
Atmospheric Environment 244 (2021) 117912

Available online 3 September 2020
1352-2310/© 2020 Elsevier Ltd. All rights reserved.

Seasonal characteristics of aerosol vertical structure and autumn 
enhancement of non-spherical particle over the semi-arid region of 
northwest China 

Tian Zhou a, Hailing Xie a, Tao Jiang b, Jianping Huang a,*, Jianrong Bi a, Zhongwei Huang a, 
Jinsen Shi a 

a Key Laboratory for Semi-Arid Climate Change of the Ministry of Education, College of Atmospheric Sciences, Lanzhou University, Lanzhou, 730000, China 
b College of Meteorology and Oceanography, National University of Defense Technology, Changsha, 410000, China   

H I G H L I G H T S  

• The spatiotemporal distribution of atmospheric aerosol behavior throughout a year were shown over SACOL region for the first time. 
• The depolarization ratios (δ) in spring are higher than those in other seasons. 
• Large differences of aerosol extinction coefficient (σa) in four seasons exist below 2 km, especially within 1 km. 
• The enhancement of the coarse particles and smaller particles resulted in the sharp increase of σa and δ in autumn.  
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A B S T R A C T   

Assessments of the effects of aerosols on the climate and environment still feature large uncertainties, and a 
better understanding of the spatiotemporal variation in these effects is needed. In this study, coincident obser-
vations of ground-based lidar and sun photometer measurements from March 2010 to February 2011 were 
selected to examine the sensible seasonal characteristics of the aerosol vertical structure and the potential var-
iations of aerosol properties before and during the wintertime heating period at SACOL (Semi-Arid Climate and 
Environment Observatory of Lanzhou University, 35.946◦N, 104.137◦E, 1961 m ASL), northwest of China. Our 
results suggest that the aerosol behavior during a year can be roughly divided into two major periods: the non- 
spherical particle dominated period and the spherical particle dominated period based on the depolarization 
ratio, or the dust-dominated period (spring and winter) and the non-dust-dominated period (summer and 
autumn) based on the aerosol angstrom exponent. The height and width of peak of aerosol scale height frequency 
distribution show the distribution of aerosol layers in summer is highest, then followed by spring, autumn and 
winter. The depolarization ratios at different heights in spring are higher than those in other seasons. A similar 
distribution of extinction coefficients above 2 km can be seen in four seasons, but relatively large differences exist 
below 2 km, especially within 1 km. The increase of the extinction coefficient is observed near surface in 
November 2010 with a sharp increase in depolarization ratio which is induced by the rising contribution of the 
dust events (up to 13%) and the mixed type aerosols (70%). These results not only provide detailed charac-
teristics of aerosol variation over the SACOL region, but also remind us to take into account the potential 
contribution of dust aerosol to the severe regional air pollution during the wintertime heating period.   

1. Introduction 

The radiative impact of atmospheric aerosol particles is one of the 
largest sources of uncertainty in accurately assessing their climate 

effects (IPCC, 2013). Atmospheric aerosol particles modulate the radi-
ation budget of Earth’s-climate system both directly and indirectly. They 
directly scatter and absorb incoming solar radiation and outgoing 
terrestrial radiation (Charlson et al., 1992; Huang et al., 2010a), and 
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indirectly alter cloud properties by acting as cloud condensation nuclei 
or ice nuclei (Huang et al., 2015; Rosenfeld, 2000; Twomey, 1974). The 
quantification of aerosol climate effects is quite challenging due to their 
complex sources, large spatial and temporal variations, and complex 
mechanisms of their interaction with radiation and clouds (Ramanathan 
et al., 2001). 

At present, research on aerosol optical, microphysical and chemical 
properties is relatively abundant, but studies on the vertical character-
istics of aerosol is still scarce (Che et al., 2009). The uncertainty in the 
aerosol vertical structure alone can contribute as much as 0.5 W m-2 to 
the uncertainty in global aerosol forcing (Choi and Chung, 2014). Some 
previous studies have shown that when using column-integrated aerosol 
optical depth, column-mean single scattering albedo and asymmetry 
factor in calculations of the direct radiative forcing of aerosols, the 
vertical distribution of the aerosol extinction coefficient had very little 
impact at the top-of-the-atmosphere and surface but significantly 
changed the vertical profiles of the heating rate (Gadhavi and Jayara-
man, 2006; Guan et al., 2010; Huang et al., 2009; Johnson et al., 2008), 
changed the stability of the atmosphere, and affected convection, tur-
bulence and clouds (Lee, 2012; Li et al., 2018; Sun et al., 2019). The 
same aerosol type can produce different climatic effects (warming or 
cooling) and local feedbacks (snow/ice albedo and clouds) depending on 
its vertical location (Flanner, 2013). And also, the larger errors of the 
quantification of aerosol radiative effects can be introduced by the 
multi-layers aerosol transport or the elevated aerosol layer comprised 
different aerosol types (Das et al., 2013; Pani et al., 2016; Vuolo et al., 
2014; Wang et al., 2010). Thus, it is of great significance to evaluate 
aerosol vertical structure and study the radiation and climate effects of 
aerosols. 

The vertical structure of aerosols not only largely determines their 
residence and transport times (Bourgeois et al., 2015; Huang et al., 
2008a) but also reflects the degree of aerosol loading (Sheng et al., 2019; 
Zhang et al., 2015; Zhou et al., 2013). Lidar, a powerful active remote 
sensing technique, has been widely used to detect the vertical distribu-
tion and spatiotemporal evolution of aerosols. Liu et al. (2012) and Fan 
et al. (2019) analyzed the seasonal characteristics of aerosol vertical 
structure at a site in the Yangtze River Delta region of China based on 
lidar measurements during 2008–2009 and 2013–2015, respectively. As 
reported by their studies, some elevated aerosol layers were traced back 
to northern/northwestern China, as far as Mongolia and Siberia, in 
spring, autumn and winter. Lee et al. (2019) analyzed the 
three-dimensional air quality structure using ground observation data 
and lidar measurements to identify vertical aerosol intrusion, and pre-
dicted haze pollution episodes caused by transboundary-transported 
heavy pollutants. The relationship between seasonal variations in 
aerosol optical depth and planetary boundary layer height was discussed 
by He et al. (2008). They pointed out that the contribution of aerosols 
within the planetary boundary layer to the monthly mean aerosol op-
tical depth (AOD) is approximately 64% in Hong Kong. The similar 
studies were also reported by Kudo et al. (2018) using ground based 
measurements, and by Matthias et al. (2014) with chemistry transport 
models. Moreover, the aerosol vertical structure also affects the rela-
tionship between the AOD and the particle mass concentration (Chew 
et al., 2016; Zhao et al., 2018). Comparing different vertical distribution 
estimation approaches, Su et al. (2017) pointed out that the converted 
PM2.5 concentration from lidar-derived boundary layer heights shows 
the best agreement between retrievals and observations, with a corre-
lation coefficient of 0.73. 

Although the continuous measurements of the single ground-based 
lidar are not available for large regions, the climatology pattern of 
aerosol structure over the distinct environment can be determined. The 
vertical distributions of aerosol concentrations and properties in Dun-
huang have already been focused by Iwasaka et al.(2003; 2004), and 
they strongly suggested that the non-spherical dust particles with large 
depolarization ratios frequently diffused in the free atmosphere. Using 
the aircraft measurements over the Loess Plateau, the vertical 

distributions of aerosol optical properties (including aerosol scattering 
coefficients, absorption coefficients and so on) were obtained, and the 
most of aerosol particles in the lower level originated from local or 
regional pollution emissions was indicated by Li et al. (2015). Based on 
the long-term measurements from SACOL and the short-term intensity 
observation field campaigns, many previous studies focused on the op-
tical and microphysical properties of aerosols (Bi et al., 2016b, 2017; Liu 
et al., 2011; Zhang et al., 2019). Only several studies have been done on 
long-range transported dust cases and the vertical structure of atmo-
spheric particles over SACOL region (Cao et al., 2013; Huang et al., 
2010b; Wang et al., 2012; Xie et al., 2017; Zhang and Li, 2012; Zhou 
et al., 2018). Furthermore, the average profiles of aerosol extinction 
coefficient were only presented by these studies. There is no the detailed 
seasonal characteristics of the aerosol vertical structure over this region. 
In addition, the effects of human activities on aerosol properties cannot 
be ignored completely when the seasonal characteristics of aerosol 
properties are involved. Unlike the four seasons, the human activities 
are not so rigidly compartmentalized. For example, the beginning and 
duration of wintertime heating period vary among the different regions 
in northern China. Usually, the heating period starts in late autumn 
(even earlier), and then the anthropogenic pollution level rises due to 
the heating (Sheng et al., 2019). It is also found that the intensity and 
frequency of anthropogenic pollution in autumn are not less than those 
in spring and winter (Chen et al., 2014). Previous studies pointed out 
that the SACOL region is dominated by dust particles in spring, 
anthropogenic aerosols in summer and mixtures of dust with anthro-
pogenic pollution in winter (Tian et al., 2018; Wang et al., 2013), but 
there are few clear conclusions about aerosols in autumn, and particu-
larly nothing is known about the potential variations in aerosol prop-
erties associated with heating in November. 

Therefore, this work aims to examine the sensible seasonal charac-
teristics of aerosol vertical structure and then study the variation in 
aerosol vertical properties before and during the wintertime heating 
period based on the ground-based measurements at SACOL. The 
remainder of the paper is structured as follows: The instruments and 
data evolution are described in Section 2. The results and discussion are 
found in Section 3. A summary follows in Section 4. 

2. Instrumentations and data processing 

2.1. Site 

SACOL, which is a permanent and rural station located on top of a 
mountain, is approximately 23 km in the straight-line distance from 
Lanzhou City. Some measurements (e.g. boundary layer meteorological, 
surface radiation, surface fluxes, soil parameters, ambient air, aerosol 
optical properties and vertical profiles, temperature and water vapor 
profiles) have been carried out at this site since 2006. In the past decade, 
the influence of urban expansion on atmospheric measurements has 
gradually emerged, especially aerosol measurements. These long-term 
and coincident measurements of multiple instruments were continu-
ously conducted and provided many opportunities to study the process 
and properties of atmospheric aerosols over the semi-arid region, 
northwest China. More descriptions about station can be found in a 
previous study (Huang et al., 2008b). 

2.2. Dual-wavelength polarization lidar 

In this study, all vertical profiles of atmospheric aerosols were 
derived from the dual-wavelength polarization lidar which is the AD-Net 
standard system. The automated measurement of the lidar system was 
performed continuously at SACOL since October 2009. The lidar em-
ploys two-wavelength (532 and 1064 nm) Mie-scattering and polariza-
tion measurements at 532 nm. A telescope with a diameter of 20 cm is 
used to collect the backscattered light. Other specifications on hardware 
system can also be found in previous studies (Shimizu, 2004; Sugimoto 
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et al., 2002). Here, the most continuous lidar measurements from 
January 2010 to March 2011, and the measurements in October and 
November of 2009, 2011 and 2012 were selected to support our work. 

Referring to the standard data processing of AD-Net, the overlap 
function of the laser and the field of view of the telescope were deter-
mined by observed profiles under well-mixed boundary layer condi-
tions, and compensates the backscattering signal below 600 m (Shimizu, 
2004). In this study, we defined the linear volume depolarization ratio, δ 
as: 

δ= P⊥/P‖ (1)  

where P⊥ and P‖ are the backscattering signal intensity of perpendicular 
and parallel components, respectively. In order to eliminate the different 
sensitivity of the both polarization channels, a linear polarizer whose 
polarizing direction is inclined 45◦ to that of the cubic polarizer was 
placed in front of the cubic polarizer to obtain profiles for the calibra-
tion. As reported by some previous studies, the depolarization ratio of 
air pollution is very small (~0.05 ± 0.04), while that of pure dust (or 
fresh dust) is basically larger than 0.3 (Freudenthaler et al., 2009; Müller 
et al., 2014; Tesche et al., 2019). The similar summaries were also re-
ported with the measurements of the dual-wavelength polarization lidar 
in AD-Net. As recommended by Shimizu et al. (2004), although 0.1 is 
large for a single spherical particle, the depolarization ratio of the region 
is less than 0.1 it is identified as spherical aerosol (anthropogenic 
pollution) which means an air mass contains spherical particles domi-
nantly. Otherwise, the depolarization ratio of the region is greater than 
0.1 it is identified as non-spherical aerosols. The depolarization ratio is 
larger than 0.3 for dust and is between 0.1 and 0.3 for mixed type 
aerosol (polluted dust or dust mixed with air pollution) (Sugimoto et al., 
2015a). 

The threshold method recommended by Sugimoto et al. (2015b) was 
used to remove clouds and heavy rain before applying an inversion 
method to the 15-min average lidar profiles. For our lidar system, the 
empirical threshold of upward gradient of the attenuated backscattering 
coefficient (ABC) is 1 × 10− 8 m− 2sr− 1 for cloud base height. If the 
maximum of the ABC between cloud base and cloud top was less than 1 
× 10− 6 m− 1sr− 1, the feature layer was not identified as cloud. The rain 
was marked by the gradient threshold (beyond − 5 × 10− 17) of signal 
below 2 km. Considering the annual variation of aerosol components, 
the AOD constrained Fernald method described by Huang et al. (2010b) 
was used to retrieve aerosol lidar ratios based on the coincident mea-
surements of lidar and sun photometer. The brief steps are as follows: (1) 
selected the coincided measurement of lidar and sun photometer; (2) 
assumed the initial lidar ratio to retrieve the aerosol backscatter coef-
ficient in the first iteration; (3) the AOD_AEROENT (it could be represented 
by the column integrated aerosol extinction coefficient) at 532 nm was 
divided by column integrated aerosol backscatter coefficient to obtain 
the new lidar ratio; (4) compared the new lidar ratio with the previous 
lidar ratio, if the difference is greater than 5%, then the new lidar ratio 
was assigned to the next iteration again, and repeated steps (2) ~ (4); (5) 
the median value of lidar ratios in each month is as the monthly constant 
lidar ratio. Where, the boundary condition of the backward inversion 
method was set at 6 km. Rayleigh scattering from atmospheric molecules 
was calculated via the atmospheric density profile in the U.S. Standard 
Atmosphere (1976). The constant extinction coefficient within blind 
zone (200 m) was assumed, and it is equal to the value of the first height 
bin above blind zone. Then, the median value in each month represents 
the monthly constant lidar ratio which could be found in Table 1 of 
Supplementary. The aerosol backscatter coefficient βa was further ob-
tained using the backward inversion method (Fernald, 1984) with the 
assumption of monthly constant lidar ratio at 532 nm. The aerosol 
extinction coefficient σa was approximated from the βa multiplied by the 
monthly constant lidar ratio. The σa is easily related to the 
column-integrated aerosol optical depth by: 

AOD lidar =

∫

σa(z)⋅dz (2) 

As shown by Fig. 1, the AOD_lidar was compared with coincident 
AOD_AERONET at 532 nm during range from Oct 2009 to Mar 2011. 
Where, the AOD_AERONET at 532 nm was interpolated by the AODs at 440 
nm and 675 nm (same hereinafter). The correlation coefficient of both 
independent AODs is about 0.8. The good consistency examines the 
extinction coefficient inversion with monthly constant lidar ratio, and 
could support the subsequent results. 

2.3. Sun photometer 

The CE-318 Sun photometer is the standard instrument of AERONET, 
and makes sun-tracking and sky scanning measurements every 15 min at 
wavelengths of 340, 380, 440, 500, 675, 870, 940 and 1020 nm (Holben 
et al., 1998). It can provide atmospheric columnar spectral-resolved 
AOD and aerosol inversion products (e.g., angstrom exponent and sin-
gle scattering albedo; more products can be found on the AERONET 
homepage: http://aeronet.gsfc.nasa.gov). The AERONET products at 
SACOL are available from July 2006 to May 2013. In this study, only 
quality-assured datasets of version 3 level 2.0 corresponding to the lidar 
data were used. Notably, the AOD at 532 nm was calculated via inter-
polation of that at 440 nm and 675 nm. 

3. Results and discussion 

3.1. Measurement overview 

To our knowledge, there is no related report presenting the time- 
height section of atmospheric aerosols at fixed station throughout the 

Table 1 
The percentage of anthropogenic pollution, mixed type and dust in October and 
November of 2010 and 2012. The three aerosol types were only identified with 
the thresholds of lidar depolarization ratios mentioned in section 2.2.   

2010 2012 

Oct Nov Oct Nov 

Anthropogenic pollution 85 17 78 23 
Mixed type 15 70 22 70 
Dust 0 13 0 7  

Fig. 1. The scatter plot of AOD_lidar and AOD_AERONE at 532 nm.  
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year over northwest China. Here, the overall time-height sections of 
atmospheric aerosol were given by the daily averaged aerosol extinction 
coefficient and daily averaged linear volume depolarization ratio. The 
temporal window from March 1, 2010 to February 28, 2011 was selected 
to exhibit the annual variation in aerosol behavior. As shown in Fig. 2(a) 
and (b), the aerosol layer distributions could be directly captured from 
the daily averaged extinction coefficient and depolarization ratio pro-
files. The significant indication confirmed by the linear volume depo-
larization ratio in Fig. 2(b) is that the aerosol behavior during a year can 
be roughly divided into two major periods: the non-spherical particle 
dominated period (late autumn, winter and spring) with high depolar-
ization ratio, and the spherical particle dominated period (summer and 
early autumn, if several dust events during this period are ignored) with 
low depolarization ratio. 

The AERONET daily averaged AOD at 532 nm and lidar-retrieved 
daily averaged AOD at 532 nm are also shown in Fig. 2(c). The 
AOD_AERONET varies between 0.06 and 1.78, and the median value is 
0.29 throughout the year. The AODs in spring are highest, and followed 
by winter. As pointed out by Dubovik et al. (2002), the value of 
angstrom exponent at_440–870 (AE_440-870) nm for dust aerosols with 
range from − 0.1 to 0.6. The similar range between 0.3 and 0.7 was also 
reported by Smirnov et al. (2002), but for sea salt with low AOD at 440 
nm. In the study by Bi et al. (2016a), they divided dust aerosol into two 
subtypes based on AERONET data over Central and East Asian 
(including SACOL station): the long-range transport polluted dust (0.2 
≤ AE_440-870 ≤ 0.6) and the pure dust (AE_440-870 < 0.2). Similar to the 
depolarization ratioAE_440-870 threshold of 0.6 is used. Another intuitive 
distribution is also roughly divided into two major periods: the dust 
dominated period (spring and winter) and the non-dust dominated 
period (summer and autumn). According to the angstrom exponent 
thresholds recommended by Westphal et al. (1991) and Eck et al. 
(1999), the values of angstrom exponent ≤ 1 indicates size distributions 
dominated by coarse mode aerosols (radius ≥ 0.5 μm), and the values ≥
0.2 indicate size distribution dominated by fine mode aerosols (radius ≤

0.5 μm). Obviously, the most of circumstances in summer and autumn 
have the intermediate distributions. 

Here, we were also attracted to the considerable oscillation of the 
AE_440-870 with a range of 0.2–1.3 from November to December 2010. 
During this period, the depolarization ratios in Fig. 2(b) sharply increase 
and remain high level. And also, this period coincides with the winter-
time heating over the SACOL region. Therefore, this also encouraged us 
to analyze some variations in aerosol properties before and during the 
wintertime heating. 

3.2. Aerosol vertical characteristics 

3.2.1. Seasonal variation in vertical structure 
The averaged profiles of the aerosol extinction coefficient and de-

polarization ratio in each season are shown in Fig. 3(a)–(d). Similar 
vertical patterns, in which values exponentially decrease with increasing 
height, can be found in the three seasons other than summer. The parts 
of the profiles below 2 km height in summer are nearly constant and are 
lower than 0.1 for both of the extinction coefficient and depolarization 
ratio. Over SACOL region, the measurements are frequently influenced 
by elevate-transported dust layers in free troposphere and dust events 
within the atmospheric boundary layer in spring. So, the depolarization 
ratios at different height in spring are higher than those in other seasons. 
While, the largest extinction coefficients exist near ground surface in 
winter due to the static weather and low visibility during this period. 

Further, the modified aerosol scale heights (Hm) are derived from 
vertical profiles of aerosol extinction coefficient such that approximately 
63% of the total AOD_lidar exist below the height bin (Hayasaka et al., 
2007). Hm is defined as 

∫Hm

0

σa(z)⋅dz=AOD lidar(1 − e− 1) ≅ 0.6321⋅AOD lidar (3) 

The frequency functions of Hm with a 500 m interval are shown in 

Fig. 2. The time series of the NIES lidar and sun photometer from January 1, 2010 to March 31, 2011. The time-height sections of (a) aerosol extinction coefficient 
and (b) linear volume depolarization ratio by NIES lidar. (c) aerosol optical depth at 532 nm (red dots) and angstrom exponent at 440–870 nm (AE_440-870, blue dots) 
from AERONET, aerosol optical depth (green dots) at 532 nm by NIES lidar. Each season is marked by black dashed lines. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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Fig. 3. Overall, the most of Hm are bellow 4 km, and there is an unimodal 
distribution exists in each season. Considering the height and width of 
peak of Hm frequency distribution, it is shown that the distribution of 
aerosol layers is highest in summer, then followed by spring and 
autumn, and winter. 

3.2.2. Height-resolved vertical structure 
Here, the layer-averaged extinction coefficient and layer-averaged 

depolarization ratio were calculated within Hm. The normalized scat-
ter plots of both are shown in Fig. 4(a)–(d). Excluding the summer, the 
large depolarization ratios are basically associated with the high 
extinction coefficients. The positive correlation between depolarization 
ratios and extinction coefficients implies the dust aerosols dominate 

Fig. 3. The averaged profiles of the extinction coefficient (blue) and the linear volume depolarization ratio (red) with the standard deviation for (a) spring, (b) 
summer, (c) autumn and (d) winter. The frequency of the modified aerosol scale height (Hm) with 0.5 km interval was marked by green dots. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Scatter plots between the layer-averaged volume depolarization ratio and layer-averaged extinction coefficient within Hm for (a) spring, (b) summer, (c) 
autumn and (d) winter. 
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atmospheric aerosol loading in spring. The similar positive correlation 
also exists in autumn and winter, but weaker. The rest of high extinction 
coefficients are dominated by the aerosol whose depolarization ratios 
are range of 0.02–0.16 and 0.08–0.2 in autumn and winter, respectively. 
To obtain more detailed vertical characteristics of aerosols in each 
season, the atmosphere from the ground to 6 km was divided into five 
layers in height. The lowest layer ranges from 0.2 km to 1 km. The 
extinction coefficients and depolarization ratios below Hm are analyzed 
in different height level. In summer, the convective boundary layer with 
approximately 3–4 km in height is often measured over SACOL region. 
Therefore, the highest layer between 4 km and 6 km was used to reflect 
the potential contribution of some long-range transported aerosol layers. 
As shown in Fig. 5(a)–(d), the histograms of the extinction coefficient 
and depolarization ratio also present some differences. Unimodal and 
similarly distributed extinction coefficients above 2 km are clearly 
present in all seasons. The relatively large differences exist below 2 km, 
especially within 1 km. In winter, the widest range of extinction co-
efficients reveals the sharp variation in aerosol loading near ground 
surface, and followed by spring and autumn. For the depolarization 
ratio, all layers cover a wide range in spring, and the maximum values 
are beyond 0.21. Similar conditions can also be seen in winter, but the 
peaks of the depolarization ratio in different level are lower. In addition, 
the depolarization ratios show the bimodal distribution below 4 km in 
autumn and 3–4 km in winter. 

3.3. Variation in aerosol properties before and during wintertime heating 

The winter season and heating period are not strictly coincident over 
the SACOL region. We collected the notices and news about winter 
heating in the past ten years from internet. The heating periods nearly all 
start on 1st November, and end on next 31 March in urban core. The 
heating in suburban and rural areas may be a few days earlier. In 
addition, according to our historical lidar measurements, a few dust 
events have been captured in November. Combining the results in 

autumn described above, we analyzed the aerosol properties in October 
and November to demonstrate the potential variation before and during 
the wintertime heating period. Then, the potential causes of sharp var-
iations in the extinction coefficient, linear volume depolarization ratio 
and angstrom exponent were discussed. 

3.3.1. Variation in vertical structure 
Here, the historical lidar measurements during the first four years 

were selected to present the monthly profiles of the extinction coeffi-
cient and depolarization ratio in Fig. 6(a)–(d). Unfortunately, only a few 
profiles which were obtained from less than 10 days are available in 
2009 and 2011. As shown by Fig. 6(a) and (c), these profiles do not 
represent the real situation very well. Therefore, the aerosol scale 
heights were only identified in 2010 and 2012. In Fig. 6(b) and (d), the 
similar trend is shown that both the extinction coefficients and depo-
larization ratios in the lower atmosphere increase in November via 
comparing that in October. The increase signifies the aerosol loading 
and the proportion of non-spherical particles significantly increase after 
wintertime heating beginning. Moreover, the frequency functions of 
aerosol scale height also suggest that the aerosol particles concentrate in 
lower height in November of these two years. 

The height-resolved patterns in the vertical direction in 2010 and 
2012 are similar to the profiles in Fig. 6. In Fig. 7(a) and (b), the aerosol 
extinction coefficients below 1 km exhibit a wider range after the 
heating beginning, and the depolarization ratios below 2 km increase 
obviously from October to November in both years. The differences 
between 2 and 4 km in 2010 are less significant than that in 2012. The 
values in the range of 4–6 km are resulted by the high aerosol scale 
heights which are induced by the two scenes in vertical. One is the clear 
sky with very low aerosol loading near ground surface during cold front 
passing. The other one is the coupling of the elevated aerosol layers and 
the aerosol layers with low loading near ground surface. Thus, it is clear 
that aerosol loading and non-spherical particles mainly increase near 
ground surface during the wintertime heating period. 

Fig. 5. Histograms of the frequency of the linear volume depolarization ratio (red) and extinction coefficient (blue) within Hm for (a) spring, (b) summer, (c) autumn 
and (d) winter. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.3.2. Potential causes of σa and δ enhancement in November 
Coinciding with the lidar measurements, sun photometer measure-

ments were used to further explore the differences in aerosol properties 
before and during the wintertime heating period. Several AERONET 
products, namely, AOD, particle size distribution and asymmetry factor, 
were considered only in October and November of 2009, 2010 and 2011. 
The measurement in 2012 is absent. There are sufficient samples with 11 
days per month for these parameters, but only 8 days in October 2011. 
The limited data of single scattering albedo prevented us from trying to 
assess the variation in absorption properties. 

Unlike the decrease of AOD in 2009 and the increase in 2010, there is 
almost no change of AOD at four wavelengths in October and November 
of 2011. To some extent, these trends of AOD are closely related to the 
variation of aerosol particle size distribution in both months. The fine 
mode and coarse mode are almost equivalent in both months of 2011 
and in October of 2010. In 2009, the coarse mode dominates in both 
months, but it slightly weak in November. The most significant variation 
could be found in 2010. There, the coarse mode dominates in November, 
and the peak of the fine mode goes down from 0.25 μm to 0.11 μm. 
Comparing the mean AE_ 440-870 in 2009 and 2011, the decreasing 
amplitude of 0.22 also implies that the higher contribution of coarse 
particles in November of 2010. The asymmetry factor describes the 
angular distribution of the scattered radiation and determines whether 
the particles scatter radiation preferentially to the front or back. In Fig. 8 
(g)–(i), the pattern of variation in November 2010, which decreases, 
flattens and slightly increases with wavelength, is different from the 
others. The increase at 870–1020 nm is possibly attributed to the higher 
contribution of large particles associated with dust, which is 

predominantly forward scattering. A similar trend was reported in the 
Yangtze River Delta and Beijing in China (Yu et al., 2011). Therefore, the 
significant increase of extinction coefficients near ground surface is 
attributed to the increase of the coarse particles and the smaller particles 
in November of 2010. The dust particles as coarse particle should be 
responsible for the sharply increase of depolarization ratios in this 
month. The similar situation may be guessed in 2012. 

As for the increase of dust particles, we further analyzed the varia-
tions of three aerosol types (anthropogenic pollution, mixed type and 
dust mentioned in section 2.2) in both months of 2010 and 2012. As 
shown in Table 1, the percentages of the anthropogenic pollution in 
October of both years are higher than 78%. In November, the contri-
bution of dust is 7%–13%, and that of mixed type aerosol increase up to 
about 70%. The similar scenarios also occur in December and January 
(as shown by the Figure- S3 in supplementary). These high percentages 
of mixed type aerosol are basically consistent with our practical mea-
surements. That is: when the haze events outbreak during wintertime 
heating period, the depolarization ratios near ground surface show the 
intermediate values, so that it is difficult to distinguish dust from haze. 

4. Summary and conclusions 

In this study, the continuous ground-based lidar and coincident sun 
photometer measurements from March 2010 to February 2011 were 
selected to present the sensible seasonal characteristics of the aerosols 
vertical structure and the variation in aerosol properties associated with 
wintertime heating over the SACOL region, northwest China. Our results 
suggest that the aerosol behavior through a year over this region can be 

Fig. 6. Same as Fig. 3, but for October (Solid line) and November (dashed line) of (a) 2009, (b) 2010, (c) 2011 and (d) 2012.  

Fig. 7. Same as Fig. 4 but for (a) 2010 and (b) 2012. Solid and dashed lines denote October and November, respectively.  
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roughly divided into two major periods: the non-spherical particle 
dominated period and the spherical particle dominated period based on 
the depolarization ratio, or the dust dominated period (spring and 
winter) and the non-dust dominated period (summer and autumn) based 
on the aerosol angstrom exponent. Considering the height and width of 
peak of aerosol scale height frequency distribution, the distribution of 
aerosol layers in summer is highest, then followed by spring, autumn 
and winter. The depolarization ratios at different heights in spring are 
higher than those in other seasons. For the extinction coefficient, a 
similar distribution above 2 km is evident in all seasons, but relatively 
large differences exist below 2 km, especially within 1 km. Through 
analyzing the one monthly-averaged aerosol properties before and 
during the wintertime heating period, the increase of the extinction 
coefficient is observed near surface in November 2010 with a sharp 
increase in depolarization ratio which is induced by the rising contri-
bution of the dust events (up to 13%) and the mixed type aerosols (70%). 
The similar situation may be guessed in 2012. 

Here, the limited sun photometer measurements in 2009, 2011 and 
2012 prevent us from understanding the optical and microphysical 
properties of aerosol before and during the wintertime heating period. 
However, the potential similarities have been identified in the increases 
in the aerosol extinction coefficient and depolarization ratio during the 
heating period in 2012. Meanwhile, the uncertainties were also revealed 
by the differences of the optical and microphysical properties of aerosols 
during this period. For example, is the effect of human heating activities 
(e.g biomass burning, fossil fuel) on aerosol properties consistent during 
the early stage of each heating period? What extent is the potential effect 
of different degree of dust aerosol loading on anthropogenic pollution 
properties during wintertime heating period? These results encourage us 
to continuously focus on these issues through the combination of 
available measurements and simulation data. 
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Fig. 8. The aerosol properties derived from AERONET products in (a, d, g) 2009, (b, e, h) 2010 and (c, f, i) 2011. (a–c) aerosol optical depth, (d–f) particle size 
distribution, (g–i) asymmetry factor. The blue and red dots denote October and November, respectively. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.atmosenv.2020.117912. 
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