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Abstract

Three-year particle number size distributions were analyzed to characterize the size
distributions and optical properties of the particles in the urban atmosphere of Beijing,
China during dust events in the springs of 2004–2006 in combination with AERONET
sun/sky radiometer data. The dust events were categorized as two different types (type5

1 and 2). This categorization of the dust events was confirmed by the aerosol index
images, columnar aerosol optical properties, and vertical potential temperature pro-
files. Dust particles dominated the total particle volume concentration (3–10000 nm)
(over 70%) for the dust events in type 1, which happened under strong wind speeds.
In this type, relatively purer dust particles were observed in the urban atmosphere.10

The events in type 2 with a longer stagnation time in the urban area and lower ratio of
coarse mode particle to the total particle volume concentration occurred under stable
local weather conditions. During the events in type 2, a superposition of the dust par-
ticles and anthropogenic aerosols was observed. The comparison of columnar optical
properties among type 1, 2, and heavy pollution periods shows that the superposition15

of dust particles and anthropogenic aerosols can result in much higher AOD than pure
dust particles in the urban atmosphere of Beijing. By comparing the particle volume
size distributions retrieved from AERONET with those obtained from the Twin Differ-
ential Mobility Particle Sizer measurements, a discrepancy between the ground-based
and column integrated particle volume size distributions was found, especially obvious20

for the coarse mode particles.

1 Introduction

Dust particles emitted from dry soil surfaces contribute significantly to the particle mass
loading in the atmosphere, especially, near deserts and arid/semi-arid areas. Currently
estimated annual global emissions of dust particles are between 1000 and 2150 Tg25

(Zender et al., 2004). These dust particles have been found to affect the global climate
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by altering the radiative balance of the atmosphere (Tegen et al., 2004), or through
their interactions with liquid and ice clouds (Rosenfeld et al., 2001). The long-range
transport and deposition of dust particles influences both biogeochemical cycles in the
oceans (Gao et al., 1997; Mahowald et al., 2005; Zhang and Gao, 2007) and terrestrial
ecosystems (Okin et al., 2004; Boy and Wilcke, 2008). In the global troposphere, the5

dust particles play an important role as a reactive surface and impact atmospheric
photochemistry (Dentener et al., 1996). They also have implications for human health
(e.g., Griffin and Kellogg, 2004; Meng and Lu, 2007).

East Asia is one of the most important source areas of dust particles over the North-
ern Hemisphere (Tanaka and Chiba, 2006). During the spring season, dust storm10

events frequently occurred in the Sand desert, Gobi desert, and Loess plateau in
northern China and Mongolia (Zhang et al., 2003; Gong and Zhang, 2008; Yang, et al.,
2008). These events cause natural disasters including sufferings of animals, plants,
and human activities, especially in/near the source regions (Yang et al., 1997). A great
amount of dust particles is transported over long distances to the eastern parts of15

China, Korea, Japan, and the Pacific Ocean (In and Park, 2002; Kurosaki and Mikami,
2003; Jo et al., 2007 etc.), and even to the west coastal area of North America (Husar
et al., 2001). They negatively influence the air quality of the urban and rural areas
along the track of dust storms (In and Park, 2002; Han et al., 2007).

Beijing, the capital of China, with 17 million residents, suffers from dust storms ev-20

ery year due to its location downwind of Asian dust source regions. Typically, the dust
storms lead to high mass concentration of PM10 (particle with aerodynamic diame-
ter below 10 µm) and low visibility in Beijing (Zhang et al., 2003; Wang et al., 2006;
Zhang et al., 2005 etc.). Over the past decade, the dust events in Beijing were of great
concern by researchers. Their studies on dust particles involved mass concentration25

measurements (e.g., Chan and Yao, 2008), water-soluble fraction detection (e.g., Wang
et al., 2005), and elemental and mineralogical analysis (e.g., Guo et al., 2004; Sun et
al., 2005; Zhang et al., 2005; Shao et al., 2007 etc.) which have been intensively
carried out. However, to date, only few investigations of particle number size distribu-
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tions during the dust events have been performed in Beijing (e.g., Zhang et al, 2000,
2003). Moreover, such measurements with a low size resolution were often limited to
particles larger than 300 nm. Investigations on the number size distributions of dust
particles in other location, which were also affected by the Asian dust storms, were
limited, too. And, they were mainly performed in Korea (Park and Kim, 2006; Kim et5

al., 2007; Lee and Cho, 2007), which however only focused on the individual cases.
The limited information on the number size distributions of dust particles hampers our
current understanding of their effects, in particular, their effects on visibility, radiative
forcing, and human health.

To obtain statistically representative particle number size distributions and concen-10

tration levels to support climate/radiative modeling and epidemiological studies, three-
year measurements of the number size distributions of particles diameters from 3 nm to
10 000 nm were conducted in the urban area of Beijing since March 2004. During the
measuring period, 18 dust events have been observed. In the present study, number
size distributions and number concentration levels of dust particles in the urban area of15

Beijing are summarized and parameterized based on the long-term observation. The
particle number size distributions before, during, and after the events are compared
to gain insights into the interactions between dust particles and urban anthropogenic
particulate matters in the urban atmosphere. At last, optical properties of dust parti-
cles and their effects on the impairment of visibility in Beijing are investigated based20

on AERONET dataset and the optical simulations using the measured particle number
size distributions.

2 Methods

2.1 Measurement site

The measurement site was installed on the roof of an academic building (20 m above25

the ground level) on the campus of Peking University (PKU site, 39.99◦ N, 116.31◦ E).
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The campus is located in the northwestern urban area of Beijing and outside the cities’
fourth-ring road. East of the site is a major road with heavy traffic. North and northwest
of the site lays the main part of campus, without significant emission sources. More
details about the measurement site and the map of the location can be found in Wu et
al. (2008).5

2.2 Particle number size distributions and meteorological parameters

Particle number size distributions with diameters between 3 nm and 10 µm have been
measured for three years since March 2004. A TDMPS (Twin Differential Mobility Par-
ticle Sizer) System, consisting of two Hauke-type DMAs (Differential Mobility Analyzer)
and two CPCs (Condensational Particle Counter, model 3010 and model 3025, TSI10

Inc., St Paul, USA), was used to measure the particle number size distributions from
3 to 800 nm (mobility diameter). Concurrently, an APS (Aerodynamic Particle Sizer,
model 3321, TSI Inc., St Paul, USA) measured the number size distributions between
800 nm and 10 µm (aerodynamic diameter). A low flow PM10 inlet is used for both sys-
tems. The collection coefficient of PM10 inlet reported by VanOsdell (1991) was used to15

correct the APS dataset. The relative humidity within the system was kept below 30%
by adding a silica-gel dryer in the inlet line and also in the sheath air cycle. Size dis-
tributions were measured every 10 min. Size-dependent diffusional and gravitational
losses of the particles in the inlet lines were estimated using the empirical functions
given by Willeke and Baron (1993).20

A meteorological station has been operated simultaneously to monitor meteorologi-
cal parameters, including wind speed and direction, relative humidity (RH), air temper-
ature. This station is about 400 m away from the PKU site and is mounted on top of a
20 m high building.
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2.3 Merging TDMPS and APS size distributions

In order to merge the particle number size distributions obtained from TDMPS and
APS, the aerodynamic diameters measured by APS were converted to the volume
equivalent diameter by using the following equation (Hinds, 1999):

Dve = Da

√
χ
ρ0

ρp

Cc (Da)

Cc (Dve)
(1)5

where Dve and Da are the volume equivalent diameter and the aerodynamic diameter,
respectively; Cc is the Cunningham slip correction factor; ρp is the density of the par-

ticle; ρ0 is the reference density (1 g cm−3); and χ is the shape factor. Here, Cc(Da) is
equal to Cc(Dve) due to the particles measured by APS are in the Continuum regime.
Therefore, Eq. (1) becomes (DeCarlo et al., 2004):10

Dve = Da

√
χ
ρ0

ρp
(2)

In the present study, the particle density (ρp) during the dust events was assumed to

be 2.6 g cm−3 (Park and In, 2003). The coarse particles (>1 µm) measured by APS
were considered to show irregular shape. Information on the shape factor of Asian
dust particles is very rare in the literature. The shape factor (χ ) here was therefore15

assumed to be 1.2 according to studies on the Saharan dust (Schladitz et al., 2009).
Fine particles measured by TDMPS were assumed to be spherical, therefore, the unit
shape factor was applied. This means that the mobility diameter of particles within
the size range of 3 to 800 nm is equivalent to the volume equivalent diameter. During
non-dust days, particles within the full size range (3–10 000 nm) have been considered20

to be spherical with a density of 1.7 g cm−3.
After merging, the particle number size distributions were integrated to calculate

particle number, surface area, and volume concentrations in different size classes.
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In this study, the diameter ranges for nucleation mode, Aitken mode, accumulation
mode, and coarse mode were defined to be 3–20 nm, 20–100 nm, 100–1000 nm, and
1–10 µm, respectively, which have been shown earlier to best represent these modes
in the urban atmosphere of Beijing (Wu et al., 2008). The particle surface area and
volume concentrations were calculated using the measured number size distributions5

by assuming spherical particles.

2.4 Parameterization of particle number size distributions

Here, a least squares fitting algorithm was used to parameterize the particle number
size distributions by a multiple lognormal function (Birmili et al., 2001). The main pur-
pose is to quantitatively describe the particle number size distributions and to allow10

straightforward comparisons between different aerosol particle data sets (Hussein et
al., 2005). Four modes (i=1,2,3, and 4) were used corresponding to the nucleation
mode, Aitken mode, accumulation mode, and coarse mode, respectively. Each lognor-
mal mode was described by its total particle number concentration (Nt,i ), the geometric

mean diameter (GMD, Dpi ), and the geometric mean standard deviation (σi ).15

2.5 Calculation of aerosol extinction and visibility

Even though the dust particles are considered to be characterized by an irregular
shape, in the present study, we would like to simply estimate the evolution of visi-
bility during the dust events in Beijing. Therefore, the spherical Mie model (BHMIE)
(Bohren and Huffman, 1998) was used to calculate the particle extinction based on20

the measured dry particle number size distribution (RH<30%). However, as we dis-
cussed above, the shape factor 1.2 has been taken into account when converting the
aerodynamic particle diameter to the volume equivalent diameter. The volume equiva-
lent diameters were used in the optical calculations. The average RH during the dust
events was mostly lower than 30%. Particle hygroscopic growth factor at RH=40% in25

Beijing did not exceed 1.01 in January 2005 and the particles did not show obvious
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growth below RH 60% (Meier et al., 2009). Therefore, the hygroscopic growth of the
particles was not considered in the Mie calculations.

A time series of the optical equilibrium effective refractive index was derived from an
aerosol optical closure study based on in-situ intensive observation in January 2005 at
the PKU site. The average of the retrieved values was 1.52–0.025i (450–700 nm) which5

resulted from an optimum fit between the measured and simulated particle scattering
and absorption coefficients and was applied as the refractive index of fine particles
during both dust and non-dust events. 1.53–0.005i has been assumed as typical re-
fractive index for dust particles (Dey et al., 2004). Sokolik and Toon (1999) suggested
that the imaginary part for dust with 1% Fe lies somewhere near 0.001i at 550 nm. Fe10

has been found to contribute about 3.7% to the composition of dust particles during the
dust storm events in Beijing (Sun et al., 2005). Accounting that there could be some
elemental carbon (EC) attached to the coarse particles, the real part and imaginary
part of coarse mode particles were assumed to be 1.58–0.005i for the dust events in
Beijing. This value is also within the refractive index range for dust/residual particles15

given in the literature (Hasan and Dzubay, 1983; Kent et al., 1983; Sloane, 1983, 1984,
1986; Hänel, 1987; Sloane et al., 1991; Tang and Munkelwitz, 1994; Redemann et al.,
2000 etc.). However, the dust particle concentration should be lower during non-dust
periods, so during which the imaginary part was therefore assumed to 0.002i instead
of 0.005i .20

According to the formulae introduced by Fröhlich and Shaw (1980) and Tomasi et
al. (2005), the average Rayleigh scattering coefficients of gases (σsg) has been esti-

mated to be about 12 Mm−1 according to the recorded ambient temperature and pres-
sure. Absorption of visible light by gases (σag) is considered to be essential due to
NO2 (Groblicki et al., 1981). The average concentration level of NO2 in Beijing during25

winter and spring time was estimated to about 30 ppbv (Cheng et al., 2008). Therefore,
σsg at 550 nm was calculated to be about 10 Mm−1 with σag=0.33*[NO2] (Groblicki et
al., 1981). Consequently, an upper limit of the visibility (Lv , km) can be estimated,
using the total light extinction of particles and gases (σe=σep+σsg+σag, Mm−1) and a
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modified Koschmieder relation of Lv=1.9 ∗ 103/σe (Griffing, 1980; Husar et al., 2000;
Schichtel et al., 2001; Carrico et al., 2003). The Koschmieder constant of 1.9 is about
half of the standard value (3.92) (Seinfeld and Pandis, 1998). The factor of two reduc-
tion considers the fact that real visual targets are not black, that they are frequently
too small in size, and that they are located only at quantized distances away from the5

observer (Griffing, 1980).

2.6 AERONET and NASA TOMS data

In this study, we used the total column aerosol optical properties, including the aerosol
optical depth (AOD at a wavelength of 440 nm), the retrieved aerosol volume size distri-
butions, and the Ångström exponent (å440−870 nm) between the wavelengths of 440 and10

870 nm provided by the Beijing AERONET station (39.997◦ N, 116.381◦ E) to character-
ize the vertical optical features of the dust events in Beijing. Details about instrumenta-
tion, data acquisition, retrieval algorithms, calibration procedure, and accuracy can be
found in the literature (e.g., Eck et al., 1999, 2001; Holben et al., 2001), and are there-
fore not provided here. The level-2 cloud-screened data (Smirnov et al., 2000) were15

used. In addition, the AERONET data (AOD and Ångström exponent) were rechecked
by combining with lidar data from Beijing (Sino-Japan Friendship Center for Environ-
mental Protection, 39.90◦ N, 117.16◦ E). Those data containing cloud contaminations
were excluded from the future analysis.

The aerosol index (AI) images (http://macuv.gsfc.nasa.gov/) derived from the Total20

Ozone Mapping Spectrometer (TOMS) were used to identify the source regions for the
dust particles. TOMS AI is a qualitative indicator of ultraviolet absorbing aerosols. Dust
particles belong to ultraviolet absorbing aerosols, hence yield positive values.

11851

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/11843/2009/acpd-9-11843-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/11843/2009/acpd-9-11843-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://macuv.gsfc.nasa.gov/


ACPD
9, 11843–11888, 2009

Dust events in
Beijing, China
(2004–2006)

Z. J. Wu et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

3 Results and discussion

3.1 Identification of dust events in Beijing

The dust events during the springs of 2004–2006 which will be discussed in the present
study were identified according to:

(1) Volume concentration of the coarse mode particles: Typically, the invasion of the5

dust causes a higher concentration of coarse particles in the urban atmosphere. There-
fore, the most obvious direct evidence for identification of dust events is the significant
increase in the coarse particle concentrations. Therefore, we took the upper 95% con-
fidence limit (75 µm3 cm−3) computed from the volume concentration of coarse mode
particle during the springtime (March, April, and May) of 2004–2006 as a threshold.10

Those days with hourly mean volume concentration of coarse mode particle exceeded
this threshold were considered as candidates of the dust events in Beijing.

(2) AI values: The absorbing AI is a useful method to identify the dust events (e.g.,
Prospero et al., 2002). We checked the AI images on the candidate events selected by
(1). It was found that the AI values over Beijing during those events were higher than15

1. This confirms that dust events did occur in Beijing during these candidate days.
(3) Phenomenological dust storm observations: Chinese dust storm website (http:

//www.duststorm.com.cn/), operated by China Meteorological Administration (CMA),
provides information on dust storm events occurred in China. The information on this
website is derived from observations at more than 2000 surface observation stations20

located at different places in China. The dust events in Beijing identified by (1) and (2)
have been reported on this website as the large-scale dust storm events.

There was one severe dust storm event occurred on 17 April 2006, which was not
identified by our measured data but reported by the Chinese dust storm website. Dur-
ing this event, the yellow dust falling in Beijing was estimated to be 330 k tons (Yang25

et al., 2008). However, significant differences in the particle number size distributions
between 17 April 2006 and non-dust days before and after were not observed in our
size distribution measurements. The diameters of a major portion of the dust particles
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during this event might have exceeded 10 µm, the cutoff diameter of our system. This
might be the reason why it was not observed by our ground-based measurements. So,
the dust event on 17 April 2006 will be excluded from the following discussions.

A total of 18 events have been identified in Beijing over the three years according
the foregoing criterion in this study, of which 13 events took place in the spring of 2006.5

Yang et al. (2008) also indicated that the most dust storm events in China occurred in
2006 over the past seven years.

3.2 Overview of dust events in Beijing

Figure 1 displays the time series of the volume concentrations of total particles (PV10)
and coarse mode particles (PVcoarse) in the springs of 2004–2006. The 18 dust events10

have been marked and numbered as “DS#” in Fig. 1. The dust events generally lead
to large spikes in both PV10 and PVcoarse concentrations, as shown in Fig. 1. However,
some peaks in PV10 concentrations on non-dust days were also observed. On these
days, PV10 concentrations were comparable to those on some dust days, whereas,
they were dominated by fine particles with the diameters smaller than 1 µm.15

Table 1 lists the starting and ending time of the dust events, the duration time, mean
PVcoarse/PV10, and the meteorological parameters during the dust events. The event
on 17 April 2006 (cf. DS12 in Fig. 1) is not included in this table. The starting and
ending time of the events was defined by the behaviour of the coarse mode particle
number concentrations. The former was the time at which the coarse mode particle20

number concentration started to increase significantly, and the latter was the time at
which the coarse mode particle number concentration decreased to the concentration
level prior to the events or the average concentration level of coarse mode particles in
the springs of 2004–2006.

Most of the events took place in the early morning, particularly, their starting time lies25

between 00:00 and 05:00. Dust events mostly ended within 24 h, except the events of
DS2, DS3, DS11, and DS18. The event DS11 lasted more than 3 days with the longest
duration time. Those dust events with a longer duration time are expected to have a
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stronger effect on the urban air quality and human health.
Coarse mode particles dominated PV10 for most of the events listed in Table 1, with a

contribution of more than 70%. On the contrary, the volume contribution of the coarse
mode particles to PV10 for events DS2, DS3, DS11, DS16, and DS18 was much smaller
(0.68, 0.50, 0.58, 0.65 and 0.35, respectively). As shown in Table 1, the average wind5

speeds during the events in most cases were higher than 4 m s−1 and the prevailing
wind direction is north or northwest. Exceptions are DS3, DS11, DS16, and DS18 with
wind speeds lower than 4 m s−1. The differences in PVcoarse/PV10, the meteorological
parameters, and the duration times between DS2, DS3, DS11, DS16, and DS18 and
others indicate that there might be two different types of dust events. Here, they are10

respectively presented as type 1 and type 2. The DS2, DS3, DS11, DS16, and DS18
are classified as type 2 and the rest as type 1. The event DS12 is not included in type
1 or type 2. In the following sections, the particle number size distributions and particle
optical properties for the two types will be discussed in detail.

3.3 Dust particle number and volume size distributions15

In order to analyze the temporal evolution of particle number and volume size distri-
butions during the events, two single events (case 1 and 2) representing type 1 and
type 2 will be shown and discussed in this section in combination with back trajectories
and AI images. The evolution of visibility during these two cases will be also evaluated.
Afterwards, the average number size distributions for type 1 and type 2 during the dust20

events were parameterized by using the log-normal fitting algorithm above-mentioned.

3.3.1 Case 1: observation of pure dust particles

10 March 2006 was chosen as an example (case 1) associated with high wind speed
(type 1). The time series of the particle number size distributions, the number and
volume concentrations for different modes, wind speed and direction for case 1 are25

displayed in Fig. 2. The time series of visibility, the contributions of the coarse mode
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particles to the particle extinction, AOD (440 nm), and å440−870 nm are plotted in Fig. 3a.
Before the event, the particle number size distributions were characterized by maxi-

mum number concentrations in the Aitken and accumulation mode (cf. Fig. 2a and b).
Such particle number size distributions were typically observed under low wind speeds
in the urban atmosphere of Beijing (Wu et al., 2008). The average visibility was lower5

than 5 km, and the fine particle fraction contributed over 90% to the particle extinction
(cf. Fig. 3a). High AOD (on average 1.45) and å440−870 nm (on average 0.95) caused by
urban aerosols were observed.

At DOY (Day Of Year) of around 69.1, the dust storm reached the measurement
site with a strong wind speed larger than 8 m s−1 (cf. Fig. 2d). A maximum total parti-10

cle volume concentration of 380 µm3 cm−3 was observed in the very beginning of the
event, which was mainly caused by coarse mode particles (∼90%, cf. Fig. 2a–c). As
shown in Fig. 3a, we also found a dramatic change of the extinction contribution by the
coarse mode particles, from about 5% to over 80%. Interestingly, no similar break was
observed in the evolution of the visibility. This result indicates that a severe dust storm15

could lead to a seriously low visibility in Beijing too (lower or about 5 km). Afterwards,
the visibility was increasing step by step with decreasing concentration of the coarse
mode particles (cf. Fig. 3a), since the fine particles had been removed. å440−870 nm (on
average −0.01) significantly dropped during daytime at DOY 69 due to the dust event.
AOD values (on average 0.90) during the dust event are lower than those before. It is20

worth to note that the decrease in AOD is not very significant even though the particle
volume concentration is significantly lower than before the event (also cf. Fig. 2). This
implies that large amounts of dust particles still remained in higher altitudes.

Around noon (DOY=69.5), the number concentration of nucleation mode particles
obviously increased, indicating the occurrence of new particle formation and growth.25

Usually, the dust events observed in Beijing are associated with cold air advection
behind a cold front. This leads to dry and pristine atmospheric conditions, which favors
new particle formation. New particle formation after or during dust events was observed
for all cases in type 1. The same phenomenon of new particle formation after dust
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events has been observed by Lee and Cho (2007) in South Korea.
The 2-day backward trajectories arriving at Beijing and the height above ground level

(AGL) of the air parcels along the trajectories for case 1 are shown in Fig. 4. Back tra-
jectories were calculated using the NOAA “HYSPLIT-4” trajectory model (Draxier and
Hess, 1998). Before the event, the backward trajectories (1) and (2) are characterized5

by a short length, meaning slow movement of the air parcels. In Beijing, the transport
speed of an air mass was found to play an essential role on the particle mass concen-
trations observed in the urban area (Wehner et al., 2008). Slow-moving air masses
were shown to be associated with an effective accumulation of anthropogenic emis-
sions. Also, it was evident that the air mass spent the last two days close to the surface10

(cf. Fig. 4b). This can explain the high concentrations of the accumulation and Aitken
mode particles observed before the dust event. The back trajectory (3) shows the path-
way of the air parcels arriving at the PKU site at the time when the event started. The
air mass passed over Mongolia and Inner Mongolia (China), which are recognized as
the major source regions of Asian dust.15

To fully understand the source regions for case 1, the TOMS AI images over eastern
Asia were utilized. The AI images for 8, 9, 10, and 11 March 2006 are shown in Fig. 5.
Global studies have shown that the typical AI values over major dust sources retrieved
from TOMS are within the range from 0.5 to 3.0 (Prospero et al., 2002; Washington
et al., 2003). Dey et al. (2004) reported that higher AI values (>3.7) over the Indo-20

Gangetic basin, India were observed during dust storm events. The AI on 9 March
2006 ranged from 1.0 to 4.0, indicating the spreading of the dust in the atmosphere.
On 10 March, the dust spreads over the North China Plain and the northeastern part
of China, and Korea. Afterwards, the dust was transported to Japan on 11 March.
Considering the image on 8 March 2006 and the back trajectory (3) shown in Fig. 4,25

it is confirmed that the dust observed in Beijing on 10 March 2006 originated from the
desert areas in Mongolia and Inner Mongolia (China).
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3.3.2 Case 2: superposition of dust particles and urban aerosols

Case 2 was chosen as a typical dust event with a low wind speed, which occurred on
8 April and ended on 11 April 2006. Similar patterns of the particle number size distri-
butions were observed for other cases (DS2, DS3, DS16 and DS18) of Type 2. Figure
6 shows the temporal evolution of the particle number size distribution, the number5

and volume concentrations for the size-separated particles, and the wind speed and
direction for case 2. The evolution of the visibility, the contribution of the coarse mode
particles to the particle extinction, AOD (440 nm), and å440−870 nm are plotted in Fig. 3b.
The AERONET data are not available at DOY 98 due to the cloud contaminations.

At the beginning of the event, the particle number concentration in the coarse mode10

rose to 30 cm−3 within 2 h. At the same time, the number concentrations of the Aitken
mode and accumulation mode particles decreased with the increasing wind speed (cf.
Fig. 6b,c), but still kept at a high level (around 1×104 cm−3). From Fig. 3b, we can see
a decrease in visibility with increasing concentration of coarse mode particles. The
extinction contribution of the coarse mode particles is around 50%, indicating that the15

coarse mode particles lead to decreasing visibility together with the fine mode particles
(<1 µm).

Afterwards, the particle concentration kept nearly constant for one and a half day
(cf. Fig. 6b,c). The total particle volume concentrations were in the range from 150 to
200 µm3 cm−3 most of the time. During the event, higher å440−870 nm (on average 0.41)20

and AOD (on average 1.62) were observed in contrast to those during the event in case
1. The former can be ascribed to the lower fraction of coarse mode particles. The latter
is due to the superposition of dust particles and urban aerosols. The visibility during the
whole event was less than 5 km (cf. Fig. 3b). On 11 April (DOY 101.4), the increase in
wind speed resulted in a rapid decrease in the particle volume concentration followed25

by an increase in particle number concentration due to nucleation and growth.
The 2-day back trajectories at 500 and 1500 m for case 2 are shown in Fig. 7. The

back trajectory (1) was initialized at the starting time of the event. Similar to case 1, the
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air mass passed over Mongolia and Inner Mongolia before arriving in Beijing. The back
trajectories (2)–(4) display the pathway of air masses during the dust event at different
times. The trajectories at 500 m (cf. 2a, 3a, and 4a in Fig. 7) with a short length arrived
at the PKU site from easterly directions (cf. Fig. 7a) and spent most of their traveling
time close to the surface (cf. Fig. 7b), i.e. over regions influenced by anthropogenic5

emissions east of Beijing. As afore-mentioned, such air masses are typically connected
with high particle mass concentrations in Beijing. It is worth noticing that the directions
of the back trajectories at 1500 m (cf. 2b, 3b, and 4b in Fig. 7) were different to those
at 500 m. These back trajectories display the pathway of the air parcels above the
boundary layer where the dust was possibly lifted by convection and transported into10

the urban atmosphere of Beijing.
The AI images over East Asia for 6, 8, 9, and 10 March 2006 are shown in Fig. 8. The

AI image for 6 April indicates areas from where the dust particles originated. The dust
particles spread over Beijing on 7 April. At around 04:30 on 7 April, a dust event (DS10)
with a short duration time was observed in Beijing, and has been categorized into type15

1. The event observed on 8 April was most likely the continuation of the event occurred
on 7 April. It can be seen from Fig. 8 that the high AI values (>2.0) over Inner Mongolia
and Xinjiang Uygur Autonomous Region were found on two consecutive days (9 and
10 April 2006). It seems like that dust particles were produced continuously at these
areas. This pattern is quite different from that for type 1. The AI values over Beijing20

were in the range of 1.5–2.0 during these two days, indicating high dust loadings in the
atmosphere.

3.3.3 General characteristics of type 1 and 2 dust events

In order to gain insight of the general characteristics of the two types of dust events,
i.e., type 1 and type 2, hourly mean number and volume size distributions were av-25

eraged over all cases of the two types at different times before and after the start of
the dust event. The averaged particle number size distributions were parameterized by
using the multi log-normal distribution function, as described in Sect. 2.4. The fitting
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parameters are listed in Table 2.
Figure 9a and c display the particle number and volume size distributions averaged

at two hours before the start of the event and the first and the eighth hour after the
start of the event for all the cases in type 1. The particle number size distributions can
be categorized as three specific ones, representing three different processes of dust5

events. Two hours before the dust events, we observed typically urban aerosol size
distributions representing a heavy polluted situation, i.e. a high number concentrations
of Aitken mode and accumulation mode particles, as afore-mentioned (also cf. Fig. 2).
The mode-fitting results show that GMDs for Aitken and accumulation mode are 70
and 214 nm. The second process, which happened during the first hour of the dust10

events, was the clear-out of the anthropogenic aerosol and the import of dust parti-
cles. Typically, the highest concentrations of dust particles were observed in the very
beginning of the event (cf. Fig. 2b and c). The GMD of the coarse mode particles was
around 1.0 µm without significant changes during dust events. The third process is new
particle formation and growth, which causes an enhancement of the nucleation mode15

particle concentrations. From Table 2, one can see that the GMD of the nucleation
mode decreased to 6 nm eight hours after the start of the event.

The particle number and volume size distributions averaged over two hours before
the start of the event and the first and the twelfth forward hour after the start of the
event for all cases in type 2 are shown in the right panel of Fig. 9. The average particle20

number size distribution of type 2 before the start of the event, which is similar to type
1, was characterized by polluted urban aerosols. In contrast to type 1, urban aerosols
(Aitken and accumulation mode particles) were not cleared out completely because of
the relatively low wind in the first hour after the start of the event. At the twelfth hour
after the start of the event, the concentrations of the particles below 100 nm decreased25

accompanied by increasing accumulation mode particle concentrations compared to
the beginning of the events. This may be caused by coagulation of small particles onto
the bigger particles and condensational growth of small particles into accumulation
mode size range under stable weather conditions. Meanwhile, the concentration of
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coarse mode particles reached its maximum. This resulted in mixing of dust particles
and urban aerosols. The GMDs of the coarse mode particles for type 2 was around
1.3 µm.

As shown in Fig. 9 (b) and (d), both maxima of particle volume concentrations for
type 1 and 2 after the start of the event appeared at around 3 µm. Compared with type5

1, the contribution of accumulation mode particles to the particle volume concentration
was much larger. This suggests that if we performed the bulk sampling (e.g., PM10 filter
measurements) during dust events for chemical analysis, the chemical composition for
type 1 and 2 would be different. Guo et al. (2004) analyzed elements of the total
suspended particles (TSP, diameter <100 µm) before, during, and after dust storm10

events occurred in the spring of 2001–2002 in Beijing. In comparison with elements in
Inner Mongolia loess and Minqin dust, they found that if urban aerosols were effectively
cleared out by strong wind, the TSP sampled during the dust event contained high
fractions of purely crustal elements. This situation might be corresponding to type 1 in
our study. They also analyzed a weak dust event and found in the case of superposition15

of urban pollutants and arrival of dust particles, that elements (Cu, Zn, and S) involved
in TSP were more derived from anthropogenic pollution. This case may correspond to
type 2 in our study.

Dust particles are considered to represent an important reactive surface for het-
erogeneous reactions, for example, reactions of SO2, N2O5, O3, and HO2 radicals20

with mineral dust particles (Dentener et al., 1996). In the present study, the surface
area concentrations of the coarse mode particles during the events were calculated
and considered as an index for reactive surface of dust particles. The mean sur-
face area concentration of coarse mode particles during dust event for type 1 was
230±180 µm2 cm−3, which is four times larger than the mean value (56±60 µm2 cm3)25

derived by averaging over the three-year dataset (2004–2006) at the PKU site in
Beijing. This value suggests that the dust particles may provide effective surface
for heterogeneous reactions during the dust events in the urban atmosphere. The
mean surface area concentration of the coarse mode particles during the event was
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260±91 µm2 cm−3 for type 2, which is comparable to that of type 1. However, the
gaseous pollutant concentrations were expected to be higher than those of type 1 due
to the low wind speeds. Moreover, the dust particle concentrations during the events
in type 2 maintained a high level for a much longer time than the events in type 1, as
shown in Table 1. This fact may lead to a stronger interaction between dust particles5

and urban pollutants for type 2 events.

3.4 Comparisons between ground-based measurements and column integrated
observations

3.4.1 AOD and Ångström exponent

Time series of daily averaged AOD and å440−870 nm over Beijing, and mean extinction10

coefficient (σep) during daytime derived from averaging the time period between 08:00
and 17:00 (LT) in the spring seasons of 2004–2006 are shown in Fig. 10. The dust
events have been marked in the figure. From Fig. 10, we can see that the variation
pattern of the calculated extinction coefficient is similar to that of AOD.

The Ångström exponent characterizes the spectral features of the aerosol and it re-15

lates to the size of the particles (Shifrin, 1995). Low values of Ångström exponent
indicate a relatively high ratio of large particles to small particles. As shown in Fig. 10,
during the dust events, notable low values of å440−870 nm were found. This is attributed
to the high column concentration of coarse mode particles due to the heavy dust load-
ing. This phenomenon was also reported by other researchers, e.g., Kim et al. (2004),20

Ogunjobi et al. (2004), and Kim et al. (2008).
Ogunjobi et al. (2004) showed that dust days were associated with relatively higher

AOD values than non-dust event days at Kwangju in South Korea. The similar phe-
nomenon was also observed in Indo-Gangetic (IG) plains, Indian (Prasad and Singh,
2007). Unexpectedly, daily averaged AOD values in Beijing for some events were quite25

low, e.g., DS1, DS5, DS7 etc. It is worth noticing that the AOD values are available
during daytime only. As shown in Fig. 1 and Fig. 10, those dust events with low daily
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averaged AOD values in Beijing started in the very early morning (cf. Table 1) followed
by a rapid decrease of dust particles. Moreover, fine particles were effectively removed
by strong winds. Therefore, the total particle volume concentration reached a low level
during daytime. This may lead to very low AOD column values compared to urban
pollution situations. For those events with high concentrations of dust particles dur-5

ing daytime, for example DS2, DS3, DS11, and DS17, higher AOD values were found
(cf. Fig. 10). The maximum of AOD values with 3.65 is observed on 17 March 2006
(DOY=107) where a severe dust storm event has been observed.

Figure 11 presents the box plots of AOD and å440−870 nm for type 1, type 2, and heavy
polluted periods. Here, the threshold for identifying heavy polluted periods is the upper10

95 percent of hourly mean particle volume concentration (173 µm3 cm−3) during the
springs of 2004–2006 computed after excluding the dust events. This means that the
times with a particle volume concentration larger than this threshold is considered as
heavy polluted period, which represents the most serious pollution situation caused by
anthropogenic aerosols in the springs in Beijing. During heavy polluted periods iden-15

tified by using this method, a high Mie lidar extinction coefficient caused by spherical
aerosols was observed. This confirmed that heavy air pollution due to high concen-
tration of anthropogenic aerosols was observed in Beijing (cf. Sugimoto et al., 2003,
2006).

As shown in Fig. 11, the mean å440−870 nm for type 1 is 0.18±0.13 (average ± stan-20

dard deviation), which was lower than that for type 2 with 0.63±0.40. The reason is the
higher contribution of submicron particles in type 2 compared with type 1. Additionally,
å440−870 nm in both dust event types was lower than those during heavy polluted peri-
ods with an average of 1.03±0.31. The average values of AOD for type 1, type 2, and
heavy polluted periods were 0.36±0.23, 1.51±0.59, and 1.67±0.79, respectively. AOD25

values for type 2 are comparable with those for heavy polluted periods, and significantly
higher than those for type 1. This indicates that the superposition of dust particles and
anthropogenic aerosols can result in much higher AOD than pure dust particles in the
urban atmosphere of Beijing.
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3.4.2 Retrieved and measured particle volume size distributions

In this section, we will compare the particle volume size distributions retrieved from
AERONET (http://aeronet.gsfc.nasa.gov/) and those calculated from TDMPS measure-
ments. This provides insight into differences between ground-based and column inte-
grated particle volume size distributions. Due to the different units, both particle volume5

size distributions derived from AERONET and TDMPS measurements were normal-
ized. Since the size bins of the AERONET and TDMPS volume size distributions were
different, the volume size distributions of TDMPS were interpolated to the size bins of
AERONET ones. Afterwards, the volume size distributions derived from both methods
were normalized by the respective total particle volume concentrations.10

The mean normalized particle volume size distribution derived from AERONET and
from TDMPS for type 1 and 2 are shown in Fig. 12. The peak concentrations of coarse
mode particles obtained from TDMPS for type 1 and 2 centered at around 3.0 µm,
which was significantly smaller than the coarse mode peak diameters (∼4.5 µm) re-
trieved from AERONET. The expected accuracy of AERONET particle volume size15

distributions is 15–25% for particles larger than 0.5 µm in radius (Dubovik et al., 2000)
including the coarse mode and dust aerosols. Even if the accuracy has been taken
into account, the peak diameters of the coarse mode particles from the ground-based
measurement are still smaller than those from AERONET retrieved ones. This result
may imply the occurrence of larger coarse mode particle at higher altitudes compared20

to the ground. However, the bigger particles are expected to fall down faster. This
is opposite to the results shown in Fig. 12. Therefore, one should keep in mind that
the discrepancies of particle volume size distribution between AERONET and TDMPS
measurements may originate from the different methods to obtain the dataset.

On the other hand, it was found that one peak of the fine particles in the TDMPS25

volume size distribution occurred at ∼0.5 µm for type 2, which was not observed in
the AERONET retrieval one (cf. Fig. 12b). This phenomenon was not found for type 1.
This peak in the ground-based measurements was obviously caused by anthropogenic
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aerosols, being trapped within the very low boundary layer. As a result, the peak in the
submicron size range could not be identified by the column integrated volume size
distributions. In order to confirm this, the radiosounding data (Source: University of
Wyoming, http://weather.uwyo.edu/upperair/) were used to analyze the stability of the
boundary layer during the dust events. The vertical profiles of the potential temperature5

for type 1 and 2 are displayed in Fig. 13. Comparing type 1 and type 2, it is obvious
that the boundary layer during the events of type 2 was much more stable than that of
type 1. Therefore, the vertical mixing during the events of type 1 was more intense,
which is in good agreement with the comparisons of the volume size distributions.

4 Summary and conclusions10

The particle size distributions and optical properties in the urban area of Beijing, China
during the dust events in the springs of 2004–2006 were analyzed based on three-
year continuous ground-based measurements of the particle number size distributions
and AERONET sun/sky radiometer data. A total of 18 dust events were identified
and further categorized as two different types (type 1 and 2). The identification and15

categorization of the dust events was confirmed by AI images, columnar aerosol optical
properties, and vertical potential temperature profiles.

Type 1 dust events were associated with unstable weather conditions. High wind
speeds (on average, >4 m s−1) lead to an effective removal of anthropogenic aerosols.
As a result, the dust particles dominated the total particle volume concentration (3–20

10 000 nm) for over 70%. Low visibility (lower or about 5 km) was observed in the
very beginning of the event for type 1 due to the high dust loading. The events in
type 2 with a longer duration time and lower ratios of the coarse mode particle to
the total particle volume concentration occurred under stable local weather conditions.
During these events, the dust particles maintained a high concentration level for a25

relatively longer time compared to type 1. At the same time, stable meteorological
conditions, favoring the accumulation of urban pollutants, led to a superposition of
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dust particles and anthropogenic aerosols. During the whole events in type 2, the
visibility was kept very low. The extinction contribution by urban aerosols for type 2 was
significantly larger than that of type 1. The differences in duration time, meteorological
conditions, and particle size distributions between type 1 and type 2 may imply different
interactions of dust particles and anthropogenic pollutants, urban air quality, and health5

impacts between them. The backward trajectories and AI images show that the dust
observed in Beijing may originate from the desert areas in Mongolia, Inner Mongolia
and Xinjiang Uygur Autonomous Region of China.

The mean Ångström exponent for type 1 is 0.18±0.13, which is lower than that for
type 2 with 0.63±0.40. This is consistent with the result that the ratios of small particles10

to larger particles for type 2 are larger than those for type 1. AOD values for type 2
are comparable with those for the heavy pollution periods, and significantly higher than
those for type 1. This indicates that the superposition of dust particles and anthro-
pogenic aerosols can result in much higher AOD than relatively purer dust particles in
the urban atmosphere of Beijing.15

In this study, a comparison between the particle volume size distributions retrieved
from AERONET and those obtained by TDMPS measurements is performed to gain
insight into the differences in the ground-based and column integrated measurements.
The peak diameters of coarse mode particles from the ground-based measurement
are smaller than those from AERONET retrieved ones. The peak in the submicron20

size range for type 2 caused by the urban aerosols was obvious in the ground-based
measurement, but was not identified by the column integrated volume size distributions.
In these cases, the urban aerosols might be trapped in the boundary layer near the
ground, which was also confirmed by the analysis of the vertical stability using the
radiosounding data.25
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Table 1. Summary of starting and ending times of the dust events, PVcoarse/PV10-ratio, and
meteorological parameters during events. The “–” sign in the table means the data are not
available.

Number Starting Time Ending time Duration time PVcoarse/ PV10 WS [ms−1] T [◦C] RH [%]
[hh:mm]

DS1 040310 01:40 040310 12:00 10:20 0.89 10.0WN 16 –
DS2 040328 02:50 040329 14:20 35:30 0.68 3.0WN 19 –
DS3 040506 17:00 040508 14:00 45:00 0.50 1.5 21 –
DS4 050414 00:40 050414 10:00 09:20 0.83 5.9N 13 13
DS5 050428 03:20 050428 10:20 07:00 0.85 5.2N – –
DS6 060310 03:10 060310 14:50 11:40 0.83 5.0WN – –
DS7 060317 21:00 060318 09:00 12:00 0.84 6.4N 10 15
DS8 060325 04:30 060325 14:20 09:50 0.83 4.6N – –
DS9 060327 01:10 060327 14:40 13:30 0.82 4.6NWN – –
DS10 060407 04:30 060407 14:40 10:10 0.75 4.7WN 17 13
DS11 060408 02:30 060411 11:40 81:10 0.58 1.0 – –
DS13 060418 17:10 060418 23:50 06:40 0.84 6.3WN 15 10
DS14 060422 00:10 060422 08:00 07:50 0.75 – – –
DS15 060423 00:20 060423 12:50 12:30 0.81 – – –
DS16 060430 12:50 060501 10:10 21:20 0.65 1.7 22 26
DS17 060516 22:40 060517 21:00 22:20 0.80 3.9N 24 16
DS18 060518 11:00 060519 22:00 35:00 0.35 1.5 25 49
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Table 2. Parameters of log-normal mode fitting.

Type 1 Type2

B2 1h 2h 3h 8h B2 1h 2h 3h 12h

Dp1 17 7 9 8 6 16 10 12 11 11
σ1 2.0 2.0 1.8 1.8 1.7 1.9 1.8 2.0 2.0 1.8
Nt,1 6455 3131 6446 6927 22184 5829 5364 4018 4197 2307

Dp2 70 34 34 32 25 39 44 47 49 46
σ2 1.8 2.0 1.9 1.8 1.9 1.8 2.0 2.0 2.0 2.1
Nt,2 13749 2189 2223 2109 6363 8960 10159 10205 10868 8066

Dp3 214 151 142 132 129 162 164 178 189 170
σ3 1.6 2.0 1.9 1.9 1.9 1.8 1.9 1.8 1.7 1.8
Nt,3 5093 843 784 771 894 3938 2843 3005 2883 4192

Dp4 1629 1032 1050 1071 1174 1424 1305 1298 1298 1298
σ4 1.5 1.7 1.7 1.7 1.6 1.6 1.6 1.6 1.6 1.6
Nt,4 5.2 89 57 34 12 7 32 32 31 31
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Figure 1: Time series of volume concentrations of PV10 and PVcoarse during spring of 901 

2004, 2005, and 2006.  Dust events are numbered and marked with “DS#”. 902 
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Fig. 1. Time series of volume concentrations of PV10 and PVcoarse during spring of 2004, 2005,
and 2006. Dust events are numbered and marked with “DS#”.
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 918 
Figure 2: Time series of particle size distribution, number and volume concentration for 919 

different modes, and wind speed/wind direction.  920 

 921 

 922 

 923 

 924 

 925 

Fig. 2. Time series of particle size distribution, number and volume concentration for different
modes, and wind speed/wind direction.
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 936 
Figure 3: Visibility, contribution of coarse mode particle to extinction coefficient 937 

(contribution), Ångström exponent (α(440−870 nm)), and AOD (440 nm) for case 1 and 938 

case 2.  939 
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Fig. 3. Visibility, contribution of coarse mode particle to extinction coefficient (contribution),
Ångström exponent (α(440−870 nm)), and AOD (440 nm) for case 1 and case 2.
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 954 
Figure 4: The 2-day backward trajectories and the height above ground level (AGL) of 955 

the air parcels along the trajectories for case 1. Circles in the figure mean the 24h-956 

intervals.  957 
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Fig. 4. The 2-day backward trajectories and the height above ground level (AGL) of the air
parcels along the trajectories for case 1. Circles in the figure mean the 24 h-intervals.
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 976 
Figure 5: Total Ozone Mapping Spectrometer (TOMS) aerosol index images showing the 977 

source and progressive movement of the dust particles during the dust storm events. (a): 978 

20060308; (b): 20060309; (c): 20060310; (d):20060311. 979 
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Fig. 5. Total Ozone Mapping Spectrometer (TOMS) aerosol index images showing the source
and progressive movement of the dust particles during the dust storm events. (a): 20060308;
(b): 20060309; (c): 20060310; (d): 20060311.
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 995 

 996 
Figure 6: Time series of particle size distribution, number and volume concentration for 997 

different modes, and wind speed/wind direction for case 2. 998 
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Fig. 6. Time series of particle size distribution, number and volume concentration for different
modes, and wind speed/wind direction for case 2.
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 1014 
Figure 7: The 2-day backward trajectories and the height above ground level (AGL) of 1015 

the air parcels along the trajectories for case 2 arriving at 500- and 1500-m at the 1016 

measurement site. Circles in the figure mean the 24h-intervals.  1017 
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Fig. 7. The 2-day backward trajectories and the height above ground level (AGL) of the air
parcels along the trajectories for case 2 arriving at 500- and 1500-m at the measurement site.
Circles in the figure mean the 24 h-intervals.
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 1035 

 1036 
Figure 8: Total Ozone Mapping Spectrometer (TOMS) aerosol index images showing the 1037 

source and progressive movement of the dust particles during the dust storm events. (a): 1038 

20060406; (b):20060408; (c): 20060409; (d):20060410. 1039 
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Fig. 8. Total Ozone Mapping Spectrometer (TOMS) aerosol index images showing the source
and progressive movement of the dust particles during the dust storm events. (a): 20060406;
(b): 20060408; (c): 20060409; (d): 20060410.
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 1056 
Figure 9: Hourly mean number and volume size distributions averaged over all cases for 1057 

the two types of dust events in Beijing at different times before and during the dust event. 1058 
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Fig. 9. Hourly mean number and volume size distributions averaged over all cases for the two
types of dust events in Beijing at different times before and during the dust event.
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 1075 
Figure 10:  Time series of daily AOD (440 nm), Ångström exponent (å440-870 nm), and 1076 

extinction coefficient (σep) during the spring 2004, 2005, and 2006. AERONET data for 1077 

DS4, DS8, DS9, and DS18 are not available.  1078 
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Fig. 10. Time series of daily AOD (440 nm), Ångström exponent (å440−870 nm), and extinction
coefficient (σep) during the spring 2004, 2005, and 2006. AERONET data for DS4, DS8, DS9,
and DS18 are not available.
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Figure 11: Statistical summary of Ångström exponent and AOD for type 1, type 2, and 1093 

heavy polluted periods.  1094 
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Fig. 11. Statistical summary of Ångström exponent and AOD for type 1, type 2, and heavy
polluted periods.
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 1112 
Figure 12: Average normalized particle volume size distribution derived from 1113 

AERONET and from TDMPS measurements for type 1 and 2. 1114 
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Fig. 12. Average normalized particle volume size distribution derived from AERONET and from
TDMPS measurements for type 1 and 2.
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 1131 
Figure 13: The potential temperature profiles for dust events in type 1 (a) and 2 (b) 1132 

obtained from radiosoundings. Legend represents the local time. For example, 04031008 1133 

means 8:00 on 10th, March, 2004.     1134 
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Fig. 13. The potential temperature profiles for dust events in type 1 (a) and 2 (b) obtained from
radiosoundings. Legend represents the local time. For example, 04031008 means 08:00 on
10 March 2004.
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