition.

4.5 Impacts of dust storm on optical/radiative variables and photochemistry

4.5.1 Impacts on AOD and radiation

Figure 10 presents the dust impact on aerosol optical depth (AOD) and irradiance
averagely during 28 April to 6 May. The average contribution of dust on AOD in the whole
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 mainly concentrated
over the source regions where heavy dust burden and large contribution to AOD from dust,
about -30 to -20W/m? averagely. The relatively low values of irradiance change ranging from
-20 to -10 W/m? could be found over North China Plain and China Sea. These values are
similar with the previous study (Han et al., 2012). The hourly-average simulation results
showed that in Shanghai, the largest perturbations of AOD and irradiance were about 0.8DU

and -130 W/m?, which could obviously influence the radiation balance in this region.
4.5.2 Impacts on photochemistry

(1) Photolysis rates
Dust particles have important effects on photolysis rates (Bian and Zender, 2003; Ying et
al., 2011). Photolysis rates (min™), also called J-values, are computed for a chemical species

w by (Philip, 2000)
g2
J, _Ll F(2)o, (1)@, (4)d2
Where, F(A)is the actinic flux, o;(A)is the absorption cross section, ®;(A)is the

quantum yield, and A is the wavelength. o; (1) and ®;(4) are unique to reactions and

species. But dust can affect the actinic flux through absorption and scattering.

An online photolysis module is incorporated in CMAQ 5.0, which allows the calculation
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of actinic fluxes and photolysis rates for every each grid at each time step based on the
changes in particle concentrations (Binkowski et al.2007). In this 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.

There are two important photolysis rates affecting tropospheric ozone photochemistry,
the NO, photolysis (JJNO2]) to form the ground state oxygen atom O(®P) and the O3
photolysis (J [03(0'D)]) to form the electronically excited O(*D) atom (Li et al., 2011):

0, +hv——0,+0('D)
NO, +hv——>NO+0(*P)

As shown in Fig.11, the NO, photolysis (JINO2]) and the O3 photolysis (J [03(0'D)]) as
reduced by about 2.4% and 1.9% averagely in whole Domain 1 during 28 April to 6 May. The
perturbations are mainly in dust source regions and along the dust transport path, which are
similar with the distribution of irradiance changes.

Figure 12 shows the diurnal variation of the percentage change of J[NO2] and
J[05(0'D)] at Shanghai in the YRD region. The reduction of JJNO2] and J[O5(O'D)] due to
dust is significant in the early morning of 2 May, nearly -40%. Besides the impacts of high
dust concentration, it also indicated the effect of long aerosol optical path for incoming

radiation when the solar zenith angle (SZA) is large in the morning (Li et al., 2011).

(2) Concentrations of O; and OH
The photolysis frequencies of J [03(0'D)] and J [NO,] play a key role in the formation

of Oz and OH in the troposphere through the following reactions:

NO, + hv——>NO+0O(°P)
O(sP)+O2 +M——0,+M
O, +hv——0, +O(1D)
O('D)+H,0—>20H
OH +VOCs+0,—> RO,
RO, + NO——> RO + NO,

The simulation results show that the surface O; concentrations reduced about 1.5%

averagely for Domain 1 and the maximum reached 6 ppbv due to the dust storm. Fig.13(a)
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shows that the largest perturbations of O; occurred in a region including China Sea, eastern
China and Korea. One major reason is that air mass with dust stayed in this region for two
days (May 2-3, as shown in Fig.8) due to the high pressure control. The average decrease of
OH was about 3.1% in whole Domain 1, resulting from the reductions in O (‘D) generated by
ultraviolet photolysis of O3 (Bian and Zender, 2003). As shown in Fig.13(b), the reduction of
OH concentrations is correlated with the spatial distribution of JINO,] reduction, due to the
short chemical lifetime of OH. For the YRD region, because of the reduction of local
generation and long transport, the O; and OH concentrations were decreased by 9.4% and
12.1% averagely. These values are comparable with that reported by Ying et al. (2011), in
which the Oz reduction in Mexico City could be 10ppbv and the reduction of OH was 5-20%
during a dust event. The change of O; and OH level can further affect the formation of
secondary aerosols in the atmosphere by changing the oxidation rate of their precursors. For
example, nitrate particles and sulfate particles may decrease because of the less conversion of

HNO; from NO, reaction with OH, and H,SO, from SO, reaction with OH and Os.

5 Conclusions

In this study, we analyzed a dust event in 2011 with the CMAQS5.0 coupled with an
in-line windblown dust model. The threshold friction velocity for loose, fine-grained soil with
low surface roughness in the dust model was revised according to Chinese monitoring data.
The predictions of the model DUST-REVISED agreed well with the observations.

This dust storm broke out in Xinjiang and Mongolia during 28 to 30 April, 2011. Dust
particles were transported a long distance and the impacts even spread to the YRD region. On
1 May, the PMy, concentration in the YRD region began to increase and the maximum
reached 1000pg/m®. The large amount of dust particles carrying fungal spores,
microorganisms and anthropogenic pollutants during transport were a serious threat to public
health. At such a high population-density region, the health loss can be large. The dust
particles also had significant impacts on the optical/radiative characteristics by absorption and
scattering. The visibility decreased to below 3km during the dust event, which is harmful to

road transportation and flight. The hourly-average simulation results showed that in Shanghai,
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the largest perturbations of AOD and irradiance were about 0.8DU and -130 W/m?
respectively. The decrease of actinic fluxes further impacts the photochemistry in this region.
In Shanghai, the negative effects on the NO, and O3 photolysis could be -35% when dust
particles arrived. For the YRD region, because of the reduction of local generation and
reduction of long range transport, the Oz and OH concentrations are decreased by 9.4% and
12.1%. The change of Oz and OH level can further affect the formation of secondary aerosols
in the atmosphere by directly determines the oxidation rate of their precursors. For example,
nitrate particles and sulfate particles may decrease because of the less conversion of HNO;
from NO, reaction with OH, and H,SO, from SO, reaction with OH and Os.

The research about the dust pollution is an important work and modeling is a useful
method. CMAQ is a wide-used air quality model and the revision of parameters for the dust
emission model is meaningful for CMAQ application. Meanwhile, further studies, including
more accurate particle size distributions of dust emissions, heterogeneous reactions on the
surface of dust particles, the interaction between dust particle and meteorological parameters,
shall be conducted to improve the understanding of dust impacts on air quality. The
PM,s/PMy, ratio for dust emission is a fixed value in the current model. But actually, it may
be affected by soil texture, wind speed and so on. Secondly, the current CMAQ version does
not consider about some important heterogeneous reactions on the surface of dust particles,
such as SO,, Oz, and H,0,, which might be an important contributor to the impacts of dust on
pollutant concentration. More heterogeneous reactions shall be coupled into the model.
Besides, we did not consider the effects though the feedbacks of dust on meteorology in this
study. It’s meaningful to consider this effect by running the two-way WRF-CMAQ system in

the future.
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Tables

Table 1.The emissions of major pollutants for each domain during 28 April to 6 May

Unite Domainl Domain2 Domain3

PMjg 10% 543.6 329.7 28.5
PM, 5 10% 399.2 230.9 15.3
SO, 10% 706.6 501 36.5
NOx 10% 5715 395.7 56.4
NH; 10% 432.7 276.1 30.1
VOC 10°mol 55 25.1 4

Table 2.Scenario design for model simulations

Run Index Model Configuration Purpose

DUST_DEFAULT

The default parameters in the official

version was used. (e.g. u,,;~07

averagely and PM;s/PM;0=0.2)

Performance evaluation of
the default dust model

DUST_REVISED

The threshold friction velocity for loose,
fine-grained soil with low surface
roughness and PM,s/PMy, ratio are

chosen based on Chinese data (u., . = 0.3

i, j

and PM2_5/PM10:0. 1)

Performance evaluation of
the revised version

DUST_OFF

The dust model was turned off

Analysis of dust impacts

24



Table 3.Performance statistics of meteorological variables

Domain 1 Domain 2 Domain3 Benchmark
Wind Speed Mean OBS (ms™ 3.53 3.26 3.50
(WS10) Mean SIM (ms™) 3.48 3.23 3.29
Bias (ms')  -0.05 -0.03 -0.21 <+0.5
GE (msh 135 1.21 0.99 <2
RMSE (msh  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 (deg) 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 -14 <+0.5
GE (K) 2.9 2.0 2.3 <2
RMSE (K) 5.8 3.1 2.8
I0A 0.88 0.95 0.87 >0.8
Humidity Mean OBS (gkg?) 6.88 10.13 9.63
(H2) Mean SIM (gkg') 6.95 10.12 9.11
Bias (gkg?)  0.07 -0.01 -0.52 <]
GE (gkgh) 1.42 1.76 1.41 <2
RMSE (gkg?) 13.93 11.69 1.95
I0A 0.31 0.63 0.66 >0.6
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Table 4.Model performance forhourlyPM;o concentrations

Domain 1 Domain2 Domain3
Number of stations 546 405 82
Mean Obs.(ug/m?®) 119 127 176
Mean Sim.(ug/m?) 63 79 49
; 3
DUST OFF Bias(ug/m®) -56 -48 -127
NMB (%) -47.1 -37.8 -72.2
R 0.05 0.04 0.05
Mean Sim.(ug/m?) 64 81 51
Bias(ug/m°) -55 -46 -125
DUST_DEFAULT
NMB (%) -46.2 -36.2 -71
R 0.07 0.06 0.13
Mean Sim.(ug/m?) 106 136 152
DUST_REVISED Bias(ug/m’) 13 9 -4
NMB(%) -10.9 7.1 -13.6
R 0.42 0.46 0.63
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Figure Caption

Fig.1.Modeling domains and location of the monitoring sites used for model evaluation.
Fig.2. Comparison of simulated PMq concentration (a, ¢, e) and PM, 5 concentration (b, d,
f) with observations at three sites in the YRD

Fig.3 Comparison of simulated daily average AOD with observations at two AERONET
sites, 28 April to 6 May

Fig.4. Distribution of daily mean dust PMy,emissions by DUST_REVISED model

Fig.5. The temporal variation of dust emissions

Fig.6.Surface and 500 hPa weather chart in China

Fig.7. Surface meteorological variables from May 1 to 6 in Shanghai monitoring site
Fig.8.The spatio-temporal variation of dust impacts on PM, concentration (ug/m®) in the
surface layer during this dust event (DUST_REVISED minus DUST_OFF)

Fig.9. The PMyg deposition in the YRD region from 1 to 6 May

Fig.10. The average differences of the aerosol optical depth (AOD) at 550nm and
downward irradiance simulated by DUST_REVISED and DUST_OFF, April 28 to May
6

Fig. 11 The average differences of the photolysis rates simulated by DUST_REVISED
and DUST_OFF, April 28 to May 6

Fig.12 Diurnal cycle of the percentage change of the NO2 photolysis rate and the O3
photolysis rate at Shanghai, May 1 to May 3

Fig.13. The average differences between the simulations in the surface layer by
DUST_REVISED and DUST_OFF, April 28 to May 6. (a)O3 concentrations;(b)OH

concentrations
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Fig.1.Modeling domains and location of the monitoring sites used for model evaluation. The
red triangles indicate the 546 monitoring sites from the Ministry of Environmental Protection

of China.
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Fig.2. Comparison of simulated PMy, concentration (a, ¢, €) and PM, s concentration (b, d, f) with observations at three sites in the YRD
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Fig.3 Comparison of simulated daily average AOD with observations at two AERONET sites, 28 April to 6 May
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Fig.4. Distribution of daily mean dust PMj,emissions by DUST_REVISED model
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(a) Surface analysis
20 BJT April 28,2011
: -

(c) Surface analysis '_'.’- 113 fo Je B (d) 500hPa analysis
20 BJT April 29,2011 ) ol e ; 20 BJT April 29,2011

(e) Surface analysis
08 BJT May1,2011

Fig.6.Surface and 500 hPa weather chart in China

(http://218.94.36.199:5050/dmsg/map.htm)
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Fig.7. Surface meteorological variables from May 1 to 6 in Shanghai monitoring site
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Fig.8.The spatio-temporal variation of dust impacts on PM, concentration (ug/m®) in the surface layer during this dust event (DUST_REVISED minus
DUST_OFF)
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Fig.9. The PM;, deposition in the YRD region from 1 to 6 May
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(@) Aerosol optical depth (b) The downward irradiance
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Fig.10. The average differences of the aerosol optical depth (AOD) at 550nm and downward irradiance simulated by DUST_REVISED and DUST_OFF,
April 28 to May 6
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(a) The NO; photolysis rate (b) The O3 photolysis rate
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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 the NO, photolysis rate and the O;

photolysis rate at Shanghai, May 1 to May 3
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