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Abstract. This study analyzed the aerosol optical properties derived by SKYRAD.pack versions 5.0
and 4.2 (referred to as V5.0 and V4.2) using the radiometer measurements over Qionghai and Yucheng
in China, two new sites of the sky radiometer network (SKYNET). As V5.0 uses an a priori size
distribution function (SDF) of a bimodal log-normal function, the volume size distribution retrieved by
V5.0 presented bimodal patterns with a 0.1-0.2 pum fine particle mode and a 3.0-6.0 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 pm. The single scattering albedos
(SSAs) by V5.0 correlated to SSAs by V4.2 with R=0.88, 0.87, 0.90, 0.88 and 0.92 at wavelengths of
400, 500, 670, 870, and 1020 nm over Qionghai, respectively. The correlation coefficients were around
0.95, 0.95, 0.96, 0.94, and 0.91 at the five channels in Yucheng. The SSA differences at 500nm
between the two versions decreased while AODs increased over both sites. The seasonal variability of
the aerosol properties over Qionghai and Yucheng were investigated based on SKYRAD.pack V5.0. The
seasonal averaged AOD over Qionghai had higher values in spring, winter and autumn while lower in
summer. The AOD averages were commonly higher in summer and spring than in winter and autumn
in Yucheng. The lowest seasonal averaged SSAs were both observed in winter in the two sites. The
fraction of the fine aerosol particles was much smaller in summer than the other seasons over Qionghai;

the volume distribution of the coarse-mode particle in Yucheng had much large values compared to the
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fine-mode particle in all seasons.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.

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;
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). Aerosol-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
around the world. Several 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
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
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
5.0 was proposed to improve SSA retrievals (Hashimoto et al., 2012), there are a few applications of

SKYRAD V5.0 in China, and it was just preliminarily used to retrieve aerosol optical properties over
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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 December 2015.
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
improvement of the retrieval algorithms of SKYNET and other aerosol observational networks.

2 Site description, instrumentation, and inversion method
2.1 Instrumentation

The sky radiometer (Model POM-02, PREDE Co. Ltd.) was deployed at Qionghai and Yucheng from
February 2013 and February 2013, respectively. The PREDE-POMO02 model was equipped with an
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
intervals. The sky radiometer operates only during daytime and collects data regardless of the sky
conditions. Its dynamic range is 10”. The typical measurement interval of the sky radiance is 10 min. The
Improved Langley (IL) plot method is used in this study to determine the temporal and spectral
calibration constants for direct intensity (FO) with accuracy of about 1.5-2.5 %, depending on the
wavelength (Nakajima et al., 1996; Campanelli et al., 2004). The calibration by IL plot method was
made daily, the variation of FO due to instrumental drift could be quickly spotted, and then appropriate
corrections to data can be applied exactly from the period in which the deviation occurred (Campanelli et
al., 2004).

2.2 Site description

The Qionghai site of SKYNET (19.23°N, 110.46°E, 24 m a.s.1.), which was located in the eastern part
of Hainan Island, was mainly influenced by East Asia monsoons and typhoons. During summer, the
dominant wind is from south to southeast, summer monsoon from the South China Sea and West Pacific

brought most of the annual rainfall to the island (Zhu et al., 2005), whereas the winter monsoon from
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Inner Mongolia carries dry winds to the area (Zhu et al., 2005; Peel et al., 2007; Yin et al., 2002).
Annual average rainfall in Qionghai is estimated about 1653.4 mm. Maximum high temperature occurs
in July, with monthly average of 28.6 °C, monthly lowest temperature occurs in January, with monthly

average of 19.1°C (Yin et al., 2002).

The other measurement site in this study was located in rural Yucheng (36.82°N, 116.57°E, 22 m
a.s.l.), Shandong Province, China, which is almost in the centre of the North China Plain. The selected
site is in an open field surrounded by farmland. The region belongs to semi-humid and temperate
monsoon climate zone, characterized by a mean annual temperature of 21°C and mean annual
precipitation of 610 mm mainly distributed in summer months (Chen et al., 2012).Yucheng and the
surrounding areas are famous for their agriculture (e.g., wheat and corn) and grazing land (e.g.,
donkeys and chickens). In addition, the site near 20 to 30 km radius located several factories in the
production of inorganic and organic fertilizers (Wen et al., 2015), and the application of fertilisers to
farmland emitted a great deal of NH3 (Zhao et al., 2012). Meanwhile, Yucheng is located in the
downwind of the Beijing-Tianjin-Hebei region, long-distance transport of sources of industrial
pollution and biomass burning contributed significantly to the concentrations of pollutants in Yucheng
(Lu et al., 2016). The major chemical compositions in PM2.5 at the two sites were introduced in Section

3.2.1.
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Figure 1: The locations of the two SKYNET sites in the study
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2.3 Inversion method

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 t. The inversion of B(®) was performed through a non-linear iterative method. Each step
of the loop contained the procedure for retrieving v(r) using a constrained linear or a non-linear iterative
method. Non-sphericity particle model are neither included in V4.2 nor V5.0.

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 1 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).

=Kx+e. (1)
where f is the vector of the f(®) 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(L)), a matrix of the kernel coefficients
calculated for the fixed values of the complex refractive index (m(L)).

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) 4B, (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 y 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 e’
depended on the assumed value of the complex refractive index m(A). The complex refractive index m(A)
in each iteration was also evaluated together with v(r), but the retrieved m(A) can only be chosen from the
predefined set of values.

The m(A) 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.

pxID=pEx)px)/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
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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:
X =XiH(ULS! Uik S ) UL (Ff)- ) (uiexa)] (4)

where x; is the solution at the ™ 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
defined by a priori and state values, S,=(x-X,)(x-X,)'; and U is the Jacobi matrix, 6f/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() = Tie Cpexp [ 1 (W me)’) (s

2\ InS,
where 1, = 0.1 pm; 1,0=2.0 um; S; =0.4; S, =0.8; C, = 1.0 * 10'%; and C, = 1.0 * 10", following
the reported climate values (Higurashi et al., 2000). For 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. The standard process of quality control in SKYNET applies a retrieval error between

observations and calculated theoretical values by using retrieval values, oyps

T, R, (0;
Oobs = We Zi(_[;\r%%_ 1)2 + Wp ZiZj[ }\1( ])/Rglleas(gj) - 1]2 ' (6)

where (t3;°* and R} ***) and ( T, and Ry, ) are measured and retrieved observation vectors for the

AOD and relative sky radiance, N;, Nj, and N, = Ni+N;xNj indicate the number of measured
wavelengths, scattering angles, and their total, respectively, W= Wp = 1/Niy. In V4.2, the data if the
value of o4y, is larger than 0.2, but o,y is set 0.07 as a threshold for data rejection in V5.0. There are
some other differences between V4.2 and V5.0 on the issue of quality control of observation data and
cloud screening (Hashimoto et al., 2012).

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 1397 measurements for 355 days over Qionghai
and 5830 measurements for 473 days over Yucheng. Considering a relatively low retrieval accuracy of
SSA when AOD < 0.2 (Dubovik et al., 2000), only the measurements with AOD > (.2 were selected to

be effective values in this study. Figure 2 showed the plots of AOD values at each wavelength derived
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from the solar direct irradiance between the two versions. High correlation was found with a significant
coefficient larger than 0.995 at each band in both sites except 1020nm over Qionghai. High consistency
of AODs between V4.2 and V5.0 indicates that the inversion process in V5.0 did not bring about a

large change in the retrieved direct solar radiation (Hashimoto et al., 2012).
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Figure 2: Scattergrams of the aerosol optical depth (AOD) between SKYRAD V4.2 and V5.0 at wavelengths
of 400, 500, 670, 870, and 1020 nm over Qionghai and Yucheng during February 2013 to December 2015.
3.1 Inter-comparison of aerosol properties results between SKYRAD V4.2 and V5.0

3.1.1 Inter-comparison of the volume size distribution results between SKYRAD V4.2 and V5.0
Aerosol size properties were 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 (Figure 3).The SDF by
V4.2 usually showed a predominant peak at the coarse mode with a radius over 10 um. In Qionghai, the
SDF by V4.2 showed a slightly tri-model pattern in February. There were tri-model patterns with three
peak volumes at radius of 0.026pm, 0.25pm, 16.54pum and 0.25um, 1.69um, 11.31um in volume SDF
by V4.2 in August and September over Yucheng, respectively. 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 0.17um and 5.29um over both sites. Generally, the SDF retrieved by V4.2 was similar
to V5.0 at radius < 5 pum. The large differences in volume SDF at radius over 5 pm between V4.2 and
V5.0 were mainly related to that the smoothness condition in V4.2 given by Eq. (2) allowed the
retrieved SDF to be distributed beyond 10 pm radius, whereas the strong constraint on the SDF for the
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coarse mode particles as shown in Eq. (5) was applied in V5.0 (Hashimoto et al., 2012).
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Figure 3: Retrieved monthly volume size distribution between SKYRAD V4.2 (dotted lines) and V5.0 (solid
lines) for Qionghai (blue lines) and Yucheng (red lines) during February 2013 to December 2015

3.1.2 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 presented 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
December 2015, respectively. The percentage differences of SSA between SKYRAD V5.0 and V4.2 at
400, 500, 675, 870, and 1020 nm over Qionghai were —=2.10%, —1.41%, —1.28%, —1.49%, and 0.49%,
respectively. Over the Yucheng station, the SSA retrieved from V5.0 were approximately 0.03(3.39%),
0.01(1.29%), 0.02(2.52%), 0.03(3.14%), 0.03(3.73%) lower than those from V4.2 at 400, 500, 675, 870,
and 1020 nm, respectively.

Figure 4 presented the compared results of SSA between SKYRAD V4.2 and V5.0 at wavelengths of
400, 500, 670, 870, and 1020 nm over Qionghai and Yucheng during February 2013 to December 2015.
As shown in Fig. 4, SSAsby V5.0 correlated to SSAs by V4.2 with R=0.88, 0.87, 0.90, 0.88 and 0.92
at wavelengths of 400, 500, 670, 870, and 1020 nm over Qionghai, respectively. Although the
correlation coefficient was highest at 1020 nm in Qionghai, their patterns were more scattered. The
SSA values computed from V5.0 had correlation coefficients around 0.95, 0.95, 0.96, 0.94, 0.91 with
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those from V4.2 at wavelengths of 400, 500, 670, 870, and 1020 nm over Yucheng. Based on the

comparison results over the two sites, it is difficult to conclude that SSAs by V5.0 was larger or lower

than those by V4.2.
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Figure 4: Scattergrams of the single scattering albedo between SKYRAD 4.2 and 5.0 at wavelengths of 400,
500, 670, 870, and 1020 nm over Qionghai and Yucheng during February 2013 to December 2015. Only data
with AODsgonm,>0.2 are shown. The green line means the fitted linear regression curve.
3.1.3 Inter-comparison of the refractive index results between SKYRAD V4.2 and V5.0
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 0.0004,
0.0002, 0.0003, 0.0004, and 0.0001 lower than those from V5.0 for the five channels of 400, 500, 675,
870, and 1020 nm, respectively, over Qionghai. The averaged m; retrieved by V5.0 was 0.0003, 0.0004,
0.0008 and 0.0004 higher at 400, 675, 870, and 1020 nm wavelengths, respectively, but 0.0002 lower at
500nm, than those retrieved by V4.2 in Yucheng. As shown in Fig. 5, the m; values by V5.0 were
linearly correlated with m; by V4.2 with R=0.8947, 0.8661, 0.8658, 0.8370, 0.9131 at wavelengths of
400, 500, 675, 870 and 1020 nm in Qionghai. The correlation coefficients between m; by V5.0 and
those by V4.2 at the five wavelengths were all higher than 0.89 over Yucheng.

Generally, the difference in m, between the two versions was greater than that in m; (Tables 1 and 2).
The mean m, from V5.0 were approximately 0.03 (2.03%), 0.002 (0.17%), and 0.03 (1.87%) higher,
but 0.02 (1.10%), 0.02(1.61%) lower than those from V4.2 over the Qionghai station. The results for m,

showed that m, at wavelengths of 400, 500, 675 and 870 nm by V5.0 were lower than those by V4.2,



but larger than those by V4.2 at 1020 nm over Yucheng. The percentage differences of the mean m,
obtained using the two versions were all within 3.53% both at Yucheng and Qionghai. As shown in Fig.

6, the correlation coefficients between m;by V5.0 and those by V4.2 at the five wavelengths were all

poorer than 0.63 at the two sites.
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Figure 5: Scattergrams of the imaginary part of the complex refractive index (m;) results between SKYRAD
4.2 and 5.0 at wavelengths of 400, 500, 670, 870, and 1020 nm over Qionghai and Yucheng during February
2013 to December 2015. The green line means the fitted linear regression curve.
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5.0 at wavelengths of 400, 500, 670, 870, and 1020 nm over Qionghai and Yucheng during February 2013 to

December 2015. The green line means the fitted linear regression curve.
3.1.4 Sensitivity tests for the parameters linked to the SSA differences between the V5.0 and V4.2

Hashimoto et al had performed various test simulations with SKYRAD.pack V4.2 and V5.0
10
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(Hashimoto et al., 2012), they found: V5.0 used an a priori SDF of a bimodal log-normal function, one
of the key differences between V4.2 and V5.0 was that V5.0 used a priori estimation, but V4.2 did not;
when a large amount of coarse particles of the dust-like aerosol type with radius greater than 10 pm
existed , the numerical tests performed by Hashimoto et al showed that V4.2 could retrieve the SDF
relatively well, including the coarse mode, in comparison with V5.0, because the smoothness condition
given by Eq. (2) allowed the retrieved SDF to be distributed beyond 10 pm radius, on the other hand,
V5.0 underestimated the coarse mode of the SDF because of the strong SDF constraint condition given
by Eq. (5) with a small model radius r,,, = 2.0 um for the coarse mode SDF (Hashimoto et al., 2012).
So we have compared the differences between retrieved SSAs at 500 nm byV5.0 and V4.2 when set
rmp = 1.5, 1.8, 2.0(default), 2.5 and 3.0 in Skyrad.pack V5.0 based on the measurements in 2014. As
shown in Fig.7, SSAs by V5.0 correlated to SSAs by V4.2 with R=0.860, 0.837, 0.855, 0.809 and
0.826 when r,, = 2.0(default), 1.5, 1.8, 2.5 and 3.0 in V5.0 over Qionghai, respectively. The SSA
values computed from V5.0 had correlation coefficients around 0.940, 0.928, 0.928, 0.921, 0.924 with
those from V4.2 when r,,;, = 2.0(default), 1.5, 1.8, 2.5 and 3.0 in V5.0 in Yucheng. The correlation
coefficient between SSA by V5.0 and V4.2 was the highest while setting r,;; as 2.0 (the default value)

in V5.0 at the two sites.
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Figure 7: Scattergrams of retrieved SSA between SKYRAD V4.2 and V5.0 when r,, =2.0(default), 1.5, 1.8,
2.5 and 3.0 for Qionghai (a) and Yucheng (b) in 2014.r,; represents the model radius for the coarse mode
SDF.

We also investigated whether the total amount of aerosols in the atmosphere were linked to the
differences in SSA between the two versions. As shown in Fig. 8, the SSA differences at 500nm
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between the two versions (defined as: |[SSA V5.0500um - SSA V4.2500,m |) decreased while the
corresponding AODs at wavelengths of 500 nm by V5.0 increased at the two sites. When the AOD was
high (in this study the threshold was set to 0.5 for AODsgoum), SSA retrieved by V5.0 had a good
comparison with those by V4.2. It is well known that the inversion products have a very high
uncertainty in cases of very low aerosol burdens, the retrieval error in SSA rapidly increases with

decreasing AOD, especially in parameters such as the imaginary part of the refractive index (Dubovik

et al., 2000).
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Figure 8: Scattergrams of the SSA differences at 500nm between V5.0 and V4.2 (defined as:
|[SSA_V5.0-SSA_V4.2|) and the corresponding AODs at wavelengths of 500 nm by V5.0 during February
2013 to December 2015.

Some tests by Hashimoto et al showed that the SDF setting in V5.0 was useful for detecting
ill-conditioned data caused by cirrus contaminations, horizontally and/or temporally inhomogeneous
aerosol stratification, and so on (Hashimoto et al., 2012).The SSA and m; had high correlation
coefficients between V4.2 and V5.0 with default r,, value in V5.0 based on the above comparison
results, we chose the retrieved results by V5.0 to analyze the seasonal variability of the aerosol optical
properties over Qionghai and Yucheng in the following section.

3.2 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),
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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.
3.2.1The major chemical compositions in PM2.5 at the two sites

It is well known that OC, EC, SO4*, NO3™ and NH4" were the dominant chemical components in
PM2.5 (Tao et al., 2017). The above-mentioned five major components over the two sites were
investigated based on the results simulated by the Community Multi-scale Air Quality model with the
2D Volatility Basis Set (CMAQ/2D-VBS) (23) at 36- x 36-km resolution with emission inputs derived
from a Chinese emission inventory developed and updated to 2015, see details in these studies (Wang
et al., 2014; Zhao et al., 2018). The contributors to carbonaceous aerosols in China mainly include coal
combustion, vehicle exhaust and biomass burning, etc (Liu et al., 2018).As shown in Fig. 9, the
concentrations of OC were significantly higher than that of EC at Qionghai, likely due to the mixed
contributions of atmospheric chemical reactions and primary anthropogenic sources to OC (Cao et al.,
2004). The nitrate accounted for a large fraction of PM2.5 in Yucheng, it was strongly related to the

high emission levels of NH3 and O3 in Yucheng, especially in summer (Wen et al., 2015).

(a) Qionghai

(b) Yucheng

Figure 9: Percentage (%) contribution of NO3", SO4*,NH4" ,OC and EC to PM2.5 mass in Qionghai (a)and
Yucheng (b) in 2015

3.2.2 AOD

The AOD is 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 10a showed
that the seasonal averaged AOD over Qionghai had higher values in spring, winter and autumn while
lower in summer. During summer, the dominant wind is from South to Southeast (Zhu et al., 2005), the
main emission source was from the South China Sea and West Pacific, in addition, seasonal upwelling

off the east coast of Hainan Island was strongest in summer (L1 et al., 2018) which was conducive to
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pollutant diffusion, meanwhile rich precipitation in summer was effective for eliminating aerosols, so
seasonal averaged value of AOD in summer was the lowest in Qionghai, whereas AOD in spring was
higher than other seasons. Southerly and northeasterly winds are both prevailing in spring over
Qionghai (Liu et al., 2018), so long distance transport and emissions from surrounding areas were
probably both the main pollutant sources.

The humidity in summer is the highest over Yucheng (Meng et al., 2007), the maximum AOD
average of 0.99 occurring in summer maybe was caused by hygroscopic effects, high humidity
combined with large fractions of hygroscopic chemical components (e.g. sulfate, nitrate, ammonium,
and some organic matters) can enhance light extinction and haze intensity the scattering coefficient of
secondary inorganic aerosols (such as sulfate, nitrate and ammonium) (Tao et al., 2017). The prevailing
winds in Yucheng were from the northwest in winter and spring, and Yucheng was in the downwind of
Hebei province where located many industrial enterprises emitted pollutants including secondary
inorganic aerosols (Tao et al., 2017; Zhao et al., 2018¢).AOD was higher in spring than in autumn and
winter likely related to the long-range transportation of dust from northern/northwestern China and

pollutants emitted from enterprises in Hebei (Tan et al., 2012; Tao et al., 2017).
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Figure 10: 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 December 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.
3.2.3SSA

Figure 10b shows the seasonal averaged SSA at 500 nm for Qionghai and Yucheng during February
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2013 to December 2015. The seasonal averaged SSA values were approximately 0.91, 0.90, 0.90, and
0.89 in spring, summer, autumn, and winter, respectively. The lowest seasonal average SSA was
observed in winter, which was probably attributable to the regional transport of the air masses
originated from the regions outside of Hainan province in Eastern China, where a great amount of coal
was used for industrial enterprises and emitted high concentrations of OC and EC (Liu et al., 2018). In
Yucheng, the seasonal pattern of SSA was consistent with AOD, the lowest seasonal average SSAs
were also observed in winter due to carbonaceous aerosols increasing by heating activities and biomass
burning, seasonal average contributions of carbonaceous aerosols were evidently higher in cold seasons
than in warm seasons (Tao et al., 2017). High concentrations of fine particulate nitrate were frequently
observed in summer in Yucheng (Wen et al., 2015), likely to cause the high SSA in summer.
3.2.4Volume Size Distribution
Figures 11a and b show the seasonal averaged volumes of the different aerosol particle size
distributions (dv/dInr) in Qionghai and Yucheng. The aerosol volume size distributions were typical
bimodal patterns during each season at the Qionghai and Yucheng sites. Figures 11a and 11b 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 pum in all seasons
over Qionghai. The coarse mode was characterized by a peak at a radius of 5.29 um in spring, summer,
and autumn and 3.62 um in winter. As shown in Fig. 11a, the fraction of the fine aerosol particles was
much smaller in summer than other seasons, the summer meteorological conditions such as high wind
speeds, high mixing heights, and the fresh air masses originated from or passed through the sea, which
may be contributable to the decrease of anthropogenic pollutant concentrations (Liu et al., 2018) and
introducing some sea salt particles of a relatively large size. The seasonal averaged peak of fine mode
and coarse mode SDF were both higher in winter than other seasons as shown in Fig.11a. The stable
atmospheric circulation provides a stable atmospheric environment background, which is not conducive
to the diffusion of pollutants; moreover, continuous low-level northeast wind facilitates the
transportation of pollutants from the inland to Hainan in winter (Wu et al., 2011; Liu et al., 2018).

As shown in Fig. 11b, the coarse-mode particle in Yucheng had a relatively large value compared to
the volume distribution of the fine-mode particle. The aerosol was not only from winter heating but
also from regional transport in winter (Tao et al., 2017; Zhao et al., 2018c). The volume of the coarse

aerosol particles relative to the whole was much larger in spring than other seasons in Yucheng
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probably because of the presence of the dust particles transported from the northwest of China and

pollutants emitted from enterprises in Hebei (Tao et al., 2017).
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Figure 11: 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 December 2015.

3.2.5 Refractive index

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.

Figure 12a showed the seasonal variation of the real part of the refractive index (m,) at 500 nm over
Qionghai and Yucheng. The seasonal averages of m, at 500 nm were 1.45, 1.46, 1.45, and 1.43 in
spring, summer, autumn, and winter in Qionghai, respectively. The m, showed a maximum of
approximately 1.47 in spring and a minimum of approximately 1.45 in summer in Yucheng. Figure 12b
presented the seasonal variation of the imaginary part of the refractive index at 500 nm over Qionghai
and Yucheng. The results of imaginary part of complex refractive index (m; ) were both the highest in
winter over the two sites. Aerosol absorption coefficient was mainly determined by elemental carbon
(EC) mass concentration and its coating (Tao et al., 2017), heating activities and biomass burning
induced higher carbonaceous aerosols in winter in Yucheng. As shown in Fig.9, OC/EC ratios could be
estimated to be greater than 2.0 in Qionghai, suggesting coal and vehicle exhaust as dominant

carbonaceous aerosols sources (He et al., 2008; Watson et al., 2001).
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Figure 12: 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
to December 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-POMO02 sky radiometer
measurements. As V5.0 used an a priori SDF of a bimodal log-normal function, the volume size
distribution retrieved by V5.0 presented an overall bimodal pattern with a 0.10-0.20 pm fine particle
mode and a 3.0-6.0 pum coarse particle mode both over Qionghai and Yucheng. The correlation
coefficients between SSAs by V5.0 and by V4.2 were around 0.88, 0.87, 0.90, 0.88 and 0.92 at
wavelengths of 400, 500, 670, 870, and 1020 nm over Qionghai, respectively. The SSA wvalues
computed from V5.0 had relatively high correlation coefficients with R=0.95, 0.95, 0.96, 0.94, 0.91 at
wavelengths of 400, 500, 670, 870, and 1020 nm in Yucheng. The correlation coefficients between m;
by V5.0 and those by V4.2 at the five wavelengths were all higher than 0.89 over Yucheng.

Sensitivity tests showed that the correlation coefficient between SSAs at 500nm by V5.0 and V4.2
was higher while setting r,;;; as 2.0um (the default value) in V5.0 than r,,, = 1.5, 1.8, 2.5 and 3.0 pm at
the two sites. The SSA differences at 500nm between the two versions decreased with the increase of
the corresponding AODs at the two sites.

Based on SKYRAD.pack V5.0, the seasonal variations of the aerosol optical properties over
Qionghai and Yucheng were investigated. The seasonal patterns of AOD were quite different between
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the two stations. The AOD showed high values in spring, autumn and winter but decreased to minimum
in summer over Qionghai, likely related to summer monsoon from the South China Sea and West
Pacific that brought most of the annual rainfall to the island, whereas the winter monsoon from Inner
Mongolia carried the air masses from the mainland China to Qionghai. In Yucheng, the maximum
seasonal averaged AOD and SSA both appeared in summer due to the hygroscopic effects. The fraction
of the fine aerosol particles over Qionghai was much smaller in summer probably related to wet
deposition, more precipitation in the summer can lead to more efficient removal of aerosol. The volume
of the coarse aerosol particles relative to the whole in spring was much larger than other seasons in
Yucheng, probably due to the presence of the dust particles transported from the northwest of China
and pollutants emitted from enterprises in Hebei. The location and distribution of major industrial
sources, intensity of local minor sources such as winter heating, and prevailing wind directions together
caused the different magnitudes of seasonal variations among the two sites discussed above.

The comparison results between the aerosol optical properties retrieved by SKYRADS.0 and
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.
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Table 1. Averaged single scattering albedo and refractive index in SKYRAD 5.0 and 4.2, and the absolute and
percentage differences between the two versions at Qionghai site during February 2013 to December 2015.

400 nm 500 nm 670 nm 870 nm 1020 nm
Wys0 0.8649 0.9053 0.9305 0.9439 0.8803
Wya2 0.8834 0.9183 0.9426 0.9582 0.8760
My 50 1.4549 1.4423 1.4322 1.4414 1.4897
My a2 1.4260 1.4398 1.4482 1.4650 1.4623
m; 50 0.0029 0.0018 0.0013 0.0011 0.0026
m; va2 0.0025 0.0016 0.0010 0.0007 0.0025
ow -0.0185 -0.0130 -0.0121 -0.0143 0.0043
om, 0.0289 0.0024 -0.0159 -0.0236 0.0274
om; 0.0004 0.0002 0.0003 0.0004 0.0001
0% -0.0210 -0.0141 -0.0128 -0.0149 0.0049
oMy, 0.0203 0.0017 -0.0110 -0.0161 0.0187
Ry 1.1865 1.1341 1.2679 1.6558 1.0155

w, 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; - and 0-% mean absolute and percentage difference between SKYRAD V5.0 and

V4.2, respectively; R,,; means the ratio of m; ys to m; v4o.

Table 2. The same as Table 1 but for Yucheng during February 2013 to December 2015.
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400 nm 500 nm 670 nm 870 nm 1020 nm

Wys.0 0.8737 0.9131 0.9158 0.9243 0.8918
Wy4a2 0.9044 0.9250 0.9394 0.9543 0.9264
My vs.0 1.4466 1.4521 1.4743 1.5251 1.5522
My yar 1.4970 1.5053 1.5080 1.5380 1.5333
m; ys0 0.0032 0.0021 0.0023 0.0023 0.0032
m; va2 0.0029 0.0023 0.0019 0.0015 0.0028
0w -0.0306 -0.0119 -0.0237 -0.0299 -0.0346
om, -0.0504 -0.0532 -0.0337 -0.0129 0.0188
om; 0.0003 -0.0002 0.0004 0.0008 0.0004
0% -0.0339 -0.0129 -0.0252 -0.0314 -0.0373
OMy, -0.0337 -0.0353 -0.0224 -0.0084 0.0123
Ry 1.1192 0.9505 1.2016 1.4931 1.1308

w, 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

V4.2, respectively; R,,; means the ratio of m; yso to m; v4..
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