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ABSTRACT 
 

To investigate the spectral and spatial distribution characteristics of aerosol particles over eastern China, this study 
conducted a set of aircraft measurements during August 12–28, 2014, over Anhui province, China. The aerosol number 
concentration and size distributions from five flights as well as the cloud and meteorological parameters were analyzed. In 
Anhui province, the average number concentration of aerosol particles in the size range of 0.1–3.0 µm was 481 ± 199 cm–3, 
and accumulation mode particles accounted for more than 95% of the total aerosol particles. Most of the aerosol particles 
were concentrated in the layer below 1000 m, where the number concentration decreased with the altitude, except in the 
presence of thermal inversion layers (TILs). The TILs prevented the vertical transport of aerosol particles, and led to a higher 
number concentration in the boundary layer. A large fraction of aerosol particles was removed when clouds were present, 
and the removed in-cloud aerosols lead to an increase in cloud droplet concentrations for the size range of 3.5–10.0 µm. 
Our results are valuable for understanding the spatial distribution of aerosol particles and their interactions with clouds. 
 
Keywords: Aircraft observation; Aerosol spatial distribution; Aerosol removal in clouds. 
 
 
 
INTRODUCTION 
 

Aerosol particles can reduce atmospheric visibility, 
impede air quality and harm human health (Cao et al., 2013; 
Liu et al., 2014; Gupta et al., 2016; Liang et al., 2016; Syu 
et al., 2016; Khaefi et al., 2017); they can also affect the 
Earth’s climate directly by scattering and absorbing solar 
and terrestrial radiation, and indirectly by serving as cloud 
condensation nuclei (CCN) and ice nuclei, thereby 
influencing the microphysical and radiative properties of 
clouds (Mccormick and Ludwig, 1967; Twomey, 1974, 1977; 
Albrecht, 1989; Charlson et al., 1992; Ramanathan et al., 
2001; IPCC, 2013). Aerosols in the boundary layer have been 
studied extensively during the past decades (e.g., Cao et 
al., 2003; Hansen et al., 2003; Koulouri et al., 2008; Alam 
et al., 2012; Xin et al., 2015; Khamkaew et al., 2016; Xu et 
al., 2017), but their properties in the free atmosphere are 
still poorly understood; in particular, large uncertainties exist 
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regarding the vertical distribution of aerosols in the lower 
troposphere (Li et al., 2015b). Aerosols appearing at the cloud 
level can affect cloud properties and precipitation directly, 
and the complex roles of aerosol vertical distributions in 
the climate system indicate that additional observations are 
required to verify climate simulations (Schwartz et al., 
2014; Vuolo et al., 2014). 

Aircraft observation has a unique advantage in 
understanding the vertical and horizontal distribution of 
atmospheric aerosols and clouds because of its high temporal 
and spatial resolution (Clarke et al., 1998; Bahreini et al., 
2003; Schnitzhofer et al., 2009), and it is also an important 
tool to study aerosol–cloud interactions (Lu et al., 2008; 
Rosenfeld et al., 2008). Aircraft field observations have been 
performed over multiple regions including marine, desert, 
mountain, rural and urban environments (Fouquart et al., 
1987; Petzold et al., 2002; Maring et al., 2003; Taubman et 
al., 2006; Capes et al., 2008; Reid et al., 2008; Perring et al., 
2015). 

During the past decades, extensive airborne measurements 
of aerosol properties have been conducted in the northern 
part of China, including Shenyang, northeast China (e.g., 
Dickerson et al., 2007), the North China Plain (e.g., Zhang 
et al., 2006; Liu et al., 2009; Yin et al., 2009; Zhang et al., 
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2009; Sun et al., 2013) and the Loess Plateau (e.g., Li et 
al., 2015a, b). Using aircraft optical spectrometer probes in 
addition to Weather Research and Forecasting tracer and 
Moderate Resolution Imaging Spectroradiometer data, Zhang 
et al. (2006) provided the origins and spatial distribution of 
aerosol particles over Beijing, China. Their results 
demonstrated that a strong vertical gradient of aerosol 
concentrations existed around the city of Beijing, and particles 
in the size range of 0.1–1.0 µm dominated the whole particle 
population. 

The number concentration of aerosol particles in the 
range of 0.01–20 µm, CCN and aerosol optical properties 
were measured over the Loess Plateau in Shanxi, China (Li 
et al., 2015a, b); the results revealed that fine particles 
constituted the majority of the particles below 2 km, and 
that larger aerosol particles were more abundant above 2 km. 
Zhang et al. (2011) discussed aerosol–cloud interactions 
over highly polluted areas of Beijing by using data from 
seven aircraft fights. They reported that the cloud effective 
radius was sensitive to the aerosol number concentration 
and liquid water content.  

Over the past three decades, the increase in industrial 
emissions resulting from the rapid economic development of 
megacities in eastern China, such as Shanghai and Nanjing, 
has impeded the local and regional air quality. Extensive 
ground-based studies of atmospheric pollutants have been 
conducted in this region, whereas little is known about the 
vertical distribution of aerosol properties. In this study, 
aircraft observations were conducted during August 12–28, 
2014, over Anhui Province in Eastern China to measure the 
aerosol spatial distributions and relation with clouds. Data 
obtained from five flights were selected to analyze the 
spatial distribution of aerosol properties and the relationship 
between aerosols and cloud droplets during summer.  

The remainder of manuscript is organized as follows. 
Section 2 introduces the instruments and methodology. The 
measured results and discussions for the vertical properties 
of aerosols and the relations with clouds are presented in 
Section 3. Section 4 provides the conclusions. 

 
INSTRUMENTATION AND METHODOLOGY 
 
Instrumentation 

The aircraft used in the experiment was the Cheyenne-III 
from the Weather Modification Office of Hebei Province, its 
maximum flight height with equipped instruments was 8 
km, and cruising speed was 360–400 km h–1. The aircraft 
was equipped with several instruments including a passive 
cavity aerosol spectrometer probe (PCASP-100X), a forward 
scattering spectrometer probe (FSSP-ER), and a two-
dimensional cloud (2D-C) probe, all produced by DMT 
Co., USA. The PCASP-100X probe, along with 15 variable-
sized bins, was used for measuring the number concentration 
and size distribution of aerosol particles ranging from 0.1 
to 3.0 µm. The frequency and sample flow volume were set to 
1 Hz and 1 cm3 s–1, respectively. To minimize aerosol losses, 
the sample inlet was placed at the front of the probe. The 
intake tube cone provides a flow deceleration ratio of 10:1 
to kinetically match the inlet needle flow of 8–10 m s–1. A 

needle with an inner diameter of 0.5 mm is placed in the 
sample inlet of the sample cavity. The total transit time in 
the inlet section is a few hundredths of a second (Sun et al., 
2013). The FSSP-ER, with 15 equal-sized bins (3.0-µm 
interval), is used to measure cloud particles with diameters 
ranging from 2.0 µm to 47.0 µm, and the 2D-C probe is 
used for two-dimensional images of droplets and raindrops. 
The ambient meteorological parameters, cloud liquid water 
content (LWC), and position of the aircraft were measured 
using a meteorological package, King LWC probe, and 
global positioning system device, respectively. Before the 
measurements were performed, the aerosol and cloud probes 
were calibrated using polystyrene latex spheres. In this paper, 
all the concentrations of aerosols and clouds are shown in 
terms of standard temperature and pressure conditions. 
 
Flight Description 

The observations were conducted over Anhui Province 
located in Eastern China (Fig. 1). The main industries in 
Anhui are coal mines, power plants, petrochemical industries, 
metallurgy plants and mechanical industries, leading to 
increased industrial emissions. In addition, a population of 
69.49 million and transport sector can also increase pollutants 
in Anhui Province. Five flights were conducted during August 
12–28, 2014, and the flight trajectories are depicted in Fig. 
1. In these flights, the aircraft took off from Bengbu airport 
(117.34°E, 32.93°N), which is in the north of the province, 
and then climbed southward to detect aerosol vertical profiles. 
To measure the horizontal variation of aerosols in clear-sky 
areas and in clouds, the aircraft flew at several altitudes 
around Anhui and continually descended back to Bengbu.  

The flights were conducted across 4 days, and the flight 
details are listed in Table 1. All the flights were carried out 
in the afternoons and lasted for 1–2.5 h. The clouds were 
measured in each flight; in flight 1–4 (f1–f4), only one type 
of cloud was encountered, and two types of clouds were 
observed in flight 5 (f5). According to the synoptic analysis, 
these 4 days were influenced by different weather systems. 
 
Methodology 

The microphysical parameters of aerosols and clouds are 
statistically calculated using the following formulas:  
 
Number concentration N = ∑ni (1) 

 
Aerosol mean diameter MD = ∑(di·ni)/N (2) 

 
where ni is the particle number concentration of the ith bin, 
and di is the geometrical mean diameter (MD) at the ith 
bin. Eq. (1) is used for both aerosol and cloud particles. 

To distinguish cloud areas from clear--sky areas, the criteria 
of Nc > 10 cm–3 and LWC > 0.001 gm–3 were used, where Nc 
represents the cloud droplet number concentration and LWC 
represents the cloud LWC. The LWC and cloud effective 
radius are calculated using Eqs. (3) and (4), respectively.  
 
Liquid water content LWC = ∑niri

3ρw4π/3 (3) 
 
Cloud effective diameter Re = ∑niri

3/∑niri
2 (4) 
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where ni is the cloud droplet number of the ith bin, ri is 
radius of the ith bin, and ρw is the water density. 
 
RESULTS AND DISCUSSION 
 
Statistical Characteristics of Aerosol and Cloud Particles 

The statistical properties of aerosols in clear--sky areas 
and in clouds, and those of clouds observed in f1–f3 and f5 
are shown in Table 2. The aerosol number concentration 
measured by the PCASP-100X in clear--sky areas (Na), 
from the surface to approximately 6 km over Anhui was 
338–771 cm–3, which is lower than that observed around 
Shijiazhuang, Northern China (Sun et al., 2013). The number 
concentration (Nacc) of the accumulation mode particles 
(ranging from 0.1 to 1.0 µm) accounted for more than 95% 
of the total concentration. The MD of the aerosol particles 
ranged from 0.19 to 0.43 µm, and small particles constituted 
the majority. The number concentration of the in-cloud 
aerosol particles (Nincloud) was 71–400 cm–3, which is lower 
than the Na value, indicating that some of the aerosol particles 
are removed by cloud processes in the clouds. The altitudes of 

the cloud base observed in f1, f2 and f3 were approximately 
5.0, 1.0, and 4.0 km, respectively, and Nincloud decreased 
with cloud base altitude. The number concentration of the 
accumulation mode particles in the clouds (Nacc-incloud) 
accounted for 60%–85% of the total Nincloud, which was 
observed to be 10%–35% lower than the ratio of Nacc in clear--
sky areas. This was most likely caused by two factors: (1) 
the accumulation mode aerosol particles grew larger into 
coarse mode aerosol particles through hygroscopic growth 
in the clouds, where the relative humidity is higher than that 
of the ambient air; (2) simultaneously, tiny cloud particles 
smaller than 3 µm may have wrongly been counted as 
coarse aerosol particles by the instruments. Meanwhile, the 
MD of in-cloud aerosols (In-MD) was 0.53–1.06 µm; this 
value is much larger than the MD of aerosol particles in the 
clear sky, which was also affected by the aforementioned 
two factors.  

The number concentration of cloud droplets (Nc) ranged 
from 29 to 297 cm–3, but this value is dependent on the cloud 
type. Generally, low clouds contain a greater number of 
cloud droplets of smaller sizes (Re), which are controlled

 

 
Fig. 1. Map of flight ranges and flight trajectories. 

 

Table 1. Summary of the flights. 

Flight Date Time range (CST) Maximum altitude (m) Cloud type Weather system 
f1 2014-08-12 15:34-17:10 6090 As Surface inverted trough 
f2 2014-08-14 14:39-17:04 6022 Sc Surface cold front 
f3 2014-08-16 16:07-17:56 6552 As Changjiang-Huaihe cyclone
f4 2014-08-28a 12:28-13:22 1254 Ns Surface low pressure 
f5 2014-08-28b 15:46-17:07 5750 Ns Surface low pressure 
    As  
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Table 2. Statistical values of aerosol and cloud particles. 

Flight 
Na

 

(cm–3) 
Nacc 

ratio 
MD 

(µm) 

Nincloud  
(cm–3) 

Nacc-incloud 

ratio  
In-MD  
(µm) 

Nc 

(cm–3) 
Re 

(µm) 
LWC 
(g m–3) 

f1 771 99% 0.30 136 60% 1.00 29 9.38 0.044 
f2 438 99% 0.19 400 82% 0.53 297 5.15 0.127 
f3 338 95% 0.43 71 67% 1.06 48 8.73 0.051 
f5 372 99% 0.20 344 85% 0.70 209 6.30 0.112 

 

by the air dynamics. The LWC values ranged from 0.051 to 
0.127 gm–3. Both Nc and LWC decreasd with the cloud 
altitude, whereas Re increased with the cloud altitude; this 
finding is consistent with previous cloud observations at 
other locations (e.g., Lu et al., 2008; Deng et al., 2009). 
 
Spatial Distribution of Aerosol Particles 
Vertical Distribution 

Fig. 2 depicts the vertical Na, temperature, MD, and 
LWC profiles measured on August 12, 14, 16 and 28 (f5). 
The black and gray lines represent profiles of the ascent 
and descent flights, respectively. Data of Na and MD were 
averaged over a vertical distance of 100 meters, and the in-
cloud aerosols were also included. 

As shown in Figs. 2(a1)–(d1), most aerosol particles were 
concentrated (in the order of 103 cm–3) below 1 km, and the 
maximum value of 3500 cm–3 was measured on August 12. 
The particle concentration (Na) decreased sharply to 102 
cm–3 at the altitude of 1 km and remained at a constant of 
101 cm–3 from 2 to 6 km on August 12 and 16. Figs. 2(a2)–
2(d2) illustrates the vertical profiles of temperature. Several 
temperature inversion layers (TILs) existed during all the 
observed flights. TILs can prevent the vertical transport of 
aerosol particles; hence, aerosols can accumulate at the 
level under a TIL and contribute to the increment of Na. For 
example, in the descent leg on August 12 (Fig. 2(a)), a 
shallow TIL was observed between 1300 and 1400 m, and 
of Na profile exhibited a peak below the TIL layer at an 
altitude of 1200–1300 m. On August 14 (Fig. 2(b)), two 
TIL layers were observed during both the ascent and descent 
periods (between 1900 and 2100 m and and between 2100 
and 2500 m), which resulted in two Na peaks (between 900 
and 1800 m and between 1800 and 2100 m).  

The vertical MD profiles are depicted in Figs. 2(a3)–
2(d3). The MD changed in the range of 0.14–0.24 µm, and it 
was maintained at approximately 0.2 µm at the lower layer 
and then decreased gradually to approximately 0.16 µm at 
higher altitudes in clear--sky areas. The aerosol MD has a 
mean value of 0.1 µm over Beijing (Zhang et al., 2009) 
and 0.10–0.17 µm over Shijiazhuang (Yin et al., 2009), and 
the MD over eastern China is 0.09–0.18 µm under dry 
conditions, with the average value being 0.14 µm (the MD 
in dry conditions can be calculated by assuming a realistic 
hygroscopic growth factor); the differences in MD over 
separate locations may be caused by different chemical 
compositions. The increment of MD at 3.0–5.6 km in the 
subcloud area on August 12 was possibly affected by 
drying cloud droplets, which left large residue particles due 
to a cloud process. Furthermore, the sudden increments in 
the MD inside the cloud area at 0.8–1.2 km on August 14, 

3.0–4.7 km on August 16, and 0.2–1.0 km and 4.5–6.0 km 
on August 28 were likely to be contaminated by tiny cloud 
particles smaller than 3 µm, which can be considered coarse 
mode aerosols. However, these particles had little effect on 
the vertical distribution of the aerosol number concentration, 
because the accumulation mode aerosols accounted for a 
majority of the total Na, and the tiny cloud particles were 
merely regarded as coarse mode aerosols. 

Although the vertical profiles of ascent and descent 
depicted in Fig. 2 are quite similar, a small difference is still 
discernible, and the changes in the boundary layer height 
between the ascent and descent flights could be responsible 
for this difference. Liu et al. (2009) also revealed that the 
planetary boundary layer (PBL) structure is crucial for 
determining the vertical distribution of aerosol in the lower 
troposphere. Accordingly, the different aerosol vertical 
profiles here are also related to the different meteorological 
conditions (Table 1) and structures of PBL. For example, 
the aerosol vertical distribution on August 12 exhibited a 
linear declining tendency, whereas the profile on August 16 
exhibited an exponential declining tendency, and these 2 
days were controlled by different synoptic systems, as 
explained in more detail as follows. 

On August 12, the region was dominated by westerlies at 
high altitudes with a weak inverted trough on the surface. 
Light fog was observed at forenoon in this region, indicating 
that the atmosphere had a stable structure, and the turbulence 
and convection were restrained. Thereafter, with the vanishing 
of the fog, the top of the PBL increased to approximately 
3 km (Fig. 2(a2)) in the afternoon, and weak turbulence 
transport in the PBL could lift some aerosol particles from 
the surface. The vertical velocity (w) profiles (Fig. 3) at 
14:00 (CST) indicate that on August 12, an updraft could 
be observed below 5500 m; the updraft at approximately 
1 km was the strongest and was associated with convergence 
motion in the whole atmosphere (strongest at 1 km), 
facilitatng evelopment of an aerosol vertical profile with a 
linear declining tendency. On August 16, the observed area 
was dominated by warm airflow with high humidity at high 
altitude, but the surface pressure was high. A downdraft 
was observed from the surface to approximately 5 km (Fig. 3), 
and the atmosphere stratification was stable, which prevented 
the vertical transportation of aerosols from the surface and 
contributed to an exponential declining tendency (Sun et 
al., 2013). During the aircraft ascent period, the top of the 
PBL was at approximately 2 km, and the corresponding 
aerosol layer top was at 1.5 km. However, in the descent 
period, the PBL top and aerosol layer top increased to 3 km 
and 2 km, respectively, indicating that PBL development can 
lift aerosol particles to higher altitudes through turbulence. 
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Fig. 2. Vertical distributions of aerosol number concentration (Na, cm–3), temperature (°C), mean diameter (µm) and liquid 
water content (g m–3). 
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Fig. 3. Vertical profiles of vertical velocity. 

 

Moreover, these two cases constituted the dominant factors 
of the synoptic system and PBL structure. 
 
Horizontal Variations 

To study the horizontal variations in aerosol particles 
over Eastern China, several horizontal flights at different 
altitudes were conducted. Six flight legs at three different 
altitudes on August 14 and 28 were chosen for the following 
analyses and discussions.  

Fig. 4 depicts the horizontal variations in Na (black lines 
and symbols) and MD (gray lines and symbols) on August 
14 and 28 at three altitudes (< 1, 3, and 5 km). Compared 
with the vertical distribution, the horizontal changes in the 
aerosol number concentration and MD were much smaller, 
and the value at every altitude was almost a constant. Table 3 
shows the calculated average values and standard deviations 
(SDs) of Na and MD during the six legs, revealing that 
every SD of Na and MD has a low value, indicating the 
uniformity of the aerosol horizontal distribution. The average 
Na sharply decreased from 600 to 900 m, and the magnitude 
decreased from 103 to 102 cm–3. The Na values at the altitudes 
of 3 and 5 km were similar (in the order of 102 cm–3), 
indicating a sharp decrease in aerosol particle concentration 
with altitudes below 1 km and uniformity at altitudes above 
3 km. The MD value decreased from 0.22 to 0.17 µm from 
< 1 to 3 km and then increased to 0.18 µm on August 14 
and decreased to 0.16 µm on August 28; however, the 
difference was tiny.  

Fig. 4 (except for Fig. 4(b)) shows a negative correlation 
between Na and MD; that is, a higher Na value always 
corresponded to a lower MD value. Table 3 shows high 
ratios of accumulation mode particles in these five legs except 
for leg 2. Fig. 4(b) depicts a positive correlation between Na 
and MD; that is, a higher number concentration corresponded 
to a larger MD, signifying that the particles observed in leg 
2 might have experienced hygroscopic growth. 

Spatial Variations of Aerosol Size Distributions 
The number size distributions of particles can reveal the 

source of aerosol and may change under the influence of 
different synoptic conditions. It is also a key factor to 
determine the life cycle and optical properties of aerosols. 
Fig. 5 depicts the vertical variation in the aerosol number 
size distribution observed on August 14, 2014. The data 
were averaged over a vertical distance of 1 km, with only 
the clear--sky aerosol data being included. The average 
spectral distributions are shown for six altitudes: < 1, 1–2, 
2–3, 3–4, 4–5, and 5–6 km. The following multi-lognormal 
distribution function was used to fit the aerosol particle 
size distributions, 
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 (5) 

 
where n is the number of modes per size distribution for 
the best fit, Dp is the particle diameter in µm, Ni is the 
particle number in mode i, Dg,i is the geometric MD of 
mode i (in µm) and σg,i is the SD of mode i (Seinfeld and 
Pandis, 1998; Sun et al., 2013; Li et al., 2015b). 

The shapes of the particle spectra on August 14 were 
similar for each layer, and the concentration decreased with 
the altitude in almost each bin (Fig. 5). The results derived 
for the lognormal fits to the particle spectra are presented 
in Fig. 6. All the particle spectra at each altitude could be 
fitted with four lognormal distribution functions, and Table 4 
shows the parameters describing the number size distributions 
of four modes in six different layers. The Na value of each 
mode generally decreased with the altitude; in the main 
modes (mode I and mode II), the geometric MD (Dg) was  
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Fig. 4. Horizontal distributions of aerosol particle number concentration and mean diameter. 

 
Table 3. Average, SD of Na and MD, and accumulation mode aerosol concentration in six horizontal legs. 

Date 
Height 
(m) 

Na (cm–3) MD (µm) 
Nacc ratio 

Average SD Average SD 
2014-08-14 600 1338 140 0.22 0.005 99.9% 
2014-08-28 900 335 36 0.22 0.083 97.6% 
2014-08-14 3700 33 8 0.17 0.017 100.0% 
2014-08-28 3800 44 19 0.17 0.012 99.8% 
2014-08-14 5600 34 7 0.18 0.030 100.0% 
2014-08-28 5700 21 5 0.16 0.019 100.0% 

 

0.10–0.29 µm, indicating that small accumulation mode 
particles dominated the whole atmosphere on sunny days. 
Analysis of fire map and air mass backward trajectories 
confirmed that aerosol emission over Anhui were mainly 
from biomass burning. 

Relation between Clouds and Aerosols 
Removal of Aerosols in Clouds 

Fig. 7 presents the cloud droplet number concentration 
(Nc), LWC, aerosol particle concentration (Na) and altitude 
time series. As mentioned in section Methodology, the 
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Fig. 5. Vertical properties of aerosol number size distribution. 

 

clouds were determined using the Nc and LWC criteria of 
10 cm–3 and 0.001 g m–3, respectively; therefore, the areas 
surrounded by the blue and green lines in Fig. 7 represent 
clouds, and the pink shadow areas indicate clear--sky areas.  

Fig. 7(a) depicts the ascending legs of flights on August 
14, from 14:49 to 14:53. The aircraft climbed to 1536 m 
from takeoff in 4 min. Clouds were detected at altitudes of 
845–1197 m, with a vertical extent of 352 m. The clear sky 
over this cloud layer was at an altitude of 1197–1228 m, 
and another cloud layer with a vertical extent of 60 m was 
at a higher level. The aerosol number concentration decreased 
gradually in the clear sky below the clouds. After the 
aircraft flew into the clouds, Na decreased sharply, with the 
average Na value of 431 cm–3. Subsequently, the aircraft flew 
through the first cloud layer into a clear sky with increasing 
Na, and the value of Nincloud in the second cloud layer was 
lower than Na in the clear sky (marked by the pink shadow). 
As discussed, Na decreased with the altitude except in the 
presence of TILs. In this ascending process, the temperature 
decreased with the altitude in the absence of TILs; 
accordingly, Na decreased with the altitude. However, Na in 
the clear sky over the clouds was higher than Nincloud; this 
phenomenon illustrates that the clouds may remove the 
aerosol particles. 

Fig. 7(b) depicts the results of the horizontal flight on 
August 28 at an altitude of approximately 1200 m; five  

 

 
Fig. 6. Four lognormal fitting results for aerosol number size distributions at six altitudes. 

 

Table 4. Parameters characterizing the number size distributions of the four aerosol modes at different altitudes. 

Altitude Mode I Mode II Mode III Mode IV 
(km) Na (cm–3) Dg (µm) logσ Na (cm–3) Dg (µm) logσ Na (cm–3) Dg (µm) logσ Na (cm–3) Dg (µm) logσ
< 1 3256 0.14 0.52 590 0.29 0.18 80 0.38 0.43 1.0 1.45 0.45
1–2 2100 0.11 0.55 700 0.28 0.22 80 0.37 0.45 0.3 2.10 0.21
2–3 1300 0.12 0.39 640 0.25 0.25 12 0.46 0.43 0.3 2.10 0.22
3–4 556 0.10 0.46 210 0.22 0.31 0.65 0.78 0.24 0.18 2.00 0.28
4–5 166 0.11 0.37 36 0.21 0.32 1.1 0.58 0.40 0.35 2.00 0.41
5–6 95 0.12 0.34 21 0.21 0.34 2.6 0.47 0.62 0.25 2.23 0.18
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Fig. 7. Time series of altitude (orange lines), aerosol number concentration (pink lines and dots), cloud droplet concentration 
(blue lines), and liquid water content (green lines); the pink shadows represent clear sky between the clouds, and the five 
clouds in Fig. 6(b) are marked by Roman numerals I–V. 

 

clouds which are numbered I–V in the figure were detected 
during 12 min, and the clear-sky areas are marked by pink 
shadows in this figure. It is obvious that, the aerosol number 
concentration was lower in clouds than in the clear sky, 
even in clouds as thin as cloud IV. The number concentrations 
of aerosol particles in the five clouds and clear sky around 
the clouds are shown in Table 5. The aerosol concentration 
in cloud I (Nincloud) was 181 ± 121 cm–3, and in surrounding 
clear sky, the Na values for the left and right sides were 481 
± 93 and 654 ± 67 cm–3, respectively. The Nincloud value did 
not reach half the value of Na in the clear sky, and more 
than 50% aerosol particles were removed in cloud I. Cloud II 
was much larger than cloud I, but Nc was lower (Fig. 7(b)). 
The Nincloud value of cloud II was 557 ± 55cm–3 and in its 
surrounding clear sky, the Na values for the left and right 
sides were 654 ± 67 and 761 ± 33 cm–3, respectively; 
approximately 100 cm–3 of aerosol particles were removed. 
Similar results were noted for clouds III–V. In short, in the 
horizontal flights, the number concentration of the aerosol 
particles removed by clouds rangd from 100 to 300 cm–3. 

 
Relation between Nc and Nincloud 

As illustrated in Fig. 7(b), when the cloud droplet number 
concentration was high, the in-cloud aerosol number 
concentration was low, as observed in cloud I, and when Nc 
decreased, Nincloud simultaneously increased. Table 6 shows 
the statistical properties of the five clouds (I–V), regarding 
the cloud aerosol and clear sky aerosol particles detected in 

the horizontal flights during 12:46:30–12:58:30 (Fig. (7b)). 
The observed Nc was 55–199 cm–3 and the LWC changed 

from 0.003 to 0.06 gm–3; no direct correlation between the 
LWC and Nc. An obvious negative correlation was observed 
between Nc and Nincloud. The correlation between the LWC 
and in-cloud aerosol number concentration is described in 
Table 6. The aerosol particle concentrations for the particle 
sizes of 1–3 µm (Ncoa-incloud) were positively correlated with 
the LWC, indicating that under higher LWC conditions, a 
higher number of aerosol particles may grow to larger sizes 
through hygroscopic growth in the clouds. The Na values 
for the surrounding clear sky showed little variation, but 
Nincloud values were quite different (Table 6). 

To identify the removal ability of the clouds, 497 sets of 
cloud droplet number concentrations and corresponding in-
cloud aerosol number concentrations were used to conduct 
a linear correlation analysis. A good negative relation (Fig. 8) 
was observed between Nc and Nincloud, with a Pearson’s r of 
–0.76, and the equation y = 716.80 – 1.65x can express the 
linear relation between Nc and Nincloud. Fig. 8 illustrates that 
the relation between the clouds and in-cloud aerosols can 
be proven when the cloud contains a greater number of 
cloud droplets; therefore, the removal of in cloud-aerosols 
can be more effective under such conditions.  

Fig. 9 depicts the number size distributions of the five 
clouds. In the size range of 3.5–10.0 µm, the sequence of 
the number concentration in the clouds was as follows: 
cloud I > V > II = III > IV; moreover, the sequence of the
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Table 5. Aerosol number concentration in clouds and clear sky on both the left and right sides of the cloud. 

Cloud number Left side Na in clear sky (cm–3) Nincloud (cm–3) Right side Na in clear sky (cm–3) 
I 481(±93) 181(±121) 654(±67) 
II 654(±67) 557(±55) 761(±33) 
III 761(±33) 592(±36) 781(±37) 
IV 781(±37) 671(±56) 861(±39) 
V 861(±39) 503(±87) 684(±35) 

 

Table 6. Statistical characteristics of clouds and aerosol particles. 

Cloud number Nc (cm–3) LWC (g m–3) Nincloud (cm–3) Ncoa-incloud ratio Na (cm–3) Aerosol removal ratio
I 199 (±96) 0.034(±0.01) 181(±121) 16% 491(±106) 63% 
II 107(±42) 0.060(±0.04) 557(±55) 12% 725(±70) 23% 
III 99(±35) 0.032(±0.026) 592(±36) 5% 768(±35) 23% 
IV 56(±34) 0.003(±0.003) 671(±56) 2% 851(±47) 21% 
V 145 (±59) 0.026(±0.018) 503(±87) 6% 803(±92) 37% 

 

 
Fig. 8. Linear relationship between in-cloud aerosol number concentration and cloud droplet number concentration. 

 

 
Fig. 9. Cloud particle number size distribution. 
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Aerosol removal ratio (from high to low) was identical to 
that of the cloud number concentration for the size range of 
3.5–10.0 µm. This finding indicates that the greater is the 
number of aerosol particles removed, the higher is the 
number concentration of cloud particles in the size range of 
3.5–10.0 µm. 

 
Discussion of In-Cloud Removal Mechanisms 

Fig. 10 depicts time series of the number size distribution 
and LWC of five clouds (I–V), the cloud number size 

distributions are filled with different colors, color bar of 
each cloud is different; LWC is represented by black lines 
and dots. Cloud I, cloud II-A (first part of cloud II from 
12:53:19 to 12:54:19) and cloud IV were in evolution period, 
mature stage and dissipation stage, respectively. 

Most of the cloud paiticles in cloud I were smaller than 
10 µm (Fig. 10(a)), the size distribution was unimodal with 
peak mode ranged from 5 to 7 µm; LWC value was 
approximately 0.05 g m–3 with the average value of 0.034 
g m–3. High concentration of small cloud particles and low

 

 
Fig. 10. Time series of cloud particle size distribution (filled with colors) and liquid water content (black lines and dots) of 
five clouds (I–V). 
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LWC could indicate that cloud I was in evolution period. 
The number concentration in cloud II-A was much lower 
than cloud I (Fig. 10(b)), cloud number size distribution 
was bimodal distribution with peak modes in 4–8 µm and 
approximately 20 µm, the maximum LWC was 0.15 g m–3, 
two times of the value in cloud I. High value of LWC and 
bimodal distribution of cloud particles were the evidences that 
cloud II-A was in mature stage. Both number concentration 
and LWC in cloud IV were very low (Fig. 10(e)), most cloud 
particles were smaller than 9 µm with unimodal distribution, 
and peak mode size was smaller than 6 µm, horizontal 
range of this cloud was also small. LWC in cloud IV was 
approximately 0.005 g m–3, indicating it was in dissipation 
period. 

Aerosol removal ratio in these three clouds was 64%, 
23%, and 21%, respectively (Table 6), the clouds in 
developing period can remove aerosols more effectivity, 
but lower in mature stage clouds and lowest in dissipation 
stage clouds. Therefore, we infer that the in-cloud aerosol 
removal process in our study was possibly affected by the 
condensation of CCN by cloud activation. 
 
CONCLUSIONS 
 

This paper describes aircraft observations (August 12–
28, 2014) of aerosol spatial properties and the relation 
between aerosol particles and clouds over Anhui provence, 
eastern China. In this paper, the spectral and spatial 
distributions of aerosol particles are presented, and the 
removal process of in cloud aerosols is also discussed. 

The mean aerosol number concentration from the surface 
to an altitude of 6 km was 338–771 cm–3, and more than 
95% of aerosol particles were accumulation mode particles. 
The in-cloud aerosol number concentration, with values of 
71–400 cm–3, was lower than that under clear sky conditions, 
and the in-cloud accumulation mode aerosols accounted for 
60%–85% of the particles. Na decreased from 29 to 297 cm–3 

with an increasing cloud base of 200–5000 m, whereas Re 
increased from 5.15 µm to 9.38 µm with altitude of the 
cloud base. The low clouds contained more and smaller 
droplets than did the middle clouds. 

Most aerosol particles were concentrated below 1 km, 
and the concentration decreased with the altitude. TILs can 
prevent the vertical transport of aerosol particles; hence, 
the aerosols can accumulate at levels under the TILs. The 
MD was maintained at a constant of approximately 0.2 µm 
under 1–2 km and, then decreased at higher levels. The 
horizontal variations in the aerosol number concentration 
and MD were small compared with the vertical distributions, 
and the values at three altitudes were almost constants. The 
aerosol number concentrations and MDs were inversely 
correlated in most of the cases. The Aerosol number size 
distributions changed with the altitude, and all aerosol 
spectra could be fitted with four lognormal distributions 
functions. 

Clouds with a cloud base lower than 2 km could remove 
aerosols effectively, with a removal rate of 21%–63%. The 
higher the cloud droplet number concentration was, the more 
aerosol particles were removed, and a negative correlation 

was obsered between Nc and Nincloud, with a Pearson’s r of 
–0.76. Meanwhile, the in-cloud removal process of aerosol 
particles resulted in the increment of cloud droplets in the 
sizes of 3.5–10.0 µm, and the mechanism of the aerosol 
removal is condensation of CCN by cloud activation probably. 
 
ACKNOWLEDGMENTS  
 

This study was jointly sponsored by the National Natural 
Science Foundation of China (Grant No. 41590873 and 
91644224), the Priority Academic Program of Development 
of Jiangsu Higher Education Institutions (PAPD), and the 
Program for Postgraduates Research and Innovation in 
Universities of Jiangsu Province under Grant KYLX_0835. 
 
REFERENCES 
 
Alam, K., Trautmann, T., Blaschke, T. and Majid, H. 

(2012). Aerosol optical and radiative properties during 
summer and winter seasons over Lahore and Karachi. 
Atmos. Environ. 50: 234–245. 

Albrecht, B.A. (1989). Aerosols, cloud microphysics, and 
fractional cloudiness. Science 245: 1227–30. 

Bahreini, R., Jimenez, J.L., Wang, J., Flagan, R.C., 
Seinfeld, J.H., Jayne, J.T. and Worsnop, D.R. (2003). 
Aircraft-based aerosol size and composition measurements 
during ACE-Asia using an Aerodyne aerosol mass 
spectrometer. J. Geophys. Res. 108: 1191–1198. 

Cao, J.J., Lee, S.C., Ho, K.F., Zhang, X.Y., Zou, S.C., Fung, 
K., Chow, J.C. and Watson, J.G. (2003). Characteristics of 
carbonaceous aerosol in Pearl River Delta Region, China 
during 2001 winter period. Atmos. Environ. 37: 1451–
1460. 

Cao, J.J., Chow, J.C., Lee, F.S.C. and Watson, J.G. (2013). 
Evolution of PM2.5 measurements and standards in the 
US and future perspectives for China. Aerosol Air Qual. 
Res. 13: 1197–1211. 

Capes, G., Johnson, B., Mcfiggans, G., Williams, P.I., 
Haywood, J. and Coe, H. (2008). Aging of biomass 
burning aerosols over West Africa: Aircraft measurements 
of chemical composition, microphysical properties, and 
emission ratios. J. Geophys. Res. 113: 347–348. 

Charlson, R.J., Schwartz, S.E., Hales, J.M., Cess, R.D., 
Hansen, Jr, C.J.J.E. and Hofmann, D.J. (1992). Climate 
forcing by anthropogenic aerosols. Science 255: 423–
430. 

Clarke, A.D., Varner, J.L., Eisele, F., Mauldin, R.L., Tanner, 
D. and Litchy, M. (1998). Particle production in the 
remote marine atmosphere: Cloud outflow and subsidence 
during ACE 1. J. Geophys. Res. 1031: 16397–16409. 

Deng, Z.Z., Zhao, C.S., Zhang, Q., Huang, M.Y. and Ma, 
X.C. (2009). Statistical analysis of microphysical 
properties and the parameterization of effective radius of 
warm clouds in Beijing area. Atmos. Res. 93: 888–896. 

Dickerson, R.R., Li, C., Li, Z., Marufu, L.T., Stehr, J.W., 
Mcclure, B., Krotkov, N., Chen, H., Wang, P., Xia, X., 
Ban, X., Gong, F., Yuan, J. and Yang, J. (2007). Aircraft 
observations of dust and pollutants over northeast China: 
insight into the meteorological mechanisms of transport. 



 
 
 

Hao et al., Aerosol and Air Quality Research, 17: 3230–3243, 2017 3242

J. Geophys. Res. 112: D24S90. 
Fouquart, Y., Bonnel, B., Brogniez, G., Buriez, J.C., Smith, 

L., Morcrette, J.J. and Cerf, A. (1987). Observations of 
Saharan aerosols: Results of ECLATS field experiment. 
Part II. Broadband radiative characteristics of the aerosols 
and vertical radiative flux divergence. J. Clim. Appl. 
Meteorol. 26: 38–52. 

Gupta, G.P., Kumar, B., Singh, S. and Kulshrestha, U.C. 
(2016). Deposition and impact of urban atmospheric 
dust on two medicinal plants during different seasons in 
NCR Delhi. Aerosol Air Qual. Res. 16: 2920–2932. 

Hansen, O.A., Edgerton, E.S., Hartsell, B.E., Jansen, J.J., 
Kandasamy, N., Hidy, G.M. and Blanchard, C.L. (2003). 
The southeastern aerosol research and characterization 
study: Part 1–Overview. J. Air Waste Manage. Assoc. 53: 
1460–1471. 

Intergovernmental Panel on Climate Change (IPCC) (2013). 
Climate change 2013: The physical science basis. 
Contribution of Working Group I to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change, 
Cambridge University Press, Cambridge, United Kingdom 
and New York, NY, USA. 

Khaefi, M., Geravandi, S., Hassani, G., Yari, A.R., Soltani, 
F., Dobaradaran, S., Moogahi, S., Mohammadi, M.J., 
Mahboubi, M., Alavi, N., Farhadi, M. and Khaniabadi, 
J.O. (2017). Association of particulate matter impact on 
prevalence of chronic obstructive pulmonary disease in 
Ahvaz, southwest Iran during 2009–2013. Aerosol Air 
Qual. Res. 17: 230–237. 

Khamkaew, C., Chantara, S., Janta, R., Pani, S.K., 
Prapamontol, T., Kawichai, S., Wiriya, W. and Lin, N.H. 
(2016). Investigation of biomass burning chemical 
components over northern southeast Asia during 7-
SEAS/BASELInE 2014 Campaign. Aerosol Air Qual. 
Res. 16: 2655–2670. 

Koulouri, E., Saarikoski, S., Theodosi, C., Markaki, Z., 
Gerasopoulos, E., Kouvarakis, G., Mäkelä, T., Hillamo, 
R. and Mihalopoulos, N. (2008). Chemical composition 
and sources of fine and coarse aerosol particles in the 
eastern Mediterranean. Atmos. Environ. 42: 6542–6550. 

Li, J.X., Liu, X.G., Yuan, L., Yin, Y., Li, Z.Q., Li, P.R., 
Ren, G., Jin, L.J., Li, R.J., Dong, Z.P., Li, Y.Y. and Yang, 
J.M. (2015a). Vertical distribution of aerosol optical 
properties based on aircraft measurements over the 
Loess Plateau in China. J. Environ. Sci. 34: 44–56. 

Li, J.X., Yin, Y., Li, P.R., Li, Z.Q., Li, R.J., Cribb, M., 
Dong, Z.P., Zhang, F., Li, J., Ren, G., Jin, L.J. and Li, 
Y.Y. (2015b). Aircraft measurements of the vertical 
distribution and activation property of aerosol particles 
over the Loess Plateau in China. Atmos. Res. 155: 73–86. 

Liang, D., Wang, Y.Q., Ma, C. and Wang, Y.J. (2016). 
Variability in transport pathways and source areas of 
PM10 in Beijing during 2009–2012. Aerosol Air Qual. 
Res. 16: 3130–3141. 

Liu, P.F., Zhao, C.S., Zhang, Q., Deng, Z.Z., Huang, M.Y., 
Ma, X.C. and Tie, X.X. (2009). Aircraft study of aerosol 
vertical distributions over Beijing and their optical 
properties. Tellus B 61: 756–767. 

Liu, Y.J., Zhang, T.T., Liu, Q.Y., Zhang, R.J., Sun, Z.Q. and 

Zhang, M.G. (2014). Seasonal variation of physical and 
chemical properties in TSP, PM10 and PM2.5 at a roadside 
site in Beijing and their influence on atmospheric 
visibility. Aerosol Air Qual. Res. 14: 954–969. 

Lu, M., Feingold, G., Jonsson, H.H., Chuang, P.Y., Gates, 
H., Flagan, R.C. and Seinfeld, J.H. (2008). Aerosol-
cloud relationships in continental shallow cumulus. J. 
Geophys. Res. 113: D15201. 

Maring, H., Savioe, D L., Izaguirre, M.A., Custals, L. and 
Reid, J.S. (2003). Vertical distributions of dust and sea-
salt aerosols over Puerto Rico during PRIDE measured 
from a light aircraft. J. Geophys. Res. 108: 8587. 

Mccormick, R.A. and Ludwig, J.H. (1967). Climate 
modification by atmospheric aerosols. Science 156: 1358–
1359. 

Perring, A.E., Schwarz, J.P., Baumgardner, D., Hernandez, 
M.T., Spracklen, D.V., Heald, C.L., Gao, R.S., Kok, G., 
McMeeking, G.R., McQuaid, J.B. and Fahey, D.W. (2015). 
Airborne observations of regional variation in fluorescent 
aerosol across the United States. J. Geophys. Res. 120: 
1153–1170. 

Petzold, A., Fiebig, M., Flentje, H., Keil, A., Leiterer, U., 
Schröder, F., Stifter, A., Wendisch, M. and Wendling, P. 
(2002). Vertical variability of aerosol properties observed 
at a continental site during the Lindenberg Aerosol 
Characterization Experiment (LACE 98). J. Geophys. 
Res. 107: LAC 10-1–LAC 10-18. 

Ramanathan, V., Crutzen, P.J., Kiehl, J.T. and Rosenfeld, 
D. (2001). Aerosols, climate, and the hydrological cycle. 
Science 294: 2119–2124. 

Reid, J.S., Piketh, S.J., Walker, A.L., Burger, R.P., Ross, 
K.E., Westphal, D.L., Bruintjes, R.T., Holben, B.N., Hsu, 
C., Jensen, T.L., Kahn, R.A., Kuciauskas, A.P., Mandoos, 
A.A., Mangoosh, A.A., Miller, S.D., Porter, J.N., Reid, 
E.A. and Tsay, S.C. (2008). An overview of UAE 2, flight 
operations: Observations of summertime atmospheric 
thermodynamic and aerosol profiles of the southern 
Arabian Gulf. J. Geophys. Res. 113: LAC10(1–18). 

Rosenfeld, D., Woodley, W.L., Axisa, D., Freud, E., 
Hudson, J.G. and Givati, A. (2008). Aircraft measurements 
of the impacts of pollution aerosols on clouds and 
precipitation over the Sierra Nevada. J. Geophys. Res. 
113: D15203. 

Schnitzhofer, R., Norman, M., Wisthaler, A., Vergeiner, J., 
Harnisch, F., Gohm, A., Obleitner, F., Fix, A., Neininger, 
B. and Hansel, A. (2009). A multimethodological approach 
to study the spatial distribution of air pollution in an 
Alpine Valley during wintertime. Atmos. Chem. Phys. 9: 
3385–3396. 

Schwartz, S.E., Charlson, R.J., Kahn, R. and Rodhe, H. 
(2014). Earth's climate sensitivity: Apparent inconsistencies 
in recent assessments. Earth's Future 2: 601–605. 

Seinfeld, J.I. and Pandis, S. (1998). Atmospheric chemistry 
and physics: From air pollution to climate change. 
Environ. Sci. Policy Sustain. Dev. 40: 26. 

Sun, X., Yin, Y., Sun, Y., Sun, Y.W., Liu, W. and Han, Y. 
(2013). Seasonal and vertical variations in aerosol 
distribution over Shijiazhuang, China. Atmos. Environ. 
81: 245–252. 



 
 
 

Hao et al., Aerosol and Air Quality Research, 17: 3230–3243, 2017  3243

Syu, J.Y., Cheng, Y.C., Kao, Y.Y., Liang, C.S., Yan, Y.L., 
Lai, C.Y., Chang, C.T., Chen, C.C., Young, C.Y., Wu, 
Y.L. and Lin, W.Y. (2016). The horizontal and vertical 
characteristics of Aeolian dust from riverbed. Aerosol 
Air Qual. Res. 16: 3026–3036. 

Taubman, B.F., Hains, J.C., Thompson, A.M., Marufu, 
L.T., Doddridge, B.G., Stehr, J.W., Piety, C.A. and 
Dickerson, R.R. (2006). Aircraft vertical profiles of trace 
gas and aerosol pollution over the mid-Atlantic United 
States: Statistics and meteorological cluster analysis. J. 
Geophys. Res. 111: D10S07. 

Twomey, S. (1974). Pollution and the planetary albedo. 
Atmos. Environ. 8: 1251–1256. 

Twomey, S. (1977). The influence of pollution on the 
shortwave albedo of clouds. J. Atmos. Sci. 34: 1149–1152. 

Vuolo, M.R., Schulz, M., Balkanski, Y. and Takemura, T. 
(2014). A new method for evaluating the impact of vertical 
distribution on aerosol radiative forcing in general 
circulation models. Atmos. Chem. Phys. 14: 877–897. 

Xin, J.Y., Wang, Y.S., Pan, Y.P., Ji, D.S., Liu, Z.R., Wen, 
T.X., Wang, Y.H., Li, X.R., Sun, Y., Sun, J., Wang, P.C., 
Wang, G.H., Wang, X.M., Cong, Z.Y., Song, T., Hu, B., 
Wang, L.L., Tang, G.Q., Gao, W.K. and Guo, Y.H. (2015). 
The campaign on atmospheric aerosol research network 
of China: CARE-China. Bull. Am. Meteorol. Soc. 96: 
1137–1155. 

Xu, P., Zhang, J., Ji, D., Liu, Z., Tang, G., Hu, B., Jiang, C. 

and Wang, Y. (2017). Evaluating the effects of 
springtime dust storms over Beijing and the associated 
characteristics of sub-micron aerosol. Aerosol Air Qual. 
Res. 17: 680–692. 

Yin, Y., Duan, Y., Zhang, Y., Shi, L., X., Yang, Z.Q., Wu. 
Z.J. and Li, Y.C. (2009). Airborne measurements of the 
spatial and spectral distributions of aerosol particles over 
Hebei area, northern China. Proc. SPIE 7490: 74900X1–
74900X8. 

Zhang, Q., Zhao, C.S., Tie, X.X., Wei, Q., Huang, M.Y., Li, 
G.H, Ying, Z.M. and Li, C.C. (2006). Characterizations 
of aerosols over the Beijing region: A case study of 
aircraft measurements. Atmos. Environ. 40: 4513–4527. 

Zhang, Q., Ma, X.C., Tie, X.X., Huang, M.Y. and Zhao, 
C.S. (2009). Vertical distributions of aerosols under 
different weather conditions: Analysis of in-situ aircraft 
measurements in Beijing, China. Atmos. Environ. 43: 
5526–5535. 

Zhang, Q., Quan, J.N., Tie, X.X., Huang, M.Y. and Ma, 
X.C. (2011). Impact of aerosol particles on cloud 
formation: Aircraft measurements in China. Atmos. 
Environ. 45: 665–672. 

 
 

Received for review, December 28, 2016 
Revised, March 22, 2017 
Accepted, April 17, 2017

 


