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[1] A ground-based sky radiometer was used to measure direct and diffuse solar
irradiances at Dunhuang, China from January 1999 to March 2001. The aerosol optical
thickness (AOT), Angstrom exponent (a), volume size distributions, single scattering
albedo and refractive index of aerosols were simultaneously retrieved using the
‘‘SKYRAD’’ inversion code and their seasonal variations and statistical characteristics
were studied. The results reveal that during the study period, the AOT at Dunhuang varied
seasonally, with the maximum AOT occurring in the spring and the minimum AOT
occurring in the fall. The variation in a showed an opposite pattern, with a minimum in
the spring and a maximum in the fall. A simple exponential function can express the
relationship between AOT and a. The frequency distributions of AOT and a
approximately follow a lognormal probability distribution and a normal probability
distribution, respectively. The aerosol volume size distributions can be characterized by
the sum of two lognormals distributions, and represent an accumulation mode with a
radius of about 0.25 um, and a coarse mode with a radius of about 7.7 um. A pseudomode
with a radius of about 1.69 um located between the accumulation mode and coarse mode
is present in the springtime. The single scattering albedo showed a slight increasing
trend with wavelength in spring, summer and autumn and a decreasing trend with
wavelength in winter. The maximum value of the real part of the refractive index occurs at
400 nm, and the minimum value occurs at 875 nm for all seasons. Two Gaussian models
were developed to describe the frequency distribution of the real part of the aerosol
refractive index; the results indicate that the differences between the fits are greatest in the
spring. The statistical characteristics of the frequency distributions of aerosol properties
might provide a way to identify and estimate aerosol optical properties in areas located
near dust regions.
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1. Introduction

[2] Atmospheric aerosols are one of the most variable
components of the Earth’s atmospheric environment, which
can affect and change the Earth-atmosphere system’s radi-
ation budget through direct effects, semidirect effects, the
cloud albedo effect (1st indirect effect) and the cloud
lifetime effect (2nd indirect effect) [IPCC, 2007]. Many
studies regarding spatial and temporal variations of atmo-

spheric aerosols have been carried out [Xia et al., 2004,
2007; Wang et al., 2006; Chen et al., 2007; Kaufman et al.,
2002; Dubovik et al., 2002; William et al., 2007; Behnert et
al., 2007], but considerable uncertainties still exist due to
the poor understanding of aerosol properties [Schwartz and
Andreae, 1996; IPCC, 2001, 2007; AMS, 2003].
[3] Ground-based remote sensing of aerosols is ideal for

the reliable and continuous derivation of aerosol properties
in key locations around the world. An advantage of this
ground-based perspective is that the retrievals are represen-
tative for the entire vertical column with no height depen-
dence, which is particularly true for the refractive indices
and the parameters of the particle size distribution. Ground-
based measurements of a variety of optical aerosol charac-
teristics are necessary for validating aerosol products
obtained from various satellite sensors [Li et al., 2007].
Many aerosol ground-based observation networks have
been established in order to understand and evaluate
optical properties and their effects on climate; they include
AERONET (An Automatic Robotic Sun and Sky Scan-
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ning Measurement Program) [Holben et al., 1998, 2001],
SKYNET (A Sun and Sky Radiometer Network Based in
East-Asia) [Takamura et al., 2002], GAW (Global Atmo-
sphere Watch Programme) [WMO, 2001], and the Chinese
Sun Hazemeter Network [Xin et al., 2006].
[4] Aerosols are not well-mixed in the atmosphere so

their properties, such as the optical thickness (AOT) and the
Angstrom exponent (a),depend on geographic scenarios
that govern the emission, transport, atmospheric transfor-
mation and removal of aerosol particles. Given the short
lifetime of aerosol particles, their properties vary with time
and from one region to another. Dunhuang (DH; latitude:
94.802�E, longitude: 40.163�N, altitude: 1120 m) is located
at the west end of the Hexi Corridor in the Gansu province
of China, which is an area where there is much dust activity.
Because of its location and the establishment of a good
infrastructure, DH has been selected as a supersite for many
international aerosol field experiments such as the Aerosol
Characterization Experiment-Asia (ACE-Asia), and the
China and Japan joint plan on Aeolian dust effect son
climate (ADEC) Understanding how AOT varies locally
would improve the current knowledge about aerosols
around the world and would be useful in integrating global
data sets as suggested by Charlson [2000]. Also, some
authors [King et al., 1980; Ignatov and Stowe, 2000;
O’Neill et al., 2000] have indicated that the statistical
characteristics of AOT are also important in estimating
aerosol optical properties accurately and completely.
[5] To date, the statistical characteristics of other aerosol

optical properties have not been thoroughly studied. This
paper attempts to rectify this situation through the statistical
analysis of retrievals of aerosol optical thickness, Angstrom
exponent, size distribution, single scattering albedo, as well
as the real and imaginary parts of the refractive index,
obtained at DH from direct and diffuse solar irradiance
measurements. Section 2 describes the sky radiometer and
its calibration. The data and methods used in the analysis
are outlined in section 3 and section 4 presents the results.
Conclusions are given in section 5.

2. Instrument and Calibration

[6] The ground-based sky radiometer (POM-01; manu-
factured by Prede Co., Ltd., Tokyo, Japan) is a portable
instrument that can measure direct and diffuse solar irradi-
ances, as well as the aureole in the solar almucantar and the
principal plane under daytime clear-sky conditions. The
instrument is based on the aureolemeter [Shiobara et al.,
1991] and is composed of a sun- and sky-scanning spectral
radiometer, a sun sensor, a sun tracker, a control unit, a rain
sensor, and a personal computer. There are seven filters with
central wavelengths at 315, 400, 500, 675, 870, 940, and
1020 nm; the half-bandwidth wavelength at 315 nm is 3 nm
and less than 10 nm at the other wavelengths. Measure-
ments made at 315 and 940 nm are used for deriving the O3

concentration and precipitable water column amounts, re-
spectively; measurements at the other wavelengths are used
for aerosol remote sensing. The field of view is 1� and the
minimum angle for sky measurements is about 3�. The sky
radiometer is mounted on a vertical-horizontal two-axes
mount that is driven by digital servomotors for scanning sky
radiation distributions. The detector sensitivity is strongly

dependent on temperature, so the detector temperature is
kept constant at 30�C. A preprogrammed sequence of
measurements is taken by the aureolemeter: during periods
when the air mass is larger than 3, solar direct and diffuse
measurements are made at about 0.25 air mass intervals,
while at smaller air masses, the sampling interval is typi-
cally 10 min. Details of the scanning method can be found
by Tonna et al. [1995].
[7] Accurate calibration of the radiometer constant, V0,l,

is essential in ground-based measurements [Schmid et al.,
1998]. The accuracy with which AOTs can be retrieved
depends mainly on the accuracy of the V0,l value. V0,l
errors should be less than 2% in order to obtain AOTs with
an uncertainty less than 0.02 when the air mass is equal to 1.
The Langley method (LM), a straightforward application of
the Bouguer-Lamber-Beer law, is practically the de facto
standard, owing to its high accuracy and its convenient
application in the field. However the assumption that the
atmosphere remains stable during the calibration period of
one to several hours, is not satisfied at most locations and
under most situations. Accordingly, some modified Langley
methods (MLMs) have been developed [Tanaka et al.,
1986; O’Neill and Miller, 1984], in which the temporarily
variable atmospheric turbidity is taken into consideration. In
this paper, the radiometer was calibrated using the modified
Langley method suggested by Nakajima et al. [1996],
which is an extension of Tanaka et al.’s MLM. The first
step involves performing an inversion with only forward
scattering intensity data (3�–40�), from which temporarily
variable AOT are derived. There are two reasons for only
considering forward scattering. One reason is that the for-
ward scattering part of the radiation field (3�–40�) mainly
consists of diffracted radiation which is mostly dependent on
the scattering cross-section of particles without much depen-
dence on the refractive index and nonsphericity of the
particles. Another reason is that this part of the scattered
radiation field is the circum-solar region which is generally
unaffected by the inhomogeneity in the horizontal distribu-
tion of aerosols and ozone absorption. These AOT values are
then multiplied by the corresponding air mass (m) and used
to obtain the radiometer constant (F0) through the Lambert
Beer’s equation: ln(F) = ln(F0) � m*AOT. In this process,
AOTcan be a rough estimate of atmospheric turbidity, which
includes temporal changes during the period of time during
which the Langley plot is generated. A sensitivity study
showed that the effects of the uncertainties in the input
parameters, such as refractive index, and measurement
errors on calibration were weak, so a calibration accuracy
of 1% can be achieved using this method. Hence the errors in
AOT retrievals are approximately 0.01 at one air mass.

3. Data and Methods

3.1. Data

[8] Direct and diffuse solar irradiance measurements, as
well as aureole radiance measurements, were taken at the
DH site from January 1999 to March 2001. The sampling
interval was 10 min from sunrise to sunset under clear-sky
conditions Surface pressures needed for Rayleigh scattering
optical thickness calculations were obtained from the DH
meteorological observatory located near the observation sta-
tion. The columnar ozone contents for ozone absorption optical
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thickness calculations were obtained from the Total Ozone
Mapping Spectrometer. The surface albedos over the DH area
were obtained from the MODIS surface albedo product.

3.2. Methods

[9] Aerosol properties were retrieved using the newest
version (v4.2, April 2006) of the ‘‘SKYRAD’’ inversion
code, which was developed by Nakajima et al. [1996]. The
first step in the retrieval is the computation of direct and
diffuse components of solar radiation, which is used to
construct test simulation data for the inversion code; input
parameters are described by Nakajima et al. [1996]. The
second step in the retrieval is the determination of aerosol
properties from solar radiation data (real or simulated). The
aerosol optical depth, size distribution, single scattering
albedo and refractive index can be retrieved from the
observation of direct and diffuse solar irradiances, as well
as aureole radiances. Its structure and inversion accuracy are
discussed in detail in the literature [Nakajima et al., 1996;
Tonna et al., 1995]. On average, the errors for the minimum
and maximum size ranges (0.05–0.1 um and 7–15 um)
may be as large as 35–100%, but the precision for the
middle range is expected to be smaller than 20%.
[10] The Angstrom exponent is determined from the

spectral dependence of the measured optical thicknesses,
and is a good indicator of the aerosol size. This coefficient
is computed using regression analysis, in which the AOT
values for three wavelengths (400, 500, and 675 um) are
fitted to the following equation:

ta lð Þ ¼ bla ð1Þ

where l is the wavelength, and b is the aerosol turbidity
coefficient (i.e., AOT at l = 1 um). The data for a are used
only when a high correlation coefficient (R > 0.90) is
obtained in the regression analysis using equation (1).
[11] The radiometer automatically collects data about non-

precipitating sky conditions according to a preprogrammed

sequence, thus, cloud screening is essential for data quality
purposes. Here, the cloud screening method developed by
Smirnov et al. [2000] and applied to AERONET data was
utilized. This technique is based on the principle that clouds
have larger optical thicknesses and greater temporal varian-
ces than do aerosols. In addition, manual cloud screening for
questionable data was performed using weather observations
from the DH observatory.

4. Results and Discussion

4.1. Aerosol Optical Thickness (AOT) and Angstrom
Exponent (a)

[12] The AOT is representative of the airborne aerosol
loading in the atmospheric column and is important for the
identification of aerosol source regions and aerosol evolu-
tion. Figure 1 shows the monthly mean AOT at 500 nm and
a (400–675 nm) for January 1999 to March 2001, with
error bars showing the standard deviation of the monthly
averaged value. The seasonal variation in AOT is evident
with the sharpest increase in AOT occurring during the
period of December to March/April; a less pronounced
increase is seen from September to October. A noticeable
decrease in AOT is seen during the period of May to
August. The mean AOT varies on a monthly basis with
the smallest values occurring in November. This variation in
AOT is related to Asian dust activities. Generally speaking,
the AOT values are smaller in summer and fall and bigger in
spring and winter, which is similar to results reported by Xia
et al. [2004]. Months with high mean AOT have the largest
standard deviations due to the difference in aerosol concen-
trations between periods of normal background and dust-
laden atmospheric conditions.
[13] The pattern of the monthly change in a is opposite to

that of AOT. The magnitude of a is smallest during the
months of March and April, which indicates that the aerosol
particles are large and likely related to dust activities. Smaller

Figure 1. Time series of monthly averaged aerosol optical thickness (500 nm) and Angstrom exponent
(400–675 nm).
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aerosol particles appear to dominate in November. The
standard deviations are greatest for cases when a is large.
[14] Figure 2 shows the frequency distributions of AOT

(500 nm) for the four seasons. The number of samples
analyzed for each season was 707 (spring), 1623 (summer),
1294 (autumn) and 917 (winter). During the spring season,
more than 93% of the AOTs were larger than 0.14;
approximately 17% of the AOTs ranged between 0.17–
0.20 and nearly 82% of the AOTs ranged between 0.14–
0.45. The frequency distribution with the widest spread
occurred in the summer when 82% of the AOTs were larger
than 0.14; nearly 19% of the AOTs ranged between 0.17–
0.20. In the fall, more than 50% and 26% of the AOTs
varied between 0.1–0.17 and 0.17–0.20, respectively. Two
peaks are seen in the frequency distribution of the AOTs in
winter, suggesting the complexity of the aerosol sources
during this season; nearly 43% and 14% of the AOTs
ranged between 0.1–0.2 and 0.3–0.7, respectively. The
frequency distributions of the AOTs are consistent with
their monthly variation.
[15] Previous studies have shown that the frequency

distribution of AOT, or t, can be described by the following

lognormal distribution expression [O’Neill et al., 2000;
Matthias and Bosenberg, 2002; Behnert et al., 2007]:

f tð Þ ¼ 1

st
ffiffiffiffiffiffi
2p

p exp
lnt � mð Þ2

2s2

 !
:

[16] The data collected at DH was transformed to a
logarithmic scale and fitted with the Gaussian model (thick
lines in Figure 2). The form of the Gaussian model is:

y ¼ y0 þ
A

w
ffiffiffiffiffiffiffiffi
p=2

p e
�2

x�xcð Þ2

w 2

where A is the amplitude, Xc is the center of the peak
amplitude, and s is the width at half peak amplitude. Table 1
summarizes the seasonal statistics of the AOTs based on
the fitted Gaussian model. The lognormal probability
distribution best represents the frequency distribution of
AOTs in the spring (R2 = 0.959); in winter, the fit is not so
strong (R2 = 0.612) because of the influence of both dust
and anthropogenic aerosols So for sites near a dust region,

Figure 2. Frequency distributions of the aerosol optical thicknesses (500 nm) for the four seasons and
the fitted Gaussian model.
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the frequency distributions of AOTs can be characterized by
the lognormal probability distribution during dust events.
[17] Figure 3 shows the frequency distributions ofa (400–

675 nm) for the four seasons. Approximately 77% of the a
values are smaller than 0.5, and nearly 22% of the values
range from 0.1–0.2 during the spring season. The widest
spread in the frequency distribution is seen in the summer;
nearly 70% of the a values are smaller than 0.5 and about
22% of the values vary between 0.1–0.2. Themagnitude ofa
was less than 0.5 for 52% and 62% of the fall and winter
cases, respectively; 82% of the values for fall and 75% of the
values for winter ranged between 0.2–0.8.
[18] The Gaussian model was used to fit the frequency

distributions of a. The solid lines in Figure 3 illustrate that
the frequency distributions of a follow the normal proba-
bility function to some degree; the correlation coefficients
are 0.922 (spring), 0.917 (summer), 0.792 (autumn) and
0.787 (winter). This is contrary to the results presented by
Behnert et al. [2007] in which no characteristic frequency

distribution for a at various sites investigated until now was
reported. The results shown in Figure 3 indicate that the
frequency distributions of a at locations near dust regions,
and not elsewhere, may be characterized by the normal
probability distribution. A seasonal variation in Xc consis-
tent with the variation in AOT was also found; no pattern in
the variation of A and w was apparent.
[19] The dependence ofa onAOTcan be used to obtain the

aerosol size distribution [Fouquart et al., 1987; D’almeida,
1987]. Cheng et al. [2006a] studied the relationship between
a and AOT at six sites in northern China in spring:
Dunhuang (DH), Yulin (YL), Beijing (BJ), Xianghe (XH),
Inner_Mongolia (IM), and Liaoning (LN). The results
showed that given the location of the DH, YL and IM sites
near dust sources, aerosol loading mainly consisted of dust
particles; the relationship between a and AOT at these sites
could be characterized by an integrated exponential function.
A more complex scenario exists at the XH site and in
particular, at the BJ and LN sites. Figure 4 shows the

Table 1. Seasonal Statistics of the Aerosol Optical Thicknesses Based on the Fitted Gaussian Model

y0 A xc w R2

Spring �0.084 ± 0.676 20.292 ± 1.977 �1.322 ± 0.027 0.946 ± 0.076 0.959
Summer 1.204 ± 0.538 14.699 ± 1.655 �1.470 ± 0.038 0.807 ± 0.086 0.897
Autumn 4.379 ± 1.071 7.741 ± 1.538 �1.838 ± 0.029 0.280 ± 0.056 0.809
Winter �15.075 ± 57.301 98.180 ± 362.361 �1.496 ± 0.111 3.106 ± 4.520 0.612

Figure 3. Frequency distributions of the Angstrom exponent for the four seasons and the fitted
Gaussian model.
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relationship between a and AOT at DH for the four seasons
and the best fit line given by a simple exponential function.
In the spring, large dust particles dominate so the exponen-
tial fit is strongest during this season; the fit is weakest

during the winter when the aerosol loading is more variable
and when aerosols consist of a more complex combination of
dust and pollutant particles. Cheng et al. [2006a] pointed out
that this variation of the relationship between a and AOT

Figure 4. a (400–675 nm) as a function of AOT (500 nm) for each season.

Figure 5. Seasonally averaged aerosol volume spectra (500 nm) in 20 different radius bins.
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might provide a possible way to identify and estimate the
effects of different sources on aerosol loading and aerosol
size.

4.2. Aerosol Size Distribution

[20] The aerosol size distribution was determined using
20 radius size bins ranging from 10�6 cm to 2 � 10�3 cm.
For each season, the average radius of aerosol particles in
each bin was calculated. Figure 5 illustrates the seasonal
variation in aerosol size. The aerosol size distribution has a
two-mode structure, which can be characterized by the sum
of two lognormal distributions as follows:

v rð Þ ¼ dV rð Þ
dlnr

¼
X2
i¼1

Cv;iffiffiffiffiffiffiffiffiffiffi
2psi

p exp �
lnr � lnrv;i
� �

s2
i

� 	
;

where rv,i is the volume median radius, si is the standard
deviation, and Cv,i is the volume concentration for
accumulation and coarse modes [Xia et al., 2005]. These
integrated quantities can be approximated according to
Dubovik et al. [2002]. One accumulation mode with a
radius of about 0.25 um and varying steadily with season is
seen; this is mainly related to human activities and
meteorological conditions. A coarse mode with a radius of
about 7.7 um is evident, as are the large variations over the
seasons. The maximum value occurs in spring and the
minimum value occurs in autumn, reflecting the influence of
dust events. A pseudomode with a radius of about 1.69 um
appears between the accumulation and coarse modes and
is attributed to the high frequency of dust events in spring.
There was little change in the particle volume median
radius during dust and nondust periods, only changes in
particle concentration.

4.3. Single Scattering Albedo

[21] The single scattering albedo, wo, is a common
measurement of the relative contribution of absorption to

extinction and is a key variable in assessing the climatic
effects of aerosols [Jacobson, 2000; Dubovik et al., 2002].
Its value is mostly dependent on the composition and size
distribution of aerosol particles. The single scattering albedo
of desert dust simulated according to a number of models
[Shettle and Fenn, 1979; WMO, 1983; Koepke et al., 1997;
Hess et al., 1998] ranges from 0.63 to 0.87 at 500 nm, while
aircraft radiation measurements [Fouquart et al., 1987]
suggest lower absorption (wo = 0.95 for the broadband solar
spectrum). The main source of error in the derived single
scattering albedo is due to the calibration of the radiation
data, and is estimated to be ±0.03.
[22] Figure 6 shows the seasonally averaged single scat-

tering albedo at 400, 500, 675, 870, and 1020 nm. Because
of the influence of dust events during the spring, summer
and autumn seasons, there was an increase in the scattering
contribution of coarse particles so the single scattering
albedo showed a slight increasing trend with wavelength
[Dubovik et al., 2002; Xia et al., 2005; Cheng et al., 2006b].
The variation of the single scattering albedo in winter
showed a slight decrease with wavelength which is attrib-
uted to the presence of a mixture of aerosols from multiple
sources. The single scattering albedo in spring was much
higher than that in other seasons, with an average value of
0.934. This is slightly lower than the single scattering
albedo values obtained by others for desert dust (0.95–
0.99) [Dubovik et al., 2002; Kaufman et al., 2001], which
suggests the possible combination of dust, urban-industrial
particles and biomass burning aerosols over the DH area.
[23] Lyamani et al. [2006b] found that in air masses over

Europe and the Mediterranean region, the single scattering
albedo decreased sharply with wavelength from 0.91 ± 0.02
at 440 nm to 0.83 ± 0.04 at 1020 nm. Xia et al. [2005]
reported that the average value for single scattering albedo
did not change with wavelength, but that only the range of
this change showed differences at different wavelengths.

Figure 6. Seasonally averaged single scattering albedo at different wavelengths.
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This study indicates that the single scattering albedo slightly
increased with wavelength in spring, summer and autumn,
but decreased with wavelength in winter. The above studies
illustrate how the variation of the single scattering albedo
with wavelength can be regional in nature.

4.4. Refractive Index

[24] Most of the information concerning the refractive
index comes from aureole radiances, which are strongly

affected by errors in the angle-pointing bias. The errors are
estimated to be ±0.04 for the real part of the refractive index
and 50% for the imaginary part of the refractive index.
Figure 7 shows the seasonally averaged real part of the
aerosol refraction index at 400, 500, 675, 870, and 1020 nm.
The real part of the refractive index is less sensitive to
wavelength in the 400–675 nm range and is more sensitive
to wavelength in the 870–1020 nm range. Yu et al. [2006]
and Cheng et al. [2006a, 2006b] found that in a given range

Figure 7. Seasonally averaged real part of aerosol refraction index at different wavelengths.

Figure 8. Seasonally averaged imaginary part of aerosol refraction index at different wavelengths.
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of AOT, the average value of the real part of the refractive
index at higher wavelengths is larger than that at lower
wavelengths because of the higher absorption in the near-
infrared by coarse particles. In this study, the opposite was
found, i.e., for all seasons, the maximum value of the real
part of the imaginary index occurs at 400 nm and the
minimum value occurs at 875 nm. Generally speaking, the
real part of the refractive index is bigger in winter and
smaller in autumn.
[25] The seasonally averaged imaginary part of the re-

fractive index at 400, 500, 675, 870, and 1020 nm for the
four seasons are shown in Figure 8. For the spring, summer
and fall seasons, the imaginary part of the refractive index
decreases with wavelength in the 400–675 nm range then
slightly increases with wavelength in the 870–1020 nm
range; maximum values occur at 400 nm. In winter, the
imaginary part of the refractive index increases with wave-
length, reaching a maximum value at 1020 nm. The average
values of the imaginary part of the refractive index were
0.0037 (spring), 0.0082 (summer), 0.0070 (fall), and 0.0051
(winter).
[26] Figure 9 shows the frequency distribution of the real

part of the aerosol refraction index at 500 nm for the four
seasons. In general, the values range from 1.34 to 1.64, with
the bulk of the values falling within the 1.54–1.56 range. In
spring, more than 40% of the values for the real part of the
aerosol refraction index ranged from 1.54 to 1.56. Nearly
25% of the values varied between 1.54–1.56 in the summer

with other values during this season ranging from 1.38 to
1.54. For the fall season, approximately 27% of the values
fell in the 1.54–1.56 interval, and more than 37% of values
ranged between 1.4–1.48. More than 71% of the wintertime
values varied between 1.44–1.56, and nearly 24% of the
values ranged between 1.54–1.56.
[27] Little has been reported concerning the statistical

characterizations of the real part of the aerosol refraction
index until now. To gain further understanding, the frequency
distributions of the real part of the aerosol refraction index
were fit by a Gaussian model using two sets of data. The
solid line in Figure 9 is the fit using all data and the
dashed line is the fit using only those data falling outside
the 21.54–1.56 range. Table 2 summarizes the seasonal
statistics of the real part of the aerosol refraction index based
on the fitted Gaussian models using the two sets of data. For
the case when all data were used, the Gaussian model best
describes the frequency distribution of the real part of the
aerosol refractive index in the spring (R2 = 0.97026). When
data in the range of 1.54–1.56 were not considered, the
Gaussian model offered the best fit for the frequency
distribution of the real part of the aerosol refractive index
in other seasons; the correlation coefficients were 0.95413,
0.95984, and 0.96467 in summer, autumn and winter,
respectively. The seasonal variation of the frequency distri-
bution of the real part of the aerosol refraction index might
possibly provide a new way to estimate and characterize this
quantity at locations near dust regions.

Figure 9. Frequency distributions of the real part of the aerosol refraction index for the four seasons and
the fitted Gaussian model.
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[28] A similar analysis was performed on the frequency
distribution of the imaginary part of the refraction index, but
no analytic function was found to best mathematically
describe the data.

5. Conclusions

[29] The aerosol optical thickness (AOT), Angstrom
exponent (a), volume size distributions, refraction index
and single scattering albedo at Dunhuang (DH), a site
located near a dust region in western China, were retrieved
from January 1999 to March 2001 using the measurements
made by a sky radiometer. The seasonal variation and
statistical characteristics of these optical properties were
studied.
[30] The AOT and a at this location varies with season

and is mainly influenced by weather conditions, dust events
and human activities. Larger AOT and smaller a appeared
in spring, while smaller AOT and larger a appeared in
autumn. The standard deviations were largest when the
magnitudes of AOT and a were at their largest. The
seasonal variation of the frequency distribution of AOT
was consistent with the variation of seasonally averaged
AOT over DH area. Because of the influence of dust events,
the range of AOT values was larger in the spring than in
autumn. The AOT frequency distributions were better
approximated by lognormal distributions, especially in
spring, which suggests that this is the appropriate distribu-
tion to use in areas located near dust regions. The seasonal
variation of the frequency distribution of a indicated that
most of the values in the springtime were smaller than in the
fall. A Gaussian normal distribution best characterized the
frequency distribution of a in spring. The relationship
between a and AOT can be characterized by a simple
exponential function for each season.
[31] The aerosol volume size distribution can be described

by the sum of two lognormal distributions, and has two
modes: an accumulation mode with a radius of 0.25 um,
and a coarse mode with a radius of 7.7 um (maxima in
spring and summer). A pseudomode with a radius of about
1.69 um located between the accumulation and coarse
modes in spring is also present.
[32] The single scattering albedo showed a slight increas-

ing trend with wavelength in spring, summer and autumn;
the single scattering albedo in winter showed a decreasing
trend with wavelength. The variation of single scattering
albedo with wavelength has regional characteristics, which
is corroborated by other studies. The single scattering
albedo in spring was clearly higher than in other seasons,
with an average value of 0.934. This mean value is lower
than that reported by others for desert dust (0.95–0.99),

which suggests the possible combination of dust, urban-
industrial particles and biomass burning aerosols over DH.
[33] The real and the imaginary parts of the refraction

index were bigger in winter and summer and smaller in
autumn and spring. The maximum value for the real part of
the refractive index occurred at 400 nm, and the minimum
value occurred at 875 nm for all seasons. For all seasons,
the real part of the aerosol refraction index varied between
1.34–1.64 with the bulk of the values falling within the
1.54–1.56 range. Two Gaussian model fits were generated
using all data points for one fit and only those data points
outside of the 1.54–1.56 range for the other fit; the greatest
difference between the two fits was seen in the springtime.
A representative statistical relationship for the frequency
distribution of the imaginary part of the refraction index was
not found.
[34] The statistical characteristics of the frequency distri-

butions of AOT, a and the real part of the refractive index
and the relationship between AOT and a might provide a
way to identify and estimate the aerosol optical properties in
areas located near dust regions.
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