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The aerosol observations in Xi'an (34.25°N, 108.983°E), a typical urban site in Northwest
China, were conducted using a sky-radiometer from January 2015 to March 2018.
Multi-year variations of aerosol optical properties (AOPs) and lidar ratios (LRs) were
simultaneously analyzed and calculated. In particular, LRs in 340 nm were compared
and validated using the UV-Raman lidar (RL) measurements. During the study period,
aerosol optical depth at 500 nm (AODsq0) had significant seasonal variation, with a
maximum value of 0.68 in winter and a minimum value of 0.59 in autumn. Angstrém
exponent (AE) exhibited different seasonal variation patterns, and the minimum (0.81)
and maximum (1.06) values appeared in spring and summer, respectively. The spectral
difference between AE4q0_e75 and AEg7s_g70 indicated that high AODgys values (>1.0)
were affected by accidental factors (e.g., dust weather in spring and winter) and the
accumulation of fine particle aerosols across all seasons. The relationship between
AODsq0 and AE400-g70 Was used to distinguish different aerosol types. Overall, mixed
aerosols (MX) accounted for the largest contribution (ranging from 40.14% in autumn to
69.9% in spring), followed by biomass-burning or urban/industrial aerosols (BB/UI) (with
the smallest value of 19.9% in spring, and the largest value of 43.66% in winter). Single-
scattering albedo (SSAs) experienced weak seasonal variation, with a minimum in winter
and a maximum in spring. The seasonal aerosol volume size distributions (VSDs)
generally exhibited the trimodal patterns. The particle radius (R) of less than 0.5 um
is considered as fine mode, the coarse mode is R greater than 2.5 um, and the middle
mode is located somewhere in between them. The real CRI were ~1.41-1.43, with no
significant difference among different seasons. Besides, the LRs derived by combining
sky-radiometer with Mie-scattering theory changed greatly with weather from 49.95 +
8.89 in summer to 63.95 + 6.77 in autumn, which were validated by RL with the errors
within a certain height range of less than 10%. We confirmed the feasibility of using the
LR of UV band from sky-radiometer as a reference value for the Fernald or Klett
method.
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1 Introduction

Aerosols can affect the radiation balance of the Earth-
atmosphere system by directly absorbing and scattering
shortwave and longwave radiation (Charlson et al., 1992; Eck
et al, 2005; IPCC, 2013), and also indirectly modify cloud
microphysical properties and hence cloud radiation properties,
number and cloud lifetime, thereby affecting climate (Twomey
etal., 1984; Albrecht, 1989). At present, the impact of aerosols on
global and regional climate remains a high research priority
(Ramanathan et al., 2008; IPCC, 2013). Despite the contribution
of numerous investigations toward the understanding of aerosols
and their climate effects, there are still huge uncertainties in
related studies due to the differences of temporal and spatial
distributions and the interactions between aerosols and other
atmospheric processes (Dubovik et al., 2002; Nakajima et al.,
2003; Ramanathan et al., 2005; Li et al., 2011). Therefore, it is
critical to quantify the aerosol optical properties (AOPs) in
different regions, especially for urban areas in Northwest
China, which are affected by both high anthropogenic
pollution and long-distance transportation.

In general, ground-based active and passive remote sensing
instruments provide reliable vertical profiles and column
optical Their
continuous observations can improve our understanding of

integrated  aerosol properties. long-term
global and regional AOPs and their impact on the Earth’s
climate (Holben et al., 2001; Kaufman et al., 2002; Sanap and
Pandithurai, 2014). The sun-photometer or sky-radiometer has
been confirmed to be the best-suited passive methods for
measuring aerosols (Dubovik et al., 2000). Therefore, different
observation networks have been established around the world,
e.g, AERONET (Holben et al, 1998; Dubovik et al, 2000),
SKYNET (Nakajima et al., 2020) established by United States
and Japan, respectively, and CARSNET (Che et al., 2009; Che H.
7.etal, 2015), CSHNET (Xin et al., 2007) and SONET (Li et al.,
2018) developed by China. Therefore, with the global and
regional development of monitoring network, AOPs of many
areas in China and around the world have been studied and
reported (Hsu et al., 1999; Torres et al., 2002; Xia et al., 2004; Eck
et al., 2005; Tripathi et al., 2005; Kim et al., 2007; Bi et al., 2013;
Wang et al., 2014; Che H. et al., 2015; Ma et al., 2016; Xin et al,,
2016; Su et al., 2018).

In addition, active lidar is commonly used due to its advantages
of detecting the vertical distribution of aerosols. Lidar observation
networks have been established in Europe (EARLINET) and Asia
(AD-NET) for long-term continuous observation of aerosols,
thereby advancing our knowledge of aerosols and their influence
on climate (Murayama et al,, 2001; Ansmann et al., 2003). However,
the lidar ratio (LR) can affect the accuracy of optical parameters
derived from active elastic lidar. Thus, the accurate LRs of different
aerosol types (e.g, urban/industrial, marine, desert dust and
biomass-burning) are important to ensure the accurate inversion
of extinction coefficient and backscattering for elastic lidar
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(Ansmann, 2006). So, LRs of different aerosol types based on
observations with sun-sky radiometer at different source regions
around the globe have been presented (Shin et al, 2018).
Nevertheless, the results of these methods need further
verification and confirmation (Holben et al, 2001; Shin et al,
2018). Raman lidar (RL) has the advantage of independently
retrieving the extinction and backscattering coefficients without
assuming the LR. So, the LRs of all the aerosol types can be
extracted directly from RL measurement, which are essential for
verifying LRs obtained by sky-radiometer. For example, Miiller et al.
(2004), Miller et al. (2007) reported that the LRs of Saharan dust
aerosols retrieved by AERONET was larger than that measured
directly by lidar (Schuster et al., 2012). presented the LRs in the dust
source regions of the northern Africa and the Arabian Peninsula by
combining AERONET and CALIPSO observations, and indicated
that the results were consistent with the Raman lidar observations
(Tesche et al, 2009; Mamouri et al, 2013). However, direct
measurements and studies of AOPs (especially for LR) were
rarely conducted using RL and sky-radiometer in Northwest
China, especially in heavy polluted urban regions (Cao et al,
2012; Su et al, 2018). Besides, LR is highly sensitive to regions
and aerosol sources (Shin et al., 2018).

This paper presents some results of long-term AOPs
including LR collected at Xi'an using a ground-based sky-
radiometer and LR validated by simultaneous measurements
of a RL system through several case studies. Section 2 briefly
describes the study site, instrument and inversion method used in
this paper. The statistical analysis of the AOPs and LR, and the
comparison with the RL are presented in Section 3. Some

discussions and conclusions are given in Section 4.

2 Measurements and methodology
2.1 Site description

X{an, the capital of Shaanxi Province and the largest city in
Northwest China, has a population of about 12.9 million and a
population density of 1,282 person/km?. It is located in the middle of
the Guanzhong Plain, adjacent to the Loess Plateau to the north, and
the Qinling Mountains to the south. It belongs to the warm
temperate, semi-humid continental monsoon climate, and the
northeast wind prevails all year round. The rapid development of
industry, urbanization and tourism in recent years has caused a
dramatic increase in anthropogenic emissions, resulting in frequent
occurrence of haze weather and poor diffusion of pollutants coupled
with the unique topographical environment and climatic conditions
in this region (Su et al, 2018). In addition, due to the prevailing
monsoonal winds, it is often affected by dust storms transported from
the western and northwestern Chinese deserts (Cao et al., 2005).
Therefore, Xi'an can be considered as a typical city in Northwest
China with significant air pollution problems influenced by both
anthropogenic and natural aerosol sources (Zhang et al,, 2002).
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2.2 Sky-radiometer

The sky-radiometer (POM-02) was installed at the Jinhua
schoolyard Xi’an University of Technology (XAUT) in January
2015. It is located at the East 2nd ring road of Xian city in
Shaanxi Province in the northwestern China (34.25°N, 108.98°E;
396.9 m above sea level). It was manufactured by PREDE Co. Ltd. In
Japan. The spectral observations of the direct Sun and diffuse sky
radiances are set at 315 nm, 340 nm, 380 nm, 400 nm, 500 nm,
675nm, 870 nm, 940 nm, 1,020 nm, 1,627 nm and 2200 nm.
Among them, the 315 nm and 940 nm channels can be used to
calculate the total ozone column content (Khatri et al., 2014) and
water vapor column content (Campanelli et al,, 2014), respectively.
The 1627nm and 2200 nm channels can be applied to obtain the
optical characteristics of the cloud, while the remaining channels can
be utilized to provide aerosol optical parameters. The installation has
been operational since January 2015. The calibration and
validation were performed using the traditional Langley method,
the improve Langley method and the integrating sphere
(Campanelli et al, 2004). Depending on the wavelength, the
accuracy of the method ranged 1-2.5%. The Skyrad package
(Version4.2; Nakijima et al, 1996) was used to process and
analyze the POM-02 measurements. And, the cloud screening
algorithm developed by Khatri et al. (2014) was carried out in
this manuscript, which mainly includes three steps: test with
irradiance data, spectral variability test, and statistical analyses
test, respectively. The uncertainty of optical properties retrieved
have also been reported (Che et al., 2008; Nakajima et al., 2020). The
absolute uncertainty of retrieved aerosol optical depth (AOD) was
estimated to be about 0.01-0.02 for A > 500 nm and a larger value
of about 0.03 for shorter wavelengths. Mean values of SSA retrieved
from the PREDE sky-radiometer were significantly larger than
those from the Cimel Sun photometer, with differences between
0.03 and 0.07, and the difference of real parts of RI obtained using
the two instruments does not exceed 2.6%. The clear sky
observations of POM-02 from January 2015 to March 2018 were
selected and the observation details (ie., daily or monthly
atmospheric conditions) are shown in Table 1. Notably, the
observation days in September, October, and November were so
few, which could not fully represent the properties of aerosols in
autumn over Xi'an region. Nonetheless, all available data would be
discussed and findings for these months should be handled with
care. Here the daily average of AOPs are calculated when the
number of effective aerosol observations per day is more than
three, and then the monthly average and seasonal average are
obtained.

2.3 Raman lidar
Figure 1 shows a schematic diagram of a RL system

developed by XAUT, which is used to measure the vertical
profile and LR of aerosols at 354.7 nm in study. The detection
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principle is that an Nd:YAG laser after triple frequency emits
light into the atmosphere with an eye-safe wavelength of
354.7 nm. The returned lidar signal interacting with the
clouds and aerosols in the atmosphere is received by a
telescope with a diameter of 250 mm and redirected into
new lidar spectroscopy system. The system employs a
dichroic mirror (DM) as the main spectroscopic device to
reduce the influence of solar background radiation, and uses
the filters (Fs) with a bandwidth of 1 nm and a peak rejection
ratio of 65% to obtain the wavelength of interest and suppress
strong elastic signals. The combination of DM and Fs can
achieve high-efficiency signal extraction and acquire a 10° of
rejection rate of elastic Mie-Rayleigh signals. The returned
signal is divided into three signals. The first is the Mie-
scattering signal obtained by reflection from DM, and then
by the F, filter with the center wavelength of 354.7 nm, which
is used to monitor the backscattering signals of molecular and
aerosol. The second is that the signal emitted by DM, is
reflected by DM, and filtered by F, to obtain a Raman
signal with a central wavelength of 386.7 nm for nitrogen
molecules. Finally, the combination of DM, and F; is used for
the Raman signal detection of water vapor molecules with a
wavelength of 407 nm. Besides, SHG, THG, and PMT in
represent second  harmonic

Figure 1 generation,

third harmonic generation and photomultiplier tube,

respectively.

2.4 Lidar ratio

2.4.1 Lidar ratios retrieved from sky-radiometer
LR (S) is defined as the ratio of aerosol extinction (o,) and
backscatter coefficient (f3,), which is given by:

S=0,/B, 1)

The scattering and extinction of light by a single aerosol
particle is determined by the parameter r and refractive index m
(RI). The overall optical properties of a particle system are
determined by the individual particle optical properties as a
set of particle spectral distributions:

0, = JQext (m,7) dé\ljn(:) nr’dr )
B, = JQb(m, r)%ﬂrzdr 3)

Tm

where 7, and ), represent the minimum and maximum aerosol
particle radiuses, respectively; Q. and Q, represent the
extinction and backscatter efficiencies, respectively. dN(r)/dlnr
represents the aerosol number spectrum, which has a
relationship with the aerosol volume spectrum distribution
(VSD) dV(r)/dlnr. The latter can be expressed as:
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TABLE 1 Effective observation days and measurements per month using sky-radiometer in Xi'an.

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Observation Days 18 57 21 25 41 49 57 18 3 8 4 13
Measurements 217 1322 614 839 949 900 1403 630 44 86 12 166
dv(r) 4 ,dN(r) Y (2)
=—nr’ (4) P(Ag,2) = CRTNNZ(Z)ONZ'

dinr 3" din(r)

Aerosol extinction coefficient and backscatter coefficient are
calculated based on Eqs 2-4 by combining Mie-scattering theory
and aerosol VSD and RI derived from sky-radiometer. So, LR can
be retrieved by sky-radiometer and Mie-scattering theory
using Eq. 1.

2.4.2 Lidar ratios retrieved from Raman lidar

Raman lidar can obtain the extinction and backscattering
coefficients of aerosols without assuming LRs derived from the
received elastic scattering [P (A1,z)] and N, vibrational Raman
signals [P (Ar,z)], which are expressed as:

Atmosphere

Z Mie
(355-nm) ,

1

L, '

/
1
I
1
i

O

- e — = w— — — —

%EQE(P@ I

eXp{ - J-{[‘xm (AL, 2) + ot (Ar, 2)] + [ (AL, 2) + @4 (/\R)Z)]}dZ}
0

©
P(,2) = G2 B, (1,2) + 6,00, )]

2 (6)
exp{ -2 J [om (AL, 2) + @, (AL)Z)]dZ]’

0

Where A; and Ay represent the received wavelengths of the Mie
channel (354.7nm) and the N, vibrational Raman channel

Signal-

~
PMT . \ collection
' TFilter: —r—
Ls system
F, !

I
DM, F; PMTj3,

| .
| DJ.\Il Ls I
(407-nm) |
! L F I
\ PMT,g ?
S N, (387nm) » Dataprocessing

FIGURE 1
A schematic diagram of Raman lidar system.
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(386.7 nm), respectively; Cr and Cyy represent the system constant
of Raman and Mie channels; Ny, represents the number density of
N, molecules calculated by the United States Standard Atmospheric;
0N, is the backscattering cross section of N, molecules; e, and «, are
the molecular and aerosol extinction coefficients, respectively; f3,,
and f3, are the molecular and aerosol backscattering coefficients,

respectively.
Based on Eq. 5, the aerosol extinction coefficient «, can be
retrieved:
Nx;, (2)
4 [ln P(ﬁikfzz] — O (AR, 2) = ot (A1, 2)
o, (AL, 2) = (7)

e (i)
where k is the aerosol wavelength exponent, and k is generally
assume to be 1 for the tropospheric aerosol.

The aerosol backscattering coefficient 3, can be retrieved by
combining Eqs 6-7, which is given by:
B, (AL, 2) = =B, (A, 2) + B, (AL, z) X

exp {

exp{ - I; [‘xa(AL)Z,) + Ocm(/h_,z’)]dz' ]»

®)

-1 [aaok,zn+am<AR,zf)]dzl}

Pr (Ag, 2c)Pr (A1, 2) Ny, (2)
Py (AL, 2c)Pr (A, 2) Ny, (2c)

Where z is the reference height.

To this end, LR can be derived using RL measurements by
combining Eqs 7-8. Specifically, the LR derived from RL
observations is limited while the sky-radiometer can obtain a
large amount of LR data. Therefore, LRs from sky-radiometer are
verified and analyzed by comparing with RL-derived results over the
X{i’an area in this paper. This would provide a reference value for the
inversion of extinction coefficient and backscatter profiles for elastic
backscatter lidar which require an a priori estimate.

3 Results

Here we investigate and analyze the variations and
characteristics of AOPs (e.g., AOD, AE (Angstrbm exponent),
VSD, SSA (single-scattering albedo), ASY (asymmetry factor), RI
and LR) derived from sky-radiometer observation data over the
XAUT site during 2015-2018. Moreover, the accuracy of the sky-
radiometer-derived LRs is validated and evaluated using
inversion results of the RL system.

3.1 AOD and angstrom exponent

Figure 2 shows the monthly and seasonal averages of AOD
and AE at XAUT site from January 2015 to February 2018 and
Figure 3 shows the frequency distribution of AOD and AE during
this period. Higher values of AODs5, occurred in October 2016
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(0.87) and March 2018 (0.81), while lower values happened in
May (0.35) and November (0.32) 2017. The average AODs in
winter was about 0.68 + 0.36, slightly higher than those in other
seasons (spring: 0.6 + 0.36; summer: 0.59 * 0.33; autumn: 0.62
0.4). The 3-year average AOD,q, in Xi’an was about 0.75 + 0.42,
comparable to the values of other economic regions, such as
0.71 in Beijing (Yu et al, 2017) and 0.74 in Shanghai (Cheng
et al,, 2015). The high AOD in Xi’an indicates the heavy overall
aerosol loading and frequent weather pollution in this region. As
the largest city in Northwest China, industrial and human
activities (e.g., industrial pollution, traffic emissions and
residential heating) are the main reasons for high AOD values
and severe pollution. Secondly, long-distance transport of dust
aerosols from the Loess Plateau may also lead to an increase in
atmospheric AOD. Thirdly, in the harvest seasons (such as
summer and autumn), a large amount of straw is often
burned from nearby farmland, resulting in frequent
occurrence of haze conditions (Xia et al., 2013). The 3-year
average AE value was about 0.94 * 0.34, close to the results of
Beijing (Li et al., 2018), indicating the dominance of fine-mode
particles in the Xi’an area. The higher values of the monthly mean
of AE occurred in July 2015 (1.18), and July 2017 (1.20), while the
lower values were in April 2017 (0.77) and February 2016 (0.7).
On the seasonal average, the AE values were the lowest in spring
(0.81), but higher in summer (1.06) and autumn (1.03). It is
known that a high AE indicates the dominance of fine particles,
while a low AE value indicates that coarse particles are dominant.
The low AE value in spring in Xi’an could be related to the long-
distance transport of dust aerosols from the northern and
northwestern China (Su et al., 2018).

Figure 4 shows the dependence of the daily mean values of
AOD on wavelength, where the average, maximum and
marked with different
respectively. It reveals that daily mean values of AOD

minimum values are symbols,
decreased with the increase of wavelength. For example, the
AOD3y daily average varied from 0.08 to 2.66 with a mean of
0.72; and the AODs daily average ranged from 0.07 to 1.99 with
a mean of 0.54. This is consistent with the changing
characteristics of AOD in other continental urban areas,
mainly because anthropogenic emissions are the main source
of aerosols in urban areas (Che H. Z. et al.,, 2015).

Some studies have demonstrated the feasibility of using
properties different
wavelengths to differentiate aerosol types (e.g. Dubovik et al.,

optical and microphysical under
2002). Currently, the most common and widely used method is
the combination of AOD and aerosol size to distinguish different
aerosol types (Pace et al., 2006; Kaskaoutis et al., 2007; Patel and
Kumar, 2015, 2016). Specifically, different cluster regions can be
categorized using the scatter plots of AODsgo and AE,g0_g70. They
are based on different thresholds selected according to physically
aerosol parameters, and different regions represent different
aerosol types (Kaskaoutis et al., 2011; Kumar et al., 2015). The
selection of thresholds could differ in different study areas due to
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FIGURE 2

The monthly (A) and seasonal averages (B, C) AOD and AE during 2015 and 2018.

35% T T T T T T T

30%

25%

20%

Percentage

15%

10%

5%

0%

0-0.25 0.25-0.50.5-0.750.75-1.01.0-1.251.25-1.5
AOD500

FIGURE 3
The frequency distribution AOD (A) and AE (B).

differences in aerosol loadings, meteorological conditions and
emission sources. Since Xi’an is a densely populated and highly
industrialized region, the AODsq, is quite high even without
heavy pollution. Therefore, the thresholds chosen for the clean
continental (CC) aerosols representing the background state over
Xi’an are AODsg < 0.3 and AE4p9.g70 > 0.9, while long-distance
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transported desert dust (DD) aerosols corresponds to AODsqq >
0.7 and AE4gp_g70 < 0.7. Cases that do not belong to any of the
above categories are called mixed type (MX). Figure 5 shows the
scatter plots of the AODsy, and AE,ny_gyo for all seasons.
Apparently, the range of ordinate AE varied greatly, indicating
that the aerosol characteristics in Xi’an area can vary greatly, and
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FIGURE 4

AOD at different wavelengths in XAUT during 2015-2018.

The horizontal line in the middle of the box represents the median,
while the upper and lower horizontal lines represent the 25th and
75th percentiles, respectively. The diamond represents the
mean; the uppermost and lowest short lines represent the
maximum and minimum values; and the asterisks represent the
1-99% range.

the aerosol in the atmosphere can experience several different
types of mixing. Table 2 displays the contributions of various
aerosol types in different seasons. The MX aerosols accounted for
the largest contribution over XAUT site which ranged from
40.14% (in autumn) to 69.9% (in spring), followed by BB/UI
aerosols with wide range from19.9% (in spring) to 43.66% (in
winter). In addition, CC aerosol holds a considerable proportion
in the study region that peaked in summer (21.24%), indicating
the relatively clean atmosphere and good air quality in Xi’an in
summer. DD aerosol occurred mainly in spring (3.08%) and
winter (6.63%). It is worth noting that the proportion of aerosol
types in autumn is highly uncertain due to a limited observation
data. Overall, these results suggest that the aerosols produced by
local production, biomass burning, or transportation pollution in
the Xi’an area are the dominant aerosols in the whole year,
followed by dust aerosol.

In addition, the size of fine aerosols and their contribution to
AOD were analyzed using the graphical method (developed by
Gobbi et al. (2007), which can be used to analyze the mixture of
polluting aerosols and dust and distinguish the hygroscopic
growth of aerosols from cloud contamination. In Figure 6,
different colors indicate different AODg;s ranges. The solid
black lines represent the size (Ry) of the fine mode in the
aerosol size distribution, and the dashed blue lines represent
the contribution (#) of the fine-mode aerosol to the total AODg;s.
SAE denotes the difference between AE4.675 and AEg;5.g70
which is more sensitive to R¢ than the # curves. SAE~0 indicates
the presence of cloud contamination or the contribution of
coarse aerosols to total AOD of above 90%. Conversely, it
represents an increase in fine-mode aerosol (Ry) and the
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percentage of fine-mode aerosol to total AODgy5 (Gobbi et al.,
2007). The relatively high AODg;5 value (>1.0) in spring (see
Figure 5A) was mainly related to the coarse particles (SAE>0,
AE<0.3, 1< 30%) and fine particles (JAE<0, AE>0.8,/7>70%) in
some typical examples, which was mainly driven by the dust
event in spring and the hygroscopic growth of fine particles.
However, in summer, the contribution of fine particles increased
(R ~ 0.15-0.25 ym, #>80%), and the high AODg;5 value was
primarily affected by the hygroscopic growth of fine particles
which was weaker in autumn compared with summer
(Figure 5C), mainly due to the relatively low water vapor
content in atmospheric in autumn. The particle size range
corresponding to higher AOD values mostly concentrated in
0.15-0.20 ym and 7 was around 70%-90%. Meanwhile, it is
found that the AODs were affected by coarse and fine
particles growth in winter. The relationship of AOD and
relative humidity from 2015 to 2018 is also shown in
Figure 7, which show the positive dependencies of AOD on
relative humidity. In summary, the high value of AOD in Xi’an
was affected by accidental factors, e.g., dust weather in spring and
winter, and the accumulation of fine particle aerosols, which has
been found in all seasons and was related with the hygroscopic
growth of fine mode aerosols in summer and autumn, and
aerosols growth in stable weather in winter. This finding
further validates the results shown in Table 2 and Figure 5.

3.2 Aerosol volume size distributions

The VSD is closely related to atmospheric conditions, and
directly determines the properties of parameters (e.g., aerosol
effective radius, optical depth, etc.) (Eck et al., 2010; Sinha et al.,
2012). In a sense, aerosol VSD is also an important parameter in
models and observations. Earlier studies suggested that the
uncertainty of VSD is about 15% (Kaskaoutis et al., 2013).
Figure 8 presents the seasonal average of VSDs in Xi’an and
the vertical bars indicating the standard deviation of VSD. The
figure shows some complex patterns and typical seasonal
distribution differences. The overall VSD can be divided into
two modes, i.e., fine mode (particle size (R) < 0.6 ym) and coarse
mode (R > 0.6 ym), similar to those obtained by others in
different situations (Dubovik et al.,, 2002; Singh et al., 2004;
Alam et al., 2011, 2012; Adesina et al., 2014, 2017; Wang et al,,
2014; Patel et al., 2017). The more subdivided results show that
there was a typical bimodal distribution in winter, and a trimodal
distribution in spring, summer and autumn. The peak radiuses of
fine-mode and coarse-mode particles in the bimodal distribution
in winter were centered with the dominance of coarse particles, at
0.25ym and 5um, respectively. The trimodal distribution in
other seasons was a fine mode with R < 0.6um, an
intermediate mode located between 0.6 ym and 2.5ym, and a
coarse mode with R > 2.5 ym. The summer VSD in the fine mode
was higher than other seasons, indicating the relatively high fine-
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Different aerosol types (green: CC; blue: DD; red: BB/UI; purple: MX) were discrimination based on the relationships of AODsoo and AE400-g70 in

different seasons (Spring (A), Summer (B), Autumn (C), Winter (D)).

TABLE 2 Proportions of aerosol types in different seasons.

Season CC (%) BB/UI (%) DD (%) MX (%)
Spring 7.2 19.9 3.08 69.9
Summer 21.24 35.05 0.99 42.72
Autumn 16.2 43.66 0 40.14
Winter 5.04 33.02 6.63 5531

particle aerosols in summer compared with those in other
seasons. This could be related to the enhanced chemical
reaction of the atmosphere (Song et al., 2002) promoting the
formation of ultrafine and fine particles, and the increase of the
relative humidity in summer accompanied by the growth in
number of particles with a radius >0.1 ym (Liu et al, 2011).
Under the coarse mode, there was a characteristic of being higher
in spring and winter than other two seasons. The main reasons
could be due to the transportation of relatively large size dust
particles in spring (Wang et al., 2010), serious weather pollution
in Xi’an area during winter, resulting in large aerosol particles. It
is worth noting that the particle radius is greater than 10 ym
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occurred in every season, which probably related to cloud
contamination (Kudo et al., 2021).

3.3 CRI, single-scattering albedo and ASY

Generally speaking, the real and imaginary parts of CRI
represent the scattering and absorption effects of aerosol
particles, respectively. Figure 9A displays the change of real
CRI as a function of wavelength in different seasons, revealing
that the real CRI exhibited significant seasonal variations, and the
spectral dependence of real CRI was less obvious. There was a
weak growth trend in the 400-870 nm, mainly due to the strong
scattering of coarse particles in the near-infrared band (Wang
etal,, 2014). The average values of real CRI at 500 nm were 1.45 +
0.04, 1.42 + 0.06, 1.48 £ 0.05, and 1.45 + 0.04 from spring to
winter, respectively. Especially, lower values in summer indicate
the presence of fine-mode absorbing particles (Alam et al., 2011,
2012; Che et al., 2013).

Seasonal mean values and the change of the imaginary CRI as
a function of wavelength are shown in Figure 9B. Relative to the
results in Figure 9C, its imaginary CRI and SSA experienced
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The relationship of AOD and relative humidity from 2015 to
2018. AOD are averaged for seven relative humidity bins ranging
from 20% to 90%, and the vertical lines indicate standard deviation.

opposite trends as wavelength (in line with the theoretical basis).
Similar to Wang et al. (2014), the imaginary CRIs were highly
sensitive to the wavelength, which declined rapidly at
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Seasonal mean aerosol volume size distributions for spring
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station.

400-675 nm and started to increase from 870 nm to 1020 nm.
The average values of imaginary CRIs, in the four seasons were
0.0050 + 0.0021, 0.0045 + 0.0011, 0.0056 + 0.0031, and 0.0074 +
0.0025, respectively. Similar seasonal variation has also been
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observed in Beijing (Yu et al., 2017; Su et al., 2018). The higher
values of the imaginary CRI could be related to the large amount
of absorbing aerosols produced by central heating in winter,
while the lower value confirms the existence of scattering aerosols
in the atmosphere in spring (Singh et al., 2004; Adesina et al,
2017).

SSA is defined as the ratio of scattering and extinction of
aerosol particles, and is often used to reflect the scattering and
absorption characteristics of particles in terms of cooling or
warming. Different aerosol particles contain different spectral
variation of SSA (Alam et al., 2012; Patel et al, 2017). For
instance, sulfate aerosols are pure scattering aerosols, while
black carbon aerosols are absorption-dominant aerosols.
Spectral variation in SSA differed substantially during
different
characteristics of SSA under different wavelengths. SSAs

seasons, revealing the changing seasonal
(Figure 9C) in Xi'an area were relatively high during spring
and summer, mainly attributed to fine pollution aerosols and
high water vapor content in the atmosphere besides dust aerosol
transportation in spring (similar to Singh et al. (2004)). The low
SSA winter was mainly caused by the large number of
carbonaceous particles brought by centralized heating and
anthropogenic activities. The standard deviations of SSA in
autumn is significantly larger than other reason, which are
probably related to the limited observation data. Meanwhile,

the variation of SSA with wavelength also exhibited a significant
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seasonal variation. The overall trend increased with wavelength,
indicating stronger scattering in the visible and near-infrared
spectrum (Dubovik et al., 2002). In detail, SSAs continued to
increase from 400 nm to 870 nm in spring, summer and winter,
indicating the presence of aerosol particles with high scattering
effect from visible to the near-infrared spectrum (Sokolik and
Toon, 1999). After that, they declined slightly from 870 nm to
1020 nm across different seasons (Wang et al., 2014). In addition,
the SSA value reached the lowest level in winter from 340 nm to
675 nm, mainly caused by the strong absorption capacity and
wavelength dependence of carbonaceous aerosols which made
the absorption cross-section to drop significantly from UV to VIS
(Kirchstetter et al., 2004; Feng et al., 2013). Similar to previous
observations in the Yangtze River Delta of China (Liu et al,
2012), the difference in autumn is that SSAs increased with
wavelength in the range 400-675nm, and declined with
wavelength in the range 675-1020 nm.

Figure 10 shows the seasonal average of real RI, imaginary RI,
and SSA at 500 nm for BB/UI and DD aerosol, based on the
classification in Figure 5. Compared with BB/UI, the real RIs of
DD are larger, but the imaginary RIs have smaller values in
spring, summer, and winter, indicating that DD has stronger
scattering and weaker absorption. The imaginary RIs and SSAs of
BB/UT have strong seasonal variation. Especially for summer, the
imaginary RI is weak and the SSA is larger than 0.95. The high
SSA values observed in the BB/UI aerosols were possibly related
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to the aging of smoke plume during transport and hygroscopic
growth (Yu et al., 2013).

The ASY represents the first-order moment of the scattering
phase function, which describes the scattering direction of light
after interacting with aerosol particles. It is related to particle size
and composition, and is a key parameter that determines aerosol
radiative forcing. ASYs range from 0.1 in very clean conditions to
0.75 in polluted and cloud-free atmosphere (Zege et al., 1991).
Figure 9D shows the variation of ASY with wavelength in
different seasons, decreasing from a maximum value of
0.74 for short wavelengths to a minimum value of 0.62 for
long wavelengths, which exhibited the same change trend for
all seasons with a continuous downward trend in the visible band
and a slight upward trend after 870 nm. The peak values of ASY
spring occurred at 340-500 nm
500-1,020 nm, respectively. The significant decline of ASY in

in summer and and
summer and autumn indicates suggesting that absorbing
anthropogenic aerosols are dominant (Alam et al., 2011, 2012;
Bibi et al., 2017). However, lower decrease in spring and winter
suggests the presence of coarse-mode scattering aerosols (mainly

dust) in fine-mode absorbing aerosols (Alam et al., 2012).

3.4 Lidar ratio

Using the aerosol VSD and CRI inversion of the sky-
radiometer, combined with the Mie-scattering theory, the
daily aerosol LRs in Xi’an area from 2015 to 2018 are
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retrieved. To compare with the results of 355 nm Raman
lidar, the closest wavelength of sky-radiometer to the lidar
system (340 nm) is selected in this paper. Figure 11A displays
a monthly change of aerosol LRs in 340 nm over Xi’an region.
It reveals the large fluctuation of aerosol LRs in Xi’an at
different time, indicating the huge changes in the monthly
aerosol composition and microphysical characteristics in
Xi’an. Among them, the higher values occurred in
September (85.35 + 26.48) and January (69.88 + 13.25),
while the lowest value happened in May (41.40 + 8.61).
Figure 11B illustrates the seasonal variation distribution of
the aerosol LRs in 340 nm. It shows the aerosol LRs in
different seasons at averages of 57.41 + 6.00, 49.95 + 8.89,
63.95 * 6.77, and 63.24 * 20.15, respectively. The reason why
the aerosol LR bottomed in spring might be related to the
frequent dust weather occurrence in Xi’an accompanied by the
mixing of a large amount of dust aerosol in the air. Besides,
previous studies have confirmed that the LR of large DD is
generally lower than other aerosols (Franke et al., 2001;
Ansmann et al., 2005). The higher aerosol LRs in autumn
and winter could be due to the increased concentration of
small carbon-containing aerosol particles in the air mainly
from concentrated heating with high absorption (Franke et al.,
2001; Ansmann et al., 2005). However, the LRs in autumn
need to be further validated and analyzed due to so few
effective observation data. Figure 11C shows the annual
distribution of the 340 nm LRs in Xi’an during 2015-2018.
We would like to point out the effective measurements of

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1039559

Liu et al.

150

1001

LR, (Sr)

50

1 2 3 45 6 7 8 9 1011 12
Month

100

LR, (Sr)

407

20

2015 2016 2017 2018
Year

FIGURE 11

10.3389/fenvs.2022.1039559

o~
&4
ME 60
=)
40
20

Spring Summer Autumn  Winter
Season

<

100

200

340 380 400 500 675 870 1020
Wavelength (nm)

Monthly (A), seasonally (B), yearly mean (C) and spectral variations of lidar ratios (D).

2 months (i.e., February and March) in 2018. It can be seen
that the highest aerosol LR in 2017 was 60.22 + 14.54, and the
results for the other 3 years differed little, which were 51.57 +
13.64 (2015), 52.38 + 14.15 (2016), and 55.73 + 9.74 (2018),
respectively. The reason why the LR in 2017 was relatively
high might be related to the serious air pollution and the
complicated types of aerosols in that year (Su et al., 2018).
Figure 11D shows the spectral variations of LRs, and the
average values from 36.55 + 13.40at 870 nm to 61.16 +
25.92 at 340 nm, with the characteristics of LRs of overall
decline at shorter wavelengths (340-870 nm) and increase at
longer wavelengths (870-1,020 nm).

Furthermore, according to the method of classifying aerosols
based on AOD and AE, the average aerosol LRs of different types
are obtained. Here we emphasize more on the effects of
nonsphericity of mineral dust which cannot be taken into
account in the calculation of LR of dust aerosol (owing to
Mie-scatter theory used in this paper is only suitable to
spherical particles). The results reveal that the average value
of the LRs was 45.57 + 17.48 for clean aerosol. The LR of BB/UI
aerosol was 60.87 + 12.18, close to the LR of 62 detected in Balis
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et al. (2000). Besides, the LR of DD and MX were 52.24 +
14.30 and 47.06 + 11.21, respectively.

3.5 Case study: Comparative analysis of
lidar ratios

In this paper, the LRs and their errors inverted by the sky-
radiometer are compared and analyzed with the LRs (355 nm)
derived from Raman lidar system. There is negligible difference
in extinction and backscatter between the two wavelengths.
Figure 12 shows the distribution of aerosol backscatter, extinction
coefficient and LR profiles at 355 nm with different measurement
time, respectively. To realize collaborative observation and
comparison of sky-radiometer and lidar, the observation time
interval of two instruments is kept within 6 min (see Table 3).
We think that uniform atmosphere condition can be observed by the
two instruments when the difference in measurement time is small.
Overall, the effective detection height of backscatter coefficient can
exceed 8km, while the extinction coefficient can only reach about
3 km. Figure 11A shows the backscatter coefficients at Feb. 02,
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sky-radiometer at different times corresponding to lidar.

TABLE 3 The average lidar ratios and relative errors inverted using two detection methods.

Raman lidar Sky-radiometer

Time LR/Sr Time LR/Sr
2018/02/04 13:57 67.63 2018/02/04 14:00 53.61
2018/03/27 15:44 64.75 2018/03/27 15:50 60.84
2018/03/27 15:59 56.42 2018/03/27 16:00 62.8

2018 with a loft layer within the height of 2.0-3.0 km. It can be seen
that the profile of the aerosol backscatter coefficient had a certain
fluctuation within the height of 5-6 km at Mar. 27, 2018, and a
maximum value near 5.2 km. Figure 11B shows that extinction
coefficients at 355nm were highly variable which varied from
02km™ to 04 km™ in the lofted particle layer. The maximum
values still occurred at around 2.5 km height and displayed the lofted
layer in 2.0 km and 3.0 km with extinction coefficients of 0.4 km™
and 03 km™ at 15:44 and 15:59 27 Mar. 2018, respectively. They
showed the tendency of the lofted layer to rise and fall with time.
Figure 12C shows the comparison of the LR from 355nm RL
measurements with the column-averaged of the sky-radiometer at
three different measurement times. The LR from sky-radiometer was
determined according to Eqs 1-5 which indicate different aerosol
characteristics. Ansmann et al. (2005) showed that LR decreases with
particle size and increases with relative contribution of absorption to
total extinction. Moreover, LR is generally lower for larger particles
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Relative error

Mean values <10% (Km) <20% (Km)

20.7 1.22-1.64 1.01-1.85
6.03 1.10-1.19 1.03-1.34, 1.96-2.62
11.3 1.10-1.88 1.01-2.03

with lower light absorption (roughly 20-30 sr), and larger for small
particles with highly absorbing urban aerosol (about 70-100 sr)
(Franke et al,, 2001). Similar phenomenon can be seen in Figure 12C,
where LRs increase at the range of 50-100 sr as extinction coefficient
increases from lofted layer. In detail, the column averaged LRs of
67.63 sr, 64.75 sr and 56.42 sr were obtained from the three lidar
measurements. The column averaged LRs from sky-radiometer are
53.61, 60.84 and 62.8 sr for the spherical particle model, respectively.
Table 3 shows the relative error between the average value in the
observation altitude range of Raman lidar and the LR derived from
sky-radiometer, and the height ranges that the relative errors of the
two detection methods are less than 10% and 20% at different times.
It can be seen that the average LRs within the effective detection
height of RL inversion at different times are large than the LR of sky-
radiometer inversion, and the relative errors are within 6%-20%.
This finding is consistent with theory and other studies (Ferrareet al.,
2001; Miiller et al., 2004; Miiller et al., 2007). The main reason is that
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the aerosol LRs of the entire atmosphere are inverted using sky-
radiometer, while RL detects aerosol information from lower and
middle atmosphere. Besides, errors of VSD and CRI probably enter
into the calculation of the LR in the case of the sky-radiometer data.
Overall, the relative error between the LR of the sky-radiometer and
the Raman lidar inversion is generally less than 20% at an altitude of
approximately 1-2 km. Therefore, the LRs at this altitude from the
sky-radiometer inversion can be used as the hypothetical value for
the inversion parameters of the lidar Fernald method.

4 Discussions and conclusions

Based on sky-radiometer, this study derived and analyzed aerosol
micro-physics parameters (AOD, AE, SSA, VSD, VOL, CRI, and LR)
in Xi’an region during 2015-2018. By combining the aerosol VSD
and CRI inversion of the sky-radiometer and the Mie-scattering
theory, we retrieved the daily aerosol LRs in Xi’an area from 2015 to
2018. The characteristics of the aerosol LR were analyzed statistically,
and the results were used for comparison and analysis with RL.

AQDs, has a pronounced seasonal variation and the averaged
AQDs in winter was slightly higher than those in other seasons. The
3-year averaged AE value indicates the dominance of fine-mode
particles in the Xi'an area and the lowest value occurred in spring.
The MX aerosols accounted for the largest contribution over XAUT
site, followed by BB/UI aerosols. CC aerosol held a considerable
proportion which peaked in summer. The high AOD in Xian
indicates the heavy overall aerosol loading and frequent weather
pollution in this region, mainly driven by accidental factors (e.g.,
dust weather in spring and winter) and accumulation of fine particle
aerosols across all seasons. There were a bimodal distribution in
winter, and a trimodal distribution in other seasons. The summer VSD
in the fine mode was higher than other seasons, and there was a
characteristic of being higher in spring and winter compared to other
two seasons under the coarse mode. Difference with the real CRI
showed significant seasonal variations, and the imaginary CRIs were
highly sensitive to the wavelength.

The cause of the lowest aerosol LR in spring might be due to
the frequent dust weather occurrence in Xi'an. The higher aerosol
LRs in autumn and winter could be due to the increased
concentration of small carbon-containing aerosol particles in
the air mainly from concentrated heating with high absorption.
There was some error between the LR of the Raman lidar and sky-
radiometer inversion, about 6%-20%. This could be that the
observation wavelength of the Raman lidar is 355nm, while the
wavelength of the sky-radiometer is 340 nm. Previous studies
pointed out that the aerosol LRs correspond to different
wavelengths differently. Raman lidar detects low- and mid-level
atmosphere, while the sky-radiometer observes the entire layer
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atmosphere. Hence, some bias could be introduced in the sky-
radiometer retrievals because cloudy days (thus, comparatively
high aerosol water content) are underrepresented. During the
inversion of the aerosol optical-physical parameters using the
sky-radiometer, inaccurate calibration results of the instrument,
VSD and CRI reverse errors can lead to an error of LR. Similarly,
inaccurately derived extinction and backscatter coefficients can
also result in an error of LR.
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