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Abstract An airborne field campaign was conducted from 10 June to 10 July 2018 inHubei Province over
central China as a part of the State Key Natural Science Foundation Project referred to as Integrative
Monsoon Frontal Rainfall Experiment (IMFRE). Comprehensive observations of atmospheric aerosols and
cloud characteristics in this region were collected and analyzed. In this study, data from six flights on
nonprecipitating days were selected to investigate the spatial distribution of aerosols and microphysical
properties of clouds. The profiles of aerosol number concentrations (Na) were 1 order of magnitude lower
than those over the North Plain of China, due to the different atmospheric backgrounds, local emission, and
long‐range transport. The highest Na occurred at the altitude of the temperature inversion layer (TIL),
indicating that Na profiles were significantly affected by the TIL structure. Relative humidity (RH) had an
effect on the aerosol size distribution where high RH values corresponded well with large values of particle
mean diameter (MD). Compared with the vertical distributions of Na and MD, their horizontal directions
hadminor changes, except for theMD at 4,000m in one case. Of the three flights that penetrated through the
stratiform clouds, the probability distribution functions of cloud droplet number concentration (Nc),
effective radius (re), and liquid water content (LWC), showed the same features with a single peak mode.
Since the nucleation of aerosol in‐cloud caused the decrease of aerosol concentration, the maximum aerosol
activation ratio almost reached 74%. The average spectrum of cloud droplets showed a multimodal
distribution and their microphysical properties were analyzed in this study.

1. Introduction

Atmospheric aerosols influence the global radiation balance and further affect the climate system by scatter-
ing and absorbing solar radiation (direct effect) and by serving as cloud condensation nuclei (CCN) or ice
nuclei for the formation of clouds (indirect effect) (e.g., Albrecht, 1989; Hudson & Noble, 2014a, 2014b;
Twomey, 1974), which in turn modifies formation regime of different forms of precipitation, for example,
rain, snow, and sleet (Andreae & Rosenfeld, 2008; Haywood & Boucher, 2000; Haywood et al., 2003;
Hudson et al., 2015, 2018; Li, Wang, et al., 2019; Li et al., 2011; Lohmann & Feichter, 2005; Tao et al., 2012).
However, these effects induced by aerosols are difficult to quantify (Haywood et al., 2003; Intergovernmental
Panel on Climate Change (IPCC), 2007), and large uncertainties still remain in measurements of aerosol ver-
tical distributions in the lower troposphere, which has strong effects on calculations of direct and indirect
radiative forcing (Hoppel et al., 1985, 1990; IPCC, 2007). The aerosol number concentration (Na) and aerosol
effective diameter are usually considered as the crucial parameters for presenting the conditions of atmo-
spheric pollution and for interacting with cloud formation (Han et al., 2003; Liu et al., 2009; Li, Liu,
et al., 2015; Li, Li, et al., 2019; Welton et al., 2002). Changes in aerosol concentration, particle size, source,
and type at the cloud level can affect cloud microphysical properties such as cloud optical properties, cloud
cover, and cloud lifetime (Haywood & Boucher, 2000; Hudson et al., 2011, 2012; Hudson & Noble, 2014a, b).
Many analyses have been accomplished to understand the properties of aerosol particles on chemistry, phy-
sics, and optics and the effects on clouds, precipitation, and other atmospheric phenomena (Cui et al., 2006;
Deng et al., 2009; Grützun et al., 2008; Hoppel et al., 1986, 1994, 1996; Junkermann & Hacker, 2015; Li
et al., 2009; Li, Liu, et al., 2015; Yuan et al., 2016; Zhang et al., 2011; Zhao et al., 2006), but large uncertainties
still remain in the study of aerosols, especially their interactions with clouds. Thus, there is a need to better
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understand aerosol spatial distributions and the relationship between aerosols and clouds through extensive
measurements in different places.

For observation substitute measurements, aircraft observations have their own special advantages because
of high temporal and spatial resolutions. We can directly obtain the spatial distribution characteristics of
aerosols and the microphysical properties of clouds in the target area through aircraft measurements
(Junkermann & Hacker, 2015; Li et al., 2015; Li, Liu, et al., 2015; Pace et al., 2015). Thus, it is an important
tool to study aerosol–cloud interactions (Hao et al., 2017; Li, Li, et al., 2019; Rosenfeld et al., 2008; Zhang
et al., 2011; Zhao et al., 2018). In the last few decades, extensive airborne measurements of aerosol properties
have been conducted in China, such as over the North China Plain (Liu et al., 2009; Sun et al., 2013; Yin
et al., 2009; Zhang et al., 2006, 2009), the Loess Plateau (Li et al., 2012; Li, Liu, et al., 2015; Li, Yin, et al., 2015),
and eastern China (Hao et al., 2017), some of which have led to reports of aerosol–cloud interactions. For
example, 152 vertical profiles of Na and aerosol size distribution with diameters ranging from 0.12 to
3.0 μm observed by an airborne optical spectrometer probe in Beijing, China, from 2005 to 2006 were dis-
cussed, and the average vertical profile of Na approximately satisfied an exponential decline function (Liu
et al., 2009). They also found that Na profiles were significantly influenced by the structure of the planetary
boundary layer (PBL). Li, Liu, et al., (2015) and Li, Yin, et al., (2015) showed the vertical distribution of aero-
sol number concentration, particle size, and optical properties based on aircraft measurements over the
Loess Plateau in China, and they also gave the vertical profiles of CCN and discussed the activation property
of aerosol particles. To study the aerosol–cloud interactions, a few aircraft measurements have also been car-
ried out in North China, and some valuable results have been reported. For example, Deng et al. (2009) used
data from 75 flights around the Beijing area to analyze the statistical microphysical properties and parame-
terization of the effective radius of warm cloud droplets, and they suggested that LWC played an important
role in controlling the cloud droplet number concentration and affected the droplet size. Zhang et al. (2011)
discussed aerosol–cloud interactions over highly polluted areas of Beijing by using data from seven aircraft
fights, and they reported that the cloud droplet size was sensitive to the Na and liquid water content (LWC).
Zhao et al. (2018) used six in situ flight observations to study the relationship between aerosol loading and
cloudmicrophysical properties in September 2015 over Hebei, China, and they further calculated the aerosol
first indirect effect. Li et al. (2019) studied the aerosol and cloud droplet distribution characteristics and their
relationship between aerosol loading and microphysical properties of warm clouds based on six flights mea-
surements during a spring aircraft campaign over the eastern Loess Plateau of China. They gave the results
that fine particles at the lower layer contributed greatly to air pollution, the number of aerosol particles had
important impacts on microphysical characteristics of clouds, and the LWC in clouds was also an important
factor when discussing the aerosol–cloud interaction, which closely correlated to the average size of cloud
droplets. In south China, Hao et al. (2017) reported Na and aerosol size distributions from five flights as well
as cloud and meteorological parameters from a set of aircraft measurements during 12–28 August, 2014 over
Anhui Province, China. They found that most aerosol particles were concentrated in the layer below 1,000 m
and the Na decreased with altitude, except in the presence of temperature inversion layers (TILs). The TILs
usually led to a higher Na in the boundary layer. They also analyzed the interaction between aerosols and
clouds and found that a large fraction of aerosol particles was converted to cloud droplets or moved into
cloud droplets when clouds were present. However, because of the high operating costs and strict control
of airspace or other reasons, there is still a lack of aircraft observations of the spatial distributions and micro-
physical characteristics of aerosols and clouds over central and southern China. Therefore, a major objective
of this study was to evaluate the uncertainty of measured aerosol and cloud properties over central China.

The paper is organized as follows: Section 2 describes the observation area, the details of the aircraft cam-
paign, and the data sets. Themeasured results are analyzed and discussed in detail in section 3. A conclusion
is given in section 4.

2. Description of the Field Campaign
2.1. Observation Area

The observation area was in Hubei Province, which is located in the middle reaches of the Yangtze River,
central China. The whole of the province covers the area (29°05′–33°20′N, 108°21′–116°07′E) and is about
740 km long from north to south and 470 km wide from east to west. The terrain of Hubei is surrounded
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by mountains on three sides—to the east, west, and north. Thus, the middle of the province is an incomplete
basin, slightly open to the south. Hubei is located in the subtropics and most of it belongs to a subtropical
monsoon humid climate with abundant rainfall. From long‐term observations, the precipitation is 300–
700 mm in summer and 30–190 mm in winter. The Meiyu frontal season in Hubei Province usually lasts
from June to July and is always the wettest period.

As a part of the Natural State Key Science Foundation Project referred to as Integrative Monsoon Frontal
Rainfall Experiment (IMFRE), an airborne campaign was conducted from 10 June to10 July 2018 (Meiyu
frontal season) in Hubei. In this aircraft observation campaign, the airport employed was Yichang Sanxia
Airport (located at [112.55°E, 37.867°N]; altitude: 200 m above sea level [ASL]), and the observation area
covered Yichang and Xianning observational stations ([114.375°E, 29.851°N]; altitude: 28 m ASL), mainly
in the middle and southern part of Hubei. Comprehensive observations of atmospheric aerosols and clouds
in this region were collected for the first time. For this paper, data from six flights on nonprecipitating days
were selected to analyze the spatial distributions of aerosol particles and microphysical properties of clouds
under the Meiyu frontal weather background.

Figure 1 shows the average distribution of aerosol optical depth (AOD) over Hubei Province during the
whole experimental period, in addition to the locations of Wuhan (capital of Hubei), Yichang, and
Xianning. The values of measured AOD were higher in the north and south and lower in the east and west.
The AOD in the region covered by the observation experiment ranged from 0.3 to 0.7, and the values were
smaller than those in some northern and eastern regions of China (Li et al., 2017; Yuan et al., 2016).

2.2. Instruments on the Aircraft

A King‐350 airplane was used as the primary observation platform. The typical flight speed was 150 ms−1

and the rates of ascent and descent were 7–10ms−1. The plane was equipped withmultiple aerosol and cloud
instruments, each of which were calibrated and tested rigorously during a ground‐based campaign prior to
the airborne campaign. A passive cavity aerosol spectrometer probe (PCASP‐100X, DMT, USA) was used to
measure aerosol particles ranging from 0.1 to 3.0 μmwithin 30 variable size bins at a frequency of 1 Hz. The
particle number concentration range recorded by the PCASP was 0–2.0 × 104 cm−3. And the estimated
uncertainty of the aerosol number concentration by PCASP was approximately 10% to 15% (Cai et al., 2013;
Duan et al., 2012). A cloud droplet probe (CDP) (DMT, USA) was used to observe cloud droplets ranging
from 3 to 50 μm within 30 size bins at a frequency of 1 Hz. The width of the first 12 channels for CDP
was 1 μm, and the width of bins from 13 to 30 was 2 μm. The measurement resolution of the CDP was
1 μm, and the observed cloud droplet number concentration range of CDP was 0–104 cm−3. The estimated
uncertainty of the cloud droplet number concentration by CDP probe was about 20% (Lance, 2012). The
PCASP and CDPwere calibrated using polystyrene latex spheres (Particle Metrics Inc., USA) before themea-
surements were conducted. Data in the first bins of the PCASP (0.09–0.1 μm) and CDP (2–3 μm) were

Figure 1. Map of Hubei Province in Central China. The shaded contours represent the mean distribution of AOD during
161–191 days (10 June to 10 July) in 2018 obtained from MODIS data.
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inaccurate due to detection limits; thus, they were eliminated from the analysis. In this study, all the
concentrations of aerosol particles and cloud droplets are presented in terms of standard temperature and
pressure (STP) conditions (273.15 K and 101.3 kPa). The meteorological parameters including ambient
temperature (T), relative humidity (RH), and location were measured by using a meteorological package
named Aircraft Integrated Meteorological Measurement System (AIMMS‐30, Advantech Research Inc.) at
a frequency of 1 Hz. Temperature measured by AIMMS‐30 ranges from −20°C to 40°C with a detection
accuracy of 0.3°C, and the relative humidity detection accuracy was 2.0% with a resolution of 0.1%. Cloud
liquid water content was measured by an LWC King probe (DMT, USA). The estimated uncertainty of
LWC data was approximately 15%. Real‐time location information, such as longitude, latitude, and
altitude, were recorded by a GPS device. In this paper, all the concentrations of aerosol particles and
clouds are shown in terms of standard temperature and pressure conditions. Furthermore, all times in
this paper refer to China Standard Time (CST) and the altitudes are all altitude above sea level (ASL).

2.3. Data Sets

Data from six flights carried out across 6 days were selected for this study. The six flights are labeled as F1
(20180619), F2 (20180623), F3 (20180624), F4 (20180629), F5 (20180630), and F6 (20180707), respectively.
All six flights took off from Yichang Sanxia Airport and flew over the Xianning surface site, and all instru-
ments onboard the aircraft were switched on and started taking measurements before takeoff. Most flights
circled over the Xianning surface site. One flight was conducted in the morning and five were conducted
in the afternoon. The maximum flight altitude was above 5,000 m, except F4 and F6. All the flights lasted
for 2–3 hr. F2–F4 were clear‐sky detections, while the other three flights encountered stratus clouds (Sc).
All clouds detected were stable stratified clouds under the Meiyu frontal precipitation system. Details of
the six flights are given in Table 1, and the flight tracks are shown in Figure 2.

The CDP number concentration has often been used in previous studies to define the appearance of clouds
according to several criteria, such as Nc > 10 cm−3 (Rangno & Hobbs, 2005; Stith et al., 2006), LWC > 0.01
gm−3 (Gultepe et al., 1996; Gultepe & Isaac, 2004), or LWC > 0.001gm−3 (Deng et al., 2009; Zhang
et al., 2011). In this study, a valid record of cloud measurement was determined by the following criteria:
(1) records with a total droplet number concentration of more than 10 cm−3 or an integrated LWC higher
than 0.001 gm−3 and (2) the record would be removed if it was not part of a 5 s or longer consecutive series.
The Na, cloud droplet number concentration (Nc), aerosol mean diameter (MD), cloud effective radius (Re),
and LWC are defined as follows:

Na ¼ ∑Nia (1a)

Nc ¼ ∑Nic (1b)

MD¼ ∑DiN Dið Þ
Na

(1c)

Re ¼ ∑R3
i N Dið Þ

∑R2
i N Dið Þ (1d)

LWC¼ ∑nicri
3ρw4π=3 (1e)

whereNia is the aerosol number concentration of the ith bin in Equation 1a andNic is the cloud droplet num-
ber concentration of the ith bin in Equation 1b. Di is the diameter of the ith bin in Equation 1c; the Ri is the

Table 1
Summary of the Flights

Flight Date Time range Weather background Maximum altitude (m)

F1 2018‐06‐19 15:16–17:42 Cloudy, Sc 5,887
F2 2018‐06‐23 16:58–19:30 Clear 7,013
F3 2018‐06‐24 16:54–18:35 Clear 6,693
F4 2018‐06‐29 9:48–12:08 Clear 4,722
F5 2018‐06‐30 18:35–21:08 Cloudy, Sc 5,993
F6 2018‐07‐07 14:28–17:34 Cloudy, Sc 4,400
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radius of the ith bin in Equation 1d; the ri is the radius of the ith bin, and ρw is the water density in
Equation 1e.

Data from PCASP and CDP of 3 flights (F1, F5, and F6) were selected to discuss the impacts of aerosols on
clouds. Some literature points out that in‐cloud sampling of aerosol particles from PCASP is a complex sub-
ject because it provides limited information on determining aerosol particles or small cloud drops. They dis-
cussed the errors caused by PCASP observation in clouds in detail (e.g., Clarke et al., 1997; Hudson &
Frisbie, 1991; Kleinman et al., 2012; Leaitch et al., 1996; Strapp et al., 1992; Weber et al., 1998). First, cloud
drop shattering might create high concentrations of small particles, with a size distribution extending into
the accumulation mode rage. Second, the heating device in the PCASP also has the potential to evaporate
cloud droplets creating aerosols. And the uncertainties of these artifacts are complex and hard to estimate.
Since there is only one aerosol probe (PCASP) for this aircraft observation, the aerosol concentration in
clouds may be higher than detected, though which can reflect the aerosol distribution properties in clouds
to some extent. And when discussing the interaction of aerosol and cloud droplets, the proportion of parti-
cles, which converted to cloud droplets, might be higher than the data directly given from PCASP. More
aerosol particles were activated to cloud droplets, and the number of interstitial aerosol particles was over-
estimated (Kleinman et al., 2012). So, according to the results of previous literature (Kleinman et al., 2012),
the aerosol data in clouds was recalculated and corrected when we analyzed the interaction of aerosol and
cloud droplets. The aerosol particle number concentration data of PCASP in bins 2 to 6 (0.1–0.15 μm) was
reduced at a proportion of 20% and which in bins 7 to 25 (0.155–2 μm) at a proportion of 10%. The over pre-
diction proportion of particles with particle size greater than 2 μm was very small and ignored. The revised
aerosol data in clouds after calculation was named as Na‐calculated.

3. Results and Discussion
3.1. Statistical Characteristics of Aerosol Particles

Aerosol particles are usually divided into groups or modes according to particle size. Given that aerosol mea-
surements were obtained from the PCASP, only particles with diameters of 0.1–3 μm could be detected.
Therefore, in this paper, we discuss the total Na quantities (0.1–3 μm), the Na of the accumulation mode

Figure 2. Map of flight ranges and flight trajectories.

Table 2
Statistical Values of All Observed Aerosols in Six Flights

Flight Date

Na (cm
−3) MD (μm) Rh(%)

Ave. Max. SD Nacc (0.1–1 μm) Nacc fraction Ave. Max. SD Ave. SD

F1 2018‐6‐19 83.86 547.48 101.41 80.16 95.6% 0.35 2.93 0.39 88.56 7.46
F2 2018‐6‐23 63.61 662.91 131.88 63.40 99.7% 0.20 2.37 0.13 74.86 21.88
F3 2018‐6‐24 63.03 718.08 139.70 62.83 99.7% 0.18 1.75 0.073 73.66 10.16
F4 2018‐6‐29 135.89 1,146.80 162.67 135.72 99.9% 0.21 1.58 0.06 80.75 7.41
F5 2018‐6‐30 49.35 769.98 93.18 47.80 96.9% 0.37 3.00 0.44 92.99 5.94
F6 2018‐7‐7 46.22 897.17 83.35 41.22 89.2% 0.57 2.46 0.55 76.95 35.11
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(Nacc; 0.1–1 μm), and the Na of coarse‐mode particles (1–3 μm). The statistical properties of the aerosol par-
ticles measured during the six flights are shown in Table 2.

The highest Na occurred on 29 June (F4), when the maximum Na reached 1,147 cm−3. The lowest value was
Na appeared on 19 June (F1), with the maximum and average Na during that flight of 548 and 84 cm−3,
respectively. This flight was carried out after light rain, and the wet removal effect of the precipitation on
aerosol particles resulted in a relative low Na on that day. The maximum and minimum RH occurred on
30 and 24 June, with the value of 92.99 and 73.66, respectively. The maximum MD on 30 June was as much
as 3 μm, which might be because of high RH. In total, the maximum and average magnitudes of Na from the
ground to 7,000 m were about 102–103 and 101–102 cm−3, respectively, which are an order of magnitude
lower than those over the North Plain of China, such as in Beijing (Liu et al., 2009; Zhang et al., 2006,
2009, 2011), Hebei (Sun et al., 2013), and Shanxi (Li, Liu, et al., 2015; Li, Yin, et al., 2015) due to the different
atmospheric weather backgrounds. Mostly, the fraction of Nacc comprised more than 95% of total concentra-
tion. In particular, Nacc dominated more than 99% of the total Na (0.1–3 μm) under the clear air background
(F2–F4), indicating that atmospheric aerosol particles under such a background within the measurement

Figure 3. The mean vertical profiles of Na and aerosol MD with error bars (standard deviation) about three flights on
clear day in Yichang (a), Xianning (b), and from all three flights (c). The vertical resolution was 100 m.
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range were mainly fine particles with sizes smaller than 1 μm. Similar results were found by Hao
et al. (2017), who reported that the Nacc (0.1–1.0 μm) accounted for more than 95% of the total
concentration during August 2014 over Anhui Province, east China. Most MDs of aerosol particles were less
than 1 μm, and the averageMD ranged from 0.18 to 0.57 μm,which showed nearly the samemagnitude com-
pared with other aircraft measurements in China, albeit the specific values were different.

3.2. Vertical Profiles of Na and Aerosol MD

Figure 3shows the mean vertical profiles of Na and aerosol MD on clear day backgrounds in Yichang
(Figure , 3a), Xianning (Figure 3b), and from three flights (Figure 3c). Because of the flight altitude limit
requirements, the minimum flight altitude of the aircraft in Xianning area was not lower than 800 m. We
can see from Figure 3c that generally, large amounts of aerosol particles were constrained in the lower layer
of the atmosphere (below 1,000 m). The average value of Na was highest at ground level and decreased shar-
ply with altitude. There were three peaks of Na in the vertical direction: The first peak was between of 500
and 800 m, where peak Na was about 450 cm−3; the second peak was between 1,500 and 2,000 m, and the
peak Na was about 160 cm

−3 with a third peak at 2,500 m and with a peak Na of 99 cm
−3. TheNa was 1 order

of magnitude smaller (about 10 cm−3) above 2,000 m than below 2,000m, and theNa was even smaller above

Figure 4. Vertical distributions of Na, Na‐calculated, MD, temperature (T), and RH collected from ascending flights on
June 29 (F4) on clear day (a) and July 7 (F6) on cloudy day (b) 2018.
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4,000 m. The mean vertical profiles ofNa in Yichang (Figure 3a) and Xianning (Figure 3b) showed nearly the
same characteristics as Figure 3c, but the first peak value ofNa in Xianning in the vertical was between 1,200
and 1,400 m, this altitude was slightly above the average (Figure 3c). The results obtained here are much
lower than those measured in other regions, such as from July to September 2008 in Beijing (Zhang
et al., 2011), in July and August 2013 over Shanxi Province (Li, Liu, et al., 2015; Li, Yin, et al., 2015), and
in September 2015 over Hebei Province (Zhao et al., 2018).

The vertical distributions of particle size (i.e., MD) showed different features. Generally, the MD distribution
of particles was stable from the lower layers to high altitudes, with an average value of 0.2 μm. The small
standard deviation (SD) at different altitudes also reflected the tiny fluctuation of themeasured aerosol prop-
erties. In Figure 3c, two relatively larger peaks appeared at 1,900 and 6,700 m, with MD of 0.26 and 0.21 μm
at 1,900 and 6,700 m level, respectively. Comparing Figure 3a with Figure 3b, MD in Xianning was slightly
larger than in Yichang at the altitude above 3,000 m. The MD peak value in Xianning was 0.29 μm at
4,000 m, but the MD peak in Yichang appeared at 1,900 m with the peak value of 0.26 μm.

Some previous aircraft observational studies have shown that aerosol vertical profiles bear a close relation-
ship with atmospheric factors such as temperature and relatively humidity (e.g., Johnson et al., 2000; Li, Liu,

Figure 5. Vertical distributions of Na, Na‐calculated, MD, temperature (T), and RH collected from descending flights on
June 30 (F5) on cloudy day (a) and July 7 (F6) on cloudy day (b) 2018. Green coloring indicates the high‐RH areas.
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et al., 2015; Zhang et al., 2006). The vertical distribution of temperature, especially TIL structure and RH, can
affect the shape of vertical profiles of Na and particle size distributions in the lower troposphere (Han
et al., 2003; Zhang et al., 2006). To discuss the relationship between the vertical profiles of aerosol
particles and meteorological factors such as temperature and RH, some examples were chosen to analyze
in detail (Figures 4 and 5). In Figure 4, we focus on the relationship between aerosol number
concentration and temperature, while in Figure 5 we focus on the relationship between particle size (i.e.,
MD) and RH. In Figure 4a2, we can see that three TILs existed at about 1,000, 2,500, and 4,000–4,500 m
altitude, respectively—and three large‐value zones of Na appeared at the corresponding altitudes of the Na

vertical profile (Figure 4a1). We can see the same phenomenon in Figure 4b. Three TILs were observed at
1500–2000, 2,500–3,000, and 3,500–3,700 m altitude in the temperature vertical profile, respectively, and
aerosol particles also accumulated in three layers at the corresponding altitudes of the Na vertical profile
(Figure 4b). The measurements indicated that the Na profiles were significantly affected by the TIL
structure and clouds. The Figure 4b also showed that the Na‐calculated (black dash dotted lines) value in the
cloud was slightly smaller than the Na, and the maximum difference value between Na‐calculated and Na

was 17 cm−3, which accounted for 8% of Na.

Previous studies showed that RH had an effect on aerosol size distributions (e.g., Hoppel et al., 1985, 1986,
1996; Hudson, 2007; Hudson et al., 2018; Kleinman et al., 2012; Leaitch et al., 1996; Mochida et al., 2011;
Noble &Hudson, 2019; Snider et al., 2000). In Figure 5, we can see that high‐value zones of RH corresponded
very well with the large‐value region of MD in the vertical direction in both cases. For example, the RH was
very high between 3,800 and 5,000 m, and MD also presented large values in the corresponding altitude

Figure 6. Forty‐eight hour backward trajectories of air masses on 23 (a), 24 (b), and 29 (c) June 2018 in Yichang.

Figure 7. Forty‐eight hour backward trajectories of air masses on 23 (a) and 29 (b) June 2018 in Xianning.
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range (Figure 5a), presumably due to aerosol hydration and hygroscopic growth under high‐RH conditions,
where particle size was relatively large. Compared with Na‐calculated and Na in Figure 5a1, it was found that
theNa‐calculated was lower thanNa between the levels of 1,200 and 1,500 m.While in the large‐value region of
MD from 3,700 to 5,200 m, the difference between the Na‐calculated and Na was not obvious as low layer
because the Na value (about 10 cm

−3) was small in the high altitude. In Figure 5b1, due to the cloud region
located above 1,500 m, the Na‐calculated value was less than the observed value to varying degrees.

In order to further understand the main factors affecting the vertical distribution of aerosol, the 48 hr back-
ward trajectories of air masses were simulated to analyze the source and transport of aerosol particles over
the observation region during the experiment period by using the Hybrid of Single Particle Lagrangian
Integrated Trajectory (Hysplit) model (Figures 6 and 7). The American meteorological center global envir-
onmental prediction data assimilation system (National Centers for Environmental Prediction (NECP),
GDAS) 1° × 1° meteorological field was adopted for modeling, and the backward trajectory end‐stations
were Yichang (Figure 6) and Xianning (Figure 7). Three altitudes above ground level (AGL) (500, 2,000,
and 4,000 m) were selected for the simulation. From the two figures (Figures 6 and 7), the majority of aerosol

particles below 1,000 m altitude originated from local or regional pol-
lutant emissions; particles distributed at higher altitudes (above
3,000 m) were transported from high altitude and long distances; par-
ticles distributed at about 2,000 m were partly from high level (above
3,000 m) transport and fell to 2,000 m altitude because of sedimenta-
tion and partly came from local emissions. Comparing Figure 6 with
Figure 7, most of the aerosol particles at higher layer in Yichang
region (Figure 6) came from long‐distance transport of particles in
the directions of north and northwest, while most of the aerosol par-
ticles in Xianning region (Figure 7) come from long‐distance trans-
port of particles in the southwest direction. The backward trajectory

Figure 8. FigureHorizontal distributions of Na and MD on 23 June 2018 (F2).

Table 3
Statistical Characteristics of Na, MD, temperature, and RH on 23 June (F2)

Altitude

Na (cm
−3) MD (μm) Temp (°C) RH (%)

Ave. SD Ave. SD Ave. SD Ave. SD

2,500 m 33.86 6.08 0.20 0.01 13.98 0.39 88.32 1.76
4,000 m 7.28 4.00 0.52 0.56 7.36 0.25 84.86 5.99
5,600 m 11.09 2.52 0.16 0.01 −0.33 0.12 62.65 6.23
7,000 m 18.23 3.38 0.20 0.02 −7.35 0.22 39.24 1.07
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simulation results (Figures 6 and 7) combined with the aerosol verti-
cal profiles (Figure 3) showed that most of the small particles in the
low layer mainly came from emissions near the ground, while the
small number of relatively large particles in the middle and higher
layer mostly came from long‐distance transport at high altitudes.

Taking the MD and Na vertical distribution results together with
meteorology and backward air mass trajectories suggests that aerosol
vertical distributions are greatly affected by background weather
(especially temperature and RH) and aerosol source and transport,
all of these factors may have significant effects on the shape of aerosol
vertical profiles.

3.3. Horizontal Distribution of Na and Mean Diameter of
Aerosol Particles

Four horizontal flight legs at different altitudes were organized on 23
June to analyze the horizontal variations of aerosol particles over cen-
tral China. Figure 8 shows the horizontal distributions in Na (red
lines) and MD (blue lines) on this day at 2,500, 4,000, 5,600, and
7,000 m. The changes of Na and MD in the horizontal were much less
(except for MD at 4,000 m) than vertical distribution, and the values
at the different altitudes were somewhat similar. This agrees with the

findings of Hao et al. (2017), who compared the horizontal variations over eastern China at six different
altitudes.

Table 3 depicts the average values and SDs ofNa andMD at the four altitudes, indicating that every SD ofMD
was low except for that at 4,000 m, indicating uniformity in the aerosol size horizontal distribution during
most periods. The average value of Na decreased from 2,500 to 4,000 m, and Na at the altitudes from 4,000
to 5,600 m were similar (around 10 cm−3), and then the value increased to 18 cm−3 at 7,000 m, revealing
a stable condition of aerosol particle concentration at the altitude between 4,000 and 5,600 m. The MD value
was about 0.20 μm at the altitudes of 2,500, 5,600 and 7,000 m but was greater at 0.52 μm at 4,000 m, with a
large degree of dispersion (SD: 0.56). Compared with the time series of temperature and RH changes at
4,000 m (Figure 8c), it was found that—at the time when the values of Na and MD changed significantly
(18:07)—RH increased from 75% to 91% and the temperature gradually decreased. Therefore, the increase
of MD at 4,000 mwas a result of aerosol hygroscopic growth, and the change of Na at this altitude might also
have been related to the change in temperature, RH, and cloud processing.

3.4. Number Size Distribution of Aerosol Particles

The distribution of Na with particle size, referred to as the particle size spectral distribution, is an important
physical quantity used to describe the features of aerosol particle distributions. Aerosol particles in different
atmospheric environments have different spectral distributions. The average aerosol particle size distribu-
tions from the three flights on clear day in this study (different colored dotted lines) are shown as
Figure 9, and the thick black line shows the mean state of the aerosol particle size distribution. A multilog-
normal distribution function, as in Equation 2, was used to fit the measured aerosol number size distribu-
tions (Hao et al., 2017; Li, Liu, et al., 2015; Sun et al., 2013):

Figure 9. The aerosol particle size distributions from three flights (F2–F4) on
clear days. The different colored dotted lines represent the size distribution of
aerosol particles on each clear day; the thick black line shows the mean state of
the total aerosol particle size distribution. The solid yellow line is the particle
spectral distribution fitting curve, 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.

Table 4
Parameters Characterizing the Number Size Distributions of the Three Aerosol Modes

Mode Mode I Mode II Mode III

Parameter Na Dg logσ Na Dg logσ Na Dg logσ

Mean Value 86.5 0.19 0.16 1.1 0.68 0.12 0.25 3 0.15
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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 geometric MD of the mode i, and σg,I is the SD of mode i. The red,
green, and blue solid lines in Figure 9 show the lognormal fits of three modes to the mean aerosol particle
spectrum, and the parameters that characterize the number size distributions of the three modes are listed
in Table 4.

Generally, the average aerosol particle spectrum showed three peaks:
the first Na peak was at the smaller size of 0.19 μm in diameter for
Mode I; the second peak was at the size of 0.68 μm in diameter for
Mode II, and the third peak was larger than the size of 3 μm in dia-
meter for Mode III. It is important to point out that 3 μm is the upper
limit of PCASP, so we cannot give the exact location of the peak III.
According to the three modal lognormal distribution fits, small parti-
cles (Mode I) dominated the particle number concentration, and the
fitting parameters obtained here can provide a scientific reference
for the establishment and improvement of aerosol parameterization
in numerical models.

3.5. Relationship Between Clouds and Aerosol Particles

Three flights that penetrated Sc on 19 June (F1), 30 June (F5), and 7
July (F6) were conducted to investigate aerosols and the microphysi-
cal properties of clouds. Figure 10 shows the probability distribution
function (PDF) of Nc, LWC, and Re in the three flights. The

Figure 10. The PDFs of cloud droplet number concentration (Nc), liquid water content (LWC), and effective radius (re).

Figure 11. Time series of altitude (blue line), Na‐calculated (green lines), Nc
(black lines), and LWC (pink lines). The black hatched areas indicate clear
sky between the clouds, and the seven clouds are marked by Roman numerals
(I–VII).
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distribution of Nc, LWC, and Re in the figure shows a single mode, with mean (SD) values of 70 cm−3

(64 cm−3), 0.108 gm−3 (0.11 gm−3), and 7.9 μm (3.0 μm), respectively. The peak values of Nc and LWC
were 37.5 cm−3 and 0.01 gm−3, respectively, which were in low value areas of the distribution, while the
peak value of Re was in the middle of its distribution. Thus, most cloud droplet Re values were around
8 μm. The maximum frequency numbers of Nc, LWC, and Re at the PDF peak were 1,857, 1,359, and 484,
respectively. Zhao et al. (2018) calculated the PDFs of Nc, LWC, and Re over Hebei, north China, and some
different conclusions can be seen. The distribution ofNc and LWC also showed a single mode in Hebei, while
the Re showed a bimodal distribution. The mean values of LWC and Re in north China (0.03 gm−3 and
5.4 μm, respectively) were significantly smaller than those in central China (this study). In addition, the
LWC in cloud was rich with many more large droplets in central China in this study.

The plane penetrated seven clouds on 19 June (F1), and Figure 11 presents the time series of Nc, LWC, Na‐

calculated, and altitude. As illustrated in the data sets section, the clouds were decided by a combination of Nc

and LWC criteria of 10 cm−3 and 0.001 gm−3, respectively; so the areas covered by the black and pink lines in
Figure 11 indicate clouds, and the shadow areas represent clear sky. Figure 11 shows the ascending and hor-
izontal legs of the flight from 15:17 to 15:53. The aircraft climbed to 4,800 m from takeoff in 13 min and then
flew from 15:30 to 15:49 at an altitude of 4,700m, then it continued climbing to 5,600m until 15:53. The aero-
sol number concentration observed and calculated in the seven clouds (Na‐incloud obs. and Na‐incloud cal.) and
that in the clear sky out of the cloud (Na‐out‐of‐cloud in clear sky) are shown in Table 5. Cloud I was detected at

altitudes of 1,128–1,435 m, with a vertical extent of 307 m. The Na‐

incloud cal. in cloud I was 75 ± 27 cm−3, and in the surrounding clear
sky, the Na‐out‐of‐cloud values for the left and right sides were
287 ± 66 and 21 ± 5 cm−3, respectively. It was obvious that the Na‐

out‐of‐cloud was lower in cloud I than in the clear sky, and about 74%
of aerosol particles (0.1–3 μm) were activated into cloud droplets in
cloud I. The aerosol activation ratio indicated that most aerosol par-
ticles in cloud I had been activated and the unactivated interstitial
aerosols of that cloud was 26%. The second large aerosol activation
ratio was 70% in cloud V, but Nc in cloud I (349 cm−3) was much
higher than cloud V (18 cm−3). Cloud II was much deeper than cloud
I, with a vertical thickness of 1,162 m, but the Nc was lower.

A case of aircraft observation that penetrated clouds was chosen to
analyze the particle size distribution characteristics in and out of
clouds. Figure 12 shows the number size distributions of aerosol par-
ticles inside and outside clouds, and the spectrum in cloud was
depicted by the calculated number concentration. Both of the two
spectrum lines present a bimodal distribution. There were far more
aerosol particles concentrated within small size ranges of 0.1 to
0.4 μm for both. There were fewer aerosol particles with diameters
larger than 0.45 μm, outside clouds than inside clouds. Notably, Na

Table 5
Statistical Characteristics of Clouds and Aerosol Particles in Clouds and Clear Sky

Cloud number Na‐out‐of‐cloud `(cm
−3) Na‐incloud obs. (cm

−3) Na‐incloud cal. (cm
−3) Nc (cm

−3) LWC (gm−3) Aerosol activation ratio

I 287(±66) 86(±39) 75(±27) 349(±246) 0.14(±0.12) 74%
II 21(±15) 31(±14) 27(±8) 84(±44) 0.13(±0.09) ‐‐‐‐

III 34(±11) 59(±41) 55(±38) 85(±27) 0.26(±0.18) ‐‐‐‐

IV 11(±7) 19(±10) 17(±8) 48(±27) 0.11(±0.08) ‐‐‐‐

V 10(±6) 3(±2) 3(±2) 18(±8) 0.02(±0.01) 70%
VI 22(±9) 18(±6) 15(±5) 31(±17) 0.02(±0.01) 32%
VII 31(±5) 28(±12) 26(±11) 59(±22) 0.15(±0.08) 16%

Note. The aerosol activation ratio was calculated by Na‐out‐of‐cloud minus Na‐incloud cal., and divided Na‐out‐of‐cloud.

Figure 12. The mean number size distributions of aerosol particles inside and
outside of the seven clouds.
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inside clouds was about an order of magnitude higher than outside
clouds in the size range of 0.9–3 μm, indicating that high RH inside
cloud had effects on particle size distribution especially relatively
large particles with size larger than 900 nm. The same features were
shown in observational studies in Beijing (Bergin et al., 2001), the
Pearl River Delta (Cheng et al., 2008), Mt. Huang (Yin et al., 2010),
and Shanxi (Li et al., 2017) of China, and they said that the main rea-
son was the deliquescence occurred more frequently under high RH
conditions, which was advantageous to nitrate accumulation on the
surfaces of aerosol particles especially particles with larger size and
led to particles size increasing. Some studies also pointed out that
clouds were the main source of accumulation mode particles, and
they considerably alter particles by chemical and physical processes
(Hoppel et al., 1985, 1986, 1990, 1994, 1996; Hudson, 2007; Hudson
et al., 2015, 2018; Noble & Hudson, 2019). From the particle size spec-
tra in Figure 12, it is mostly consistent with the conclusions in the
above literatures, showing that cloud processing can affected aerosol
particles in different ways. On the one hand, clouds had a certain acti-
vating effect on atmospheric aerosols, and part of large aerosol parti-
cles were more likely to be activated into cloud droplets as CCN. On
the other hand, cloud processes at high supersaturations caused some
small particles to alter to larger size by means of deliquescence.

3.6. Number Size Distribution of Cloud Droplets in Warm Clouds

Figure 13 depicts the droplet number size distributions of the seven clouds. In the size range of 3.5–13.5 μm,
the number concentration in cloud I that appeared in the climbing stage was obviously greater than other
clouds. The cloud droplet concentration of cloud I decreased significantly above 10.0 μm, so its spectral
width was narrowest. Cloud V in the horizontal flight, covered only 23 s, with small number concentration
and narrow spectral width. The difference between the two clouds might be related to that Cloud I was at
low altitudes with relatively high aerosol particle concentrations background, while Cloud V was at higher
altitude and in cleaner air with relatively low aerosol particle concentrations background. Except for clouds I
and V, the spectral width of other clouds was 50 μm. The spectrum of other clouds showed multimodal dis-
tribution, with a peak between 45 and 47 μm. The cloud droplet spectra shapes of clouds II–IV and VII were
similar. The black solid line shows the mean cloud droplet size distribution of the seven clouds. The average
spectral distribution of cloud droplets showed a multimodal distribution. Compared with the research of Lü
et al. (2017), who calculated the cloud droplet size distribution under clean and polluted conditions, the
values of cloud droplet concentration were similar to the clean conditions, which indicated that the back-
ground condition of Hubei Province was clean.

Figure 13. Cloud droplet size distributions for the selected clouds I–VII in
Figure 11 where the black solid line shows the mean state of selected seven
clouds.

Figure 14. Time series of cloud droplet size distribution (filled with colors) and LWC (black lines and dots) of clouds I
and VI.
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3.7. Discussion of In‐Cloud Aerosol Activation Mechanisms

Figure 14 depicts the time series of number size distribution and LWC of two representative clouds: I and VI;
the cloud droplet size distributions are filled by different colors (the color bar of each cloud is different), and
LWC is represented by black lines and dots.

Most cloud droplets in cloud I were smaller than 20 μm (Figure 14a); the size distribution was unimodal,
with the peak mode ranging from 5 to 11.5 μm, and LWC ranged from 0 to 0.5 gm−3. However, both the
number concentration and LWC in cloud VI were very low (Figure 14b); cloud droplets smaller than
20 μm were greater in concentration, with a unimodal distribution, but there were still some droplets in
the size range from 20 to 40 μm, and the peak mode size was smaller than 15 μm. The average value of
LWC in cloud VI was 0.02 gm−3, which was much lower than cloud I. The different number concentration
between the two clouds might also be related to the different altitude of these two clouds. Comparing the
aerosol activation ratio in different clouds, it was found that the ratio was highest (74% in cloud I), and
the ratio in cloud VI was 32%. The mechanism of in‐cloud aerosol activation is probably because of cloud
processing, indicating that clouds had a certain activated effect on atmospheric aerosols, and part of large
aerosol particles were more likely to be activated into cloud droplets.

4. Summary and Conclusions

This study analyzed distribution characteristics of aerosol particles and cloud droplets and also discussed the
relationship between aerosol loading and microphysical properties of clouds based on measurements in six
flights collected by a King‐Air aircraft during a field campaign in June 2018, over central China.

The particle concentration (Na) in central China from the ground to 7,000 m was far less than equivalent
results reported for the North China Plain, with a difference of more than 1 order of magnitude due to dif-
ferent weather backgrounds, observation time periods, pollution, and locations. Mostly, the Nacc fraction
comprised more than 95% of the total particle concentration (Na: 0.1–3 μm), indicating that fine particles
make up the majority.

Clear differences were demonstrated through a detailed analysis on the Na and MD vertical profiles. The
average value of Na was highest at lower level and decreased sharply with altitude, with three Na peaks in
the vertical direction. The average value of particle MD had no obvious trend in the vertical direction, with
an average value of 0.2 μm. Aerosol vertical distributions are greatly affected by the weather background
(especially temperature and RH) and the aerosol emission source and transport, suggesting that all of these
factors may have significant effects on the shape of aerosol vertical profiles.

The average aerosol particle size distributions are shown, and a multilognormal distribution function was
used to fit the measured aerosol number size distributions. The fitting parameters obtained here can provide
a scientific reference for the establishment and improvement of aerosol parameterization in numerical mod-
els for central China. Furthermore, the number size distributions of aerosol particles inside and outside
clouds were investigated to discuss the relationship between clouds and aerosol particles. High RH condi-
tions inside clouds can lead to aerosol hygroscopic growth, and part of large aerosol particles were more
likely to be activated into cloud droplets. And cloud processes may also cause some small particles to alter
to larger size through deliquescence.

Three flights traveled through Sc, and the PDFs of Nc, LWC, and Re in the three cases were analyzed. The
distributions of Nc, LWC, and Re showed a single mode, with peak values of 37.5 cm−3, 0.01 gm−3, and
8 μm, respectively.

The average spectrum of cloud droplets showed a multimodal distribution. The number concentration of
cloud droplets and values of LWC appeared different characteristics in different typical clouds, and the aero-
sol activation ratio in the cloud was different.

Data Availability Statement

The data used in this study are available in this link (http://doi.org/10.5281/zenodo.3620967).
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