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Abstract: Chengdu is a typical basin city of Southwest China with rare observations of remote
sensing measurements. To assess the climate change and establish a region aerosol model, a deeper
understanding of the separated volume size distribution (VSD) and complex refractive index (CRI) is
required. In this study, we employed the sub-mode VSD and CRI in Chengdu based on the three years
observation data to investigate the sub-mode characteristics and climate effects. The annual average
fraction of the fine-mode aerosol optical depth (AODf) is 92%, which has the same monthly tendency
as the total AOD. But the coarse-mode aerosol optical depth (AODc) has little variation in different
months. There are four distinguishing modes of VSD in Chengdu; the median radii are 0.17 µm± 0.05,
0.31 µm ± 0.12, 1.62 µm ± 0.45, 3.25 µm ± 0.99, respectively. The multi-year average and seasonal
variations of fine- and coarse-mode VSD and CRI are also analyzed to characterize aerosols over
this region. The fine-mode single scattering albedos (SSAs) are higher than the coarse-mode ones,
which suggests that the coarse-mode aerosols have a stronger absorbing effect on solar light than the
small-size aerosol particles in Chengdu.

Keywords: Chengdu; aerosol; sub-mode volume size distribution; sub-mode complex refractive
index; remote sensing

1. Introduction

As one component of the terrestrial atmosphere, aerosol is an important factor in global climate
change, with direct effects and indirect effects. Direct effects include changing the radiation balance of
the Earth-atmosphere system by absorbing and scattering sunlight [1,2]. On the other hand, aerosol
serves as cloud condensation nuclei (CCN) involved in cloud microphysics processes, referred to as
indirect effects [3]. Moreover, as one major constituent of haze, aerosol particles endanger public
health [4].

Chengdu, located in the central region of the Sichuan basin (Chengdu Plain) with a population
of ~16 million (the resident population of Chengdu was counted in 2016), is the economic center
and transportation hub in southwest China. Due to the special topography of the basin, the average
wind speed is low [5,6]. Coupled with the development economy in Chengdu, a large amount of
pollutants associated with regional industrial emissions are easy to accumulate. Abundant water vapor
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is conducive to the formation of aerosol particulates, which has made Chengdu become one of the
regions in China with serious haze pollution [7–10]. The special topography and climate in Sichuan
basin leads to a kind of wet, rainy and cloudy weather condition [11]. Therefore, it is difficult to obtain
a large number of measurements through optical remote sensing observations in Chengdu. Sampling
method of atmospheric particulates is one kind of Chengdu air pollution study [7,9,10,12], which fails
to acquire the aerosol’s larger-scale spatial characteristics. The spatial characteristics of aerosols can
be obtained by remote sensing, one kind of non-contact method [13–15]. For instance, some studies
analyzed the spatial-temporal distribution of aerosol optical depth (AOD) in Sichuan basin using
satellite remote sensing [16,17]. Besides, aerosol optical parameters obtained by the ground-based
remote sensing observation were statistically analyzed in this area [18–21].

Although the above-mentioned research studies focus on the total-column aerosol properties
by remote sensing methods, it still remains a big challenge to obtain the characteristics of sub-mode
aerosol (fine- and coarse-mode) in Chengdu. The fine- and coarse-mode particles are related to the
different sources and compositions. Fine-mode aerosols are mainly dominated by anthropogenic
emissions and are related to the fog or low-altitude cloud dissipated events [22,23]. Coarse-mode
particles are determined by the sea salt, dust and other natural sources. Therefore, the knowledge of
aerosol sub-mode properties plays a role in the research on regional climate and the improvement of
the aerosol model used in the satellite retrieval algorithms.

In this study, the sub-mode volume size distribution (VSD) and complex refractive index (CRI)
in Chengdu area were investigated based on three years of measurements of the Sun-sky radiometer
Observation NETwork (SONET). Section 2 presents the observation data and the method to separate
VSD and CRI into sub mode (fine and coarse mode). Section 3 shows the seasonal characteristics
of sub-mode VSD and CRI. The sub-mode optical properties (AOD, single scattering albedo (SSA))
and the climate effect of sub-mode aerosol in Chengdu are discussed in Section 4. The results are
summarized in Section 5.

2. Data and Method

2.1. Observation Site and Data

SONET Chengdu site (Figure 1 red dot) is located in Chengdu, Sichuan province, a developing
urban area. The CE318 (Cimel Electronique, Pairs France) is an automatic instrument for long-term
continuous observation of direct solar radiation and diffused sky radiation in the Chengdu site with
nine individual spectral channels: 340 nm, 380 nm, 440 nm, 500 nm, 675 nm, 870 nm, 1020 nm, 1640 nm
and 940 nm. The parameters include AOD, Angstrom Exponent (AE), VSD, CRI and SSA, and so
on [24–26]. To ensure data quality, SONET instruments are calibrated by a routine process of laboratory
and field calibration experiments. The direct sun measurements are calibrated every year in a field,
located on Ling Mountain (~1600 m, MSL), and compared with a master instrument that is regularly
calibrated by Langley plot method with high precision [27,28]. For the calibration of sky radiance
measurements, SONET adopts the method of vicarious/transfer calibration, which is different from
the AErosol RObotic NETwork (AERONET) calibration method [29].

The accuracy assessment of SONET products is based on the Distributed Regional Aerosol
Gridded Observational Network (DRAGON)–Korea–United States Air Quality Study (KORUS-AQ)
2016 campaign [30]. The aerosol optical and microphysical parameters were inverted by SONET
and AERONET algorithm at the same time. The differences of two network products can reflect the
accuracy and data acquisition of SONET products. It turned out that the Level 1.5 data amount of two
kinds of products are all above 85%, and the average AOD difference between SONET and AERONET
is 0.002 ± 0.0001, less than AERONET AOD uncertainty [28]. The VSD difference between SONET
and AERONET is 1.5% ± 26% (radius range from 0.1 to 7 µm) and 18% ± 85% (radius more than
7 µm) [28]. The real part of CRI has a difference of 0.007 ± 0.04 from AERONET, and the imaginary
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part has a difference value of 18% ± 46%. The average difference on SSA is slightly higher, but other
parameters are close to or less than AERONET normal uncertainties [28].

The products of SONET are graded into three level (Level 1.0, Level 1.5, Level 2.0), defined
following the AERONET data level protocols of version 2.0. In detail, Level 1.0 is raw data calculated
from measurement and calibration coefficient. The Level 1.5 is based on Level 1.0 with automatic
cloud screening procedures [31]. Level 2.0 has the additional application of pre- and post-calibration
coefficient and expert checking. This paper is based on Level 2.0 data of SONET Chengdu site from
June 2013 to December 2016.
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Figure 1. Topographic map of Sichuan province and location of the Sun-sky radiometer Observation
NETwork (SONET) Chengdu site (marked with red dot). Data source is ASTER GDEM (Advanced
Spaceborne Thermal Emission and Reflection Radiometer Global Digital Elevation Model).

2.2. Method

In this paper, the sub-mode VSDs and CRIs were retrieved by the aerosol products [24,26],
following by Zhang et al. (2016) and Zhang et al. (2017). The method developed by Cuesta et al. (2008)
is employed to separate VSD into a single Log-Normal Modes (LNM). Each LNM parameters have
three parameters: the modal concentration, geometric standard deviation and modal radius [32,33].
The sub-mode VSD can be modeled by the following function:

dV(r)
dlnr

=
m

∑
i=1

Ci√
2π|lnσi|

exp

[
−1

2

(
lnr− lnri

lnσi

)2
]

(1)

where Ci
(
µm3/µm2) is the volume modal concentration, ri(µm) is the median radius, σi is

standard deviation, m is the total number of modes, dV/dlnr
(
µm3/µm2) is aerosol volume particle

size distribution.
The modes of VSD with radius less than 1 µm can be considered as the fine mode and others

belong to the coarse mode.
CRI can describe the scattering and absorption properties of atmospheric particulates. Most

research analyzed aerosol total-columnar CRI, but fine- and coarse-mode particles are associated with
different composition and source of pollution. So, in this study we recalculated the complex refractive
indices for both of fine and coarse mode, following Zhang et al. (2017). For the calculation of the
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sub-mode CRI, we also choose the same radius limit (1 µm) as the sub-mode VSD. The separated
results of CRI have their own fine and coarse modes in different wavelength as follow:

nf/c(λ) = nf/c λ = 440, 675, 870, 1020 nm (2)

kf,c(λ) =

{
kf,c 440 λ = 440 nm
kf,c λ = 675, 870, 1020 nm

(3)

where n is real part of CRI, k is imaginary part of CRI, λ denotes the standard wavelengths of AERONET
products, the subscripts f and c represent the fine and coarse modes, respectively.

The input parameters are the VSD, spectral AOD, and absorbing AOD. The initial guesses of
sub-mode CRIs are from the inversion CRIs of measurements [34]. The effective CRIs are corresponding
to each VSD bin, following the volume average rule [35]:

n(r) =
n f Vf (r) + ncVc(r)

Vf (r) + Vc(r)
(4)

k(λ, r) =
k f Vf (r) + kcVc(r)

Vf (r) + Vc(r)
(5)

Then the fine- and coarse-mode CRIs are found by iterative fitting of the input AODs and the
calculated AODs by the CRIs (Equations (4) and (5)) and VSDs.

With regard to the test of error estimation, the error of real part of CRI is less than 0.046 and
that of imaginary part is less than 0.003 in three typical modal (WS: water soluble, BB: biomass
burning, DU: dust). As this algorithm applied to AERONET measurements, the total uncertainties are
∆nf/c = 0.11, ∆kf/c = 78% by considering all possible input of AERONET parameter errors together.

3. Results

3.1. Fine- and Coarse-Mode AOD

O’Neil et al. (2003) developed a spectral deconvolution algorithm (SDA) that utilizes spectral total
extinction AOD data with the assumption of bimodal aerosol size distribution to infer the fine and
coarse mode contributions to atmospheric AOD. SONET employs the algorithm’s ability to separated
coarse and fine mode AOD that used in Figure 2 [25,36]. As illustrated in Figure 2, we find that
the fine-mode AOD (AODf) has the same monthly tendency with the total AOD. The annual AODf
percent is 92%, which varies from 86% to 96%. Nevertheless, the coarse-mode AOD (AODc) has
little variation in different month. It is demonstrable that the fine-mode aerosols are the principal
pollutant in Chengdu area, which lead to the change of AOD. In summer, rainfall affected by the typical
subtropical monsoon basin climate is significantly higher than that in winter [37]. The increasing
precipitation can play a role in the removal of atmospheric pollutants. As a result, AOD decreases in
summer, which reaches the lowest value of 0.64 in June. However, the average AOD in summer is 0.89,
which still acts as a pollutant. There are two main reasons: firstly, the average surface wind speed all
over the basin is low under the control of subtropical anticyclone in summer [38], which makes aerosol
transport to other regions difficult. In addition, high temperature can cause the increasing formation
of secondary organic aerosol particles [39]. In winter, the large variation of temperature from day to
night leads to the rapid condensation of water vapor, which is conducive to the concentration of water
and particulate matter. And the cold air is not conductive to the diffusion of aerosol because of the
enclosed basin [16]. Therefore, AOD is the highest in winter (Winter: AOD = 1.12).
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Figure 2. Monthly mean of aerosol optical depth (AOD), AODf, AODc at 440 nm and Angstrom
Exponent (440–870 nm) in SONET Chengdu site from 2013 to 2016.

AE (440–870 nm) changes little with the value more than 1.0, which is similar to the previous
research [12,20]. Convective precipitation occurs frequently in summer that the majority of coarse
particles have been eliminated by wet settlement, but the fine particles remained in atmosphere with
long suspension times [20,40–42]. Also, in Figure 2, it also can be illustrated by that the difference
between AODf and AOD is lowest in summer. The average AE is less than 1.2 in each month of
spring. The main reason for the high AOD and low AE in spring is the long-distance transport of dust
pollution from North China [43,44]. In addition, another reason may be the wind speed increasing, by
which it can be speculated that large particles are emitted to the atmosphere or transported from other
regions by strong wind [20,45].

The AOD can be separated into fine- and coarse-mode and the different mode has the obviously
distinguishing extinction for solar light in Chengdu. Therefore, it is important to explore the more
sub-mode properties to research on the climate effect of different mode aerosols.

3.2. Sub-Mode VSD

VSD is one of the important aerosol microphysical properties. Although the particle size changes
constantly, atmospheric aerosol particles exist in three-mode VSD stably. According to particle radius,
the modes can be divided into nuclear mode (less than 0.1 µm), accumulation mode (0.1–1 µm) and
coarse mode (larger than 1 µm) [46]. The process of nuclear mode is concentrated in nanometer
scale, and the accumulation mode and coarse mode can be shown in VSDs [47,48]. According to
Eck et al. (2012), large fine mode-dominated aerosols (submicron radius) were observed after the
fog or low-altitude cloud dissipated events. As cloud condensation nuclei or ice nuclei, the smaller
coarse mode-dominated aerosols (supermicron radius) are involved in the fog/cloud formation and
dissipation [49]. Li, et al. (2014) found that an unusual increase of submicron fine modes is an
important mechanism for haze growth in the polluted region. As identified in Figure 3, there are four
modes of the aerosol VSD in Chengdu area and the corresponding parameters are listed in Table 1. The
different color lines are the average of each mode and the values of N in the legend are the amounts of
data involved in averaging. The modes can be clearly distinguished. As the median radius is less than
1µm, there are two peaks: the fine mode and submicron fine (SMF) mode. Furthermore, there are two
peaks as the radius more than 1 µm: supermicron coarse (SMC) mode and coarse mode. In the figure,
the fine mode has an almost equal amount of data as the coarse mode, but the fine-mode with one
addition, which is one record with only one-peak VSD. The SMC mode has the least data amount of all
(N = 133). The median radius of each mode is obviously different. As to the fine mode, the average
median radius is 0.17 µm ± 0.05 and the volume modal concentration is 0.10 ± 0.07, that is, the largest
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value of all modes. The median radii of the SMF modes are mainly in the range of 0.2–0.5 µm, which
can indicate fog dissipation and haze growth, as previously mentioned. The SMC mode has a median
radius of 1.62 µm ± 0.45 and the volume modal concentration of 0.07 ± 0.05. The coarse mode has an
average median radius of 3.25 µm ± 0.99.Atmosphere 2019, 10, x FOR PEER REVIEW 6 of 14 
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Table 1. The parameters of sub-mode volume size distribution.

R (µm) σ V (µm3/µm2)

Fine 0.17 ± 0.05 1.55 ± 0.18 0.10 ± 0.07
SMF 0.31 ± 0.12 1.69 ± 0.28 0.09 ± 0.05
SMC 1.62 ± 0.45 1.83 ± 0.35 0.07 ± 0.05

Coarse 3.25 ± 0.99 1.82 ± 0.29 0.09 ± 0.05

3.3. Fine- and Coarse-Mode VSD and CRI

The primary focus of Section 3.2 shows that the VSD can be separated into four distinguishing
modes. However, in general, the natural aerosols, which are predominately coarse mode particles
(r > 1 µm), and combustion-produced and anthropogenic emissions particles, which are predominately
fine mode particles (r < 1 µm), of various mixed relative fractions are the mixtures in the aerosols.
Furthermore, the fine mode and coarse mode particles are from different components. Also, at the
same time, the CRI can only be separated into fine- or coarse-mode due to technical and precision
limitations. Therefore, we focus on the fine- and coarse-mode VSD and CRI in Chengdu in this section.

In Figure 4, we present the multi-year average separated CRIs and the breakdown results of VSDs.
It can be seen the fine- and coarse-mode VSD are well separated. The pictures (a) and (b) in the first
row are the average values retrieved from the ground-based Sun-sky radiometer over multiple years.
The second and third rows are the average of fine- and coarse-mode VSD and CRI. The sub-mode real
part of CRI has non variation of wavelengths referring to Equation (2). The total CRI and sub-mode
CRI are from different algorithms [21,32,34], but the sub-mode CRI is related to the volume modal
concentration in the iterative algorithm of estimation of CRI for fine and coarse mode [34].

The fine-mode volume modal concentration is clearly higher than the coarse-mode one. The fine-
and coarse-mode real parts of CRI exhibit little difference (nf = 1.43, nc = 1.46). However, the coarse
mode has a lower imaginary part of CRI at 440 nm than that of fine mode (kf440 = 0.0106, kc440 =

0.0072). At longer wavelengths, the imaginary part of CRI has little variation between fine- and
coarse-mode (kf = 0.0121, kc = 0.0112).
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refractive index; (e) Coarse-mode volume size distribution; (f) Coarse-mode complex refractive index;
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the imaginary parts. The corresponding parameters are listed in Table 2.

Figure 5 shows the fine-mode VSDs and CRIs in different seasons. The corresponding parameters
are listed in Table 2. The typical bimodal or multimodal VSDs in all seasons imply a fine-coarse
mixed–size distribution in the Chengdu area, similar to the urban-industrial aerosol type [50]. The
fine-mode volume concentration is higher in summer, followed by winter, spring and autumn (Table 2).
Furthermore, the fine-mode median radii are higher in summer (0.21) and winter (0.21). This can be
explained by the increasing precipitation in summer and the low wind speed in winter that would
lead to the high relative humidity and hygroscopic growth [22,23].
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Table 2. The separated volume size distribution and sub-mode complex refractive index in different seasons.

Aerosol Properties Mode Parameter Multi-Year Average Spring Summer Autumn Winter

Real Part of
Refractive Index

Fine λ(440–1020 nm) 1.43 ± 0.06 1.45 ± 0.05 1.38 ± 0.04 1.43 ± 0.06 1.45 ± 0.06

Coarse λ(440–1020 nm) 1.46 ± 0.05 1.47 ± 0.05 1.41 ± 0.03 1.45 ± 0.04 1.48 ± 0.05

Total

λ(440 nm) 1.43 ± 0.06 1.44 ± 0.05 1.38 ± 0.04 1.42 ± 0.06 1.44 ± 0.06
λ(675 nm) 1.45 ± 0.05 1.46 ± 0.05 1.39 ± 0.03 1.44 ± 0.05 1.47 ± 0.05
λ(870 nm) 1.46 ± 0.05 1.47 ± 0.05 1.41 ± 0.03 1.46 ± 0.04 1.48 ± 0.05
λ(1020 nm) 1.46 ± 0.05 1.47 ± 0.05 1.41 ± 0.03 1.46 ± 0.04 1.49 ± 0.05

Imaginary Part of
Refractive Index

Fine
λ(440 nm) 0.011 ± 0.006 0.010 ± 0.006 0.006 ± 0.004 0.010 ± 0.005 0.014 ± 0.005

λ(675–1020 nm) 0.012 ± 0.009 0.011 ± 0.014 0.008 ± 0.005 0.011 ± 0.006 0.015 ± 0.006

Coarse
λ(440 nm) 0.007 ± 0.005 0.007 ± 0.007 0.005 ± 0.003 0.007 ± 0.004 0.008 ± 0.003

λ(675–1020 nm) 0.011 ± 0.014 0.012 ± 0.002 0.008 ± 0.006 0.013 ± 0.022 0.012 ± 0.007

Total

λ(440 nm) 0.010 ± 0.006 0.009 ± 0.006 0.006 ± 0.003 0.009 ± 0.004 0.013 ± 0.005
λ(675 nm) 0.007 ± 0.005 0.007 ± 0.007 0.005 ± 0.003 0.006 ± 0.004 0.008 ± 0.003
λ(870 nm) 0.007 ± 0.005 0.007 ± 0.009 0.005 ± 0.003 0.007 ± 0.004 0.008 ± 0.003
λ(1020 nm) 0.008 ± 0.006 0.008 ± 0.010 0.006 ± 0.004 0.008 ± 0.004 0.009 ± 0.004

Volume Particle Size
Distribution

Fine
R f 0.20 ± 0.05 0.20 ± 0.04 0.21 ± 0.05 0.18 ± 0.03 0.21 ± 0.05

Std f 0.55 ± 0.07 0.53 ± 0.06 0.54 ± 0.07 0.55 ± 0.06 0.56 ± 0.08
V f 0.15 ± 0.08 0.13 ± 0.06 0.17 ± 0.09 0.13 ± 0.07 0.16 ± 0.09

Coarse
Rc 2.86 ± 0.52 2.56 ± 0.43 3.08 ± 0.50 2.57 ± 0.41 3.05 ± 0.47

Stdc 0.62 ± 0.06 0.64 ± 0.06 0.60 ± 0.06 0.63 ± 0.05 0.61 ± 0.07
Vc 0.11 ± 0.06 0.12 ± 0.06 0.07 ± 0.05 0.12 ± 0.06 0.11 ± 0.05
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The CRI can reflect the aerosol chemical composition. The real part indicates the aerosol
refractivity and scattering characteristics. Specifically, the real part of CRI of water is generally
considered to be 1.33 [51], much lower than other dry matters. Therefore, the real part can also reflect
the water content in aerosol. The total real part of CRI in summer is the lowest, which is associated
with the high humidity and water content in summer. Moreover, the fine-mode real part of CRI is also
the lowest (nf = 1.38). As shown in Table 2, the fine-mode real parts of CRIs are all lower than the
coarse-mode ones, which suggests that the water content in fine-mode particles play a leading role in
Chengdu aerosols.

The imaginary part of CRI is related to the absorption characteristics of aerosol. The fine-mode
imaginary part of CRI generally indicates that the fine-mode absorption component, that is, Black
carbon (BC) or Brown carbon (BrC) [52].

Figure 6 presents the coarse-mode VSDs and CRIs in different seasons. The coarse-mode volume
concentration is obviously less than the fine-mode. In particular, the volume concentration in summer
gets the lowest (Vc = 0.069), which is associated with the wet removal of coarse particles. In summer,
the coarse-mode real part is the lowest value over the four seasons, but also higher than the fine-mode
one in Figure 5 that suggests the coarse particles are weakly hygroscopic (nf = 1.38, nc = 1.41). For all
seasons, the coarse-mode imaginary part of CRI is quite constant (Table 2). In contrast, the fine-mode
imaginary part has great seasonal variation. That demonstrates the coarse particle components are
relatively stable. The spectral difference of the imaginary part (between 440 nm and longer wavelength)
has a discrepancy between fine- and coarse-mode. It should be mentioned that the imaginary part
reflects the aerosol absorbing property, and its spectral pattern can reveal the relative fractions of
absorbing aerosols, that is, BC and DU [52–54].
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to the total parameters. The corresponding parameters are listed in Table 2.

4. Discussion

In order to evaluate the overall analysis scheme, a numerical experiment was used to assess the
performance of sub-mode results. In Figure 7, we illustrated the recovery of AOD in four wavelengths
by the sub-mode VSD and CRI. It can be seen that the correlation coefficients are all larger than
0.98. The absolute deviations in four wavelengths are 0.04, 0.02, 0.03 and 0.03, corresponding relative
standard deviations are 0.03, 0.03, 0.06, 0.09, respectively. These biases are basically close to the claimed
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uncertainties of SONET products (AOD), which demonstrate that the sub-mode VSD and CRI results
are acceptable in understanding of optical closure.
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for a better viewing.

For further details of the climate effect, the sub-mode SSAs were taken into account. SSAs could
reflect the aerosol absorption and scattering of solar lights, which is an important parameter in climate
modeling [55,56]. Hansen et al. (1997) noted that a change in SSA from 0.9 to 0.8 can change the
radiative forcing from negative to positive depending on the reflectance of the underlying surface and
the altitude of the aerosols. Moreover, strongly absorbing aerosols may have a large impact on the
regional climate and heating the atmosphere [57,58].

In Figure 8, the sub-mode SSA is calculated by the separated VSD and sub-mode CRI under
ignoring the influence of nonsphericity on dust aerosols. The total SSAs are all larger than 0.9 in
the four seasons and the fine-mode SSAs are closed to the total SSAs that indicates the scattering
properties are mainly dominated by fine-mode aerosol. Higher SSA at 675 nm could indicate the
main absorption component BrC [52,53], but the high value of SSA indicates the absorbing effect is
obvious less than scattering effect of solar lights. The SSA spectral trends from 675 nm to 870 nm show
different patterns: the increasing pattern is usually corresponding to the absorbing coarse particles
(e.g., Dust); the decreasing pattern is usually corresponding to the absorbing fine particles (e.g., BC,
BrC) [52]. The fine-mode SSAs decrease and the coarse-mode SSAs increase with the increase of
wavelength, which indicates the different absorbing component in different modes. Furthermore, the
coarse-mode SSAs are lower than that of the fine-mode that suggests the absorption of coarse-mode
particles is likely stronger than that of the small size aerosol particles. In this regard, the absorbing
component in large-size aerosols (such as mineral dust, biomass burning, etc.) is possibly more than
that of small-size aerosols.
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Figure 8. The sub-mode single scattering albedo in different season based on the separated volume
size distribution and sub-mode complex refractive index (ignore the influence of nonsphericity on dust
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(SSAs), respectively.

5. Conclusions

In this study, we investigated the sub-mode VSD and CRI for fine- or coarse-mode in the Chengdu
area. The annual average of AODf percentage is 92%, which has the same monthly tendency with the
total AOD, but AODc has little variation in different months. The typical bimodal or multimodal VSDs
employ a fine-coarse mixed–size distribution in Chengdu area. There are four distinguishing modes of
VSD in Chengdu that the median radii are 0.17 µm ± 0.05, 0.31 µm ± 0.12, 1.62 µm ± 0.45, 3.25 µm ±
0.99, respectively.

The fine-mode annual average volume modal concentration is clearly higher than the coarse-mode
one. The fine-mode volume concentration and median radius are higher in summer and winter.
In particular, the coarse-mode volume concentration gets lowest in summer (Vc = 0.069), which is
associated with the wet removal of large-size particles. For multi-year average results of CRI, the
fine-mode and coarse-mode real parts show little difference. However, the coarse mode has a lower
imaginary part at 440 nm than the fine-mode (kf440 = 0.0106, kc440 = 0.0072). At longer wavelengths,
the imaginary part of CRI has little variation between fine and coarse mode (kf = 0.0121, kc = 0.0112).
In summer, both fine- and coarse-mode real parts get the lowest value respectively because of the
high humidity (nf = 1.38, nc = 1.41). For all seasons, the coarse-mode imaginary part of CRI is quite
constant, but the fine-mode imaginary part has great seasonal variations. It indicates the coarse particle
components are relatively stable.

In order to assess the performance of the sub-mode results, we illustrated the recovery of AOD
by the sub-mode VSD and CRI. It can be seen that all the correlation coefficients are larger than 0.98.
The sub-mode SSAs are calculated by sub-mode VSD and CRI under the condition of neglecting the
non-sphericity. The total SSAs are all larger than 0.9 in the four seasons and the fine-mode SSAs are
closed to the total SSAs that indicates the scattering properties are mainly dominated by fine-mode
aerosols. The coarse-mode SSAs are lower than fine-mode, which suggests the absorbing effect of
coarse-mode particles is likely stronger than that of the small size aerosol particles.
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