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Abstract: The 3 km Dark Target (DT) aerosol optical depth (AOD) products, 10 km DT and
Deep Blue (DB) AOD products from the Collection 6 (C6) product data of Moderate Resolution
Imaging Spectroradiometer (MODIS) are compared with Sun-sky Radiometer Network (SONET)
measurements at Song Mountain in central China, where ground-based remote sensing measurements
of aerosol properties are still very limited. The seasonal variations of AODs are significant in the
Song Mountain region, with higher AODs in spring and summer and lower AODs in autumn and
winter. Annual mean AODs (0.55 µm) vary in the range of 0.5–0.7, which indicates particle matter
(PM) pollutions in this mountain region. Validation against one-year ground-based measurements
shows that AOD retrievals from the MODIS onboard Aqua satellite are better than those from the
Terra satellite in Song Mountain. The 3 km and 10 km AODs from DT algorithms are comparable
over this region, while the AOD accuracy of DB algorithm is relatively lower. However, the spatial
coverage of DB products is higher than that of 10 km DT products. Moreover, the optical and
microphysical characteristics of aerosols at Song Mountain are analyzed on the basis of SONET
observations. It suggests that coarse-mode aerosol particles dominate in spring, and fine-mode
particles dominate in summer. The aerosol property models are also established and compared to
aerosol types used by MODIS algorithm.

Keywords: MODIS C6 aerosol optical depth product; validation; aerosol optical and microphysical
model; Song Mountain; Sun-sky Radiometer Observation Network (SONET)

1. Introduction

Aerosol in the atmosphere plays an important role in the climate system of the Earth. However,
fast temporal and spatial changes of aerosol make it a major uncertain factor in the climate change
studies [1]. In recent years, large numbers of satellite data have been used to characterize the aerosol
spatial distributions over the world, for example, the widely used Moderate Resolution Imaging
Spectroradiometer (MODIS) data. Along with the update of retrieval algorithm, the reliability of
MODIS aerosol products is continuously improved. The current MODIS aerosol products have
been updated to Collection 6 (C6), including important updates on calibration and cloud masking
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algorithms [2]. The MODIS sensor on Terra is in large degradation in the shortwave band, which
causes the negative trend of multiple MODIS C5 products (for example, ´0.05/decade of Terra aerosol
optical depth (AOD) product over land in recent years) [3]. The new calibration of C6 removes the
major calibration bias in the Level 1B data, especially in band B3 (0.47 µm), which is important for the
aerosol retrievals over land. Another important update is the aerosol global products with the spatial
resolution of 3 km. To meet the needs of estimating surface-level particulate matter (PM) pollution [4–7],
a retrieval algorithm for the high resolution product [8,9] has been developed and released in the form
of a separate Level 2 dataset. The 3 km algorithm has the same methodology, structure, inversion
method, and lookup tables as the 10 km Dark Target (DT) retrievals. The differences between them are
the manner in which pixels are selected and grouped for retrieval [8]. The global validation of C6 data
has been performed by comparing MODIS retrieved AODs to the observations from Aerosol Robotic
NETwork (AERONET) [2,3,8–12].

In recent years, air pollution in China is becoming more and more serious. A large number
of studies have focused on the applicability and accuracy of the MODIS aerosol products in the
China region [13–20]. Some of the validations focused on the AODs with different surface types,
for example the desert in western China [13], the cities along the river [14], the rural areas [14],
and the cites in the economic zone [15–18]. Others focused on the differences between two MODIS
product collections [19] or between MODIS products and other satellite AOD products, for example
POLarization and Directionality of Earth Reflectance (POLDER) [20]. However, most of these aerosol
product validations are conducted at several major cities or eastern China [15–18]. In central China,
especially in the mountainous region, the validation of MODIS aerosol product is very rare.

Plains, hills and mountains account for 54% of the land area in China, where more than 85% of
the population in China is distributed [21]. Central China is a transition zone between plains and
mountains [22]. With poor measurement infrastructure and difficulties on ground-based instrument
maintenance, the observation of aerosols at central China is still very sparse. Song Mountain is located
in central China and has a temperate continental monsoon climate [23]. A Songshan artificial target
site with a radial target and an edge target was built on the Song Mountain in September 2013 by the
China Center for Resources Satellite Data and Application. It is the first target site for a satellite remote
sensor in-flight performance assessment in China [24]. Therefore, a sun-sky radiometer observation site
named Songshan was set up at the target site in November 2013 to provide aerosol products for satellite
applications. In this paper, we used Sun-sky Radiometer Network (SONET) Songshan measurements
as validations of MODIS aerosol products over this region. It is a supplement to the global validation
of C6 aerosol retrieval in China. We also analyzed aerosol characteristics and established aerosol
models for this region, which can be used in local climate studies, air quality assessment, atmospheric
correction of satellite images, the in-flight calibration of satellites, and so on.

2. Measurements and Data

The 10 km MODIS aerosol products in C6 include DT retrievals, Deep Blue (DB) retrievals,
the merged products of DT and DB, while current 3 km product dataset only includes the retrievals
from DT algorithms [2]. To analyze the differences between DT and DB retrievals and the differences
between two spatial resolution retrievals over Song Mountain, the 3 km AOD products from DT and
10 km AOD products from DT and DB are all extracted.

The validations of MODIS data are usually performed by comparing with the data observed
by sun-sky radiometers from AERONET stations. The methodology for generating and analyzing
the data between MODIS and AERONET was developed by Ichoku et al. [25], and has been used in
sampling aerosol products from multiple sensors [26]. Comparisons between the satellite data with
a large spatial average (e.g., the 10 km resolution of MOD04_L2 products) and the ground-based
measurements at only one site are somewhat limitative. This issue can be alleviated to some extent
by comparing spatial statistics of MODIS to temporal statistics of ground-based measurements. The
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rationality is that a sun-sky radiometer will sample the certain horizontal span air mass captured by
MODIS during a certain time [25].

To assess the performances of the three MODIS AOD retrievals (3 km DT, 10 km DT and DB
retrievals of Terra and Aqua at 0.55 µm), we sample C6 products from September 2005 to August 2015.
According to the MODIS AOD validation protocol [25], which suggests that satellite retrievals within
a spatial radius of ˘25 km centered on the ground measurement site should be sampled, the statistics
of annual and seasonal mean AODs are compared with ground-based data to analyze the variations of
the AODs in Song Mountain region (with spring from March to May, summer from June to August,
autumn from September to November, and winter from December to February in the next year).

The Songshan site (34.53˝N, 113.10˝E, 475 m a.s.l.) is located in a mountainous area (Figure 1).
It is a typical mountain site belonging to SONET, which provides systematic instrument maintenance,
calibration, data processing and quality control [27].
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The sun-sky radiometer installed at the SONET Songshan site is a CIMEL CE318-DP (Dural 
Polar), which can measure both radiance and polarization at eight bands (0.34, 0.38, 0.44, 0.50, 0.67, 
0.87, 1.02, and 1.64 µm) by combining the rotation of polarizer and filter wheels [28]. Direct solar 
light is measured about every 15 min and sky radiance is scanned following almucantar and solar 
principal plane geometry procedures approximately each hour in automatic mode [29]. Aerosol 
optical and microphysical parameters of Songshan site are retrieved at 0.44, 0.67, 0.87, and 1.02 µm 
according to the algorithm of SONET, which is similar to AERONET. First, AOD is derived on the 
basis of Beer–Lambert–Bouguer law [29] with corrections of Rayleigh scattering and gas absorption. 
The uncertainty of AOD is estimated to be about 0.01–0.02, similar to AERONET products [29]. It 
should be mentioned that a total number of 2286 samples from both SONET and AERONET AOD 
data at the Beijing_RADI site with AOD range from 0 to 4 were compared and a mean difference of 
0.0058 and the biggest difference less than 0.012 are found with the correlation coefficient of 0.997. 
Level 1.5 AOD data selected by automatic cloud-screening algorithm are employed in this study. 
Aerosol optical and microphysical parameters are retrieved using the numerical inversion code 
[30,31] from Almucantar sky-scanning and direct-sun measurements. The inversion code allows 
fitting both the sky radiance and AOD, and yields aerosol optical and microphysical parameters as 
well as residual. The retrieved aerosol property parameters include volume particle size 
distribution (typical uncertainty of 25%), complex refractive index (typical uncertainty of 0.04 for 
real parts and 40% for imaginary parts on condition that AOD at 0.44 µm above 0.4, and solar 

Figure 1. Geographical location and topographic height around Songshan site. The site (34.53˝N,
113.10˝E, 475 m a.s.l.) is marked with a black pentagram and the topographic height is derived from
the Shuttle Radar Topography Mission (SRTM) digital elevation model data.

The sun-sky radiometer installed at the SONET Songshan site is a CIMEL CE318-DP (Dural Polar),
which can measure both radiance and polarization at eight bands (0.34, 0.38, 0.44, 0.50, 0.67, 0.87,
1.02, and 1.64 µm) by combining the rotation of polarizer and filter wheels [28]. Direct solar light is
measured about every 15 min and sky radiance is scanned following almucantar and solar principal
plane geometry procedures approximately each hour in automatic mode [29]. Aerosol optical and
microphysical parameters of Songshan site are retrieved at 0.44, 0.67, 0.87, and 1.02 µm according
to the algorithm of SONET, which is similar to AERONET. First, AOD is derived on the basis of
Beer–Lambert–Bouguer law [29] with corrections of Rayleigh scattering and gas absorption. The
uncertainty of AOD is estimated to be about 0.01–0.02, similar to AERONET products [29]. It should
be mentioned that a total number of 2286 samples from both SONET and AERONET AOD data at the
Beijing_RADI site with AOD range from 0 to 4 were compared and a mean difference of 0.0058 and the
biggest difference less than 0.012 are found with the correlation coefficient of 0.997. Level 1.5 AOD
data selected by automatic cloud-screening algorithm are employed in this study. Aerosol optical and
microphysical parameters are retrieved using the numerical inversion code [30,31] from Almucantar
sky-scanning and direct-sun measurements. The inversion code allows fitting both the sky radiance
and AOD, and yields aerosol optical and microphysical parameters as well as residual. The retrieved
aerosol property parameters include volume particle size distribution (typical uncertainty of 25%),
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complex refractive index (typical uncertainty of 0.04 for real parts and 40% for imaginary parts on
condition that AOD at 0.44 µm above 0.4, and solar zenith angle above 50˝), single scattering albedo
(SSA) (typical uncertainty of 0.03 on same condition with refractive index) [28,32], and fine mode
fraction (FMF) [33–36]. In addition, seasonal and annual volume fractions of four aerosol chemical
components (dust, black carbon, ammonium sulfate, and aerosol water) are estimated according to the
seasonal and annual mean aerosol optical and microphysical parameters [37–39].

The parameters of volume particle size distribution include fine-mode and coarse-mode volume
concentrations (V f and Vc), central radii (r f and rc), and variances (σ f and σc) of bimodal log-normal
function, respectively [30,31]:
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The cutoff radius of aerosol size distribution is set as rmax when the parameters of the fine mode are
calculated, whereas it is set as rmin when the parameters of the coarse mode are calculated. The cutoff
radius is also a dynamic value of different size distributions in the calculation.

In this paper, a total number of 5221 Level 1.5 AOD records are obtained from December 2013 to
August 2015 at Songshan site. Aerosol retrieval results with a residual threshold of 8% [31,39] yields
718 records. The ground-based AODs at 0.55 µm used to compare with MODIS products are calculated
from AOD measurements at 0.44 µm and Ångström Exponent (AE) at 0.44–0.87 µm of the sun-sky
radiometer within ˘30 min of transit time of MODIS (Terra and Aqua) [25].

Ångström Exponent (AE) indicates size information of aerosol particles [40], which is defined
as follows:

τa pλq “ βλ´α (4)

where τα is AOD, λ is wavelength in microns, α is Ångström’s wavelength exponent, and β is turbidity
coefficient which equals τα at λ = 1 µm. By combining Equation (4) at two wavelengths and taking the
logarithm, α can be computed as follows:

α “ ´
dlnτa

dlnλ
“ ´

ln
ˆ

τa2

τa1

˙

ln
ˆ

λ2

λ1

˙ (5)

3. Validation of MODIS AOD Products

To analyze seasonal variations of AODs over Song Mountain region, seasonal mean of MODIS
3 km DT, 10 km DT and DB retrievals at 0.55 µm from 2005 to 2015 are compared and shown in
Figure 2. The seasonal mean of ground-based measurements from December 2013 to August 2015
are correspondingly shown in Figure 2. Note that the MODIS curves are the average of the Terra and
Aqua satellites. Although there are differences between the AODs from the three retrieval algorithms,
it is clear that the seasonal trend of MODIS AOD over the Song Mountain region presents a stable
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annual variation. AODs in spring and summer are often higher than those of other two seasons. This
temporal trend of MODIS product is well validated by ground-based measurements.

The annual mean AODs (at 0.55 µm) of the 3 km DT, 10 km DT, 10 km DB and ground-based data
in the year from 2014 to 2015 are 0.54, 0.50, 0.48, and 0.52, respectively. Annual mean AODs from the
three retrieval algorithms vary in the range of about 0.5–0.7 over the Song Mountain region during the
past 10 years. The values denote that Song Mountain region is polluted rather than clean. Moreover,
the 3 km AODs are higher than the 10 km AODs (DT and DB, about 9% on average), which is similar
to the global analyses of 3 km products [8]. Less numbers of pixels selected and grouped from Level
1B data in the 3 km retrieval process might make the 3 km product noisier than 10 km [2].
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Figure 2. Comparison of MODIS seasonal mean 3 km DT, 10 km DT, 10 km DB AOD products, and
Songshan site ground-based measurements. The satellite data are from September 2005 to August 2015
and the ground-based measurements are from December 2013 to August 2015.

The scattering plots between MODIS AODs and ground-based measurements are shown in
Figure 3. One-one lines and expected error (EE) envelopes of ˘(0.05 + 15%) used in the global
validation of C6 DT MODIS products [2] are also shown. It has to be mentioned that the pixel level
uncertainty estimate of DB product differs from that of DT product [41], but it is not used here
considering comparing the three retrievals in the same EE [11]. It is found that AODs from the Terra
and Aqua satellites have offsets for both the DT and DB products [2,12]. Therefore, comparisons of
MODIS AODs and ground-based measurements in Figure 3 are performed separately according to the
two satellites. The red points in Figure 3a–f are the data existing in the three algorithm retrievals at
same time, and Nr means the number of the red points. The percentage with red color in each plot
denotes the percentage of red points falling within the EE. The black points in Figure 3a–f are the rest
data from the retrievals. The parameter Nt denotes the total number of points in the plot. In addition,
the basic statistics (minimum, maximum, mean value and standard deviation) are listed in the plots.
Overall, the retrievals of three algorithms from Aqua are better than those from Terra according to the
percentages of points falling within the EE. The Terra and Aqua average percentages of points falling
within EE from high to low is 10 km DT retrievals (78.7%), 3 km DT retrievals (77.5%) and 10 km DB
retrievals (56.7%). In terms of mean value, 3 km DT AOD retrievals are overestimated about 7% and
10 km DB AOD retrievals are underestimated about 10%, compared to ground-based measurements.
According to the percentages of Nr falling within EE, the order from high to low is not same as the
order of total points. It looks like that 3 km DT retrievals (77.5%, an average of Terra and Aqua, the
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same to 10 km retrievals following) perform better than the others (72.7% for 10 km DT retrievals and
61.8% for DB retrievals) when only contrast the points existing in the three retrievals at same time.
It may be due to that the region is mountainous and terrain around the Songshan site changes greatly.
The spatial average statistics of MODIS are affected by the elevations of pixels [11]. Fine resolution
of 3 km retrievals might alleviate this issue to some extent [42]. The validation results indicate that
MODIS aerosol retrievals from DT algorithm (both 3 km and 10 km products) are comparable over
Song Mountain region, while the accuracies of retrievals from DB algorithm are slightly lower. On the
other hand, the coverage of DB retrievals is higher than the 10 km DT retrievals. The DT retrievals can
be used in local climate studies and air quality assessment.
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Figure 3. Validations of MODIS 3 km DT (a,b); 10 km DT (c,d) and 10 km DB AOD (e,f) with
ground-based measurements at Songshan site. Nt: total points (in black); Nr: coincident points of
three MODIS products (in red); Left panel: Terra satellite; Right panel: Aqua satellite. One–one lines
are shown as the short dash line. EE envelopes (˘(0.05 + 15%)) are shown as dash lines.
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4. Aerosol Properties at Song Mountain

4.1. Volume Particle Size Distribution

The retrieved size distributions are divided into 22 bins, with radii from 0.05 to 15 µm [31].
Seasonal mean variations of the size distributions at Songshan site are shown in Figure 4a, and
corresponding parameters are listed in Table 1. The mean volume of coarse particles in spring
(0.19 µm3/µm2) is much higher than other seasons, and the corresponding FMF (0.68) is the lowest in
the four seasons. This might be due to dust transported from arid regions such as Gansu and Inner
Mongolia in the spring months (volume fraction of dust (DU) is 0.68 in spring as listed in Table 1).
The volume median radius of the coarse mode is 3.38 µm, which is larger than typical values of
dust aerosol near the source (1.9–2.54 µm) reported in the literature [43]. This might be caused by
aerosol particle coagulation during the long-distance transport, which could somewhat increase the
particulate size [44]. A third mode appears at approximately 1.8 µm, similar to that reported in the
literature [43,44].
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Figure 4. (a) Seasonal mean aerosol volume particle size distributions at the Songshan site; (b) aerosol
single scattering albedo at 0.44, 0.67, 0.87, and 1.02 µm; (c) real part of the complex refractive indexes
at above four bands; (d) imaginary part of the complex refractive indexes at four bands. Error bars
represent standard deviations of the statistics.

Fine mode aerosol dominates the size distribution in summer with the highest FMF (0.81) in the
four seasons. The volume median radius of fine mode is 0.22 µm, which are larger than that in other
three seasons. This is likely due to high humidity (78% in July) that causes hygroscopic growth of
particles [45,46]. The higher humidity and temperature (30.1 ˝C in July) during summer together make
the diffusion more difficult. Aerosol particles accumulate in the atmosphere and lead to particulate
pollution. The volume concentrations of fine and coarse mode particles in autumn are comparable. The
shape of the volume particle size distribution during winter is similar to that in spring, with relatively
higher volume concentration of coarse mode particles (Vf = 0.07 µm3/µm2, Vc = 0.12 µm3/µm2),
which might be also related to the dust (volume fraction of DU is 0.66 in winter as listed in Table 1) [47].
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Table 1. Mean aerosol volume particle size distribution parameters and volume fractions of four
aerosol chemical components. r f and rc are median radii, σ f and σc are standard deviations, V f and Vc

are volume concentrations of fine and coarse modes. f DU, f BC, f AS and f AW are the volume fraction of
dust, black carbon, ammonium sulfate, and aerosol water, respectively.

rf (µm) rc (µm) σf σc
Vf

(µm3/µm2)
Vc

(µm3/µm2) FMF f DU, fBC , f AS,
f AW

Spring (March–May) 0.18 3.38 0.50 0.70 0.10 0.19 0.68 0.68; 0.006;
0.25; 0.064

Summer
(Junuary–August) 0.22 3.44 0.52 0.62 0.13 0.08 0.81 0.2; 0.006;

0.35; 0.444

Autumn
(September–November) 0.19 3.05 0.53 0.67 0.10 0.11 0.73 0.53; 0.008;

0.29; 0.172

Winter
(December–February) 0.16 3.17 0.50 0.67 0.07 0.12 0.78 0.66; 0.011;

0.27; 0.059

Total 0.18 3.10 0.51 0.67 0.09 0.12 0.75 0.58; 0.009;
0.27; 0.141

4.2. Single Scattering Albedo

SSA can reflect the light absorption proportion of aerosol extinction. The SSAs of all seasons show
decrease spectral patterns as the wavelength increase (Figure 4b). The SSA in summer is the highest
among the seasons (up to 0.93–0.95). As discussed in Section 4.1, the dominant mode of size distribution
during summer is fine-mode, which is consistent with the highest volume fraction of ammonium
sulfate (AS) (0.35) and lowest volume fraction of DU (0.2) in summer. Furthermore, the volume
fraction of aerosol water (AW) in summer is highest (0.444). The AS is the representative of scattering
component and responsible for aerosol hygroscopic characteristics [48,49]. The high water content
in aerosol will cause the increase of AS particle size, which is followed by the increasing extinction
ability of aerosol. Moreover, the SSA during winter is the lowest, with a value of approximately 0.87.
Considering the highest volume fraction of black carbon (BC) (0.011) in winter (Table 1), it might be
caused by the coal burning during winter in northern China for heating [50].

4.3. Complex Refractive Indices

The complex refractive indices of aerosols are closely related to aerosol chemical composition.
The real part indicates the refractivity of aerosol and aerosol scattering characteristics. Refractive
index of water is generally considered as 1.33 [51], which is much lower than that of dry substance.
Therefore the real part can reflect water content in aerosol. The real part of the complex refractive index
is lowest in summer (1.43) (Figure 4c), which indicates the highest water content level of aerosols. This
is consistent with the highest volume fraction of AW (0.444) listed in Table 1. The real part indices from
high to low are winter, spring, autumn and summer, which is contrary to the values of volume fraction
of AW in four seasons.

The imaginary part of the complex refractive index is related to the absorption of aerosols.
A higher value of imaginary part of complex refractive index indicates stronger absorption. Among
the four seasons, the winter aerosols have the strongest absorption and summer aerosols have the
strongest scattering (Figure 4d), which are the same as indicated by the SSAs [38,52].

5. Song Mountain Aerosol Parameter Model

The retrieval of AOD from satellite measurements is often biased due to the uncertainties
associated with the employed aerosol types [53]. The scientific data set (SDS) named
“Aerosol_Type_Land” of the MODIS DT aerosol products shows the aerosol types used in the
satellite land data retrieval. Three spherical-derived aerosol types (Strong Absorption Fine type
(SAF), Moderate Absorption Fine type (MAF), and Weak Absorption Fine type (WAF)) and
one spheroid-derived aerosol type (Dust Coarse type (DC)) are employed to describe the global
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land aerosol properties by MODIS retrieval algorithm [54]. The aerosol types are derived from the
cluster analysis of entire AERONET dataset. The spherical-derived aerosol types differ mainly in their
SSA and size distribution [54]. The retrieval-assigned aerosol types at Song Mountain region included
WAF type from June to November and MAF type from December to May in the next year.

Some research has analyzed aerosol volume particle size distribution with respect to varying
AOD levels, yielding dynamic aerosol models of typical areas [27,51]. We establish the dynamic
aerosol models for Song Mountain region based on one-year ground-based data and compare them
to the aerosol type models used over Song Mountain region from the MODIS DT algorithm [54].
The specific parameters of the aerosol characteristic models are shown in Table 2. The particle
volume size distribution of aerosol models in Table 2 are also ploted in Figure 5 corresponding
to AOD (0.55 µm) = 0.5. The differences between the MODIS DT aerosol types are large enough to
differentiate aerosol types in the world. Therefore, the differences between four seasonal dynamic size
distributions of Songshan site seem weak when compared to the differences between MODIS aerosol
types. Moreover, focusing on fine and coarse mode dominative characteristics, we compare the FMFs
of Song Mountain observations (listed in Table 1) and the fine aerosol weightings (FW) of MODIS
products. In the MODIS retrieval process, one fine-dominated model and one coarse-dominated model
is matched to derive the total AOD and the FW based on the look up table (LUT). The FW here is
different from that defined by O’Neill et al., [35] of AERONET products. It is the percentage of AOD
attributed to fine mode dominated model, which includes fine and coarse modes [53,55]. Annual
mean FW and FMF are 0.63 and 0.75, respectively. Although the definitions of the two parameters
are different, the values are close. The seasonal mean FWs of four seasons are 0.57, 0.90, 0.62 and
0.49, respectively. Compared to the FMFs from ground-based measurements in Table 1 (values of
four seasons are 0.68, 0.81, 0.73 and 0.78, respectively), seasonal characteristics of the aerosols in Song
Mountain region can be partly represented by MODIS FWs.
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Figure 5. Volume particle size distributions (normalize to AOD = 0.5 at 0.55 µm) of Song Mountain
aerosol models (a) and aerosol types employed by MODIS DT algorithm over Song Mountain region (b).

The established aerosol models of Song Mountain are based on the observation data from
September 2014 to August 2015. Giles et al. [56] suggested that AE and SSA can be used to identify
aerosol types. The independent validation is based on observations at Songshan site from December
2013 to August 2014 (Figure 6). It can be seen that although the verification points in the graph are
somewhat scattered, they are distributed around the model center point in general.



Remote Sens. 2016, 8, 111 10 of 14

Table 2. Comparison of aerosol types employed by Moderate Resolution Imaging Spectroradiometer (MODIS) aerosol retrieval algorithm and Song Mountain aerosol
parameter model.

Song Mountain Aerosol Model Aerosol Types Employed by MODIS

Total Spring Summer Autumn Winter MAF WAF DC

τa(0.44) 0.71 ˘ 0.50 0.79 ˘ 0.51 0.89 ˘ 0.50 0.73 ˘ 0.51 0.55 ˘ 0.45 - - -

α 1.13 ˘ 0.29 1.02 ˘ 0.34 1.27 ˘ 0.31 1.16 ˘ 0.22 1.12 ˘ 0.24 - - -

SSA 0.92/0.93/
0.92/0.91 ˘ 0.04

0.93/0.93/
0.93/0.92 ˘ 0.04

0.95/0.95/
0.94/0.93 ˘ 0.03

0.93/0.93/
0.93/0.92 ˘ 0.03

0.90/0.90/
0.89/0.87 ˘ 0.04 0.92 (@0.55 µm) 0.947 (@0.55 µm) 0.95 (@0.55 µm)

n 1.48/1.50/
1.52/1.52 ˘ 0.09

1.49/1.50/
1.52/1.53 ˘ 0.08

1.43/1.44/
1.45/1.45 ˘ 0.08

1.46/1.48/
1.49/1.50 ˘ 0.07

1.52/1.54/
1.56/1.57 ˘ 0.08 1.43 1.42 1.48τa(0.55)´0.021

k 0.008/0.007/0.007/
0.008 ˘ 0.005

0.006/0.005/0.005/
0.006 ˘ 0.004

0.005/0.005/0.005/
0.005 ˘ 0.003

0.008/0.006/0.006/
0.007 ˘ 0.004

0.011/0.009/0.009/
0.011 ˘ 0.006

´0.002τa(0.55) +
0.008

´0.0015τa(0.55) +
0.007 0.002 (@0.55 µm)

Vf, Vc
(µm3/µm2)

0.14τa(0.44) ˘ 0.08;
0.12τa(0.44) ˘ 0.14

0.14τa(0.44) ˘ 0.08;
0.14τa(0.44) ˘ 0.12

0.16τa(0.44) ˘ 0.08;
0.04 + 0.03τa(0.44)

˘ 0.05

0.14τa(0.44) ˘ 0.07;
0.08τa(0.44) ˘ 0.08

0.13τa(0.44) ˘ 0.06;
0.13τa(0.44) ˘ 0.09

0.1642τa(0.55)0.775;
0.1482τa(0.55)0.684

0.1718τa(0.55)0.821;
0.0934τa(0.55)0.639

0.0871τa(0.55)1.026;
0.6786τa(0.55)1.0569

rf (µm), σf
0.14 + 0.06τa(0.44)
˘ 0.05; 0.51 ˘ 0.08

0.14 + 0.05τa(0.44)
˘ 0.05; 0.50 ˘ 0.10

0.16 + 0.08τa(0.44)
˘ 0.07; 0.52 ˘ 0.08

0.15 + 0.06τa(0.44)
˘ 0.05; 0.51 ˘ 0.07

0.13 + 0.06τa(0.44)
˘ 0.04; 0.51 ˘ 0.07

0.0203τa(0.55) +
0.145; 0.1365τa(0.55)

+ 0.374

0.0434τa(0.55) +
0.160; 0.1529τa(0.55)

+ 0.364

0.1416τa(0.55q´0.0519;
0.7561τa(0.55)0.148

rc (µm), σc
2.93 + 0.26τa(0.44)
˘ 0.51; 0.67 ˘ 0.07

2.67 + 0.34τa(0.44)
˘ 0.57; 0.70 ˘ 0.09

3.28 + 0.18τa(0.44)
˘ 0.45; 0.62 ˘ 0.06

2.78 + 0.35τa(0.44)
˘ 0.50; 0.67 ˘ 0.07

3.12 + 0.09τa(0.44)
˘ 0.41; 0.67 ˘ 0.06

0.3364τa(0.55) +
3.101; 0.098τa(0.55)

+ 0.729

0.1411τa(0.55) +
3.325; 0.1638τa(0.55)

+ 0.759

2.2;
0.554τa(0.55)´0.0519

The SSA, n and k of Songshan site from left to right correspond to 0.44/0.67/0.87/1.02 µm. τa(0.44) and τa(0.55) are AODs at 0.44 µm and 0.55 µm, respectively; α is AE calculated from
AODs at 0.44 and 0.87 µm; SSA is single-scattering albedo; n and k are the real and imaginary parts of the refractive index; V f and Vc, r f and rc, and σ f and σc are fine-mode and
coarse-mode volume concentrations, radii, and variances of bimodal log-normal size distribution, respectively; MAF: Moderate Absorption Fine, WAF: Weak Absorption Fine, DC:
Dust Coarse.
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Figure 6. Validation of Songshan site aerosol model via SSA and AE from ground-based measurements.
Error bars represent standard deviations of samples in Song Mountain aerosol model.

6. Conclusions

The studies on aerosol characteristics and validation of MODIS satellite product in central China
Mountain region are rare. Validation of MODIS aerosol products over this region can be a supplement
to the global validation of C6 aerosol retrievals in China. The quantitative assessment of the aerosol
loading and the established Song Mountain aerosol model can be used in local climate studies and air
quality assessment. Based on the comparisons between C6 MODIS 3 km DT retrievals, 10 km DT and
DB retrievals, and the sun-sky radiometer measurements, as well as analyses of aerosol optical and
microphysical parameters, we draw the following conclusions:

(1) Seasonal variations of the AODs are significant in Song Mountain region, with generally higher
AODs in spring and summer and relative lower AODs in autumn and winter. The annual mean AODs
(0.55 µm) of the Song Mountain region (0.5–0.7) indicate particle matter pollution rather than expected
cleanness in this area.

(2) The validation results indicate that MODIS aerosol retrievals from DT algorithm (both 3 km
and 10 km products) are generally acceptable over Song Mountain region, while the accuracies of
retrievals from DB algorithms are lower. The retrievals of three algorithms from Aqua are better than
those from Terra. The Terra and Aqua average percentages of points falling within EE (˘(0.05% + 15%))
of the 3 km DT retrievals, 10 km DT retrievals and 10 km DB retrievals are 77.5%, 78.7% and 56.7%,
respectively. However, the coverage of DB retrievals is higher than the 10 km DT retrievals.

(3) Dynamic aerosol models for Song Mountain region have been established based on one-year
ground-based data, which show more detailed seasonal variabilities in aerosol properties at this site.
It can be useful for other studies such as the atmospheric correction of satellite images.
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