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Klaus Dethloff, Germany
Panuganti C. S. Devara, India
Julio Diaz, Spain
Arona Diedhiou, France
Stefano Dietrich, Italy
Eugenio Domı́nguez Vilches, Spain
Antonio Donateo, Italy
Igor Esau, Norway
Stefano Federico, Italy
Enrico Ferrero, Italy
Rossella Ferretti, Italy
Roberto Fraile, Spain
Charmaine Franklin, Australia
Jan Friesen, Germany
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Aerosols have been regarded as one of the major constitu-
ents of the atmosphere and have a wide range of impacts
at different levels, scales, and sectors. Remote sensing and
modeling of the atmospheric dust storms, supported by
ground observations, are critical in analyzing, characterizing,
and assessing many impacts in terms of dust mineralogical
composition, interaction with clouds and radiation, optical
and chemical characteristics, major sources of emission, mix-
up with anthropogenic, sea-salt, and biomass aerosols during
long range transport, and deposition. Studies of dust storms
and their impact on the local and regional environment
and climate, using space observations (Moderate Resolution
Imaging Spectroradiometer (MODIS), Atmospheric Infrared
Sounder (AIRS), Multiangle Imaging Spectroradiometer
(MISR), Cloud-Aerosol Lidar and Infrared Pathfinder Satel-
lite Observation (CALIPSO), Polarization and Anisotropy of
Reflectances for Atmospheric Science coupled with Observa-
tions from a Lidar (PARASOL), Scanning Imaging Absorp-
tion spectrometer for Atmospheric Chartography (SCIAM-
ACHY), Ozone Monitoring Instrument (OMI), etc.), ground
measurements (Aerosol Robotic Network (AERONET), sky

radiometers, sunphotometer, lidar systems, and chemical
analysis), and modeling (SKIRON, Dust Regional Atmo-
spheric Model (DREAM), Navy Aerosol Analysis and Pre-
diction System (NAAPS), etc.), have addressed some of
these issues. The studies included in this special issue are
mainly concerned with ground-based, satellite observations
and modeling of aerosol related events of natural or anthro-
pogenic origin over climatically sensitive areas influenced by
dust storms, such as Korea, China, and Saudi Arabia.

S. K. Park et al. investigated the temporal characteristics
of major air pollutants collected from 44 air quality stations
over the city of Seoul, Korea, namely, nitrogen dioxide,
carbonmonoxide, particular matter at 10 microns, and sulfur
dioxide (SO

2
), between 2000 and 2009. Ground data were

correlated with satellite based observations collected from
Moderate Resolution Imaging Spectroradiometer as well as
the AERONET ground stations. They showed that anthro-
pogenic aerosols are dominant in the summer season even
though the concentration was lower than the other sea-
sons which can be attributed to natural and anthropogenic
sources, as well as changing meteorological factor.
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P. Li et al. studied the origin and distribution of polycyclic
aromatic hydrocarbons (PAHs) originating from natural
and/or anthropogenic sources in ambient particulate samples
at high mountain region in southern China to understand
their deposition and transport. Local meteorology including
atmospheric pressure, relative humidity, and ambient tem-
perature with backward trajectory analysis suggested that
particulate samples measured at the Mount Heng region
were predominantly associated with the air masses from
southern China.They found out that vehicular emission, coal
combustion, industry emission, and unburned fossil fuels
were suggested to be the PAHs sources at Mount Heng site.

A. Farahat et al. covered aerosol distribution and charac-
teristics using satellite based observations over four regions in
Saudi Arabia using satellite and ground observations for the
period April 2003–January 2013. The study includes cities in
the north western, western, and eastern provinces of Saudi
Arabia and in the Rub’ al Khali desert or Empty Quarter.
Satellite and ground observations showed that the dust season
extends from April to August with prominent peaks yet with
high anthropogenic contribution in late summer and early
fall. Analysis shows an increase in the aerosol concentration
duringMarch 2009 which could be attributed to a major dust
storm during that time.

J. Li and Z. Han shed the light on the three-dimensional
evolution of an East Asian dust storm during 23–26 April
2009 by utilizing a Regional Air Quality Model System
(RAQMS) and satellite measurements. Modeled spatial dis-
tributions of Aerosols Optical Depth (AOD) and vertical
profiles of aerosol extinction coefficient during the dust storm
were compared with MODIS and CALIPSO data, demon-
strating that RAQMS was able to reproduce the 3D structure
and the evolution of the dust storm reasonably well.

Y.-H. Jen et al. allocated sources of the long range trans-
port of Asian dust across Taiwan using innovative chemical-
assisted identification techniques. They combined chemical
composition with the enrichment factor and the grey rela-
tional analysis to identify the potential sources of eighteen
different Asian dust storms. Back trajectory analysis high-
lighted the source soils to be from InnerMongolia with a high
similarity with the outputs obtained from the chemical based
techniques.

H. Xu et al. studied dust aerosol properties near Hexi
Corridor in the Chinese deserts using polarimetric measure-
ments from a ground-based sunphotometer. They found out
that the partial occurrence of calcite or hematite in the soil of
Minqin or the influence of anthropogenic aerosols containing
carbon affected aerosol characteristics as evident from the
aerosol optical properties, angstrom exponent, and the single
scattering albedo.

H. Xu et al. used thermal observations of AIRS in con-
junction with visible observations of MODIS and Cloud-
Aerosol Lidar with Orthogonal Polarization (CALIOP) for
dust identification over the arid and semiarid regions of Asia.
This is owed to the fact that dust generated in northern China
exerts significant influences on regional air quality, weather,
and climate.

J. Saydi et al. tackled the issue of increasing the laser
ranging accuracy by ray tracing using atmospheric models

based on surface measurements of pressure, temperature,
and relative humidity. They studied the atmospheric effects
on the laser beam by using the principles of laser ranging
and performing atmospheric corrections for 0.532, 1.3, and
10.6microns through the weather conditions of Tehran, Isfa-
han, and Bushehr in Iran. They found that the laser ranging
error decreased by increasing the laser emission angle.

Hesham El-Askary
Seon K. Park
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The three-dimensional evolution of an East Asian dust storm during 23–26 April 2009 was investigated by utilizing a regional
air quality model system (RAQMS) and satellite measurements. This severe dust storm hit Mt. Tai in east China with daily mean
PM
10
concentration reaching 1400𝜇g/m3 and themodel captured the PM

10
variation reasonably well. Modeled spatial distributions

of AOD and vertical profiles of aerosol extinction coefficient during the dust storm were compared with MODIS and CALIPSO
data, demonstrating that RAQMS was able to reproduce the 3D structure and the evolution of the dust storm reasonably well.
During early days of the dust storm, daily mean dust-induced AOD exceeded 2.0 over dust source regions (the Gobi desert and the
Taklamakan desert) and was in a range of 1.2–1.8 over the North China Plain, accounting for about 98% and up to 90% of total AOD
over corresponding areas, respectively.The top of the dust storm reached about 8 km over east China, with high dust concentration
locating at around 40∘N. Dust aerosol below 2 km was transported southeastward off the Gobi desert while dust above 2 km was
transported out of China along 40∘–45∘N.

1. Introduction

Dust aerosol is one of the most important aerosol compo-
nents because it is a major contributor to global atmospheric
aerosol loading and optical thickness. Recent estimates of its
global source strength range from 1000 to 5000Mt/year with
highly varied spatial-temporal distribution [1]. When surface
wind speeds are strong enough, dust particles are injected
into the atmosphere from source regions and then subjected
to long-range transport [2–6], degrading air quality and even
disturbing regional climate. For example, Huang et al. found
that dust aerosol can heat the air over Taklamakan desert by
a maximum of 5K/day in summertime [7]; Lau et al. found
that dust can be a cause of East Asian monsoon anomaly [8].

East Asia is one of the major dust source regions in the
world. There are two major sources, namely, the Taklamakan
desert in west China and the Gobi desert across south
Mongolia and north China. Dust storms are most active in
springtime [3, 4]. Severe dust storms not only exert significant
impacts on East Asia itself but also can reach as far as the
west coast of North America [9]. Several methods have been

used to understand the evolution and the impact of EastAsian
dust storm on atmospheric environment and climate. In situ
sampling (e.g., [4, 10]) and remote sensing by ground-based
lidar (e.g., [11]) and by satellite (e.g., [9]) are primarymethods
in understanding sources, optical properties, compositions,
and spatial distributions of dust storm. Since 2006, a new
instrument, the space-based two-wavelength, polarization-
sensitive backscatter lidar, the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP) on board the Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) satellite began to provide continuous global
measurements of aerosol vertical distribution with high
spatial resolution [12]. This instrument provides a top-down
view to investigate the vertical structure of aerosols includ-
ing dust. Based on CALIPSO measurements, some studies
have investigated vertical characteristics and spatial-temporal
variation of dust storms (e.g., [13, 14]). Numerical model
is another important scientific tool in understanding dust
related problems because it is able to represent and interpret
the complex processes and mechanisms of dust evolution. A
number of dust models have been established and applied
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to investigate dust’s generation, long-range transport, climate
effects, and perturbation to atmospheric chemistry in East
Asia (e.g., [5, 6, 15–17]).

In this paper, we studied the three-dimensional structure
and evolution of dust storm over East Asia in April 2009
by utilizing a regional air quality model system (RAQMS),
mainly focusing on the dust stormperiod during 23–26April.
In situ observations at the summit of the Mt. Tai (locating
in east China), satellite retrievals of aerosol optical depth
(AOD), and space-based lidar measurements are collected
and used to verify model simulations and investigate the
transport process of the dust storm. Spatial distributions
of dust aerosol and dust-induced AOD, as well as vertical
distribution of dust extinction coefficient during the dust
storm period, were further discussed.

2. Model Description

The regional air quality model system (RAQMS) is a
three-dimensional Eulerian model constructed on a terrain-
following spherical coordinate system. The model contains
a series of key processes related to atmospheric pollutants
including emission, advection, diffusion, multiphase chem-
istry, dry deposition, and wet scavenge [6, 17]. The SAPRC99
(Statewide Air Pollution Research Center) mechanism pro-
posed by Carter [18] was applied to account for gas phase
chemistry. The ISORROPIA II model had been embedded
into RAQMS to represent the thermodynamic equilibrium
processes among inorganic aerosols [19]. A bulk yield scheme
was used to deal with the formation of secondary organic
aerosol (SOA) [20]. Heterogeneous reactions between dust
aerosol and gases had also been considered [21]. Inorganic
and carbonaceous aerosols were assumed to fit the log-
normal distribution and settle in fine mode. Soil dust and
sea salt aerosols were represented by a sized-segregated
submodule including key processes for dust and sea salt such
as generation, dry deposition, and wet scavenging, in which
dust was divided into 10 size bins ranging from 0.43𝜇m to
42𝜇m and sea salt was divided into 8 size bins ranging from
0.43 𝜇m to 17.5 𝜇m [6]. Dry deposition of gaseous species
was parameterized based on the method of Walmsley and
Wesely [22] except gas phase sulfate whose dry deposition
velocities was calculated by the approach of Walcek et al.
[23]. Dry deposition velocities of aerosols were calculated
as the inverse of total resistances plus the gravitational
settling term [6].The subgrid cloudmixing, scavenging of gas
species, and aqueous chemistry were similar to those used in
the second-generation regional acid deposition model [24].
Below-cloud scavenging of aerosols between cloud base and
ground surface was parameterized based on an expression of
scavenging rate that is a function of precipitation rate and
collision efficiency of particle by hydrometeor [6]. Inorganic
aerosols were treated as internally mixed, whereas black
carbon, organic carbon, dust, and sea salt were treated as
externally mixed with inorganic components. The kappa
parameterization [25] was adopted to account for the hygro-
scopic growth of aerosol diameter. Aerosol optical properties
such as extinction, single scattering albedo, and asymmetry
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Figure 1: Model domain, location of Mt. Tai, and major landmarks.

factor were calculated by a Mie-theory-based method [26].
The RAQMS model had already been facilitated in a number
of studies concerning regional environmental problems in
East Asia such as tropospheric ozone, acid deposition, and
dust storm [6, 17, 27].

In this work the RAQMS was facilitated with a horizon-
tal resolution of 0.5∘ × 0.5∘. Twelve vertical layers stretch
unequally from ground to about 10 km (the intermediate
heights of each layer are about 50m, 150m, 300m, 500m,
750m, 1500m, 2500m, 3500m, 4500m, 6000m, 7500m,
and 8950m). The model domain covers most areas of East
Asia including most China, the Korean Peninsula, Japan,
Mongolia, and the West Pacific, ranging between 75∘E to
145∘E and 20∘N to 50∘N (Figure 1).

Monthly varied anthropogenic emission inventories for
CO (carbon monoxide), NOx (nitrogen oxides), SO

2
(sulfur

dioxide), BC (black carbon), POC (primary organic carbon),
NMVOCs (non-methane volatile organic compounds), and
primary particulate matters (emitted from industry, con-
struction, exposed surface, etc.) were obtained from MEIC
(Multi-resolution Emission Inventory for China) model pro-
vided by Tsinghua University (http://meicmodel.org) for
China and from US NASA’s (National Aeronautics and
Space Administration) INTEX-B (Intercontinental Chemical
Transport Experiment-Phase B) project [28] for the rest of the
domain.TheMEIC inventory was used to represent emission
condition in 2009, and the INTEX-B inventory was based
on the year 2006. Monthly biomass burning emissions were
obtained from the Global Fire Emission Database version 3.1
based on the year 2009 [29].

The nonhydrostatic, fifth-generation mesoscale model
(MM5) was applied to provide meteorological fields of
wind, temperature, humidity, and other parameters to drive
RAQMS. Four-dimensional data assimilation (FDDA) tech-
nique was used when running MM5 to enhance the sim-
ulation accuracy of key meteorological parameters. NCEP
(National Centers for Environmental Prediction) reanalysis
data with temporal resolution of 6 hours and spatial reso-
lution of 1∘ × 1∘ were used to provide initial and boundary
conditions of MM5.
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3. Observations

Daily PM
10
samples were collected in a 24-hour interval from

27 March to 26 April 2009 at the summit of a mountain
site (Mt. Tai, 36.27∘N, 117.10∘E, 1545m a.s.l., Figure 1) in east
China. On 24 April an intensive dust storm arrived in Mt.
Tai, during which PM

10
sampling time was changed into

3–6 hours. Information of this observation data such as
instruments and analytical methodwas documented in detail
in Wang et al. [10].

Daily AOD data at 550 nm from MODIS (Moderate-
Resolution Imaging Spectroradiometer) on boardAqua satel-
lite was collected. Two AOD products, namely, the Level-3
MODIS “Land and Ocean” AOD product and the Level-3
“Deep Blue Land only” AOD product, were used for model
validation during the dust storm period. The “Land and
Ocean” product can provide retrievals on areas out of the
dust source regions including ocean and east/south China,
but it cannot provide sufficient retrievals over desert areas.
The “Deep Blue Land only” product, however, can provide
retrievals over the entire continent including desert areas
theoretically, but this product does not provide any retrieval
over ocean. Using these two products at the same time can
obtain as much AOD information about this dust storm as
possible. Both products are in the resolution of 1∘ × 1∘. The
retrieval time of MODIS on board Aqua is around 13 : 30
(Local Standard Time). The MODIS instrument is also on
board another satellite Terra; however, during this dust storm
period, data quality of retrievals from MODIS-Terra was too
low to be used, so MODIS-Terra data were not used in this
work.

Vertical distributions of aerosol and cloud informa-
tion were measured by the space-based lidar CALIOP on
board the CALIPSO satellite [12]. The CALIOP Level 2
aerosol profile products (ver. 3.01) containing aerosol profile
extinction coefficient at 532 nm were obtained and used in
this study to verify modeled aerosol extinction coefficient
profiles. The horizontal resolution of the CALIOP Level 2
aerosol profile product is 5 km and the vertical resolution
is 60m. The lidar signal inversion is started from around
30 km down to the ground surface. Atmospheric Volume
Description (AVD) flag and Cloud-Aerosol Discrimination
(CAD) score that were contained in the Level 2 product
were used to screen out aerosol extinction coefficient profiles
containing cloud signals by themethod described in the user’s
guide webpage (http://www-calipso.larc.nasa.gov/resources/
calipso users guide/tools/index.php). CALIOP measure-
ments are available both at daytime and nighttime. Consider-
ing data quality, one profile was selected per day within the
model domain on days 23, 24, and 26 and two profiles were
used on day 25.

4. Model Validations

4.1. Comparison with Ground-Level PM
10

Observation at
Mt. Tai. Comparison between simulated and observed daily
concentrations of PM

10
and inorganic components at Mt. Tai

from 27 March to 26 April 2009 are presented in Figure 2.
Themodel reproduced themagnitude and temporal variation

of PM
10

concentration at this site and correctly captured
the arrival of the dust storm on 23 April, the peak on 24
April, and its passing after 25 April. The observation revealed
that the strength of this dust storm was so strong that daily
mean PM

10
concentration reached as high as ∼1400 𝜇g/m3

and the maximum concentration approached ∼1800 𝜇g/m3
(sampling interval of 3 hours).Themodel captured such char-
acteristics, predicting daily PM

10
to be ∼1600 𝜇g/m3. During

the observation period, mean PM
10

concentrations from
observation and simulation were 201𝜇g/m3 and 200𝜇g/m3,
respectively, with correlation coefficient of 0.92. For sulfate,
nitrate, and ammonium, the model generally reproduced the
temporal variations but tended to underpredict their daily
concentrations, which could be attributed to the relatively
coarse model resolution that cannot distinguish their emis-
sion gradients between urban and mountain areas. Besides,
the chemical mechanism of nitrate is too complex and cannot
be well treated in atmospheric chemistry models, which is
also a reason resulting in the relatively poor performance
for nitrate. For instance, heterogeneous reactions between
gaseous precursors (HNO

3
, N
2
O
5
, NO
2
, etc.) and atmo-

spheric aerosols (dust and other aerosol types) [21] and
the impact of HONO chemical mechanism [30] are not
well understood nowadays. It should be mentioned that
nitrate and nitrogen oxides are also often poorly predicted
in present chemical transport models [27, 31]. During the
sampling period, mean observed concentrations of sulfate,
nitrate, and ammonium were 16.7 𝜇g/m3, 20.1𝜇g/m3, and
12.0 𝜇g/m3, respectively, while those from model simulation
were 13.5 𝜇g/m3, 15.2𝜇g/m3, and 7.4𝜇g/m3. The comparison
with observation at Mt. Tai showed that a severe dust storm
hit east China during 23–26 April and demonstrated that
RAQMS reproduced the impact of this dust storm on east
China properly on both aspects of timing and strength. In the
following sections, model comparisons with remote sensing
measurements will be focused on the dust storm period.

4.2. ComparisonwithMODISRetrievedAOD. Figure 3 shows
dailyAODretrievals fromMODIS onboard theAqua satellite
andmodel results. Simulated AODwas sampled according to
corresponding MODIS retrievals. From Deep Blue MODIS
retrieval (Figure 3(c)), the dust storm occurred on 23 April
over the Gobi desert; as a result, AOD over the Gobi desert
was about 2.0–3.2. Meanwhile, large amount of dust was also
generated over the Taklamakan desert, resulting inmaximum
AOD of approaching 4.0. The model correctly reproduced
locations of high AOD centers over these deserts but with
some overprediction (Figure 3(d)). Dust aerosol was nearly
the only contributor to total AOD over dust source regions,
with percentage contribution of up to 98% over the two
deserts estimated by the model (shown in Figures 3(b) and
3(d) are fractional values).

The main body of the dust storm originated from the
Gobi desert moved southeastward to the North China Plain
on 24 April, exerting significant influences on this area. Both
MODIS retrievals (Figures 3(a) and 3(c)) and simulations
(Figures 3(b) and 3(d)) revealed the highAODcenter over the
North China Plain with the value in a range of 1.2 to around
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Figure 2: Comparisons between observed and simulated ground-level daily mean concentrations of PM
10
, sulfate (SO

4

2−), nitrate (NO
3

−),
and ammonium (NH

4

+) at Mt. Tai.

3.6; meanwhile, both retrievals and simulations showed that
AOD over the Taklamakan desert was in a range of 1.0–4.0.
The contribution of dust to total AOD still remained at a high
level.Themodel estimation of the percentage contribution of
dust was up to 90% over most areas of the North China Plain
and >90% over the Taklamakan desert.

The body of the dust storm moved further southward on
25 April but with weaker strength.MODIS retrieval indicated
that on 25 April, high AOD appeared over south China
(areas south of the middle and lower reaches of the Yangtze
River) with values of about 1.2–2.0 (Figure 3(a)). The model
reproduced the magnitude and the distribution pattern of
AOD over these areas (Figure 3(b)). However, the model
slightly underpredicted AOD over the Taklamakan desert
andparts of theNorthChinaPlain (Figures 3(c) and 3(d)).On

this day, the contribution of dust to totalAODbecame smaller
over east China, the estimated percentages ranged from 40%
to 60% over high AOD areas on south China. It should be
noticed that there was a branch of dust over northeast China
which was not depicted as clear as the main body of the
dust storm in satellite figures due to the relatively smaller
AODvalues and insufficient valid retrieval data there, and the
model reproduced this branch.

This dust storm almost finished on 26 April. Both
MODIS (Figure 3(a)) and RAQMS (Figure 3(b)) indicated
that high AOD mainly appeared over south China, with
values decreased to a range of 0.8–1.6, and dust accounted
for only about 40% of total AOD over large portions of these
areas. The model underpredicted AOD over the Taklamakan
desert on this day (Figures 3(c) and 3(d)).
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Figure 3: Continued.
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Figure 3: AOD fromMODIS and the model at 550 nm during 23 to 26 April 2009 (LST): (a) MODIS Aqua “Land and Ocean” AOD product;
(b) modeled AOD sampling according to (a); (c) MODIS Aqua “Deep Blue Land only” AOD product; (d) modeled AOD sampling according
to (c). CALIPSO orbit paths (red lines) and path times (at the bottom of each path, UTC time,MM-DDHH:MM:SS) are presented inMODIS
AOD figures ((a), (c)). Fractional contributions of dust to total AOD are indicated in modeled AOD figures ((b), (d), red contour lines with
light blue numbers).
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4.3. Comparison with CALIOP Products. The orbit of the
CALIPSO satellite that approximately crossed the body of the
dust storm was selected for each day (see Figures 3(a) and
3(c)) to depict the vertical evolution of the dust transport.
Figure 4 presents profiles of aerosol subtype information (left
column) and aerosol extinction coefficient at 532 nm from
CALIOPmeasurements (middle column) and simulated ver-
tical distributions of aerosol extinction coefficient at 550 nm
(right column). As this study mainly focuses on dust aerosol,
fractional contributions of dust to total aerosol extinction
estimated by the model were also displayed. The main body
of a dust plume was assumed to have the fractional value of
greater than 0.7 in this study.

On 23 April when the dust storm occurred in the Gobi
desert, the CALIPSO satellite flew across this dust source
region. Along this orbit (Figure 4(a)), a pure dust plume was
detected by CALIOP in the range of about 37∘N to 45∘N
and between altitudes of about 1 km to 8 km (left column
in Figure 4(a)). The corresponding distribution of measured
aerosol extinction coefficient (middle column in Figure 4(a))
showed the largest values (≥1.0 km−1) locating around 40∘N
and relatively large values (0.3–1.0 km−1) locating between
40∘N and 45∘N at lower altitudes (1–3 km), indicating most
dust aerosol distributed below about 3 km. Right column in
Figure 4(a) was the vertical distribution of simulated aerosol
extinction coefficients and fractional contributions of dust
to total aerosol extinction coefficient greater than 0.7. It is
found that the model reasonably reflected the span (37∘–
45∘N) and the elevation (from surface to about 7 km) of
the dust plume, reproducing the largest aerosol extinction
coefficient center at around 40∘N within 3 km, but the model
seemed to underestimate measurements. It should be noted
that the CALIOP retrieved aerosol extinction coefficients
≥1.0 km−1 (in red color in the middle column of Figure 4)
are of higher uncertainties that it can be used to reflect dust
plume qualitatively rather than quantitatively.

On the midnight of 24 April (UTC time, the afternoon
of 23 April), the CALIPSO satellite crossed the North China
Plain which was affected by the main body of the dust storm
(see Figure 3). Aerosols classified as pure dust by CALIOP
located between 35∘N and 40∘N and stretched from surface
to about 10 km (left column in Figure 4(b)).Measured aerosol
extinction coefficients ≥1.0 km−1 were found to stretch from
surface to about 3 kmwithin the latitude ban of 35∘–40∘N, but
the values decreased sharply to about 0.1 km−1 above 4 km,
indicating that most dust aerosols were restricted within
this altitude (middle column in Figure 4(b)). The model
reasonably simulated the location (35∘N to about 42∘N)
and the vertical extension (from surface to 8 km) of the
dust plume but overestimated the total aerosol extinction
coefficient above 4 km (right column in Figure 4(b)).

The presented CALIOP aerosol profiles on the midnight
of 25 April (Figure 4(c)) belong to an orbit path cross-
ing the tail-end of the dust storm (Figure 3). As detected
by CALIOP, dust aerosol located between 35∘N and 40∘N
and between 1 km and 10 km (left column in Figure 4(c)),
with high aerosol extinction coefficient center (about 0.4–
1.0 km−1) appearing at the altitude of around 3 km (middle

column in Figure 4(c)). The model simulated the location
and the vertical distribution of dust aerosol reasonably well
(right column in Figure 4(c)); however, although the model
simulated the largest contribution of dust to total aerosol
extinction coefficient at 2-3 km (fractional value of ≥0.9), it
underestimated the intensity of this high aerosol extinction
coefficient center revealed by CALIOP.

CALIOP retrievals and simulations along another orbit
path crossing the west Pacific Ocean at noon of 25 April
(see Figures 3(a) and 3(c)) are shown in Figure 4(d). The
main body of the dust storm was found at about 35∘–40∘N
around 2–4 km (left and middle columns in Figure 4(d)).
The model reasonably reproduced the main features of the
dust plume (right column in Figure 4(d)). Both CALIOP
measurement and simulation indicated that there was dust
plume transported out of the continent between latitudes of
about 35∘–40∘Nat altitude of 2–4 kmon 25April.The analysis
of MODIS and CALIOP retrievals revealed that the dust
storm transported in two directions; onewas a southeastward
pathway from the Gobi desert to south China; the other one
was an eastward pathway from source region to the west
Pacific Ocean.

The CALIPSO orbit path also passed over the tail-end
of the dust plume on 26 April (see Figures 3(a) and 3(c)).
The detected dust plume could be divided into two major
parts, namely, (1) 25∘–30∘N, below 3 km, and (2) 30∘–35∘N,
from surface to 10 km (left column in Figure 4(e)), with
aerosol extinction coefficients of about 0.3–1.0 km−1 and
about 0.1 km−1, respectively (middle column in Figure 4(e)).
The corresponding simulated aerosol extinction coefficient
was generally consistent with the measurement features of
the dust plume, but the model seemed to underestimate
the contribution of dust to aerosol extinction coefficient
for the 2nd part of the plume below 3 km (right column
in Figure 4(e)). The model also reproduced the dust plume
extending vertically from surface to about 8 km in between
35∘ and 45∘N(right column), whichwas classified as “polluted
dust” by CALIOP (left column).

The comparisons made in Section 4 demonstrated that
RAQMS was able to represent the temporal, horizontal, and
vertical evolution of the dust storm during 23 to 26 April,
2009, reasonably well. This supports the reliability of model
analysis of dust structure and its evolution process in the
following section.

5. Three-Dimensional Structure of the Dust
Storm and Its Evolution Process

Figure 5(a) presents the daily mean ground-level dust con-
centration and dust-induced AOD during the dust storm
period, and Figure 5(b) shows the daily mean vertical distri-
bution of dust concentration and dust extinction coefficient
for east China (zonal average from 105∘E to 125∘E). At
the outbreak of the dust storm (23 April), large amount
of dust aerosol was generated on the Gobi desert and the
Taklamakan desert, with the maximum daily surface con-
centration exceeding 8mg/m3 over the two source regions.
Dust aerosol resulted in maximum daily mean dust-induced
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Figure 4: Left column: vertical distributions of aerosol subtype from CALIOP measurements (0 = not applicable, 1 = clean marine, 2 = dust,
3 = polluted continental, 4 = clean continental, 5 = polluted dust, and 6 = smoke); middle column: vertical distributions of aerosol extinction
coefficient at 532 nm from CALIOP; right column: simulated aerosol extinction coefficient at 550 nm. Red contours overlaid on simulation
results are fractional contributions of dust to total aerosol extinction coefficient. Dates in figure titles are local standard time while orbit times
in figure titles are coordinated universal time.
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Figure 5: Dailymean (a) surface dust concentration (mg/m3) and dust-induced AOD (blue contours with numbers) and (b) sectional average
over 105∘–125∘E of dust concentration (mg/m3) and dust extinction coefficient (km−1, blue contours with numbers) for the dust storm period
(23–26 April) from model simulation.
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AOD of up to 2.0 over these two deserts. The vertical profile
of dust concentration for east China shows that there was
a dust concentration center at about 40∘-41∘N, with the
largest concentration (>1.4mg/m3) and extinction coefficient
(>0.3 km−1) situated below about 200m (the 2nd model
layer). The top of the dust storm exceeded 8 km (11th layer),
with high dust concentration (≥1.0mg/m3) and large dust
aerosol extinction coefficient (≥0.2 km−1) extending from
surface to near 7 km (10th layer) due to vertical mixing.

On 24 April, the main body of the dust storm transported
southeastward off the Gobi desert, resulting in daily mean
surface dust concentration of about 1.0–1.5mg/m3 and daily
mean dust AODof 1.2–1.8 overmost areas of theNorth China
Plain.Dust concentration and dustAODcould be in ranges of
1.0–1.5mg/m3 and 0.6–1.2 over the middle and lower reaches
of the Yellow River on this day. It should be noticed that
there was another large AOD center (1.2–1.8) with sharp
gradient locating over northeast China where there was very
low ground-level dust concentration; that is because a branch
of dust was transported eastward off the Gobi desert at higher
altitudes. High dust concentration of about 1.0–1.2mg/m3
stretched straight from near surface to about 2 km (6th-7th
layers) at around 36∘N. Above 2 km, the dust concentration
center shifted north to nearly 39∘N. High dust concentrations
mainly appeared at higher altitudes (such as 2–4 km) rather
than at the surface on this day, resulting in the largest dust
extinction coefficient of about 0.24 km−1 appearing at about
2.5 km (7th layer).

The main body of the dust storm transported to south
China on 25April, leading to ground-level dust concentration
of 0.5–1.5mg/m3 over south of middle and lower reaches
of the Yangtze River. At the meantime, the high center of
dust-induced AOD moved accordingly to south China but
the value decreased to about 0.4–0.8. The high AOD center
over northeast China remained there but themaximum value
decreased sharply from about 1.8 to 0.4. The top of the dust
storm (dust concentration ≥0.2mg/m3) lowered to about
4.5 km (9th layer) over east China.High dust concentration in
vertical direction decreased to 0.6–0.8mg/m3 between about
26∘–32∘N, with dust extinction coefficient also weakened to
about 0.12–0.16 km−1. Dust concentration as well as dust
extinction coefficient was higher at around 2.5 km (7th layer)
then at the surface in between 35∘ and 40∘N. The high
dust extinction coefficient center over northeast China was
found at about 6 km (10th layer), with the maximum value
of about 0.04 km−1. Vertical distribution patterns of dust
concentration and dust extinction coefficient for 24 and 25
April reveal that the transport pathway of the dust storm split
into two over east China: the low altitude pathway (below
2 km) was in a southeastward direction from the Gobi desert
to south China while the high altitude pathway (above 2 km)
was in an eastward direction from source region to the west
Pacific Ocean along 35∘–40∘N, consistent with comparisons
between satellite measurements and simulations in Sections
4.2 and 4.3. Wind directions varied at different altitudes were
the reason. On these two days, wind directions at altitudes
below 2 km over east China were dominated by north wind,
resulting in southward transport of dust aerosols; however,

at altitudes above 2 km, the westerly and northwesterly
controlled east China; as a result, dust aerosols were conveyed
from the Gobi desert to the west Pacific Ocean between 35∘
and 40∘N (figures of the wind field were not shown).

The dust storm moved further south on 26 April,
with lower ground-level concentration (0.5–1.0mg/m3) and
smaller coverage. As a result, dust-inducedAODdecreased to
about 0.2–0.4 over southChina.The top of the dust stormalso
further decreased to near 2.5 km (7th layer). The high dust
center located at around 25∘N, with daily concentration of
about 0.4–0.6mg/m3 and dust extinction coefficient of about
0.12–0.14 km−1. The dust storm episode was actually finished
on this day.

During this dust storm period (23–26 April, 2009), the
model estimated that a total of 2.24 × 104 Gg dust particles
were generated over the Gobi desert and the Taklamakan
desert. About 50% (1.12 × 104 Gg) of emitted dust particles
were redeposited onto the ground by dry deposition process.
The dry deposition amount of dust was about 5–15 g/m2 over
dust source regions and the amount decreased sharply to
less than 0.5 g/m2 over downwind areas such as south China
and the West Pacific Ocean. The removal of dust due to wet
scavenging process accounted for about 16% of generated
dust particles. Different from dry deposition, wet scavenge
mainly occurred over downwind areas such as north China,
the middle and lower reaches of the Yangtze River, and the
West Pacific Ocean. The amount of wet scavenged dust was
estimated to be in the range of about 0.5–10 g/m2 over these
downwind areas. The rest 34% emitted dust was subjected to
long-range transport.

6. Conclusion

The three-dimensional evolution of a dust storm occurring
over East Asia from 23 to 26 April 2009 was investigated by
using the regionalmodel RAQMS.Major focuses of this study
have been placed on model validation and analyses of dust
storm evolution. A variety of observational data including in
situ ground-level PM

10
and inorganic aerosol observations at

Mt. Tai, aerosol optical depth (AOD) retrievals fromMODIS,
and profile aerosol extinction coefficient and aerosol subtype
information from CALIOP were used to evaluate the model
performance and investigate the evolution of the dust storm.
Comparing with ground-level observations at Mt. Tai, the
model well reproduced the magnitude of the dust storm on
23–26 April, predicting maximum daily PM

10
concentration

of ∼1600 𝜇g/m3, close to the observed daily PM
10

concen-
tration peak of ∼1400 𝜇g/m3. During the whole observation
period (27 March–26 April), the mean PM

10
concentrations

at Mt. Tai for observation and simulation were 201𝜇g/m3 and
200𝜇g/m3, respectively, with correlation coefficient of 0.92.
The model also reasonably reproduced concentration levels
of inorganic aerosol components atMt. Tai. Comparisonwith
MODIS retrievals demonstrated that the model performed
well on reproducing the magnitude and the distribution pat-
tern of AOD during the dust storm period, and comparison
with CALIOPmeasurements showed that themodel was able
to reasonably simulate the vertical distribution of aerosol
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extinction coefficient. Model validation indicated that the
model was capable of reproducing the three-dimensional
structure and the evolution of the dust storm, capturingmajor
features of the dust storm reasonably well.

The dust storm was originated from the Gobi desert.
During the early days of the dust storm, the ground-level daily
dust concentration could be higher than 8mg/m3 over dust
source regions and 1.0–1.5mg/m3 over theNorthChina Plain,
resulting in dailymean dust-inducedAOD to be as high as 2.0
over desert areas and in a range of 1.2–1.8 over vast areas of
the North China Plain. As a result, dust-induced AOD could
account for 98% and up to 90% of total AOD over desert
areas and parts of north China, respectively, during the first
two days of the dust storm. The top of the dust storm could
reach as high as about 8 km at the beginning, with high dust
concentration (≥1.0mg/m3) and large dust aerosol extinction
coefficient (≥0.2 km−1) extending from surface to about 7 km.
Vertical distribution of dust concentration also showed that
the transport pathway of this dust storm was split into two,
dust aerosols at lower altitude (below 2 km) were transported
southeastward from the Gobi desert to south China while
aerosols at higher altitude (above 2 km) were transported
eastward out of China along 35∘–40∘N. During last days of
the dust storm, although the ground-level dust concentration,
dust-induced AOD, and the altitude of dust top over south
China were all decreased obviously, the contribution of dust
to total AOD was still approaching 40% over these areas,
implying the important implications of the dust storm on
radiative forcing in southern parts of China. During this dust
storm period (23–26 April, 2009), a total of 2.24 × 104 Gg dust
aerosols were estimated to be generated over East Asia, about
50% and 16% of them were removed by dry deposition and
wet scavenging processes, respectively, and 34% of themwere
subjected to long-range transport.
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This study covers various aspects of the aerosol distribution and characteristics, namely, optical depth climatology, absorption
characteristics, and their microphysical properties over four regions in Saudi Arabia using satellite and ground observations
including MODIS/Terra and Aqua, OMI, MISR/Terra, AERONET, and CALIPSO for the period April 2003–January 2013. The
study includes cities in the North Western, Western, Eastern provinces of Saudi Arabia and in the Rub al Khali desert or Empty
Quarter. Satellite and ground observations showed that the dust season extends from April to August with prominent peaks yet
with high anthropogenic contribution late summer and early fall. Analysis shows an increase in the aerosol concentration during
March 2009 which could be attributed to a major dust storm during that time. Comparing the AOD time series over regions 1–3
and region 4 (desert) we observe monthly and annual variability with no recurrence pattern over the years. The Aqua Deep Blue
AOD

550
data shows a single peak pattern that occurs over region 4 during the spring season known for its frequent dust events.

OMI data shed the light on the presence of higher air pollution levels over region 3, representing the oil rich eastern province of
Saudi Arabia.

1. Introduction

Aerosols’ impact on the regional climate and their ultimate
connections to the Earth’s global climate system and hence
forcing has been observed through their optical and micro-
physical properties [1–5].Thus, improving our understanding
of aerosol properties and characterization is imperative espe-
cially over mega and highly populated cities where aerosols
have major impacts on human health [6–9]. The kingdom
of Saudi Arabia is one of the major sources of aerosols in
the world, including natural and anthropogenic components
[10, 11]. Yet, it still lacks for better characterization of its
atmospheric aerosols properties with significant shortage of

in situ observations. Over the Middle East, dust sources
extend from the north of the Tigris-Euphrates basin to the
coast of Oman, yet dust activity is quite complex and widely
impacted by seasonal variability [12]. Temporal and spatial
characteristics of Saudi Arabian dust storms, with focus
on associated air parcel trajectories, have been investigated
using dust concentrations and geochemistry of aerosols,
station, and gridded weather observations and remotely
sensed aerosol observations [13–15].

Using PM
10
concentrations, recorded by the King Abdel

Aziz City for Science & Technology (KACST) monitoring
network during 2000–2003, nine local and four external
dust sources have been identified, in association with seven
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types of dust storms, triggered by seasonal distribution of
meteorological conditions, yet dominated byHaboob (∼42%)
and Shamal (∼37%). A thorough investigation of one of
the most intense dust storms experienced in Saudi Arabia
over the last two decades that struck Riyadh and lasted
several hours on March 10th, 2009 was conducted [16].
Significant changes of aerosol andmeteorological parameters
were observed with air pressure rapidly increasing by 4 hPa,
temperature decreasing by 6∘C, relative humidly increasing
from 10% to 30%, Aerosol Optical Depth (AOD) at 550 nm
increasing from 0.396 to 1.71, and Angstrom Exponent (AE)
rapidly decreasing from 0.192 to −0.078. On the other hand,
seasonality and aerosols’ concentration variability impacting
cloud properties and serving as condensation nuclei were
studied over the Arabian Sea using satellite and ground
observations [17, 18], and over other surrounding locations
in Northern Africa and Gulf region [19–29]. According to
[18] seasonal variations are clearly found in the shape and
magnitude of the volume size distribution of the coarse size
mode due to dust emission.

Amodel for PM
10
dust emission was constructed by [30],

using the concept of a threshold friction velocity which is
dependent on surface roughness that in turn was correlated
with geomorphology or soil properties. This was applied for
Kuwait, Iraq, Syria, Saudi Arabia, the United Arab Emirates,
and Oman. The model results agreed quantitatively with
measurements at four locations in Saudi Arabia and one in
Kuwait for onemajor dust event (>1000 𝜇g/m3). On the other
hand [31] incorporated a two-stream scattering scheme based
on the delta-Eddington approximation into the Florida State
University Limited Area Model for computing the shortwave
radiative fluxes due to dust aerosols over the Saudi Arabian
region and to study their impact on synoptic-scale systems
and the diurnal cycle over the region.The average diameter of
dust particles collected during a dust storm at various heights
near Riyadh was tested by [32]. It was found that most of the
particle size distributions can be described by a lognormal or
normal distribution depending on the storm condition and
height. The average diameter of sand/dust particles decreases
with the increase of height according to a power law.

In this paper, we present a detailed climatological analysis
of the optical and microphysical aerosol properties using
satellite observations over fourmain selected regions in Saudi
Arabia; criteria of selection follow, highlighted in Figure 1.
Furthermore, we discuss patterns of aerosol transport and
characteristics during the significant March 10, 2009 dust
storm as well as aerosol optical and physical characteristics
as an extension of the work performed by [16]. Data from
two AErosol RObotic NETwork (AERONET) ground based
stations, namely, the Solar Village (long: 46.397 lat. 24.907)
andMASDAR (long. 54.617 lat. 24.442) (indicated by 5 and 6,
resp., in Figure 1), are also used for validation purposes. The
two stations are yet not included in our four selected regions
of interest but are seen of great importance for comparison
between deserts and urban areas. Aerosols in general have
regional behavior and long-range transport may be a factor;
therefore, using the ground data is seen as a needed addition.

Region 1 represents the North Western (NW) cities of
Saudi Arabia, where temperature ranges from ∼46∘C during
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Figure 1:Map of Saudi Arabia including the four regions considered
in this study represented by the cities of Tabuk,Mecca, andDhahran
and Rub al Khali (Empty Quarter) Desert. AERONET Solar Village
and MASDAR locations are indicated by 5 and 6.

summer to ∼−6∘C during winter, with rain fall during the
winter months from November to March. The NW region
has small population of less than 600,000 and contains the
Tabuk industrial city on an area of 1.4 million square meter
and known for its petrochemical, plastic, aluminum, and steel
industries. Region 2 represents the Western Province (WP)
of Saudi Arabia that includes three major cities, namely, Jed-
dah, Mecca, and Madinah known for their high population
especially duringMuslims’ pilgrimage season (Hajj), which is
said to be the largest people gathering in the world with more
than 2million visits per year. Particulate pollution is a serious
problem in the city of Mecca and in the neighboring regions
due to particles emitted by traffic during the Hajj season
[33, 34]. Moreover, the city of Mecca is located in a valley in
approximately themiddle of the Sarawatmountain range that
produces large concentrations of airborne sand and anthro-
pogenic aerosols. The WP retains its very warm temperature
in winter ∼18∘C increasing to ∼40∘C during summer, with
sparse rain falls between November and January. Region 3
represents the East province (EP) of Saudi Arabia, containing
one of the largest industrial complexes in the Middle East
including steel mill, oil refinery, world’s largest desalination
plants, electric power, and petrochemical products such as
plastic and fertilizers. The climate of the EP is tropically
hot and relatively humid with temperature ranging from
∼46∘C during the summer to ∼13∘C during the winter [35].
Finally, region 4 is located at the southern Saudi Arabia and
represents the Rub al Khali Desert or Empty Quarter (EQ).
The EQ is a massive source of aerosols as it covers an area of
∼560,000 km2 with daily maximum temperature reaching as
high as 56∘C and receiving annual rainfall of less than 30mm.

2. Data Sets and Methods

In this work we utilized aerosol measurements from a
number of sensors to leverage the wide variety of aerosol
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parameters available from these sensors, which include the
Moderate Resolution Imaging Spectroradiometer (MODIS)
aboard the Terra and Aqua satellites and the Ozone Mon-
itoring Instrument (OMI) on the Aura satellite to investi-
gate the aerosol optical properties; the Multi-angle Imaging
SpectroRadiometer (MISR) instrument on Terra to exam-
ine microphysical properties of the aerosols including size
and shape; Cloud-Aerosol Lidar and Infrared Pathfinder
(CALIOP) sensor on CALIPSO satellite to identify different
aerosol types and vertical distribution. Ground-based mea-
surements used in this analysis include the multiyear aerosol
AERONETmeasurements [36] at two sites mentioned above.
The HYSPLIT (Hybrid Single-Particle Lagrangian Integrated
Trajectory) model version 4 was used to generate air mass
forward trajectories.TheHYSPLITmodel is the latest version
of an integrated system for computing air parcel trajectories,
dispersion, and deposition simulations [37]. The above-
mentioned data will be used to characterize the apparent
complex dynamics of the aerosols over the Kingdom that are
dominated by coarse mode dust aerosols from the desert,
modified and mixed with fine anthropogenic aerosol.

2.1. MODIS/Terra and MODIS/Aqua. MODIS/Terra and
MODIS/Aqua instruments provide a number of validated
aerosol products that include AOD at 10 km resolution over
water and over land [38, 39]. The AOD uncertainty is ±0.05
(±0.15∗AOD) over land and ±0.03 (±0.05∗AOD) over ocean.
Uncertainty in the monthly average fine fraction aerosol
optical depth is ±20% [38]. Over the desert region we use the
Deep Blue product rather than the standard AOD product
because the latter is retrieved using the dark-target approach
[40] at near-infrared wavelengths (2.1 and 3.8𝜇m) [41]. The
two blue channels (0.412 and 0.470mm) allow the Deep Blue
algorithm to bemore sensitive to aerosols over bright surfaces
for which surface reflectance is relatively small to infer
aerosol properties [42]. The MODIS Deep Blue algorithm
primarily uses the UV channels to provide aerosol retrievals
over deserts and other areas where the operational cannot.
The uncertainties of the Deep Blue product are reported to
be around 25–30% [43]. The recent release of a new 3-km
resolution aerosol product in theMODISCollection 6 dataset
[44] is highly advantageous for studying small regions such as
those highlighted in the present study.

2.2. MISR/Terra. MISR/Terra operational aerosol retrievals
performed at 17.6 km horizontal resolution include some
information about particle size, shape, and single-scattering
albedo, in addition to AOD which will be used in this
study [45–48]. A global comparison of coincident MISR
and AERONET sunphotometer data showed that overall,
about 70% to 75% of MISR AOD retrievals fall within 0.05
or 20%∗AOD, and about 50% to 55% are within 0.03 or
10%∗AOD, except at sites where dust or mixed dust and
smoke are commonly found [48, 49]. Here, we have analyzed
the Level 3 monthly aerosol product averaging select Level
1 and Level 2 parameters over daily, monthly, seasonal, and
annual time periods from January 2003 to August 2009 to
study aerosols shape and size.

2.3. CALIPSO. CALIPSO is a Franco-American mission that
supplies a unique dataset of atmospheric vertical profiles
measured by CALIOP on-board the satellite with a 30-m
vertical resolution. CALIPSOdata releases began inmid-June
2006 and include Level 1 radiances, a Level 2 vertical feature
mask, and cloud and aerosol layer products [50].

2.4. OMI/Aura. OMI/Aura provides the (UltraViolet Aerosol
Index) UVAI data [51–53]. The UVAI is a product of the
standard OMI aerosol retrieval, which indicates the UV
absorbing aerosols [53]. Absorbing aerosols such as car-
bonaceous aerosols, desert dust, and volcanic ash above the
boundary layer yield positive UVAI values (>1), whereas
nonabsorbing small particle aerosols yield small negative
values [53]. Absorbing aerosols in the boundary layer may
produce small UVAI values (<0.5) that make it difficult to
separate their signal from the background noise. Given the
large size (13 × 24 km at nadir) of the OMI pixels, subpixel
cloud contamination is a persistent problem resulting in the
overestimation of AOD and underestimation of the single-
scattering coalbedo [53].

2.5. AERONET. AERONET federation of Cimel sunpho-
tometers provide daytime AOD measurements every 15-min
on average covering the 340–1600 nm wavelength range with
typical AOD uncertainties of ±0.015 [36, 54, 55]. AERONET
AODs are derived fromdirect-beam solarmeasurements, and
some information about particle size and indices of refraction
are derived from sky-scans which will be used in this study
from the stations mentioned in Section 1.

3. Results and Discussion

3.1. Analysis of Aerosol Optical Depth (AOD). In this study,
the MODIS Terra and Aqua AOD data were acquired to
investigate the aerosols load, characteristics, extent, and tem-
poral variability over three Saudi Arabian subregions includ-
ing Tabuk (34.70∘E to 36.21∘E and 27.60∘N to 28.99∘N);Mecca
(38.42∘E to 40.82∘E and 20.50∘N to 22.28∘N), and Dhahran
(49.98∘E to 50.19∘E and 26.21∘N to 26.56∘N) (Figure 1). These
regions are selected to represent the NW, W, and E areas
of Saudi Arabia, respectively, for spatial representation of
aerosols behavior. Figures 2(a), 2(b), and 2(c) show the AOD
monthly mean at 550 nm over Tabuk, Mecca, and Dhahran
from April 2003 till January 2013. Figure 2(d) shows the
monthly Deep Blue at 550 nm over Rub al Khali (Empty
Quarter) Desert (52∘E to 52.4∘E and 19.6∘N to 20∘N) during
the same period. Due to the relatively small reflectance
over the Rub al Khali Desert, we used the Deep Blue
algorithm for its larger sensitivity to aerosols over bright
surfaces as discussed in Section 2.1. Comparing the AOD
monthly data over the four regions shows monthly and
annual variability with no recurrence pattern over the years.
A sudden increase in the aerosol concentration is observed
during 2009 over region 3 (EP) that can be attributed to
the major March 2009 dust event in Saudi Arabia as well as
to some industrial activities in that region [14]. This signif-
icant observed increase in the AOD concentration average
values over Dhahran (Figure 2(c)) during 2008-2009 yet has
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Table 1: Annual AOD means for Terra and Aqua over regions 1–3 and for Aqua Deep Blue over region 4 (desert).

Year
Annual mean of Terra AOD Annual mean of Aqua AOD Aqua Deep Blue AOD

Regions Regions Regions
1 2 3 1 2 3 4

2003 0.24 ± 0.02 0.47 ± 0.05 0.56 ± 0.11 0.21 ± 0.02 0.42 ± 0.04 0.47 ± 0.07 0.29 ± 0.04
2004 0.23 ± 0.02 0.35 ± 0.02 0.40 ± 0.04 0.20 ± 0.02 0.33 ± 0.02 0.38 ± 0.03 0.20 ± 0.02
2005 0.24 ± 0.02 0.40 ± 0.07 0.43 ± 0.04 0.22 ± 0.01 0.35 ± 0.03 0.37 ± 0.03 0.24 ± 0.03
2006 0.24 ± 0.01 0.36 ± 0.03 0.41 ± 0.03 0.22 ± 0.02 0.35 ± 0.03 0.40 ± 0.03 0.28 ± 0.04
2007 0.26 ± 0.03 0.38 ± 0.03 0.51 ± 0.06 0.20 ± 0.02 0.38 ± 0.02 0.44 ± 0.04 0.27 ± 0.03
2008 0.25 ± 0.02 0.41 ± 0.04 0.66 ± 0.10 0.20 ± 0.02 0.44 ± 0.05 0.63 ± 0.11 0.32 ± 0.06
2009 0.24 ± 0.02 0.38 ± 0.03 0.65 ± 0.10 0.19 ± 0.01 0.38 ± 0.03 0.71 ± 0.12 0.26 ± 0.04
2010 0.29 ± 0.02 0.39 ± 0.05 0.48 ± 0.05 0.27 ± 0.02 0.42 ± 0.06 0.48 ± 0.05 0.24 ± 0.03
2011 0.22 ± 0.01 0.40 ± 0.04 0.53 ± 0.07 0.20 ± 0.02 0.44 ± 0.06 0.50 ± 0.07 0.31 ± 0.05
2012 0.27 ± 0.04 0.40 ± 0.04 0.52 ± 0.07 0.24 ± 0.03 0.44 ± 0.05 0.50 ± 0.06 0.33 ± 0.05
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Figure 2: Time series plot of MODIS AOD at 550 nm using Terra and Aqua over (a) Tabuk, (b) Mecca, and (c) Dhahran and Aqua Deep Blue
data over (d) Rub al Khali (Empty Quarter) Desert.

a slight impact on Mecca (Figure 2(b)) as compared to Rub
Al Khali (Figure 2(d)) implying the local nature of this
event. On the other hand, the Aqua Deep Blue AOD

550

data over Rub al Khali Desert (Region 4) (Figure 2(d))
shows a single peak pattern annually taking place during
the spring season during which dust events are dominant.
Table 1 shows the average AOD with the standard errors over
regions 1–4. To examine the AOD background level over the
Kingdom, monthly means climatology over regions 3 and 4
using MODIS standard AOD and Deep Blue, respectively, at
550 nm is calculated and represented (Figures 3(a) and 3(b))
with standard vertical error bars of the monthly mean values.
ThemonthlyMODIS climatologicalmeans shows a cyclewith
minimumAOD during autumn and winter months and then
peaks during spring and summer months. The maximum
annual mean AOD

550
from Aqua and Terra is ∼0.82 ± 0.06,

∼0.72 ± 0.05, respectively, while the minimum annual mean
is ∼0.28 ± 0.06, ∼0.28 ± 0.05, respectively. It is clear that there
is still a relatively high AOD background observed over the
selected regions which can be associated with the industrial

pollution and petrochemical industry active in region, which
is typical of industrial cities in developing countries [7, 56,
57].

Such high backgroundAOD levels would have an indirect
impact on the local climate and precipitation levels. Hence,
the relation between the mean precipitation rate and AOD
levels is investigated and as a result, monthly climatology
of the mean precipitation rate over region 3 is additionally
plotted to (Figure 3(a)) during the period 2003–2013. Mini-
mum precipitation rates during the summer and maximum
during the winter are observed. During March-April and
September–November we find that the effect of precipitation
on aerosols concentration is not clear owing to the indirect
effects as compared with other studies over the Mediter-
ranean basin where precipitation rate was shown as one of
the strongest removal processes for atmospheric aerosols in
winter [58]. As presented in Figure 3(a) the precipitation rate
is very low ranging from 0.02 to 0.04mm/month; hence, pre-
cipitation might have a lower contribution to the wet deposi-
tion of aerosols. The possible cause for the lower AOD values



Advances in Meteorology 5

1

0.5

0

Terra
Aqua

AO
D

 at
5
5
0

nm
0.04

0.02

0 P.R
. (

m
m

/
m

on
th

)

J F M A M J J A S O N D
Month

(a) Region 3

1

0.5

0AO
D

 at
5
5
0

nm

J F M A M J J A S O N D
Month

(b) Region 4

Figure 3: Climatology MODIS monthly AOD means over (a) region 3 (EP) from Terra and Aqua (2003–2013), the right axis is for the
precipitation rate of the EP for the same period, (b) region 4 (Rub al Khali) with standard deviations.

5
4
3
2
1D

ai
ly

U
VA

I

2012

2013

J F M A M J J A S O N D
Month

(a)

2.5
2

1.5
1

0.5M
on

th
ly

U
VA

I

J F M A M J J A S O N D
Month

(b)

Figure 4: (a)Themonthly climatologymeans of UVAI over region 3 (EP) for 2012-2013 and (b) is Daily OMIUVAI for 2012-2013.The vertical
bars represent standard errors.

can be precipitation over the source regions or precipitation
during the aerosol travel from source to the observation
site. If this is not the case, the most probable cause is the
seasonal change of the wind stream pattern, which advects
the aerosols from the source regions to the observation site
as well as higher summer AODs due to accumulation of fine
aerosol particles in summer [58]. It is noteworthy that annual
dust and anthropogenic pollutants are the main emission
sources duringMarch-April and September–November peri-
ods.Despite the fact that the available precipitation data suffer
fromerrors, they still can be used for long time averaging [59].

Terra mean AOD results were higher than Aqua during
May–August; however the difference is not significantly high,
consistent with [38] where they showed that there is no
significant difference between Terra and Aqua results. The
monthly climatologymeans over Rub al Khali Desert (Region
4) displays a maximum AOD

550
value of 0.5035 ± 0.03 and a

minimum of 0.1469 ± 0.03 representing lower monthly AOD
as compared to that over region 3. This is attributed to the
industrial activities and local air pollution over region 3.

3.2. Absorbing Aerosol Characteristics, Vertical Structure,
and Subtypes. Absorbing aerosols, originating from arid
areas, have long-range transport capability, during which
they usually interact with urban/industrial pollutants and
other aerosols under variousmeteorological conditions. Such
transport results in a complex mixing scenario among dif-
ferent aerosols, affecting the climate system radiative balance
directly and indirectly [2, 60]. To detect and quantify these
aerosols, such as carbonaceous and mineral dust, the near-
UV aerosol sensing is adequate since they absorb ultraviolet
(UV) radiation.

The UVAI data used in this study are sensitive to dust
vertical distribution, wind-transport, and the dust size dis-
tributions, which is a reasonable approach for arid environ-
ments [61]. Figures 4(a) and 4(b) present the daily OMIUVAI
variations for 2012-2013 and monthly climatology means of
the two-year period over region 3 (EP).We observe perennial
positive values indicating the existence of absorbing aerosols
all year round [62]. The daily UVAI observations highlight
a monthly component during the 2-year period with a clear
spike during late spring and summer seasons which is evident
from the UVAI monthly climatology showing maxima of 2.1
± 0.13 in May (Figure 4(b)). The high UVAI values during
May are consistent with large AOD values observed from the
MODIS data (Figure 3(a)) as compared to those observed
over region 4. This leads us to believe in the presence
of higher air pollution levels over region 3, representing
the oil rich eastern province of Saudi Arabia. It is evident
that MODIS AOD and UVAI show a similar pattern in
aerosol variability (Figures 3 and 4) yet with sharper AOD
peaks during summer. This is owed to the UVAI sensitivity
to aerosol layer height [62], where the dust aerosols exist
in a wider range of altitudes than possible anthropogenic
aerosols, which are confined to the planetary boundary layer
(PBL) [26, 28], where UVAI tends to be insensitive to these
boundary layer aerosols [63]. This mixing scenario between
aerosols of natural and anthropogenic origin is observed
from the aerosols vertical backscatter and subtypes obtained
fromCALIPSOwhich is quite useful here for observing weak
aerosol layers and thin clouds by detecting optical depths
of 0.01 or less [64]. In Figure 5, the vertical profiles of the
atmosphere up to 20 km, represented by total attenuated
backscatter at 532 nm, are shown as CALIPSO overpasses the
Eastern part of inland Saudi Arabia on 11 March (Figure 5(a))
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Figure 5: CALIPSO (a) total attenuated backscatter at 532 nm of a dust storm event as measured by the night-time CALIPSO overpass over
the inland Saudi Arabia (at 2238 to 2251UTC 11 March 2008) and (b) aerosol subtype over the same area. The surface elevation is shown as a
thick black line. The inset map shows the path of CALIPSO overpass over the globe (black line) and the study region (red line).

during nighttime, while Figure 5(b) showed the most abun-
dant aerosol types over selected areas shown in Figure 5(a).
The profile clearly shows the vertical structure of a major
SDS over the study regions. On 11 March, high concentration
of aerosol reached high >5 km over the northern Eastern
region andup to 2-3 kmover the central and southern areas in
the Eastern inland Saudi Arabia, including surrounding Gulf
States. Areas in Eastern Africa are mostly covered by clouds,
which show extremely high backscatter (topped white) and

block backscatter from the atmosphere (Deep Blue) below
them.Mixed cloud layers are observed over region of interest
mainly dominated by dust and polluted dust starting at
very high altitudes reflecting the fine mode fraction particles
distribution which is mainly abundant over the northern
part. The major SDS was also identified in other parameters
obtained from CALIPSO, such as perpendicular attenuated
backscatter (532 nm), total attenuated backscatter at 1064 nm,
attenuated color ratio, and depolarization ratio (not shown).
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3.3. Microphysical Properties. AERONET ground-based
measurements of AOD data at 440 nm and 1020 nm are
analyzed for the available periods of April 2012–December
2012 for Solar Village and from June 2012 till May 2103 for
MASDAR to verify satellite data as discussed in Sections 1
and 2.5. As previously discussed we considered the Solar
Village location as an AOD representative over desert, while
the MASDAR one to represent the AOD over the EP of
Saudi Arabia. Moreover, the HYSPLIT backward trajectories
shown in Figures 6(a) and 6(b) emphasize the fact that
regions 3 and 4 are one of the possible sources of aerosols
received at the Solar Village and MASDAR, respectively. The
observations from both stations at 440 nm show maxima of
0.71 in July and a minimum of 0.27 in March over MASDAR
and a maxima of 0.08 in November and a minimum of 0.05
in August over Solar Village (Figure 7). The high July AOD
value (0.71) over MASADR showed a close agreement with
the July AOD value (0.76) retrieved from Aqua over the EP,
which confirms a general agreement between satellite and
MASDAR AOD observations. However, such agreement was
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Figure 8: AERONET AE observations using MASDAR from April
2012 toMay 2013 usingMASDAR station.The vertical bars represent
standard errors.

not established between the August AOD value (0.39) from
Aqua over region 4 as compared to the AOD low value (0.05)
recorded by the Solar Village station. This is expected owing
to aerosols deposition taking place as they move from Rub al
Khali to the Solar Village for a long distance (Figure 6(a)). It
is clear that the AOD values at 440 nm are higher than those
at 1020 nm since the longer wavelength is greatly affected by
water-vapor absorption and hence is used to derive the total
water-vapor column [24].

We use the AERONET AE (440/870) to identify the
aerosol origin being natural, anthropogenic, or mixed over
regions 3 and 4 of Saudi Arabia where small AE values
are associated with large dust particles (natural origin) as
compared to large AE values representing small size aerosols
(anthropogenic/mixed) (Figure 8). The results show small
AE values during spring (mostly desert dust) and larger AE
values are observed during July–Decembermainly associated
with smaller particles over MASDAR and Solar Village
reflecting a more mixed scenario over both locations. This is
attributed to the fact that pollutants as well as mixed aerosols
with dust are quite common over Arabia. This is further
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indicated by the legend bar.

observed from the OMI UVAI data over Saudi Arabia during
March 9, 2009 dust storm event where the high UVAI values
near region 3 indicate absorbing aerosolsmixed with possibly
desert dust, where the contribution of small particles from
industrial emissions is attributed to the land-breeze circu-
lations in this area [65] (Figure 9). Furthermore, particles’
dispersion at different altitudes was observed at 16:00UTC
on March 09, 2009 by examining 3-day back trajectories
originating from region 3. The trajectories computed by the
HYSPLIT model initiated at 50m above the ground level
show that dust originated from the North West of Saudi
Arabia and the east of Egypt where aerosols showed high
dominancy at ∼3000m (Figure 10). However, the middle
of the desert where Solar Village is located exhibits mixed
particles at 3000 (black) and 6000 (blue) m showing higher
deposition as aerosols approach the EP and agreeing with the
small AERONET AE values around the springtime favoring
dust presence (Figure 10).

MISR AOD, size, and shape fractions data was used to
characterize the types of aerosol based on their physical and

Table 2: MISR AOD monthly mean size fractions for the period
2003–2013.

MISR AOD average size fractions
Small Medium Large

January 0.0418 0.0418 0.1202
February 0.0418 0.0418 0.165
March 0.085 0.0983 0.2667
April 0.275 0.1583 0.3583
May 0.333 0.2733 0.385
June 0.3267 0.2233 0.33
July 0.3633 0.2033 0.3883
August 0.3367 0.075 0.3067
September 0.2233 0.05 0.18
October 0.1283 0.05 0.16
November 0.0633 0.05 0.0933
December 0.05 0.05 0.0783

optical properties to study aerosols microphysics. The MISR
AODat 558 nmdata categorizes particles into small,medium,
and large sizes as well as to spherical and nonspherical.
Figures 11(a) and 11(b) present the monthly size and shape
averages, from 2003 to 2013 over region 3 where the large
and small size particles’ fraction showed higher dominancy
than the medium ones (Figure 11(a)) with even more large
size particles abundance during spring season. Such particle
size occurrence agrees with the AE values with distinct dusty
versus anthropogenic episodes as compared to mixed ones.
It is also noticed that spherical particles are higher than
nonspherical and show a more stable value all year round
indicating high pollution levels. However, the nonspherical
particles are significantly higher during March–July than the
rest of the year (Figure 11(b)) which is consistent with the
dust storms season extending from March till late summer
[14]. The AOD of nonspherical particles reaches a maximum
in June with a value of ∼0.3517 ± 0.01, where the maximum
of the spherical fraction AOD occurs in July with a value of
∼0.4867 ± 0.01. The large AOD fractions are higher during
March-May with a significant contribution from the desert
dust, while during the rainy season, November–February, the
AOD of small, medium and large particles significantly drops
as expected.

During spring and summer seasons the MISR AOD
generally shows higher values for large and small size particles
as compared to the medium ones shown in Table 2. These
high values during these seasons disclose that most particles
are of large sizes with a radius larger than 1 𝜇m especially for
April andMay. However, the October distribution shows that
both small and large particles exists withmore domination of
large particles as can be revealed from the two peaks at ∼0.1
and ∼4 𝜇m (Figure 12).The above results related to AOD, AE,
and size distribution during spring and other seasons agrees
with the spring maximum local desert-dust activity as well as
mixed scenarios during other seasons [66].
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Figure 11: Climatology of AOD shape fraction and size over region 3 using MISR Level 3 at 558 nm (green band) (2003–2013): (a) size and
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4. Conclusions

Sand-dust storms (SDSs) over the gulf region affect human
life in various aspects including health and economy. They
can be associated with climate change and result in different
feedbackmechanisms as well as with air pollution.Therefore,
early detection and monitoring of SDSs is a matter of
the utmost importance for possible risk reduction caused
by these hazardous phenomena. Generally, satellite sensing
using various sensors equipped for different purposes, pro-
vides synthetic ways of monitoring SDSs most effectively. In
this study, multisensor approach is applied to severe SDS
cases, which originated in Arabia and from the surroundings,
to investigate characteristics of the case storm and to explore
the capability of such approaches for its detection and
monitoring. For this purpose, we employ several satellite
sensors, namely, MODIS, OMI, and the lidar instrument
and visible-infrared imagers on-board CALIPSO and data

from the AERONET ground stations. Information on aerosol
loading is provided by AOD retrieved from the Terra/Aqua
MODIS. For retrieving AOD over bright land surface, DB
algorithmwas adopted. For the dust storm event, information
on dust cloudswas obtained by the standardAODexcept over
the bright surface areas around Rub al Khali (EmptyQuarter)
Desert, which were covered by DB AOD. This indicates
that combined aerosol loading information available from
other algorithms (and sensors) provide more continuous and
complete detection of severe SDSs.

Overall the multisensor approach using satellite remote
sensing provides useful information on various properties
of the dust storm event, including location and magnitude
of aerosol loading, size mode of aerosols, the behavior of
long-lived absorbing aerosols, and the vertical structure.
This enables us to make more continuous and complete
detection of severe SDSs. In addition, our approach provides
information on anthropogenic aerosols and pollutants, not
just dust particles. Early detection of such aerosols and
pollutants is especially very useful and important for health
protection in the areas located downstream from the source
region.
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We investigate the temporal characteristics of major air pollutants collected from 44 air quality stations over the city of Seoul,
Korea, namely, nitrogen dioxide, carbon monoxide, particular matter at 10 microns, and sulfur dioxide (SO

2
) between 2000 and

2009. The corresponding satellite datasets, namely, aerosol optical depth (AODsat), Ångström exponent, and fine mode fraction,
collected from moderate resolution imaging spectroradiometer (MODIS) as well as the Aeronet ground aerosol optical depth
(AODaeronet), have been analyzed. Pollutants’ seasonal effect has been inferred from the precipitation and temperature. The four
pollutants under study show varying temporal characteristics with different annual mean concentration patterns. The monthly
mean of mentioned pollutants all show similar low concentrations during the summer season and high concentrations during the
winter season. We found that pollution is strongly linked to temperature and precipitation variability, especially during the fall
season. Satellite data analysis provides information on the pollutants origin whether of natural or anthropogenic type. Our results
indicate that the anthropogenic aerosol is dominant in the summer season even though the concentration was lower than the
other seasons. AODaeronet and Ångström exponent indicated high positive and negative correlation coefficients with PM

10
, 0.60,

and −0.45, respectively. Both small and large sizes of aerosols existed in 2007; however coarse size of aerosols was the primary
component in 2002.

1. Introduction

Over the last few decades we have witnessed a large increase
in the amounts and types of pollutants that emitted into the
atmosphere since the Industrial Revolution. Their direct and
indirect influences have been of concern due to their signifi-
cant harm to human health, crops, and vegetation on regional
and local (microzone) scales [1–4]. Although aerosols impact
the global climate via different physical processes, yet a
stronger impact on regional scales is particularly expected [5].

However, the physical characteristics, spatial distribution,
and dynamics of aerosols are not completely understood
[6–9]. Ground-based data enable the climatology of the
aerosol attributes to be observed [10, 11], which can be verified
by the application of satellite data [12, 13]. The origin of
aerosols’ effects and relationships withmeteorological factors
are essential elements in the study of mesoscale modeling,
as well as regional impacts [14]. They can be of either
natural origin such as dust storms, forest fires, and volcanoes
or anthropogenic one such as electricity generation, traffic,
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Figure 1: Base map of the study area, showing 44 air pollution monitoring stations.

wood fire heating, and industrial manufacturing processes
[15–24].

East Asia has been experiencing frequent extremely high
concentrations of sulfates, black carbon, nitrates, and organic
matters due to increasing fossil fuel burning, as reported
from the ACE-Asia campaign [25]. Previous work showed
that the anthropogenic aerosols over the Eastern Asia were
of much higher concentrations than those over Europe and
the Eastern US [26, 27]. Kim et al. [28] investigated diurnal
behavior and exceedance patterns of air quality criteria, ozone
(O
3
), and nitrogen dioxide (NO

2
) in Seoul and showed

that their behavior is strongly linked with geographical and
meteorological factors. Harmful pollutants were observed at
regional and temporal scales for particulate matter (PM

10
)

concentration over seven cities in Korea during the 2002 dust
event as compared to the 2001 one [18].

Of particular concern is urban aerosol pollution, which
has been the subject of many studies. Typical results of indus-
trialization and urbanization have indicated many problems
arising from urban aerosols [17, 29–33].

A great deal of research on aerosols has been carried
out for several specific air pollutants in terms of their
origin and relationship with meteorological parameters or
seasonality using either ground or satellite observations [16,
34–38]. Using satellite observation data is an efficient way to
determine and distinguish the optical properties of aerosols
as it provides more complete coverage over longer time scales
[32, 39–42]. Ground-based and satellite sensing of air pollu-
tants may show different, but complementary characteristics;
however, both are important in different situations, as well as
for cross validation of the pollution origin [8].

Chang and Lee [34] investigated the temporal variation of
air quality over Taipei city and found that primary pollutants
such as carbon monoxide (CO), NO

𝑥
, and sulfur dioxide

(SO
2
) showed low concentration from local source activities

when wind speed increases and the temperature drops.
However, dusty days in Kuwait contributed to an evident
decrease in temperature [43]. Choi et al. [44] found a possible

relationship between cloud formation and PM
10

on weekly
timescales when studying the interaction between PM

10
and

the meteorological parameters in the boundary layer over
China. Lee et al. [45] found that the annual mean SO

2

concentration in Seoul was higher than inHamilton, Canada,
and lower than in Chicago yet with the highest values during
the winter season in Seoul, which is consistent with the high
winter-time fuel usage.

The main purpose of the present work is to study
the sources and origin of aerosol loading, being natural
or anthropogenic, over Seoul, using ground and satellite
observations between 2000 and 2009. We also investigate the
relationships between pollutants, namely, NO

2
, CO, SO

2
, and

PM
10
, and meteorological parameters such as temperature,

precipitation, and wind speed to determine the influence of
meteorological conditions on pollutants concentrations.

2. Materials

2.1. Study Area. The study area is Seoul, the capital of South
Korea, and its basin area, located in 126∘62E, 37∘99N and
enclosed bymountains to the north and east (Figure 1). Seoul
is characterized by noticeable distinction between the four
seasons with warm weather in spring, hot and humid in
summer, cool in fall, and cold and dry in winter [46].

Seoul has been experiencing serious pollution problems
from local and external sources and in turns systemically
polluting surrounding cities. In addition, it is one of the
most densely populated cities in the world, with approxi-
mately 49% of Korea’s entire population and 46% of vehicles
holdings; however, it only occupies 12% of Korea’s land area
(605.25 km2). Most NO

𝑥
and CO are emitted from vehicles,

while SO
𝑥
and PM

10
are emitted frommanufacturing related

combustion [47, 48]. Moreover, dust storms from China [49]
also regularly cause an increase in the PM

10
concentration

and threaten people’s health with respiratory and cardiovas-
cular diseases [50].
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Table 1: The characteristics and source of data used in this study.

Parameter Time period Frequency Source
SO2 2000–2009 Hourly

National Institute of
Environmental Research (NIER)

NO2 2000–2009 Hourly
CO 2000–2009 Hourly
PM10 2000–2009 Hourly
Dust frequency 2000–2009 Monthly
Precipitation 2000–2007 Daily Automatic Weather System

(AWS)Temperature 2000–2007 Daily

Relative humidity (RH) 2000–2009 Monthly Korea Meteorological
Administration (KMA)

Wind speed 2000–2007 Daily
National Oceanic and
Atmospheric Administration
(NOAA)

Fine mode fraction (FMF) 2000–2009 Monthly The Moderate Resolution
Imaging Spectroradiometer
(MODIS) Retrieval/Terra

Aerosol optical depth
(AODsat)

2000–2009 Monthly

Ångström exponent 2000–2009 Monthly
Aerosol optical thickness
(AODaeronet)

2000–2007 Monthly Aerosol Robotic Network
(AERONET)

2.2. Data Sets. This work covers ten years period from 2000
to 2009 using ground and satellite observations to analyze
the existing patterns and origin of pollutants over Seoul in
relation to the prevailing meteorology [34]. Ground obser-
vation data, including SO

2
, NO
2
, PM
10
, and CO, were mea-

sured at 44-air pollution monitoring stations, managed by
the National Institute of Environmental Research (Figure 1).
Twenty-six stations of which are situated within the Seoul
metropolitan area while the other eighteen stations sur-
rounding Seoul were used for correcting edge effects of air
pollutants over Seoul. At these stations, the data for the four
air pollutants were continuously measured during the study
period (Table 1).

Temperature and precipitation have been provided from
46 Automatic Weather Systems (AWS) located in the same
boundary areas as air pollutants, by the KoreaMeteorological
Administration (KMA), between 2000 and 2007.Wind speed
data have been supplied from the US NOAA only for three
locations in west, south, and center during the same time
frame as temperature and precipitation. Humidity data were
available only at two locations, south fromNOAA and center
from AWS.

In this study, the satellite data used over Seoul covers
the area with following coordinates: top 37.701364, bottom
37.428478, left 126.7642, and right 127.1835.AODsat is obtained
at 550 nm from the Moderate Resolution Imaging Spectro-
radiometer (MODIS)/Terra and AODaeronet, at 440 nm, from
Aerosol Robotic Network (AERONET) (Table 1). A high
correlation coefficient of 0.84 is obtained between AODsat
data retrieved from MODIS/Terra satellite and AODaeronet
collected at Seoul National University’s AERONET site. The
Ångström exponent and fine mode fraction (FMF) are used
to distinguish aerosols’ origin either natural such as dust
events or anthropogenic [40]. The FMF is the fraction of

the AODsat contributed to by fine aerosols and distinguishes
how the aerosols were derived, that is, from dust or anthro-
pogenic origins, by determining the size of the aerosols
[51, 52].

3. Results

3.1. Air Pollutants and Meteorological Parameters. Meteoro-
logical parameters such as temperature, precipitation, and
wind speed play a pivotal role in air pollutants dynamics and
distribution in many different ways [53, 54]. Here, we have
carried out correlation analysis between the four pollutants
mentioned in Table 1 and the corresponding meteorological
parameters, namely, temperature and precipitation, over the
8-year period, from 2000 to 2007, taking seasonality into
consideration.

All pollutants showed a significant negative correlation
with temperature and precipitation before removing season-
ality than after removing it, yet with positive correlations
among pollutants (Table 2), a result that was partially found
by Park et al. [55]. To further investigate the pollutants
dependencies on the seasonal component, we have carried
another cross-correlation analysis between the aforemen-
tioned parameters during spring, summer, fall, and win-
ter seasons (Table 3). The negative correlation coefficient
between pollutants and precipitation during all seasons sug-
gests that removal process takes place and affects deposition
to a great extent. Yet, the fall season showed the least depen-
dency between pollutants and themeteorological parameters,
implying that the local meteorology does not affect pollution
concentrations during the fall season.This is owed to the fact
that during fall and winter the atmosphere is less stable as
compared to summer resulting in more pollutants dispersion
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Table 2: The correlation coefficients between temperature, precipi-
tation, and air pollutants: (a) with seasonal effects included and (b)
with seasonal effects removed.

(a)

Pre NO2 CO SO2 PM10

Temp. 0.59 −0.70 −0.72 −0.82 −0.43

Precip. −0.66 −0.46 −0.55 −0.43

NO2 0.61 0.72 0.69

CO 0.75 0.44

SO2 0.44

(b)

Pre NO2 CO SO2 PM10

Temp. −0.03 0.19 0.07 0.07 0.16

Precip. −0.16 −0.13 −0.26 −0.06

NO2 0.22 0.23 0.40

CO 0.39 0.39

SO2 0.06

[56]. On the other hand, summer showed a high correlation
between NO

2
and PM

10
as compared to other pollutants

during other seasons and this is owed to the high traffic
experienced during summer.

The previous analysis was performed by averaging all the
meteorological parameters and pollutant data over Seoul, yet
we wanted to further investigate the dependence on different
regions within Seoul. For that, we selected five sites at the
four cardinal directions: east (127.1E, 37.5N), west (126.8E,
37.5N), south (126.9E, 37.5N), and north (127.04E, 37.6N), and
at the center (126.9E, 37.6N). Each of these sites has different
geological characteristics and processes, for instance, east,
north, and south parts are surrounded by mountain and
west is close to the ocean. In addition, vehicles and human
activities vary; during the daytime the center is crowded as
many companies andmajor offices are located within, yet, the
other sites are mixed industrial and residential areas.

It is interesting that the annual mean values of CO and
SO
2
at the central location decrease gradually to a minimum

in 2003 and in 2002, respectively, where further investigation
is needed.

Each pollutant showed different abundances over 10-year
averaged concentration at each site. The CO concentration
showed notable differences between pollutants. The highest
CO concentration is shown at the center (0.89 ppm) then the
order of south, west, east, and north (0.65, 0.62, 0.62, and
0.56 ppm, resp.). It could be due to heating from residences
and vehicles, the main sources of CO emission. Generally
the center and south experience heavy traffic more than the
other sites and less residences and offices exist at the north.
The PM

10
concentration indicates the highest at the center

as CO; however the south site takes place for the lowest.
Unexpectedly the highest concentration of NO

2
and SO

2

occurred at the south site; it could be due to vehicles and
industrial activities.

We added wind speed at the center, west, and south
(no data for the east and north) sites. According to other

studies concentration of the four pollutants, pollutants react
sensitively with wind speed [57–59]. Moreover, wind plays an
important role of air pollution dispersion [60]. However, the
results show low correlation coefficient: only west site shows
notable negative correlationwithNO

2
(−0.45).Thewest site is

the only one place that is not surrounded bymountains, while
the other sites are crowed with skyscrapers. This indicates
that geological and specific megacity’s features are one of
important elements to determine pollutants concentration.

3.2. Annual Mean Analysis of the Four Air Pollutant Concen-
trations. Various pollutants are emitted from many different
sources in megacities including Seoul, where high tempera-
ture combustion processes, such as from power plants and
automobiles, are the main emission sources of NO

2
that

has been slightly decreasing over the last decade due to
the combined effects of various control efforts. However,
increasing trends were still observed in some locations with
high concentrations of CO [61], derived from vehicles and
forest fires as well as SO

2
emission from burning fossil fuel

and some industrial activities [48]. On the other hand, PM
10

emission is strongly connected to different types of natural
(dust storms) and anthropogenic sources [48].Therefore, the
PM
10
studies are associated with specific dust events [37, 62–

64]: high occurrences during spring (about 87% of the annual
frequency in Korea) (Figure 2).

The NO
2
annual mean in 2008 showed the highest peak

(0.0363 ppm) and in 2002 and 2005 showed the lowest. The
increasing population and number of cars are the reason for
the variations of annual mean because vehicles contribute to
more than 70% of NO

2
[48]. Figure 3 supports the variation

of annual mean where the highest number of vehicles and
population is experienced during 2008, low population and
stable vehicles number during the 2003–2005 period, and
lowest population but increasing vehicles in 2002.

The annual mean values showed that CO concentrations
decreased much more than the other pollutants over the
10-year period. The maximum value (1.0 ppm) is shown in
2000 and all months observed the highest concentration with
exception of March and April (the highest March and April
value was in 2001). The lowest annual mean is observed
during 2005 with 0.63 ppm. The CO monthly means showed
high concentrations during winter and low concentrations
during summer, is analogous to NO

2
. These two pollutants

show similar concentration tendencies in monthly mean,
which is consistent with previous study [61].

SO
2
showed two peaks in 2000 (0.007 ppm) and 2007

(0.0065 ppm) whereas the lowest value is observed in 2002
(0.005 ppm). The annual concentration decreased rapidly
from 2000 to 2002, which would suggest that the emission
control policies are established since 1995. Nevertheless, it
increased again after 2004.

In 2002, the highest PM
10

annual value (70.41 𝜇g/m3)
was recorded and thus could be attributed to dust events.
Dust was transported from China to Korea on the 21st of
March, with a concentration of 1,153 𝜇g/m3 (Figure 4) along
with the prevailing wind direction from the west with speed
5.6m/s. Kim [37] reported that dust events have significantly
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Table 3: The correlation coefficients between temperature and precipitation and air pollutants by season (with seasonal effects).

Spring Summer Fall
Pre NO2 CO SO2 PM10 Pre NO2 CO SO2 PM10 Pre NO2 CO SO2 PM10

Temp. 0.55 −0.16 −0.38 −0.51 −0.22 0.16 −0.74 0.0 −0.32 −0.56 0.54 −0.77 −0.64 −0.79 −0.70
Precip. −0.21 −0.47 −0.48 −0.16 −0.46 −0.14 −0.50 −0.43 −0.68 −0.46 −0.43 −0.53

NO2 0.45 0.38 0.33 0.35 0.48 0.80 0.58 0.78 0.80

CO 0.65 0.49 0.30 0.52 0.69 0.74

SO2 0.04 0.49 0.63
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Figure 2: Dust event frequencies over the 10 years period.
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Figure 3: The number of registered car and population between 2000 and 2009.

increased during the 3 years from2000 to 2002 and it has been
increasing continuously since the 1980. The second highest
peak was in 2007 with 62.74𝜇g/m3, is much lower value than
first peak even thoughdust eventsweremore frequent in 2007
than in 2002.

3.3. Monthly Mean Analysis of the Four Air Pollutant Con-
centrations. The monthly NO

2
trends showed the same

pattern as previous studies, that is, low concentrations during
summer and high concentrations during winter [39, 54].
Figure 6(a) indicates that the NO

2
in first (2000) and sixth

(2005) low peaks showed the lowest monthly mean values
during the summer. On the other hand, NO

2
in ninth peak

(2007) showed the highest monthly mean value. During the
summer, the rapid decreasing concentration of NO

2
is due

to atmospheric conditions such as amounts of humidity and
precipitation [65, 66]: according to Haberer et al. 2006 [65]
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Figure 4: MODIS Terra image for 21 March, 2002, dust storm.
Dust is lighter than the background in this true color MODIS-Terra
image.

study, the minimum concentration of NO
2
investigated in

July and NO
2
showed positive correlation with humidity.

However, Korea experiences Monsoon every summer (this
season takes most amount of annual precipitation); thus high
humidity and huge amount of precipitation exist.

The CO monthly mean concentration showed the first
peak during the winter of 2000 that was much higher than in
the other years (Figure 6(b)). This could be due to the main
sources of district heating and vehicular emission. According
to the Ministry of Environment reports, the emission from
vehicle takes a fist rank position and the consumption of
fuel is the second reason of the entire CO emission [48].
The number of registered car has been increasing since 2000;
however, the trend of oil consumption has been decreasing,
exactly same pattern as the CO annual mean, except for the
year 2000 (Figure 5). It indicates that CO concentration is
significantly dependent on human activities.

The monthly pattern of the SO
2
concentration mostly

showed the same behavior as that of CO and NO
2
, with the

highest concentrations during winter and the lowest during
the summer (Figure 6(c)). According to Lalas et al. [67], in
Greece, a low concentrationwas observed in late summer and
early fall because of rain combined with a deep mixed layer.
We mentioned above that the monsoon influences Korea
during the summer; thus precipitation could explain that the
low concentration was observed during summer and could
be related to amount of rain and it reacts with precipitation
dissimilar to other pollutants.

Figures 4 and 6(d) show that the 2002 dust storm was
recorded as an intense event much stronger than other dust
events in other years [68, 69]. The monthly mean of PM

10

during spring season always takes high values during a year;
during the winter it is of higher values than summer and fall
seasons. However, the lowest concentrations always occurred
during summer season due to the wash-out effect of summer
rainfall: the lowest values were recorded in August in 2008,
at 31.96 𝜇g/m3. Dust storms were definitely one of the main
sources of high PM

10
concentration [70, 71] during spring

season. Sabbah and Hasan [72] found that the increase in
wind speed is related to the increase of the concentration of
dust particles during spring over the Solar Village (Riyadh,

Saudi Arabia). Generally, during the spring the wind blows
strongly from west to east over Korea.

3.4. Analysis of Pollutant Sources. In Sections 3.2 and 3.3,
we show temporal characteristic of each pollutant with some
possible reasons for 10 years period in Seoul metropolitan
area. However, it has limitation of recognizing their origin;
therefore we used satellite data (AODsat, Ångström exponent,
and FMF) to distinguish their origins.

The satellite results indicate that AODsat increased from
March to May, as expected due to the dust storms during the
spring. All years during this time show AOD increasing with
both low andhigh Ångström exponent and FMF representing
a possible mixing scenario. DuringMarch 2002, a strong dust
storm occurred (Figure 4), where the Ångström exponent,
AODsat, and FMF values were 0.9, 0.45, and 0.1, respectively
(Figure 7).These values suggest that this dusty event contains
aerosols derived not only from natural sources but also from
anthropogenic ones.

Unlikely, all Ångström exponent values were higher than
1 with decreasing AODsat values, while the FMF showed
highest values (Figure 7) during the summer. For better
understanding of distribution and origin of air pollution, we
categorized the condition of atmospheric using AODsat and
Ångström exponent values as same as “clean” with AOD ≤
0.06, “dust” with AOD > 0.06 and Ångström exponent< 0.25,
and “pollution” with Ångström exponent > 1.0, and other
cases are classified as “mixed” [21]. The results show that the
conditions of atmospheric over Seoul only have the cases of
“mixed” and “pollution.” In addition, most of the pollution
occurs fromMay toOctober andmixed condition exists from
November to April.

3.5. Volume Size Distribution Variability. Here we investigate
the variation of the volume size distributions (VSD) as a
function of the particle geometric mean radius for Anmyeon
located 180 km from Seoul during the period 2000 to 2007
except for 2003 over west-ward direction as well as over Seoul
for 4 years from 2000 till 2003 (Figure 8). The VSD was
inverted from the AERONT observations at Anmyeon and
Seoul, it helps understand local aerosol properties and vari-
ation [73, 74]. Figure 8(b) displays the variation of the VSD
(𝑑𝑉/𝑑 ln𝑅) with a high magnitude of coarse mode peaking
during the years 2005, 2006, and 2007 as compared to the
previous years. The year 2002 has the highest concentration
of coarse particles at Anmyeon due to the dust storm of 21
March, 2002. It peaks at ∼3 𝜇m geometric mean radius with
partial contribution for the fine particles fraction.

We got a good correlation (𝑟 = 0.60) between the
monthly values of AODaeronet collected at Seoul National
University’s AERONET site and the corresponding PM10
values during 2002, when a major dust event occurred,
observed close to Seoul National University (Latitude: 37.45,
Longitude: 126.9), and a correlation coefficient of −0.45
between Angstrom exponent and PM10. Sabbah et al. 2012
[75] found a good inverse correlation (𝑟 = −0.62) between
the Ångström exponent and AODsat using Terra/MODIS
satellite collections.They interpreted that as evidence of high
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Figure 6: Monthly mean variations of (a) NO
2
, (b) CO, (c) SO

2
, and (d) PM

10
between 2000 and 2009.

dust concentration. It supports that the dust storm in 2002
was high dust concentration. The year 2004 over Anmyeon
exhibits the highest concentration of fine particles where
the VSD peaks at 0.1 𝜇m. Figure 8(d) illustrates the variation
of the volume size distributions over Seoul for dust storm
occurring on 21 March, 2002. We see a substantial increase
in the concentration of the coarse particles at 2.9 𝜇m that
dominates the aerosol loadings on March 21 as evident from
the major dust event over Seoul (Figure 4).

4. Discussion and Conclusions

In this study, major air pollutants over Seoul, including
NO
2
, CO, SO

2
, and PM

10
, were examined, revealing specific

tendencies and characteristics, which can be attributed to
natural and anthropogenic sources, as well as changing
meteorological factors. The significant relationships between
air pollution and temperature/precipitation exist due to

the seasonality particularly; the strongest impacts were
observed during the fall.

The annual mean results showed peak in different year
related to different anthropogenic sources. This is evident
from the increase in the cumulative number of registered
car per month, rapid increase in population, high coal con-
sumption, and the briquette yield.Thedust storms, during the
spring and winter, indicate mixed or pollution conditions. It
means that even though dust storm contains not only natural
aerosols but also aerosols from anthropogenic sources [15, 20,
76, 77]. Therefore, the reason for the peaks and minimum
values are due to both natural and anthropogenic sources
playing a role in the same year. The atmospheric condition
during the summer is clearly identified as pollution, although
all four pollutants show the lowest concentration. On the
other hand, during the fall (highly affected by seasonality),
it showed the mixed condition.

Satellite data analysis distinguished the pollutants origins
and VSD. It indicates that the year 2007 contains small
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Figure 7: Satellite data (AODsat, Ångström exponent, and FMF) with PM
10
(2000 to 2009).
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Figure 8: Variation of aerosol volume size distribution: (a) annual variation over Anmyeon for𝑁 = 63, 2000,𝑁 = 177, 2001,𝑁 = 42, 2002,
and𝑁 = 209, 2004, (b) over Anmyeon for𝑁 = 117, 2005,𝑁 = 174, 2006, and𝑁 = 189, 2007, (c) over Seoul from for𝑁 = 15, 2000,𝑁 = 8,
2001,𝑁 = 106, 2002, and𝑁 = 14, 2003, and (d) daily variation over Seoul before, during, and after the dust storm of 21 March 2002.𝑁 is the
number of days used.

size particle more than the other years: it implies that
anthropogenic aerosol was predominant. In addition, anthro-
pogenic aerosols increased in 2004 at Anmyeon rather than
2000, even though many policies have been established for
air pollution: the radius of anthropogenic aerosols was found
between 0.1 and 0.25 𝜇m [78, 79].The effective controls for air
pollution in megacities, such as Seoul, must consider natural
as well as anthropogenic sources when formulating laws to
restrict pollutant emissions. Therefore, policy decisions need
to bemore elaborated to result in better air quality over Seoul.
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[13] D. Tanré and M. Legrand, “On the satellite retrieval of Saharan
dust optical thickness over land: two different approaches,”
Journal of Geophysical Research: Atmospheres, vol. 96, no. 3, pp.
5221–5227, 1991.

[14] A. Vukovic, M. Vujadinovic, G. Pejanovic et al., “Numerical
simulation of ‘an American haboob’,” Atmospheric Chemistry
and Physics, vol. 14, no. 7, pp. 3211–3230, 2014.

[15] H. El-Askary, R. Farouk, C. Ichoku, andM. Kafatos, “Transport
of dust and anthropogenic aerosols across Alexandria, Egypt,”
Annales Geophysicae, vol. 27, no. 7, pp. 2869–2879, 2009.

[16] H. El-Askary and M. Kafatos, “Dust storm and black cloud
influence on aerosol optical properties over Cairo and the
Greater Delta region, Egypt,” International Journal of Remote
Sensing, vol. 29, no. 24, pp. 7199–7211, 2008.
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[79] D. Tanré, Y. J. Kaufman, B. N. Holben et al., “Climatology of
dust aerosol size distribution and optical properties derived
from remotely sensed data in the solar spectrum,” Journal of
Geophysical ResearchD: Atmospheres, vol. 106, no. 16, pp. 18205–
18217, 2001.



Research Article
Origin and Distribution of PAHs in Ambient Particulate
Samples at High Mountain Region in Southern China

Peng-hui Li,1 Yan Wang,2 Yu-hua Li,3 Hong-li Li,3 and Xianliang Yi4,5

1School of Environmental Science and Safety Engineering, Tianjin University of Technology, Tianjin 300384, China
2School of Environmental Science and Engineering, Shandong University, Jinan 250100, China
3Shandong Environmental Monitoring Center, Jinan 250101, China
4The Swire Institute of Marine Science, The University of Hong Kong, Pokfulam, Hong Kong
5State Key Laboratory of Environmental Criteria and Risk Assessment, Chinese Research Academy of Environmental Sciences,
Beijing 100012, China

Correspondence should be addressed to Peng-hui Li; lipenghui406@163.com and Yan Wang; wy@sdu.edu.cn

Received 6 June 2014; Revised 21 November 2014; Accepted 21 November 2014

Academic Editor: Hesham El-Askary

Copyright © 2015 Peng-hui Li et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

To understand the deposition and transport of PAHs in southern China, a measurement campaign was conducted at a high-
elevation site (the summit ofMount Heng, 1269mA.S.L.) fromApril 4 toMay 31, 2009, and a total of 39 total suspended particulate
samples were collected for measurement of PAH concentrations. The observed particulate-bound PAHs concentrations ranged
from 1.63 to 29.83 ng/m3, with a mean concentration of 6.03 ng/m3. BbF, FLA, and PYR were the predominant compounds. Good
correlations were found between individual PAHs and meteorological parameters such as atmospheric pressure, relative humidity,
and ambient temperature.The backward trajectory analysis suggested that particulate samples measured at theMount Heng region
were predominantly associated with the air masses from southern China, while the air masses transported over northern and
northwesternChina had relative higher PAHs concentrations. Based on the diagnostic ratios and factor analysis, vehicular emission,
coal combustion, industry emission, and unburned fossil fuels were suggested to be the PAHs sources atMount Heng site. However,
the reactivity and degradation of individual PAHs could influence the results of PAH source profiles, which deserves further
investigations in the future.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a group of
widespread environmental contaminants, originating from
both natural (e.g., forest fires and volcanoes) and anthro-
pogenic sources (e.g., incomplete combustion and pyrolysis
of fossil fuels or organic materials). Between the two sources,
human activities (i.e., anthropogenic sources) contribute the
most to PAHs emissions. This is particularly the case in
urban area or industrial areas, where the PAHs sources can
be entirely anthropogenic [1–4]. PAHs are persistent and
accumulative in environment, and they can cause carcino-
genic and mutagenic effects to living things. Thus, these
compounds have received more and more attention by envi-
ronmental scientists for the last several decades. The emis-
sion abatement of PAHs has been listed on the agenda of

international convention processes, such as the 1979 Geneva
Convention on Long-Range Transboundary Air Pollution.
Since 1990, reduction of PAHs emission has been reported
in U.S. and European countries. In contrast to those devel-
oped countries, the PAH emissions in China have been
continuously increasing due to the rapid industrialization
and economic development [5–7]. The total PAH emission
in China was estimated to be about 25,300 tons in the year
of 2003 and the major sources were suggested to be domestic
coal combustion, biofuel burning, and industry emission [5].

Once released into the atmosphere, PAHs can partition
between vapor and particle phases, which is dependent on
temperature and vapor pressure of the chemicals [8, 9]. PAHs
with high molecular weight (4–6 rings) tend to be associ-
ated with particle phase, while those with lower molecular
weight (2-3 rings) are often concentrated in the vapor phase
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Figure 1: Geographical location of Mount Heng (cited from [36]).

[10]. During the course of their transport, PAHs could be
removed from the atmosphere due to precipitation and/or
dry deposition.Through the grasshopper effect, PAHs can be
transported to very long ranges from their original sources
[11].

Although a considerable number of studies have been
conducted onmeasurements of PAHs in urban environment,
little work has been done in rural sites. Remote mountain
regions, particularly with altitude in the free troposphere,
are the unique environments for the study of atmospheric
pollution load over continental areas, and the study at remote
mountain regions can help to get full assessment of the role
of the atmosphere in the global distribution of PAHs [12, 13].
In this study, atmospheric particulate samples were collected
at the summit of Mt. Heng, which is in the transition region
between the free troposphere and boundary layer, and serve
as a regionally representative site for studying the long-range
transport of pollutants in Southern China. The objectives of
the present studywere (1) to gain a primary understanding on
the distribution of particulate-bound PAHs at Mt. Heng and
(2) to examine the possible sources and transport patterns of
PAHs in the region.

2. Materials and Methods

2.1. Site Description and Sample Collection. TheMount Heng
is located in Hunan Province, south China, and it is between
two major polluted industrial/urban areas—the Pearl River
and Yangtze River deltas. There are two big cities, Shanghai
and Guangzhou, situated 900 km to the east and 400 km to
the south of the Mount Heng, respectively. The sampling site
was located at a meteorological station (27∘18N, 112∘42E),
which was set up in the 1937 at the summit of Mount Heng
(1269m A.S.L.) (Figure 1).

The sampling period was carried out from April 4 to
May 31, 2009. Total suspended particulate (TSP) samples
were collected on glass fibre filters by a middle-volume air

sampler (KC-300, Qingdao Laoshan Electronic Instrument
Company) daily (22 hours, from 10 a.m. to 8 a.m.). The
sampler was operated at a flow rate of 225 L/min and a total
of 39 TSP samples were collected. Prior to sampling, all the
glass fibre filters were combusted at 450∘C in an oven for 6 h
to volatilize any organic contaminants. After sampling, the
glass fibre filters were wrapped in aluminum foils and frozen
at −20∘C, and PAHs analysis was then conducted within two
weeks after sampling.

2.2. Sample Preparation and Analysis. The glass fibre filters
were extracted by Accelerated Solvent Extractor (Dionex
ASE 300) with acetone/n-hexane (1 : 1, v/v) solvents, and the
elute was purified using silica gel columns and condensed
to exactly 1mL with rotary evaporation and nitrogen stream
technique. PAHs were then determined using gas chro-
matography coupled to mass spectrometry (Shimadzu 2010
plus). The details of the extraction and analysis procedure
were described elsewhere [1]. Fifteen individual PAHs were
detected in this study (Table 1).

2.3. Quality Control. Deuterated perylene-d12 was spiked
to all the samples to monitor procedural performance. The
mean recoveries based on surrogates in samples were 98.4 ±
6.4%.

Field and method blanks were analyzed using the same
procedure as particulate samples, and all the PAHs concen-
trations were corrected for blanks. The control calibration
standardsweremeasured regularly to ensure the performance
of instrument during sample analysis.

3. Results and Discussion

3.1. Concentrations of PAHs in Particulate Samples. Descrip-
tive statistics for all valid observations of PAHs concentra-
tions in particulate samples collected at Mount Heng are
summarized in Table 2. The concentrations of PAHs varied
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Table 1:The abbreviations for PAH compounds and their detection
limits.

PAHs Abbreviation Detection limit (ng)
Acenaphthylene ACY 4
Acenaphthene ACE 5
Fluorene FLU 5
Phenanthrene PHE 3
Anthracene ANT 4
Fluoranthene FLA 7
Pyrene PYR 4
Benz[a]anthracene BaA 2
Chrysene CHR 7
Benzo[b]fluoranthene BbF 3
Benzo[k]fluoranthene BkF 4
Benzo[a]pyrene BaP 4
Dibenz[a,h]anthracene DahA 6
Benzo[g,h,i]perylene BghiP 4
Indeno[1,2,3-cd]pyrene IcdP 5

from 1.63 to 29.83 ng/m3, with a mean concentration of
6.03 ng/m3. BbF was the predominant compound, with a
mean concentration of 0.86 ng/m3, contributing to 14.26% of
the total PAH concentration. FLA, PHE, and PYR comprised
the second tier of dominant compounds, with mean concen-
trations of 0.77, 0.74, and 0.60 ng/m3, respectively. Similar
distribution of individual PAHshas been reported in previous
studies in China. For the research done by our group at the
Mount Tai (the highest mountain at northern China, 1534m
A.S.L.), BbF, FLA, and PYR were the most abundant PAH
compounds in PM

2.5
samples, accounting for 23.55%, 14.21%,

and 10.39% of the total PAH concentration, respectively [1].
Wang et al. [14] also suggested that BbF was the predominant
compound of PAHs in PM

10
samples in Beijing. In 2012,

China Environmental Protection Agency has published the
latest ambient air quality standards, in which the BaP daily
and annual concentration limits were set at 2.5 ng/m3 and
1.0 ng/m3, respectively. The BaP concentration found in this
study met the standard. Together with BaP, several other
PAHs compounds, including BaA, BbF, BkF, IcdP, and DahA,
were suggested as potential carcinogenic compounds by the
International Agency for Research on Cancer (IARC). The
total concentration of these six compounds was 2.30 ng/m3,
accounting for 38.14% of the total PAHs.

The observed PAHs concentrations at the Mount Heng
are comparable with our previous studies done at the Mount
Tai (fine particles, 6.88 ng/m3; Table 3) [1]. When comparing
with other areas, the PAHs concentrations at Mount Heng
are much lower than the results reported in urban cities or
areas in China, including Beijing [14], Guangzhou [15], and
Northern Plain [16]. In contrast, the PAHs concentrations
at Mount Heng were higher than the observed concen-
trations at Waliguan (a global standard observation site,
3810m A.S.L., 2.08 ng/m3) [17], high mountain regions of
Europe (0.07–1.10 ng/m3, 2240–2413m) [18], Mt. Bachelor
Observatory (MBO, <6 ng/m3, 2763m) [19], Far East Asia

Table 2: Statistical description of PAH concentrations in particulate
samples at Mount Heng.

Species PAHs concentrations (ng/m3)
Range Mean SD

ACY Nd-0.11 0.02 0.03
ACE Nd-0.56 0.10 0.15
FLU Nd-0.85 0.22 0.23
PHE 0.17–2.83 0.74 0.71
ANT Nd-0.41 0.12 0.12
FLA 0.15–4.88 0.77 0.97
PYR 0.13–3.62 0.60 0.72
BaA 0.05–1.68 0.27 0.33
CHR Nd-3.80 0.52 0.80
BbF Nd-4.24 0.86 0.88
BkF 0.11–1.25 0.36 0.30
BaP 0.08–1.47 0.35 0.31
IcdP Nd-1.80 0.39 0.39
DahA Nd-0.53 0.07 0.11
BghiP 0.21–2.60 0.64 0.51
PAHs 1.63–29.83 6.03 5.87

(0.32 ng/m3), North Pacific Ocean (0.14 ng/m3), and the
Arctic area (0.48 ng/m3) [20].

3.2. Correlations of Particulate-Bound PAH Levels with Mete-
orological Parameters. The meteorological conditions are
important factors that can affect the deposition levels of
pollutants [21–23]. In the present study, meteorological
parameters including atmospheric pressure (press.), relative
humidity (RH), and ambient temperature (𝑇) were measured
during the sampling period. The correlation coefficients
between these meteorological parameters and particulate-
bound PAHs were analyzed (Table 4). Good correlation was
found between atmospheric pressure and several individual
PAHs including BkF, BaP, IcdP, and BghiP, suggesting that
high atmospheric pressure enhanced the bound of these
compounds to the particulate phase. In the study of Tian
et al. [21], significant negative correlation was observed
between particulate-bound PAHs and ambient temperature,
suggesting the temperature dependence for PAHs. Some
other studies also highlighted the important role of tempera-
ture in PAHs partitioning between gas and particulate phase
[24, 25]. However, in this present study, only five individual
PAH compounds including ACY, ACE, BkF, IcdP, and BghiP
presented significant negative correlation with temperature.
In addition, ACE and FLU had good positive relationships
with RH, indicating their RH dependence.

3.3. Transport Pattern and Sources of Particulate-Bound
PAHs. In previous studies, atmospheric samples always have
higher deposition concentrations when they came from
the more polluted area [2, 10]. Back trajectory analysis
was conducted in this study to characterize the particulate
deposition character influenced by different source regions.
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Table 3: Comparison of particulate-bound PAH levels between Mount Heng and other studies.

Sampling site Sample type Altitude (m A.S.L.) ∑PAHs PAHs concentrations (ng/m3) Reference
Mount Heng, China TSP 1269m ∑15 6.03 This research
Mount Tai, China PM2.5 1534m ∑15 6.88 [1]
Waliguan, China TSP 3810m ∑14 2.08 [17]
High Mountain Regions, Europe TSP 2240m–2413m ∑20 0.07–1.10 [18]
MBO, US TSP 2763m ∑14 <4 [19]
Far East Asia TSP NA ∑15 0.32 [20]
North Pacific Ocean TSP NA ∑15 0.14 [20]
Arctic TSP NA ∑15 0.48 [20]
Beijing, China PM10 NA ∑15 44.9 [14]
Northern Plain, China TSP NA ∑16 346 [16]
Guangzhou, China TSP NA ∑16 19.5 [15]

Table 4: The correlation coefficients between particulate bound-
PAH concentrations and meteorological parameters.

Press. (Pa) 𝑇 (∘C) RH (%)
PAHs 0.627 −0.639 0.226
ACY 0.551 −0.764∗ 0.665
ACE −0.025 −0.234 0.940∗∗

FLU −0.078 −0.166 0.938∗∗

PHE 0.389 −0.554 0.700
ANT 0.472 −0.641 0.621
FLA 0.541 −0.571 0.119
PYR 0.555 −0.564 0.076
BaA 0.572 −0.537 0.050
CHR 0.531 −0.475 0.015
BbF 0.688 −0.644 0.174
BkF 0.733∗ −0.718∗ 0.233
BaP 0.722∗ −0.706 0.221
IcdP 0.767∗ −0.783∗ 0.336
DahA 0.626 −0.656 0.363
BghiP 0.751∗ −0.784∗ 0.310
Significance level: ∗𝑃 < 0.05, ∗∗𝑃 < 0.01.

Forty-eight-hour backward trajectories were calculated using
the HYSPLIT (hybrid single-particle Lagrangian integrated
trajectory) model at a height of 1269m A.S.L.

Based on the analysis, four major trajectory categories
were classified for the samples: N/NW, continental air masses
from northern and northwestern China, the most polluted
region of China; EA, air masses from eastern China, where
Shanghai and its surrounding cities located here; S, airmasses
from the Southern China, transported through the Pearl
River Delta region; and L, samples with looped and short
trajectories that stayed within a radius of 500 km of sampling
site (Figure 2).

Among the four classified trajectory categories, S hap-
pened most frequently, accounting for 42.9% of the total,
followed by N/NW (37.1%), EA (14.3%), and L (5.7%). As
presented in Figure 3, the order of PAHs concentrations
among the trajectory categories was N/NW, L, EA, and S.
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Figure 4: Diagnostic PAH ratios for TSP samples collected at Mount Heng.

The air masses of N/NW group originated from the northern
and northwestern China, where most industrial activities of
China are located and burning of coal and biomass was the
dominant energy source. So, particulate samples of this group
had the highest PAHs concentrations, reaching 10.71 ng/m3.
Unexpectedly, the group of L had higher PAHs concentra-
tions than EA and S groups, and the average concentration
reached 6.01 ng/m3. PHE was the predominant compound of
L group, contributing over 20% of the total concentration.
As presented in the study of Lin et al. [26], PHE is a major
component of emissions from incense burning. There are
several temples located in the Mount Heng region, and
most of them are crowded with visitors. Therefore, incense
burning inside or outside the temples is suggested to be an
important local PAHs emission source. It should be noted
that the relative fewer sample numbers of L group could cause
uncertainties to some degree. Air mass from eastern and
southern China, the two most developed areas in China, had
lower PAHs concentrations, which are 4.23 and 4.29 ng/m3,
respectively.

3.4. Diagnostic Ratios of PAH. As suggested in prior studies,
the concentrations and ratios of some tracer PAHs could
be used to identify the contribution of different sources.
Four common diagnostic ratios including FLA/(PYR + FLA),
IcdP/(BghiP + IcdP), ANT/(PHE + ANT), and BaA/(BaA +
CHR) were used to analyze the PAHs in particulate samples,
and the results are presented in Figure 4.

According to the study of Yunker et al. [27], the ratio
of FLA/(PYR + FLA) lower than 0.4 implies the unburned
petrogenic sources and the ratio higher than 0.5 signals
the coal and wood combustion, and a ratio between 0.4
and 0.5 indicates the liquid fossil fuel combustion sources.
In this study, the ratio was 0.56 for particulate sample,
indicating wood and coal combustion was the main source.

For IcdP/(BghiP + IcdP), the ratio lower than 0.2 suggests
unburned petrogenic sources, the ratio between 0.2 and 0.4
indicates liquid fossil fuel combustion sources, and the ratio
higher than 0.5 signals the contribution of coal or wood
combustion [6]. The ratio value was 0.38 for the sample,
indicating comprehensive contributions from coal and liquid
fossil fuel combustion sources. For another common used
indicator ANT/(PHE + ANT), a ratio lower than 0.1 signals
the liquid fossil fuel sources and a ratio higher than 0.1
indicates the combustion sources. As presented in Figure 4,
the ratios were all above 0.1 for particulate samples, indicating
the combustion source contributions. In previous study, the
ratio of BaA/(BaA +CHR) higher than 0.35 indicates the coal
or other biomass combustion sources, while the ratio lower
than 0.2 signals the liquid fossil fuel sources [28]. In this study,
the ratio was 0.29 for particulate sample, indicating the coal
and liquid fossil fuel combustion contribution.

Based on the results of diagnostic ratios analysis, coal
combustion and emissions from liquid fossil fuel con-
sumption were suggested to be the dominating sources of
particulate-bound PAHs at Mount Heng site. In our previous
studies conducted at Mount Tai, the highest mountain in
northern China, coal combustion and vehicular emissions
were the main sources of PAHs in atmospheric samples
as well [1, 2]. The results obtained from the high altitude
background sites could reflect an overall picture of PAH
possible sources in China. However, special caution should
be given when using diagnostic ratios. The ratio values
could be altered as PAHs can react with other atmospheric
compounds, such as hydroxyl radicals and/or ozone [29, 30].
In addition, degradation during the transport can modify
the concentrations and ratios of PAHs, which is another
limitation of using diagnostic ratios [31]. For example, BaA
and ANT have been proved to degrade more quickly than
their isomers-CHR and PHE, respectively [32, 33].
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Table 5: Factor analysis for particulate-bound PAHs.

PAHs Factor 1 Factor 2
ACY 0.735
ACE 0.977
FLU 0.962
PHE 0.790
ANT 0.846
FLA 0.857
PYR 0.882
BaA 0.940
CHR 0.922
BbF 0.954
BkF 0.709
BaP 0.810
IcdP 0.851
DahA 0.895
BghiP 0.833
% of variance 70.77 15.43

Sources Vehicular and coal
combustion emission

Unburned fossil fuels
and incense burning

3.5. Factor Analysis. As stated above, several constraints exist
when using diagnostic ratios to identify PAHs sources. Factor
analysis, which served as an exploratory tool, can be used to
quantify the major sources of PAHs. In this present study,
the total concentrations of 15 PAHs compounds detected in
particulate samples were subjected to factor analysis using
SPSS version 16 (SPSS Inc.). Factor analysis was conducted
with Varimax rotation, and factors with eigenvalue >1 were
considered.The results of rotated factors are listed in Table 5.

Two factors were separated, accounting for 86.2% of the
total variance in the data. Factor 1, which explained 70.77% of
the variance, presented high loading for individual PAHswith
higher molecular weight, including FLA, PYR, BaA, CHR,
BbF, BkF, BaP, IcdP, DahA, and BghiP. According to previous
studies, BbF, BkF, IcdP, and BghiP are the major components
of vehicular emission, and the presence of FLA, PYR, BaA,
and CHR could point to coal and wood combustion sources
[1, 34, 35]. Thus, factor 1 could represent sources from
vehicular and coal combustion emission. Factor 2, which
explained 15.43% of the variance, is highly loaded on ACY,
ACE, FLU, PHE, and ANT. ACY and ACE could signal
the contribution of unburned fossil fuels. PHE and ANT
have been identified in industry emission in previous studies
[1, 6]. PHE is also a major component of emissions from
incense burning [26], while Flu could originate fromdifferent
sources.

Based on the results of factor analysis, vehicular emission,
coal combustion, industry emission, and unburned fossil
fuels were suggested to be the PAHs sources at Mount
Heng site. However, as mentioned earlier, the reactivity and
degradation of individual PAHs could influence the results
for profiles of PAH sources, and thus much work still needs
to be conducted in the future.

4. Conclusion

Particulate-bound PAHs concentrations were investigated at
high mountain region in Southern China from April to
May 2009. The PAH concentrations ranged from 1.63 to
29.83 ng/m3, with a mean concentration of 6.03 ng/m3. The
meteorological parameters including atmospheric pressure,
relative humidity, and ambient temperature had good cor-
relations with individual PAHs. The results obtained from
air mass back trajectories and PAHs concentrations high-
lighted the importance of air mass origin. The air masses of
N/NW group, transported over the most polluted region of
China, had relatively higher PAH concentrations. Both the
diagnostic ratio and factor analysis suggested that vehicular
emission, coal combustion, industry emission, and unburned
fossil fuels were the possible sources of PAHs at Mount Heng
site.
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E. Cuevas, “Semivolatile organochlorine compounds in the
free troposphere of the Northeastern Atlantic,” Environmental
Science and Technology, vol. 36, no. 6, pp. 1155–1161, 2002.

[14] W.Wang, S. L.M. Simonich,W.Wang et al., “Atmospheric poly-
cyclic aromatic hydrocarbon concentrations and gas/particle
partitioning at background, rural village and urban sites in the
North China Plain,” Atmospheric Research, vol. 99, no. 2, pp.
197–206, 2011.

[15] Y. Yang, P. Guo, Q. Zhang, D. Li, L. Zhao, and D. Mu, “Seasonal
variation, sources and gas/particle partitioning of polycyclic
aromatic hydrocarbons in Guangzhou, China,” Science of the
Total Environment, vol. 408, no. 12, pp. 2492–2500, 2010.

[16] S. Liu, S. Tao, W. Liu et al., “Atmospheric polycyclic aromatic
hydrocarbons in north China: a winter-time study,” Environ-
mental Science and Technology, vol. 41, no. 24, pp. 8256–8261,
2007.

[17] H.-R. Cheng, G. Zhang, X. Liu, J. Li, S.-H. Qi, and Y.-C. Zhao,
“Studies on polycyclic aromatic hydrocarbons in the atmo-
sphere ofWaliguan,Qinghai,”China Environmental Science, vol.
26, no. 6, pp. 646–649, 2006.

[18] P. Fernández, J. O. Grimalt, and R. M. Vilanova, “Atmospheric
gas-particle partitioning of polycyclic aromatic hydrocarbons
in high mountain regions of Europe,” Environmental Science &
Technology, vol. 36, no. 6, pp. 1162–1168, 2002.

[19] T. Primbs, A. Piekarz, G. Wilson et al., “Influence of Asian and
Western United States urban areas and fires on the atmospheric
transport of polycyclic aromatic hydrocarbons, polychlorinated
biphenyls, and fluorotelomer alcohols in the Western United
States,” Environmental Science and Technology, vol. 42, no. 17,
pp. 6385–6391, 2008.

[20] X. Ding, X. M. Wang, Z. Q. Xie et al., “Atmospheric polycyclic
aromatic hydrocarbons observed over the North Pacific Ocean
and the Arctic area: Spatial distribution and source identifica-
tion,” Atmospheric Environment, vol. 41, no. 10, pp. 2061–2072,
2007.

[21] F. Tian, J. Chen, X. Qiao et al., “Sources and seasonal variation
of atmospheric polycyclic aromatic hydrocarbons in Dalian,
China: factor analysis with non-negative constraints combined
with local source fingerprints,” Atmospheric Environment, vol.
43, no. 17, pp. 2747–2753, 2009.

[22] K. Ravindra, L. Bencs, E. Wauters et al., “Seasonal and site-
specific variation in vapour and aerosol phase PAHs over Flan-
ders (Belgium) and their relationwith anthropogenic activities,”
Atmospheric Environment, vol. 40, no. 4, pp. 771–785, 2006.

[23] A. Motelay-Massei, D. Ollivon, B. Garban, and M. Chevreuil,
“Polycyclic aromatic hydrocarbons in bulk deposition at a
suburban site: assessment by principal component analysis
of the influence of meteorological parameters,” Atmospheric
Environment, vol. 37, no. 22, pp. 3135–3146, 2003.

[24] M. Tsapakis and E. G. Stephanou, “Occurrence of gaseous
and particulate polycyclic aromatic hydrocarbons in the urban
atmosphere: study of sources and ambient temperature effect on
the gas/particle concentration and distribution,” Environmental
Pollution, vol. 133, no. 1, pp. 147–156, 2005.

[25] A. Li, J.-K. Jang, and P. A. Scheff, “Application of EPA CMB8.2
model for source apportionment of sediment PAHS in Lake
Calumet, Chicago,” Environmental Science and Technology, vol.
37, no. 13, pp. 2958–2965, 2003.

[26] T.-C. Lin, F.-H. Chang, J.-H. Hsieh, H.-R. Chao, and M.-R.
Chao, “Characteristics of polycyclic aromatic hydrocarbons and
total suspended particulate in indoor and outdoor atmosphere
of a Taiwanese temple,” Journal of Hazardous Materials, vol. 95,
no. 1-2, pp. 1–12, 2002.

[27] M. B. Yunker, R. W. Macdonald, R. Vingarzan, R. H. Mitchell,
D. Goyette, and S. Sylvestre, “PAHs in the Fraser River basin: a
critical appraisal of PAH ratios as indicators of PAH source and
composition,”Organic Geochemistry, vol. 33, no. 4, pp. 489–515,
2002.

[28] H. H. Soclo, P. Garrigues, and M. Ewald, “Origin of polycyclic
aromatic hydrocarbons (PAHs) in coastal marine sediments:
case studies in Cotonou (Benin) and Aquitaine (France) Areas,”
Marine Pollution Bulletin, vol. 40, no. 5, pp. 387–396, 2000.

[29] A. L. Robinson, R. Subramanian, N. M. Donahue, A. Bernardo-
Bricker, and W. F. Rogge, “Source apportionment of molecular
markers and organic aerosol—1. Polycyclic aromatic hydrocar-
bons and methodology for data visualization,” Environmental
Science and Technology, vol. 40, no. 24, pp. 7803–7810, 2006.

[30] A. L. Robinson, N. M. Donahue, andW. F. Rogge, “Photochem-
ical oxidation and changes inmolecular composition of organic
aerosol in the regional context,” Journal of Geophysical Research
D: Atmospheres, vol. 111, no. 3, Article ID D03302, 2006.

[31] M. Tsapakis and E. G. Stephanou, “Collection of gas and particle
semi-volatile organic compounds: use of an oxidant denuder
to minimize polycyclic aromatic hydrocarbons degradation
during high-volume air sampling,” Atmospheric Environment,
vol. 37, no. 35, pp. 4935–4944, 2003.

[32] R. M. Kamens, Z. Guo, J. N. Fulcher, and D. A. Bell, “Influence
of humidity, sunlight, and temperature on the daytime decay
of polyaromatic hydrocarbons on atmospheric soot particles,”
Environmental Science and Technology, vol. 22, no. 1, pp. 103–
108, 1988.

[33] J. J. Schauer, W. F. Rogge, L. M. Hildemann, M. A. Mazurek,
G. R. Cass, and B. R. T. Simoneit, “Source apportionment
of airborne particulate matter using organic compounds as
tracers,” Atmospheric Environment, vol. 30, no. 22, pp. 3837–
3855, 1996.



8 Advances in Meteorology

[34] H. Guo, S. C. Lee, K. F. Ho, X.M.Wang, and S. C. Zou, “Particle-
associated polycyclic aromatic hydrocarbons in urban air of
HongKong,”Atmospheric Environment, vol. 37, no. 38, pp. 5307–
5317, 2003.

[35] W.Zhang, S. Zhang, C.Wan,D. Yue, Y. Ye, andX.Wang, “Source
diagnostics of polycyclic aromatic hydrocarbons in urban road
runoff, dust, rain and canopy throughfall,” Environmental Pol-
lution, vol. 153, no. 3, pp. 594–601, 2008.

[36] J. Zhou, Y.Wang, T. X. Yue, Y.H. Li, K.-M.Wai, andW.X.Wang,
“Origin and distribution of trace elements in high-elevation
precipitation in Southern China,” Environmental Science and
Pollution Research, vol. 19, no. 8, pp. 3389–3399, 2012.



Research Article
Atmospheric Error Correction of the Laser Beam Ranging

J. Saydi,1 A. Lotfalian,2 M. Abedi,2 J. Khalilzadeh,1 and H. Saghafifar3

1 Physics Department, Imam Hosein University, P.O. Box 16575-347, Tehran, Iran
2Malek-Ashtar University of Technology, Isfahan, Iran
3 Center of Optics and Laser Researches, Malek-Ashtar University of Technology, Isfahan, Iran

Correspondence should be addressed to J. Khalilzadeh; jkhalil@ihu.ac.ir

Received 24 April 2014; Revised 28 July 2014; Accepted 12 August 2014; Published 7 September 2014

Academic Editor: Hesham El-Askary

Copyright © 2014 J. Saydi et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Atmospheric models based on surface measurements of pressure, temperature, and relative humidity have been used to increase
the laser ranging accuracy by ray tracing. Atmospheric refraction can cause significant errors in laser ranging systems.Through the
present research, the atmospheric effects on the laser beam were investigated by using the principles of laser ranging. Atmospheric
correction was calculated for 0.532, 1.3, and 10.6micron wavelengths through the weather conditions of Tehran, Isfahan, and
Bushehr in Iran since March 2012 to March 2013. Through the present research the atmospheric correction was computed for
meteorological data in base of monthly mean. Of course, the meteorological data were received from meteorological stations in
Tehran, Isfahan, and Bushehr. Atmospheric correction was calculated for 11, 100, and 200 kilometers laser beam propagations
under 30∘, 60∘, and 90∘ rising angles for each propagation. The results of the study showed that in the same months and beam
emission angles, the atmospheric correction was most accurate for 10.6micron wavelength. The laser ranging error was decreased
by increasing the laser emission angle.The atmospheric correctionwith twoMarini-Murray andMendes-Pavlismodels for 0.532 nm
was compared.

1. Introduction

Through the laser range finding systems, the distance was
calculated by computation of the round-trip time of emitted
beam and reflected from the target. From this point of view,
this class of systems had two basic parts: the pulse generator
and emitter including its optical system and attached equip-
ment and detector and received pulses analyzer including
receiving telescope and beam time of flight measuring unit
[1]. The laser range finder system at large distances was
developed andused in theUSAbetween 1961 and 1962 for first
time for satellites ranging specially. The applied satellite was
BE-B (BEACONEXPLORER-B).The first successful received
signal was achieved in 1965. The atmosphere through the
most recent models has been assumed to be symmetric and
spherical to simplify the calculations of range finding and
delay caused by atmosphere. In these models, horizontal
gradients in atmosphere index of reflection would be ignored
because it led to error less than a centimeter in angels less than
10 degrees [2]. Due to the atmosphere and turbulence, beam

refraction induced error through the laser range finding
systems. Atmospheric refraction index increased the mean
optical path.The group velocity error ranged from 2.5 meters
at zenith to almost 13 meters at elevation of 10 degrees.
Intense atmospheric turbulences caused a random error in
the optical path length which probably would be a few
centimeters at 10 degrees. Many models have been devel-
oped to correct laser range measurements because of mean
atmospheric index of refraction.The atmospheric measuring
data resulting from range finding sites were used through
the mentioned models and their accuracy received a few
centimeters at 20 degrees. In order to increase the accuracy
of these measurements, it was shown that the accuracy
was limited by the atmospheric propagation and turbulence
effects and also by the system hardware. For single-frequency
satellite laser ranging systems, Marini and Murray proposed
a model containing the precision requirements at that time.
Therefore, all known developments of the improved atmo-
spheric correction formulae have been based on the Marini-
Murray scheme [3–5]. Mendes and Pavlis developed a new
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Figure 1: Laser tracking system scheme.

modified model based on the Marini-Murray [6]. For gradi-
ents with horizontal refraction and also for refractions with
spherical symmetry, many accurate models could be used
to correct errors. Of course, the mentioned models required
many meteorological data. The models based on the surface
measurements depended on near earth surface topography
and other atmospheric effects. For its high accuracy, the
laser range finding was one of the best range measuring
methods [7, 8]. The mentioned technique was used to air
born platform ranging at short ranges and to space born
platform ranging at long ranges. Refractive index difference
between layers of atmosphere was one of the error factors
in the accurate range finding. The atmospheric correction
methodwas applied in order tominimize errors and compute
accurate distance between ground site and target. Through
the present method, to achieve a real value of the distance
between ground site and target, the error value has been
calculated and encountered in the final measurement due
to atmospheric effects (AC). Through the present work, the
atmospheric effects on laser propagation were investigated
based on the Marini-Murray model. Group refractive index
error was calculated by using theMendes and Pavlis modified
model for comparison. Due to atmosphere, the occurred
error on accurate measuring has been studied considering
weather conditions of laser emitter site. The atmospheric
correction for weather conditions in one year of Tehran,
Isfahan, and Bushehr was calculated. Weather conditions,
that is, mean pressure, mean temperature, mean precipita-
tion, and mean relative humidity were 664 (mmHg), 18∘C,
225mm, and 41%, for Tehran, 630 (mmHg), 16∘C, 160mm,
and 52% for Isfahan, and 760 (mmHg), 25∘C, 280mm, and
71% for Bushehr, respectively. The atmospheric correction
was calculated for laser beams at several wavelengths and for
11, 100, and 200 km propagation path lengths. Calculations
were done for three laser beam emission angles, that is, 30,
60, and 90 degrees. Because of this, the real meteorological
data of the above mentioned states was used.

2. Laser Range Finding Fundamentals

In laser range finding of distance between a ground site and
a target, a very short laser pulse is guided to a telescope for
sending to target. Sent pulses back-scatter from the target
surface to receiver telescope. This telescope is equipped to
a beam recording detector which determines pulse time of
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Figure 2: Curved and straight path of beam.

fight. Figure 1 shows a schematic diagram of this system.
The measured time multiplied by speed of light gives two
time of distance between laser emitter site and the target
[9, 10]. Because of large distance between ground site and
target, the pick power of pulse must be large enough to reach
reflecting surface and then back scatter to detector. One of
the important parameters in accurate measuring is the pulse
width of the sent pulse. Thus a very short pulse with width
of about a few tens picoseconds is selected. According to
𝜏 × 𝑐/2, 0.45 cm measuring accuracy will be achieved with
a 30 picosecond pulse width [1].

3. Atmospheric Correction Theory

The laser beamwhich is the same as the other electromagnetic
radiations was affected by its propagating medium. When
the light transmits from a medium to another one, its
speed was varied. Instead of the direct propagation of light
path, the mentioned speed variation caused refraction or
concaving of it. Rate of the concave merely was affected by
the concentration difference of two mediums and frequency
(or wavelength) of light. The earth atmosphere was not a
homogeneous medium. It also included gases and other fine
particles, making evaluating medium variation effect com-
plicated. This nonhomogeneity of medium caused refraction
of beam in propagation path. This path at long distances
became concave. Figure 2 shows the concaved path of beam
(𝑅
0
) and straight path (𝑅

𝑠
) that will travel in vacuum. The

traveled optical path by laser beam can be evaluated from the
following equation [11]:

𝑅
0
= ∫

𝑟
1

𝑟
0

𝑛
𝑔

sin 𝜃
𝑑𝑟, (1)

where, 𝑛
𝑔
is the group refractive index and 𝜃 is the angle

that could be evaluated by Snell’s law for a layered spherical
medium using (2):

𝑛𝑟 cos 𝜃 = 𝑛
0
𝑟
0
cos 𝜃
0
, (2)
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Figure 3: Wavelength dependence of AC in Isfahan weather
conditions.
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Figure 4: Wavelength dependence of AC in Tehran weather condi-
tions.

where, 𝑛
0
is refractive index and 𝜃

0
is the rising angle of beam

at measuring site according to Figure 2. Group refractive
index (𝑛

𝑔
) can be evaluated from the following equation [12]:

𝑛
𝑔
= 1 + 10

−6
𝑁
𝑔
, (3)

where, 𝑁
𝑔
is the group refractive parameter. Calculating

group refractive index, atmospheric correction (AC) can be
achieved from (4):

AC = 𝑅
0
− 𝑅
𝑠

= 10
−6
∫

𝑟
1

𝑟
0

𝑁
𝑔

sin 𝜃
𝑑𝑟 + [∫

𝑟
1

𝑟
0

𝑑𝑟

sin 𝜃
− 𝑅
𝑠
] .

(4)

First term in (4) is the group velocity error. Due to the
variation of laser, the mentioned error is pulse group velocity
which is because of atmospheric transmittance. Second term
is the difference between direct beam path (𝑅

𝑠
) and beam

traveled optical path (𝑅
0
) as indicated in Figure 2. Because of

the second term, the error value is about 3-4 cm for 10 degrees
rising angle. For grater angles, it is negligible compared to first
term error [11–13].

The group refractive parameter 𝑁
𝑔
can be evaluated by

Marini and Murray relation [14]:

𝑁
𝑔
= (
273.15

1013.25

𝑃

𝑇
𝑛
𝑔𝑠
) − 11.27 (

𝑒

𝑇
) , (5)
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Figure 5: Wavelength dependence of AC in Bushehr weather
conditions.
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where 𝑃 is the overall pressure in hectopascal, 𝑇 is the
temperature in Kelvin, 𝑒 is the partial water vapor pressure,
and 𝑛

𝑔𝑠
is the group refraction index at standard conditions;

that is, 𝑇 = 273.15 K and 1 atm. pressure. 𝑛
𝑔𝑠
can be evaluated
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using (6) in which 𝜆 is laser range finder wavelength in
micrometer [15]. Consider the following:

𝑛
𝑔𝑠
= 287.6155 +

4.8866

𝜆2
+
0.068

𝜆4
, (6)

𝑒 = 0.01exp𝛼, (7)

𝛼 = 1.2378847 × 10
−5
𝑇
2
− 1.9121316 × 10

−2
𝑇

+ 33.93711047 − 6.34316453 × 10
3
𝑇
−1
.

(8)

4. Results and Discussion

AC value of Tehran, Isfahan, and Bushehr states was com-
puted by using (1)–(8) and real meteorological monthly
average data, that is, temperature, pressure, and relative
humidity, during one year. AC value for the laser beams was
calculated at 0.532, 1.3, and 10.6 microns and for 11, 100, and
200 km propagation path lengths. Calculations were done
for three laser beam emission angles, that is, 30, 60, and 90
degrees. Results are presented in Figures 3, 4, 5, 6, 7, 8, 9,
10, 11, 12, 13, and 14. One can see from (4) and results show
that the AC value obviously depends on the laser wavelength,
emission angle, and propagation path length. As it can be seen
through Figures 3–14, the atmospheric correction for 10.6𝜇m
at same emission angles and same propagation path length
was the least one with respect to the other wavelengths. This
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Figure 12: AC versus wavelength for 200 km altitude and laser beam
emission angle of 30 degrees.

means that the 10.6 𝜇m needs less atmospheric correction. In
the same manner 1.3 𝜇m needs less atmospheric correction
with respect to 0.532 𝜇mwavelength. Figures 3–5 and Figures
9–14 are atmospheric corrections versus wavelength curves.
These curves are plotted for 11, 100, and 200 km propagation
path lengths under three laser beam emission angles of 30,
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60, and 90 degrees, respectively. These curves were figured
for three numbered states (Tehran, Isfahan, and Bushehr) by
utilizing metrological organization data.

According to (4) and (2), the AC value depends on the
rising angle 𝜃

0
, too.This dependency can be seen qualitatively

in Figures 6–8. Results show that for a given propagation path
length, increasing the rising angle decreases the atmospheric
correction (see Figures 6–14). Atmospheric effect on laser
beams is also investigated. Figures 6–8, depict atmospheric
correction versus rising angle 𝜃

0
diagrams for 0.532, 1.3, and

10.6 𝜇m wavelengths at 11 km propagation path length for
three states. The group refraction parameter versus wave-
length in Isfahan, Tehran, and Bushehr states weather condi-
tions were calculated and are depicted in Figure 15. Mendes
and Pavlis modified model has been used for AC correction
of 0.532 𝜇m range finding and its results were compared
with results of Marini–Murray model, which is depicted in
Table 1. AC values in Table 1 show a distinguishable difference
between two models and better results for Mendes and Pavlis
model.

5. Conclusion

Through the present paper, the laser range finding system
was investigated. Also errors due to the laser plus width
and atmospheric effects at metrological conditions of laser
beam emitter site were studied. Atmospheric correction for
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Figure 15: Group refraction parameter versus wavelength in Isfa-
han, Tehran, and Bushehr states weather conditions.

Table 1: AC comparison for two different applied models at 532 nm
wavelength and 0∘ zenith angle.

City Used model Atmospheric path (km) AC (m)

Tehran

Mendes-Pavlis
11 2.2166
100 2.3242
200 2.3932

Marini-Murray
11 2.5942
100 23.5834
200 47.1667

Esfahan

Mendes-Pavlis
11 2.1756
100 2.2323
200 2.2985

Marini-Murray
11 2.4898
100 22.6349
200 45.2698

Bushehr

Mendes-Pavlis
11 2.6355
100 2.7031
200 2.7832

Marini-Murray
11 2.7562
100 25.0566
200 50.1131

monthly average metrological data of Tehran, Isfahan, and
Bushehr stateswere calculated during a year.The atmospheric
correction was calculated for 0.532, 1.3, and 10.6𝜇m laser
wavelengths and 11, 100, and 200 kmpropagation path lengths
under three emission angles. The atmospheric correction
values at same emission angles and propagation path lengths
were increased from 10.6 𝜇m to 0.532 𝜇m; therefore, it was
concluded that the atmosphere is approximately a window
for first wavelength. For given states, the differences between
AC values showed that it depended on the atmospheric
conditions, that is, temperature and pressure of measuring
site. According to the accessed results, the minimum group
refraction parameter was for Isfahan and maximum for
Bushehr. It was concluded that the weather conditions of
Bushehr, that is, high pressure, high temperature, and high
humidity, corresponded to the high group parameter and
consequently high group refractive index. This high group
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refractive index needs more atmospheric correction for the
laser beams.Theoverall conclusion is that the variousweather
conditions cause error in the laser range finding and must be
calculated and compensated.
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Asia dust generated in northern China exerts significant influences on regional air quality, weather, and climate. In this study, a dust
identification algorithm over arid and semiarid regions of Asia was proposed based on the thermal observations of atmospheric
infrared sounder (AIRS). Firstly, a combination of the line-by-line (LBL) and discrete ordinates radiative transfer (DISORT) model
was utilized to investigate the thermal infrared signatures of dust and cloud in 800–1250 cm−1 region. Secondly, six channels in the
thermal infrared region were selected from AIRS to monitor dust from space, and a further sensitivity analysis for dust and cloud
under different conditions was also performed. Then, the description of the detailed identification method was provided based on
distinct thermal infrared signature of dust. At last, several dust events that observed in northern China between the period of 2008
and 2012 were analyzed, and the usefulness ofmonitoring the outbreaks of Asian dust was emphasized through the comparisonwith
moderate resolution imaging spectroradiometer (MODIS) visible observations and cloud aerosol lidar with orthogonal polarization
(CALIOP) data in this study.

1. Introduction

In spring, the arid and semiarid regions of northernChina are
dry and often windy [1], providing the favorable conditions
for the development of dust activities [2, 3] andmakingChina
the most important dust source regions in Eastern Asia [4–
6]. The elevated mineral dust which is mainly distributed in
the troposphere [7–10] can affect climate on various spatial
and temporal scales [11] through a series of complex direct
and indirect radiative forcing [12–15]. Recently, owing to the
climate change and excessive landuse, dust events occurmore
frequently around the world [16, 17].Therefore, it is necessary
to monitor its distribution and study how it changes.

Since the advent of satellite technology, monitoring dust
from space has become one of the most important focuses
among the many atmospheric scientific issues [18]. In last
decade, much progress has been made in the remote sensing
of dust using various VIR (visible and near-infrared) and
TIR (thermal infrared) techniques [19–27]. Recently, the
potential possibility of utilizing the microwave and Lidar
measurements tomonitor dust from space was also discussed

by many researchers [28–30]. Among the many techniques,
it has been proved that the infrared hyperspectral resolution
remote sensing has the distinct advantage in monitoring dust
over arid and semiarid surfaces and even in the nighttime
[31–37]. Sokolik [31] carried out the research on the infrared
hyperspectral radiative signature of wind-blown mineral
dust, concluding that dust has a significant influence on the
retrieval accuracy of surface and atmospheric parameters.
Hong et al. [32] made a deep investigation on the infrared
signature of overlapping cirrus clouds and mineral dust,
which founds that the the thermal infrared spectral features
in the 1100–1200 cm−1 and 1400–1850 cm−1 regions can be
used to retrieval the optical thicknesses of the dust and cirrus
cloud, respectively. Pierangelo et al. [26, 33, 34] proposed
an algorithm to retrieve the optical depth, effective radius,
and height of dust over the Atlantic Ocean from AIRS data
based on the fast line-by-line Automatized Atmospheric
Absorption Atlas (4A) model. DeSouza-Machado et al. [35,
36] using AIRS observations developed fast optical depth and
height retrievalmethods through the analysis of infrared dust
spectral signatures over ocean, and the results show good
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correlation with MODIS products. Based on the RTTOV
1DVAR algorithm, Yao et al. [37] retrieved the Asia dust
top height and infrared optical depth over land from AIRS
observations, and the optical depths retrieved from AIRS
correlate favorably with the visible optical depths from OMI.

Although remote sensing dust using hyperspectral
infrared measurement has made considerable progress in the
last decade, more efforts still need to do both in the forward
simulation and retrieval method, especially at nighttime and
even when the condition of dust and cloud are cooccurrence
in the same atmospheric column. As the accurate dust detec-
tion result is critically important for the properties retrieval,
this study focuses on the dust identification over arid and
semiarid regions using thermal infrared hyperspectral
sounding data from AIRS. The paper is organized as follows:
a description of used satellite remote sensing dataset is given
in Section 2; Section 3 makes a comprehensive analysis on
the thermal infrared signatures of dust and cloud, and the
detailed dust identification algorithm is also given in this
section; detection results and comparison with MODIS and
CALIOP observations are performed in Section 4; summary
and conclusions are given in the closing section.

2. Satellite Remote Sensing Data

2.1. AIRS. TheAIRS instrument [38] on board EarthObserv-
ing System (EOS) Aqua platform in the A-Train constel-
lation which launched on May 4, 2002, is the first new
generation of high spectral resolution of infrared sounder.
It has 2378 infrared channels which can measure the earth
outgoing radiation in 3.7–15.4𝜇m region (3.75–4.58, 6.2–
8.2, and 8.8–15.4𝜇m) with a spectral resolution of 𝜆/Δ𝜆 =
1200 and spatial resolution of 13.5 km (nadir field of view).
The primarily task of AIRS is to obtain the highly accurate
temperature profiles within the atmosphere plus a variety of
additional Earth/atmosphere products (surface temperature,
water vapor, and cloud properties) [39–41] to conduct the
further research on climate changes and weather forecasting.
Additionally, AIRS can also measure the information of
dust properties by taking advantage of the high spectral
resolution longwave dust-sensitive radiance measurements
as described above. In this study, the daily level 1B datasets
which are downloaded from Goddard Earth Sciences Data
and Information Services Center (GES DISC) are used to
monitor and analyse the dust of Asia.

2.2. MODIS. The MODIS sensor shares the Aqua satellite
with AIRS (there are no temporal artefacts on the observed
scene between the two instruments) which has 36 channels
with wavelengths from 0.41 to 14.385 𝜇m and nadir spatial
resolutions of 0.25 km, 0.5 km, and 1 km [42]. It is considered
as a key instrument to improve our understanding of global
dynamics and processes occurring on the land, in the oceans,
and in the lower atmosphere. Its level 2 aerosol products [43]
use three different algorithms (Ocean, Dark Target, andDeep
Blue) to monitor the ambient aerosol optical thickness over
the oceans globally and over the continents. The Deep Blue
algorithm [20] was developed to get the aerosol optical depth

over bright land areas. Generally speaking, high values of the
deep blue optical depth over the arid and semiarid regions
are usually related to more dust loading in the atmosphere,
vice versa. Here, the level 1B RGB composition images (R:
channel 1, G: channel 4, and B: channel 3) and level 2
deep blue aerosol optical depth product (MYD04) which are
downloaded from International Cancer Alliance for Research
and Education (ICARE) is used to evaluate and analyse the
results of proposed dust identification algorithm.

2.3. CALIOP. The Cloud Aerosol Lidar with Orthogonal
Polarization (CALIOP) instrument on board the CALIPSO
platform which can provide the unique measurements of the
global vertical distributions of clouds and aerosols both at day
and night [36]. It is a two-wavelength Lidar that transmits and
receives backscattered light at laser wavelengths of 532 nm
and 1064 nm. The vertical resolutions are 30m from the
surface to 8 km altitude and 60m above the 8 km altitude.The
minimum horizontal resolution of a single profile is 330m,
and a typical horizontal averaging interval is 5 km for aerosol
and dust. CALIOP is a nadir only sensor which follows a
similar ground track to AIRS (offset by 170 km from AIRS
nadir). It is also amember of the A-Train constellation, which
means that measurements from AIRS and CALIOP can be
easily compared to each other. In this paper, the L1 532 nm
backscatter data and L2 aerosol subtype products from the
CALIPSO Search and Subsetting web application are used to
evaluate the dust identification results during nighttime.

3. Physical Basis and Method

3.1. Physical Basis. Generally, almost all dust events, espe-
cially the dust storms, are related to cold front and cyclone
activities [1]; consequently, dust and cloudmore often coexist
in the same scene. In order to differentiate dust from other
targets, the thermal infrared signatures of dust and cloud are
investigated. To acquire the spectral brightness temperatures
at the top of atmosphere, the discrete ordinates radiative
transfer (DISORT) model in conjunction with a line by
line (LBL) model is used to simulate the thermal infrared
signatures of dust and cloud in the 800–1250 cm−1 regionwith
a spectral resolution of 0.1 cm−1.

Considering that the optical properties of dust are mainly
depending on the mineralogical composition and particle
radius (the nonspherical effect is small over IR spectral range
[44]), accurate refractive indices and size distribution are
required for the simulation. Han et al. [45] founded that the
Volz dust-like refractive indices [46] can well represent the
optical properties of Asia dust.Therefore, the bulk extinction
coefficient, single scattering albedo, and phase function of
Asia dust are calculated with Lorentz-Mie scattering based
on the dust-like refractive indices and OPAC typical accu-
mulated dust size distribution [47]. For the description of
cloud, the water and ice cloud is investigated. The optical
properties of water cloud are calculated through Lorentz-
Mie scattering with an effective radius of 10 𝜇m [48], and the
optical properties of ice cloud are derived from Baum et al.
[49, 50] with an effective radius of 30 𝜇m.
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Many researches have proved that dust is generally
located around the 1–5 km in altitude [22, 26, 34, 37],
and sometimes it can be transported to the 8–10 km [51]
levels of atmosphere when the conditions permit. In present
simulation, the spectral brightness temperatures of dust for
a 3 km height in conjunction with an optical thickness of 1.0
(at infrared wavelength of 10𝜇m, 1000 cm−1 in wavenumber)
are simulated. In addition, the thermal infrared signatures
of typical water and ice cloud [48] are also studied for the
purpose of comparing and analyzing the spectrum difference
between dust and cloud. The water cloud layer with an
optical depth of 15.0 in an altitude of 1 km height was
assumed, and the ice cloud layer is considered at a 10 km
height atmosphere with an optical depth of 3.0. Moreover,
the atmospheric molecular absorption is calculated from the
LBL model based on the middle latitude winter standard
atmospheric profile, the surface temperature, and emissivity
are assumed as 290K and 1.0, respectively. At last, the nadir
infrared spectral brightness temperatures of clear sky, dust,
and cloud are calculated through the DISORT and LBL
models. Figure 1 shows the forward simulation results, and
all the input variables are listed in Table 1.

FromFigure 1(a), it is easy to see that the spectral segment
of clear sky in 800–1250 cm−1 region is essentially flat except
for the ozone strong absorption region (nearly around the
region of 1000–1060 cm−1). However, in the present dust
(Figure 1(b)), it not only decreases the brightness tempera-
tures in the whole spectral region of 800–1250 cm−1 but also
displays a “V” spectral shapewhich is resulted fromanegative
spectral slope in 800–1000 cm−1 subregion and a positive
spectral slope in 1060–1250 cm−1 subregion. In addition, the
overall variation patterns of the two subregions are nearly
symmetric although the slope in the positive region is a little
bit sharper. Unlike the spectral variation caused by dust,
clouds reveal some different characteristics. In Figure 1(c), it
is obvious to see that ice cloud generally shows a reversed
spectral feature with dust. The spectrum in 800–1000 cm−1
region is marked with a positive slope whereas the variation
of brightness temperatures in 1060–1250 cm−1 region is gen-
erally flat. For the spectral signature of water cloud, it is much
more similar to the clear sky, even though the brightness
temperatures in the subregion of 800–1000 cm−1 are generally
higher than the subregion of 1060–1250 cm−1 (Figure 1(d)).

Actually, the obvious “V” spectral shape of dust in the
region of 800–1250 cm−1probably provides us an opportunity
to monitor it from space.

3.2. Channel Selection. It is common to know that water
vapor and ozone are themain absorption gases in the thermal
infrared region of 800–1250 cm−1. Thus, the selected dust
observation channels should be either highly sensitive to dust
or less/no sensitive to water vapor and ozone. Actually, there
are many channels that may satisfy the criteria. However, as
the extinction abilities of dust in the adjacent channels are
basically similar, consequently, the brightness temperature
differences between these channels are generally small, and
then the spectral shape of dust can be easily affected by

Table 1: The input parameters of dust and cloud for the brightness
temperature simulation.

Dust Ice cloud Water cloud
Optical depth 1.0 3.0 15.0
Layer height 3 km 10 km 1 km
Particle effective
radius 1.3 𝜇m 30 𝜇m 10𝜇m

Surface temperature 290K
Surface emissivity 1.0
Atmosphere profile Middle latitude winter atmospheric profile

Table 2: The selected AIRS dust observation channels.

Chanel
(id)

Wavenumber
(cm−1)

Wavelength
(𝜇m)

Transmittance

504 811.78 12.32 0.90
761 901.00 11.09 0.95
953 980.36 10.20 0.93
1179 1092.92 9.15 0.90
1237 1123.13 8.90 0.92
1307 1239.68 8.06 0.67

nondust factors.Therefore, in order tomore accurately depict
the unique “V” spectral shape of dust in the 800–1250 cm−1
region, six channels with obviously different dust extinction
abilities are selected, as shown in Table 2. And the redundant
channels with similar transmittance to these six channels are
removed, even though they also can be used to monitor dust
from space.

It is interesting to note that all the selected channels have
a high transmittance except for the 1239.68 cm−1 channel.
Under the condition of clear sky, the radiances measured in
this channel will generally low than the others. However, as
it has less dust extinction compared with other channels, the
relative changes in radiances observed in this channel can be
used as a good indicator of dust.

3.3. Sensitivity Analysis. Based on the selected AIRS obser-
vation channels, the spectrum variation patterns of dust and
cloud under different conditions are further discussed. The
high resolution monochromatic radiances of the scenes are
integrated with the filter function over the bandwidth of
selected channels to acquire the channel brightness tempera-
tures. Specially, if not specified, the default input parameters
of the following simulation are set as values listed in Table 1,
and one parameter changes, and the others keep constant.

3.3.1. Dust. Figure 2 shows the dependence of the channel
spectral brightness temperatures on the optical depth, layer
height, and effective radius of dust. In addition to the “V”
spectral shape of dust that is discussed in Section 3.1, other
interesting features can be also noticed from Figure 2.
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Figure 1: The simulated nadir-viewed spectral brightness temperatures of (a) clear sky, (b) dust, (c) ice cloud, and (d) water cloud.

Figures 2(a) to 2(d) show the spectral variation of dust
with optical depth. It is easy to see that the “V” spectral shape
is not particularly obvious when dust has a low optical depth.
However, with the increase of the optical depth, the slopes of
the spectrum in both the 800–1000 cm−1 and 1060–1200 cm−1
regions become more and more sharp, and this variation
characteristic is also applicable to the changes of dust layer
height. As shown inFigure 2(e), with the increase of dust layer
altitude, the “V” spectral shape becomesmore andmore clear.
These indicate that the thermal infrared measurements are
especially suitable for the detection of dust with high optical
depth and altitude; however, dust layer close to the surface

with a low optical depth can be hardly identified. Figure 2(f)
shows the variation of channel brightness temperatures with
the change of dust effective radius. In Figure 2(f), another
interesting point to be noted is that the spectral brightness
temperature differences between channels become smaller
with the increase of particle effective radius.That is to say, the
coarse particles can weaken the particular “V” spectral shape
of dust.

3.3.2. Cloud. For the detailed spectrum analysis of cloud
in the selected channels, not only ice and water clouds are
discussed (Figures 3 and 4) but also the mixed-phase cloud is
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Figure 2: The effects of (a–d) optical depth, (e) layer height, and (f) effective radius on the spectrum of dust.
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investigated (Figure 5), as the mixed-phase clouds are more
frequent in the cold front coexist with dust storms over the
semiarid region.

Like the case for dust, the spectral signature of ice cloud
becomes more pronounced as the optical depth (shown in
Figures 3(a) to 3(d)) and layer height (shown in Figure 3(e))
increase, and the spectrum in 800–1000 cm−1 subregion is
gradually featuredwith a positive slope. It is also interesting to
see that the slopes of the spectrum in both the 800–1000 cm−1
and 1060–1250 cm−1subregions are sensitive to the variation
of ice particle effective radius (as shown in Figure 3(f)).
Specially, ice particles with small effective radius (radius =
10 𝜇m in Figure 3(f)) will reveal a reversed spectral shape
with dust, as evident from Figure 3(f) (positive slope in 800–
1000 cm−1 subregion and negative slope in 1060–1250 cm−1
subregion).

The thermal infrared signature of water cloud is shown in
Figure 4. In general, the spectral brightness temperatures in
the 800–1000 cm−1 subregion gradually become higher than
them in the 1060–1250 cm−1 subregion, with the increase of
water cloud optical depth (shown from Figures 4(a) to 4(d)).
Moreover, it is evident from Figure 4 that the slope of the
spectrum in 1060–1250 cm−1 subregion is becoming nearly
zero along with the increasing of water cloud optical depth
and layer height. Similar to the dust and ice cloud cases, the
increase of water droplet effective radius will decrease the
brightness temperature differences in these selected channels,
as shown in Figure 4(f).

For the case of mixed-phase cloud, the optical properties
are calculated following the formulations developed by Liou
[52], and Ou et al. [53] using the optical model developed a
mixed-phase cloud retrieval method for the sensor of Visible
Infrared Imaging Radiometer Suite (VIIRS):

𝜔mix =
𝜏
𝑠

𝜏
=
𝜔
𝑖
𝜏
𝑖
+ 𝜔
𝑤
𝜏
𝑤

𝜏
𝑖
+ 𝜏
𝑤

,

𝑙mix =
𝜔
𝑖
𝜏
𝑖
𝑙
𝑖
+ 𝜔
𝑤
𝜏
𝑤
𝑙
𝑤

𝜏
𝑠

,

𝑓mix =
𝜔
𝑖
𝜏
𝑖
𝑓
𝑖
+ 𝜔
𝑤
𝜏
𝑤
𝑓
𝑤

𝜏
𝑠

,

(1)

where 𝜔mix, 𝑙mix, and 𝑓mix are the mixed-phase single scat-
tering albedo, Legendre polynomial expansion coefficients,
and phase function. Parameters 𝜏

𝑠
and 𝜏 are the scattering

optical depth and total optical depth of mixed-phase cloud,
respectively, with subscripts 𝑖 and 𝑤 denoting ice and water
clouds. Figures 5(a) and 5(b) show the spectral brightness
temperatures of mixed-phase clouds with 1 km and 10 km in
altitude, respectively.

From Figure 5, it is clear to see that the spectral variation
ofmixed-phase cloud is generally between the spectral shapes
of ice (Ice

(optical depth) = 10.0,Water
(optical depth) = 0.0) andwater

cloud (Ice
(optical depth) = 0.0, Water

(optical depth) = 10.0), and
the spectral characteristic of mixed-phase cloud is basically
determined by the fractions of ice andwater cloud particles in
it. Another interesting point that can be intuitively identified
is that the thermal infrared signature of low levelmixed-phase

cloud is generally consistent with that of water cloud (shown
in Figure 5(a)); however, if the mixed-phase cloud locates at
a high level atmosphere, it would reveal a spectral signature
more similar to the ice cloud (shown in Figure 5(b)).

3.3.3. Cloud over Dust. Many dust monitor researches have
focused on the cases of cloud and dust layers which are
not cooccurring in the same atmospheric column. However,
they are frequently cooccurring over the northwest of China.
To investigate the impact of cloud on spectral signature of
dust, forward simulation experiments in the cases of thin
(optical depth set as 1.0) and thick (optical depth set as 3.0)
ice cloud overlapping low level dust are conducted, as shown
in Figures 6(a) and 6(b), respectively.

In Figure 6(a), it is intuitive to see that the spectral
brightness temperatures are depressed with increasing the
optical depth of underlying dust. And the spectral shape
is gradually transformed from ice cloud only to dust only.
As shown in Figure 6(a), when the optical depth of the
underlying dust is larger than that of the thin ice cloud,
the spectral signatures of cloud-dust coexisting are highly
consistent with that of dust only. However, if the dust layer
is covered by a thick ice cloud, as shown in Figure 6(b),
the spectral signatures of cloud-dust coexisting conditions
are different from those for ice cloud only or dust alone,
especially in the 800–1000 cm−1 subregion. This implies that
the case of thick ice cloud overlapping low level dust cannot
be easily detected by the thermal infrared measurements.

3.4.Method. In general, the spectral characteristics discussed
in the preceding context imply that dust has a unique thermal
infrared signature in the region of 800–1250 cm−1. Indeed,
this distinct spectral shape provides us a reliable way to
monitor dust through the thermal infrared measurements.
Based on the analysis of channel spectral signature, several
thresholds and combinations of selected ARIS channels were
chosen to identify dust over arid and semiarid region, which
are listed in Table 3.The entire dust test that is listed in Table 3
should generally provide an almost unique signature of dust
in the thermal infrared. For any AIRS FOV, if test passes
the threshold, it denotes that the pixel is contaminated by
dust; otherwise, the FOV is flagged as not dust contaminated,
finally.

4. Results and Discussion

4.1. Case: 30 March 2008. Taklamakan Desert is the world’s
largest shifting sand desert which is located in Central Asia
(northwest China). Figure 7(a) shows a dust event on 30
March, 2008, sweeping across the northernTaklimakanBasin
(red arrows in Figure 7(a)) which is surrounded by Kunlun
Mountains in south and Tian Shan Mountains in north.

In order to evaluate the discussed Asia dust thermal
infrared signature in the preceding context (Section 3), the
brightness temperatures of the selected six channels in the
dust region (the blue box region depicted in Figure 7(a)) are
extracted form AIRS observation, as shown in Figure 7(b).
The distinct “V” shape of dust can be directly acquired from
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Figure 3: The effects of (a–d) optical depth, (e) layer height, and (f) effective radius on the spectrum of ice cloud.
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Figure 4: The effects of (a–d) optical depth, (e) layer height, and (f) effective radius on the spectrum of water cloud.



Advances in Meteorology 9

800 900 1000 1200 13001100
Wavenumber (cm−1)

Br
ig

ht
ne

ss
 te

m
pe

ra
tu

re
 (K

)

262

264

266

Ice(optical depth) = 0.0, water(optical depth) = 10.0

Ice(optical depth) = 3.0, water(optical depth) = 7.0

Ice(optical depth) = 5.0, water(optical depth) = 5.0

Ice(optical depth) = 7.0, water(optical depth) = 3.0

Ice(optical depth) = 10.0, water(optical depth) = 0.0

Height = 1km

(a)

800 900 1000 1200 13001100
Wavenumber (cm−1)

Br
ig

ht
ne

ss
 te

m
pe

ra
tu

re
 (K

)

218

220

222

Ice(optical depth) = 0.0, water(optical depth) = 10.0

Ice(optical depth) = 3.0, water(optical depth) = 7.0

Ice(optical depth) = 5.0, water(optical depth) = 5.0

Ice(optical depth) = 7.0, water(optical depth) = 3.0

Ice(optical depth) = 10.0, water(optical depth) = 0.0

Height = 10km

(b)

Figure 5: The spectrums of (a) low and (b) high mixed-phase clouds.
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Figure 6: The spectrums of (a) thin and (b) thick ice clouds overlapping underlying dust.

this figure.Moreover, through the comparison of Figures 7(b)
and 2, the spectral variation feature that is observed by AIRS
is highly corresponding with the forward simulation exper-
iments. This not only implies the correctness of the results

discussed in previous context but also indicates that the “V”
shape is the true spectral signature of Asia dust in 800–
1250 cm−1 region, which gives usmore confidence tomonitor
the Asia dust using this particular characteristic.
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Figure 7: (a) March 30, 2008, dust RGB composite image formMODIS, (b) AIRS observation brightness temperature within dust region, (c)
dust identification results, and (d) MODIS deep blue aerosol optical depth results.

Table 3:The combinations of ARIS channels and dust identification
thresholds.

Dust test Channel combinations Threshold
dustflag1 BT811.78 cm−1 minus BT901 cm−1 Positive
dustflag2 BT811.78 cm−1 minus BT1092.92 cm−1 Positive
dustflag3 BT901 cm−1 minus BTBT980.36 cm−1 Positive
dustflag4 BT901 cm−1 minus BT1092.92 cm−1 Positive
dustflag5 BT1092.92 cm−1 minus BT1123.13 cm−1 Negative
dustflag6 BT1092.92 cm−1 minus BT1239.68 cm−1 Negative
dustflag7 BT1123.13 cm−1 minus BT1239.68 cm−1 Negative

Figure 7(c) displays the dust identification result based
on the proposed method. It is obvious to see that the light
brownish dust plumes (red arrow cover region in Figure 7(a))
have been clearly identified by the infrared dust identification
algorithm from AIRS observations. Besides, the highly con-
sistent spatial distribution between the dust identification

results and MODIS deep blue aerosol optical depth results
(Figure 7(d)) also confirms the point. This demonstrates that
the selected thermal infrared AIRS channels can effectively
identify the dust from other scenes.

4.2. Case: 19 April 2008. On April 19, 2008, a combination of
dust and cloud hovered over the most of Taklimakan Desert.
The RGB composite image captured by Aqua’s MODIS
instrument is shown in Figure 8(a). As seen in this image,
the strong dust activity originates from eastern Taklimakan
Desert, blowing massive loose sand and dust particles to
the atmosphere and carrying them to the western areas; red
arrows denote the coverage of dust.

Figure 8(b) shows the spectral brightness temperatures
within dust regions (the blue box region depicted in
Figure 8(a)) observed by the selected infrared channels
of AIRS. The thermal infrared signature of this selected
dusty area also reveals a similar variation characteristic
with the forward simulation results which are displayed in
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Figure 8: (a) April 19, 2008, dust RGB composite image form MODIS, (b) AIRS observation brightness temperature within dust region, (c)
dust identification results, and (d) MODIS deep blue aerosol optical depth results.

Figure 2. This phenomenon proved again that the spectral
characteristic of Asia dust discussed in the preceding context
is overall correct.

Based on the proposed method, the coverage of this dust
event is identified by the selected AIRS channels, which is
shown in Figure 8(c). Through the comparison with MODIS
composite image, it is clear to see that the dusty areas
can be accurately distinguished from cloud and clear sky
regions, and the detected results agree well with those shown
in the visible observations. In addition, the distribution
pattern of retrieved MODIS deep blue optical depth results
(Figure 8(d)) is also highly consistent with the AIRS dust
identification results. This indicates that the thermal infrared
measurements are indeed able to successfully pick out the
dusty regions over bright surface of arid and semiarid regions.

4.3. Case: 25 April 2009. The particular nighttime dust
imagery around the Taklimakan desert region on 25 April,
2009, is selected to illustrate the capability of dust identifica-
tion at night. Figure 9(a) shows theCALIOP track path (black
line), and the pink line segment represents the local footprints
in the study areas. The AIRS dust identification results,
CALIOP 532 nm backscatter data (in units of km−1sr−1), and
retrieved aerosol subtype results are given in Figures 9(b),
9(c), and 9(d), respectively.

Through the comparison of Figures 9(b) and 9(d), it is
intuitive to see that the nighttime AIRS dust identification
results along the track agree well with the aerosol type
results retrieved from CALIOP, and both of the results
indicate that dust exists in large areas from the latitude of
52.25∘ to 28.30∘. Indeed, as evidently shown in the Lidar
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Figure 9: (a) April 25, 2009, CALIPSO track path, (b) AIRS dust identification results along the CALIPSO track, (c) the vertical backscatter
data observed by the CALIOP 532 nm channel, and (d) the level 2 aerosol subtype results retrieved from CALIOP.

backscatter data (Figure 9(c)), thin dusts (yellow signals) with
a top height between 1 km and 10 km are present between
52.45∘ and 46.46∘ latitude, and the ice clouds (pale signals)
with geometric depth ranging from 500m to 1 km are also
existing in the same region. In addition, the thick dust layer
(red signals) located between 1 km and 2 km from the latitude

of 46.46∘ to 34.37∘ is observed, and an extra tenuous dust layer
(yellow signals) distributed at a high altitude on top of the
thick one was also captured by the sensor of CALIOP. In the
latitude region of 34.37∘ to 28.30∘, however, relatively weak
backscatter signals were received by the 532 nm channel,
which indicates that little dusts exist in the area.
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Figure 10: (a) April 23, 2012, dust RGB composite image form MODIS, (b) dust identification results, and (c) MODIS deep blue aerosol
optical depth results.

The accurate identification results demonstrate that dust
which occurred during nighttime can also be effectively
detected through the thermal infrared channels of AIRS.

4.4. Case: 23 April 2012. On 23 April, 2007, dust plumes blew
out of the Taklimakan desert toward the west. They are cap-
tured by theMODIS image shown in Figure 10(a). In the blue
rectangle region, it is clear to see that the clouds and dusts
coexisted in the same scene. Figures 10(b) and 10(c) show the
spatial distribution of dust identification results from AIRS
and deep blue aerosol optical depth results fromMODIS.

From Figures 10(b) and 10(c), it is interesting to see
that both the infrared and visible measurements can easily
detect the outbreaks of dust in the areas of cloud and dust
layers which are not cooccurring in the same atmospheric
column. However, in the blue rectangle region where dust is
overlapped by cloud, only little dusty areas can be identified
through the infrared or visible observations, even though
some thin ice cloud overlapping areas can be successfully
detected by the proposed thermal infrared method. This is
because cloud can absolutely cover the visible and infrared
spectral signature of underling dust when its optical depth is
very high, as discussed in Section 3.3.Thus, dust eventsmight

be underestimated under the particular condition, and more
remote sensing techniques are required in addition to the
visible and infrared to solve this problem, such as the infrared
and microwave combined method developed by Huang et al.
[28] and the active Lidar and infrared combined method
developed by Chen et al. [30].

4.5. Case: 2009∼2012. In order to make a further validation
on the accuracy of proposed dust identification algorithm,
several other dust events that occurred during the period
of 2009 and 2012 are performed in the following content.
Figure 11 shows the three dust events over different regions of
northern China on 15March, 2009, 11May, 2011, and 24 April,
2012, respectively. From left to right, the images are MODIS
RGB composite image, AIRS dust identification results, and
MODIS deep blue aerosol optical depth results.

It is interesting to note that all the light brownish dusty
regions (red arrow cover regions) in the MODIS RGB com-
posite images can be well detected by the proposed infrared
AIRS dust identificationmethod, and all the detection results
are generally consistent with the MODIS deep blue visible
optical depth in spatial distribution. As a whole, all the
above analyzed dust cases demonstrate that the proposed
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Figure 11: Asia dust events occurred in northern China from 2009 to 2012. (a) 15 March, 2009, (b) 11 May, 2011, and (c) 24 April, 2012.

identification algorithm in this study is indeed useful and
reliable for monitoring the outbreaks and dispersion of Asian
dust over arid and semiarid regions.

5. Conclusion

Thedeveloped thermal infrared dust identification algorithm
has been successfully applied to Asia dust in this paper.
This method relies on the distinct “V” spectral signature
of dust in the 800–1250 cm−1 region, which is resulted
from a negative spectral slope in 800–1000 cm−1 subregion
and a positive spectral slope in 1060–1250 cm−1 subregion.
Through the comparison of dust identification results from
AIRS with MODIS visible observations, it suggests that

the identification criteria determined from the analysis of
the forward simulation experiments are suitable for Asia
dust monitoring. In addition to this, the detected nighttime
dust results have been evaluated and validated by comparing
the CALIOP vertical backscattered data and aerosol subtype
results, which reveals that the identification algorithm is also
accurate in dust detection at night.

Even so, more efforts and improvements of the algorithm
still need to be pursued in the future. (1) Applying the
identification method to other active dust regions (e.g., the
Sahara region of Africa) and given that the optical properties
of dust are highly depending on the dust source regions,
more dust models should be considered in this algorithm
to extend the applicability of the algorithm. (2) Exploring
the ability of dust detection under the condition of cloud
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and dust coexisting in the same atmospheric column and as
the cloud can make a great impact on the spectral signature
of underlying dust, therefore, more sensors, channel combi-
nations, and identification criteria are needed to accurately
detect dust under this particular scene.
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This study used the backward trajectory calculation to obtain the transportation routes of Asian dusts and further combined the
chemical composition with the enrichment factor (EF) and the grey relational analysis (GR) to identify the potential sources of
eighteen Asian dust storm (ADS) events. The results showed that the chemical compositions of atmospheric particles sampled at
the Pescadores Islands were very similar to source soils fugitively emitted from Inner Mongolia, which could assist in identifying
the source regions of Asian dusts. This study further compared the source allocation of Asian dusts obtained from EF, GR, and
backward trajectory, which showed that the source regions of Asian dusts obtained from these three methods were quite similar.
The similarity of backward trajectory and GR reached as high as 83.3%. Moreover, the similarity of backward trajectory calculation
and EF or GR was up to 77.8% while that of the GR and EF was up to 83.3%. Overall, these three methods can successfully allocate
the source regions of Asian dusts by 66.7%. Moreover, these innovative chemical-assisted methods can be successfully applied to
identify the source regions of Asian dusts for 18 ADS events.

1. Introduction

At the beginning (February–May) of each year, Asian dusts
are frequently blown fromhyperarid, arid, and semiarid lands
located at Northwest and North China, South Mongolia, and
South Siberia [1–3]. For the past half-century, the frequency
of Asian dust storms (ADS) occurring in China increased
significantly from 0.5 (1950’) to 14 (2000) times per year,
especially the strong and/or super ADS.This phenomenon is
correlated mainly to climate change both locally and globally
[4, 5]. It is estimated that approximately 800 million metric
tons of sands were emitted to the atmosphere by ADS, which
accounts for almost half of natural fugitive sands globally
[6, 7].

ADS could transport in the upper troposphere easterly
to Korea, Japan, and even North America and may also
transport southerly to Okinawa, Taiwan, Hong Kong, and
Philippine due to anticyclone of atmospheric circulation [8–
11]. Although many sands might be settled down to the
ocean and provided nutrients (e.g., Fe2+) to the oceanic

biosphere, which actually benefits the circulation of global
geochemistry, ADS could deteriorate ambient air quality,
reduce atmospheric visibility, cause adverse effects on human
health, and result in poor scenery and public welfare [12–14].
Additionally, great losses of national economy due to ADS
are constantly reported in theWest Pacific regions, including
crop damage, soil productivity losses, livestock losses, mass
migration, human health impacts, and impacts on climate
[15–18].

In general, ADS invades Taiwan 2-3 times per year and
lasts for about 1-2 days for each invasion. The concentration
of suspended particles (PM

10
) in the events of ADS increases

approximately 2-3-fold when compared to normal days [7, 19,
20]. During the ADS periods, significant increases of atmo-
spheric aerosols, particularly PM

10
, have been frequently

observed in Taiwan [7, 8, 19, 21]. Particularly, yellow rain
episodes have been reported both in Japan and Taiwan at the
end of March 2000 [22].The morphology and apparent color
of dust particles filtered from the yellow rain were similar to
yellow sands at their source [22]. Furthermore, the results
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obtained from the investigation on source apportioning
atmospheric aerosols at anAsian dust episode inmetroKaoh-
siung indicated that the percentage of fugitive dusts increased
significantly from8.5% (regular periods) to 26.2% (Asian dust
periods) [23]. Moreover, during the transportation of ADS
across continents, the physicochemical characteristics of
Asian dusts might be changed by mixing with anthropogenic
particles emitted from typical stationary and mobile sources
[24, 25]. Yuan et al. [19] reported that the size distribution
of atmospheric aerosols sampled at the Pescadores Islands
located in the middle of the Taiwan Strait during the period
of ADS switched from bimode to single mode with a peak
in coarse particles. Besides, the sulfate (SO

4

2−) and ammonia
(NH
4

+) of coarse particles (PM
2.5−10

) increase significantly
during the period of ADS when compared to non-ADS
periods [7, 26, 27].

In order to investigate the feasibility of chemical-assisted
ADS source identification methods which can be used to
trace back the soil source regions of ADS, this study com-
pared the transportation routes of ADS event from the back-
ward trajectory calculation to the chemical composition of
atmospheric particles and soil sources. Top soils collected in
three soil source regions of InnerMongolia were resuspended
and sampled to analyze their chemical composition for
further conducting the enrichment factor analysis (EF) and
grey relational analysis (GR). Ultimately, this study revealed
and discussed the similarity percentages from the backward
trajectory calculation, EF, and GR and further obtained the
source regions of Asian dusts for 18 ADS events.

2. Methodologies

2.1. Sampling Sites of Atmospheric Particles and Soil Dusts.
Located at the middle of Taiwan Strait between southeastern
China and Taiwan Island, the Pescadores Islands have an
area of 127.97 km2, which has the subtropical weather being
mainly influenced by East Asian monsoons. During the 18
ADS events, the atmospheric particleswere sampled atHsiao-
men site (23∘38471N; 119∘30316 E), which is located at
the northwestern coastline of the Pescadores Islands and is
approximately 12m above the ground and 500m and 50m
far from the coastline and themajor roads, respectively. At the
sampling sites, this study used to simultaneously collect PM

10

(including PM
2.5−10

and PM
2.5
) with dichotomous samplers

(Anderson, Model Series 241). The sampling flow rate of the
sampler was 16.7 L/min for a total of 24 hours, and the filters
used in this study were 37mm quartz filters.

The soil samples were collected from three ADS source
regions in the western (38∘1319 to 39∘0645N; 115∘2147
to 116∘5338 E), central (40∘0649 to 41∘390N; 110∘2835 to
111∘3220 E), and eastern (43∘0327 to 43∘2837N; 116∘4141 to
119∘0209 E) InnerMongolia, China [7]. Among them, strong
winds and dry climate result in serious soil erosion and thus
cause heavyADS frequently (InnerMongoliaWeb Site, 2003).
A total of thirty soil samples were taken at the top 10–15 cm
surface of open sand lands and were then separately stored in
labeled sampling bags.The soil sampleswere then sent back to
theAir Pollution Laboratory at the Institute of Environmental

20 4 (km)

Sampling site

Central

East
West

Pescadores Islands

Inner Mongolia 

Soil sampling region

Inner Mongolia 

N

Figure 1: Location of atmospheric particles () at the Pescadores
Islands and soil source regions (I) in the Inner Mongolia.

Engineering in National Sun Yat-Sen University, Taiwan, for
further chemical analyses. The locations of all soil sampling
sites are illustrated in Figure 1.

2.2. Backward Trajectory Calculation. In order to trace the
transportation of air parcel, backward trajectories from a
specific receptor site were commonly used in this study,
which could be used to identify the air mass transportation
routes from specific source regions. A hybrid single-particle
Lagrangian integrated trajectory (HYSPLIT) has been a
widely used model that plots the trajectory of a single air
parcel from a specific location and height above ground over
a period of time [28, 29]. Backward trajectory calculation
used the interpolated measured or modeled meteorological
fields to estimate the most likely route over the geographical
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Figure 2: Schematic diagram of the resuspension chamber.

areas that provided air parcels from its source to a receptor
at a given time. The method essentially follows a parcel of air
backward in hourly steps for a specified length of time [10,
30]. Moreover, HYSPLIT uses archived 3-dimensional mete-
orological fields generated from observations and short-term
forecasts. HYSPLIT can be run to generate either forward or
backward trajectories using several available meteorological
data archives, which is developed by the National Oceanic
and Atmospheric Administration’s (NOAA) Air Resources
Laboratory (ARL). All backward trajectories were drawn at
an arrival height of 50m above the sea level in this study.
By using the NOAA-HYSPLIT model, the dates with high
particle concentration at the Pescadores Islands were deter-
mined and the transportation routes of air parcels toward the
Pescadores Islands during the sampling periods were then
simulated. This information was further applied to examine
the possible long-range transportation routes conveying ADS
from several long-range soil source regions to the Pescadores
Islands.

2.3. Enrichment Factor Analysis. Soil samples collected from
the eastern, central, and western parts of the Inner Mongolia
were sent back to the Air Pollution Laboratory at National
Sun Yat-Sen University for further soil resuspension and
chemical analyses. The soil samples were resuspended with
a dry powder atomizer at the top of a resuspension chamber
(2m× 1m2), which is illustrated in Figure 2.The resuspended
dusts were then sampled as PM

2.5−10
and PM

2.5
for a total

of 0.5 hours by two dichotomous samplers with a total
volumetric flow rate of 16.7 L/min, which was located at
the bottom of the resuspension chamber. Particulate matter
with diameters larger than 10 𝜇m tended to settle down
at the bottom of the resuspension chamber. Besides, the
resuspended soil dusts were further characterized chemically

to apply for the identification of Asian dusts at the downwind
sites by using an enrichment factor (EF). The enrichment
factor (EF) defined by (1) was used to correlate the downwind
atmospheric particles sampled at the Pescadores Islands,
Taiwan, to ADS originated from Inner Mongolia, China:

EF = (Tr /Ref)PM
(Tr /Ref)crust

, (1)

where EF is the enrichment factor; Tr is the trace element;
Ref is the reference element; and subscripts PM and crust
represents atmospheric particles and crustal soils. Among
them, the reference element has to be initially determined.
Previous studies reported that the mass ratio of Mg, K, and
Fe (or Al) to Al (or Fe) showed a relatively narrow range
for coarse particles, but not for fine particles, which can be
used as the fingerprints of Asian dusts originated from the
Inner Mongolia [7]. Generally, the enrichment factor close to
unity (EF ≈ 1) indicates that the elements consider very high
possibility from the specific sources. It is also defined that the
elements might come from the specific source when the EF
ranged from 0.1 to 10.

2.4. Grey Relational Analysis. The technique of grey relational
analysis is suitable for unascertained problems with poor
information [31]. It provides an efficient solution to the
uncertainty, multi-input, and discrete data problem. This
kind of interaction is mainly through the connection among
parameters and some conditions that are already known.
Also, it will indicate the relational degree between two
sequences with the help of the grey relational analysis.
Moreover, the grey relational grade could utilize the discrete
measurement method to judge the distance.

When the range of the sequence is too large or the
standard value is too enormous, it will cause the influence
of some factors to be neglected. Also, in the sequence, if the
factors’ goals and directions are different, the grey relational
analysis might also produce unexpected incorrect results.
Therefore, preprocessing of all the data is highly required.
This process is called the grey relational generating. An ideal
sequence is 𝑥

0
(𝑘) (𝑘 = 1, 2, 3) for three responses. The

definition of the grey relational grade in the grey relational
analysis is to show the relational degree between 𝑛 sequences
(𝑥
0
(𝑘) and 𝑥

𝑖
(𝑘), 𝑖 = 1, 2, . . . , 𝑛; 𝑘 = 1, 2, 3, . . . , 𝑛). The

grey relational coefficient 𝜉
𝑖
(𝑘) could be calculated by the

following equation:

𝜉
𝑖
(𝑘) =
Δmin + 𝜁Δmax
Δ
0𝑖
(𝑘) + 𝜁Δmax

, (2)

where Δ
0𝑖
(𝑘) = |𝑥

0
(𝑘) − 𝑥

𝑖
(𝑘)| is the difference of absolute

value between 𝑥
0
(𝑘) and 𝑥

𝑖
(𝑘); 𝜉 is the distinguishing coeffi-

cient (0, 1); Δmin is the smallest value of Δ
0𝑖
(𝑘); and Δmax is

the largest value of Δ
0𝑖
(𝑘). After averaging the grey relational

coefficients, the grey relational grade 𝑌
𝑖
can be obtained as

𝑌
𝑖
=

𝑚

∑

𝑘=1

𝛽
𝑘
𝜉
𝑖
(𝑘) , (3)

where 𝑚 is the number of process responses and 𝛽
𝑘
is the

weight value.
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Figure 3: Backward trajectories for three types of ADS transportation routes from the Inner Mongolia to the Pescadores Islands.

3. Results and Discussion

3.1. Correlation of Chemical Composition with Backward Tra-
jectory Calculation. A total of 18 ADS events were observed
at the Pescadores Islands fromNovember 2002 to April 2006.
Results obtained from the backward trajectory calculation
indicated that three main types of routes dominated the
Asian dusts transported from the Inner Mongolia to the
Pescadores Islands, which included the eastward transporta-
tion and retraced route (ETR), southeastern transportation
and circumrotated route (STC), and straight southeastern
transportation route (SST), as illustrated in Figure 3.

Table 1 summarizes that the ERT-type ADS events
accounted for approximately 33.3% of the total of 18 ADS
events, which were mostly accompanied with strong north-
eastern monsoons occurring from late February to April.
When the ADS transported toward the east, the trans-
portation routes would detour toward the southwest due to
atmospheric circulation, which usually passed through the
Pescadores Islands. The STC-type ADS events were mainly

affected by the strength of the northeasternmonsoonsmostly
observed fromNovember to next April, accounting for about
22.2% of the total of 18 ADS events. Weakening the north-
eastern monsoons would result in a smooth curvature of the
backward trajectories. The SST-type ADS events occurred
mostly from December to next April, in which air parcels
transported almost directly from northern China to the
Pescadores Islands, Taiwan.

According to the probability of transportation routes, it
showed that the SST-type ADS was dominant in all ADS
transportation routes, accounting for approximately 44.5%
of the 18 ADS events. The ERT- and STC-type ADS were
ordered the second and third routes, respectively. Moreover,
this study further aggregated the routes of 18 ADS events and
tried to trace them back to their major source regions. All of
theADS routeswere transported along the coastline or passed
through the major mega cities of North and/or East China,
which could alter the chemical composition of atmospheric
dusts while transporting from the Inner Mongolia to the
Pescadores Islands. During the transportation processes,
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Table 1: The transportation types and soil sources of 18 ADS events in this study.

Transportation route types Events Routes probability Predilection periods Asian dust source region
ETR

𝑛 = 18

33.3% Late Feb.∼April Central (83%)
STC 22.2% Nov.∼next April West (75%)
SST 44.5% Dec.∼next April East (88%)
(1) ETR is the eastward transportation and retraced route.
(2) STC is the southeastern transportation and circumrotated route.
(3) SST is the straight southeastern transportation route.

Asian dusts would mix with particulate matter emitted
from local anthropogenic, industrial, and mobile sources.
This study further compared the chemical composition of
resuspended source soils and atmospheric dusts for similar
transportation route type, as illustrated in Figure 4.

The results indicated that the most abundant chemical
composition of source soils were EC, SO

4

2−, Cl−, NO
3

−, OC,
and Ca2+ in the eastern source region of Inner Mongolia; EC,
Fe, Al, SO

4

2−, Ca, and Ca2+ were in the central source region;
EC, SO

4

2−, OC,NO
3

−, Cl−, andCawere in thewestern source
region, respectively. On the other hand, the most abundant
chemical composition for different transportation routes
were SO

4

2−, Ca2+, NO
3

−, Cl−, Na+, and EC for the ERT-type
ADS; SO

4

2−, Cl−, Na+, NO
3

−, Al, and Fe for the STC-type
ADS; and SO

4

2−, EC, NO
3

−, Na+, Cl−, and Ca2+ for the SST-
type ADS, respectively. The chemical composition between
the soils collected in the eastern and western soil sources of
Inner Mongolia and Asian dusts sampled at the Pescadores
Islands were similar, except the water-soluble Ca2+ andmetal
Ca. The chemical composition of soils collected at each soil
source regionwas similar but not identical, which could cause
the chemical composition variation of atmospheric dusts.
Thus, the chemical composition from each soil source was
similar to the chemical composition of atmospheric dust on
their corresponding transportation route. Among them, the
air masses traveled through several major industrial cities of
China and transported along the coastal regions by the back-
ward trajectories. Previous studies [29, 30, 32, 33] showed
that the chemical proportion on the atmospheric dust was
changed by the anthropogenic pollutions or nature sources
emission, such as SO

4

2− and NO
3

− originated from direct
emissions of major industries (such as petrochemical, power
plant, and incinerator) or mobile sources (including onshore
and offshore). Calcium and aluminum were dominated by
stone processing, construction, and the cement industry. EC
was originated primarily from direct emissions of fuel and
coal combustion.

This study further compared the chemical composition of
the source soils and atmospheric dusts sampled for different
transportation routes. The results showed that the chemical
fingerprints of the most soil sources and atmospheric dusts
were coincided, except some chemical species were different.
Actually, the chemical composition of atmospheric dusts
could be influenced by the anthropogenic emission sources
for different ADS transportation routes, thus resulting in the
increase of the portion of SO

4

2−, NO
3

−, and EC. Moreover,
Asian dusts could be long-range transported across the

ocean to the Pescadores Islands, which could increase the
proportion of Na+ and Cl− due to oceanic spray. As a whole,
the source soils were not exactly the same in their chemical
composition between the eastern, central, or western Inner
Mongolia, but the chemical species of the source soils in
the Inner Mongolia and atmospheric dusts in the Pescadores
Islands were similar in the same transportation routes. It
could be explained that both backward trajectory calculation
and chemical composition can be used to decide the ADS
transportation routes concurrently.

3.2. Correlation of Chemical Composition with Enrichment
Factors and Grey Relational Analysis. The enrichment factor
was further applied to identify the ADS source region in the
Inner Mongolia toward the Pescadores Islands in this study.
During the transportation processes, water-soluble ions and
carbonaceous components of Asian dusts could be interfered
by the anthropogenic emissions. However, the characteristics
of metallic elements are less likely varied in the ambient air.
Consequently, this study selected Al or Fe as trace metals,
which are fairly representative in the earth crust, and can be
used to calculate the EF of 15 metals of Asian dusts originated
from the Inner Mongolia during the 18 ADS events, as shown
inTable 2.TheEF values of 15metal compositions in the range
of 0.1 to 10 were shown to be highly relevant, as illustrated
in Figure 5. Source identification results showed that 72%
of ADS out of 18 events were originated from the central
soil source region of the Inner Mongolia. However, three
ADS events (numbers 3, 7, and 8) were not consistently
identified for their source regions by using Al and Fe as
reference elements.The source regions identified by EF values
were either the western or the central Inner Mongolia. It
might be attributed that Asian dusts could be mixed with
other anthropogenic particles during the ADS transportation
processes.

This study further applied the grey relational analysis to
allocate the source regions of 18 ADS events, as summarized
in Table 3. The results indicated that approximately 27, 23,
and 50% of Asian dusts were originated from the eastern,
western, and central Inner Mongolia for the 18ADS events,
respectively.Moreover, if the results of grey relational analysis
were close to 1, the soil source of ADS events could be
identified with relatively high correlation. Unlike the results
of EF analysis, the source regions would be determined
decisively by the grey relational analysis. However, if the
grey relational grades of three soil source regions were
close to each other, it could be difficult to allocate their
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Figure 4: Chemical fingerprints of resuspended source soils and atmospheric dusts during the ADS events.

sources in this specific case. For example, number 13 ADS
event was identified from the central region of the Inner
Mongolia by backward trajectory calculation. Its GR grades
were shown as 0.78, 0.91, and 0.89 for the eastern, central,
and western soil source regions, respectively. Similar results
were obtained from EF analysis, indicating that the chemical
composition ofAsian dusts played a crucial role in identifying
the soil source regions of Asian dusts. Overall, the chemical-
based enrichment factor and the grey relational analysis
both showed that the soil source region of number 13 ADS

event was highly likely emitted from the central Inner
Mongolia.

3.3. Comparison of Three Source Identification Methods. Fig-
ure 6 illustrates and compares three methods for identifying
the source regions of 18 ADS events. Through the backward
trajectory calculation, enrichment factor and grey relational
analysis could be applied to identify the ADS events numbers
1, 2, 6, 8, 9, 11, and 13–18, which accounted for 66.7% of the
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Table 2: Source allocation of 18 ADS events in the Inner Mongolia by enrichment factor analysis.

ADS events Dates of ADS events Reference elements ADS source region Identified sources
East Central West

1 Mar. 8-9, 2002 Al 14 9 12 East
Fe 13 9 12

2 Mar. 18–20, 2002 Al 14 11 13 East
Fe 14 13 13

3∗ Mar. 31, 2002 Al 11 12 13 West, central
Fe 11 12 11

4 Apr. 13, 2002 Al 7 9 8 Central
Fe 7 9 7

5 Apr. 17–19, 2002 Al 11 13 12 East
Fe 11 8 9

6 Feb. 25, 2003 Al 12 15 12 Central
Fe 13 14 12

7∗ Mar. 7-8, 2003 Al 12 15 15 West, central
Fe 13 13 13

8∗ Mar. 26-27, 2003 Al 13 15 15 West, central
Fe 13 13 13

9 Apr. 26-27, 2003 Al 12 14 14 Central
Fe 12 13 12

10 Feb. 6, 2004 Al 10 12 10 Central
Fe 10 12 9

11 Feb. 15-16, 2004 Al 10 13 10 Central
Fe 11 11 11

12 Apr. 2, 2004 Al 11 13 10 Central
Fe 10 13 11

13 Apr. 13–15, 2004 Al 11 14 14 Central
Fe 12 14 12

14 Nov. 29, 2005 Al 12 15 14 Central
Fe 12 15 13

15 Dec. 21–26, 2005 Al 13 14 15 West
Fe 13 11 13

16 Mar. 14–17, 2006 Al 9 13 9 Central
Fe 10 12 12

17 Mar. 19, 2006 Al 8 13 8 Central
Fe 8 13 12

18 Apr. 24-25, 2006 Al 10 15 10 East
Fe 12 15 12

∗Different source regions determined by EF values using Al and Fe as reference elements.

18 ADS events. Comparing backward trajectory calculation
with enrichment factor, the similarity percentage was 77.8%
for 18ADS events, including ADS events numbers 1, 2, 5–
9, 11, 12, and 14–18 in this study. In terms of enrichment
factor and grey relational analysis, it was shown that they
were coincident for 83.3% of 18 ADS events, including ADS
events numbers 1, 2, 4–6, 8–11, 12, and 14–18. In terms of
grey relational analysis and backward trajectory calculation,
it was shown that they were coincident for 77.8% of 18 ADS
events, including ADS events numbers 1, 2, 4–6, 8–11, and 14–
18. Generally speaking, the source allocationmethods of ADS
transported from Inner Mongolia to the Pescadores Islands

were relatively accurate, especially for simultaneous applica-
tion of enrichment factor and grey relational analysis. More
importantly, accurate chemical fingerprints of source soils
and atmospheric particles are highly required for chemically
allocating the source regions of the ADS events.

In order to further confirm the above three optimalmeth-
ods feasible for allocating the mostly possible sources of ADS
events, this study used the past general method to compare
with the above three methods, which calculated the mass
ratios of Al and Sr (Al/Sr), which had the highest differences
in the 15 metals for 18 ADS events. Table 4 lists the mass ratio
of Al/Sr for resuspended soils collected in the InnerMongolia
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Figure 5: EF values of 15 metals with Al or Fe as reference elements at the Pescadores Islands. For example, (a1)∼(a3) are the EF of eastern,
central, and western source regions calculated by using aluminum as reference element; (b1)∼(b3) are the EF of eastern, central, and western
source regions calculated by using iron as reference element.

Table 3: Source allocation of 18 ADS events in the Inner Mongolia by grey relational calculation.

ADS events Dates of ADS events ADS source regions Identified sources
East Central West

1 Mar. 8-9, 2002 0.90 0.87 0.82 East
2 Mar. 18–20, 2002 0.81 0.76 0.74 East
3 Mar. 31, 2002 0.79 0.84 0.87 West
4 Apr. 13, 2002 0.81 0.74 0.79 East
5 Apr. 17–19, 2002 0.79 0.78 0.71 East
6 Feb. 25, 2003 0.85 0.92 0.84 Central
7 Mar. 7-8, 2003 0.87 0.91 0.89 Central
8 Mar. 26-27, 2003 0.78 0.91 0.83 Central
9 Apr. 26-27, 2003 0.65 0.87 0.83 Central
10 Feb. 6, 2004 0.77 0.83 0.85 West
11 Feb. 15-16, 2004 0.70 0.84 0.78 Central
12 Apr. 2, 2004 0.83 0.86 0.93 West
13 Apr. 13–15, 2004 0.78 0.91 0.89 Central
14 Nov. 29, 2005 0.76 0.87 0.83 Central
15 Dec. 21–26, 2005 0.72 0.78 0.89 West
16 Mar. 14–17, 2006 0.63 0.87 0.84 Central
17 Mar. 19, 2006 0.69 0.79 0.80 Central
18 Apr. 24-25, 2006 0.92 0.89 0.83 East
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Figure 6: Comparison of the correlation percentages among back-
ward trajectory calculation, enrichment factor, and grey relational
analysis.

Table 4: Comparison of the Al/Sr ratios for source soils and
atmospheric particles sampled in the Inner Mongolia and at the
Pescadores Islands.

Source
regions

Soil samples
Al/Sr

Dust samples
Al/Sr

Number of ADS
events

East 55.6 ± 4.3 33.0 ± 93.3 1, 2, 4, 5, 18
Central 325.0 ± 118.0 161.1 ± 65.1 6–9, 11–14, 16, 17
West 2.5 ± 0.8 132.9 ± 42.6 7, 10, 12, 15

and atmospheric particles sampled at the Pescadores Islands.
The results showed that the resuspended soil samples in
the central Inner Mongolia had relatively higher Al/Sr ratio
(325.0 ± 118.0) and observed simultaneously with the higher
Al/Sr ratio (161.1 ± 65.1) of atmospheric particles at the
Pescadores Islands. Furthermore, the resuspended soils and
Asian dusts in the eastern Inner Mongolia both had high rel-
ative standard deviation (RSD) of 77 and 283%, respectively.
The Al/Sr ratios of the resuspended soils and Asian dusts in
the eastern and central Inner Mongolia had their significant
characteristics, which could be used to identify the soil source
regions of ADS events, while the Al/Sr ratios in the western
Inner Mongolia were relatively broad. Overall, although the
Al/Sr ratio could assist in identifying the sources of ADS,
its confidence level was relatively lower than the backward
trajectory calculation, enrichment factor, and grey relational
analysis. Finally, this study has selected the mostly possible
analysismethods to identify the sources of ADS events, which
could be used to trace the source areas of ADS event in the
future.

4. Conclusions

This study successfully combined backward trajectory calcu-
lation, enrichment factor, and grey relational analysis to allo-
cate the potential source(s) of 18 ADS events, and identified

the transportation routes of Asian dusts transported from
the Inner Mongolia to the Pescadores Islands. Three major
transportation routes observed for 18ADS events included
ETR, STC, and SST.Thevariations of chemical components of
the atmospheric dusts or source soils were correlated to their
transportation routes, in which the chemical characteristics
of Asian dusts could be influenced by anthropogenic particles
emitted from local stationary and mobile sources during the
ADS transportation processes. However, most of chemical
components between source soils and atmospheric dusts for
the same transportation routes were coincident. Moreover,
source identification results showed that 50–72% out of
18 ADS events were originated from the central region of
Inner Mongolia. Comparison of the three methods showed
that the chemical-assisted methods demonstrated the accu-
racy of 66.7% for identifying the source regions of ADS
events. Particularly, simultaneous application of enrichment
factor and grey relational analysis raised the accuracy up to
83.3%. Overall, these three chemical-assisted tracing meth-
ods were feasible for identifying the soil source regions of
ADC events.
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One-year observation of dust aerosol properties near Hexi Corridor was obtained from polarimetric measurements by ground-
based sunphotometer in the county of Minqin in northwestern China from March 2012 to February 2013. We observed an annual
mean AOD of 0.22 ± 0.22 at 0.50 𝜇m and Ångström exponents of 0.1–1.0 fitting a bimode normal distribution centered at 0.18
and 0.50, respectively. The effective radii of fine (0.13–0.17𝜇m) and coarse (2.49–3.49𝜇m) modes were found stable at all seasons
together with the appearance of a third mode of particle radius at 0.4–1.0𝜇m when AOD was larger than 0.6. It is noticeable that
the real (1.5–1.7) and imaginary (0.0005 to 0.09) parts of complex refractive indices were higher than other studies performed in
other desert regions of China, while single scattering albedo was relatively lower (∼0.84–0.89) at wavelengths of 0.44, 0.67, 0.87,
and 1.02 𝜇m.This is partially due to calcite or hematite in the soil in Minqin or the influence of anthropogenic aerosols containing
carbon. Moreover, from our novel polarimetric measurement, the scattering phase function (𝐹

11
) and degree of linear polarization

for incident unpolarized light (−𝐹
12
/𝐹
11
) of dust aerosols were also obtained within this deserted area.

1. Introduction

Dust aerosols are common natural particles suspending in
terrestrial atmosphere. According to mineralogy, there are
thousands of mineral species in global crust such as illite,
kaolinite, gypsum, smectite, quartz, calcite, and hematite,
each of which has a specific chemical composition, molecular
structure, and physical morphology [1]. The abundance
of minerals usually varies spatiotemporally. Dust aerosols
originate from eroding rocks in deserts or arid soils and are
emitted from the bare surface by updraft, then transported
in a long-range way, and finally deposited by gravity or
rainout.The atmospheric dust aerosols interact with light and
influence the radiative forcing in global/regional scale [2].
However, knowledge of optical properties of Chinese dust
aerosols is not enough and the radiative impact is poorly
known as well. This is in part due to the complexity of the
properties of mineral dust aerosols which depend on size,
shape, and orientation [3] and in part due to the lack of long-
term rigorous observation in this region.

Many researchers have improved our knowledge of dust
aerosols in worldwide locations. Sokolik et al. [4, 5] com-
pared refractive indices of atmospheric dust aerosols from
various geographic locations and then modeled the radia-
tive properties accounting for their compositions. Databases
containing experimental scattering matrices of mineral dust
particles were developed [6, 7]. Apart from these high-
quality laboratory measurements, the optical and physical
properties of dust aerosols can be retrieved by ground-based
sunphotometer [8–10].The optical properties of dust aerosols
in Sahara Desert [11], Middle East [12], and Asian regions
[13] were studied. In China, there were several observations
in northern acrid areas such as Taklimakan Desert [14] and
Hunshan Dake Desert [15].

With a goal of studying the optical and microphysical
properties of dust aerosols, we deployed a ground-based
sunphotometer in northwestern China. The location was
surrounded by deserts where the aerosol properties and
climatology of mineral dusts were thought to be obvious.
We took one year observation from March 2012 to February
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38.6∘N, 103.1∘E

Figure 1: Geographical location of Hexi Corridor, Badain Jaran Desert, and Tengger Desert. The Minqin site (38.6∘N, 103.1∘E) is marked as
a red pentagram.

2013 and the results and analysis are shown in the following
sections.

2. Measurement and Data

2.1. Polarimetric Sunphotometer Measurement. The sunpho-
tometer (CIMEL CE318-DP) is a polarized instrument with
nine channels of 0.34, 0.38, 0.44, 0.50, 0.67, 0.87, 0.93, 1.02,
and 1.64 𝜇m. The radiometer is capable of measuring both
the direct-sun radiances and diffuse-sky radiances with a
1.2∘ full field of view [16]. When automatic mode performs,
the collimator of sunphotometer tracks the sun each 15
minutes and scans following almucantar (ALM) and solar
principle plane (SPP) geometry procedures approximately
each hour. For the SPP procedure, the instrument measures
sky radiation at different solar elevation angles at a fixed solar
azimuthal angle and large scattering angles are attainable
at noon. Moreover, the sunphotometer is a new polarized
version which can measure polarization at all bands by
combining rotation of polarizer and filter wheels [17].

The site (referred to as Minqin site hereafter) is located
at 38.6∘N, 103.1∘E in Gansu province in China (Figure 1),
neighbored by Hexi Corridor. It has a peculiar geographical
position because it lies on a junction of Badain Jaran Desert
and Tengger Desert which are the third and fourth biggest
desert in China, respectively. The climatology is a typical
continental arid climate with adequate solar energy, scarce
rainfall, and large evaporation. Therefore, the site is vulner-
able to dust aerosols. According to meteorological records
since 2006, the dust storms have happened nineteen times
averagely every year.The instrument is installed in downtown
which has a population of about 300,000.

2.2. Data Processing. We use one-year measurements from
March 2012 to January 2013 at Minqin site to investigate the
properties of mineral dust aerosols. Unscreened measure-
ments are frequently contaminated by clouds or obstruction.
Thereforewe apply cloud screening procedureswhich include

triplet measurements (a sequence of three direct-sun mea-
surements are taken 30 s apart per wavelength [16]) and check
the symmetry of the ALM measurements. The latter way is
suited to find whether the sky is clear because the presence
of cloud would cause disparities between symmetrical pairs
of ALM measurements. Following these methods, the data
is upgraded from level 1.0 to 1.5. To ensure the quality,
three kinds of calibrations are applied to the direct-sun mea-
surement, diffuse-sky measurement, and polarization mea-
surements [16–19], respectively. The uncertainty of direct-
sun measurements makes the AOD error less than 0.01-0.02,
while the uncertainty of sky radiances is estimated to be about
3%. The maximum uncertainty of DOLP measurements is
estimated to be less than ∼0.01.

In reality, dust particles are not spherical and seldom
isotropic or homogeneous. Dubovik et al. [9] established
a spheroid model accounting for nonsphericity in ground-
based remote sensing of aerosols. Hence, in this study we
use this model for retrieving the properties of dust aerosols
by spectral and angular observation of both intensity and
polarization. The results will be discussed in Section 3,
including AOD, Ångström exponent, size distribution, com-
plex refractive index, single scattering albedo, phase function
(𝐹
11
), and the degree of linear polarization (−𝐹

12
/𝐹
11
).

In this work, we totally select 7040 AODs and Ångström
exponents records (level 1.5) out of 15309 measurements
(level 1.0). For the retrieval of aerosol size distribution,
complex refractive index, single scattering albedo, phase
function, and the degree of linear polarization, we select only
478 records filtered by residuals threshold of 5% according to
Dubovik et al. [9].

3. Results and Discussion

3.1. AOD and Ångström Exponent

3.1.1. Histogram and Monthly Variation of AOD. Following
Beer-Lambert-Bouguer’s law, aerosol optical depth can be
derived by excluding the atmospheric molecules optical
depth and gas absorption optical depth from the total optical
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depth measured by sunphotometer. About forty-five percent,
7040 records (level 1.5), of all instantaneous measurements
are used for investigation in Minqin.

Figure 2 shows the frequency distribution of AODs at
0.5 𝜇m (𝜏

500
) with both relative frequency and accumulated

frequency in left and right axis, respectively. The distribution
is well fitted by a normal function centered at 0.22 (𝜇) with the
standard deviation of 0.22 (𝜎). It is explicit that 0.15 < 𝜏

500
≤

0.20 occur most frequently with the probability beyond 16%.
When 0 < 𝜏

500
≤ 0.44 (i.e., 𝜇 − 𝜎 < 𝜏

500
< 𝜇 + 𝜎), the

accumulated frequency is beyond 80%,whilewhen 0 < 𝜏
500
≤

0.88 (i.e., 𝜇 − 𝜎 < 𝜏
500
< 𝜇 + 3𝜎), it reaches up to 97%.

Moreover, the distributions of AOD at other wavelengths are
similar. Che et al. [14] exhibited the frequency distribution
of AODs over Taklimakan Desert in China. Their histogram
was fitted by two peaks; that were the mode centered at
∼0.23 probably corresponding to nondust atmospheric and
the mode centered at ∼0.50 caused by higher mineral dust
burden in atmosphere. Our average is very close to their first
peak. In Figure 2 we can find that AODs within the range of
0.4–0.7 are obviously higher than the fitting curve whichmay
correspond to their second peak. Similarly, at wavelength of
1.02 𝜇m, the mean AOD is 0.21 that is close to Dubovik et al.
[10] study in which themean AOD is 0.22 in Persian Gulf and
0.17 in Saudi Arabia.

Heavy dust storms are an apparent meteorological pro-
cess, but fromFigure 2, it is hard tomake out thembecausewe
use data of level 1.5. High-quality data and dust activities are
not compatible causing a selection effect. First, large AODs
corresponding to active dust events may be excluded as cloud
contamination. Second, the dust storms with turbulence
windy condition may cause unstable measurements. For
example, in the case of heavy dust loading, due to FOV
uncertainty, errors of AODs can be significant because of
large forward scattering of large particles [19]. Third, due
to the default digital gain of CE318 under automatic mode,
the maximal AOD is suggested to be no more than 4.0. For
another example, when an active dust storm happened on
March 20, 2012, inMinqin, our ground-based sunphotometer
only totally took down 48 records. The level 1.0 data showed
that the daily average of AODs (𝜏

500
) was 2.3 and the

maximum even reached up to 4.7. Therefore, from this point
of view, we probably lose the opportunity to investigate the
heave dust aerosol burden in this area if we want to insure
data quality.

The monthly variation of AOD (𝜏
500

) is shown in
Figure 3. The error bars stand for one standard deviation
range (±𝜎) of monthly averaged AODs. The entire observa-
tion period (from Mar. 2012 to Feb. 2013) can be divided
into four seasons which are spring (from Mar. 2012 to May.
2012), summer (from Jun. 2012 to Aug. 2012), autumn (from
Sep. 2012 to Nov. 2012), and winter (from Dec. 2012 to Feb.
2013). At the bottom of Figure 3, the number of monthly
records (corresponding to the right coordinate) is counted.
Eachmonth has approximately equal numbers (∼500–800) of
AODs except December (83 counts) and January (23 counts).
This is because we carried out instrument calibration in
Beijing from Dec. 8, 2012 to Jan. 30, 2013.
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Figure 2: The histogram of AOD at 0.50 𝜇m in the form of relative
frequency and accumulated frequency.
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Figure 3: The monthly variation of AOD. The left axis correspond-
ing to AOD and the right axis corresponding to number of records.

A clear pattern for monthly variation of AOD (𝜏
500

) can
be found in Figure 3. In spring, dust aerosol load is always
the heaviest among four seasons. The AOD values change
from 0.4 to 0.6 with the biggest standard deviation (∼0.3)
in April. A probable explanation is that Minqin suffers from
drought and active windy events in spring. From summer
to autumn the AODs decrease. In October, AODs are the
lowest, that is, 0.18 ± 0.09. Because of quiet weather, from
September to November, the measurements are very stable
which is reflected by small standard deviations. In winter, the
AODs begin to increase slightly till the next spring. It should
be noted that in January there are the fewest records and
the smallest standard deviations for the sake of calibration
experiment.

3.1.2. Histogram and Monthly Variation of Ångström Expo-
nent. Ångström exponent (𝛼) reflects the aerosol size and its
spectral dependence. The frequency histogram of Ångström
exponents, derived from AODs at wavelength of 0.44 and
0.87 𝜇m, can be seen in Figure 4. It illustrates the main
range of 𝛼 from 0.1 to 1.0. The distribution is fitted by
a bimode normal distribution centered at about 0.18 and
0.50, comparable to Che et al. [14] results of 0.17 and 0.50,
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Figure 4: The frequency distribution of Ångström exponents
(0.44∼0.87 𝜇m) in the form of relative histogram and accumulated
frequency.

respectively. Two peaks in Figure 4, corresponding to larger
size and smaller size particles, are perhaps associatedwith two
aerosol types in desert area. The peak 0.50 can be explained
as dust particles emitted into atmosphere by wind, while
another peak 0.18 may be related to suspending particles
by floating dust or dust flowing. Also, the threshold is very
consistent with other desert locations such as Saudi Arabia
(0.1–0.9) [10]. It is also found that the peak 0.18 corresponds
to most of large dust aerosols (−0.05 < 𝛼 < 0.25) discovered
by Li et al. [11] among 5 sites in Africa arid areas.

Dust aerosols have an obvious trend of increasing AOD
versus decreasing Ångström exponent. This phenomenon is
caused by large particles.Themonthly variation of Ångström
exponent is plotted in Figure 5. Compared with Figure 3,
Ångström exponent behaves contrary to the AOD trend at
all seasons. The minimum value of Ångström exponent is in
April (0.29±0.15), while the maximum value is in September
(0.64 ± 0.22). In general, the size of dust aerosol is larger in
winter-spring than in summer-autumn. In conjunction with
Figure 4, the peak of the histogram of Ångström exponent
(𝛼 ∼ 0.2) is likely from winter-spring. When the wind blows
from north to south in winter-spring season, the influence
of dust particles is more noticeable resulting in lower values
of Ångström exponent. Whereas, when the wind blows
from south to north in summer-autumn, the anthropogenic
influence is more obvious causing the values of Ångström
exponent to be higher.

3.2. Size Distribution

3.2.1. Size Distribution versus AOD. The size of dust aerosols
is normally expressed by the effective radius (𝑟eff) ranging
from a few nanometers to 100 microns. An ensemble of dust
particles can be classified as clay (𝑟 < 1 𝜇m), silt (1 <
𝑟 < 25 𝜇m), and sand (𝑟 > 25 𝜇m) fractions in terms
of size distribution [3]. In OPAC model [20] (tabulated in
Table 1c therein), there are four mineral modes: nucleus
mode, accumulation mode, mineral-transported mode, and
coarsemodewhose volume radii are 0.27, 1.6, 3.0, and 11.0 𝜇m,
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Figure 5: The monthly variation of Ångström exponent (0.44–
0.87 𝜇m).The left axis corresponding to Ångström exponent and the
right axis corresponding to number of records.

respectively. In fact, the size distribution of dust particle is
related to a few characteristics such as shape, composition,
mixture manner, and AOD. For instance, tiny particles of
clay are believed to stay suspended in atmosphere for a long
time and then can transport further than large particles of
sands. Dust aerosols may be agglomerated or aggregated
through physicochemical transformation which can lead to
size change.

We use a bimodal lognormal function for modeling. The
size distribution is divided into twenty-two bins with radii
from 0.05 to 15 𝜇m [9]. On average of all retrievals of size
distributions, the effective radius of fine mode (𝑟

𝑓
) is 0.14 𝜇m

with the standard deviation 𝜎
𝑓
= 0.5 while the coarse

mode (𝑟
𝑐
) is 2.82 𝜇m with 𝜎

𝑐
= 0.75. Dubovik et al. [10]

summarized a couple of size distributions of dust aerosols
in Arabian Peninsula (Saudi Arabia and Cape Verde) and
Bahrain-Persian Gulf, which were 𝑟

𝑓
∼ 0.12–0.15 𝜇m and

𝑟
𝑐
∼ 1.90–2.54 𝜇m, respectively. Large aerosols are dominant

because of 𝑉
𝐶
/𝑉
𝑓
∼ 2–8. Our results agree with several

previous observations [15, 21]. However, the volume content
of coarse mode in Minqin is lower than regions mentioned
above (𝑉

𝐶
/𝑉
𝑓
∼ 10–50).

In this study, we divide measurements into eight cate-
gories in terms of AODs (𝜏 ≤ 0.05, 0.05 < 𝜏 ≤ 0.1, 0.1 <
𝜏 ≤ 0.2, 0.2 < 𝜏 ≤ 0.3, 0.3 < 𝜏 ≤ 0.4, 0.4 < 𝜏 ≤ 0.5,
0.5 < 𝜏 ≤ 0.6, and 0.6 < 𝜏 ≤ 1.0) (Figure 6). In general,
most series exhibit the dominance of large particles in dust
aerosols. When AODs increase, both the concentrations of
the fine and coarsemodes increase. Despite changes inAODs,
the aerosol size distributions are approximately consistent in
shape except for 0.6 < 𝜏 ≤ 1.0. The third mode (except
for fine and coarse modes) at particle radius of 0.4–1.0 𝜇m
begins to appear when AODs are larger than 0.6.This change
is most likely to attribute to abundance of the accumulation
and mineral-transported components in dust aerosols [22].

3.2.2. Monthly Variation of Size Distribution. The monthly
variation of size distribution is plotted in Figure 7 and the
parameters of mean and standard deviation of effective radii
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Table 1: The monthly variation of effective radius, standard deviation, and volume concentration of fine mode and coarse mode.

Month 𝑟
𝑓
(𝜇m) 𝑟

𝑐
(𝜇m) 𝜎

𝑓
𝜎
𝑐

𝑉
𝑓
(𝜇m3/𝜇m2) 𝑉

𝑐
(𝜇m3/𝜇m2)

Mar. (2012) 0.15 2.59 0.51 0.74 0.04 0.12
Apr. 0.15 2.81 0.57 0.76 0.05 0.43
May 0.16 2.64 0.57 0.76 0.04 0.14
Jun. 0.13 3.06 0.51 0.75 0.05 0.15
Jul. 0.17 3.49 0.51 0.77 0.05 0.09
Aug. 0.14 3.02 0.46 0.77 0.02 0.07
Sep. 0.14 3.01 0.47 0.76 0.02 0.07
Oct. 0.14 2.76 0.51 0.73 0.02 0.07
Nov. 0.14 2.49 0.53 0.72 0.01 0.07
Dec. 0.15 2.75 0.50 0.71 0.01 0.04
Jan. (2013) 0.15 2.93 0.49 0.66 0.01 0.15
Feb. 0.16 2.64 0.53 0.74 0.01 0.05
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Figure 6: The size distribution of dust aerosol is divided into eight
categories in terms of AODs (𝜏 ≤ 0.05, 0.05 < 𝜏 ≤ 0.1, 0.1 < 𝜏 ≤ 0.2,
0.2 < 𝜏 ≤ 0.3, 0.3 < 𝜏 ≤ 0.4, 0.4 < 𝜏 ≤ 0.5, 0.5 < 𝜏 ≤ 0.6, and
0.6 < 𝜏 ≤ 1.0).

and volume ratios of fine mode and coarse mode are listed
in Table 1. From the table, we find that both the effective
radii of two modes are stable from spring to winter (𝑟

𝑓
∼

0.13–0.17 𝜇m, 𝑟
𝑐
∼ 2.49–3.49 𝜇m).The volume concentration

of find mode (𝑉
𝑓
) decreases from spring to winter. The

volume concentration of coarse mode (𝑉
𝑐
) exhibits a similar

tendency only if we disregard March (0.43) and January
(0.15). Moreover, 𝑉

𝑐
is significantly high (∼0.43) in April

because of dust activities.

3.3. Complex Refractive Index

3.3.1. Histogram of Complex Refractive Index. Thehistograms
of real parts of the complex refractive indices at 0.44, 0.67,
0.87, and 1.02 𝜇m are given in Figure 8. It should be pointed
out that the threshold of real parts used in our processing is
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Figure 7: Monthly variation of size distribution of dust aerosols
fromMar. 2012 to Feb. 2013.

set as 1.33–1.70, which is different from AERONET’s thresh-
old (1.33–1.60). In many models [21], the real part of dust
aerosol is thought to be constantly 1.53 in visible spectrum
or accompanying a slight fluctuation with a range of 0.05
in accordance with in situ measurements [4]. Nevertheless,
in Figure 9, the real parts of complex refractive indices
seem to be higher than expected. Additionally, the real parts
of complex refractive indices in the range (∼1.6-1.7) have
a pronounced spectral variation from visible to infrared
spectrum.

For imaginary parts of refractive indices, our results
are given in Figure 9 with values ranging from 0.0005 to
0.09 at four wavelengths of 0.44, 0.67, 0.87, and 1.02𝜇m.
In the WMO model, the imaginary part of refractive index
in visible spectrum is 0.008 which is thought to be larger
than measurements by Dubovik et al. [10]. Otterman et al.
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Figure 8: The histograms of the real part of complex refractive index for dust aerosol at 0.44, 0.67, 0.87, and 1.02 𝜇m.

[23] gave the value of 0.001 and sometimes 0.003 [24] when
heavy dust happened. In China, Cheng et al. [15] observed a
value of about 0.0007–0.0033 at four wavelengths inHunshan
Dake Desert. Nevertheless, as explicated in Figure 9, the
imaginary parts tend to be larger than previous studies. Only
approximately 30% of our observations fall into the bin of
0.001–0.008.

3.3.2. Analysis of Dust Constituents. The complex refractive
index of dust aerosol is relevant to its constituents. Dust
aerosol is always a natural mixture of various constituents
which are mainly illite, kaolinite, smectite, calcite, and quartz
as major species for clays and quartz, feldspars, calcite,
hematite, and gypsum for silts. The abundance of each
dust mineral depends on sources, mobilization processes,
and physicochemical transformations during transport. For
convenience of comparison, we list complex refractive indices
of various common species of dust minerals in Table 2
as well as citations. At visible wavelength the real part
of mineral is about 1.4–1.6 for all aforementioned species
except for limestone (∼1.655 only o-ray) and hematite (∼
3.0), while the imaginary part is very close to zero except
for hematite (∼0.1–0.01). Limestone (98% calcite), due to its
property of birefringence, has two measured values of real

parts, while the distribution of real parts also shows bimode.
From this similarity in phenomenon, we speculated that the
birefringence exists.

Looking back to our measurements, the real part is
higher than 1.5. It is implicit that the limestone (calcite)
may be a dominant constituent in dust aerosols in Minqin.
The evidence is convincing according to the global high-
resolution mineralogical database of dust-productive soils
[25]. The values of 1.7 may be due to our thresholds for
the real part. Thus, another reason is that hematite whose
real part (∼3.0) is uniquely large than other minerals that
may exist in Minqin. As Table 2 shows, the imaginary part
is larger than most mineral species implying the occurrence
of absorptive particles, perhaps anthropogenic aerosols due
to human activities or hematite. Xiao-peng and Hai-bing
[26] found that iron oxides are an important constituent of
dust aerosols inMinqin, which demonstrates our speculation
to some extent. Finally, the other possibility why the mod-
eled refractive indices may turn out higher is the effect of
surface roughness [3] which is not considered in Dubovik’s
spheroidal model.

3.4. Single Scattering Albedo. Single scattering albedo (SSA,
𝜔
𝑜
) is a synthetic optical parameter for particle scattering
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Figure 9: The histograms of the imaginary part of complex refractive index for dust aerosol at 0.44, 0.67, 0.87, and 1.02 𝜇m.

Table 2: Complex refractive indices of minerals derived from some
references.

Mineral dust 𝑚
𝑟

𝑚
𝑖

References
Illite 1.413 0.000773 [5]
Kaolinite 1.493 0.000048 [5]
Montmorillonite 1.523 0.000038 [5]
Limestone (98% Calcite) 1.655 0 (o-ray) [27]

1.485 0 (e-ray)
Feldspar 1.5-1.6 0.001–0.00001 [28]
Hematite 3.0 0.1–0.01 [29]
Quartz 1.54 0 [28]
White clay 1.50–1.70 0.00001–0.001 [30]
Green clay 1.50–1.70 0.00001–0.001 [30]

depending on its size, shape, orientation, and composition.
Dubovik et al. [10] found that the SSA value of dust in situ
measurementwas above 0.90 atwavelengths of 0.44–0.87𝜇m.
His results were significantly less absorptive than models
(∼0.63–0.89 at 0.55 𝜇m[21]). Generally speaking, dust aerosol
is thought to be weakly absorbing except hematite. The SSAs
of dust aerosols in Minqin are 0.89 ± 0.05, 0.87 ± 0.06,
0.85 ± 0.07, and 0.84 ± 0.07 at wavelengths of 0.44, 0.67,

0.87, and 1.02 𝜇m, respectively. The results are closed to
models, but lower than Dubovik et al. [10] observation as
shown in Figure 10. The figure exhibits different tendency
of SSA spectrum between fine mode (<1𝜇m) and coarse
mode (>1 𝜇m) particles. For large particles, the trend of SSA
increases compared to 𝜆, agreeing well with Li et al. [11]
statistics. In the case of nondust dominated fine aerosols, we
expect 𝜔

0
(𝜆) to show a tendency to decrease.

According to our results, the single scattering albedo of
coarse mode is obviously lower than aforementioned studies
at all wavelengths. The results illustrate that dust in Minqin
is likely more absorptive. In fact, the dust absorption is
predetermined by the presence of hematite. Recent efforts
on incorporating mineralogical composition into models
of radiative properties of dust [5] emphasize that the way
hematite is mixed with quartz or clay is complicated and
strongly impacts the resulting absorption.

3.5. Scattering Matrix. One of the advantages in polarimetric
measurement by sunphotometer is to retrieve elements from
4 × 4 scattering matrix, that is, Mueller matrix, which reveals
important microphysical properties of an ensemble of dust
aerosols. Assuming that the particles have their mirror posi-
tions in equal number and in randomorientations, thematrix
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can concisely be written with six independent dimensionless
elements as

𝐹 =
[
[
[

[

𝐹
11
−𝐹
12
0 0

𝐹
12
𝐹
22
0 0

0 0 𝐹
33
𝐹
34

0 0 𝐹
34
𝐹
44

]
]
]

]

. (1)

The complete scattering matrix has been investigated as a
function of the scattering angle of aerosols in laboratory
and published via website [7, 31]. Two matrix elements as a
function of the scattering angle, the scattering phase function
(𝐹
11
) normalized to 1 at 30 degrees, and the degree of linear

polarization for unpolarized incident light (−𝐹
12
/𝐹
11
) can

be obtained by polarimetric ground-based observations. In
the inversion algorithm [10], sky radiance and polarized
radiance (the maximum scattering angle depends on solar
zenith angle) are fitted simultaneously with model to yield
column aerosol microphysical parameter, like aerosol size
distribution, refractive index, and shape. 𝐹

11
and −𝐹

12
/𝐹
11

also could be calculated from these aerosol parameters by
radiative transfer model, with 83 scattering angle from 0 to
180∘.

We average all instantaneous measurements of 𝐹
11

and
−𝐹
12
/𝐹
11
at thewavelength of 0.67𝜇mand plot themwith one

standard deviation shown in Figure 11.Moreover, we calculate
themean values of𝐹

11
and−𝐹

12
/𝐹
11
under various conditions

of Ångström exponent (three classes: 𝛼 < 0.25, 0.25 ≤ 𝛼 <
0.75, and 𝛼 ≥ 0.75). As seen in Figure 11(a), as dust aerosols
become larger (that is, 𝛼 decreases), the forward scattering
ability increases more dramatically when the scattering angle
is less than 20∘, while the curves are not obviously different
in the angles of 90∼160∘. In Figure 11(b), the magnitude of

degree of linear polarization decreases with the increase in
particle size.

Laboratory measurements are chosen for discussions.
Figure 11 shows 𝐹

11
and −𝐹

12
/𝐹
11

of a sample of “white
clay” measured by the IAA Cosmic Dust Laboratory, which
is an ensemble of irregular particles with constituents of
illite, kaolinite, montmorillonite, and quartz. Its size dis-
tribution is a single mode with 𝑟eff = 2.6 𝜇m and the
complex refractive index is estimated to be in the range
(1.5 ∼ 1.7)-i(0.00001 ∼ 0.01) at visual wavelengths [30].
Besides we select Volten et al. [28] sample, called “average”,
adding to the Figure 11 because it represents an average
case of dust particles consisting of feldspar, red clay, loess,
Sahara sand, Pinatubo volcanic ash, Lokon volcanic ash. In
Figure 11(a), 𝐹

11
agrees well with laboratory result despite

the fact that the “average” is slight higher in the range
90 ∼ 160

∘. Figure 11(b) shows that the shape of −𝐹
12
/𝐹
11

is consistent. “White clay” is between two classes (𝛼 <
0.25, 0.25 ≤ 𝛼 < 0.75), and the corresponding Ångström
exponent is estimated to be∼2.5. In contrast, “average” sample
is in accordance with even smaller Ångström exponent
(𝛼 < 0.25).

4. Conclusions

The field observation of dust properties is still rare in desert
regions of China because of difficulties in operating and
maintaining precisely long-term and continuous observation
in desert environment. In this paper, we provided a complete
description of column dust properties at Minqin site near
Hexi Corridor based on one-year measurement obtained
from a ground-based polarized type of CIMEL sun-sky
radiometer (CE318-DP). The study site may be attractive for
various researches because of its peculiar location where both
Badain JaranDesert andTenggerDesert contribute to sources
of dust aerosols.

We used the state-of-art algorithm to retrieve aerosol
optical andmicrophysical properties, including aerosol single
scattering-albedo, size distribution, complex refractive index,
scattering phase function, and degree of linear polarization
for incident unpolarized light (i.e., the angular distribution
of the first two elements of scatteringmatrix). It is found that,
in Minqin, an annual mean AOD was 0.22 at 0.50𝜇m and
the effective radii of fine (0.13–0.17 𝜇m) and coarse (2.49–
3.49 𝜇m) modes were stable at all seasons together with the
appearance of a third mode of particle radius at 0.4–1.0 𝜇m
when AOD was larger than 0.6. It is noticeable that the real
(1.5–1.7) and imaginary (0.0005 to 0.09) parts of complex
refractive indices were higher than other studies performed
in other desert regions of China, while single scattering
albedo was relatively lower (∼0.84–0.89) at wavelengths
of 0.44, 0.67, 0.87, and 1.02 𝜇m. This is partially due to
calcite or hematite in the soil in Minqin or the influence
of anthropogenic aerosols containing carbon. These dust
characteristics can provide reference for different studies
not only on climate change but also on environmental and
ecological researches.
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