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Abstract. This study analyzed the aerosol optical properties derived by SKYRAD.pack versions 5.0 and
4.2 using the radiometer measurements over Qionghai and Yucheng in China, two new sites of the sky
radiometer network (SKYNET). The volume size distribution retrieved by V5.0 presented bimodal
patterns with a 0.1-0.2 pm fine particle mode and a 5—-6 um coarse particle mode both over Qionghai and
Yucheng. The differences of the volume size distributions between the two versions were very large for
the coarse mode with a radius of over 5 um. The mean values of single scattering albedo (SSA) at 500 nm
retrieved from V5.0 were approximately 0.02 lower, but 0.03 higher than those from V4.2 in Qionghai
and Yucheng, respectively. The average imaginary part of the complex refractive index (m;) retrieved
from V5.0 at all wavelengths was systemically higher than those by V4.2 over Qionghai. Moreover, the
differences between the real parts of the complex refractive index (m,) obtained using the two versions
were within 4.25% both at Yucheng and Qionghai. The seasonal variability of the acrosol properties over
Qionghai and Yucheng were investigated based on SKYRAD.pack V5.0. The seasonal average SSA
during the winter was larger than those in other seasons in Yucheng, while the lowest SSA values
occurred in winter over Qionghai. Meanwhile, the m, showed a minimum in winter over both sites. The
results can provide validation data in China for SKYNET to continue improving the data-processing and
inversion method. The results provide valuable references for continued improvement of the retrieval

algorithms of SKYNET and other aerosol observational networks.
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1 Introduction

Aerosols are well known to have significant impacts on climate change and global hydrologic cycle by
absorbing, scattering, and reflecting solar radiation (Hansen et al., 1997; Sun et al., 2017) and
participating in cloud processes (Ackerman et al., 2000; Ramanathan et al., 2001; Kaufman et al., 2005;

5 Lietal., 2011; Bi et al., 2014; Zhao et al., 2018a). Aerosols also adversely influence human health and
visibility (Samet et al., 2000; Pope lii et al., 2002; Yang et al., 2015; Wang et al., 2017), acrosol-related
problems have drawn a great deal of attention (Cai et al., 2016).

Using a sun/sky radiometer to measure both direct solar beam and angular sky radiance is the most

common method for a reliable and continuous estimate of detailed aerosol properties over mega-cities
10 around the world. Many aerosol ground-based observation networks were established to understand the

aerosol optical properties, validate the inversion products of satellite remote sensing, and indirectly

evaluate their effect on climate (Uchiyama et al., 2005; Takamura and Nakajima, 2004; Nakajima et al.,

2007). SKYNET, the focus of this study, is a ground-based research network of using sky radiometers

(PREDE Co., Ltd., Tokyo, Japan) with observation sites principally located in Asia and Europe (Che et
15 al, 2014).

The direct solar and angular sky radiance data measured by the sky radiometers are processed to obtain
the aerosol optical properties, such as aerosol optical depth (AOD), single scattering albedo (SSA),
complex refractive index, and volume size distribution function (SDF) using SKYRAD.pack, which is
the official retrieval algorithm of the SKYNET network (Nakajima et al., 1996) having several different

20  versions. SKYNET currently uses the SKYRAD.pack algorithm version 4.2 (Takamura and Nakajima,
2004). The aerosol retrievals derived from SKYRAD.pack version 4.2 algorithm have been used to
investigate the regional and seasonal characteristics of aerosols for climate and environmental studies
and validate satellite remote sensing results (e.g., Kim et al., 2004; Che et al., 2008; Campanelli et al.,
2010; Estellés et al., 2012a; Wang et al., 2014; Che et al., 2018). Recently, a new SKYRAD.pack version

25 5.0 was proposed to improve SSA retrievals (Hashimoto et al., 2012), there are few applications of
SKYRAD V5.0 in China, and it was just preliminarily used to retrieve aerosol optical properties over
Beijing in China (Che et al., 2014).

This study presents the aerosol optical properties over Qionghai and Yucheng by using SKYRAD.pack

V5.0 and V4.2 from SKYNET sky radiometer measurements during February 2013 to February 2015.
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This work is designed to achieve the following objectives: (1) investigate the difference of the aerosol
optical properties derived by SKYRAD.pack V5.0 and V4.2 over the two SKYNET sites; and (2) analyze
the seasonal variability of aerosol optical properties over Qionghai and Yucheng based on
SKYRAD.pack V5.0. The results presented in this study provide valuable references for continued

5 improvement of the retrieval algorithms of SKYNET and other aerosol observational networks.

2 Site description, instrumentation, and inversion method

2.1 Site Geo-information and Instrumentation

The sky radiometer (Model POM-02, PREDE Co. Ltd.) was deployed at Qionghai and Yucheng from
February 2013 and January 2013, respectively. The PREDE-POMO02 model was equipped with an

10 InGaAs detector to measure the direct solar irradiance and the sky diffuse radiance at 11 wavelengths,
namely, 315, 340, 380, 400, 500, 675, 870, 940, 1020, 1627, and 2200 nm. The data from five channels at
400, 500, 675, 870, and 1020 nm were used here to retrieve the aerosol optical properties over Qionghai
and Yucheng. The full angle field of view is 1.0°, while the minimum scattering angle of measurement is
approximately 3°. The sky radiance is measured at 24 predefined scattering angles and at regular time

15 intervals. The sky radiometer operates only during daytime and collects data regardless of the sky
conditions. Its dynamic range is 107. The typical measurement interval is 10 min. The precision of the
in-situ method was estimated to be within 1-2.5% depending on the wavelength (Campanelli et al.,
2004).

The Qionghai site of SKYNET (19.23°N, 110.46°E, 24 m a.s.l.), which was located in the eastern part

20 of Hainan Island, had a humid climate and an abundant precipitation. The observations at this site could
represent the aerosol characteristics of the land and sea border area in south China. The observation at the
Yucheng site (36.82°N, 116.57°E, 22 m a.s.1.) could represent the aerosol properties of farmland areas in

North China Plain.

2.2 Inversion method

25 The aerosol optical properties (i.e., AOD, SSA, complex refractive index, and volume SDF) were
derived in this study by using SKYRAD.pack V4.2 and V5.0. Within the SKYRAD.pack code, the
inversion schemes were used to derive the single scattering term B(®) from the measurements of the
normalized sky flux R(®) and retrieve the aerosol SDF v(r) (as a function of particle radius, r) from data

B(®) and AOD 7. The inversion of B(®) was performed through a non-linear iterative method. Each step

3
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of the loop contained the procedure for retrieving v(r) using a constrained linear or a non-linear iterative
method.

The retrieved v(r) in each iteration step was used as an input parameter for the radiative transfer model
(Nakajima and Tanaka, 1988) to simulate R(®), which was compared with the measured R(®) to
evaluate the root mean square difference €(R). The maximum number of iterations and the tolerance
parameter for the convergence of R were set as 20 and 0.1%, respectively.

The retrieval of v(r) from B(®) and t data in SKYRAD.pack V4.2 was conducted using a constrained
linear method. The inversion method consisted of a linear matrix formulation, in which the solution
stability was controlled by the requirement that it agrees both with the input data and the imposed
weighted constraints (Nakajima et al., 1983).

f=Kx+e. (1)
where f is the vector of the B(®) and t data, and x is a state vector containing the values of size
distribution vi = v(r;) with r; equidistant on a logarithmic scale (i.e., In (r;+ ) — In (r;) = const. The
components of vector € were the error of each datum, K = K (m(})), a matrix of the kernel coefficients
calculated for the fixed values of the complex refractive index (m(})).

V4.2 used the iterative relaxation method of Nakajima et al. (1983, 1996) to remove the multiple
scattering contribution and derived an optimal solution using a statistical regularization method (Turchin
and Nozik, 1969) by minimizing the following cost function as proposed by Phillips (1962) and Twomey
(1963):

=|(FKx)+yIBxP. (2)
where B is a smoothing matrix used to generate a priori information that forces the solution x to be a
smooth function of In(r); and vy is a Lagrange multiplier coefficient to minimize the first term of the
right-hand side of Eq. (2). The solution of Eq. (1) provided a smooth retrieval of the size distribution v(r)
corresponding to the minimum of e2 defined by Eq. (2). In such an approach, both the solution v(r) and
e2 depended on the assumed value of the complex refractive index m(A). The complex refractive index
m()) in each iteration was also evaluated together with v(r), but the retrieved m(X) can only be chosen
from the predefined set of values.

The m()) values in SKYRAD.pack V5.0 were directly included in the state vector x. Eq. (1) becomes
non-linear, and V5.0 solved it using the non-linear maximum likelihood method defined by Rodgers
(2000). This method was based on the Bayesian theory.

pGIH=p(Ax)p)/p(H) . (3)

where p is the probability density function defined as the Gaussian distribution; and x and f denote the
state and measurement vectors, respectively. Accordingly, x was chosen in the maximum likelihood
method, such that the posterior probability p(x|f) becomes the maximum under the condition that a priori
information is already given. We obtained the following equation in the tangential space to be solved by
a Newtonian method by organizing this non-linear equation, such that p(x|f) = max:

Xea=xeH(ULS! Ut S, [ULS! (FA)- S) (exa)] - (4)
where x; is the solution at the k™ iteration step; fi=f(xy) is an observation modeled using x; ; X, is the a

priori value of x; S, is the measurement error covariance matrix; S, denotes the covariance matrix

Atmospheric
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defined by a priori and state values, S,=(x-X,)(x-X,)"; and U is the Jacobi matrix, df/dx . The retrieval
algorithm used in V5.0 allowed a rigorous retrieval of both the aerosol size distribution and the spectral
complex refractive index.

The non-linear inversion has a strong dependence on the estimation of the first-guess solution.

Version 5.0 uses an a priori SDF of a bimodal log-normal function as follows:

V() = T Cyexp [ (rdrmn)’y - (5)

InSy
where 1, = 0.1 pm; r,,=2.0 pm; S, =0.4;S,=0.8;C; =1.0 * 10712; andC,=1.0* 10712, following
the reported climate values (Higurashi et al., 2000). For the a priori estimates of the refractive index,
the real (m,) and imaginary (m;) parts were set as m, = 1.5 and m; = 0.005, respectively. SKYRAD V5.0

developed a stricter data quality control method of observation data and cloud screening.

3 Results and discussion

The results retrieved by SKYRAD.pack V4.2 were used to compare with the results retrieved by
SKYRAD.pack V5.0. The inter-comparisons of the volume size distribution, single scatter albedo, and
refractive index between V5.0 and V4.2 were based on 2517 measurements for 349 days over Qionghai
and 6502 measurements for 307 days over Yucheng. Considering a relatively low retrieval accuracy of
SSA when AOD < 0.2 (Hashimoto et al., 2012), only the measurements with AOD > 0.2 were selected

to be effective values in this study.
3.1 Inter-comparison of the volume size distribution results between SKYRAD V4.2 and V5.0

Aerosol size properties are one of the most important sources of information for both the observation
and modeling of radiative forcing (Dusek et al., 2006). The volumes at each bin were monthly averaged
during the experiment period, for V4.2 and V5.0 over Qionghai and Yucheng (Figs. la, b). As V5.0
uses an a priori SDF of a bimodal log-normal function (Hashimoto et al., 2012), the volume SDF
derived by V5.0 generally showed the classic bi-mode patterns at both Qionghai and Yucheng. The
SDF from V5.0 showed two peaks at radii of 0.17 um and 5.29 um at the two sites. The SDF retrieved
by V4.2, was generally similar to V5.0 at radius < 5 pm. However, V4.2 showed a predominant peak at
the coarse mode with a radius over 10 pm. The large differences at radius over 5 um are probably
because of the strong constraint on the SDF for the coarse mode particles applied in V5.0 (Hashimoto
et al., 2012). Figures la and b showed that there were larger differences in volume SDF of the coarse

mode between V4.2 and V5.0 at Qionghai than those at Yucheng.
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Figure 1: Retrieved monthly volume size distribution between SKYRAD V4.2 and V5.0 for Qionghai (a) and
Yucheng (b) during February 2013 to February 2015.

3.2 Inter-comparison of the single scatter albedo results between SKYRAD V4.2 and V5.0

As a key variable in assessing the climatic effects of aerosols, the SSA is defined as the ratio of the
scattering coefficient and the extinction coefficient. It characterized the absorption properties of
aerosols and an important quantity in evaluating aerosol radiative forcing. The SSA value is mostly
dependent on the shape, size distribution, and concentration of the aerosol particles.

Tables 1 and 2 present average single scattering albedo and refractive index for SKYRAD 5.0 and
4.2 and the differences between the two versions over Qionghai and Yucheng during February 2013 to
February 2015, respectively. The percentage differences of SSA between SKYRAD V4.2 and V5.0 at
400, 500, 675, 870, and 1020 nm over Qionghai were —3.28%, —2.05%, —0.36%, —2.07%, and —1.79%,
respectively. Over the Yucheng station, the SSA retrieved from V5.0 were approximately 0.02
(2.48%), 0.03(3.74%), and 0.06 (6.60%) lower at 400, 870, and 1020 nm, but 0.03 (3.19%) and 0.02
(2.22%) larger at 500 and 675 nm, respectively, than those from V4.2.

Figures 2a and b present the monthly mean SSA at 500 nm over Qionghai and Yucheng, respectively.
The SSA values computed from V5.0 were lower than those from V4.2 over Qionghai in all months
except July. However, the monthly averaged SSA results by V5.0 were higher than those from V4.2

except for September at the Yucheng site.

Atmospheric
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Figure 2: Comparison of the monthly mean values of the single scattering albedo (SSA) at 500 nm between
SKYRAD V4.2 and V5.0 for Qionghai (a) and Yucheng (b) during February 2013 to February 2015.

3.3 Inter-comparison of the refractive index results between SKYRAD V4.2 and V5.0

The real part of the refractive index (m,) represents scattering. A higher m, indicates a higher scattering.
The imaginary part of the refractive index (m;) represents absorption of the aerosols and is an important
quantity in evaluating the aerosol radiative forcing.

Contrary to the single scattering albedo, the averaged m; retrieved from V5.0 at all wavelengths were
systemically higher than those by V4.2 over Qionghai (Table 1). The mean values of m; retrieved from
V4.2 were approximately 0.007, 0.005, 0.002, 0.005, and 0.005 lower than those from V5.0 for the five
channels of 400, 500, 675, 870, and 1020 nm, respectively, over Qionghai. The averaged my; retrieved
by V5.0 was 0.003, 0.005, and 0.008 higher at 400, 870, and 1020 nm wavelengths, respectively, but
0.005 and 0.003 lower at 500 and 675 nm, respectively, than those retrieved by V4.2 in Yucheng.

The frequency distributions of m; values at 500nm retrieved by V5.0 and V4.2 are given in Fig. 3a
and b for all the instantaneous data. In Qionghai site, the frequency histogram of m; by V4.2 shows a
unimodal distribution with a maximum frequency of about 40% in the range of 0 to 0.005. The
probability distribution of m; by V5.0 is different; it is relatively uniform within the whole range from 0
to 0.03. As shown in Fig. 3b, the frequency distributions of V5.0 and V4.2 over Yucheng site indicate a
similar decreasing trend with increasing m,. The accumulated frequency in the range from 0 to 0.01 is
about 60% for V4.2 and 78% for V5.0.

Generally, the difference in m, between the two versions was smaller than that in m; (Tables 1 and 2).
The results for the real part of the complex refractive index (m,) showed that m, at wavelengths of 400,

7
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500, and 675 nm by V5.0 were lower than those by V4.2, but larger than those by V4.2 at 870 and 1020

nm over Yucheng. The mean values of m; retrieved by V5.0 were approximately 0.023 (1.52%), 0.042

(2.78%), and 0.023 (1.51%) lower than V4.2 at 400, 500, and 675 nm, but 0.006 (3.70%) and 0.026

(1.70%) larger than V4.2 at 870 and 1020 nm, at the Yucheng station. The m, values by V5.0 were

5 mostly larger than those by V4.2 at the five wavelengths over Qionghai. The mean m, from V5.0 were

approximately 0.06 (4.24%), 0.034 (2.35%), 0.018 (1.27%), 0.021 (1.42%), and 0.016 (1.08%) higher

than those from V4.2 over the Qionghai station. The percentage differences of the mean m, obtained

using the two versions were all within 4.25% both at Yucheng and Qionghai.

Figures 4a and b show the frequency distribution of the m, values at 500nm derived from V5.0 and

10 V4.2 over Qionghai and Yucheng, respectively. The values of m, retrieved by V5.0 over the two sites

both show unimodal distributions with peaks occurring within the range from 1.45 to 1.5. For the m,

values by V4.2, the accumulated occurrences in the range from 1.35 to 1.5 are about 90% over
Qionghai. Approximately 65 % of m, values by V4.2 are between 1.45 and 1.55 over Yucheng.
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15 Figure 3: The frequency distributions of the imaginary part of the complex refractive index (m;) at 500nm for
SKYRAD V4.2 and V5.0 over Qionghai (a) and Yucheng (b).
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Figure 4: The frequency distributions of the real part of the complex refractive index (m,) at 500nm for
SKYRAD V4.2 and V5.0 over Qionghai (a) and Yucheng (b).

3.4 Seasonal variability of the aerosol optical properties over Qionghai and Yucheng based on
SKYRAD.pack V5.0

The analysis of the 500 nm channel was chosen because it was widely quoted in sun photometric and
remote sensing applications and generally representative of visible band wavelengths (Estellés et al.,
2012b). Four seasons were considered in this paper (i.e., spring (March—-May), summer (June—August),
autumn (September—November), and winter (December—February)) to investigate the seasonal

variations of the aerosol optical properties over Qionghai and Yucheng based on SKYRAD.pack V5.0.

3.41A0D

The AOD was representative of the aerosol loading in the atmospheric column and important for the
identification of the aerosol source regions and the aerosol evolution.

The AOD showed a distinct seasonal variation over both Qionghai and Yucheng. Figure 5a showed
that the seasonal averaged AOD over Qionghai had higher values in spring, winter and autumn while
lower in summer. The background wind in Qionghai is the northeasterly wind from November through
April, and the wind would import pollutants from South China into Hainan. In Yucheng, the AOD
averages were commonly higher in summer and spring than in winter and autumn, the maximum
average of 0.98 occurring in summer maybe was caused by hygroscopic effects. The high AOD in

spring was likely related to the long-range transportation of dust from northern/northwestern China.
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Figure 5: Seasonal variations in the AOD (a) and the single scattering albedo (SSA) (b) based on SKYRAD
V5.0 over Qionghai and Yucheng for the period from February 2013 to February 2015. The boxes represent
the 25th to 75th percentiles of the distributions while the dots and solid lines within each box represent the

means and medians, respectively.

3.4.2 SSA

Figure 5b shows the seasonal averaged SSA at 500 nm for Qionghai and Yucheng during 2013-2015.
The SSA values showed a relatively uniform seasonal distribution in Qionghai. The SSA averages were
approximately 0.90, 0.89, 0.89, and 0.88 in spring, summer, autumn, and winter, respectively. The
mean SSA at 500 nm in Yucheng was significantly larger than that in Qionghai. The highest and lowest
monthly average SSAs in Yucheng were found in February (0.97) and November (0.89) respectively.
The seasonal mean SSA during the winter was larger than those in other seasons. Unlike the highest
SSA value found in winter, the lowest SSA over Qionghai appeared in winter, it was mainly caused by

the increase of the absorbing aerosol.
3.4.3 Volume Size Distribution

Figures 6a and b show the seasonal averaged volumes of the different aerosol particle size distributions
(dv/dlnr) in Qionghai and Yucheng. The aerosol volume size distributions were typical bimodal
patterns during each season at the Qionghai and Yucheng sites. Figures 6 show that there was a larger
contribution of coarse-mode particles to the aerosol volume compared with the fine-mode particles at
the two sites. The fine mode showed a peak at a radius of 0.17 pm in all seasons over Qionghai. The
coarse mode was characterized by a peak at a radius of 5.29 pum in spring, summer, and autumn and
3.62 um in winter. The size distributions showed distinct differences in their dominant modes for the

10
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different seasons. As shown in Fig. 6a, the fraction of the fine aerosol particles was much smaller in
summer than for the other seasons. Meanwhile, the fraction of the coarse mode aerosol particles was
larger than that in spring and winter probably because of the monsoonal influence, increase of the sea
salt particles of a relatively large size, and decrease of the anthropogenic aerosol.

As shown in Fig. 6b, the coarse-mode particle in Yucheng has a much larger spread compared to the
volume distribution of the fine-mode particle. In spring, the volume of the coarse aerosol particles
relative to the whole was much larger than for the other seasons in Yucheng probably because of the

presence of the dust particles transported from the northwest of China (Zhao et al., 2018b).

—4— Spring_V5.0 (a) Qionghai —4— Spring_V5.0 (b) Yucheng
0.2 | % Summer_v5.0 1 02 |~ Summer_v5.0 1
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—— Winter_V5.0 —— Winter_v5.0
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dv/dinrfum>/um?
-
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Figure 6: Seasonally averaged volumes of the different aerosol particle size distributions based on SKYRAD
V5.0 over Qionghai (a) and Yucheng (b) for the period from February 2013 to February 2015.

3.4.4 Refractive index

Figure 7a shows the seasonal variation of the real part of the refractive index at 500 nm over Qionghai
and Yucheng. The averages of the real parts were higher in spring compared to the other seasons,
especially in Yucheng. The m, in Yucheng showed a maximum of approximately 1.4719 in spring and
a minimum of approximately 1.4476 in winter. The averages of the real part at 500 nm in Qionghai
were 1.4686, 1.4675, 1.4514, and 1.4464 in spring, summer, fall, and winter, respectively.

Figure 7b presents the seasonal variation of the imaginary part of the refractive index at 500 nm over
Qionghai and Yucheng. The imaginary part of the refractive index in Yucheng was higher in summer
and autumn than those of spring and winter. The highest value was 0.0089 in summer, and the low
values were 0.0059 and 0.0042 in spring and winter, respectively. Contrary to the seasonal variation
trend of m; at Yucheng, the m; values in Qionghai were lower in summer and autumn than those in
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spring and winter.
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Figure 7: Seasonal variations in the real part of the refractive index (a) and the imaginary part of the
refractive index (b) based on SKYRAD V5.0 over Qionghai and Yucheng for the period from February 2013
5 to February 2015. The boxes represent the 25th to 75th percentiles of the distributions while the dots and

solid lines within each box represent the means and medians, respectively.

4 Summary

The aerosol optical properties over the two new SKYNET sites of Qionghai and Yucheng in China
were continuously investigated over two years using the RREDE-POMO2 sky radiometer

10  measurements. The volume size distribution retrieved by V5.0 presented an overall bimodal pattern
with a 0.10-0.20 um fine particle mode and a 5.0-6.0 pm coarse particle mode both over Qionghai and
Yucheng. The SSA retrieved by V5.0 at 400, 500, 675, 870, and 1020 nm over Qionghai was —3.28%,
=2.05%, —0.36%, —2.07%, and —1.79% lower than the retrievals of V4.2. The mean values of SSA
retrieved from V5.0 were approximately 0.02 (2.48%), 0.03 (3.74%), and 0.06 (6.60%) lower at 400,

15 870, and 1020 nm, respectively, but 0.03 (3.19%) and 0.02 (2.22%) larger at 500 and 675 nm,
respectively, than those from V4.2 over the Yucheng station. The real and imaginary parts of the
refractive index between V5.0 and V4.2 compared very different in the two sites, probably due to the
different compositions of aerosol over Qionghai and Yucheng.

Based on SKYRAD.pack V5.0, the seasonal variations of the aerosol optical properties over

20 Qionghai and Yucheng were investigated. The seasonal patterns of AOD were quite different between

the two stations. The AOD showed high values in winter and spring but decreased to minimum in

summer over Qionghai. But in Yucheng, the maximum AOD at 500 nm of approximately 0.98

12
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appeared in summer. The seasonal SSA values showed a rather uniform seasonal distribution in
Qionghai. The SSA averages were approximately 0.90, 0.89, 0.89, and 0.88 in spring, summer, autumn,
and winter, respectively. The seasonal average SSA during the winter was larger than those in other
seasons over Yucheng. The fine modes showed a peak at a radius of about 0.17 pm in all seasons over
5 Qionghai, while the coarse modes showed peaks at a radius of 5.29 um in spring, summer, and autumn
and 3.62 pm in winter. In Yucheng, the volume of the coarse aerosol particles relative to the whole was
much larger than for the other seasons in spring, probably due to the presence of the dust particles
transported from the northwest of China.
The comparison results between the aerosol optical properties retrieved by SKYRADS.0 and
10 SKYRADA4.2 were very different over the two SKYNET sites. The results can provide validation data
in China for SKYNET to continue improving data-processing and inversion method. Meanwhile, the

results can promote the integration of more Chinese observation stations into international network.

Data availability. The sky radiometer data at Qionghai and Yucheng, China are available on request
15 by contacting the first author of the paper (jiangzhe@mail.iap.ac.cn).
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Table 1. Averaged single scattering albedo and refractive index in SKYRAD 5.0 and 4.2, and the absolute and
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Discussions

percentage differences between the two versions at Qionghai site during February 2013 to February 2015.

400 nm 500 nm 670 nm 870 nm 1020 nm
Wys 0.8676 0.8800 0.8824 0.8726 0.8662
Wya2 0.8970 0.8984 0.8856 0.891 0.8820
My 5.0 1.4726 1.4604 1.455 1.4785 1.475
My va2 1.4127 1.4269 1.4368 1.4578 1.4593
M ys.0 0.0188 0.0148 0.0120 0.0126 0.0126
m; va2 0.0115 0.0102 0.0097 0.0078 0.0081
ow -0.0294 -0.0184 -0.0032 -0.0184 -0.0158
om, 0.0599 0.0335 0.0182 0.0207 0.0157
om; 0.0073 0.0046 0.0023 0.0048 0.0045
0% -3.28% -2.05% -0.36% -2.07% -1.79%
om,y, 4.24% 2.35% 1.27% 1.42% 1.08%
Ry 1.63 1.45 1.24 1.62 1.56

o, m, and m; mean averaged single scattering albedo, real part of refractive index and the imaginary

part of refractive index; subscript v5.0 and v4.2 mean parameters retrieved by SKYRAD V5.0 and

5 V4.2, respectively; J- and -% mean absolute and percentage difference between SKYRAD V5.0 and

V4.2, respectively; R,,; means the ratio of m; ys to m; v42.
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Table 2. The same as Table 1 but for Yucheng during February 2013 to February 2015.
400 nm 500 nm 670 nm 870 nm 1020 nm

Wys.0 0.8628 0.9135 0.9015 0.8620 0.8290

W42 0.8847 0.8853 0.8819 0.8955 0.8876

My 5.0 1.471 1.4628 1.4843 1.5453 1.5593

My y42 1.4937 1.5046 1.5071 1.5396 1.5337

m; 50 0.01513 0.0070 0.0075 0.0126 0.0164

M v42 0.01243 0.0115 0.0100 0.0079 0.0081

ow -0.0219 0.0282 0.0196 —-0.0335 —-0.0586

om, -0.0227 —-0.0418 —-0.0228 0.0057 0.0256

om; 0.0027 —-0.0045 -0.0025 0.0047 0.0083

0% —-2.48% 3.19% 2.22% -3.74% —-6.60%

om,, -1.52% =2.78% -1.51% 3.70% 1.70%

Ry 1.22 0.61 0.75 1.59 2.02

, m, and m; mean averaged single scattering albedo, real part of refractive index and the imaginary

part of refractive index; subscript v5.0 and v4.2 mean parameters retrieved by SKYRAD V5.0 and

V4.2, respectively; J- and -% mean absolute and percentage difference between SKYRAD V5.0 and

5 V4.2, respectively; R,,; means the ratio of m; ys to m; y45.



