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ABSTRACT 

 
The impact of the planetary boundary layer (PBL) structure on the vertical distribution of aerosols in Northeast China, 

which experiences air pollution frequently in autumn and winter, is not well understood. We investigated the characteristics 
of the vertical distribution of particulate matter (PM1, PM2.5, and PM10) mass concentrations and their relationships with 
PBL structures in Shenyang, a provincial capital city in Northeast China, using balloon sounding data collected during an 
intensive observation period in November 2018. Aerosols typically decreased with increases in height and were mostly 
distributed below 400 m at night and reached higher altitudes (~800 m) in the daytime due to convective turbulence. The 
concentration ratios of PM1/PM2.5 and PM2.5/PM10 measured about 0.6 and 0.8, respectively, below 0.6–1.0 km during the 
daytime, and below 0.5 km at nighttime. On average, stronger atmospheric stability resulted in greater vertical gradients and 
higher PM concentrations near the surface. During four air pollution episodes (November 1–4, 7–10, 14–15, and 25–27), 
when atmospheric stability was strong at night, aerosols tended to remain in a shallow stable surface layer (< 300 m) and at 
the bottom of a residual layer (250–500 m) due to weak vertical mixing. After sunrise, these aerosols were mixed uniformly 
in the PBL (the depth increasing from 200 m to more than 1 km), subsequently affecting surface air quality. In addition, 
strong wind speeds and wind shears caused by nocturnal low-level jets and cold front systems influenced the formation and 
evolution of air pollution episodes. These processes controlled aerosol transport/dispersion processes and can modify 
atmospheric stability and PBL height. These results have important implications for understanding the vertical distribution 
of aerosols, and the crucial roles that PBL structures play in modulating aerosol pollution in Shenyang. 
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INTRODUCTION 

 
Atmospheric particulate matter (PM) can affect air quality 

(Fuzzi et al., 2015; Jiang et al., 2015), visibility (Kim et al., 
2006; Li et al., 2016), human health (Davidson et al., 2005; 
Kim et al., 2015; Tang et al., 2017), and the earth’s radiation 
budget (Myhre et al., 2013; Huang et al., 2014), depending 
on particle size. Fine PM with aerodynamic diameters less 
than 2.5 and 1 µm (PM2.5 and PM1, respectively) typically 
poses greater health risks (Oberdörster et al., 2005; Anderson 
et al., 2012;) and exhibits higher correlations with visibility 
than coarse PM (PM10) (Zhao et al., 2013; Li et al., 2017). 
Over the past decade, PM pollution has become a serious 
environmental problem in most urban regions in developing 
Asian countries, such as China and India (Bhaskar and Mehta, 
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2010; Tiwari et al., 2014; Cheng et al., 2015). Previous 
studies have investigated the horizontal distribution and 
temporal variation of surface-level PM concentration and 
their relationships with meteorological conditions in China 
(Li et al., 2015; Wang et al., 2015b; Zhang et al., 2015). 
However, the vertical distribution and evolution of PM 
concentrations, which directly affect near-surface air quality 
and radiation transfer in the atmosphere, have been rarely 
reported, mainly because of a lack of observations. 

The common methods of measuring vertical profiles of PM 
concentration in situ include tower measurement, LiDAR 
detection, and balloon sounding. The vertical distribution of 
PM concentrations can be measured continuously by gauges 
at different altitudes on a tower. For example, Deng et al. 
(2015) analyzed the evolution of PM1, PM2.5, and PM10 
concentrations at 121 and 454 m on the Canton tower in 
Guangzhou, China, from November 2010 to May 2013. 
They observed more uniform vertical distributions for fine 
PM than coarse PM and during summer than winter. Chan 
et al. (2005) investigated the characteristics of vertical 
profiles of PM2.5 and PM10 in urban Beijing during August 
2003 using tower observations at 8, 100, 200, and 325 m. 
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They reported that strong temperature inversions near the 
surface (< 50 m) and more stable conditions aloft enhanced 
the near-surface accumulation of pollutants. However, 
tower-measured PM vertical profiles often suffer from poor 
vertical resolution and limitation of detection height (several 
hundreds of meters at maximum). Using optical principles, 
fine-resolution vertical profiles of PM concentrations can be 
retrieved from aerosol extinction coefficients measured 
using LiDAR. Nevertheless, LiDAR measurements usually 
have a blind zone near the surface, on the order of several 
dozens of meters in height where pollution is most concerned 
(Li et al., 2019). Balloon sounding can be used monitor PM 
concentrations using optical- or diffusion charging-based 
sensors with a high vertical resolution (several meters), and 
can measure standard meteorological variables simultaneously. 
Balloon sounding released frequently enough can successfully 
capture the vertical distribution and evolution of atmospheric 
PM during haze and fog episodes (Bisht et al., 2016; Zhang 
et al., 2017; Han et al., 2018).  

The vertical distribution and evolution of PM concentrations 
are affected by the dynamic and thermodynamic structures 
of the planetary boundary layer (PBL). A great deal of 
research effort has been made to investigate the mechanisms 
of air pollution formation associated with PBL structures 
(Ding et al., 2005; Hu et al., 2014; Tang et al., 2015; 2016; 
Zhu et al., 2016; Yang et al., 2017; Li et al., 2018a, b; Zhu 
et al., 2018; Miao et al., 2019; Liu et al., 2019). For example, 
Sun et al. (2013) investigated the impact of PBL structure 
on the evolution of tower-measured PM2.5 concentrations at 
three levels in the near-surface layer in Beijing, during a 
summer haze event (August 1–16, 2009). Han et al. (2018) 
analyzed the vertical distribution and evolution of PM2.5 
concentrations and their relation to PBL structure during a 
prolonged haze episode (December 20–25, 2015), over 
central-eastern China using measurements from a tethered 
balloon. Wang et al. (2019) studied the PBL vertical structure 
over Beijing urban area and its effect on LiDAR-derived 
aerosol extinction coefficient during air pollution episodes 
from December 1 to 4, 2016. These studies mostly focused 
on individual air pollution episodes lasting for several days. 
Regular or long-term characteristics of PM vertical distribution 
and their associations with PBL structures have rarely been 
reported. 

Northeast China had the second highest surface 
concentrations of PM1, PM2.5, and PM10 in China during 
2006–2014 (second to the North China Plain) (Wang et al., 
2015b). Unlike other regions in China, surface PM 
concentrations in Northeast China have exhibited an 
increasing trend over the past several years (Wang et al., 
2015b). The characteristics of the vertical distribution of PM 
and its relationship with PBL structures in this region remain 
unclear. Only a few studies have examined the vertical 
distribution of aerosols during several air pollution episodes 
in Northeast China. Dickerson et al. (2007) investigated the 
impact of a cyclonic system on the vertical distribution and 
transport of dust and gaseous pollutants (CO, SO2, and O3) 
from the PBL to the free troposphere over Northeast China 
using aircraft observations in April 2005. Ma et al. (2018) 
analyzed the vertical distribution of aerosol extinction 

coefficients and derived PM2.5 concentrations using a 
ground-based LiDAR in Shenyang, Northeast China, during 
two air pollution episodes from December 2016 to January 
2017. However, the impact of PBL structures on aerosol 
vertical distribution in Northeast China has rarely been 
studied (Li et al., 2019). 

Shenyang, a provincial capital, is one of most populated 
cities in Northeast China (Fig. 1(a)), with a population of 
7.37 million in 2017 (National Bureau of Statistics of China; 
http://data.stats.gov.cn/search.htm). Air pollution occurs 
frequently in this city during autumn and winter, mainly due 
to enhanced local emissions (e.g., coal burning for energy 
and crop-residue burning) and pollutant transport from 
adjacent polluted regions such as the North China Plain (Li 
et al., 2018a, b; Ma et al., 2018; Miao et al., 2018; Li et al., 
2019). In this study, we examined the impact of PBL 
structures on the evolution of aerosol vertical distributions 
in Shenyang, a provincial capital city in Northeast China, on 
both monthly and episodic time scales. Fine-resolution 
vertical profiles of PM1, PM2.5, and PM10 concentrations and 
meteorological parameters in the PBL were measured using 
intensive balloon soundings in Shenyang during November 
1–31, 2018. 

The remainder of this paper is organized as follows. 
Section 2 introduces the observational sites, data and methods. 
Section 3 analyzes the characteristics of PM vertical 
distributions and their relations to PBL structures during the 
observational period and during four air pollution episodes. 
Finally, conclusions are drawn in Section 4. 
 
DATA AND METHODS 

 

Vertical Profiles of PM Concentrations and 

Meteorological Parameters 

Two observation stations less than 8 km apart were 
located in the southern urban region of Shenyang (Fig. 1(b)). 
At the balloon sounding station (BSS) (123.42°E, 41.68°N), 
we measured fine-resolution vertical profiles of PM1, PM2.5, 
and PM10 concentrations and some meteorological parameters 
[including air temperature (Ta), wind speed (WS), and wind 
direction (WD)] during November 1–31, 2018. The radiosonde 
detection system (Model Chuangzhi Tan Kong-1) was 
developed by the Institute of Atmospheric Physics of the 
Chinese Academy of Sciences. Balloons were released eight 
times a day during the periods November 1–9, 15–16, and 
25–30, starting at 02:00 local time (LT) at intervals of 3 h, 
and at 02:00, 08:00, 14:00, and 20:00 LT on all other days. 
The ascending velocity of the sounding balloons was about 
2.5 m s–1, and sounding data were recorded at intervals of 
1 s. The detection duration was about 20–30 min, and the 
detection height usually reached up to 1500–2800 m. 

Fine-resolution vertical profiles of PM concentrations 
were measured using a low-cost laser particle matter sensor 
(Plantower PMS-5003T, China). A fan in the sensor draws 
air through a chamber where PM with diameters of between 
0.3 and 10 µm are detected by a 90°-scattered laser-induced 
light, with the wavelength estimated at 650 ± 10 nm (Kelly 
et al., 2017). The light-scattering signals are subsequently 
placed into different PM size bins of 0.3–1 µm, 1–2.5 µm,  
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Fig. 1. (a) Geographical location of Shenyang, and (b) the locations of balloon sounding station (BSS) and national weather 
station (NWS) in Shenyang, with background representing land use type. 

 

and 2.5–10 µm, and then mass concentrations of PM1, PM2.5 
and PM10 are calculated, with a detection resolution and 
range of 1 µg m–3 and 0–500 µg m–3, respectively. The low-
cost PM sensors had good performance in field studies, 
compared to some scientific grade instruments (e.g., TEOM, 
Thermo Fischer Scientific Inc., USA) (Kelly et al., 2017; 
Zheng et al., 2018; Bulot et al., 2019; Sayahi et al., 2019). 
They have been also used for research on air quality and 
health risk assessment in different regions and countries, 
such as India, China, and the United States, in recent years 
(Masic et al., 2017; Sakhnini et al., 2018; Camprodon et al., 
2019; Nelson et al., 2019).  

In addition, vertical profiles of Ta, WS, and WD were 
simultaneously measured at the BSS, with a detection 
resolution of 0.1°C, 0.1 m s–1, and 0.1°, respectively. All of 
the radiosonde data (including PM and meteorology) were 
averaged every 10 m in the vertical direction after data 
quality control. Vertical profiles of potential temperature (θ) 
were also calculated to examine variation in atmospheric 
stability.  

The reliability of balloon sounding data was evaluated 
using the measurements aerosol extinction coefficients from 
a ground-based LiDAR (located at 41.74°N, 123.43°E) for 
November 1–3 and conventional meteorological sounding 
data from a L-band radiosonde system at the national weather 
station (NWS) (located at 123.51°E, 41.74°N) in Shenyang 
at 08:00 and 20:00 Local Time (LT) for each day in 
November 2018 (see Appendix A). Detailed information on 
the aerosol LiDAR and the L-band radiosonde system can be 
found in Li et al. (2019). Evolution of the vertical distribution 
in PM2.5 concentrations measured using the balloon sounding 
were basically consistent with that of the aerosol extinction 
coefficient from November 1 to 3, 2018. Both observed that 
aerosols increased and were transported at higher altitudes 
with time during this period, and mostly accumulated at 
altitudes below 0.5 km and near 1 km at night on November 
2 (Fig. S1). The vertical distribution of θ and WS measured 
at BSS also varied consistently with that observed at NWS 
during the entire study period (Fig. S2). 

Surface PM concentrations and Meteorological 

Parameters 

The hourly mean mass concentrations of PM10 and PM2.5 
near the surface were obtained from 11 national air quality 
monitoring stations in Shenyang. The averaged PM 
concentrations from the 11 stations (representing the mean 
air quality in the city) were used to identify air pollution 
episodes during the study period, and to evaluate the variation 
trend of near-surface PM concentrations measured using 
balloon sounding. The distribution and detailed information 
of each station were reported previously (Li et al., 2017). To 
explain the potential long-range transport of air pollutants 
from the North China Plain to Shenyang, we also selected 
hourly mean PM2.5 concentrations at another 24 cities (20 
cities in North China Plain and 4 in Liaoning province) in 
November 2018. In addition to surface-level PM monitoring 
data, surface meteorological observations, including hourly 
mean WS, WD, Ta, relative humidity (RH), and atmospheric 
visibility (Vis) in November 2018, were obtained from the 
NWS. 
 
Wind Fields from European Centre for Medium Range 

Weather Forecasts Reanalysis Data 

Reanalysis data from The European Centre for Medium 
Range Weather Forecasts (ECMWF) were used to 
reproduce the horizontal flow fields at 10 m height over the 
North China Plain and Liaoning province during two air 
pollution episodes in November 2018. The horizontal 
meridional and zonal wind speeds (u and v) were obtained 
at 02:00, 08:00, 14:00, and 20:00 LT each day, with a spatial 
resolution of 0.125° × 0.125°. 
 
Determination of Planetary Boundary Layer Height 

Planetary boundary layer height (PBLH) directly determines 
the vertical dilution range of air pollutants, and thus affects 
surface air quality. We applied the 1.5-θ-increase method 
(Nielsen-Gammon et al., 2008) and the critical bulk 
Richardson number (Ri) method (Stull, 1988) to determine 
the PBLH in the daytime and nighttime, respectively, using 
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balloon sounding data. The former method defines the PBLH 
as the altitude where θ first exceeds the minimum θ-value 

within the boundary layer by 1.5 K, while the latter determines 
the PBLH as the lowest altitude where Ri is larger than 0.25. 
The two methods have been widely used in previous studies 
to analyze PBL structures and their effects on air pollution 
(Hong, 2010; Seidel et al., 2012; Hu et al., 2014; Guo et al., 
2016; Li et al., 2018a, 2019; Yang et al., 2019). 
 
Occurrence Frequency of Unstable Conditions 

The occurrence frequency of unstable conditions at 
different altitudes and hours, f(Hn, t), is calculated according 
to Eqs. (1) and (2), to quantitatively analyze the diurnal 
variation in the thermodynamic structure of the PBL.  
 
δθ(z, t) = δ(z + 1, t) – θ(z, t) (1) 
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We calculated the difference in θ at two adjacent altitudes 

for different hours, δθ(z, t), with z and t being observational 
height and time, respectively. If δθ(z, t) < 0, this represents 
unstable conditions at the given height and time. Thereafter, 
we counted the number of times unstable conditions 
occurred within each 100 m vertical range at different hours 
(the numerator in Eq. (2), with Hn = 0, 100, 200, ..., 1600 m), 
and found the proportion of this frequency in relation to the 

total sample number at the same heights and hours. Finally, 
the mean diurnal variation of f(Hn, t) was calculated for 
November 2018. 
 
RESULTS 

 

Vertical Distribution of PM Concentrations and 

Meteorological Parameters during November 2018 

Fig. 2 shows the evolution and vertical distributions of PM1, 
PM2.5, and PM10 concentrations below 2 km and the 
temporal variation of hourly mean surface-level PM2.5 and 
PM10 concentrations in Shenyang during November 2018. 
Overall, the vertical distributions of PM1, PM2.5, and PM10 

concentrations showed similar evolution to each other and 
had consistent trends with the surface-level PM2.5 and PM10 
concentrations during the observation period. An aerosol-rich 
layer persisted below 0.3–0.6 km and sometimes extended 
up to 1.5–2 km and even higher altitudes during the study 
period except on November 16 when a cold front system 
passed over Shenyang. PM concentrations typically decreased 
with an increase in height, mainly due to enhanced emissions 
near the surface, and dry deposition of aerosols. This is 
consistent with long-term tower observations from other 
cities, such as Guangzhou (Deng et al., 2015), and episodic 
measurements using aerial vehicles in the Yangtze River 
Delta (Wang et al., 2015a; Lu et al., 2019) in China. The 
inverse was also observed at times, where PM concentrations 
increased with height, particularly during some pollution 
episodes. This is discussed in Section 3.4. 

 

 
Fig. 2. Height-time cross-sections of mass concentrations of (a) PM1, (b) PM2.5, and (c) PM10, and (d) variation of surface 
PM2.5 and PM10 concentrations in Shenyang during November 2018. Rectangles represent air pollution episodes. 
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Four air pollution episodes, characterized by the maximum 
hourly mean surface PM2.5 and PM10 concentrations greater 
than 100 and 150 µg m–3, respectively, were distinguished 
in November 2018 in Shenyang. The first pollution episode 
(EP1) occurred from 16:00 LT on November 1 to 07:00 LT 
on November 4, EP2 occurred from 15:00 LT on November 
7 to 01:00 LT on November 10, EP3 occurred from 11:00 
LT on November 14 to 12:00 LT on November 15, and EP4 
occurred from 02:00 LT on November 25 to 02:00 LT on 
November 27, 2018. During the four air pollution episodes, 
the maximum surface-level hourly mean PM2.5 (PM10) 
concentrations reached 117 (178), 142 (209), 187 (245), and 
240 (284) µg m–3, respectively, and near-surface PM 
concentrations measured using balloon sounding also 
increased significantly.  

To understand the evolution of PBL structure and surface 
meteorological conditions during the study period, Fig. 3 
shows the vertical distributions of θ and WS below 2 km and 
variation of hourly mean Ta, RH, WS, WD, and visibility at a 
height of 2 m during November 2018 in Shenyang. The 
variation of surface Ta and WS measured at the NWS was 
consistent with that of θ and WS measured using balloon 
sounding. Regular diurnal variation of θ, Ta, and RH was 
observed on most days in this month, with higher temperature 
and lower RH in the daytime. Potential temperature inversions 
usually occurred at night due to the infrared radiative cooling 
of the surface. During all air pollution episodes, low visibility 
(< 2 km), high RH (> 80%), and frequent changes in WD 
were observed near the surface. However, WS exhibited large 
differences among different episodes. Strong winds near the 

surface (WS > 6 m s–1) and at higher altitudes (WS > 15 m s–1) 
were observed during EP1 and EP4, indicating that both 
episodes were probably related to the transport of air pollutants, 
while weak winds dominated in EP2 and EP3. 

 
Diurnal Variation of Vertical Distribution of PM 

Concentration 

The mean diurnal variation of the vertical profiles of PM1, 
PM2.5, and PM10 concentrations within 1.5 km above the 
surface in November 2018 in Shenyang are shown in Fig. 4. 
On average, PM concentrations decreased with height at all 
hours. At night (02:00, 05:00, 20:00, and 23:00 LT), PM 
concentrations decreased rapidly with height below 500 m, 
with average lapse rates of 5.8, 9.7, and 11.7 µg m–3/100 m 
for PM1, PM2.5, and PM10, respectively, and changed slowly 
aloft. In the daytime (08:00–17:00 LT), PM concentrations 
were distributed more uniformly in the vertical direction; the 
smallest concentration lapse rates of about 1.8, 3.0, and 
3.8 µg m–3/100 m below 500 m were observed at 14:00 LT 
for PM1, PM2.5, and PM10, respectively. Aerosols were mostly 
distributed below 400 m at night, but were transported to 
higher altitudes (up to ~800 m) during the daytime due to 
strong convective turbulence.  

Using aerial vehicle observations, Lu et al. (2019) also 
observed that the vertical gradient of PM2.5 concentrations 
decreased from the morning to the afternoon due to the 
diurnal variation of the PBL structure, on 5 days between 
August 2014 and February 2015 in a suburban area in 
Lin’an, China (29°56ʹ–30°23ʹN, 118°51ʹ–119°52ʹE). Due to 
the enhanced turbulence between 13:00 and 18:00 LT, the 

 

 
Fig. 3. Vertical distributions of (a) potential temperature and (b) wind speed, and temporal variation of (c) air temperature, 
(d) relative humidity, and (e) wind speed and direction at 2 m height, observed in Shenyang during November 2018.  
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Fig. 4. Monthly averaged vertical profiles of PM1, PM2.5, and PM10 concentrations at (a) 02:00, (b) 05:00, (c) 08:00, (d) 
11:00, (e) 14:00, (f) 17:00, (g) 20:00, and (h) 23:00 LT, observed at Shenyang in November 2018. The blue bar represents 
the standard deviation of PM2.5 concentrations. 

 

ratios of PM10 concentration at heights of 100 and 320 m to 
those at 8 m increased by 5% and 13%, respectively, compared 
to the daily mean ratios, and the mean ratio of PM2.5 between 
100 and 8 m heights even ranged from 101% to 120%, 
according to tower observations in Beijing in August 2003 
(Ding et al., 2005). 

On average, higher PM concentrations were observed near 
the surface at night than during the daytime, partly due to 
diurnal variation of the PBL structure. Similar diurnal variation 
was also observed in the surface-level PM concentrations at 
air quality monitoring stations in Shenyang during this study 
period (not shown) and in different seasons in 2014 and 
2015 (Li et al., 2016).  

To examine the proportions of airborne fine and coarse 
particles at different levels, Fig. 5 shows the mean vertical 
distributions of concentration ratios of PM1/PM2.5, PM2.5/PM10, 
and PM1/PM10 at different hours averaged in November 
2018 in Shenyang. Fine particles accounted for a large 
proportion of aerosols at all altitudes; the monthly averaged 
ratios of PM1/PM2.5 and PM2.5/PM10 below 1.5 km ranged 
from 0.53 to 0.96 and from 0.65 to 1, respectively. The ratios 
of PM1/PM2.5 and PM2.5/PM10 remained about 0.6 and 0.8 
below 0.5 km at night and below 0.6–1.0 km in the daytime, 
and aloft they exhibited larger fluctuations and an increasing 
trend with height. The PM2.5/PM10 ratio approached one at 
altitudes of 1.3–1.5 km, which was mainly because coarse 
particles typically show stronger dry deposition than fine 
particles. The annual mean ratios of surface-level PM2.5/PM10 
in Shenyang from 2010 to 2012 ranged from 0.69 to 0.73 (Zhao 
et al., 2013), and their monthly mean ratios ranged between 
0.50 and 0.81 from 2014 to 2015 (Li et al., 2016). These values 
are close to the near-surface ratios observed in this study. 
 
Impact of PBL Structure on Diurnal Variation of PM 

Vertical Distribution 

The diurnal variation of PM vertical distributions is 
closely related to the diurnal evolution of PBL structures. As 
shown in Fig. 6, the vertical profiles of θ at night averaged 

in November 2018 exhibited stronger atmospheric stability 
than those in the daytime. Between 20:00 and 05:00 LT, the 
θ-difference from the surface to 200 m height increased from 
0.14 to 0.26 K, due to continuous radiative cooling of the 
surface after sunset. Stronger atmospheric stability suppressed 
vertical mixing of aerosols and trapped more aerosols near 
the surface. During the daytime, atmospheric stability 
became weak because of solar heating of the surface; a small 
vertical gradient of θ was observed below 0.3 km at 08:00 
LT and below 1 km at 14:00–17:00 LT on average. Strong 
convective unstable conditions favored vertical transport of 
aerosols and resulted in a more uniform vertical distribution 
of PM concentrations.  

To show the diurnal evolution of atmospheric stability more 
clearly, the diurnal mean occurrence frequency of unstable 
conditions at different altitudes, averaged for November 
2018 is displayed in Fig. 7. Unstable conditions occurred 
more frequently during 08:00–17:00 LT than during other 
times, with the highest frequency observed at 14:00 LT. 
Unstable conditions occurred frequently (> 35%) below 
0.1 km at 08:00 LT, and extended up to more than 1 km at 
14:00 LT, which reflected the growth of the PBLH and 
corresponded to the vertical mixing range of aerosols. 
Unstable conditions also occurred at night at altitudes between 
0.5–1 km altitudes, with the highest frequency being larger 
than 30%, probably caused by low-level jets (LLJs). LLJs 
often occur within the boundary layer and are characterized 
by a pronounced diurnal cycle in winds with the maximum 
occurring at night (Du et al., 2014a). As shown in Fig. 6, 
stronger wind speed and wind shear were observed in the 
PBL at night, with the maximum mean WS close to 8 m s–1 
at altitudes of 400–600 m. Previous studies have shown that 
LLJs affect the transport and dispersion of air pollutants in 
the PBL (Hu et al., 2013a, b; Klein et al., 2014; Wei et al., 
2018; Miao et al., 2019; Wang et al., 2019). LLJs occur more 
frequently in Northeast China than most other regions in 
China (Du et al., 2014b), potentially modifying the vertical 
distribution of aerosols in Shenyang.  
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Fig. 5. Monthly averaged vertical profiles of PM1/PM2.5, PM2.5/PM10, and PM1/PM10 ratio at (a) 02:00, (b) 05:00, (c) 08:00, 
(d) 11:00, (e) 14:00, (f) 17:00, (g) 20:00, and (h) 23:00 LT observed at Shenyang in November 2018.  

 

 
Fig. 6. Vertical profiles of potential temperature and wind speed at (a) 02:00, (b) 05:00, (c) 08:00, (d) 11:00, (e) 14:00, 
(f) 17:00, (g) 20:00, and (h) 23:00 LT observed at Shenyang averaged over November 2018.   

 

To further quantify the impact of atmospheric stability on 
the vertical distribution of PM concentrations, the relationship 
between vertical gradient of PM concentration and θ between 
200 m and the surface are shown in Fig. 8. The vertical 
gradient of PM concentrations increased with increasing 
atmosphere stability (represented by the difference between 
θ at the surface and at 200 m). When the vertical gradient of 
θ between 200 m and the surface increased by 1 K, the 
differences of PM1, PM2.5, and PM10 concentrations at the 
two levels increased by about 4.9, 8.9, and 10.5 µg m–3, 
respectively. Thus, the increase in atmospheric stability 
favored the trapping of more pollutants in the near-surface 
layer, and resulted in deterioration of air quality near the 
surface at night. 
 
Impact of PBL Structure on Vertical Distribution of PM 

Concentrations during Air Pollution Episodes 

The impacts of PBL structures on the vertical distribution 

of PM concentrations were further examined during the four 
air pollution episodes, to help understand the formation and 
mechanisms of air pollution in this region. Fig. 9 shows the 
vertical profiles of PM2.5 concentration, WS, and θ during EP1 
and EP4; both episodes were likely related to the long-range 
transport of pollutants. During EP1, the near-surface PM2.5 
concentration was greater than 200 µg m–3 and decreased 
sharply with height at 20:00 LT on November 2. The strong 
potential temperature inversion layer and low wind speed 
near the surface favored the accumulation of pollutants in 
the shallow stable surface layer. Subsequently, nocturnal 
LLJs developed during the period from 20:00 LT on 
November 2 to 08:00 LT on November 3. Here, we identified 
LLJs following the method in Du et al. (2014b) using two 
criteria: (1) the maximum WS is more than 10 m s–1 below 
4 km (occurring below 1 km as boundary layer jets and 
between 1 and 4 km as synoptic-system-related LLJs); and 
(2) the WS must decrease by at least 3 m s–1 between the  
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Fig. 7. Mean diurnal variation of vertical distribution of occurrence frequency of unstable conditions for November 2018 in 
Shenyang. 

 

 
Fig. 8. Relationship between vertical gradient of PM concentrations and potential temperature during November 2018 in 
Shenyang. The bar represents the standard deviation of PM concentration differences of all samples in each bin.  
 

height of the maximum and minimum wind speed, the 
minimum being aloft. As shown in Fig. 9(b), the jet core 
occurred at altitudes between 0.4 and 0.6 km and the maximum 
WS reached 16–18 m s–1, identifying these as boundary layer 
jets. With enhancement of boundary layer jets, aerosols were 
transported from the upstream regions to Shenyang 
(Fig. 10(a)), and then trapped in a residual layer at nighttime. 
As a result, PM2.5 concentrations between 0.7 and 1.2 km 
heights increased significantly during 23:00 LT on November 
2 and 08:00 LT on November 3. After sunrise, WS in the 
PBL decreased and a deep convective boundary layer (CBL) 
developed, with the top of the CBL reaching about 1.1 km 
at 14:00 LT on November 3. Note that EP1 experienced the 
warmest weather (~20°C near the surface) during November 
2018 (Fig. 3(c)), which favored the development of CBL. 
Meanwhile, the pollutants trapped in the residual layer on 
the previous night were vertically mixed in the CBL due to 
strong convective turbulence, which led to a uniform vertical 
distribution of PM2.5 concentration below 1.1 km and an 
increase of near-surface PM2.5 concentration. Similar processes 
were also reported in other air pollution episodes in different 
regions, such as O3 pollution over the southern Great Plains 
of the USA (Klein et al., 2014) and over the Yangtze River 
Delta (Hu et al., 2018), and PM2.5 pollution in Beijing (Sun 

et al., 2013) and in Northeast China (Li et al., 2019).  
During EP4, Shenyang was located ahead of a cold front 

system (not shown). WS in the PBL increased from 10 to 
25 m s–1 during 02:00–17:00 LT on November 26 (Fig. 9(e)), 
which can be identified as the synoptic-system-related LLJs, 
and the surface hourly mean WS increased from near zero to 
8 m s–1 (Fig. 3(e)) due to large gradients of surface air 
pressure. The strong southwesterly winds transported large 
amounts of pollutants from the North China Plain to Shenyang 
(Fig. 10(b)), leading to a continuous increase in PM2.5 
concentration in the PBL. Meanwhile, strong wind shear 
weakened atmospheric stability and favored the growth of 
the PBLH and the vertical mixing of pollutants in the PBL. 
The PBLH ranged from 1.0 to 1.3 km during the daytime 
(Figs. 9(e)–9(f)). At 20:00 LT on November 26, WS in the 
PBL decreased, but a nocturnal boundary layer jet, with a jet 
core at an altitude of about 250 m, was observed. Meanwhile, a 
stable boundary layer with a depth of 250 m decoupled from 
a residual layer above it. This PBL structure greatly 
determined the vertical distribution of PM2.5 concentrations. 
In the stable surface layer (< 250 m), PM2.5 concentration 
remained high at the surface and decreased rapidly with 
height. Influenced by LLJs, PM2.5 concentration was small 
and uniformly distributed between 250 and 400 m. Aerosols  
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Fig. 9. Vertical profiles of (a, d) PM2.5 concentration, (b, e) wind speed, and (c, f) potential temperature in Shenyang during 
EP1 on November 2–3 and during EP4 on November 26, 2018. 

 

 
Fig. 10. Wind fields at 10 m height retrieved from the ECMWF reanalysis data over the North China Plain and Liaoning 
province at (a) 08:00 LT on November 2 and (b) 14:00 LT on November 26, 2018. Circles denote PM2.5 mass concentration 
at different cities averaged (a) from 00:00 LT on November 2 to 12:00 LT on November 3 during EP1, and (b) on November 
26 during EP4. SY represents the locations of Shenyang. 

 

that cannot be transported/deposited to the surface accumulated 
at the bottom (400–600 m) of the residual layer due to the 
stable conditions and weak WS, while at higher altitudes PM 
concentration decreased gradually with height.  

The 10 m winds retrieved from ECMWF reanalysis data 
at 08:00 LT on 3 November 2018 (EP1) and 14:00 LT on 26 
November 2018 (EP4) are overlaid by PM2.5 concentrations 
averaged for episodic events at 25 cities in the North China 
Pain and Liaoning province, in Fig. 10. The long-range 
transport of aerosols during these episodes can be clearly 
observed. The episodic-mean PM2.5 concentrations exceeded 
100 and 200 µg m–3 during EP1 and EP4, respectively, for 
most cities in the North China Plain. These values were much 
higher than those observed in Liaoning province, including 
Shenyang. Strong southwesterly and southerly flows 

dominated the North China Plain and Liaoning province in 
both pollution episodes, giving favorable conditions for the 
transport of air pollutants to Shenyang. 

In contrast to EP1 and EP4, both EP2 and EP3 were mainly 
related to local emissions in the presence of weak winds. 
During EP2, a deep CBL in the daytime gradually turned into 
a shallow stable surface layer at night (Fig. 11(c)). The PBL 
height decreased from 0.8 km to below 0.3 km from 14:00 
LT on November 7 to 02:00 LT on November 8, while WS 
in the PBL increased gradually with time. Correspondingly, 
PM2.5 concentration (~90 µg m–3) was distributed uniformly 
in the CBL in the daytime, while at night the near-surface 
PM concentrations increased gradually because of the strong 
potential temperature inversion and stagnant WS near the 
surface. Another PM concentration peak was observed  



 
 
 

Li et al., Aerosol and Air Quality Research, 19: 2464–2476, 2019 2473 

 
Fig. 11. Vertical profiles of (a, d) PM2.5 concentration, (b, e) wind speed, and (c, f) potential temperature in Shenyang during 
EP2 on November 7–8 and during EP3 on November 14–15, 2018 

 

in the residual layer at night at altitudes of about 250–350 m 
due to strong atmospheric stability. At 08:00 LT on November 
8 after sunrise when the convective boundary layer began to 
develop due to heating of the surface (according to the vertical 
profile of θ), PM2.5 concentration was mixed uniformly in 
the shallow unstable layer below 150 m. Above this altitude, 
PM2.5 concentration decreased rapidly from 120 to 40 µg m–3 
because the vertical transport of aerosols was effectively 
hindered by the θ-inversion layer capped on the CBL. During 
EP3, the decrease of PBLH and strong stable θ-inversion layer 
caused an increase of PM2.5 concentration near the surface. 
With the enhancement of nocturnal LLJs, the aerosols between 
0.3 to 1.2 km also increased at 02:00 LT on November 15. 
During the four air pollution episodes, the vertical distribution 
of PM concentration/surface air quality was closely related 
to the thermodynamic (related to atmospheric stability) and 
dynamic structures (largely influenced by LLJs) of the PBL. 
 
CONCLUSIONS AND DISCUSSIONS 

 
Using intensively collected radiosonde data of PM1, 

PM2.5, and PM10 concentrations and meteorological parameters 
in Shenyang during November 2018, we investigated the 
characteristics of aerosol vertical distributions, and the impact 
of PBL structures on their mean diurnal variation, and 
during four air pollution episodes. The main conclusions can 
be summarized as follows.  

(1) Diurnal variation in the PBL structures affect the mean 
diurnal evolution of vertical distribution of PM concentrations. 
On average, aerosols were distributed in a shallower layer 
(< 400 m), and had higher near-surface concentrations and 
greater decreasing rate with an increase in height, due to 
stronger atmospheric stability at night, compared to the 
daytime. 

(2) The impact of the thermodynamic structure of the PBL 
on the vertical distribution of aerosols was clearly demonstrated 
during four air pollution episodes. PM tended to be trapped 
in a shallow stable surface layer (usually < 300 m) and in the 
lower part of a residual layer (250–500 m) when atmospheric 
stability was strong at night; stable stratification effectively 
suppressed the vertical mixing of aerosols. During the 
daytime, aerosol particles were mixed uniformly in the PBL 
(with gradually increasing height up to approximately 1 km) 
due to enhanced convective turbulence, which subsequently 
influenced the surface air quality. 

(3) The PBL dynamic structure, dominantly affected by 
LLJs (both boundary layer jets and synoptic-system-related 
LLJs) in EP1 and EP4, strongly influenced aerosol transport 
and dispersion processes and modified the atmospheric 
stability and PBLH, therefore influencing the formation of 
air pollution. Strong southwesterly and southerly flows 
caused by LLJs transported amount of pollutants from the 
North China Plain to Shenyang during EP1 and EP4. Weak 
winds in EP2 and EP3 favored the accumulation of pollutants 
from local emissions. 

(4) Previous studies of LLJs in Northeast China have 
focused on their impact on precipitation in summer (Du et 

al., 2014b), but their impact on the formation and distribution 
of air pollution in this region has rarely been reported (Li et 

al., 2019). It is necessary to investigate the characteristics 
(such as occurrence frequency and intensity) of LLJs in 
Northeast China during autumn and winter, and explore their 
relation to the formation of air pollution. This will likely be 
beneficial for improving the early warning and forecasting 
of air pollution episodes. 

(5) Long-term and multi-site observations are needed to 
provide a full understanding of the characteristics of aerosol 
vertical distribution, and the formation and evolution of air 
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pollution in Northeast China. Comparative studies at different 
sites in urban, suburban, and rural areas will help clarify the 
effects of anthropogenic activities (including anthropogenic 
emissions, urban heat island effects, and so forth) on aerosol 
vertical distributions and air pollution.  
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