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H I G H L I G H T S  

• The major aircraft measurements were carried out and some new results were compared with previous campaigns. 
• Vertical distributions of aerosol concentration, particle size, and optical properties were analyzed in the Loess Plateau. 
• Long-distance transport of dust and local emission of BC were the main reasons for the absorption zone at high level.  
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A B S T R A C T   

Aerosol microphysical properties, scattering and absorption characteristics, and in particular, the vertical dis
tributions of these parameters over the eastern Loess Plateau, were analyzed based on aircraft measurements 
made in 2020 during a summertime aircraft campaign in Shanxi, China. Data from six flights were analyzed. 
Statistical characteristics and vertical distributions of aerosol concentration, particle size, optical properties, 
including aerosol scattering coefficient (σsp), backscattering ratio (βsc), Ångström exponent (α), single-scattering 
albedo (SSA), partially-integrated aerosol optical depth (PAOD), and black carbon concentration (BCc), were 
obtained and discussed. Mean values of aerosol particle number concentration (Na), particle volume concen
tration (Va), mass concentration (Ma), surface concentration (Sa), and particle effective diameter (EDa) were 
854.92 cm− 3, 13.37 μm3 cm− 3, 20.06 μg/m3, 170.08 μm3 cm− 3, and 0.47 μm, respectively. Mean values of BCc, 
σsp (450, 525, 635 nm), βsp (525 nm), α(635/450), and SSA were 1791.66 ng m− 3, 82.37 Mm− 1 at 450 nm, 102.57 Mm− 1 

at 525 nm, 126.60 Mm− 1 at 635 nm, 0.23, 1.47, and 0.92, respectively. Compared with values obtained in 2013, 
Na decreased by 60% and Ma decreased by 45%, but the scattering coefficients increased in different degrees. In 
the vertical direction, aerosol concentrations were higher at lower altitudes, decreasing with height. Vertical 
profiles of σsp, βsp, α(635/450), and BCc measured during the six flights were examined. Two peaks in Na were 
identified near the top of the boundary layer and between 2000 and 2200 m. Fine particles with EDa smaller than 
0.8 μm are dominant in the boundary layer and coarse aerosols existed aloft. Aerosol scattering properties and 
BCc in the lowest layer of the atmosphere contributed the most to the total aerosol radiative forcing. SSA values 
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were greater than 0.9 below 2500 m, with lower values at higher levels of the atmosphere. On lightly foggy days, 
SSA values were greater than 0.9, and aerosols played a cooling role in the atmosphere. On hazy days, lower- 
level SSA values were generally greater than 0.85, with aerosols likely having a warming effect on the atmo
sphere. 48-hour backward trajectories of air masses during the observation days showed that the majority of 
aerosol particles in the lower atmosphere originated from local or regional pollution emissions, contributing the 
most to the total aerosol loading and leading to high values of aerosol concentration and radiative forcing.   

1. Introduction 

Atmospheric aerosols refer to solid and liquid particles suspended in 
the atmosphere. Atmospheric aerosols directly affect Earth’s radiative 
budget by scattering and absorbing solar and thermal radiation (Hay
wood and Shine, 1997) further affecting the environment and climate 
(Horvath, 1995; Li et al., 2016, 2019). The aerosol particle size distri
bution, chemical composition, and mixing state mainly determine 
aerosol optical properties (Jennings et al., 1978). Most organic and 
inorganic aerosol particles scatter sunlight (Bohren et al., 1998), while 
black carbon, brown carbon, and dust particles absorb sunlight (Bond 
et al., 2013). Objective and accurate measurements of aerosol optical 
properties are thus important for calculating the radiative forcing and 
evaluating the climate effect (CHARLSON et al., 1992). 

Over the past years, observational studies focusing on near-surface 
physical, chemical, and optical properties of aerosols have been car
ried out in different regions of China (Li et al., 2016, 2017a,b), including 
the Tibet Plateau (Bai et al., 2000), the northwest region (Yan, 2007), 
the North China Plain (Ke and Tang, 2007; Yan et al., 2008; X. Zhao, 
2011), the Yangtze River Delta region (Zhuang et al., 2015), the Pearl 
River Delta region (Wu et al., 2009), and some high-altitude regions, e. 
g., Huangshan Mountains (Yuan et al., 2016, 2019) and Mount Taishan 
(Yamaji et al., 2010). The effect of aerosols on radiation is also closely 
related to the aerosol vertical distribution because aerosol properties are 
complex, changing rapidly in the vertical direction. Large uncertainties 
still remain in studying aerosol particles, especially the vertical distri
butions of aerosols in the lower troposphere and the stratosphere 
(Stettler and von Hoyningen-Huene, 1996; Deshler, 2008). There is thus 
still an urgent need to better understand the vertical distributions of 
aerosol properties. Satellite remote sensing provides global scale ob
servations to portray the spatial and temporal variations of various at
mospheric parameters including aerosols. Johnson et al. (2009) utilized 
aircraft, satellite and ground-based remote sensing data to analyze the 
vertical distributions of dust and biomass-burning aerosols. Using the 
Ozone Monitoring Instrument (OMI) data, Kang et al. (2017) found that 
the absorbing aerosols over East Asia have increased over time. The 
vertical variations of haze microphysical and optical properties in 
Shanghai were analyzed based on satellite observation by Geng et al. 
(2011) and Chen et al. (2012) respectively. Shen et al. (2020) compre
hensively utilized ground-based remote sensing and Cloud-Aerosol Lidar 
and Infrared Pathfinder Satellite Observations (CALIPSO) data to 
analyze the optical characteristics and vertical distribution character
istics of aerosols over Nanjing. Song et al. (2020) found the dust aerosols 
were more efficiently transported to the adjacent ocean and other 
non-desert regions such as the Central Atlantic, North China Plain, and 
Arabian Sea based on CALIPSO. And at present, in situ measurements of 
aerosol vertical distributions are also made from towers, tethered bal
loons, unmanned aerial vehicles (UAVs), and aircraft. However, towers, 
tethered balloons, and UAVs have disadvantages, such as height re
strictions (Y. Sun et al., 2010; Ferrero et al., 2014; Höpner et al., 2016). 
Aircraft have the main advantage of obtaining detailed information 
about aerosol properties at different levels in the atmosphere. However, 
aircraft campaigns are of short duration, covering limited geographic 
areas. Nevertheless, aircraft are considered to be one of the most suitable 
platforms from which to observe the vertical distribution of aerosols and 
to measure their physical and optical properties (Bodhaine et al., 1991; 
Hänel, 1998; Welton et al., 2002; Anderson et al., 2003b; Han et al., 

2003; Raut and Chazette, 2008; Li et al., 2015a, 2015b, 2019a,b; Yang 
et al., 2020). Aircraft-based field campaigns measuring the physical, 
chemical, and optical properties of aerosols have been carried out 
around the world, e.g., the Smoke, Clouds, and Radiation-Brazil exper
iment (Kaufman et al., 1998), the Tropospheric Aerosol Radiative 
Forcing Observational Experiment (Russell et al., 1999), the 2nd Aerosol 
Characterization Experiment (Raes et al., 2000), and the Indian Ocean 
Experiment (Ramanathan et al., 2001), providing a picture of the ver
tical distributions of aerosol optical properties in different parts of the 
world. 

Existing aircraft measurements have shown that aerosol spatial dis
tributions, particle sizes, and shapes, as well as particle chemical com
positions, are strongly affected by their sources and the aging process, 
with aerosol properties varying greatly in different regions, at different 
times, and under different background weather conditions. Aerosol 
optical properties in Asia differ greatly from those in Europe and North 
America (Hu et al., 2020). Some aircraft field campaigns have taken 
place in China, e.g., in Beijing (Liu et al., 2009), Hebei (Wang et al., 
2018), and Shanxi (Li et al., 2015a, 2017a,b). However, these experi
ments mainly focused on the aerosol scattering coefficient (σsp). 

The Loess Plateau covers most of Shanxi Province in northern China, 
with the North China Plain to the east. The average surface altitude 
above sea level (ASL) of the entire province is 1000 m. As one of the most 
important chemical industrial bases in China, experiencing rapid eco
nomic growth, the mixture of heavy air pollution from industrial ac
tivities results in complex local aerosol physical and optical properties 
(Zeng et al., 2019; Zhang et al., 2012). In recent years, to save energy 
and reduce emissions in China, the emissions of major air pollutants 
have decreased and the air quality has substantially improved (B. Zheng 
et al., 2018), the relative change rates of Shanxi’s anthropogenic emis
sions during 2010–2017 are estimated as follows: − 42.3% for TSP, 
− 34.8% for PM2.5, − 36.6% for PM10, -25.2% for CO, − 48.4% for SO2, 
-21.5% for NOX, − 43.2% for BC, − 45.6% for OC, +10.5% for NH3 and 
-0.4% for VOC (data from http://meicmodel.org). The physical, chem
ical, and optical properties of aerosols have changed greatly in this re
gion. In order to examine if such drastic changes in the emissions of 
aerosol precursor gases have any discernible impact on aerosol and 
cloud condensation nuclei, an airborne field campaign was conducted 
from 10 June to August 10, 2020 in Shanxi Province as a key part of the 
Joint Airborne and Ground-based Aerosol-Convective Cloud In
teractions Observation Experiment. Note that a previous experiment was 
conducted in 2013 in the same region and season (Li et al., 2015a, 
2015b, 2015b). Data from four flights were used to analyze the aerosol 
optical properties at three observation sites in Taiyuan (TY), Wenshui 
(WS, about 80 km southwest of TY), and Xinzhou (XZ, 80 km north of 
TY), respectively. The observational data were analyzed, although their 
representativeness was poor due to very small data samples. More 
importantly, the influence of aircraft exhaust emissions during hover 
flight was not taken into account, leading to a somewhat erroneous 
result. Taking these shortcomings into consideration, we have improved 
the flight plan. The flight was only conducted in XZ area. The radius of 
flight circle was less than 5 km, and the statistical results were more 
representative. In addition, only the first vertical profile observed each 
time was selected in the analysis to minimize the impact of aircraft 
exhaust on the environment. The results of the two observation exper
iments will also be compared and analyzed in this study. 

In this study, aerosol microphysical properties and scattering/ 
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absorption characteristics, especially vertical distributions of these pa
rameters over the eastern Loess Plateau, were analyzed based on aircraft 
measurements. This provides the basis for calculating and evaluating the 
direct radiative effect of aerosols in the middle and lower troposphere. 
The paper is organized as follows. Section 2 describes the observation 
area and provides details about the aircraft campaign and datasets. 
Section 3 presents detailed analyses and discussion of the measured 
results. Section 4 show the simulation of 48-h backward trajectories of 
air masses and comparison with a previous air campaign. Section 5 gives 
conclusions. 

2. Description of the field campaign 

2.1. Location 

Field measurements were made from 10 June to August 10, 2020 at 
the meteorological station (112◦41′41′′E, 38◦23′37′′N, 870 m ASL) in 
Xinzhou (XZ). This site is located 60 km northeast of Taiyuan City (TY, 
the capital of Shanxi Province). The observatory is surrounded by 
agricultural land, with no high buildings in the immediate surroundings. 
Fig. 1 shows the locations of TY City and XZ, as well as the distribution of 
mean aerosol optical depth (AOD) over Shanxi Province during the field 
campaign. AODs over Shanxi Province decreased gradually from 
southeast to northwest. The AOD over the XZ station was about 0.4–0.5 
on average, and over TY City, about 0.5–0.6 on average. The relatively 
low values of observed AOD at XZ suggest that this site were slightly 
polluted. 

2.2. Instruments 

A Y-12 turboprop airplane was used as the aerosol observation 
platform. The typical speed of the aircraft was about 60–70 m s− 1, and 
the rate of ascent or descent of the aircraft was about 2–6 m s− 1. The 
aircraft is not an airtight cabin, and the temperature difference between 
the inside cabin and the outside environment is very small. It was 
equipped with multiple instruments measuring different aerosol prop
erties. Each instrument was calibrated and tested rigorously during a 
ground-based campaign prior to the airborne campaign, ensuring that 
the instruments were functioning properly. 

An air sampling inlet device made of stainless steel was mounted on 
top of the airplane fuselage, with a stents height of about 10 cm. The air 

inlet was connected to the sampling equipment inside the aircraft 
through straight stainless steel tubes and non-adsorption rubber hose. 
The collection efficiency for aerosol particles in the size range of 
0.01–5.0 μm was 95%, and the collection efficiency of aerosol particles 
with size larger than 5.0 μm was about 50%. Without using an air pump, 
the air inlet flow was about 15 L/min, which can be used in the range of 
200–300 km/h flight speed. In order to ensure the air sampling effi
ciency, a 50 L/min suction pump was installed in the aircraft cabin to 
ensure sufficient sampling airflow for the instrument, and to minimize 
particle losses in inlet system. 

The inlet was connected to the instruments in as direct a way as 
possible to avoid turns or corners. Ambient air was pumped into the 
aircraft cabin from the sample inlet, entering into each instrument after 
drying. The relative humidity (RH) of sampled air after drying was less 
than 40%. 

A three-wavelength (450 nm, 525 nm, 635 nm) integrating nephe
lometer (Aurora-3000, Ecotech, Australia) was used to measure σsp. This 
instrument can measure particle optical scattering in the ambient at
mosphere continuously in real time, obtaining the total σsp and the 
backscattering coefficient (σbsp) (90–170◦) with a sampling interval of 1 
min. 

A five-wavelength (880 nm, 625 nm, 528 nm, 470 nm, 375 nm) black 
carbon (BC) analyzer (MA-200, Aethlabs, USA) was used to measure BC 
mass concentrations and light absorption with a sampling interval of 
150 mL min− 1 flow rate and 1 s time resolution. Measurement at 880 nm 
is interpreted as the concentration of Black Carbon (BC). Measurement 
at 375 nm is interpreted as Ultraviolet Particulate Matter (UVPM) 
indicative of organic sources such as wood smoke, tobacco, and biomass 
burning. The MA-200 also features the loading compensation method, 
which in real-time measures and adjusts for different optical properties 
of particles of varying age and composition (Drinovec et al., 2015; Wang 
et al., 2020). In this experiment, a valve for restricting flow was installed 
in front of the MA-200, and a small pump was installed inside the 
MA-200 to ensure a smooth air inlet. 

A passive cavity aerosol spectrometer probe (PCASP-100X, DMT, 
USA) was used to observe aerosol particles with diameters ranging from 
0.1 to 3.0 μm in 30 bins of variable size with a frequency of 1 Hz. From 
this information, aerosol concentrations and particle sizes were derived. 
The PCASP was calibrated using polystyrene latex spheres before mea
surements took place. 

A meteorological package called the Aircraft Integrated 

Fig. 1. Map of Shanxi Province in North China. (a) Locations of the observation site (Xinzhou, white circle) and Taiyuan City (white star). The colored background 
shows the mean aerosol optical depth from 10 June to August 10, 2020 obtained from Moderate Resolution Imaging Spectroradiometer data. (b) Map of the 
observation area in North China, showing the locations of the Xinzhou (XZ) site (red dot) and Beijing City (BJ, red star). The color bar represents the altitude above 
sea level (ASL). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Meteorological Measurement System (AIMMS-20, Aventech Research 
Inc., Canada) measured meteorological parameters including ambient 
temperature (T), RH, and location (e.g., longitude, latitude, and alti
tude) at a frequency of 1 Hz. Temperatures measured by the AIMMS-20 
range from − 20 ◦C to 40 ◦C with a detection accuracy of 0.3 ◦C, and the 
RH detection accuracy is 2.0% with a resolution of 0.1%. 

Before each flight, all instruments were calibrated, and the air 
tightness of the gas path and each instrument was checked with a hand- 
held manometer. 

2.3. Datasets 

The main parameters studied in this paper are as follows. The PCASP 
provided aerosol particle number concentrations (Na, cm− 3). The 

aerosol particle effective diameter (EDa, μm), particle volume concen
tration (Va, μm3 cm− 3), mass concentration (Ma, μg m− 3), and surface 
concentration (Sa, μm2 cm− 3) were derived from the particle number 
spectrum. Note that data from the PCASP in the first bin (0.09–0.1 μm) 
are inaccurate due to the detection limit of the instrument, so they were 
eliminated from the analysis (Li et al., 2015a, 2015b, 2019a,b; Sun et al., 
2016). 

The scattering coefficient (σsp(λ)450, 525, 635 nm) and backscattering 
coefficient (σbsp(λ)450, 525, 635 nm) (Mm− 1) were obtained directly from 
the Aurora-3000 nephelometer, and according to Wu et al. (2012), 
revised the truncation error. The backscattering ratio (βsc) and the ratio 
of aerosol backscatter coefficient to total scattering coefficient (σbsc/σsc) 
are other important parameters examined here, used to determine the 
fine-particle content of the total aerosol loading. 

Table 1 
Flight summary [date: yy-mm-dd, time: hh:mm (CST), height: m (ASL)].  

Date Total flight time Flight period over the observatory 

Time T (◦C) RH (%) Vertical height (m) Weather condition 

2020-7-15 16:50–18:53 17:40–18:13 0.67–24.34 44.08–93.74 1193–5018 Light fog 
2020-7-16 11:46–16:20 14:00–15:26 − 0.6–26.6 45–81 1121–5373 Haze 
2020-7-24 13:55–16:58 14:44–16:03 8.09–25.59 22.78–77.84 1191–3832 Clear 
2020-7-27 16:28–19:32 18:08–18:34 5.09–25.24 65.39–96.26 1147–3670 Light fog 
2020-7-30 14:45–18:55 16:51–18:11 − 2.24–27.99 32.39–90.75 1185–4796 Haze 
2020-8-3 15:06–17:50 15:47–17:18 6.98–28.36 25.14–47.98 1141–3787 Clear  

Fig. 2. Flight tracks made on (a) 15 July, (b) 16 July, (c) 24 July, (d) 27 July, (e) 30 July, and (f) August 3, 2020. The color bar shows the height above sea level 
(ASL) in km. Note that the aircraft circled the XZ site at different heights. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.) 
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The Ångström exponent (α), which characterizes the wavelength 
dependence of σsp, was obtained, providing information on the size 
distribution of particles, i.e., the relative amount of fine and coarse 
particles, which differs according to the aerosol type (Seinfeld and 
Pandis, 1998). The BC mass concentration (BCc, ng m− 3) was obtained 
from the MA-200 instrument, and we use the Optimized Noise-reduction 
Averaging (ONA) algorithm (Hagler et al., 2011) for signal noise 
reduction. After the ONA treatment, the data were further corrected for 
the loading effect following the algorithm of Virkkula et al. (2007). 

The single scattering albedo (SSA), the ratio of scattering coefficient 
to total extinction coefficient (σext), is calculated based on Eq. (1). 

SSA(λ)=
σsp(λ)
σext(λ)

=
σsp(λ)

σsp(λ) + babs(λ)
(1) 

Equation (1) was used to calculate the particle absorption coefficient 
(babs) (λ = 375, 470, 528, 625, 880 nm) (Mm− 1): 

babs(λ)=BCc(λ) × 0.001 × σ(λ) (2)  

where σ(λ) (m2 g− 1) is the mass absorption cross-section at the 5 
different wavelengths. The values of σ(λ) are 24.069, 19.070, 17.028, 
14.091, and 10.120 at 375, 470, 528, 625, and 880 nm, respectively 
(Wang et al., 2020). 

2.4. Flights 

Six flights were conducted during the 2020 field campaign, i.e., on 
15, 16, 24, 27, 30 July, and 3 August. Regarding atmospheric conditions 
at the observation station, there was light fog on 15 and 27 July, haze on 
16 and 30 July, and clear skies on 24 July and 3 August. The aircraft was 
based at Taiyuan Wusu International Airport and flew from there to XZ, 

then carried out vertical flight observation over XZ station with a flight 
radius of 5 km, focusing on the vertical distribution of aerosols over the 
station. Table 1 provides flight details, and Fig. 2 shows the flight tracks. 
Note that all times are in China Standard Time (CST). 

3. Observation results 

3.1. Vertical profiles of Na and ED 

Fig. 3 shows the mean vertical profiles of aerosol number concen
tration (Fig. 3a), mass concentration (Fig. 3b), surface concentration 
(Fig. 3c), and particle effective diameter (Fig. 3d) from the six flights, 
averaged over every 100 m. Vertical profiles of aerosols differed 
depending on the weather conditions. On 24 July and 3 August, the sky 
was clear, and Na was relatively small. Haze occurred on 16 and 30 July, 
leading to relatively larger values of Na, especially on 16 July. From the 
average profile of Na (Fig. 3a), values of Na fluctuated from near the 
ground (1200 m) to 1500 m, where the first peak was reached. Large 
amounts of aerosol particles were constrained to the lower layer of the 
atmosphere (below 1500 m), likely attributed to the effects of the at
mospheric boundary layer. The six flights were all carried out in the 
afternoon. The average boundary-layer height within the observation 
period was 1528 ± 193 m, according to ground lidar observations made 
during the same time range. The atmospheric boundary layer often 
hinders the vertical transmission and dispersion of aerosols and other 
pollutants, so large amounts of aerosol particles can accumulate within 
the boundary layer. The second peak of Na was located between 2000 m 
and 2200 m, decreasing with height. The vertical profiles of Ma and Sa 
were similar to that of Na. Mean values of Na, Ma, and Sa generally 
decreased gradually with height. 

Fig. 3. Vertical profiles of mean (a) aerosol particle number concentrations (Na), (b) mass concentration (Ma), (c) surface concentration (Sa) and (d) aerosol particle 
effective diameter (EDa) from all flights. Colored asterisks represent observations made on different days. Horizontal black lines show the range of values (mean and 
standard deviation values) observed at each altitude level (ASL). 
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The mean EDa vertical profile (Fig. 3d) showed no clear trend with 
altitude, other than a slight increase with height. In general, EDa was less 
than 0.8 μm. Two peaks in EDa were identified: one between 1900 and 
2300 m and the other above 3500 m. The combination of information 
from vertical profiles of aerosol concentration and EDa can help deter
mine the source of the aerosol particles. The majority of aerosols below 
2100 m were fine-mode particles with EDa less than 0.5 μm, suggesting 
that these particles may have originated from local or regional pollution 
emissions. Relatively larger particles distributed at higher altitudes 
suggest that these particles were transported to the XZ region from 
desert areas afar. 

Among the six flights, no precipitation occurred for several consec
utive days before the flight observation on August 3, and the meteoro
logical background condition was different from the others. In addition, 
according to the results of backward trajectory (Section 4.1), the aero
sols observed on August 3 were mainly dust transported from Mongolia 
and Inner Mongolia, with a few local aerosol emission. So, the corre
sponding physical characteristic parameters of aerosol collected on 
20200803 deviated significantly from the others. 

3.2. Number size distribution of aerosol particles 

The distribution of Na with particle size, called as the particle size 
spectral distribution, is an important parameter used to describe the 
features of aerosol particle distributions. The average aerosol particle 
number size distributions from the all flights in this study and the mean 
state of the aerosol particle size distribution are shown as Fig. 4. 
Compared with the results obtained in 2013 (Li et al., 2015b), the Na in 
the range of 0.1–0.5 μm and 0.8–3 μm decreased by 32.4% and 72.1%, 
respectively. However, the Na in the range of 0.5–0.8 μm increased by 
15.8%. A multi-lognormal distribution function, as in Equation (3), was 
used to fit the measured aerosol number size distributions (Sun et al., 
2013; Li et al., 2015b; Hao et al., 2017; Yang et al., 2020): 

dN(D)

d log
(
Dp

)=
∑n

i=1

Ni
̅̅̅̅̅
2π

√
log

(
σg,i

) exp

[

−

(
log

(
Dp

)
− log

(
Dg,i

))2

2
(
log σg,i

)2

]

(3)  

where n is the number of modes per size distribution for the best fit, Dp is 
the peak aerosol diameter, Ni is the aerosol number in mode i, Dg,i is the 

Fig. 4. Mean aerosol particle size distributions of aerosol particles at (a) 1000–2000 m, (b) 2000–3000 m, (c) 3000–4000 m, and (d) above 4000 m from six flights 
during the field campaign. The dotted lines of different colors represent the size distributions of aerosol particles on each day, and the thick black lines denote the 
mean states of the total aerosol particle size distribution. The solid yellow lines are the fittings of particle spectral distributions, and the red (Mode I), green (Mode II), 
and blue (Mode III) solid lines represent the lognormal fits of the three aerosol mode size distributions, respectively. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Parameters characterizing the number size distributions of the three aerosol modes at different altitudes.  

Altitude (m) Mode I Mode II Mode II 

Na Dg Log σ Na Dg Log σ Na Dg Log σ 

1000–2000 1500 0.18 0.17 130 0.35 0.2 0.6 2.2 0.1 
2000–3000 1000 0.165 0.17 100 0.35 0.213 0.7 2 0.15 
3000–4000 650 0.167 0.165 60 0.297 0.207 0.28 2.18 0.103 
>4000 500 0.168 0.175 18 0.33 0.232 2 2.524 0.156  
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geometric MD of the mode i, andσg,i is the SD of mode i. The red, green, 
and blue solid lines in Fig. 4 show the lognormal fits of three modes to 
the mean aerosol particle spectrum, and the parameters that charac
terize the number size distributions of the three modes at different al
titudes are listed in Table 2. 

The shapes of aerosol spectrum are similar in the four height ranges. 
In general, there are three peaks at diameter around 0.165–0.18 μm 
(Mode I), 0.297–0.35 μm (Mode II), and 2.18–2.524 μm (Mode III). From 
the ground to 4000 m height, the total particle concentration decreased 
slightly, and the width of the particle spectral distribution narrows in 
Mode I, but broadens slightly in Mode III. According to the three modal 
lognormal distribution fitting, small particles (Mode I) dominated the 
particle number concentration, and the fitting parameters obtained here 
may be useful for the establishment and improvement of aerosol 
parameterization. 

3.3. Vertical distributions of aerosol scattering properties 

Light scattering by atmospheric aerosol particles affects Earth’s en
ergy balance, contributing to the negative radiative forcing of climate. 
The integrating nephelometer measures the aerosol scattering coeffi
cient (σsp) at three wavelengths, i.e., 450, 525, and 635 nm. The 450-nm 
σsp provides information about fine and small particles, such as particles 
released by forest fires and automobile exhaust. The 525-nm and 635- 
nm σsps are useful for characterizing smoke, fog, haze, and other 

particles affecting atmospheric visibility and large particles, such as 
pollen and sea salt, respectively. Fig. 5 shows mean vertical profiles of 
σsp at the three wavelengths (Fig. 5a1, b1, c1, d1, e1, f1), and βsp and α 
(Fig. 5a2, b2, c2, d2, e2, f2) measured during the six days of flights. 
Values of σsp at 450, 525, and 635 nm generally decreased with altitude 
except on 27 July (Fig. 5d1) and 3 August (Fig. 5f1). On the two hazy 
days, 16 July (Fig. 5b1) and 30 July (Fig. 5e1), values of σsp were higher. 
There were more pollutants in the atmosphere on 16 July, and Na and σsp 
were much higher than on 3 August, the clear day. On 16 July (Fig. 5b1), 
maximum values of σsp (691.1, 588.6, and 488.6 Mm− 1 at 450, 525, and 
635 nm, respectively) appeared near the ground (1200 m ASL), 
decreasing with height gradually. On 3 August (Fig. 5f1), maximum 
values of σsp (27.8, 29.4, and 22.8 Mm− 1 at 450, 525, and 635 nm, 
respectively) appeared at 3300 m ASL, with the vertical profile showing 
no clear trend. In combination with Fig. 3a, the maximum values of Na 
and σsp appeared near the ground on 16 July. However, on 3 August, the 
maximum value of Na appeared near the ground, and the maximum 
value of σsp appeared at a higher level. Overall, the magnitudes of Na and 
σsp were ~6 and ~20 times greater in magnitude, respectively, on the 
hazy day (16 July) than on the clear day (3 August). Note that σsp 
reached peak values in the height range of ~3000–4000 m on 27 July 
(Fig. 5d1), 30 July (Fig. 5e1), and 3 August (Fig. 5f1), possibly related to 
local sources or the transportation of aerosol particles. This will be 
examined next. 

βsp can be used to evaluate aerosol-scattered radiation reaching the 

Fig. 5. Vertical profiles of mean aerosol scattering coefficient (σsp) at 450 nm (blue lines), 525 nm (green lines), and 635 nm (red lines), backscattering ratio 
(βsp,525nm) (black lines with solid dots), and Ångström exponent (α635/450) (dark gray lines with hollow squares) on (a1, a2) 15 July, (b1, b2) 16 July, (c1, c2) 24 July, 
(d1, d2) 27 July, (e1, e2) 30 July, and (f1, f2) August 3, 2020. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Z. Cai et al.                                                                                                                                                                                                                                      



Atmospheric Environment 270 (2022) 118888

8

ground, a quantity commonly required in radiative transfer models. The 
higher the ratio is, the greater the content of fine particles. In this study, 
because more attention is paid to the optical scattering effect of fog, 
haze, and other particles, only the vertical variation of βsp at 525 nm is 
discussed (black lines in Fig. 5a2, b2, c2, d2, e2, and f2). The α is another 
important parameter that depends on the aerosol size distribution, 
increasing in magnitude as the particle size decreases. Aerosol type can 
be estimated using α. When scattering is dominated by coarse particles, 
α tends to be lower than 1 or even close to 0. This is a typical signature of 
desert-dust particles. When α > 1, scattering is dominated by smaller 
particles (Seinfeld and Pandis, 1998). Fig. 5a2, b2, c2, d2, e2, and f2 
show the vertical profiles of βsp and α on the six days of flights. Values of 
βsp (525 nm) were less than 0.15 in most cases and less than 0.3 in all 
cases. Values of α (635 nm/450 nm) mainly ranged from 1 to 2.5. This 
suggests that small aerosol particles were present during the field 
campaign, dominating the scattering. 

In addition, the correlation between σsp and aerosol concentration 
was discussed. Fig. 6 shows scatterplots of Na, Ma, and Sa as a function of 
σsp at 525 nm. Data are from all six flights. Linear fits were made to the 
data to determine the correlations between aerosol concentration and 
σsp without considering the influence of the chemical composition of 
aerosols. The coefficients of determination from linear regression are 
0.81 (Figs. 6a), 0.74 (Fig. 6b), and 0.81 (Fig. 6c) according to the linear 
relations, i.e., Na = 5.26σsp+320.24, Ma = 0.118σsp +5.78, and Sa =

1.215σsp +42.26, respectively, suggesting the suitability of linear fits 
here. 

3.4. Vertical distributions of BCc, SSA and PAOD 

Fig. 7 shows the vertical distribution of BCc. Values of BCc were 

Fig. 6. (a) Aerosol number concentration (Na), (b) mass concentration (Ma), and (c) surface concentration (Sa) as a function of aerosol scattering coefficient (σsp) at 
525 nm. The black lines are the best-fit lines from linear regression (equations and coefficients of determination are given in each panel). 

Fig. 7. Vertical distribution of the black carbon concentration (BCc). Colored 
dots represent observations made on different days. Horizontal gray lines show 
the range of values (mean and standard deviation values) observed at each 
altitude level (above sea level). 
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largest near the ground, generally decreasing with altitude. Results 
below 2 km are similar to those reported in Beijing by Zhao et al. (2018). 
There was a large range of values of BCc at the 3000-m level. A large 
value of BC occurred at 4500m height on July 30. In the flight on July 
30, a strong updraft was observed and that could transport aerosols from 
the surface to higher positions. In addition, aerosols above 4 km were 
most dust particles transported over a long distance combined with the 
Na vertical distribution, scattering characteristics and the air mass 
backward trajectory on July 30, 2020 (Section 4.1). In the long distance 
transport process, the particles might mix and aging with local black 
carbon aerosols, resulting in larger values of BC at the certain height. 

The single-scattering albedo (SSA) plays an important role in 
studying the aerosol radiative effect (Anderson et al., 2003a) because 
this parameter reflects what proportion of the total extinction is due to 
scattering. When SSA is greater than 0.95, aerosols may have a cooling 
effect on the atmosphere (Haywood et al., 1997). When SSA is less than 
0.85, aerosols may have a warming effect on both the atmosphere and 
the surface, even though the earth’s surface may receive less sunlight 
(Haywood et al., 1998). Accurate measurements of SSA are thus 
important to evaluate the forcing effect of aerosols. 

Fig. 8 shows the vertical variation of SSA at 525 nm over the XZ 
station. SSA values were generally greater than 0.9 below 2500 m, 
indicating that aerosol scattering dominated in this layer. Low values of 
SSA are mainly seen from 3000 to 4000 m, with a minimum value of 
0.52, indicating that the absorbing effect of aerosols was dominant in 
this height range. Corresponding mean BCc values in this layer were 
relatively high (Fig. 7), indicating the presence of a large proportion of 
absorbing aerosols in this layer. SSA values were greater than 0.9 on the 

two light fog days of 15 and 27 July. However, on the two hazy days (16 
and 30 July), most SSA values were less than 0.85, with aerosols playing 
a warming role in the atmosphere. 

In this study, we could only observe at a limited height range and 
perform extinction coefficient integration within the flight range 
because the flight height was limited. So the scattering coefficient was 
called partially-integrated aerosol optical depth (PAOD) in this paper. 
Fig. 9 shows the distribution of PAOD over different height ranges 
measured during the flights in July. Values of PAOD ranged from 0.3 to 
0.9, with larger values between 1 and 2 km. Overall, aerosol loading in 
the layers 1–2 km, 2–3 km, and 3–4 km gradually decreased with height. 
Aerosols at 4–5 km reflect the long-distance transport of sand aerosols 
(seen on the hazy days of 16 and 30 July). Among the five flight days, 
aerosol loadings on 16 and 30 July were the highest, and the lowest on 
July 24, and moderate on 15 and 27 July. 

4. Understanding the measurements and comparison with a 
previous air campaign 

While the short-lived airborne campaign is unable to provide suffi
cient measurements to determine the “climatology” of aerosol loading 
and properties, the air-borne data do convey some valuable information 
to help understand it’s changes. 

4.1. Simulation of 48-h backward trajectories of air masses at different 
heights 

According to the vertical profiles of Na and EDa (Fig. 3), aerosol 
particles at different heights may come from different sources. Forty- 
eight-hour backward trajectories of air masses were simulated using 
version 4.8 of the Hybrid of Single Particle Lagrangian Integrated Tra
jectory model to analyze the source of aerosol particles over XZ during 
the field campaign. The backward trajectory end point was the XZ sta
tion. Four heights (1000, 2000, 3000, and 4000 m ASL) were selected for 
the simulation. Fig. 10 shows the 48-h backward trajectories of air 
masses on the six days. On 24 July, particles in the 2000–3000-m layer 
mainly came from the Bohai Bay area, passing over Tianjin, Beijing, and 
Hebei before reaching the XZ station, and were mainly sea salt, auto
mobile exhaust and other aerosol particles. Aerosols at the height of 
4000 m mostly originate from the northwest of Shanxi province, mainly 
black carbon, sand and other absorbent aerosols. Combined with Section 
3.4, it can be found that SSA values below 3000 m were greater than 0.8, 
and SSA values above 3000 m were lower than 0.6. On July 30, aerosols 

Fig. 8. The vertical distributions of the single-scattering albedo (SSA) on 
different days in July (colored areas). The middle points of each line segment 
are the mean values, and the end points represent minimum and maximum 
values, different colors represent the different observation days, and the shaded 
bars represents the frequency. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. Vertical distribution of partially-integrated AOD (PAOD) based on 
aircraft measurements. 
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above 4000 m were dust particles transported over a long distance, and 
the aerosols might mix and aging with local black carbon aerosols in the 
long distance transportation process, resulting in a higher value of black 
carbon and a lower value of SSA at 4500 m height. On 3 August, particles 
were mainly from northwest China, e.g., Xinjiang, northern Inner 
Mongolia, and Mongolia. The aerosols were dust particles of large size, 
low number concentration and weaker scattering than those of the other 
five observations. The vertical distributions of aerosol concentration and 
aerosol optical properties suggest that the majority of small particles at 
lower levels of the atmosphere from local or regional pollution emissions 
contributed the most to aerosol loading, especially on hazy days. 

4.2. Comparison with a previous airborne campaign data 

Table 3 summarizes statistics describing aerosol microphysical and 
optical properties observed during the field campaign. Mean values with 
standard deviations of Na, Va, Ma, and Sa were 854.92 ± 713.75 cm− 3, 
13.37 ± 19.08 μm3 cm− 3, 20.06 ± 28.63 μg/m3, and 170.08 ± 168.08 
μm3 cm− 3, respectively. The EDa of most aerosol particles was smaller 
than 1 μm during the field campaign, with a mean value of 0.47 ± 0.17 
μm. Compared with values obtained at the same site and during the same 
season in 2013 (Li et al., 2015a), the magnitudes of Na, Va, Ma, and Sa 
declined significantly. For example, Na decreased by 60% due to the 
decrease of small particles in the size range of 0.1–0.5 μm, and Ma 
decreased by 45% due to the decrease of larger particles in the size range 
of 0.8–3 μm. Values of BCc ranged from 15.03 to 10,198.82 ng m− 3, with 
a mean value of 1791.66 ± 2234.98 ng m− 3, slightly greater than the 
observation in the summer of Beijing (Zhao et al., 2015, 2019), but far 
below than the observation during the winter of the North China and 
Central China (H. Zheng et al., 2018). The mean and standard deviation 
of σsp at 450, 525, and 635 nm were 126.60 ± 145.41 Mm− 1, 102.57 ±
120.42 Mm− 1, and 82.37 ± 98.62 Mm− 1, respectively, and the mean σbsp 
values at each of these wavelengths were 15.09 ± 15.73 Mm− 1, 12.16 ±
12.74 Mm− 1, and 10.25 ± 10.60 Mm− 1, respectively. Compared with 
the airborne measurements made in 2013 (Li et al., 2015b), the scat
tering coefficients increased in different degrees. The mean value of βsc 
was 0.23 ± 1.27, and the value is larger than the observation in the 
North China Plain (Wang et al., 2018). The mean value of SSA was 0.87 
± 0.17, a slight increase from the mean value reported in 2013 (Li et al., 
2015a), suggesting that the proportion of absorbing aerosols decreased. 

The systematically lowered values of aerosol loading acquired from 
this experiment may echo the general reduction of air pollution across 
China (Wei et al., 2021), including the region of study. The spatial 

Fig. 10. Forty-eight-hour backward trajectories of air masses on (a1, a2) 15 July, (b1, b2) 16 July, (c1, c2) 24 July, (d1, d2) 27 July, (e1, e2) 30 July, and (f1, f2) 
August 3, 2020, with the Xinzhou station as the end point. 

Table 3 
Statistics describing aerosol microphysical and optical properties. S. D. stands 
for standard deviation.  

Parameter Maximum Minimum Mean ± S.D. Median 

Na (cm− 3) 3570.75 39.64 854.92 ± 713.75 597.20 
Va (μm3 cm− 3) 234.20 0.31 13.37 ± 19.08 7.68 
Ma (μg m− 3) 351.30 0.47 20.06 ± 28.63 11.53 
Sa (μm3 cm− 3) 776.13 5.26 170.08 ± 168.08 95.41 
EDa (μm) 1.85 0.25 0.47 ± 0.17 0.41 
BCc (ng m− 3) 10,198.82 15.03 1791.66 ± 2234.98 919.18 
babs (880 nm) (Mm− 1) 103.21 0.15 18.13 ± 22.62 9.30 
σsp635 nm) (Mm− 1) 548.20 0.13 82.37 ± 98.62 41.09 
σsp (525 nm) (Mm− 1) 663.65 0.07 102.57 ± 120.42 53.30 
σsp (450 nm) (Mm− 1) 793.14 0.97 126.60 ± 145.41 65.65 
σbsp (635 nm) (Mm− 1) 57.21 0.01 10.25 ± 10.60 6.24 
σbsp (525 nm) (Mm− 1) 65.71 0.12 12.16 ± 12.74 7.36 
σbsp (450 nm) (Mm− 1) 86.09 0.04 15.09 ± 15.73 8.97 
βsp (525 nm) 23.78 0.01 0.23 ± 1.27 0.12 
α(635 nm/450 nm) 6.03 0.07 1.47 ± 0.76 1.36 
SSA (525 nm) 0.99 0.17 0.87 ± 0.17 0.94  
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distributions and variations of annual surface PM2.5 in Shanxi Province 
from 2010 to 2020 were analyzed, using the high-resolution (1 km) and 
high-quality PM2.5 dataset for China (i.e., ChinaHighPM2.5). The Chi
naHighPM2.5 dataset was generated using satellite remote sensing data, 
surface observation data as inputs to machine learning models (Wei 
et al., 2020, 2021). Fig. 11 shows the variations of PM2.5 concentration 
from 2010 to 2020 in Shanxi Province. Air pollution in Shanxi Province 
has changed significantly in recent years, which maintained at a rela
tively high level until 2013, and the average value was 59.54 ± 14.08 
μg/m3. In recent years, PM2.5 has decreased sharply due to the imple
mented National Clean Air Act (2013–2017) during which the mean 
PM2.5 reduced to 44.99 ± 11.11 μg/m3, followed by the Blue Sky De
fense Plan (2018–2020) during which it further diminished to 33.47 ±
7.03 μg/m3 (Zhang et al., 2019), the mean value of the PM2.5 in 2020 
decreased 49.1% compared to 2013, and these observation results are 
similar to those from the airborne observations. Such dramatic decline 
in ground-level particle concentration is bound to echo in the airborne 
measurements chiefly made inside the boundary layer. 

It is worth noting that aircraft measurements are generally highly 
constrained by logistic conditions, weather, aerospace and funding 
supports. As such, it is infeasible to conduct large scale observations of 
long time series. We conducted four flights in our last airborne study (Li 
et al., 2015a), and six flights in this study of better instrumentation to 
help us gain more accurate measurements of aerosol properties in the 
Shanxi Province. As the two experiments were carried out in the same 
season and region, it allows us to make a comparative analysis between 
the two experiments, despite that the comparison results are somewhat 
circumstantial due to the small sample. On the other hand, drastic and 
persistent measures taken in combating air pollution across the region 
seem to have a noticeable effect on aerosol loading and properties, 
although caution needs to be exercised in interpreting the findings. The 
study just adds another piece of evidence of the large-scale declining 
trend of aerosol in northern China to the growing number of studies that 
were mostly from ground-based (Li et al., 2007, 2011, 2019a,b) or sat
ellite observations (Geng et al., 2015; Wei et al., 2021). In this regard, 
our study is uniquely important for it provides the vertical profiles of 
aerosol loading and properties. 

5. Conclusions 

Aerosol parameters usually vary considerably in time and space and 
so are their climate effects. Among the various aerosol attributes, the 
vertical distributions of aerosol physical and optical properties are least 
known but they play critical roles in dictating its impact on atmospheric 
thermodynamics. Characterization of the vertical distribution of aerosol 
optical properties for studying aerosol’s effects on local climate espe
cially for modeling studies. 

The vertical distributions of aerosol concentration and size distri
bution, as well as aerosol optical properties, were obtained through 
analyses of data collected during a summertime airborne field campaign 
in 2020 at the XZ station on the Loess Plateau in China. Statistics of the 
aerosol concentration, particle size, and aerosol optical properties were 
obtained and compared with results reported at the same station at the 
same time of the year in 2013 (Li et al., 2015a). Both α and βsp values 
were relatively high, indicating that (1) scattering was dominated by 
fine particles and (2) a larger fraction of submicron particles dominated 
the total aerosol loading in the XZ region during the field campaign. 

Analyzed were vertical profiles of Na, Ma, Sa, and EDa obtained 
during six flights. In general, large values of Na appeared at lower alti
tudes. Na decreased with height, showing two peaks, i.e., one at 1500 m 
and the other between 2000 and 2200 m. Fine particles with EDa less 
than 0.8 μm comprised most of the total aerosol concentration during 
the aircraft measurement period. A multilognormal distribution func
tion was used to fit the measured aerosol number size distributions. The 
fitting parameters obtained can provide a scientific reference for aerosol 
parameterization in numerical models. 

Also analyzed were vertical profiles of σsp (450,525,635 nm), βsp (525 nm), 
α (635/450), and BCc obtained during the six flights. In general, aerosol 
scattering properties and BCc in the lowest layer of the atmosphere 
contributed the most to the total aerosol radiative forcing, with values 
decreasing from the near surface to higher altitudes. Vertical profiles of 
βsp and α were inversely correlated, with both parameters having rela
tively large values. This suggests that most aerosol particles observed 
were small, dominating scattering. A linear fit best expressed the rela
tion between Na and σsc. 

Calculated and analyzed were SSA at 525 nm and PAOD. SSA was 
generally greater than 0.9 below 2500 m, with lower values of SSA 

Fig. 11. Variations in Shanxi’s PM2.5 concentrations from 2010 to 2020.  
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mainly appearing at higher levels. On light fog days, SSA was greater 
than 0.9, with aerosols playing a cooling role in the atmosphere. On hazy 
days, SSA in the lowest layer of the atmosphere was generally greater 
than 0.85. 

Simulated using the Hybrid of Single Particle Lagrangian Integrated 
Trajectory model were 48-h backward trajectories of air masses for the 
field campaign period. The majority of particles in the lower atmosphere 
contributed the most to the total aerosol loading, leading to high values 
of aerosol concentration and radiative forcing. Most of these particles 
originated from local or regional pollution emissions. 
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