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Based on level 3 stratosphere aerosol profile data retrieved from CALIPSO

during 2007–2018, optical properties of stratospheric aerosols over the Xinjiang

China are analyzed. The results are as follows:Firstly, the optical depth of

stratospheric aerosol over Xinjiang is considerably higher in spring (0.0006)

and summer (0.0009), than in autumn (0.0003) and winter (0.0002). Secondly,

the backscattering ratio of stratospheric aerosol particles decreases with the

increase of altitude, with the bottom of the stratosphere as themain contributor

of the optical depth. Thirdly, for latitudinal distribution (35°–50° north latitude),

the backscattering ratio gradually increases from south to north, with an

average value that reaches 0.0013 × 10–3 km−1sr−1 at maximum in May and

0.0003 × 10–3 km−1sr−1 at minimum in January, October and December.
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1 Introduction

Aerosols are tiny particles in liquid or solid state with a diameter between 0.001 and

100 μm suspended in the atmosphere (Rosenfeld et al., 2007). Aerosol optical depth

(AOD) is one of the basic optical characteristics of Aerosol, and it is the integral of Aerosol

extinction coefficient in the vertical direction. AOD can calculate aerosol content,

determine aerosol scale, and evaluate aerosol climate effect, reflecting the degree and

type of regional atmospheric pollution to a certain extent (Xia et al., 2007; Kremser et al.,

2016).

Stratospheric aerosols play an important role in atmospheric radiation balance,

atmospheric photochemistry, and stratospheric atmospheric circulation processes

(Xu et al., 1998; Zhou et al., 2011; Zhang et al., 2012). On the one hand, stratospheric

aerosols can reflect or scatter short-wave (solar) radiation, and therefore reduce the

transmitted portion, decreasing ground surface temperature. On the other hand,

stratospheric aerosols can absorb short-wave radiation and/or long-wave (ground)

radiation, thus increasing stratospheric temperature (Hu and Shi, 1998; Qu et al.,
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2010). Precedent studies showed that, after volcanic eruption,

the chemical reaction of massive aerosols in the stratosphere

could change the balance of stratospheric trace gases

(especially nitrogen oxides NOX) (Liu et al., 2007; Cai

et al., 2011; Huang, 2018). For example, Liu Yu et al.

(2007) analyzed the change trend of stratospheric ozone

and aerosols and studied the time series of surface density

of stratospheric aerosols in Qinghai-Tibet Plateau using

SAGEⅡdata and found that large volcanic eruption had a

dramatic influence that could have lasted about 6 years on

stratospheric aerosols in Qinghai-Tibet Plateau. Other

scholars used the distribution of stratospheric aerosols to

study the characteristics of stratospheric atmospheric

circulation (Trepte and Hitchman, 1992; Hitchman et al.,

1994). Therefore, it is of great significance to explore the

long-term spatial and temporal distribution of stratospheric

aerosols and its role on regional and even global atmospheric

radiation and circulation.

Globally, ground-based observations of stratospheric

aerosols have been few, especially in harsh natural

environments such as alpine, desert and oceanic regions,

where the scarcity of ground observatories hindered the

acquisition of continuous and accurate stratospheric

aerosol data. In this regard, satellite remote sensing

technology can make up for the shortcomings of ground

observations including low spatial resolution and data

availability gap, and bring new opportunity for further

study. Current researchers in Xinjiang are seizing this

opportunity but mostly focus on studying the

characteristics of tropospheric aerosol distribution (Xia

et al., 2005; Gao, 2008; Yang et al., 2014; Zhang et al.,

2015), while researches on stratospheric aerosols are still

scarce. Therefore, this paper used CALIPSO spaceborne

LIDAR data from 2007 to 2018 to reveal the spatial and

temporal distribution characteristics of stratospheric aerosols

in Xinjiang. The results of this study can provide a scientific

basis for atmospheric environment control and future

pollution control in Xinjiang.

2 Studied area and data sources

2.1 Studied area and data sources

Located in the northwest of China, Xinjiang Autonomous

Region features dry climate with little rain, and high,

mountainous and desert-dominant terrain. With Tianshan

Mountains as the boundary, the studied area (35°–50° N,

70°–90° E) is divided into North Xinjiang and South Xinjiang

(see Figure 1), the latter of which hosts the largest mobile desert

of China (Taklimakan Desert).

2.2 Data source

In this study, the nighttime stratospheric aerosol data from

2007 to 2018 are derived from the level-3 product of stratospheric

profile acquired by CALIPSO, a polar-orbiting satellite launched

by NASA in June 2006 as a member of the “A-Train” earth

observing satellite formation. The equatorial transit time of the

satellite is 13:30 or 01:30 (UTC). The dual-wavelength lidar

(532 nm and 1,064 nm) it carries can obtain the global vertical

distribution profile of clouds and aerosols, and provide reliable

data for studying the interaction between clouds and aerosols

(Winker et al., 2006; Liu et al., 2016; Zheng et al., 2018).

The vertical resolution of the level-3 product of stratospheric

aerosols data was 900 m in altitude (covering 8.2–36.2 km), and

the horizontal resolution is 5° in latitude (covering 82.5° N~82.5°

S) and 20° in longitude (covering 170° W~170° E). Two variables

are selected from the 532 nm channel of the product to analyze

the temporal and spatial distribution of stratospheric aerosols in

Xinjiang, namely the stratospheric aerosols optical depth (AOD)

FIGURE 1
Geographical location of the study area.
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and particle backscattering intensity, each of which was divided

into the background value and the total aerosol value. The

background value was obtained by subtracting the level-2

value of could, aerosols and polar stratiform cloud from the

level-3 value, while the total aerosol value was obtained by

subtracting the level-2 value of could and polar stratiform

cloud from the level-3 value, reserving the aerosol value. The

total stratospheric aerosol value includes the value of volcanic

ash, sulfates, polar aerosols and rising smoke. The distribution

characteristics of stratospheric aerosols in the studied area are

based on the difference between total aerosol value and

background value.

The total attenuation backscatter and optical thickness are

used to analyze the optical properties of stratospheric aerosols.

Among them, the total attenuation backscatter variable to the

background value is in the range of 0–5.3 × 10–4 km−1 sr−1

effective range for quality control, optical thickness

within −0.05–0.06 effective range for quality control; The total

attenuation backscattering parameter for the total aerosol value is

in the range of 0–6.3 × 10–4 km−1 sr−1 effective range for quality

control, optical thickness within −0.02–2 effective range for

quality control. In addition, the quality of the meteorological

variable stratospheric average potential temperature is controlled

within the effective range of 300–1,250 km.

2.3 Research methods

2.3.1 Aerosol optical properties index
In this study, the optical properties of stratospheric aerosols

in Xinjiang region were determined by the difference between the

total attenuating backscatter (Total Attenuated Background,TAB)

and the background value of the optical thickness (Aerosol

Optical Depth,AOD) and the total aerosol value. The optical

properties of stratospheric aerosols in Xinjiang were

determined by the difference between the total attenuating

backscatter (TAB) and the optical thickness (AOD) of the

aerosols. The calculation formula is:

AOD � AODall − AODbg (1)
TAB � TABall − TABbg (2)

In the above equation, AOD is the aerosol optical thickness,

TAB is the total attenuated aerosol backscattering, subscript “all”

represents the total aerosol value, and bg in the subscript is the

Background abbreviation, representing the Background value

(Angell, 1993; McCormick et al., 1995; Li et al., 2019; Prasad

et al., 2019).

2.3.2 Data analysis index
The 3D variable total attenuated backscatter (TAB) represents

the difference between the total and background aerosols of the

TAB. The dimension of the variable is reduced, that is, the zonal

distribution is the integration of the variable in the direction of

Longitude. Similarly, the radial distribution means that the

variable is integrated in the direction of Latitude. The

calculation formula is:

TMla �
ΣN
i�1 · Σ170°

lo�−170°TAB

N
(3)

In Eq. 3, TM is the average total attenuated backscattering

value, and N is the number of third-level stratospheric aerosol

data from 2007 to 2018. lo is for Longitude and la is for Latitude

(Hunt et al., 2008).

3 Result and analysis

3.1 Seasonal distribution of global night
orbit scanning numbers of CALIPSO

In this study the four seasons are defined as spring fromMarch

to May, summer from June to August, autumn from September to

November, and winter from December to February. Figure 2 shows

the seasonal distribution of the global sub-satellite point scanning

lines by CALIPSO lidar at nighttime from 2007 to 2018. As can be

seen from Figure 2, the south Atlantic region has invalid values of

the number of orbital scans in all four seasons. The reason is that the

detection data in this region is set as invalid because of noise

problems. At the same time, the distribution of invalid data

values also appears in the Northern hemisphere high latitude

area in summer night, which may be caused by the limitation of

CALIPSO orbit scanning range, which is consistent with other

research results (Andersson et al., 2015). In addition, the number

of nighttime orbital scans in the southern, southern and northern

hemisphere of the four seasons is different at high latitudes.

Therefore, the use of the level-3 stratospheric aerosol data of

CALIPSO for Xinjiang region, with relative low attitudes, will not

be affected by the above phenomena.

3.2 Mean background and total values of
stratospheric AOD over Xinjiang

Figure 3 shows the seasonal distribution of the mean

background and total aerosol optical depth (AOD) values in

the stratosphere over Xinjiang from 2007 to 2018 by

CALIPSO. The distribution of stratospheric aerosols in the

studied area can be obtained by comparing the background

AOD (excl. Stratospheric aerosols) and the total AOD (incl.

Stratospheric aerosols). In general, the distribution pattern of

stratospheric AOD over Xinjiang is lower in autumn and winter,

but higher in summer. Possible reason is the increased convective

activity and strong wind in summer, which intensifies aerosol

exchange between troposphere and stratosphere; while the
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convective activity decreased in autumn and winter, resulting in

less aerosol exchange between troposphere and stratosphere

(Zhang, 2019). In winter, the optical depth value of

stratospheric aerosols in North Xinjiang increases significantly

against the background value, likely caused by the denser

population and higher fossil fuel consumption for heating in

North Xinjiang than South Xinjiang, therefore the generation of

more soot aerosols (i.e., the rising smoke) that is detected by

CALIPSO lidar (Hu et al., 2019) once reaching the stratosphere.

The maximum difference between the background value and

the total value is 0.0009, which occurs in summer, while the

difference between autumn and winter is much smaller

(0.0002 and 0.0003, respectively). In spring, the average

difference between the two is 0.0006.

3.3 Vertical distribution of mean
background and total aerosol
backscattering ratios in the stratosphere
over Xinjiang

Figure 4 shows the monthly variation of altitude-latitude

(35°–50° N) distribution of mean background and total values of

stratospheric aerosol backscattering ratio over Xinjiang from 2007 to

2018 based on CALIPSO. In Figure 4, the colored values are the

thousandths place values. In general, the vertical distribution of the

mean background and total aerosol backscattering values in all

12 months shows a pattern of decreasing with the altitude. The

latitudinal distribution of aerosol backscattering values show a

gradually increasing trend from south to north, indicating a

higher concentration of stratospheric aerosols in North Xinjiang

than in South Xinjiang, likely due to the denser population

distribution in North Xinjiang, resulting in more soot aerosols

emitted by human activities (Zhang et al., 2016). In addition, in

April, May, June, July, August and September, stratospheric aerosols

could be detected at a higher upper limit altitude (about 21 km) than

in other months, likely related to factors such as convective activity

and atmospheric dynamics.

Figure 5 shows the monthly variation of height-longitude

(70°–90° E) distribution of mean background and total values of

stratospheric aerosol backscattering ratio over Xinjiang from

2007 to 2018 based on CALIPSO. Similar to the altitude-

latitude distribution, the backscattering ratio of stratospheric

aerosols decreases with the altitude, and the maximum value

occurs at about 10–11 km. In May, June, July and August, the

distribution height of stratospheric aerosols is higher than in

other months by about 1–2 km. In addition, Table 2 summarizes

the monthly latitudinal and longitudinal mean background and

total aerosol backscattering ratios over Xinjiang during

2007–2018 (latitudinal aerosol backscattering ratio was

obtained by averaging the three-dimensional data over each

longitudinal scanning line, and the longitudinal distribution

was obtained similarly by averaging over each latitudinal line).

In general, the backscattering ratios of stratospheric aerosols in

FIGURE 2
Distribution of CALIPSO number of scan lines at nighttime during 2007–2018 by season.
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spring and summer (March, April, May, June, July and August)

were larger than those in autumn and winter (October,

November, December, January and February), excluding

September. Specifically, the latitudinal distribution of

stratospheric aerosol backscattering ratios has a maximum

value of 0.0013 × 10–3 km−1sr−1 in May, and a minimum value

of 0.0003 × 10–3 km−1sr−1 in January, October and December. The

longitudinal distribution of stratospheric aerosol backscattering

ratios has a maximum value of 0.0011 × 10–3 km−1sr−1 in July and

a minimum value of 0.0002×10–3 km−1sr−1 in December.

3.4 Vertical distribution profile of mean
background and total backscattering
ratios of stratospheric aerosols over
Xinjiang

Figure 6 shows the vertical distribution of the monthly mean

background and the total aerosol backscattering values in

Xinjiang (latitudinal+longitudinal). In autumn and winter

(January, February, September, October, November and

December), the profile of mean background mostly overlap

FIGURE 3
CALIPSO based distribution of mean background and total stratospheric AOD values over Xinjiang from 2007 to 2018 by season.

Frontiers in Earth Science frontiersin.org05

ZiWei and Xiangling 10.3389/feart.2022.991025

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.991025


with the profile of total aerosol backscattering values, indicating

that stratospheric aerosol contents are very low in those months.

In March, April and May, the profile of background values and

that of total values differ in the altitude range of 10–12 km. In

June, July and August, their profiles differ in the altitude range of

12–16 km. This means the optical depth of aerosols in

stratosphere is mainly contributed by the bottom layer, which

is consistent with the finding of Andersson et al. (2015). Some

scholars have also shown that in the case of advection, the

influence of wind on the aerosol size distribution is huge. In

the case of strong wind, the aerosol effective radiation of the

whole boundary layer is much larger than that of light wind

(Schuster et al., 2012; Bibi et al., 2015; Kumar et al., 2018; Lee

et al., 2018; Makuch et al., 2021). Overall, the difference in

vertical distribution of aerosol backscattering ratios among

different months is supposed to be related to the

FIGURE 5
Same as Figure. 4, except this is the height-l.

TABLE 1 Mean background and total stratospheric AOD values over
Xinjiang from 2007 to 2018 by season.

AOD \ season Spring Summer Autumn winter

Background 0.0122 0.0107 0.0133 0.0139

Total 0.0128 0.0116 0.0135 0.0142

Difference 0.0006 0.0009 0.0002 0.0003

FIGURE 4
Monthly height-latitude distribution of mean background and total aerosol particulate backscatter values during 2007–2018 over Xinjiang. The
color scale values are thousandths place values.
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TABLE 2 Mean background and total aerosol particulate backscatter values over Xinjiang from 2007 to 2018 by month.

Month Latitudinal Longitudinal

Background Total Difference Background Total Difference

Jan 0.0117 × 10–3 0.0120 × 10–3 0.0003 × 10–3 0.0124 × 10–3 0.0127 × 10–3 0.0003 × 10–3

Feb 0.0114 × 10–3 0.0118 × 10–3 0.0004 × 10–3 0.0119 × 10–3 0.0122 × 10–3 0.0003 × 10–3

Mar 0.0118 × 10–3 0.0126 × 10–3 0.0008 × 10–3 0.0121 × 10–3 0.0124 × 10–3 0.0003 × 10–3

Apr 0.0131 × 10–3 0.0143 × 10–3 0.0012 × 10–3 0.0122 × 10–3 0.0126 × 10–3 0.0004 × 10–3

May 0.0132 × 10–3 0.0145 × 10–3 0.0013 × 10–3 0.0122 × 10–3 0.0127 × 10–3 0.0005 × 10–3

Jun 0.0122 × 10–3 0.0132 × 10–3 0.0010 × 10–3 0.0120 × 10–3 0.0130 × 10–3 0.0010 × 10–3

Jul 0.0114 × 10–3 0.0126 × 10–3 0.0012 × 10–3 0.0141 × 10–3 0.0152 × 10–3 0.0011 × 10–3

Aug 0.0116 × 10–3 0.0128 × 10–3 0.0012 × 10–3 0.0150 × 10–3 0.0159 × 10–3 0.0009 × 10–3

Sep 0.0129 × 10–3 0.0139 × 10–3 0.0010 × 10–3 0.0151 × 10–3 0.0154 × 10–3 0.0003 × 10–3

Oct 0.0130 × 10–3 0.0133 × 10–3 0.0003 × 10–3 0.0142 × 10–3 0.0145 × 10–3 0.0003 × 10–3

Nov 0.0125 × 10–3 0.0129 × 10–3 0.0004 × 10–3 0.0136 × 10–3 0.0139 × 10–3 0.0003 × 10–3

Dec 0.0120 × 10–3 0.0123 × 10–3 0.0003 × 10–3 0.0129 × 10–3 0.0131 × 10–3 0.0002 × 10–3

Unit: km−1sr.−1

FIGURE 6
Vertical profile of monthly mean background and total aerosol particulate backscattering ratios in the stratosphere over Xinjiang from 2007 to
2018 retrieved from CALIPSO.
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aforementioned same factors, i.e. convective activity and

atmospheric dynamic action, which lead to the exchange of

aerosols between the troposphere and the stratosphere (Qin

et al., 2017).

4 Conclusion

The stratospheric aerosols over Xinjiang from 2007 to

2018 show distribution difference to some extent, both

seasonally and geographically. On the one hand, the optical

depth values of stratospheric aerosols over Xinjiang in spring

and summer (0.0006 and 0.0009 respectively) are higher than in

autumn and winter (0.0003 and 0.0002). On the other hand, the

vertical distribution of backscattering ratios of stratospheric

aerosols decreases with the altitude, and the maximum value

appears at an altitude about 10 km. Moreover, the latitudinal

distribution of the backscattering ratios of stratospheric aerosols

gradually increases from south to north, indicating that there are

more stratospheric aerosols in North Xinjiang than in South

Xinjiang. In addition, in autumn and winter, the vertical profile

of the background values of aerosol backscattering mostly

overlap with the vertical profile of total aerosol values.

However, in spring and summer, the two profiles show

differential distribution in the altitude range of 10–12 km and

the range of 12–16 km, respectively.
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