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Abstract

Size distribution of mineral aerosols is of primary importance in determining their res-
idence time in atmosphere, transport patterns, removal mechanisms as well as their
effects on climate and human health. This study aims to obtain dust particle size dis-
tribution and size-resolved dust emission flux under different weather conditions over5

a sandy land area in northern China (Horqin Sandy Land, Inner Mongolia), using the
observational data from Horqin sandstorm monitoring station in the spring of 2010 and
2012. Dust (PM20) mass concentration was measured by a 10-stage quartz crystal
microbalance (QCM) cascade impactor. The statistical results indicate that finer dust
particles (r ≤1.0 µm) take a large proportion of all PM20 concentration under clear-10

day conditions, while coarser dust particles (r ≥2.5 µm) concentration increased under
dust-day conditions, with the peak occurring between 4–7 µm. The dust particle size
distributions during the pre-dust-emission and dust-emission periods of a dust event
on 7 April 2012 have similar features to the statistical results. During the dust event,
the magnitude of dust emission flux of all sizes increased about one or two orders15

(0.1–10 µg m−2 s−1) as u∗ increase from 0.54 to 1.29 m s−1. The maximum total F value
was about 43.0 µg m−2 s−1 and the maximum size-resolved F (Ddi ) is 12.3 µg m−2 s−1

in 0.3–0.45 µm size bin when u∗ is 1.29 m s−1. Dust advection has effects on airborne
dust size distribution, making the proportion of dust particles of different sizes more
uniform, as observed in a non-local dust event on 19 April 2012.20

1 Introduction

Mineral aerosols generated by wind erosion from many arid and semi-arid areas in the
world play an important role in many physics, chemical and biogeological processes
of the Earth system (Shao et al., 2011). They are particularly vital for the climate sys-
tem, as they influence the atmospheric radiation balance directly through scattering25

and absorbing various radiation components (Sokolik and Golitsyn, 1993; Tegen et al.,
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1996), and indirectly through modifying the optical properties and lifetime of clouds
(Mahowald and Kiehl, 2003; Andreae and Rosenfeld, 2008). Among a range of pa-
rameters that are used to describe aerosol properties, aerosol size distribution is of
great importance for the estimation and prediction of dust emission, transport and de-
position processes as well as their effects on climate and human health (Alfaro et al.,5

1998). Since mineral aerosols of different sizes have profoundly different optical, aero-
dynamic and mineralogical characteristics, it is desirable to obtain the dust emission
flux for different particle size range (Shao, 2008). However, size distribution of sus-
pending dust particles always changes with time during dust events. It greatly depends
on wind conditions, local soil properties and land-surface characteristics (Westphal et10

al., 1987; Gomes et al., 1990; Alfaro et al., 1998) and is more or less influenced by
dust particles transported from other regions (Zhang et al., 1998; Maring et al., 2003).
Additionally, it can probably be affected by the sand supply limitation during dust gen-
erations (Lopez, 1998; Gillette and Ono, 2008).

Many field and wind tunnel experiments have been conducted to study the size15

distributions of mineral aerosols under different wind and soil conditions. For example,
Gillette et al. (1972) measured the aerosol (0.3≤ r ≤6 µm) size distributions at 1.5 and
6 m height in a field in rural Nebraska, and the measured size distribution had a power
law for 0.3≤ r ≤1 µm, dN/d(log r)∝ r−2, and a flatter curve for 1≤ r ≤6 µm at both
heights during dust emission periods. Gomes et al. (1990) observed a second mass20

peak of submicron particles for Saharan aerosols (0.1≤ r ≤20 µm) under strong wind-
erosion conditions, which is consistent with the theory that the sandblasting process
(saltation) is the major mechanism for dust emission (Gillette and Walker, 1977). Alfaro
et al. (1997, 1998) carried out a series of wind tunnel experiments to study particle
size distribution under different wind conditions. They used pure quartz sand particles25

to bombard various surfaces made of kaolin clay, nature loamy and sandy soils. Their
results indicated that for relatively small friction velocity u∗, the size distribution of the
airborne dust was close to that of the original erodible fractions, however, for higher
u∗, the size spectrum showed a new peak around a smaller diameter. These previous
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studies contribute to the development of size-dependent dust emission schemes in
dust emission models (Lu and Shao, 1999; Shao, 2004) and lay a solid foundation for
the precise modeling of dust emission, transport and deposition.

Asian dust events are a typical example of mineral-aerosol storms that frequently
originates in the sand desert, Gobi desert, Loess plateau, and the mixed barren soil5

in northern China and Mongolia all year round when meteorological and soil surface
conditions are satisfied for the dust rise (Park et al., 2010; Li and Zhang, 2012). Many
researchers have studied the changes of dust particle size distributions during long-
range transport of Asian dust (e.g. Maring et al., 2003; Park and Kim, 2006; Kobayashi
et al., 2007). However, to the best of my knowledge, studies related to the character-10

istics of size-resolved dust emission flux during Asian dust events over their source
regions are relatively rare due to the lack of long-term field measurements of dust con-
centration in different sizes.

In the present study, observational data obtained from a sandstorm monitoring sta-
tion in Horqin Sandy Land area in northern China in the spring of both 2010 and 201215

were used to investigate the characteristics of dust particle (0.1≤ r ≤20 µm) size distri-
bution under different weather conditions and to analyze the variation of size-resolved
dust emission flux under different wind conditions. The detailed description of the ob-
servational site and data is given in Sect. 2. The characteristics of size distribution
of dust concentration and dust emission flux under different weather conditions are20

demonstrated in Sect. 3. Conclusions are eventually drawn in Sect. 4.

2 Data and methods

2.1 Experiment site

The observational data were obtained from a sandstorm monitoring station (42◦27′ N,
120◦42′ E) in the eastern edge of largest sandy land area in China, the Horqin Sandy25

Land, which is about 500 km to the northeast of Beijing, the capital of China (Fig. 1a).
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The surrounding landscape of the station is featured by gently undulating, shifting and
semi-shifting dunes as well as fixed dunes with largely low, open shrub vegetation
(Zhao et al., 2007), as shown in Fig. 1b.

A 20-m triangular lattice mast equipped with many meteorological instruments to
measure 4 levels (2, 4, 16, and 20 m) of wind speed (A100LM, Vector Instruments) and5

air temperature and humidity (HMP45C, Vaisala, Inc.), wind direction (W200P, Vector
Instruments) at 20 m height, short radiation (LI200X, LI-COR) and net radiation (Nr-
Lite, Kipp & Zonen) at 2 m height, 3 depths (5, 10 and 20 cm) of soil temperature (107,
Campbell Scientific, Inc.) and soil water content (CS616, Campbell Scientific, Inc.),
as well as the turbulence of wind and temperature (CSAT3, Campbell Scientific, Inc.)10

at 8 m height. In addition, dust (PM10) concentrations were measured by beta gauge
(FH62C14, Thermo Scientific) at 3 m and 18 m heights to calculate dust emission flux.
The saltation activities of sand particles (r >50 µm) can be observed by a wind eroding
mass sensor (H11B Sensit Sensor) at the height of 0.75 m above the surface.

All the conventional meteorological and dust parameters were recorded automati-15

cally and continuously with a sample interval of 10 min. The 10-min data were dealt
with a 30-min moving average. The turbulence measurements were recorded with a
frequency response of 10 Hz and were also processed to be the 30-min data.

2.2 Spectral dust mass concentration measurements

Dust (PM20) mass concentration were measured by a 10-stage quartz crystal microbal-20

ance (QCM) cascade impactor (PC-2HX, California Measurements, Inc.) at 3 m height.
The size cutoff diameters for each stage are 10, 7, 4, 2.5, 1.4, 0.7, 0.45, 0.3, 0.2
and 0.1 µm. As particle-laden air passes through the stages progressively, smaller and
smaller particles are collected as the airflow moves down towards stage 10. The col-
lected particles on the QCM crystals cause the change in the frequency signal outputs.25

As soon as the frequency change (dF ) between the sensing crystal and reference
crystal in any one of the stages reaches a preset level, the software in the control unit

2675

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/2671/2013/acpd-13-2671-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/2671/2013/acpd-13-2671-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 2671–2693, 2013

Size distributions of
mineral aerosols and

dust emission flux

X. Li and H. S. Zhang

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

terminates the sampling by sending a signal to shut off the inlet valve. The value of dF
was set to 40 Hz in April 2010, 60 Hz in May 2010 and 70 Hz from March to May 2012.

The observed dust mass concentrations by QCM cascade impactor are required to
be calibrated with the observations from beta gauge at the same 3 m height, because
the QCM measurements usually have underestimations under high concentration con-5

ditions (∼1000 µg m−3). However, the proportion of dust concentration among various
stages are reliable, hence the PM10 concentration values observed by QCM cascade
impactor can be calibrated with observations by beta gauge, and then dust concen-
tration of all sizes can be reversely calculated by multiplying their ratios to the PM10
concentration. Figure 3 shows the scatter plot of PM10 concentration measured by the10

QCM cascade impactor against that from beta gauge at the same time. The QCM
observations were mostly lower than the beta gauge values. The optimal fitting rela-
tionships between them at different dF values are also shown in Fig. 2.

2.3 Methods

The data on wind speed and air temperature profile were used to calculate friction ve-15

locity, u∗, based on Monin–Obukhov similarity theory (Garratt, 1992; Zhu et al., 2008):

u∗ = κU(z)
[

ln
(
z
z0

)
−ψm

(z
L

)
+ψm

(
z0

L

)]−1

, (1)

where κ is von Karman’s constant, here taken as 0.4; U(z) is the mean wind speed
at the 4 m and 16 m heights, z=10 m; z0 is the roughness length; L is the Obukhov20

length; and Ψm is the momentum stability function.
Dust emission flux F can be computed using dust concentration gradient measure-

ments based on the assumption that the particles with aerodynamic diameters <10 µm
were light enough to follow air movements perfectly (Gillette, 1972; Zhang et al., 2007;
Sow et al., 2009; Li and Zhang, 2012).25
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F = κu∗ (C1 −C2)
[

ln
(
z2

z1

)
−ψm

(
z2

L

)
+ψm

(
z1

L

)]−1

, (2)

where C1 and C2 are the dust mass concentration at z1 =3 m and z2 =18 m height,
respectively. Other variables are the same as in Eq. (1).

Assuming the airborne particle size distribution p(d ) is the same at 3 and 18 m
height, the dust emission flux in the i -th size bin F (Ddi ) can be calculated by the fol-5

lowing equation:

F (Ddi ) =
∫
F ·p(d )δd , (3)

where F is dust emission flux obtained from Eq. (2).

3 Results

3.1 Statistical characteristics of airborne dust particle size distribution10

A total of 29 samples under clear-day conditions and 16 samples under dust-day condi-
tions measured by QCM cascade impactor in the spring (March, April and May) of 2010
and 2012 were selected through strict data quality control. A dust sample means that
PM10 concentration measured by beta gauge at 3 m height is larger than 150 µg m−3

and wind speed at 4 m height is larger than 6 m s−1. As shown in Fig. 3, there are15

two peaks in the mean size distribution of airborne dust particles under clear-day and
dust-day conditions – one between 0.30–0.45 µm and the other between 4.0–7.0 µm.
The size distributional curves look similar to each other, but the difference is that finer
dust particles (r ≤1.0 µm) take a large proportion of all dust concentration under clear-
day conditions, while coarser dust particles (r ≥2.5 µm) concentration increases under20

dust-day conditions.
2677
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3.2 Size distribution of dust concentration and dust emission flux for dust
events

Table 1 shows the period of sampling, the maximum concentration reached at 3 m
height and the meteorological parameters for all observed dust events in April 2012
according to the relative definition in Li and Zhang (2011). Among these dust events,5

the one that occurred on 7 April was observed by us as we visited the station. We will
take it as an example for the following analysis.

3.2.1 Temporal variations in some meteorological and dust parameters during
the dust event on 7 April 2012

Figure 4a shows the temporal variations of dust concentration measured by beta10

gauges at 3 and 18 m height and wind direction at 20 m height on 7 April 2012. The
values of dust concentration at the two levels were mostly below 100.0 µg m−3 be-
fore 08:00 (LT, here after), and then gradually increased with time as wind speed in-
creased (Fig. 5b). There were two peaks of dust concentration at 3 m height, one of
322.8 µg m−3 at 16:00 and the other of 350.5 µg m−3 at 22:40. Southern flows (∼180◦)15

dominated during most of the day, while northern winds (∼340◦) suddenly prevailed
after 21:00 at night.

The temporal variations of wind speed at 4 m height and Sensit Sensor response
numbers on 7 April are shown in Fig. 4b. It should be noted that the saltation intensity
of sand particles is sensitive to observation height: the higher the observation height,20

the weaker the saltation behavior was observed. Although the observation height is
relatively higher in this study than the lowest observation height in most previous stud-
ies, e.g. the Sensit Sensors were equipped at heights of 5, 10, 20, 50 and 100 cm
in Gillette et al. (2008), the response number is still able to reflect the change trends
of saltation process. It can be found that saltation intensity became stronger as wind25

speed increased from 12:00 to 18:00 LT. The maximum response number was 17 at
15:10 along with the maximum wind speed of 9.7 m s−1 at the same time.
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The variation of friction velocity u∗ highly follow closely that of wind speed (Fig. 4c).
It can be found that the high dust emission flux F usually corresponded to the periods
of high saltation intensity (Fig. 5c). This is in agreement with the theory that saltation
process is the major mechanism for dust emission. The maximum F value was about
43.0 µg m−2 s−1 at 16:10 during the dust storm event.5

3.2.2 Size-resolved dust concentration and dust emission flux during the dust
event on 7 April 2012

Figure 5 shows the ratio of dust concentration in each size bin c (Ddi ) to the PM10
concentration c that was measured by QCM cascade impactor several times during
the dust event on 7 April 2012. As u∗ was relatively small (<0.7 m s−1) before the10

breakout of dust event, the size peaks were shown in 0.2≤ r ≤0.45 µm and next in
4≤ r ≤7 µm. Most of the airborne dust particles were less than 1 µm in size; however,
hardly any coarser particles (r ≥7 µm) were detected (Fig. 5a). When the sand storm
broke out and u∗ increased to 1.2 m s−1, a small amount of coarser particles were
measured. Dust particles in 4–7 µm size took up the largest amount of the total PM2015

concentration, increasing from 10 % to 40 %, and exceeded the concentration in 0.2–
0.45 µm size (Fig. 5b).

The size-resolved dust emission flux distribution of various samples are displayed
in Fig. 6. During this dust event, the magnitude of dust emission flux in various
sizes increased about one or two orders (0.1–10 µg m−2 s−1) as u∗ increased from20

0.54 to 1.29 m s−1. The maximum of dust emission flux in 0.3–0.45 µm size bin is
12.3 µg m−2 s−1 when u∗ is 1.29 m s−1.

3.3 Effects of dust advection on airborne dust particle size distribution

It is interesting to notice a different feature in the size-resolved dust emission flux
distribution during the dust event on 19 April 2012. As shown in Fig. 8, finer parti-25

cles (r ≤1.0 µm) still contributed most to the total airborne dust particles; however, the

2679

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/2671/2013/acpd-13-2671-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/2671/2013/acpd-13-2671-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 2671–2693, 2013

Size distributions of
mineral aerosols and

dust emission flux

X. Li and H. S. Zhang

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

proportion of dusts in the 0.7–1.4 µm size bin considerably increased and dusts in the
4–7 µm size bin relatively decreased. By comparison with the particle size distribution
during the dust event on 7 April 2012, as shown in Fig. 6, the proportion of airborne
dust particles of different sizes – especially coarser particles – looks more uniform
during the dust event on 19 April 2012.5

The more uniform proportion in the particle size distribution on 19 April 2012 is prob-
ably relate to dust advection. The F values can be used to distinguish the local dust
event in which the high dust concentration is mainly due to local dust emission and the
non-local dust event in which the high dust concentration is influenced by dust advec-
tion (Li and Zhang, 2012). The positive F values mean dust particles are transported10

from the low levels to the high and identify the local dust event, while the negative F
values represent the non-local dust event. According to the definition, the negative F
values occurred in the periods of 12:00–14:00 and 17:00–20:00 during the dust event
on 19 April 2012 (Fig. 8b), and dust advection influenced the dust particle size distri-
bution. Through mixing with dusts from upstream regions, it is easy to understand why15

the difference among the proportion of course particles reduced during the non-local
dust event on 19 April 2012.

4 Conclusions

In this study, observational data that were obtained from the Naiman station located in
Horqin Sandy Land area of northern China in the spring of both 2010 and 2012 were20

used to analyze the characteristics of dust particle size distributions and the variations
of size-resolved dust emission flux during different dust events under various weather
conditions. Dust (PM20) mass concentration was measured by a 10-stage quartz crys-
tal microbalance (QCM) cascade impactor.

The statistical results indicate that finer dust particles (r ≤1.0 µm) have a large pro-25

portion of all PM20 concentration under clear-day conditions, and coarser dust particles
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(r ≥2.5 µm) increase under dust-day conditions and their sizes mostly focused be-
tween 4–7 µm.

The case analysis for the local dust event on 7 April 2012 shows that the airborne
dust particle size distribution has a first peak in the 0.2–0.3 µm size bin and a second
peak in the 4–7 µm size bin in the pre-dust-emission period with u∗ close to 0.6 m s−1.5

However, the first peak changed to be the 4–7 µm size bin and the proportion of finer
dusts (r ≤1 µm) reduced during the dust-emission period with u∗ larger than 1.2 m s−1.
Dust particles with diameters between 1.4–4.0 µm and 10–20 µm took up only a small
proportion. The magnitude of dust emission flux of all sizes increased about one or
two orders (0.1–10 µg m−2 s−1) as u∗ increased from 0.54 to 1.29 m s−1. The maximum10

F value for PM10 was about 43.0 µg m−2 s−1 and the maximum size-resolved F (Ddi ) is
12.3 µg m−2 s−1 in 0.3–0.45 µm size bin when u∗ is 1.29 m s−1.

Based on the case analysis for the non-local dust event on 19 April 2012, it was found
that dust advection influenced the airborne dust size distribution. Dust advection can
be identified with negative F values. It made the proportion of dust particles of different15

sizes, especially coarser dusts tend to be more uniform, when local dust particles were
mixed with non-local dusts transported from upstream regions.
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of a soil aerosol produced by sandblasting, J. Geophys. Res., 102, 11239–11249,25

doi:10.1029/97JD00403, 1997.

2681

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/2671/2013/acpd-13-2671-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/2671/2013/acpd-13-2671-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/97JD00403


ACPD
13, 2671–2693, 2013

Size distributions of
mineral aerosols and

dust emission flux

X. Li and H. S. Zhang

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Alfaro, S. C., Gaudichet, A., Gomes, L., and Maillé, M.: Mineral aerosol production by wind
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Table 1. Information of dust events observed in April 2012.

Date Start Time Duration DCmax 3m Umax 4m WD (◦)
(LT) (µg m−3) (m s−1)

7 April 15:20–16:30 1 h 10 min 322.8 9.7 188–214
8 April 15:20–18:10 2 h 50 min 393.3 11.2 300–338
9 April 00:40–19:20 18 h 40 min 449.3 9.9 130–283
18 April 15:30–18:00 2 h 30 min 437.2 10.0 157–196
19 April 10:50–18:30 7 h 40 min 507.2 12.0 191–203
23–24 April 08:50–03:20 16 h 30 min 381.6 7.6 184–236
27 April ∗–22:30 – 2324.9 13.4 285–308
29–30 April 16:50–02:00 9 h 10 min 302.7 8.4 189–213

∗ The beta gauges failed to measure the beginning period of the severe dust event because of
the cutoff of electricity power.
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Fig. 1. (a) The location of Horqin station and (b) the photo of the experiment site.  362 
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Fig. 1. (a) The location of the Naiman station, and (b) photo of the experiment site.
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Fig. 2. Scatter plots of PM10 concentration measured by the QCM cascade impactor against
that measured by beta gauge at the same time with the presetting frequency changes of 40 Hz
(red circle), 60 Hz (blue square) and 70 Hz (magenta triangle). Optimal regression equations
are given.
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Fig. 3. Mean ratio of dust concentration of different sizes to the total PM10 concentration mea-
sured by QCM cascade impactor under dust-day (solid line with red circle) and clear-day (solid
line with blue square) conditions.
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Fig. 4. Temporal variations of (a) dust (PM10) concentration measured by Beta-gauge at 3 379 

m and 18 m heights and wind direction, (b) 10-m wind speed and response number 380 

representing sand saltation intensity, and (c) dust emission flux F and friction velocity u* 381 

during the dust event on 7 April 2012. 382 

Fig. 4. Temporal variations of (a) dust (PM10) concentration measured by beta gauge at 3 m
and 18 m heights and wind direction, (b) 10-m wind speed and response number representing
sand saltation intensity, and (c) dust emission flux F and friction velocity u∗ during the dust
event on 7 April 2012.
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Fig. 5. Size distribution of airborne dust particles during (a) pre-dust-emissions and (b) 385 

dust-emission periods of the dust event on 7 April 2012. 386 
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Fig. 5. Size distribution of airborne dust particles during (a) pre-dust-emissions and (b) dust-
emission periods of the dust event on 7 April 2012.
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Fig. 6. Variations of size-resolved dust emission flux distributions under different friction 389 

velocity conditions during the dust event on 7 April 2012. 390 
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Fig. 6. Variations of size-resolved dust emission flux distributions under different friction velocity
conditions during the dust event on 7 April 2012.
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Fig. 7. Same as Fig. 6, but for 19 April 2012. 394 
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Fig. 7. Same as Fig. 6, but for 19 April 2012.
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Fig. 8. Temporal variations of (a) PM10 concentration measured by Beta-gauge at 3 and 18 399 

m height and friction velocity u*, (b) dust emission flux F during the dust event on 19 April 400 

2012. 401 

Fig. 8. Temporal variations of (a) PM10 concentration measured by beta gauge at 3 and 18 m
height and friction velocity u∗, (b) dust emission flux F during the dust event on 19 April 2012.
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