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ABSTRACT

Aerosol observational data for 2012 obtained from Dunhuang Station of CARE-China (Campaign on Atmospheric
Aerosol Research Network of China) were analyzed to achieve in-depth knowledge of aerosol optical properties over Dun-
huang region. The results showed that the annual average aerosol optical depth (AOD) at 500 nm was 0.32± 0.06, and the
Ångström exponent (α) was 0.73± 0.27. Aerosol optical properties revealed significant seasonal characteristics. Frequent
sandstorms in MAM (March–April–May) resulted in the seasonal maximum AOD, 0.41± 0.04, and a relatively smaller α
value, 0.44± 0.04. The tourism seasons, JJA (June–July–August) and SON (September–October–November) coincide with
serious emissions of small anthropogenic aerosols. While in DJF (December–January–February), the composition of the
atmosphere was a mixture of dust particles and polluted aerosols released by domestic heating; the average AOD and α
were 0.29± 0.02 and 0.66± 0.17, respectively. Different air masses exhibited different degrees of influence on the aerosol
concentration over Dunhuang in different seasons. During MAM, ranges of AOD (0.11–1.18) and α (0.06–0.82) were the
largest under the dust influence of northwest-short-distance air mass in the four trajectories. Urban aerosols transported by
northwest-short-distance air mass accounted for a very large proportion in JJA and the mixed aerosols observed in SON were
mainly conveyed by air masses from the west. In DJF, the similar ranges of AOD and α under the three air mass demonstrated
the analogous diffusion effects on regional pollutants over Dunhuang.
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1. Introduction
Aerosols are mixtures of suspended liquid and solid par-

ticles released by natural sources and anthropogenic activi-
ties, with diameters ranging from 10−3 to 102 µm. Due to
the effect of topography, surface properties, anthropogenic
activities, and meteorological conditions, aerosols exhibit
strong temporal and spatial variability (Kim et al., 2007;
Mahowald et al., 2011; Power et al., 2006). Aerosols can
change the earth–atmosphere radiance balance and energy
budget, as well as affect the climate directly by absorbing
and scattering sunlight. Additionally, hydrophilic aerosols
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can serve as cloud condensation nuclei or ice nuclei, thus
having the potential to alter cloud properties and indirectly
impact the climate (Dubovik et al., 2000; Che et al., 2009).
As a result of their direct and indirect climatic effects, at-
mospheric aerosols have become a hot topic for the interna-
tional scientific research community (IPCC, 2013). To ob-
tain a comprehensive picture of aerosol optical properties
in the long term, an extensive number of observational sta-
tions situated in various background ecosystems are required
(Alados-Arboledas et al., 2008). Consequently, many coun-
tries and organizations have established aerosol observation
networks, such as AERONET (USA) (Holben et al., 1998),
AEROCAN (Canada) (Bokoye et al., 2001), PHOTONS
(France) (Goloub et al., 2008), and CARSNET (China)
(Che et al., 2015a), equipped with CIMEL sun-photometers;
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SKYNET (Japan) (Uchiyama et al., 2005), equipped with
sky-radiometers; and GALION [WMO-GAW(Global Atmo-
sphere Watch)] (Bösenberg et al., 2008), equipped with an
aerosol lidar system. The Institute of Atmospheric Physics,
Chinese Academy of Sciences, and the University of Mary-
land jointly developed China’s first and largest set of ground-
based aerosol observation platforms; namely, the Chinese
Sun Hazemeter Network (CSHNET), launched in July 2004
(Xin et al., 2007; Wang et al., 2007). CSHNET had 23 sta-
tions in the initial stage, with LED hazemeters employed for
observing regional aerosol optical properties. During 2011–
12, substantial progress was made towards further improving
the network under the support of CARE-China (Campaign
on Atmospheric Aerosol Research Network of China) (Xin
et al., 2015). Presently, there are 36 operating stations, and
the Microtops-II sun-photometer is used to host the whole
network.

Dunhuang is located in the westernmost region of the
Hexi Corridor, and serves as the geographical meeting-point
of three provinces (Gansu, Qinghai, and Xinjiang). Dun-
huang has an area of 3.12×104 km2, of which almost 95.5%
is covered by the Gobi desert (Liu et al., 2005). Acting as
a typical arid-desert background region, Dunhuang has been
a research hot-spot for scientists both at home and abroad
(Trochkine et al., 2003, 2012; Xia et al., 2004; Shen et al.,
2006; Yan, 2007; Gao et al., 2013). Xia et al. (2004) con-
ducted a regional aerosol observation experiment in Dun-
huang during 1999–2000, and found an annual average AOD
loading of 0.24 and Ångström exponent (α) of 0.21. They
clearly noted that dust aerosols were individually controlling
the atmospheric components all year round. To further an-
alyze the effect of dust transported from Northwest China
to Japan, using a seasonal sampling dataset from Dunhuang
provided by the ACE-Asia project, Trochkine et al. (2012)
discovered similar dust constituents in component analysis
of different seasons, and pointed out that they were identical
to the material suspended inside the troposphere over Japan.
Liu and Yue (2007) investigated AOD variation under differ-
ent weather conditions for Dunhuang in spring. They noted
that AOD values were less than 0.3 on clear-sky days. With
floating dust, AOD was two to three times higher. Values that
were two to three times larger than during weather conditions
that offloaded dust were also apparent during sandstorms.
Gao et al. (2013) explored the aerosol optical properties of
northern China, and identified that coarse-mode dust domi-
nated during 2004–07. In the past decade, with increasing
population growth and the development of the tourism indus-
try, the economic structure of Dunhuang has changed dramat-
ically. Dunhuang statistical yearbook (Dunhuang Statistical
Bureau, 2000–2012) showed that annual average tourist num-
bers increased almost fivefold during the 14 years from 1999
to 2012. High levels of immigration can raise the demand for
urbanization, which in turn can lead to a greater abundance of
anthropogenic aerosols, resulting in increasingly more com-
plex aerosol pollution. Different aerosol types possess differ-
ent scattering and absorption properties, with different signs
and magnitudes of aerosol radiative forcing (Satheesh and

Moorthy, 2005). For example, dust aerosols are hydropho-
bic coarse particles, absorbing short wavelength radiation,
whereas fine-mode black carbon is a strongly hygroscopic
aerosol (Lund and Berntsen, 2013). Relatively smaller sul-
fate aerosols can reflect solar light back to space and also
exhibit strong hygroscopic behavior. The different climatic
effects of aerosols seriously affect regional climate change
(Ramanathan and Carmichael, 2008). As a consequence, an
in-depth study on the aerosol optical properties and changes
in aerosol components over the Dunhuang region is urgently
required.

2. Methods and data
2.1. Site description

The Dunhuang Desert background station [(40◦01′N,
94◦04′E); altitude of 1140 m] of CARE-China is located in
the yard of Dunhuang Meteorology Bureau (Fig. 1). Dun-
huang is a typical desert basin, with the Qilian mountains
to the south, Kumtag desert and Lop Nur to the west, Bei-
sai mountain to the north, and Sanwei mountain to the east.
Besides, the famous Taklimakan and Tengger deserts are also
located in the west and east of Dunhuang region, respectively.
Dunhuang has a warm-temperate arid climate, with four dis-
tinctive seasons. Annual mean temperature is 9.3◦C. Annual
mean precipitation is 38.7 mm, and the annual mean potential
evaporation is 2476.4 mm (Liu et al., 2005).

2.2. Instrumentation

The spectral extinction method is an effective technique
widely used to capture aerosol optical properties. It uses
narrow-band sun-photometers to explore direct radiation, and
then determines columnar AOD using the calculation mod-
ule predefined in the instrument (Xin et al., 2006). Thirty
six stations belonging to CARE-China are equipped with
Microtops-II sun-photometers, a hand-held manually op-
erated instrument, and provide observational AOD values.
The physical properties and operational methods are intro-
duced in detail in the instrument’s instruction manual, which
is publicly accessible (Solar Light Company, 2001). The
Microtops-II sun-photometer receives solar irradiance in five
channels (440 nm, 500 nm, 675 nm, 870 nm, and 936 nm),
from which it automatically derives AOD through the AOD
calculation module (details are described in section 2.3.1).
Filters for the five channels all have a wavelength precision
of ±1.5 nm, and a full width at half maximum band pass of
10 nm (Ichoku et al., 2002; Segla et al., 2011).

Due to the aging of optical filters and other influences, the
accuracy of the Microtops-II sun-photometer can reduce over
time. Hence, calibration is important to guarantee instrument
precision. Langley calibration and transfer calibration are the
two main methods normally used to calibrate the photome-
ters. In August or September of each year, Langley calibra-
tion is performed in Lhasa. Then, the calibrated instrument
is transferred to calibrate the other photometers (Xin et al.,
2011, 2014).
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Fig. 1. Geographical location of Dunhuang station. �: Tengger Desert; �: Taklimakan Desert; �: Kumtag Desert.

2.3. Data processing
2.3.1. AOD calculation

An AOD inversion algorithm based on the fundamental
theory of the Beer–Lambert–Bouguer law was programed
into the Microtops-II sun-photometer. The Beer–Lambert–
Bouguer law is an atmospheric transmission and extinction
model, as shown below (Ichoku et al., 2002):

Vλ = Vλ,0D−2e−mτTot,λ , (1)

where, for each wavelength, Vλ is the output voltage signal
observed by the Microtops-II sun-photometer; Vλ,0 is the ex-
traterrestrial voltage signal; D is the sun–earth distance, in
astronomical units, at the time of observation; m is optical air
quality; and τTot,λ is the total atmospheric columnar optical
depth,

τTot,λ = τRay,λ+τaer,λ+τO3,λ ,

in which τRay,λ is the Rayleigh scattering optical depth, τaer,λ
is the AOD, and τO3,λ is the ozone optical depth.

The methods for calculating τO3,λ and τRay,λ are discussed
in detail in Ichoku et al. (2002). Thus, τaer,λ is derived by

τaer,λ =
ln(Vλ,0)− ln(VλD2)

m
−τRay,λ−τO3,λ . (2)

2.3.2. Ångström exponent calculation

According to the Junge distribution of aerosols,
Ångström (1964) constructed a relational equation between
wavelength and AOD:

τaer,λ = βλ
−α , (3)

where, for each wavelength, τaer,λ is the AOD and β is the
turbidity coefficient.

For any two wavelengths, the log-linear fitting formula is

α = −
ln(τaer,λ1)− ln(τaer,λ2 )

ln(λ1)− ln(λ2)
(4)

The α is an indicator of particle size, and the range is
0–2 (Peppler et al., 2000). When α approaches 0, it indi-
cates that coarse-mode dust is dominant; as it approaches 2,
it indicates that fine-mode smoke is dominant. A number of
studies have compiled α ranges: urban-industrial aerosols are
in the range of 1.1 < α < 2.4; black carbon aerosols are in the
range of 1.2 < α < 2.3; and dust aerosols are in the range of
−1.0 < α < 0.5 (Tanré et al., 2001; Dubovik et al., 2002).

2.4. Data
This study employed observational AOD data from Dun-

huang station of CARE-China and meteorological data from
Dunhuang Meteorological Bureau for the whole year of 2012.
The corresponding α data were calculated with AOD values
in three channels (440 nm, 500 nm and 675 nm). The NOAA
global reanalysis datasets, used for backward trajectory anal-
ysis, were downloaded from ftp://arlftp.arlhq.noaa.gov/pub/
archives/reanalysis, which has a GBL (Global Latitude-
Longitude Projection) format and a resolution of 2.5◦×2.5◦.

3. Results
3.1. Variation of aerosol loading and the Ångström expo-

nent
Figure 2 shows the annual and seasonal average values of

AOD and α for the most recent decade [data for 1999 were
obtained from Xia et al. (2004), observed by a sun/sky ra-
diometer; data for 2004–07 were obtained from Gao et al.
(2013), observed by the sky-radiometer of SKYNET). An-
nual averages for AOD and α were 0.32± 0.06 and 0.73±

ftp://arlftp.arlhq.noaa.gov/pub/archives/reanalysis
ftp://arlftp.arlhq.noaa.gov/pub/archives/reanalysis
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Fig. 2. Seasonal and annual average values and standard deviations of AOD and α.

0.27, respectively, in Dunhuang in 2012. The AOD value
was lower than some typical values from urban aerosol stud-
ies in China. For example, the annual mean AOD at 440 nm
was 0.42 in Kunming (Zhu et al., 2015), 0.59 at 500 nm in
Shenyang (Che et al., 2015b), and 0.48 at 500 nm in Bei-
jing (Xin et al., 2011). This comparison demonstrates that
Dunhuang maintained a relatively clean environment. Both
AOD and α values in 2012 were higher than those of 1999
(AOD500nm, ∼ 0.24 ± 0.05; α, ∼ 0.21 ± 0.10) and 2004–07
(AOD675nm, ∼ 0.24±0.16; α, ∼ 0.37±0.30), revealing an in-
creasing trend both for AOD and α over the 14 years from
1999 to 2012. The increasing AOD demonstrated increas-
ingly more serious pollution over this region, whereas the
steep rise in α was generally related to the sufficiently higher
emissions of fine particles. Che et al. (2015a) obtained the
same upward AOD result by analyzing a long-term observa-
tional dataset (2002–13) provided by the CARSNET Dun-
huang station, and they speculated that, although dust events
were decreasing, floating dust particles may have been sus-
pended in the air for a longer time. Dunhuang, as a fa-
mous resort, has attracted increasingly more tourists in recent
years. The tourism population was 0.53 million in 1999, and
it increased to approximately one million during the years of
2004–07, nearly double that of 1999. In 2012, it rose sharply
to reach 3.1204 million, six times larger than that in 1999
(Dunhuang Statistical Bureau, 2000–2012). The considerable
increase in tourists not only increased anthropogenic aerosol
emissions, but also amplified vehicle usage, making it much
more serious in terms of fine-particle pollution.

The order with respect to the seasonal mean AOD
in Dunhuang in 2012 (Fig. 2a) was as follows: MAM
(March–April–May; 0.41± 0.04) >JJA (June–July–August;
0.32 ± 0.01) >DJF (December–January–February; 0.29 ±
0.02) >SON (September–October–November; 0.28 ± 0.04).
By contrast, the highest seasonal AOD values have been
found to exist in summer over Shanghai (He et al., 2012) and
Wuhan (Wang et al., 2014). This difference mainly comes
from the different environmental backgrounds and origins of
aerosols. The maximum α of 0.94 ± 0.21 among the four
seasons occurred in JJA, and the other three values were
0.89±0.24 (SON), 0.66±0.17 (DJF) and 0.44±0.04 (MAM).

In MAM, intense atmospheric activities provide a mechanism
for the injection of substantial amounts of dust material into
the lower and middle troposphere (Yumimoto et al., 2009),
resulting in the maximum AOD and the corresponding min-
imum α. During the tourism seasons (JJA and SON), in-
creased human activities led to high concentrations of fine
particles, and fine-mode pollution became significantly more
obvious with the increase in the number of tourists (Fig. 2).
DJF is the season when domestic heating is used most, in
which the atmospheric composition is dominated by fine-
mode black carbon aerosols, sulfate aerosols and occasional
coarse-mode dust.

Figure 3 presents the monthly average values of AOD at
500 nm and the α. Figure 3a shows that the monthly aver-
age AOD values varied slightly. The maximum (0.44±0.22)
occurred in March, followed by 0.42 ± 0.28 in May and
0.35±0.17 in April, suggesting that Dunhuang was seriously
affected by frequent dust events in MAM. Of the remain-
ing months, the AOD value of 0.33± 0.15 in November was
the largest. This was possibly related to the frequent occur-
rence of dust weather (over the 10-day records of the whole
of November). The monthly variation of α exhibited se-
vere fluctuation in 2012 (Fig. 3b), demonstrating the domi-
nant mode was different in different periods. The α values
of February–May were relatively small, i.e., lower than 0.5,
which was associated with the frequent occurrence of sand-
storms in MAM. The peak of α was in June–October, with
an annual maximum value of 1.16± 0.21 occurring in Au-
gust. These fine-mode particles were mainly due to the in-
tense radiation during summer, which provided ample energy
for chemical reactions, and thereby generated large amounts
of fine-mode secondary aerosol pollution. Additionally, in-
creasing emissions of inorganic compounds (including sul-
fide, oxynitride, hydrocarbons etc.) and organic compounds
(including alkane, olefin, aromatic hydrocarbons etc.) (Fan-
ick et al., 2015; Kojima et al., 2016) were emitted during the
peak tourism period of May–October. In November, the num-
ber of tourists declined and, due to the frequency of sand-
dust, the α value (0.54± 0.24) was relatively lower. Decem-
ber and January were months when domestic heating was
required, meaning sustained coal combustion and abundant
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Fig. 3. Monthly average values and standard deviations of (a) AOD and (b) α.

fine-mode black carbon aerosols and sulfate aerosols were a
feature. Thus, α exhibited much larger values.

3.2. Frequency distribution of AOD and Ångström expo-
nent

The annual and seasonal frequency histograms of both
AOD and α are shown in Fig. 4. The aim is to reveal how
the distribution of aerosol optical properties changed with the
seasons, which can help in identifying the major aerosol types
(Pace et al., 2006; Salinas et al., 2009).

The annual frequency distributions of AOD and α exhib-
ited a single peak. The maximum frequency of annual AOD
(Fig. 4a) was observed in the 0.2–0.4 range and accounted
for 54.98%. As for the seasonal AOD frequency distribution
(inset figure in Fig. 4a), the peaks of the four seasons were
commonly situated within the range 0.2–0.4. The frequency
values of JJA, SON and DJF in each range all appeared to be
similar. However, compared with the former three seasons,
although the MAM frequency values in the first two ranges
(<0.2 and 0.2–0.4) were both smaller, the frequency value of
31.75% in the 0.4–0.6 range was much larger, which is addi-
tional evidence for serious MAM pollution. The maximum
frequency value of 18.65% of annual α (Fig. 4b) was ob-
served in the 0.4–0.6 range, and the next two ranges, 0.6–0.8
and 0.8–1.0, were 17.86% and 17.46%, respectively. This il-
lustrates the complexity of aerosol types. Extreme differences
existed for the seasonal α frequency distribution (inset figure
in Fig. 4b). A maximum frequency of 28.57% for MAM oc-
curred in the 0.2–0.4 range; a maximum frequency of 24.62%
for DJF occurred in the 0.6–0.8 range. The fitting curves of
JJA and SON were similar, with the maximum of 22.64%
in JJA situated at 1.0–1.2, and the maximum of 27.14% in
SON at 0.8–1.0. Xia et al. (2004) found the maximum α fre-
quencies for the four seasons all appeared within 0.0–0.2 over
Dunhuang in 1999; that is, dust aerosols were the dominant
mode throughout the whole year. Comparison revealed that,
in the most recent decade, dust aerosols still played a princi-
pal role in MAM but, due to the decrease in dust weather, α
increased slightly. Because of the increasing contribution of
human activities, the main mode of control for the other three
seasons changed. As tourist numbers increased rapidly, the

proportion of anthropogenic aerosols presented an increasing
trend. Urban and urban-dust aerosols were the main compo-
nents in JJA and SON, respectively. During DJF, the effect
of coal combustion gradually became obvious, so occasional
dust, black carbon and sulfate aerosols coexisted.

3.3. Backward trajectory clusters
To analyze air mass origins for the Dunhuang region in

the year of 2012, we employed the TrajStat (Trajectory Statis-
tics) model (http://ready.arl.noaa.gov/HYSPLIT.php) for sea-
sonal backward trajectory clustering. The TrajStat model is
software developed by NOAA HYSPLIT users (Wang et al.,
2009), using the same trajectory calculation module as HYS-
PLIT. The input meteorological data were from the NOAA
global reanalysis dataset. In the simulation, the starting
height was set to 1000 m and the endpoint was Dunhuang
Meteorology Bureau. The backward time was 72 hours. The
clustering results are displayed in Fig. 5.

The seasonal cluster results (Fig. 5) showed that MAM
air masses individually consisted of four types, whereas the
other three seasons were clustered into three common types.
Northwest–short-distance air masses occurred throughout the
four seasons, and were dominant in MAM, JJA, and SON.
However, in DJF, west–long-distance air masses were most
common. Specific details for the seasonal trajectory clusters
are as follows:

In MAM,
(1) Type-1: Northwest–short-distance air mass. This air

mass came from the northwest of Turpan Depression and ac-
counted for 58.15% of the total air masses for this season.

(2) Type-2: West–long-distance air mass. This air mass
came from west of Taklimakan Desert and accounted for
25.27% of the total air masses for this season.

(3) Type-3: Northwest–long-distance air mass. This
air mass came from west of Novosibirsk and accounted for
10.87% of the total air masses for this season.

(4) Type-4: Northeast–long-distance air mass. This air
mass came from central Outer Mongolia and accounted for
5.71% of the total air masses for this season.

In JJA,
(1) Type-1: Northwest–short-distance air mass. This air
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Fig. 4. Annual and seasonal frequency distribution of (a) AOD and (b) α. Solid lines in the two inset figures
represent the fitting curves that best fit the data distribution.

Fig. 5. Seasonal backward-trajectory clustering of the Dunhuang station: (a) MAM; (b) JJA; (c) SON; (d) DJF. Blue
lines represent the specific backward-trajectory of each day.

mass came from the central Gurbantünggüt Desert and ac-
counted for 64.47% of the total air masses for this season.

(2) Type-2: North–short-distance air mass. This air mass
came from east of Turpan Depression and accounted for
23.91% of the total air masses for this season.

(3) Type-3: Northeast–short-distance air mass. This air
mass came from north of Badain-Jaran Desert and accounted
for 11.42% of the total air masses for this season.

In SON,
(1) Type-1: Northwest–short-distance air mass. This air

mass came from northwest of Turpan Depression and ac-

counted for 52.47% of the total air masses for this season.
(2) Type-2: West–long-distance air mass. This air mass

came from central Kyrgyzstan and accounted for 39.01% of
the total air masses for this season.

(3) Type-3: Northwest–long-distance air mass. This
air mass came from west of Novosibirsk and accounted for
8.52% of the total air masses for this season.

In DJF,
(1) Type-1: Northwest–short-distance air mass. This air

mass came from northwest of Turpan Depression and ac-
counted for 21.02% of the total air masses for this season.
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(2) Type-2: West–long-distance air mass. This air mass
came from the southeast of Uzbekistan and accounted for
49.15% of the total air masses for this season.

(3) Type-3: Northwest-by-west–short-distance air mass.
This air mass came from the east of Kyrgyzstan and ac-
counted for 29.83% of the total air masses for this season.

In MAM, northwest air masses occupied the largest pro-
portion, i.e., 69.02% (Type-1: northwest–short-distance air
masses accounted for 58.15%; Type-3: northwest–long-
distance air masses accounted for 10.87%). Under the in-
fluence of northwest air masses, the α values were 0.42 ±
0.22 (Type-1) and 0.33± 0.16 (Type-3), smaller than those
of 0.72 ± 0.21 (Type-4) and 0.61 ± 0.27 (Type-2) and thus
demonstrating that coarse-mode dust aerosols carried by
northwest air masses when blowing through the Kumtag
Desert and Lop Nur seriously polluted the Dunhuang area and
were responsible for the occurrence of the highest AOD val-
ues of 0.44±0.26 (Type-1) and 0.42±0.15 (Type-3). North-
west air masses still played a leading role in JJA, with a fre-
quency of 64.67%, but because of the comparatively lower
wind speed of 1.73± 0.48 m s−1, the dust could not be up-
lifted and AOD was low. The Type-2 air masses originating
from the eastern Turpan Depression were accompanied by the
highest wind speeds of 2.52± 1.14 m s−1. These air masses
picked up dust and continental aerosols when passing through
the Gobi Desert region and eventually affected the Dunhuang
area, leading to the highest AOD of 0.50± 0.36. In SON,
dust weather was mainly concentrated in November. There
were dust records of over 10 days in November; nevertheless,
seven of these records were controlled by Type-1 (northwest–
short-distance air masses), indicating that dust aerosols trans-
ferred by northwest air masses affected the Dunhuang region
as well. Observed AOD values under the three types of air
masses in DJF were similar, with differences of only 0.02,
and the α values showed differences of 0.13. Thus, it is obvi-
ous that there was no significant diversity for the three types.
Pollution mainly came from the diffusion of regional black
carbon and sulfate aerosols generated by coal combustion.

From the above, similar air mass types appeared in
MAM, SON and DJF alike, except for the northeast air
masses (Type-4) of MAM. The highest AOD values were
commonly commanded by the northwest–short-distance air
masses (Type-1) for the three seasons mentioned above. Tak-
ing Type-1 air masses of the four seasons into consideration,
it is distinctly evident that wind speed was the major me-
teorological factor. The α decreased with increasing wind
speed (Table 1). The west–long-distance air masses of the
three seasons (MAM, SON, and DJF) transported consider-
able amounts of dust aerosols from the Taklimakan Desert.
The Taklimakan Desert is situated in the central Tarim basin.
To the north of the Tarim basin are the Tianshan Mountains,
and to the south and east are the Karakoram Range, Kun-
lun Mountains and Altun Mountains, with an average ridge
line height of 5000–6000 m. These mountains had a strik-
ing effect on the blocking and settling of aerosol particles, so
that west air masses did not cause an increase in AOD. The
northeast air masses only influenced the region in MAM and
JJA. They polluted the Dunhuang region through traversing
the Hexi Corridor.

3.4. Analysis of aerosol source
To analyze the aerosol source of Dunhuang region, we

employed the methodology of a classification frame-diagram
to sort the aerosols under different air mass types of different
seasons (Kaskaoutis et al., 2007). The classification frame-
diagram is shown as Fig. 6. Each category subsection of the
frame-diagram is defined by threshold values of AOD and α
for the corresponding aerosol type. The classification basis of
the threshold is shown in Table 2 (Tanré et al., 2001; Dubovik
et al., 2002; Kaskaoutis et al., 2007).

Figure 7 presents seasonal scatterplots for AOD versus
α against the classification frame-diagram in different air
masses. In MAM, dust aerosols were the dominant compo-
nents, freely affected from biomass burning/urban aerosol
types (Fig. 7a). Dust aerosols mainly occurred under the
control of Type-1 and Type-3 air masses. In the Type-1 air

Table 1. Attributes of different air masses and the corresponding average AOD, α, and wind speed (WS) values in different seasons.

Time Origin Direction/distance Percent AOD α WS (m s−1)

Type-1 MAM Northwest of Turpan Depression Northwest/short 58.15% 0.44±0.26 0.42±0.22 2.21±1.02
JJA Central Gurbantünggüt Desert Northwest/short 64.67% 0.27±0.12 0.97±0.34 1.73±0.48

SON Northwest of Turpan Depression Northwest/short 52.47% 0.33±0.18 0.70±0.29 1.76±0.72
DJF Northwest of Turpan Depression Northwest/short 21.02% 0.30±0.14 0.60±0.25 2.14±0.84

Type-2 MAM West of Taklimakan Desert West/long 25.27% 0.27±0.13 0.61±0.27 2.76±0.85
JJA East of Turpan Depression North/Short 23.91% 0.50±0.36 0.71±0.40 2.52±1.14

SON Central Kyrgyzstan West/long 39.01% 0.24±0.08 1.10±0.26 1.83±0.71
DJF Southeast of Uzbekistan West/long 49.15% 0.28±0.17 0.73±0.32 2.35±0.98

Type-3 MAM West of Novosibirsk Northwest/long 10.87% 0.42±0.15 0.33±0.16 2.82±0.81
JJA North of Badain-Jaran Desert Northeast/short 11.42% 0.34±0.13 0.63±0.25 2.49±0.61

SON West of Novosibirsk Northwest/long 8.52% 0.24±0.09 0.85±0.46 2.71±0.92
DJF East of Kyrgyzstan Northwest-by-west/short 29.83% 0.28±0.12 0.70±0.33 2.44±1.08

Type-4 MAM Central Outer Mongolia Northeast/long 5.71% 0.32±0.26 0.72±0.21 3.93±0.94
JJA — — — — — —

SON — — — — — —
DJF — — — — — —
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Fig. 6. A classification frame-display diagram for the total data
of 2012 at Dunhuang. Each subsection indicates one type of
aerosol: I: Clean maritime (CM); II: Biomass-burning/urban
aerosols (BU); III: Mixed type (MT); IV: Desert dust (DD).

Table 2. Threshold values of AOD and α under the control of differ-
ent aerosol types.

AOD α

I: Clean maritime 0–0.07 —
II: Biomass burning/urban aerosol 0.07–2 1.1–2
III: Mixed type 0.07–2 0.5-1.1

0.07–0.2 −0.5−0.5
IV: Desert dust 0.2–2 −0.5−0.5

mass, the range of AOD was 0.11–1.18, and α was 0.06–
0.82. Both were larger than the AOD range of 0.21–0.76
and the α range of 0.13–0.69 observed for Type-3, indicat-
ing that the Type-1 air masses played a much more conspicu-
ous role in the Dunhuang region. The impact of dust weather
was concealed by the prominent human activities during JJA.
With the gradual increase of anthropogenic fine particles and
secondary aerosols, the preferential urban aerosols became
dominant (Fig. 7b). Urban aerosols mainly existed in the
northwest–short-distance air masses (Type-1), in which the
AOD range was 0.10–0.46 which was probably related to
the exhaust fumes emitted by the large number of tour buses
traveling between Dunhuang city and the famous northwest
scenic sites (Ghost city, Yumen pass etc). The three types of
SON all delivered dust aerosols (Fig. 7c), among which the
northwest–short-distance air masses (Type-1) were the most
dominant component. The maximum value of the daily aver-
age AOD was 0.89 under the influence of dust aerosols car-
ried by Type-1, leading to severe pollution. In the Type-2 air
masses, the AOD range was 0.16–0.32, and α was 0.68–1.53
(except for a rare continuous dust event that occurred on 4
November), indicating complex components containing both
urban and dust aerosols. This phenomenon was also possi-
bly related to the high number of motor vehicles traveling
back and forth between Dunhuang city and the surrounding
tourism areas. A mixture of black carbon, sulfate and dust
aerosols coexisted during DJF (Fig. 7d). Ranges of AOD
were 0.15–0.78, 0.15–0.69 and 0.17–0.54, respectively, un-

Fig. 7. Seasonal scatterplots for AOD versus α controlled by different air masses against the classification frame-display
background: (a) MAM; (b) JJA; (c) SON; (d) DJF.



AUGUST 2017 MA ET AL. 1025

der the control of the Type-1, 2 and 3 air masses, and the cor-
responding α ranges were -0.02–1.02, 0.15–1.18 and 0.02–
1.28, respectively, which suggested the effects of the three
types on Dunhuang were similar. Regional coal combustion
was the most important source of black carbon and sulfate
aerosols, and the different air masses all exerted an effect on
the spread of air pollution.

4. Conclusions
Through analyzing the aerosol observational datasets for

2012 obtained from Dunhuang station of CARE-China and
comparing with previous aerosol observations in 1999 and
2004–07, we conclude that, due to the contribution of hu-
man activities, AOD rose in the most recent decade over the
Dunhuang area. The α exhibited a similar increasing trend,
and the main mode of control became a mixture of coarse
and fine-mode particles from the previous single dust aerosol
type. Significant seasonal characteristics were observed for
the aerosol optical properties. The maximum AOD occurred
in MAM, while the remaining three seasons were similar.
Frequent dust weather events made dust aerosols the domi-
nant component during MAM. The peak tourism season oc-
curred in JJA and SON, and due to the significant human ac-
tivities, fine urban aerosols were the main mode of control in
JJA. For SON, the dust influences combined, and urban-dust
aerosols occupied the maximum proportion. Numerous fine
black carbon and sulfate aerosols were emitted by coal com-
bustion in DJF, mixed with relatively frequent dust aerosols,
resulting in the mixture type taking the principal position. Air
mass types were similar in MAM, SON and DJF (except for
Type-4 in MAM). In addition, Dunhuang was seriously af-
fected by dust aerosols transported by high frequency Type-1
air masses of the three seasons, leading to the highest AOD
values. Urban aerosols accounted for a considerable propor-
tion in Type-1 (JJA) and Type-2 (SON). Regional coal com-
bustion produced a large amount of fine pollution aerosols
during DJF, and the three types of air masses exhibited simi-
lar diffusion behavior for the regional pollutants.
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