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Abstract: Based on the Langley method and the EuroSkyRad (ESR) pack retrieval scheme, we carried
out the retrieval of the aerosol properties for the CE–318 sunphotometer observation data from March
2012 to February 2014 in Kunming, China, and we explored the possible mechanisms of the seasonal
variations. The seasonal variation of the aerosol optical depth (AOD) was unimodal and reached a
maximum in summer. The retrieval analysis of the Angstrom exponent (α) showed the aerosol types
were continental, biomass burning (BB), and urban/industrial (UI); the content of the desert dust (DD)
was low, and it may have contained a sea–salt (SS) aerosol due to the influence of the summer monsoon.
All the aerosol particle spectra in different seasons showed a bimodal structure. The maximum and
submaximal values were located near 0.2 µm and 4 µm, respectively, and the concentration of the
aerosol volume was the highest in summer. In summer, aerosol particles have a strong scattering
power but a weak absorption power; this pattern is the opposite in winter. The synergistic effect of
the East Asian monsoon and the South Asian monsoon seasonal oscillations can have an important
impact on the variation of the aerosol properties. The oscillation variation characteristic of the total
vertical columnar water vapor (CWV) and the monsoon index was completely consistent. The aerosol
types and sources in the Yunnan–Kweichow Plateau and the optical radiation properties were closely
related to the monsoon circulation activities during different seasons and were different from other
regions in China.
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1. Introduction

The complexity of aerosol sources (primary and aged aerosol) determines the diversity of the
composition types and particle sizes, and it has important effects on the weather, climate, air quality,
and human health. The direct and indirect effects of aerosols are some of the most poorly–understood
variables affecting atmospheric and water circulation. It is necessary to combine aerosol measurements
and radiation techniques with model simulations to accurately determine the aerosol effect [1–4]. Model
simulation uses atmospheric radiation transfer models, such as the Santa Barbara DISORT(Discrete
Ordinates Radiative Transfer) Atmospheric Radiative Transfer (SBDART), Global Atmospheric Model
(GAME), Moderate Resolution Atmospheric Transmission (MODTRAN), and RSTAR. To estimate
the accuracy of the models, the modeled global, diffuse, and Sun’s direct radiation at ground level
have been compared with experimental measurements. The Sun–sky radiometric measurements at
ground level were also needed to characterize the aerosol properties. The CE–318 sunphotometer
is used internationally. Systems such as Prede POM can be used to retrieve the optical properties
of aerosols from solar and sky radiance measurements [5]. Aerosols with different particle sizes
have different effects on the environment, transport, and human health [6,7]. However, due to
the complex composition of aerosols and the uncertainty of their spatiotemporal distribution, the
physicochemical and optical properties of aerosols vary [8], which makes environmental research and
assessing the radiation effects of climate change challenging [9–13]. Therefore, quantitative remote
sensing analysis of aerosol properties in different geographical locations has important theoretical and
practical implications.

At present, a number of international and regional aerosol ground–based observation networks
have been established. For example, the Aerosol Robotic Network (AERONET), established by the
National Aeronautics and Space Administration (NASA), provides the most extensive aerosol database
in the world [14]. The European Skynet Radiometer Network (ESR) is a new type of network in
partnership with SKY–Radiometer NETwork–SKYNET (Skynet–Asia) in Japan [15,16]. There is also the
Global Atmosphere Watch Precision Filter Radiometer Network (GAWPFR NET) [17]. The Chinese Sun
Hazemeter Network (CSHNET), the China Aerosol Remote Sensing Network (CARSNET) [18], and the
Campaign for the Atmospheric Aerosol Research Network of China (CARE–China) were established in
China [19,20]. ground–based network observation can directly provide basic data for research; it can
also provide a reference for the satellite detection data and numerical simulation results and provide
an observational basis for the impact of environmental, weather and climate change [14,21–25].

The sunphotometer is one of the most widely used instruments for ground–based passive telemetry
to accurately characterize aerosol properties, and its retrieval algorithm is an important component.
Dubovik et al. evaluated the physical quantities, errors, and information from different sources.
They gave different weights to the data in the retrieval process and applied advanced numerical
optimization techniques to obtain the final statistical optimal solution. Through this algorithm, they
obtained parameters such as the aerosol particle volume size distribution, complex refractive index,
and single scattering albedo by using ground–based observation data [26]. Olmo et al. applied
the Nakajima algorithm to incorporate the randomly distributed ellipsoid approximation to retrieve
the aerosol parameters [27]. The ESR.pack retrieval scheme proposed by Estellés et al. [28] was
based on the Nakajima algorithm and Skyrad.pack to improve and compile the applications of the
CE–318, POM, and various sunphotometers. He et al. [29] compared the retrieval results of the aerosol
properties generated by Nakajima et al. [30] and Dubovik et al. [26]. Huang et al. used the sun direct
radiation data to retrieve the aerosol optical depth (AOD) and Angstrom exponent as well as the single
scattering albedo (SSA) and scattering phase functions from the sky scattering data [31]. At present,
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the internationally–used, comprehensive aerosol retrieval results come from AERONET (for business
retrieval) [26] and the ESR.pack retrieval scheme that covers ESR and Skynet–Asia [28]. Estellés et al.
performed a comparison of the aerosol properties derived by the ESR.pack with AERONET and
obtained good results [32].

The Yunnan–Kweichow Plateau (100–111◦E, 22–30◦N) is located in the southeastern part of the
Qinghai–Tibet Plateau in southwestern China and is a typical low–latitude plateau monsoon climate
zone. Its geographical location (it is adjacent to Southeast Asia and South Asia, and it is an important
source of aerosols in southwest China due to the strong influence of the monsoon circulation) [33,34]
and climate (the annual temperature difference is small and the daily range is large, the dry season
and wet season are distinct, and the sunshine and ultraviolet radiation are strong) are unique. It is
also an important path for water vapor transport of convection and advection in China. Research
shows that aerosols have important effects on global and regional water vapor variation [35,36] and
influence the regional climate and environment. However, there are few ground–based stations in
the Yunnan–Kweichow Plateau, and there is a lack of systematic research on aerosols. Therefore, this
paper explores the relationship between the seasonal and interannual variation characteristics of the
East Asian monsoon and South Asian monsoon and the variation of the aerosol optical radiation
properties, which were based on the combination of the aerosol properties retrieved from the CE–318
observation data from the Kunming Atmospheric Ozone Monitoring Station, No. 209 of the Global
Ozone Observing System (GO3OS), and the monsoon circulation index. It is important to know and
understand the aerosol variation and monsoon activities in the Yunnan–Kweichow Plateau and their
impact on the environment and climate in specific areas.

2. Instruments and Data

2.1. Instruments

The Kunming atmospheric ozone monitoring station (25.03◦N, 102.68◦E; 1917 m above sea level
(a.s.l.)) is located in the center of the city, and it is equipped with a CE–318 sunphotometer (CE318NTS8,
France). It has eight channels with central wavelengths λ at 340, 380, 440, 500, 670, 870, 1020 and
1640 nm. The instrument can track the Sun for direct radiation observation, and it scans the sky for
the scattered radiation of the Almucantar–azimuth angle, principal plane standard–scattering angle,
and principal plane polarization–zenith angle.

The CE–318 sunphotometer can be used for atmospheric environmental monitoring and the
radiometric calibration of remote sensing satellite sensors. Calibration is carried out every 6 months
using the calibration facilities at the Chinese Academy of Meteorological Sciences [18,37]. We conducted
sun direct radiation calibration by comparing the instrument with the master sunphotometers in
Beijing. The master sunphotometers were calibrated using the Langley method at either Izaña (Spain,
28.31◦N, 16.50◦W; 2391.0 m a.s.l.) or Mauna Loa (HI, USA, 19.54◦N, 55.58◦W; 3397.0 m a.s.l.) [10].
The sky scattered radiation channel is calibrated by integrating the sphere radiation source. Tao et
al. described the sphere calibration methods and protocols for CARSNET. The CARSNET sphere
calibration results were compared with the original values provided by Cimel, the manufacturer; the
linear interpolation method can be used to obtain the calibration coefficient for each period [37,38].

2.2. Data

We used the CE–318 observation data of the Kunming atmospheric ozone monitoring station
from March 2012 to February 2014 (including eight bands of Sun direct radiation data and four bands
of equal zenith angle scanning scattered radiation data; the minimum observation time point is in
minutes, and there are missing measurements when it is cloudy) and the total ozone column data
observed in real time by the Dobson ozone spectrophotometer (No. D003). The absorption coefficients
of ozone and the water vapor at different wavelengths and temperatures were derived from the ESR.
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We used ERA–Interim daily four times (00,06,12,18 UTC) over the same period of the wind field
and relative humidity reanalysis data provided by the European Center for Medium–range Weather
Forecasts (ECMWF). The data have a total vertical resolution of 37 layers, with a horizontal resolution
of 0.25◦ × 0.25◦. The daily surface meteorological data provided by the National Meteorological Base
Station in Kunming included the hourly ground pressure, temperature, and relative humidity. The
East Asian monsoon index (EAMI) and South Asian monsoon index (SAMI) were provided by the
China National Climate Center.

NASA provided the water vapor data observed by the Atmospheric Infrared Detector (AIRS)
carried by the Aqua satellite, which was compared with the vertical columnar water vapor (CWV)
retrieved by the CE–318 observation data. The MODIS Fire Points Product Data (MCD14ML) were
provided by the University of Maryland website (ftp://fuoco.geog.umd.edu), and the description and
validation of the data are shown in the literature [39].

3. Retrieval Algorithms

3.1. Sun Direct Radiation

The direct solar irradiance of the ground–based measurement of a specific wavelength (λ) is based
on the Beer–Bouguer–Lambert rule, which is expressed as the output voltage V on the CE–318 [40]:

V = V0R−2Tgexp(−mτ) (1)

where V0 is the calibration voltage constant and can be obtained by extrapolating from a series of
observations to m = 0. R = rt·rm

−1 is the Sun–Earth distance factor at the time of measurement, rt is
the distance between the Sun and the Earth at the time of measurement, and rm is the mean distance
between the Sun and the Earth. Tg is the gas absorption transmission rate (mainly considered ozone
and water vapor). In the CE–318 channel, only the water vapor absorption band at 936 nm cannot be
ignored, so Tg of the other channels is 1. m = (cosθ)−1 is the air mass factor, and θ is the solar zenith
angle. τ is the total optical depth of the vertical atmosphere. Taking the logarithm of Equation (1) on
both sides, the reciprocal of the slope of the line drawn by lnV + 2lnR and m is τ, which is the Langley
method [41,42]:

τ = −
1
m
[ln(V/V0) + 2lnR] (2)

In the formula, τ = τa + τg + τr is composed of aerosol scattering τa, gas absorption τg (such as
ozone and water vapor), and Rayleigh scattering τr. Except for the 936 nm channel, τg of the other
channels can be ignored, and τr can be calculated from the actual measured value of the ground
pressure. Then the AOD is τa = τ − τr.

Assuming that the aerosol particles follow the Junge volume size distribution [43], the calculation is:

n(r) =
dN(r)

dr
= c(z)r−(v+2) (3)

where r is the radius of the spherical particle, N(r) is the total number of aerosol particles per unit area,
v is the Junge parameter, and c(z) is a function of height z. If λ is independent of the Junge spectrum
type and the complex refractive index, Ångström generalizes the relationship between τa and λ [44]:

τa(λ) = βλ−α (4)

Here, α is the Angstrom exponent. Usually, 0 < α < 4 reflects the scale characteristic of the aerosol
particle size and is inversely proportional to the particle size. When the coarse particles dominate,
α tends to 0, and when the particle size is on the molecular scale, α is close to 4 [45]. β is the Angstrom

ftp://fuoco.geog.umd.edu
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turbidity coefficient, and the AOD at λ = 1 µm. When β ≥ 0.20, the atmosphere is turbid; if β ≤ 0.10,
the atmosphere is relatively clean [46]. From Equation (4), the following can be obtained:

α = −
ln[τa(λ1)/τa(λ2)]

ln(λ1/λ2)
(5)

β = exp[lnτa(λ) + αlnλ] = τa(λ)λ
α (6)

In the formula, if τa(λ1) and τa(λ2) of two wavelengths λ1 and λ2 are known, α and β are obtained.
Thus, τa(λ) of arbitrary λ under the same conditions is calculated.

The formula of the water vapor transmission rate Tw on the channel is [47]

Tw = exp(−awb) (7)

Here, w is the total amount of water vapor in the slant path, and a and b are constants. The Sun
direct radiation response of CE–318 at the 936 nm water vapor absorption band is:

V = V0R−2Twexp(−mτar) (8)

where τar = τa + τr, and τa is obtained by interpolating two channels at 870 and 1020 nm. At the same
time, w = m·WC, and WC is the total amount of the vertical water vapor column (CWV). By combining
this with Equations (7) and (8), we obtain:

lnV + mτar = ln(V0R−2) − ambWb
c (9)

WC (CWV) can be obtained, which is an improvement of the Langley method because it includes
the influence of water vapor, making it more accurate and reliable [42].

3.2. Equal Zenith Angle Scattered Radiation

In the single channel of the radiation transmission model, the surface sun direct radiation is
defined as E, and the surface scattered radiation is F [30]:

E = E0exp(−m0τ)
F(θ,φ) ≡ F(Θ) = Em0∆Ω[ωτP(Θ) + q(Θ)]

(10)

where E0 is the sun direct radiation of the channel at the upper boundary of the atmosphere (unit:
W·m−2

·µm−1), and m0 is the atmospheric optical mass. Forθ≤ 75◦, m0 = (cosθ)−1. ∆Ω is the stereoscopic
observation angle of the sunphotometer, calculated at 1.2◦, ω is the SSA of the entire atmosphere [48],
Θ is the scattering angle, P(Θ) is the total phase function when the scatter angle is Θ [49,50], and q(Θ)
represents the contribution of multiple scattering (MS). The relationship between Θ and θ is observed
in the actual equal zenith angle scan observation:

cos(Θ) = cos2θ+ sin2θcos(φ−φ0) (11)

At this time, ϕ0 is the solar azimuth angle, and 0 ≤ Θ ≤ 2θ0. We introduce G(Θ) and define it as:

G(Θ) ≡
F(Θ)

Em0∆Ω
= ωτP(Θ) + q(Θ) ≡ β(Θ) + q(Θ) (12)

where β(Θ) = ωτP(Θ) is a single scattering equal to the total differential scattering coefficient, including
Rayleigh scattering and Mie scattering. The AOD is defined as:

τa(λ) =

∫ rM

rm

πr2Qext(x, m̃)n(r)dr (13)
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Here, Qext is the extinction effective factor of spherical particles, x = (2π/λ)·r is the Mie size
parameter (x � 1 is Rayleigh scattering, x ≥ 1 is Mie scattering), rm and rM are the minimum and
maximum values of the aerosol particle radius, respectively, and m̃ = mR + imI represents the complex
refractive index of the aerosol. If Qext is only a scattering effective factor, the corresponding calculation
result is the scattering optical depth τas, from which the formula of the SSA can be obtained:

ωa =
τas

τa
. (14)

The differential scattering coefficient βa of the entire layer of the atmospheric aerosol is defined as:

βa(Θ) =
λ2

2π

∫ rM

rm

[i1(Θ, x, m̃) + i2(Θ, x, m̃)]n(r)dr (15)

where i1 and i2 are the Mie scattering intensity functions, thereby defining the aerosol phase function as:

Pa(Θ) =
βa(Θ)

ωaτa
(16)

The asymmetry factor g is the first moment of the phase function and is used to describe the
relative intensity of the forward scattering:

g =
1
2

∫ +1

−1
P(Θ) cos ΘdcosΘ (17)

Here, g varies from −1 to 1. Usually, the Mie scattering has a peak g > 0 in the forward direction,
and Rayleigh scattering has the same property in all directions g = 0. g is also an important parameter
for discussing radiation transmission problems and aerosol properties.

The aerosol particle size spectrum n(r) is the number of particles (cm−2
·cm−1) in a unit cross-section

of the gas column and a unit radius interval [51]. The volume spectrum distribution V(r) of the
particles is defined as the volume of the aerosol (cm3

·cm−2) in a unit cross–section gas column and a
unit logarithmic radius interval:

V(r) =
4π
3

r4n(r) (18)

In the ESR retrieval scheme, τa and βa can be summarized as:

τa(λ) = 2π
λ

∫ rM
rm

Kext(x, m̃)v(r)d(lnr)
βa(Θ) = 2π

λ

∫ rM
rm

K(Θ, x, m̃)v(r)d(lnr)
(19)

where Kext and K are core functions:

Kext(x) =
3
4

Qext(x)
x

K(Θ, x, m̃) =
3
2

i1 + i2
x3 (20)

The values of the above two equations determine the radius of the aerosol particles, which in turn
have a greater impact on the physical and optical properties of the aerosol [52,53].

3.3. Retrieval Scheme

The Sun direct radiation data are filtered by clouds, and the instrument retrieves the AOD of
8 channels (340, 380, 440, 500, 670, 87, 1020 and 1640 nm), α, β, CWV, and other properties. Smironv
et al.’s [54] cloud filtering algorithm was applied to remove artifacts introduced by clouds. When
retrieving V(r), P(Θ), g, SSA, m̃ and the other parameters using the sky scattering data observed by
equal zenith angle scanning, it was necessary to eliminate cloud interference by examining the data
symmetry. Holben et al.’s [14] quality control and cloud–removal scheme was applied to obtain high
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precision retrieval information: (1) The scattered radiation data used for retrieval had to satisfy the
symmetry angle of more than 21 angles (the maximum quantity was 28); (2) the fitting error of the
retrieval result was less than 5%; and (3) it needed to meet the condition of θ > 50◦ to perform the
retrieval calculations.

4. The Characteristic Analysis of the Seasonal Variations

4.1. Optical Depth

Figure 1 shows the seasonal mean variation of the eight λ channel AOD year by year and the
variation characteristics of AOD440 from March 2012 to February 2014. In Figure 1a, the AOD decreases
with the increase of λ, and both have the same characteristics. The value for the AOD from June to
August (JJA) in summer is greater than that of March to May (MAM) in spring, which is greater than
that of autumn or September to November (SON), which is greater than that for winter or December
to February (DJF). The seasonal mean is less than 0.80, but there are some differences in the seasonal
mean variation year by year. This seasonal variation is related to the monsoon circulation activities
(as shown in Figure A1) and environmental pollution emissions.
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Figure 1. (a) Seasonal mean variation of the AOD in the 8 bands year by year. (b) Seasonal
mean columnar distribution of AOD440 and comparison of the seasonal variations year by year.
(c) Distribution of scatter data between AOD440 and the Angstrom Exponent (α).

The seasonal mean value of AOD440 from Figure 1b is between 0.2 and 0.6 and is less than 0.50,
except for the summer of 2012. After analyzing the AOD of the eight channels, we found that they
reach their maximum value in the summer of 2012; there are two reasons for this. First, combined with
the seasonal variation of the 700 hPa level atmospheric circulation and relative humidity (RH) field in
Figure A1, the summer monsoon circulation in 2012 brought more water vapor than that in 2013, and
the summer RH around Kunming was 90% in 2012 and 80% in 2013. Second, it may be related to the
increase of aerosol particles in the atmosphere caused by the large–scale municipal construction in
the urban area of Kunming in the summer of 2012. However, we cannot rule out that the increase of
aerosol particles was caused by other factors.

In Figure 1c, the value of AOD440 is concentrated between 0.10 and 1.0, and the Angstrom
Exponent (α) is uniformly distributed in the range of 0.2–1.6. α increases with the increase of AOD440,
indicating that it is mainly affected by fine particle aerosols generated by human activities, and the
particle types and sources are different in different seasons (Table A1).

4.2. Angstrom Exponent and Turbidity Coefficient

Figure 2 shows a seasonal variation of the Angstrom Exponent (α) and frequency distributions
at different intervals. The statistical results show the α value is distributed between 0.2 and 1.7. The
highest frequency of 0.6–1.0 is 39.90%, and 1.4–1.8 only occurs 2.54% of the time. Figures 5 and 11
show radius r of the main control aerosol particles is more than 0.5 µm.
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different seasons.

In the summer of 2012, the α value was slightly higher than that in the spring, while the autumn
and winter values decreased in turn, reflecting that the mean aerosol particle size r in the spring and
summer (autumn and winter) was relatively small (large). In 2013, the α value gradually decreased
from spring to winter, indicating that there is a certain difference in the mean aerosol particle size r in
different seasons. The grain size r is slightly larger (small) in autumn and winter (spring and summer).
On the whole, the seasonal mean of the Angstrom Exponent (α) is between 0.6 and 0.9, which is slightly
greater in spring and summer than in autumn and winter. It is noted that the mean value of α in the
autumn and winter of 2012 decreased significantly, and the annual mean α value was slightly lower
than that in 2013, mainly because the water vapor transport in 2012 was greater than that in 2013, so
the hygroscopic growth effect was more significant.

For frequency statistics in different seasons, the distribution frequency of 0.6 ≤ α < 1.0 varies with
the season and is the most stable and highest in autumn. In spring and summer, 1.0 ≤ α < 1.4 (0.2 ≤
α < 0.6) increases (decreases), while in autumn and winter, it decreases (increases), which shows the
opposite frequency seasonal variation. The distribution frequency of 1.4 ≤ α < 1.8 is the lowest and
gradually decreases from spring to winter.

A further analysis of the data in Figure 2, Figure A2, and Figure A3 showed that the mean
value of α is 0.88 in spring, and the frequency in the range of 0.6–1.4 is more than 75%. This result
is mainly due to the frequent biomass burning around the Yunnan–Kweichow Plateau (Southeast
Asia–South Asia) (Table A2), which produces a large amount of fine particle aerosols. It is also related
to local anthropogenic emissions (industrial pollution, coal burning, motor vehicles, and other human
activities). The mean value of α in summer is 0.87, and the frequency in the range of 0.6–1.4 is more
than 80%; compared with the data from spring, the frequency of the small value range 0.6–1.0 increased,
while that of the large value range 1.0–1.4 decreased slightly. These results are mainly because the
summer monsoon circulation in East Asia and South Asia brings adequate water vapor to make
fine particle aerosols grow hygroscopically, which leads to the large AOD in summer (Figure A1).
The mean value of α in autumn is 0.76, and the frequency in the range of 0.6–1.4 is about 65%; the
frequency in the small value range increased significantly. The mean value of α in winter is 0.70.
The frequency between 0.6 and 1.4 is less than 60%, while the frequency between 0.2 and 0.6 is more
than 40%, and the frequency between 1.4 and 1.8 is almost 0. In winter, Southeast Asia–South Asia
also experienced more frequent biomass burning, resulting in the transport of aerosol particles to the
Yunnan–Kweichow Plateau.

By comparing the values of the different intervals’ α in Table A1, we found that there are main
aerosols, such as UI (urban/industrial), BB (biomass burning), continental, and DD (desert dust), with
some SS (sea–salt) aerosols being imported in the wet season. However, the most dominant content is
that of the continental aerosol, followed by the BB and UI aerosols; the DD aerosol content is relatively
low. From spring to winter, the dominant particles are coarse particles with a high frequency and fine
particles with a low frequency.
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Figure 3 shows the seasonal mean variation of the β coefficients for the 440 nm and 870 nm bands.
The β values at the 2 channels differ little and vary substantially. The comparison shows that the β
value is consistent with the seasonal variation of the AOD in Figure 1. The seasonal mean is between
0.10 and 0.30, which is the largest in summer, followed by the values for spring, autumn, and winter.
The mean value of β in the summer of 2012 is the largest, indicating that the degree of atmospheric
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Figure 3. Seasonal mean variations in the Angstrom turbidity coefficient β at 440 nm and 870 nm and
seasonal mean variations year by year.

Table A3 shows the division of different β values and atmospheric turbidity. Figure 3 and Table A3
illustrate that there is little atmospheric turbidity. The degree of atmospheric turbidity in spring and
summer is significantly higher than that in autumn and winter; the β value in winter is slightly higher
than 0.1, and the atmosphere is the cleanest.

4.3. Total Column Water Vapor

Figure 4 shows a comparison of the retrieval results of the CWV and observations with AIRS. The
seasonal variation of the CWV is obvious, with an annual mean of about 1.0 g·cm−2 that reaches the
maximum of more than 3.0 g·cm−2 in summer. Spring and autumn are similar, and the minimum is in
winter. This is consistent with the climatic characteristics of the outbreak and end of summer monsoon
over the Yunnan–Kweichow Plateau, and the retrieval results are consistent with the CWV from the
AIRS detection.
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Figure 4. Retrieval results of column water vapor (CWV). (a) The comparison of the CWV inter-monthly
variation in CE–318 and AIRS retrieval. (b) The comparison of CWV seasonal variation in CE–318 and
AIRS retrieval.

It is not difficult to see that the seasonal variation of the AOD and CWV is similar, but slightly
different. Overall, it reaches the maximum in summer and the minimum in winter, but the difference is
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that the AOD is significantly higher in spring than that in autumn, while the CWV has no significant
size difference in spring and autumn.

4.4. Particle Spectrum Distribution and Complex Refractive Index

Figure 5 shows the mean annual aerosol particle spectrum distribution in different seasons. The
distribution of the particle spectra varies in different seasons. However, the variation situation is
basically the same, and it shows a bimodal shape. The maximum values of the fine mode and the
coarse mode are located near 0.2 µm and 4 µm, respectively. The particle spectral structure is similar to
the ratio of the continental and UI aerosol models in the Standard Chinese Radiation Atmosphere [55].
The seasonal variation analysis shows the volume concentration in summer, and the distribution of
fine particles and coarse particles reaches the maximum. The maximum value of the fine particles is
0.07, and the maximum value of the coarse particles is 0.06. The main reason is the same as that for
the seasonal variation of the AOD. In winter it is the smallest, with a maximum particle value of 0.05
and a maximum coarse particle value of 0.02. In winter, due to the influence of the dry inland winter
monsoon (Figure A1), the aerosol content is the lowest, and the particle volume concentration is also
the smallest.
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Figure 5. The mean annual aerosol particle spectrum distribution in different seasons.

In contrast, the retrieval results of the aerosol volume spectrum (the fine mode of 0.1–0.2 µm has a
maximum value) in the Beijing area [56] are slightly smaller, reflecting the relatively light pollution in
Kunming. Fine particles with a radius r below 1 µm occupy the main body and are mainly particles
in the Aitken nuclei mold and the accumulation mode; the components of these particles are UI and
continental aerosols.

Figure 6 shows the relationship between the annual mean of the FR and FI in the complex refractive
index and λ, and only the seasonal mean variation of the 440 nm complex refractive index is extracted.
The variation of the FR and FI is the opposite when they vary with λ, and its absolute value increases
with the increase of λ. The variation of the FR is between 1.40 and 1.50, which is more obvious than the
variation of FI, which is between 0.005 and 0.015. The variations in the FR and FI are not significant in
the relatively short 440–670 nm band, while the FR and FI are significantly different in the relatively
longer bands. The difference in the FR for different aerosol particles is not large, and the FI values can
differ by several orders of magnitude.
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Figure 6. (a) Relationship between mR and mI of the annual average aerosol complex refractive index
and wavelength (λ). (b) Seasonal variation of mR and mI of the aerosol complex refractive index at
440 nm.

The FR and FI characterize the scattering and absorption properties, respectively, of an aerosol;
they offer a comprehensive reflection of the aerosol absorption properties of different components.
Black carbon is the most absorbent component in aerosols, and minerals and dust are also important
absorbent components [57]. Table A4 shows the statistical mean results of the values of the aerosol FR
and FI for different components. Figure 6 illustrates that the content of water vapor and ammonium
sulfate in the aerosol is relatively high; it also contains a very low amount of dust and the black
carbon aerosol.

Studies [58] have shown that the value of the FR in urban/industrial areas is between 1.4 and
1.47, and if the area affected by the ocean is large, the value of the FR will be low. From the seasonal
variation of the FR in Figure 6, it can be determined that Kunming is an urban/industrial area. The
seasonal mean variation of the FI is below 0.01; it is the closest to 0.01 in winter, which is relatively
large, while it is relatively small in summer, and thus the absorption aerosol content is low. However,
there is also some uncertainty. Because the aerosol content in winter is low, the FI value is relatively
large, so a more in–depth discussion of the retrieval results is needed to explain the variation of the FI.
It may be worthwhile to use the refractive index to study the seasonal cycles of the aerosol types.

4.5. Single Scattering Albedo and Asymmetry Factor

Figure 7 shows the seasonal mean variation of the SSA in the 440 nm band and the g in the 4 bands.
In Figure 7a, the seasonal variation of the SSA is a unimodal type; in summer (winter), it reaches a
maximum (minimum) of about 0.96 (0.90). The water vapor content is high in summer, and the particle
size and volume increase after the hygroscopic aerosol absorbs water, which enhances the scattering.
The summer monsoon brings abundant water vapor and a little SS aerosol, and the non–absorbing
sulfate aerosol enhances the scattering ability to some extent. The amount of wind and sand near the
ground in spring is relatively large, which increases the amount of the flying dust and floating dust
particles; the single scattering albedo (SSA) is slightly higher than that in autumn. The SSA is smaller
in winter; the main reason is that the strong absorption of the aerosol scattering ability is relatively
weak, which is consistent with the analysis of the complex refractive index in Figure 6.
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Figure 7. (a) Seasonal variation of the aerosol single scattering albedo (SSA) at 440 nm (the deviation
line is the standard deviation). (b) Seasonal variation of the asymmetry factor (g) in 4 bands.

Figure 7b reflects the scattering rule of the aerosol particle g > 0, and it exhibits the variation that g
decreases with the increase of λ. The shorter λ the stronger is aerosol forward scattering. The g value
of the same λ in different seasons is not much different and is not affected by the seasonal variation.
The result is reflected in that g has no obvious seasonal variation rule, but the inverse relationship
between g and λ is particularly obvious.

5. Case Analysis

5.1. Retrieval of Direct Radiation

Figure 8 shows the daily variation of the AOD, Angstrom Exponent (α), and CWV from 9:00 to
18:00 (Beijing Time) on January 9, 2014. The AOD varies with λ and shows the typical Mie scattering
characteristics. The Mie scattering process exists when the aerosol scale parameter RmM = 2πr·λ−1 is
0.1–50 [59]. Particles with r in the range of 0.3–0.7 µm have the greatest influence on the extinction of
visible light. This result shows that the shorter λ the larger AOD, and the stronger is extinction effect
of the particles.
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Figure 8. Daily variation of the AOD, Angstrom Exponent (α), and CWV from 9:00 to 18:00 (Beijing
Time) on January 9, 2014. (a) The 8 wavelengths (λ) correspond to the hourly mean AOD. (b) The AOD
at 440, 670, 870, and 1020 nm at 11, 13, 15, and 18 o’clock, respectively. (c) The hourly mean Angstrom
Exponent (α) (the deviation line is the standard deviation) and the CWV (unit: g·cm−2).

The daily variation of the hourly mean of the Angstrom Exponent (α) ranges from 0.6 to 1.2, which
is significantly higher in the morning than in the afternoon; it decreases significantly in the afternoon
and increases after 16:00. In the morning (afternoon), r of the aerosol’s dominant particle is smaller
(larger). By combining the AOD data and Table A5, we see that the AOD reaches the maximum at
around 11:00, when the extinction effect of the aerosol is the strongest. At this time, the Angstrom
Exponent (α) is 0.967. It is speculated that at the moment when the extinction effect is the strongest
throughout the day, the dominant particle r should be around 1 µm. The CWV hourly mean is lower
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and varies from 1.0 g·cm−2 to 1.3 g·cm−2, which is consistent with the climatic characteristics of the
winter monsoon (dry and little rain).

5.2. Retrieval of Scattered Radiation

In order to comprehensively analyze the equal zenith angle observation data, the retrieval
calculations were performed on the observation data at 10:00, 11:00, 12:00, and 13:00 (Beijing Time) on
9 January, 2014, and combined with the retrieval results of the direct radiation for analysis.

5.2.1. The Detection of Sky Radiation

Figure 9 shows the clear sky data after the equal zenith angle scan and the cloud detection; the
abscissa indicates the difference angle with the solar azimuth (the positive and negative signs indicate
the right–handed and left–handed scans, respectively, when the CE–318 is observing), and the ordinate
indicates the response value corresponding to the amount of radiation received by the instrument
when scanning through the azimuth. The data points scanned in 2 directions at different time points
have good symmetry, and the data points in the curve satisfy the condition of (Al − Ar)·(Al + Ar)−1

·0.5
< 10%, where Al and Ar represent the response values of the radiation received during the left–handed
and right–handed scans of the instrument, respectively.
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5.2.2. SSA and Phase Function

Table 1 shows the variation of the SSA (ωa) and g with λ at the 4 points. At 12:00, ωa reaches a
maximum value, and AOD440 is greater than 0.40. Table 1 also shows that ωa is greater than 0.87 and
shows a decrease with the increase of λ. Scattering plays a dominant role in the extinction effect of the
aerosol on the radiation; λ is shorter, and the proportion of scattering is greater. By combining the
CWV and Angstrom Exponent (a) data in Figure 1c, we find that the aerosol grows hygroscopically at
12:00 and 13:00, resulting in the enhanced scattering effect; therefore, the SSA reaches the maximum at
12:00. g decreases slightly with the increase of λ, but the difference at different times is small.

Table 1. Variation of the SSA (ωa) and g with λ at 10:00, 11:00, 12:00, and 13:00 (Beijing Time) on
9 January 2014.

Wavelength
(nm)

Time (Hour)
10:00 11:00 12:00 13:00

ωa g ωa g ωa g ωa g

440 0.929926 0.741374 0.937808 0.74002 0.962463 0.737678 0.941437 0.740384
670 0.914820 0.696706 0.932619 0.688753 0.962108 0.692356 0.938427 0.688036
870 0.887368 0.675157 0.909843 0.665487 0.957335 0.662634 0.923731 0.661896
1020 0.871032 0.657125 0.900150 0.647351 0.954952 0.63962 0.914045 0.641120
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Figure 10 shows the variation of P(Θ) with Θ for different λ. P(Θ) with different λ has a good
consistency at each Θ angle and reaches the minimum near Θ = 120◦. The exponential curve of Θ and
P(Θ) accords with the Junge model of the aerosol phase function.
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5.2.3. Particle Spectrum and Turbidity

The range of particle r was determined to be 0.05–15 µm, and it contains 22 intervals in the ESR
retrieval scheme with reference to the Skyrad scheme. The initial m̃ of the particle is given during the
retrieval process, and theoretical studies have shown that the effect on the retrieval results is small,
so the empirical value of m̃ is 1.500−0.005i. Figure 11 shows the relationship between the particle
volume size distributions and the particle radius r. The measurement results at different times are
from the bimodal spectrum and basically keep the variation in sync. The first peak mode r is located at
0.1–0.5 µm, and the second peak area r is located at 3–8 µm. For the 2 peak areas, the particle volume
concentration is more concentrated on the fine particles with a smaller particle size r. The main reason
is that anthropogenic aerosol particles are mostly fine particles such as those from the combustion
processes, which produce a large number of submicron particles [60]. At 15 µm, the number of particles
at 10:00 is greater than the number of particles at 11:00, 12:00, and 13:00; the radius of those particles
can be more than 15 µm, which indicates that coarse aerosol particles may exist in the atmosphere.
In addition, if the CWV content does not reach the saturation growth of the hygroscopic aerosol,
it may also show an increase in the aerosol concentration of fine particles, resulting in a decrease in the
effective radius of the particles.
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Figure 12 shows a daily variation of the turbidity coefficient. The β440 and β870 coefficients
calculated using the AOD of 440 nm and 870 nm, respectively, are very close. Since the β coefficient
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represents the AOD at the wavelength of 1 µm (Equation (4)), it is proved that the calculated β coefficient
is highly reliable. It was found that β and the AOD maintain almost simultaneous characteristics. It is
also verified by the physical meaning of β that the AOD in Figure 1a decreases with the increase of
λ. Obviously, the β value can reflect both the degree of turbidity in the atmosphere and the degree
of extinction of the atmosphere. Table A3 shows the division of different β values and atmospheric
turbidity. In Figure 12, the daily variation range of the β value is 0.10 ≤ β ≤ 0.20, the air quality is
neither turbid nor clean, and the degree of turbidity at noon is relatively high.
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5.3. Atmospheric Circulation and Specific Humidity Field

Through the analysis of the weather map of the 600–700 hPa levels on 9 January, 2014
(figure omitted), it can be seen that the dry west wind and southwest wind from the Indian
Peninsula-Bangladesh–Myanmar prevailed throughout the day over the Yunnan–Kweichow Plateau.
Not only is it less humid, but the air is very dry. The 600 hPa in Kunming is the westerly circulation,
and the atmosphere is very dry and has a specific humidity of about 2, the speed of southwest wind
at 700 hPa gradually increases, and there is a significant increase at 14:00 compared with the value
at 8:00; the specific humidity is significantly higher than 600 hPa but only 4–6. This shows that the
dry weather with little rain in winter is also conducive to the long distance transport of aerosols from
Southeast Asia–South Asia (aerosol pollutants in the atmosphere) to the southwestern area of China.
However, the contribution and influence of the aerosol load in the Kunming area need to be further
observed and verified by numerical simulation.

6. Analysis of the Causes of the Seasonal Variation

Kunming is located in the central part of the Yunnan–Kweichow Plateau and is affected by the
East Asian monsoon and the South Asian monsoon. The annual sunshine is about 2200 h, and the
ultraviolet radiation is strong. The monthly mean temperature is between 9.1 ◦C and 20.7 ◦C, and the
monthly precipitation is between 11.3 mm and 204.0 mm. The precipitation in the rainy season from
May to October accounts for 85% of the whole year and for more than 60% in summer. The southeast’s
warm and humid airflow from the western Pacific and the southwest’s warm and humid airflow from
the Indian Ocean meet over the Yunnan–Kweichow Plateau (which contains Yunnan), and a variety of
aerosol species combine with water vapor to generate aerosol particles, which are transported over long
distances (Southeast Asia–South Asia and the Iranian plateau to North Africa) [33,61], or the aerosol
particles are hygroscopically grown. Under the conditions of a high temperature, high humidity,
and strong ultraviolet radiation, chemical and photochemical reactions are favored to generate new
aged aerosol particles. Therefore, due to the increase in the type and quantity of aerosol particles in



Remote Sens. 2019, 11, 2911 16 of 27

summer (which makes the AOD reach its maximum), there is an increase in the volume concentration
of the aerosol particles and the concentration of the coarse and fine particles. Diversification of the
particle size (the Angstrom Exponent (α) is higher than the annual mean value) affects the degree of
the atmospheric turbidity (the β coefficient reaches the largest value). Because the physical, chemical,
and optical properties (absorption and scattering cross section) of the aerosol changed greatly, the
extinction effect was enhanced. Moreover, the increase of the water vapor (the CWV reaches the
maximum value) enhances the extinction of the solar radiation absorption and scattering, which leads
to the enhancement of the secondary or multiple scattering of the aerosol particles and promotes the
variation of the aerosol properties.

Precipitation in the dry season from November to April of the following year accounts for only
15% of the whole year. There is little rain and plenty of sunshine in winter. It is mainly influenced
by the west wind circulation and cold air from the higher latitude continent. The source and the
physicochemical properties of the aerosol are different from those in the summer, which leads to the
characteristic parameters of the AOD, CWV, and β coefficient change with the seasons and the AOD,
CWV, and β coefficient reach the minimum values in winter.

In the spring, there are few clouds and little rain, the air is dry, the evapotranspiration is strong,
the solar ultraviolet radiation is enhanced, and the diurnal range of the temperature is large. The
temperature drops rapidly in the autumn, which is about 2 ◦C lower than that in the spring, the
precipitation is reduced and less than 30% of summer (but more than that in spring and winter), and
the air is dry. The values of the aerosol properties in spring and autumn are between those of summer
and winter, but they are slightly different in the two seasons. Comparing the spring and autumn, the
aerosol properties are higher (larger) to different degrees. The main reason is that the wind speed in the
near–surface layer in spring is much larger than that in the autumn, so that the flying dust and floating
dust generated by the exposed surface can enter the atmosphere, which makes the amount of aerosol
particles increase slightly. The increase of the desert dust aerosol in spring makes the average AOD
higher than that in autumn, and the particle radius changes obviously make the turbidity stronger. Due
to the influence of the summer monsoon circulation, the CWV values in spring and autumn are quite
different (there is no obvious difference and regularity). The wet season starts at the end of spring and
ends in autumn, but the variations of the CWV in the two seasons are slightly different. A more specific
difference analysis is needed to combine the characteristics of the actual monsoon circulation evolution
with different years, characteristics of water vapor transport, and variation in meteorological factors.

Figure 13 shows the characteristics of the seasonal variation and inter–annual activities of the
EAMI and SAMI and aerosol properties normalized time series from March 2012 to February 2014.
EAMI and SAMI are consistent with the variation in the aerosol properties, and the CWV and CWV
(AIRS) are exactly the same as the seasonal variation of the monsoon index. The positive (negative)
phase of the summer (winter) oscillation variation is significant, while those of spring and autumn
are relatively weak, reflecting the difference in the aerosol type and source and the optical–radiation
properties in different seasons. Except for the influence of other factors, it is mainly affected by
the variation in the monsoon circulation activities (Figures A1 and A3). The interannual variation
difference of the monsoon circulation can also be reflected in the variation of the aerosol properties.
The positive phase of the EAMI and SAMI variations in the summer of 2012 is much longer than that
in 2013, resulting in the difference of the variation of the aerosol properties in the summer during those
two years.
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Figure 13. The characteristics of the seasonal variation and inter–annual activities of EAMI and SAMI
and aerosol properties normalized time series from March 2012 to February 2014. The aerosol properties
in sub-graphs are (a) AOD1640, (b) AOD1020, (c) AOD870, (d) AOD670, (e) AOD500, (f) AOD440,
(g) AOD380, (h) AOD340, (i) Angstrom Exponent(α), (j) SSA(440), (k) CWV, (l) AIRS CWV.

The linear fitting regression analysis of the aerosol properties and the monsoon index normalized
sequence shows that y (the response of the aerosol properties to the monsoon circulation) = kx (the
variation of the monsoon circulation). Only the influence of the monsoon circulation variation is
considered here. The physical meaning of the slope k is the sensitivity of the aerosol properties to the
monsoon circulation variation, while kx×% characterizes the relative influence rate of the monsoon
circulation on the variation of the aerosol properties.

Figures 14 and 15 show the correlation analysis of the normalized sequence between EAMI and
SAMI and aerosol properties containing CWV (AIRS CWV). The CWV and CWV (AIRS) have the best
linear relationship with the monsoon index. The relationship not only reflects the transport of the
water vapor from the atmospheric circulation but also verifies the reliability of the aerosol properties
retrieval. The linear relationship between the AOD at 8 bands, SSA at 440 nm, CWV (AIRS CWV),
EAMI, and SAMI all pass the significance test of more than 99%, but the linear relationship between
the Angstrom Exponent (α) and the monsoon index is relatively insignificant.
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Figure 14. The correlation analysis between the standardized sequence of the EAMI and aerosol
properties: (a) AOD1640, (b) AOD1020, (c) AOD870, (d) AOD670, (e) AOD500, (f) AOD440, (g)
AOD380, (h) AOD340, (i) Angstrom Exponent(α), (j) SSA(440), (k) CWV, (l) AIRS CWV. Except for the
Angstrom Exponent (α) (which passed 95% for the significance test), all passed the significance test
with more than 99%.
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Figure 15. Correlation analysis between the normalized sequence of the SAMI and aerosol properties: (a)
AOD1640, (b) AOD1020, (c) AOD870, (d) AOD670, (e) AOD500, (f) AOD440, (g) AOD380, (h) AOD340,
(i) Angstrom Exponent(α), (j) SSA(440), (k) CWV, (l) AIRS CWV. The except for the Angstrom Exponent
(α) (which only passed 69% of the significance test), all passed the significance test with more than 99%.

Table 2 shows the sensitivity kE of the aerosol properties to the EAMI variation and the influence
rate (%) of the variation of the East Asian monsoon circulation on the relative variation of the
aerosol properties.
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Table 2. Sensitivity kE of the aerosol properties to the EAMI variation and the influence rate (%) of the
East Asian monsoon circulation variation on the relative variation of the aerosol properties.

Year Month

East Asian Monsoon Relative Impact Rate %
Sensitivity kE of Aerosol Properties to EAMI variation

0.60 0.65 0.66 0.63 0.60 0.58 0.59 0.61 0.32 0.72 0.83 0.90
AOD1640 AOD1020 AOD870 AOD670 AOD500 AOD440 AOD380 AOD340 α SSA CWV AIRS CWV

2012

Mar −62.3 −68.1 −68.2 −65.7 −62.7 −60.6 −61.6 −63.1 −33.5 −74.5 −86.1 −93.3
Apr 9.5 10.4 10.4 10.0 9.6 9.2 9.4 9.6 5.1 11.4 13.1 14.2
May 11.8 12.9 12.9 12.4 11.9 11.5 11.7 11.9 6.4 14.1 16.3 17.7
Jun 76.1 83.2 83.4 80.4 76.6 74.1 75.3 77.1 41.0 91.1 105.2 114.0
Jul 59.0 64.6 64.7 62.3 59.4 57.5 58.5 59.8 31.8 70.7 81.6 88.5

Aug 107.1 117.1 117.4 113.1 107.8 104.2 106.0 108.5 57.7 128.2 148.1 160.5
Sep 32.6 35.7 35.8 34.5 32.9 31.8 32.3 33.1 17.6 39.1 45.1 48.9
Oct 19.9 21.7 21.8 21.0 20.0 19.3 19.7 20.1 10.7 23.8 27.5 29.8
Nov −79.4 −86.9 −87.0 −83.9 −80.0 −77.3 −78.6 −80.5 −42.8 −95.1 −109.8 −119.0
Dec −91.2 −99.7 −99.9 −96.3 −91.8 −88.7 −90.3 −92.4 −49.1 −109.1 −126.1 −136.6

2013

Jan −92.2 −100.8 −101.0 −97.3 −92.8 −89.7 −91.2 −93.4 −49.7 −110.3 −127.4 −138.1
Feb −58.4 −63.8 −64.0 −61.6 −58.7 −56.8 −57.8 −59.1 −31.4 −69.8 −80.7 −87.4
Mar −42.2 −46.1 −46.2 −44.5 −42.4 −41.0 −41.7 −42.7 −22.7 −50.5 −58.3 −63.2
Apr −19.1 −20.9 −20.9 −20.2 −19.2 −18.6 −18.9 −19.4 −10.3 −22.9 −26.4 −28.6
May 20.0 21.8 21.9 21.1 20.1 19.4 19.8 20.2 10.8 23.9 27.6 29.9
Jun 41.3 45.2 45.2 43.6 41.6 40.2 40.9 41.8 22.2 49.4 57.1 61.9
Jul 61.8 67.6 67.8 65.3 62.2 60.2 61.2 62.7 33.3 74.0 85.5 92.6

Aug 48.7 53.3 53.4 51.4 49.0 47.4 48.2 49.4 26.2 58.3 67.3 73.0
Sep 74.6 81.5 81.7 78.7 75.0 72.5 73.8 75.5 40.2 89.2 103.1 111.7
Oct 79.4 86.9 87.1 83.9 80.0 77.3 78.6 80.5 42.8 95.1 109.8 119.0
Nov −44.8 −49.0 −49.1 −47.3 −45.1 −43.6 −44.3 −45.4 −24.1 −53.6 −61.9 −67.1
Dec −62.9 −68.8 −68.9 −66.4 −63.3 −61.2 −62.3 −63.7 −33.9 −75.3 −86.9 −94.2

2014
Jan −62.6 −68.5 −68.6 −66.1 −63.0 −60.9 −62.0 −63.4 −33.7 −74.9 −86.5 −93.8
Feb −26.9 −29.4 −29.5 −28.4 −27.1 −26.2 −26.6 −27.3 −14.5 −32.2 −37.2 −40.3

During the dry season, from November to March (or April) of the following year, the aerosol
characteristic parameter value decreases with the weakening of the East Asian monsoon circulation
(negative phase) and reaches the minimum value in January. During the spring/summer transition
from March (or April) to May, the positive phase of the East Asian monsoon circulation variation
gradually increases. At this time, the variation of the aerosol characteristic parameter value under
the influence of the monsoon circulation starts to change from decreasing to increasing. During the
rainy season from May to October, the values of the aerosol properties increase rapidly in the period
of the East Asian monsoon circulation enhancement (positive phase). It should be noted that the
aerosol properties reached a maximum value in August 2012. However, the maximum value not
only was delayed by two months but was relatively small. It shows that the interannual activity of
the East Asian monsoon circulation is significantly different. The negative phase of the East Asian
monsoon circulation variation gradually increases during the autumn–winter transition from October
to November. At this time, the variation of the aerosol characteristic parameter value begins to change
from increasing to decreasing due to the variation of the monsoon circulation. The transformation of
the positive and negative (negative and positive) phases of the monsoon circulation affects the seasonal
variation characteristics of the aerosol properties. However, the activity intensity of the monsoon
circulation in different years and the difference in the transition period have different effects on different
aerosol properties. Except for the CWV (AIRS CWV), the effect of the SSA on the 440 nm band is the
most significant, and the effect on the AOD at different wavelengths is more consistent.

Table 3 shows the sensitivity kS of the aerosol properties to the SAMI variation and influence rate
(%) of the South Asian monsoon circulation on the relative variation of the aerosol properties. Compared
with the East Asian monsoon circulation, the South Asian monsoon circulation weakens 1 month
earlier. From October to April of the following year, the South Asian monsoon circulation weakens,
and the aerosol characteristic parameter values decrease accordingly, also reaching a minimum value
in January. During the transition period from April to May, the monsoon circulation has little effect on
the variation of the aerosol properties due to the aerosol characteristic parameter values’ change from
decreasing to increasing.
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Table 3. Sensitivity kS of the aerosol properties to the SAMI variation and the influence rate (%) of the
South Asian monsoon circulation on the relative variation of the aerosol properties.

Year Month

South Asian Monsoon Relative Impact Rate %
Sensitivity kS of Aerosol Properties to EAMI Variation

0.69 0.65 0.62 0.55 0.51 0.48 0.49 0.52 0.10 0.77 0.93 0.95
AOD1640 AOD1020 AOD870 AOD670 AOD500 AOD440 AOD380 AOD340 α SSA CWV AIRS CWV

2012

Mar −58.9 −55.4 −52.4 −47.2 −43.0 −40.7 −42.0 −44.6 −8.8 −65.9 −79.0 −81.1
Apr −13.7 −12.9 −12.2 −10.9 −10.0 −9.4 −9.7 −10.3 −2.0 −15.3 −18.3 −18.8
May 9.9 9.3 8.8 7.9 7.2 6.8 7.0 7.5 1.5 11.0 13.2 13.6
Jun 86.5 81.4 77.0 69.3 63.2 59.7 61.6 65.4 13.0 96.8 116.1 119.2
Jul 111.1 104.6 98.9 89.0 81.1 76.7 79.1 84.1 16.6 124.3 149.1 153.1

Aug 103.5 97.4 92.0 82.9 75.5 71.4 73.7 78.3 15.5 115.7 138.8 142.5
Sep 43.7 41.1 38.9 35.0 31.9 30.2 31.1 33.0 6.5 48.9 58.6 60.2
Oct −41.0 −38.6 −36.5 −32.9 −30.0 −28.3 −29.2 −31.0 −6.1 −45.9 −55.1 −56.5
Nov −53.6 −50.4 −47.6 −42.9 −39.1 −37.0 −38.1 −40.5 −8.0 −59.9 −71.8 −73.8
Dec −69.8 −65.7 −62.1 −55.9 −51.0 −48.2 −49.7 −52.8 −10.5 −78.1 −93.7 −96.2

2013

Jan −76.4 −71.9 −67.9 −61.2 −55.8 −52.7 −54.4 −57.8 −11.4 −85.4 −102.5 −105.2
Feb −67.3 −63.4 −59.9 −53.9 −49.2 −46.5 −48.0 −50.9 −10.1 −75.3 −90.3 −92.8
Mar −54.5 −51.3 −48.5 −43.6 −39.8 −37.6 −38.8 −41.2 −8.2 −60.9 −73.1 −75.0
Apr −23.2 −21.8 −20.6 −18.6 −16.9 −16.0 −16.5 −17.5 −3.5 −25.9 −31.1 −31.9
May 16.8 15.8 15.0 13.5 12.3 11.6 12.0 12.7 2.5 18.8 22.6 23.2
Jun 98.0 92.2 87.1 78.5 71.5 67.6 69.8 74.1 14.7 109.6 131.4 134.9
Jul 137.3 129.2 122.1 109.9 100.2 94.8 97.8 103.8 20.6 153.6 184.2 189.1

Aug 90.9 85.6 80.9 72.8 66.4 62.8 64.7 68.8 13.6 101.7 122.0 125.2
Sep 33.5 31.6 29.8 26.9 24.5 23.2 23.9 25.4 5.0 37.5 45.0 46.2
Oct −9.3 −8.7 −8.2 −7.4 −6.8 −6.4 −6.6 −7.0 −1.4 −10.4 −12.4 −12.8
Nov −58.7 −55.2 −52.2 −47.0 −42.8 −40.5 −41.8 −44.4 −8.8 −65.6 −78.7 −80.8
Dec −65.3 −61.4 −58.1 −52.3 −47.6 −45.1 −46.5 −49.4 −9.8 −73.0 −87.6 −89.9

2014
Jan −72.7 −68.4 −64.6 −58.2 −53.0 −50.2 −51.7 −55.0 −10.9 −81.3 −97.5 −100.1
Feb −66.9 −63.0 −59.5 −53.6 −48.9 −46.2 −47.7 −50.6 −10.0 −74.9 −89.8 −92.2

From May to September, the South Asian monsoon circulation increases, and the aerosol
characteristic parameter values continued to increase, reaching a maximum value in August. During
the transition period from September to October, the South Asian monsoon circulation begins to
weaken, which changes the aerosol characteristic parameter value from increasing to decreasing and
the impact of the variation of the monsoon circulation on the aerosol characteristic parameter values is
also small.

By combining Tables 2 and 3, it is clear that the effects of the East Asian monsoon and the
South Asian monsoon on the variation in aerosol properties are similar. Although there is a seasonal
difference, the synergy between the East Asian monsoon and the South Asian monsoon is obvious, and
the variation in the aerosol properties is consistent with their seasonal variations. The sensitivity of
the CWV and CWV (AIRS) to the EAMI and SAMI variations is 0.83–0.90 and 0.93–0.95, respectively.
The CWV (AIRS CWV) is more significantly affected by the South Asian monsoon than the East Asian
monsoon, which indicates the contribution of the water vapor from the atmospheric circulation. The
sensitivity of the SSA in the 440 nm band to the EAMI and SAMI is 0.72 and 0.77, while the sensitivity
of the AOD for different λ to the EAMI and SAMI ranges from 0.58 to 0.66 (mean value is 0.62) and
0.48 to 0.69 (mean value is 0.56), which indicates that the extinction of the aerosol particles is deeply
affected by the variation of the monsoon circulation activity. It is also noted that the sensitivity of the
AOD to the EAMI is greater than that of the SAMI, and the influence of the inter–monthly variation
of the EAMI on the aerosol properties is more drastic than that of the SAMI. This may be due to the
complexity of the East Asian monsoon and the South Asian monsoon in the process of converging over
the Yunnan–Kweichow Plateau, which needs to be studied in detail.

In summary, aerosol properties that vary with the seasons are affected and controlled by the
variation in the monsoon circulation activity. For example, the AOD is closely related to the seasonal
variation of the CWV. The increase of the water vapor content can affect the variation of the aerosol
particle size and quantity, and the physical and chemical reactions of aerosol particles, which promotes
the increase of the AOD caused by the extinction of the aerosol. In 2012 and 2013, the variation
difference of the monsoon circulation can affect and control the difference in the aerosol sources and
types, and the variation in the intensity of the seasonal and interannual activity may also change the
number of aerosol particles and the formation difference of the aged aerosol. However, since only
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two years of data were used, it is necessary to verify whether it is credible through the evaluation
of longer–term data. In addition, it should be noted that except for the influence of the monsoon
circulation, there is an impact from the increased local emissions of fugitive dust on the aerosol
properties. For example, the differences between the interannual and monthly variation in the aerosol
properties in Kunming in 2012 and 2013 are not only related to the interannual differences in monsoon
circulation but also related to the increase in the local emissions.

7. Conclusions

The relationship between the influence of the East Asian and South Asian monsoon index on the
seasonal variation of the aerosol properties is discussed below based on the retrieval of the aerosol
optical and radiation properties from the observational data of the CE–318 sunphotometer at the
Kunming atmospheric ozone monitoring station. The conclusions are as follows.

The AOD decreases with the increase of λ and is consistent with the typical Mie scattering
properties. The seasonal variation of the AOD, Angstrom turbidity coefficient β, and CWV is unimodal,
the summer (winter) is the largest (smallest), and the spring is greater than the autumn. The CWV
values in spring and autumn showed no significant difference, and the seasonal variation of the
Angstrom Exponent (α) was not obvious. The turbidity in the atmosphere was relatively low. This
indicates that the aerosol properties of the low–latitude plateaus in southwestern China are different
from those in other parts of China. Although they are affected by anthropogenic emissions from
the Southeast Asia–South Asia region and biomass burning aerosols, the correlation between the
intensity of the seasonal activities of the monsoon circulation and the local anthropogenic emissions
and meteorological factors will affect the aerosol properties, so further in–depth simulation studies
are needed.

The seasonal and annual variations of the aerosol particle size distributions are bimodal. The
complex refractive index and single scattering albedo showed that the summer aerosol particles had
a stronger scattering power and a relatively weak absorption power; in winter, they exhibited the
opposite. In summer, the water vapor content was high, and after the hygroscopic aerosol particles
absorbed water, the particle size and volume increased, resulting in enhanced scattering. In order to
explain the enhancement of the aerosol absorption capacity in winter, the retrieval result for the FI
needs to be further discussed.

The variation of the aerosol properties with the season was significantly affected by the monsoon
circulation activity, and the synergistic effect of the East Asian monsoon and South Asian monsoon
made the variation of the aerosol properties have the same seasonal oscillation characteristics as that of
the monsoon. In the transition period of the season (especially during the transition periods of the
dry and wet seasons in Kunming), the monsoon circulation had little effect on the variation of the
aerosol properties. The AOD was closely related to the seasonal variation of the CWV. The increase or
decrease of the water vapor content did affect the variation of the aerosol particle size and quantity,
thus affecting the physical and chemical reactions of the aerosol particles. Furthermore, the extinction
of the aerosol was promoted to cause an increase in the AOD. Only in 2012 and 2013 did the variation
difference of the monsoon circulation affect the source and type of aerosol. The variation in the intensity
of the seasonal and interannual activity may have also changed the number of aerosol particles and the
formation difference of the aged aerosol. It should also be noted that, in addition to the influence of the
monsoon circulation, there was an impact from the increased local emissions of fugitive dust on the
aerosol properties.

8. Discussion

This study only dealt with the retrieval and discussion of the aerosol properties in Kunming.
Follow–up work needs to compare the aerosol properties of the retrieval between the satellite data
and CE–318 observation data. We need to simulate the seasonal variation for the monsoon circulation
activity variation and aerosol type and source in greater depth, as well as the direct radiative forcing
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effects of aerosols. This study investigated a limited time span of the observational data from the
Kunming atmospheric ozone monitoring station, so the rule of seasonal change needs data from a
longer period of time, and the long–term evolution trend of the interannual and interdecadal variations
needs further research. Furthermore, a more in–depth statistical analysis of the relationship between
the aerosol properties and meteorological elements is needed.
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Figure A1. Seasonal variation of the 700 hPa wind field and relative humidity field from 2012 to 2013;
the red point is the location of Kunming, the colored area is the Relative Humidity (%), and the reference
wind vector is 5 m·s−1.
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Table A1. Characterization of the Angstrom Exponent (α) [45,62].

α −1 ≤ α ≤ 0.5 0.5 ≤ α ≤ 1.5 1.1 ≤ α ≤ 1.8 1.1 ≤ α ≤ 2.3 1.1 ≤ α ≤ 2.4

Aerosol type DD Continental SS BB UI

Table A2. The frequency of the biomass burning fire points in different seasons in Southeast Asia and
South Asia (0–43◦N, 59–140◦E) from 2012 to 2013.

Year
Season

Spring (Frequency) Summer (Frequency) Autumn (Frequency) Winter (Frequency)

2012 191,180 34,909 28,131 60,710
2013 170,232 36,465 32,871 68,031

Table A3. Characterization of Angstrom’s Atmospheric Turbidity Coefficient β [63].

β β ≥ 0.4 β ≥ 0.2 β ≤ 0.1

Degree of turbidity Unclean Relatively clean Clean

Table A4. Mean statistical results of the complex refractive index of aerosol in different
compositions* [58,64–66].

Aerosol Component
Real (FR) Imaginary (FI)

440 nm 670 nm 870 nm 1020 nm 440 670 870 1020

H2O 1.33 1.33 1.33 1.33 — — — —
Ammonium sulfate 1.53 1.53 1.53 1.53 — — — —

sand and dust 1.57 1.57 1.57 1.57 0.01 0.004 0.004 0.004
Black carbon 1.95 1.95 1.95 1.95 0.66 0.66 0.66 0.66

* Combined with the spectral properties of the complex refractive index of the aerosol, it is assumed that the
imaginary parts at 870 nm and 1020 nm are approximately equal to those at 670 nm.

Table A5. Statistical relationship between the Angstrom exponent (α) and mean radius r of the aerosol
particles [59].

α 0 1.3 1.5 2.0 2.25 3.0 3.8~4.0

r (µm) >2.0 0.6 0.5 0.22~0.25 0.15 0.062~0.10 ≤0.02
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