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Yuhuan LÜ∗1,2, Hengchi LEI2,3, and Jiefan YANG2

1Wuqing Meteorological Observatory of Tianjin, Tianjin 301700, China
2Key Laboratory of Cloud-Precipitation Physics and Severe Storm, Institute of Atmospheric Physics,

Chinese Academy of Sciences, Beijing 100029, China
3Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters,

Nanjing University of Information Science and Technology, Nanjing 210044, China

(Received 18 September 2016; revised 23 March 2017; accepted 1 April 2017)

ABSTRACT

To investigate the potential effects of aerosols on the microphysical properties of warm clouds, airborne observational
data collected from 2009 to 2011 in Tongliao, Inner Mongolia, China, were statistically analyzed in this study. The results
demonstrated that the vertical distribution of the aerosol number concentration (Na) was similar to that of the clean rural
continent. The average aerosol effective diameter (De) was maintained at approximately 0.4 µm at all levels. The data
obtained during cloud penetrations showed that there was a progressive increase in the cloud droplet concentration (Nc) and
liquid water content (LWC) from outside to inside the clouds, while the Na was negatively related to the Nc and LWC at the
same height. The fluctuation of the Na, Nc and LWC during cloud penetration was more obvious under polluted conditions
(Type 1) than under clean conditions (Type 2). Moreover, the wet scavenging of cloud droplets had a significant impact on
the accumulation mode of aerosols, especially on particles with diameters less than 0.4 µm. The minimum wet scavenging
coefficient within the cloud was close to 0.02 under Type 1 conditions, while it increased to 0.1 under Type 2 conditions,
which proved that the cloud wet scavenging effect under Type 1 conditions was stronger than that under Type 2 conditions.
Additionally, cloud droplet spectra under Type 1 conditions were narrower, and their horizontal distributions were more
homogeneous than those under Type 2 conditions.
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1. Introduction
Aerosols are an important constituent of the atmosphere,

which can not only directly influence the radiation balance of
the earth–atmosphere system by absorbing and scattering so-
lar radiation (direct effect), but can also act as cloud conden-
sation nuclei to impact the cloud optical depth, cloud lifetime,
and the temporal and spatial distribution of precipitation (in-
direct effect; Twomey and Wojciechowski, 1969; Albrecht,
1989; Hudson and Yum, 2001, 2002; Konwar et al., 2012).
However, the spatial and temporal distribution of aerosols
vary widely due to the differences between ecosystems, atmo-
spheric circulation, anthropogenic emissions and cloud pro-
cesses, which in turn lead to great variations in cloud micro-
physical parameters. These effects induced by aerosols are
too difficult to be quantified from all climatic forcing fac-
tors (IPCC, 2007). Thus, during the last decade, several in
situ observations were conducted to obtain the warm cloud
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microphysical properties in different locations. For instance,
Miles et al. (2000) compared the data measured within ma-
rine and continental strati. The results indicated the droplet
number concentrations in marine clouds were lower than for
continental stratus, while the mean and effective diameters
for marine stratus were larger than for continental stratus.
Prabha et al. (2011) compared the microphysical parameters
of cumulus congestus in pre-monsoon and monsoon seasons,
and found that the effective radiusat 2000 m above the cloud
base between the two cases differed by up to a factor of 2 and,
despite significant variations of the cloud water content in the
horizontal direction, variations of the effective radius at these
levels were comparatively small.

With the rapid growth in China’s economy, especially the
increase in heavy industries and usage of fossil fuels in North
China, Beijing and surrounding areas have become an im-
portant emissions source of aerosols and cloud condensation
nuclei (CCN) in East Asia. Under these circumstances, sev-
eral in situ observation and modeling studies have been con-
ducted to investigate either the direct or indirect effects of
pollutants on climate change. For example, based on model

© Institute of Atmospheric Physics/Chinese Academy of Sciences, and Science Press and Springer-Verlag Berlin Heidelberg 2017



984 AEROSOL AND WARM CLOUD MICROPHYSICAL PROPERTIES VOLUME 34

simulations and aircraft observations, Zhang et al. (2006)
found three major sources that influence the aerosol num-
ber concentrations in North China. Aircraft observations in
North China (Liu et al., 2009) indicated that high concen-
trations of aerosol are mainly influenced by human activities
and dust storms. The microphysical properties of clouds dur-
ing 2005–06 in Beijing were statistically analyzed by Deng et
al. (2009) using in situ data obtained by aircraft, and the re-
sults indicated that cloud droplet number concentrations and
liquid water content (LWC) in different types of clouds show
substantial variations. In situ measurements over Beijing in
2008 were analyzed by Zhang et al. (2011), indicating that
high LWC and high aerosol loadings can significantly alter
the cloud microphysical properties in terms of cloud droplet
number concentration and effective radius. However, most of
the in situ observations mentioned above were conducted in
heavily polluted areas. In fact, the effects of anthropogenic
aerosol emissions from megacities not only impact the local
environment and cloud microphysics, but also the downwind
aerosol chemical composition and cloud microphysical prop-
erties through long-range transportation under specific atmo-
spheric circulations (Jaffe et al., 2003; Adhikari et al., 2005).

The way in which pollutants over mainland East Asia af-
fect the optical and microphysical properties of clouds over
local and surrounding areas is a long-standing problem and,
until now, the availability of data has been insufficient to pro-
vide explicit answers. Therefore, the potential climate im-
pacts also need further study. More detailed observations of
aerosol–cloud interaction in different regions are crucial. In
this context, the present study examined the vertical distribu-
tions of aerosols, the microphysical properties of clouds, and
the wet scavenging process, to investigate aerosol–cloud in-
teraction over East Inner Mongolia—a region downwind of
cities like Beijing, and therefore possibly affected by their
heavy levels of pollution.

2. Methods and data
2.1. Flight information

From 2009 to 2011, several observational flights were
conducted by the Laboratory of Cloud-Precipitation Physics
and Severe Storms, Institute of Atmospheric Physics, asso-
ciated with Tongliao Meteorological Bureau. The main pur-
pose of those in situ observations was to investigate aerosol–
cloud interactions in the downwind area of heavily polluted
megacities, such as Beijing. Most of the observations were
made in Tongliao City and its surrounding area within a 50-
km range (Fig. 1), which is in the eastern part of Inner Mon-
golia Province and the western part of the Songliao Plain. It
is an arid and semi-arid region and approximately 600 km
northeast of Beijing. The southern and northern edges of
the study area are surrounded by high terrain, while its cen-
ter is a low-lying area mainly covered by sands and dunes.
Tongliao has a typical temperate continental climate, with
an interchange of westerlies and subtropical airflow, whose
precipitation is mainly influenced by the surrounding terrain

Fig. 1. Location of Tongliao. The black rectangle denotes the
study area.

as well as mesoscale synoptic systems, such as westerly
troughs, cold fronts, warm fronts and midlatitude cyclones.
Moreover, under the effect of low-level southwesterly flow in
front of low pressure systems, the study area is usually af-
fected by long-range pollutant transport from North China,
which results in rapid increases in aerosol number concen-
trations. In this study, 41 aircraft measurements of aerosols
and data obtained during cloud penetrations were utilized to
study aerosol–cloud interactions.

2.2. Instrumentation on the aircraft
Airborne instruments employed in the observations were

mounted on a multi-engine aircraft (Y-12) by the Tongliao
Weather Modification Office to measure the number concen-
tration and size spectra of particles and meteorological pa-
rameters, as well as the spatial locations simultaneously. The
size spectra of particles were obtained by a particle measuring
system (DMT Inc., Boulder, CO, USA), including a Passive
Cavity Aerosol Spectrometer Probe (PCASP) and a Cloud
and Aerosol Spectrometer (CAS). Small and medium-sized
particles, with diameters ranging from 0.1 to 3.0 µm, such as
sulfate, organic carbon, soot and smaller mineral dust parti-
cles, were recorded by the PCASP with 30 unequally sized
bins. The CAS instrument, with 30 unequally sized bins,
was applied to measure large aerosol particles under clear-
sky conditions or small cloud droplets, with diameters rang-
ing from 0.6 to 50 µm within clouds. To avoid the influence
of large aerosols, only particles with diameters larger than
3 µm were counted as cloud droplets. The LWC measured
during cloud penetration was derived based on the volume
concentration of cloud droplets, with an assumption that all
the droplets were spherical. The meteorological parameters,
including temperature, relative humidity, pressure and wind
direction, were obtained using an AIMMS-20 (Aircraft Inte-
grated Meteorological Measurement System, Advantech Re-
search Inc., Barrie, Canada). All the measurements were per-
formed at a 1-Hz sample rate on a Y-12 aircraft with a true
air speed of approximately 50 m s−1, and most of the flight
observations were performed below an altitude of 6 km.
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2.3. Theory and method
The number concentrations of particles with different di-

ameters were recorded by the PCASP and CAS probes, and
each instrument had 30 size bins.

The total number concentration (Ntot) for each instrument
is the sum of the concentration from all bins, which is ex-
pressed by

Ntot =

n∑

i=1

Ni . (1)

By assuming all of the cloud droplets are spherical, the
parameters such as LWC and effective diameter (De) can be
expressed as follows:

LWC =

n∑

i=1

niD3
i ρw

π

6
, (2)

De =

n∑
i=1

niD3
i

n∑
i=1

niD2
i

, (3)

where ni represents the particle numbers observed in the ith
bin of the PCASP or CAS, Di means the geometrical mean
diameter at the ith bin, Ni (cm−3) is the particle number con-
centration at the ith bin, and ρw = 1 g cm−3 stands for the
density of liquid water.

2.4. Data selection and processing
According to previous studies, there were several cri-

teria utilized to define the cloud area on the basis of the
data obtained by different instruments. For instance, some re-
searchers have used the number concentration (> 10 cm−3)
of cloud droplets derived from the Forward Scattering Spec-
trometer Probe (FSSP) as a threshold (Rangno and Hobbs,
2005; Stith et al., 2006); Gultepe et al. (1996) proposed the
LWC measured by the Hotwire-LWC probe (LWC > 0.01
g m−3) or a combination of the FSSP number concentration
and the LWC (Nc > 0.1 cm−3 and LWC> 0.0005 g m−3) (Gul-
tepe and Isaac, 2004) as a criterion; Zhang et al. (2011) used
Nc > 10 cm−3 and LWC > 0.001 g m−3. Liu et al. (2009)
proposed a criterion of Nc > 10 cm−3 and RH > 70% to dis-
tinguish cloudy areas from cloudless ones. Notably, there are
still large uncertainties in defining the cloud area due to the
accuracy of instruments used in this study. Thus, based on the
methods mentioned above, and to minimize the uncertain fac-
tors, such as instrument error, the occurrence of clouds was
determined in the present study according to the following
thresholds: Nc > 10 cm−3 and LWC > 0.001 g m−3.

To minimize the ambiguity and investigate the potential
effects of different criteria on aerosol distributions, we car-
ried out a sensitivity test by slightly altering the criteria for
selecting aerosols. The aerosol data were selected based on
three thresholds: (1) Nc < 10 cm−3; (2) Nc < 0.1 cm−3 and
LWC < 0.0005 g m−3; (3) Nc < 10 cm−3 and LWC < 0.001
g m−3. We selected two cases to compare the characteristics
of aerosols under the corresponding criteria. The results indi-
cated that the characteristics of aerosols have no obvious dif-

ference, which is consistent with previous studies (e.g., Kon-
war et al., 2015). Therefore, we concluded that the effects
of different criteria on the vertical distributions and aerosol
spectra were very small.

Because the aircraft could not penetrate cumuli conges-
tus, only cumulus humilis were involved in this work—a cu-
mulus cloud type with a smaller vertical and horizontal ex-
tent compared to convective cloud. The horizontal scales of
these clouds were mostly several hundred meters, with only
a few of them extending to one or two kilometers. They had
limited depth (technically known as showing no significant
vertical development), and were typically found at lower lev-
els (500–3000 m). Moreover, flight observations were mainly
conducted in the warm region of the clouds, with flight alti-
tudes of 1–4 km. The cloud type was determined by the flight
log.

To avoid the influence of the wet scavenging effect of
raindrops, data measured during precipitation were excluded,
based upon the flight diary. The selected vertical profile data
measured during the ascent or descent of the aircraft were
used to reveal the characteristics of the vertical distribution
of aerosols.

3. Basic statistical characteristics of aerosols
3.1. Vertical distributions of aerosol number concentra-

tion
Figure 2 shows that the aerosol number concentration

(Na) generally decreased exponentially with increasing alti-
tude, which can be expressed by the following classical ex-
ponential form:

Na = N0 exp
(
− H

Hp

)
, (4)

where H, N0 (1785 cm−3) and Hp (1733 m) represent alti-
tude, the aerosol number concentration near the surface and
the scale height, respectively. Regression analysis revealed
that the determination coefficient (R2) and the root mean
square error (RMSE) were 0.9614 and 83.67, respectively.
Figure 2 also shows that the aerosol number concentration
near the surface over the Tongliao region varied significantly,
with an average value of approximately 1800 cm−3. Collins
et al. (2000) found that total number concentrations increased
to greater than 1000 cm−3 and, for the most polluted case,
exceeded 4000 cm−3. The fitting curve of the vertical pro-
file of the average aerosol number concentration, Na−Fit, was
consistent with the clean continental aerosol vertical profile
suggested by a previous study (Seinfeld and Pandis, 1997).
However, it was greatly different from that observed in Bei-
jing and its surrounding areas [N0 = 6600 cm−3, Hp = 1419
m, R2 = 0.9881, RMSE = 247 cm−3 (Liu et al., 2009)], which
are substantially influenced by anthropogenic emissions. The
aerosol number concentrations in Tongliao are usually less
than those over the Beijing area, at all levels, particularly
within the boundary layer.
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Fig. 2. Vertical profiles of Na. The solid black line, dashed black
line, dashed gray line, and solid gray line represent the average
Na vertical profile, the line fitted to the average Na vertical pro-
file, the line fitted to the average Na vertical profile under clean
conditions (suggested by Seinfeld and Pandis, 1997), and the
line fitted to the average Na vertical profile in Beijing (the result
of Liu et al., 2009), respectively.

3.2. Characteristics of the aerosol size distribution
The vertical distributions of the aerosol effective diame-

ter, De (presented in Fig. 3a), clearly indicate that the values
of De ranged from 0.3 to 0.6 µm at each altitude level. We an-
alyzed the 10th and 90th percentiles of data at each altitude
level (expressed in error bars). Meanwhile, the average De
decreased with increasing height within the boundary layer
and further decreased in the free atmosphere. The average
De values at all levels were slightly smaller than those over
Beijing (Liu et al., 2009), where the average De increases
slightly with altitude. This difference may be attributable to
the sudden occurrence of a sand storm during observations in
areas around Beijing. In our study, the aerosols were mainly
produced by the gas–particle conversion process, and affected
by the long-range transport of pollutants from North China;
whereas, the influence of dust was less important, resulting in
the smaller size of aerosols and a decrease in De with height.

The average aerosol particle size distributions from the
CAS and PCASP, at the different altitudes of 200 m, 1000
m, 2000 m and 3000 m (Fig. 3b), illustrate that the shapes of
the size distributions of particles at different levels were very
similar. For the PCASP, all of them were composed of two
particle modes, with the smaller mode peaking at 0.3 µm and
the larger mode peaking at a maximum value of 0.7 µm. The
relative contributions of particles between 0.3 and 2 µm to the
total aerosol number concentration near the surface level (200
m) were larger than those at upper levels (1000 m, 2000 m,
3000 m). Besides, the shapes of the size distributions at high
altitude (2000 m and 3000 m) were almost the same. The sim-
ilarity of the size spectra at different levels also indicates that
the aerosols at different altitudes—primarily small particles
with diameters less than 0.3 µm—may generally have been
from the same source. A comparison of the observational
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Fig. 3. (a) All vertical profiles of De. The solid gray lines rep-
resent the observed De, and the solid black line represents the
vertical profile of the average De. The 10th and 90th percentiles
of data at each altitude level are expressed as error bars. (b)
Comparison of average aerosol particle size distributions from
the CAS and PCASP, at altitudes of 200 m, 1000 m, 2000 m and
3000 m.

data collected in Beijing (Liu et al., 2009) and our study sug-
gests that the relative contributions of large particles to the
total aerosol number concentrations was relatively small in
this case, which means the long-range transport of large parti-
cles, such as dust, in the free troposphere, was less important
during the observations.

In addition, the aerosol size spectra obtained simulta-
neously by the CAS and PCASP also indicated that there
were obvious differences between the CAS- and PCASP-
observed aerosol spectra in the overlap region (0.6–3 µm).
Generally, for measurements near the ground layer, the dif-
ference between the two instruments was relatively small,
but the discrepancy increased with increasing height. Collins
et al. (2000) showed that significant discrepancies can oc-
cur in the overlapped particle size range of the FSSP and
the PCASP. These discrepancies can be attributed to the lack
of unique particle sizes corresponding to certain values of
scattered intensity, as well as the nonspherical aerosol par-
ticles. Thus, based on the intercomparison between the data
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obtained from the PCASP and CAS alone, it is very diffi-
cult to confirm whether the peaks found in the PCASP data
were artifacts, since the two instruments have the same prob-
lem in determining aerosol size. It is smaller when compared
with the PCASP and FSSP observational results of Collins
et al. (2000), but the trend is basically consistent. Collins et
al. (2000) simply proposed that the consistent agreement be-
tween the FSSP and PCASP at approximately 2.5 µm can be
used as a cutoff size, below which the PCASP data can be as-
sumed as more accurate, and above which the FSSP data are
more accurate. We also realized that the peaks in the PCASP
data may be unreliable but, until now, quantitative studies of
this instrument are still very scarce.

4. Characteristics of warm cloud
4.1. Classification of data

To investigate aerosols and the microphysical properties
of clouds under different conditions, observational data ob-
tained during the field campaign were divided into two cat-
egories based on weather patterns. Under the first condi-
tion (hereafter referred to as Type 1), the observation area

was in front of an upper trough with a low-pressure system.
The lower atmosphere of the observation area was dominated
by a southwesterly wind and the air mass contained rela-
tively abundant water vapor and pollutants from North China.
The pollutants from that region, carried by the southwesterly
wind, had a considerable impact on the aerosol number con-
centration in the observation region (Table 1). Under the sec-
ond condition (hereafter referred to as Type 2), the observa-
tion area was in front of an upper trough or behind a north-
easterly cyclone. Therefore, the air mass was relatively dry,
while the low-level wind direction was mainly northwesterly
and northerly. Under this situation, aerosols mainly came
from remote continental areas, such as Northwest China,
Mongolia and Siberia, resulting in lower aerosol number con-
centrations in the observation region compared with Type 1
(Table 2). Discrepancies between the two weather patterns,
including low-level aerosol number concentrations, moisture
and updrafts, led to different microphysical properties of
clouds. Moreover, to represent the horizontal variation of
clouds and aerosols during the cloud penetrations, the data
obtained from outside to inside of the clouds were catego-
rized into three parts: outside the cloud; lateral boundary of
the cloud; and within the cloud. All are marked in Fig. 4

Table 1. Statistical characteristics of clouds and aerosols under polluted conditions (Type 1).

Case Height (m) T (s) Na,1 Na,2 Na,3 Nc,2 Nc,3 LWC2 LWC3

1-1 3190 36 1095 564 260 428±168 1196±296 0.0091 0.0283
1-2 3190 26 1102 375 312 767±300 997±262 0.0185 0.0239
1-3 3220 84 1107 643 203 260±194 1078±271 0.0057 0.0264
1-4 3180 35 1284 891 294 156±219 916±237 0.0036 0.0255
1-5 3130 64 1152 763 322 191±121 698±149 0.0044 0.0182

Average 1200 645 279 360±200 977±243 0.008 0.025

Notes: T , time during cloud penetration; Na,1, mean aerosol number concentration (cm−3) outside the cloud; Na,2, mean aerosol number concentration
(cm−3) in the lateral boundary of the cloud; Na,3, mean aerosol number concentration (cm−3) within the cloud; Nc,2, cloud droplet concentration (cm−3) and
standard deviation in the lateral boundary of the cloud; Nc,3, cloud droplet concentration (cm−3) and standard deviation within the cloud; LWC2, liquid water
content (g m−3) in the lateral boundary of the cloud; LWC3, liquid water content (g m−3) within the cloud.

Table 2. Statistical characteristics of clouds and aerosols under polluted conditions (Type 2).

Case Height (m) T (s) Na,1 Na,2 Na,3 Nc,2 Nc,3 LWC2 LWC3

2-1 2900 16 215 193 75 46±47 78±8 0.00095 0.0015
2-2 2920 24 67 43 24 79±68 233±60 0.0016 0.0049
2-3 2900 38 36 30 11 30±22 304±69 0.00084 0.0077
2-4 3150 84 64 41 24 54±44 338±108 0.0029 0.0138
2-5 3940 21 103 85 29 28±30 96±41 0.0019 0.0079
2-6 3460 15 301 284 257 17±15 114±70 0.00072 0.0074
2-7 3390 43 279 247 146 24±24 100±26 0.002 0.0086
2-8 3380 155 301 190 161 77±40 184±32 0.007 0.029
2-9 3920 37 84 48 30 23±19 59±16 0.0017 0.0025

2-10 3550 22 180 127 72 25±32 193±67 0.0054 0.0122
2-11 3510 30 237 105 47 73±65 207±52 0.0032 0.0058

Average 177 122 80 45±39 177±21 0.0026 0.0091

Notes: T , time during cloud penetration; Na,1, mean aerosol number concentration (cm−3) outside the cloud; Na,2, mean aerosol number concentration
(cm−3) in the lateral boundary of the cloud; Na,3, mean aerosol number concentration (cm−3) within the cloud; Nc,2, cloud droplet concentration (cm−3) and
standard deviation in the lateral boundary of the cloud; Nc,3, cloud droplet concentration (cm−3) and standard deviation within the cloud; LWC2, liquid water
content (g m−3) in the lateral boundary of the cloud; LWC3, liquid water content (g m−3) within the cloud.
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(an example of cloud penetration). The outside-cloud data
are the light-gray regions, in which the cloud droplet number
concentrations measured by CAS were 0. The lateral bound-
ary is the region of the cloudy area mixed with cloudless gaps
due to the entrainment of dry air and the combination of ther-
mal bubbles. Thus, it could be subjectively identified based
on the values and fluctuations of Nc. For example, the lateral
boundary of the cloud could be identified as where the Nc was
lower than in the cloud core areas, and fluctuated more, due to
the mixing and dilution processes induced by the entrainment
of dry air (medium-gray area in Fig. 4). The within-cloud re-
gion (marked by the dark-gray area in Fig. 4) was defined as
the region between two cloud lateral boundaries, where the
dry air entrainment may have been less important and con-
vective regions developed more vigorously than in the other
parts.

4.2. Statistical characteristics of cloud and aerosols
The results shown in Tables 1 and 2 show that, prior to

and after the cloud penetrations, the aerosol concentration
decreased noticeably, while both the cloud droplet concen-
tration and the LWC increased. The average aerosol number
concentration in the lateral boundary under the Type 1 and
Type 2 conditions was 645 cm−3 and 122 cm−3, respec-
tively, which is consistent with other previous observations
(e.g., Collins et al., 2000; Konwar et al., 2015). The average
cloud droplet number concentration of the cloud core under
the Type 1 and Type 2 conditions was 977± 243 cm−3 and
177 ± 21 cm−3, respectively, while the LWC was 0.025 g
cm−3 and 0.0091 g cm−3, respectively. Compared with the
observational results of the FSSP at Beijing in the same pe-
riod (Deng et al., 2009), the average Nc in our results was
larger and the average LWC was smaller. However, the av-
erage LWC for different places, summarized by Miles et al.
(2000), ranged from 0.005 to 0.9 g cm−3. They compared
the data measured within marine and continental strati and
found that the average cloud droplet number concentration

Fig. 4. An example of the variation in Na and Nc during cloud
penetration. The within-cloud region is shaded dark-gray, and
there are two zones outside of the within-cloud region iden-
tified: the lateral boundary is the region represented by the
medium-gray shading, and the outside-cloud regions are shaded
light-gray, where the Nc measured by CAS was 0.

was 74± 45 cm−3 and 288± 159 cm−3, respectively. Com-
parison of the statistics measured under Type 1 and Type 2
conditions reveals that the aerosol number concentration (Na)
was negatively correlated with Nc and LWC from the outside-
cloud to within-cloud locations at the same height. Mean-
while, the within-cloud standard deviation of Nc was larger
than that at the lateral boundary of the cloud, and the LWC at
the lateral boundary was much smaller than within the cloud.
This result could be simply attributed to the evaporation of
cloud droplets within the under-saturated condition produced
by dry-air entrainment. However, there are still some discrep-
ancies between the two conditions. For instance, the average
Na outside of the cloud in Type 1 weather was mostly much
larger than that under Type 2 weather, because of the long-
range transport of aerosols. Figure 5 shows that the values of
Na decreased from 1200 cm−3 to 279 cm−3 from the outside-
to within-cloud regions. The ratio of the Na within the cloud
to that outside the clouds was 0.23 under Type 1 conditions,
while under Type 2 conditions it was 0.68. This result shows
that the ratio of Na within clouds to that outside of clouds may
partially depend on the aerosol loading, as suggested by sev-
eral previous field observations (e.g., Hallberg et al., 1994).
Another significant difference between the two types was that
the cloud droplet number concentration, Nc, was larger under
the Type 1 conditions than under the Type 2 conditions, in-
dicating that more aerosols were activated under the Type 1
conditions.

4.3. Cloud droplet spectra
Generally, clouds that form in air masses with higher

CCN concentrations, affected by anthropogenic sources, tend
to have smaller droplets compared to those formed under
clean conditions (Twomey and Wojciechowski, 1969; Al-
brecht, 1989; Hobbs and Rangno, 1998; Hudson and Yum,
2001). In the present study, as shown in Fig. 6, the cloud
droplet size distribution in each case under polluted condi-
tions (Type 1) was more uniform, and the diameters of cloud
droplets were usually less than 8 µm. Furthermore, the num-
ber concentration of smaller droplets (diameter < 3 µm) was
greater than 1000 cm−3, while that of larger droplets (diam-
eter > 8 µm) was less than 1 cm−3. In contrast, under clean
conditions (Type 2), although the number concentration of
smaller droplets (diameter < 5 µm) was smaller than under
Type 1 conditions by an order of magnitude, the concentra-
tion of larger particles (diameter > 8 µm) was larger than that
under Type 1 conditions, again by an order of magnitude, due
to the wider spectra of cloud droplets. This agrees with the
finding of Hudson and Yum (2001), who compared averages
of cloud droplet spectra in maritime and continental clouds at
different altitudes. They found there were more large (diam-
eter > 30 µm) cloud droplets (by an order of magnitude) for
maritime flights.

The results discussed above reveal that the cumulus
clouds that formed under polluted conditions contained a
larger cloud number concentration, with a smaller cloud
droplet size and narrower size spectra. In contrast, under
clean conditions, the cloud droplet number concentration was
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Fig. 5. Comparison of average values of Na, LWC and Nc un-
der Type 1 and Type 2 conditions in different regions: (a) Na
for the regions outside the cloud, at the lateral boundary of the
cloud, and within the cloud; (b) LWC for the regions at the lat-
eral boundary of the cloud, and within the cloud; (c) Nc and
standard deviation (expressed as vertical error bars) for the re-
gions at the lateral boundary of the cloud, and within the cloud.

smaller, but with more large droplets and a wider size spec-
trum than that under polluted conditions. This result is not
only consistent with that demonstrated in previous studies
(e.g., Twomey and Wojciechowski, 1969; Albrecht, 1989;
Hobbs and Rangno, 1998), but also to recent observations of
aerosol–cloud interaction conducted during the same period
in India (Konwar et al., 2012) and in North China (Zhang et
al., 2011). Konwar et al. (2012) analyzed the microphysi-
cal properties of clouds at various altitudes during the Cloud
Aerosol Interaction and Precipitation Enhancement Experi-
ment, and reported that greater CCN concentrations give rise
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Fig. 6. Cloud droplet size distribution under two different types.
The solid gray lines represent the observed cloud droplet size
distribution for each case, and the black dotted lines represent
the average cloud droplet size distribution under (a) Type 1 (pol-
luted conditions) and (b) Type 2 (clean conditions).

to clouds with smaller drops and greater cloud droplet num-
ber concentrations. By comparing the in situ aircraft mea-
surements of clouds and aerosols of seven flights over the
Beijing region, Zhang et al. (2011) demonstrated that the
cloud droplets, which were sensitive to LWC, increased from
700 to 1900 cm−3 when aerosol particles increased from 1000
to 6000 cm−3.

4.4. Horizontal distributions of cloud droplet spectra
There was a noteworthy difference in the horizontal dis-

tribution of the cloud droplet spectra under the two weather
conditions (Fig. 7). Under polluted conditions, droplet spec-
tra were mostly narrower, and cloud droplets with diameters
greater than 15 µm were very rare compared to those under
clean conditions. This could be attributable to the activa-
tion of several aerosols and competition between the con-
densational growth of droplets. The cloud droplet spectra
distributions under the Type 1 conditions were more homo-
geneous than under the Type 2 conditions. That is, a broad-
ening of droplet spectra during cloud penetration from the
cloud boundary to within the cloud was not obvious under
Type 1 conditions. These results demonstrate that the dry-air
entrainment at the cloud lateral boundary may have had less
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Fig. 7. Horizontal distribution of cloud droplet spectra in the
lateral boundary of the cloud and within the cloud, under (a)
Type 1 (polluted conditions) and (b) Type 2 (clean conditions).

impact on the droplet spectra under the Type 1 conditions
than under the Type 2 conditions. The horizontal distribu-
tion of the cloud droplet spectra under the Type 2 conditions
varied greatly, and more large droplets could be found within
the cloud than in the cloud boundary region. Thus, it seems
that dry-air entrainment had a substantial effect on the droplet
spectra, due to the rapid evaporation of cloud particles, under
the Type 2 conditions.

5. Cloud wet scavenging of aerosols under the
two conditions

A decline in the aerosol number concentration is mainly
due to the effect on aerosols of cloud wet scavenging, in-
cluding the activation of larger aerosols as CCN and the col-
lision of cloud droplets with smaller aerosols via Brown-
ian motion. For accumulation-mode aerosols, activation is
the dominant process leading to the transformation between
aerosols and cloud droplets; while for small particles, other
processes, such as coagulation induced by Brownian motion,
are more significant in reducing the number concentration of
aerosols. The latter process is probably only important in
terms of changing the number concentration of Aitken nuclei,
while the former process is critical in determining the cloud

droplet number concentration. Although the activation pro-
cess is relatively well known, wet scavenging of particles in
actual clouds is complex and not well understood. To quan-
tify the differences in the cloud wet scavenging effect on par-
ticles with different sizes under the two conditions, two spe-
cific cases were examined.

According to Noone et al. (1992), a wet scavenging coef-
ficient, which is used to describe the wet scavenging effects
on aerosols, can be expressed as follows:

FN,i =
Ni,in-cloud

Ni,out-cloud
, (5)

where Ni,in-cloud and Ni,out-cloud represent the particle num-
ber concentration in the ith bin, as measured by the aerosol
probe (PCASP) within and outside the cloud, respectively.
The smaller the value of FN,i, the more aerosols are scav-
enged. Figure 8 reveals that the effect of cloud wet scav-
enging under the two different weather conditions was con-
centrated on the accumulation-mode aerosols, especially on
particles with diameters less than 0.4 µm. However, the wet
scavenging effect under polluted conditions was stronger than
that under clean conditions. Under polluted conditions, the
minimum wet scavenging coefficient within clouds was close
to 0.04, suggesting that 96% of aerosol particles were elim-
inated by the process of cloud wet scavenging; while under
clean conditions, it was close to 0.1. This result agrees with
other previous observations (e.g., Gillani et al., 1995; Noone
et al., 1992). For small particles (0.1–0.14 µm), the scaveng-
ing effects under both weather conditions were quite similar,
with FN,i values of approximately 0.3, suggesting approxi-
mately 70% of the aerosols were scavenged by activating as
CCN. Another part of the non-soluble particles, though diffi-
cult to be activated as CCN, were mainly adsorbed by cloud
droplets, due to the diffusion–collision induced by Brownian
motion. The cloud scavenging effect on the accumulation-
mode aerosol particles of 0.15–0.3 µm was most obvious un-
der both conditions, since the FN,i values were between 0.04
and 0.3, indicating that this group of particles were the main
source of CCN. However, the FN,i under Type 2 increased in
the same size range by a factor of 10 compared to that un-
der Type 1, suggesting that the wet scavenging, in terms of
activation, may partially have depended on the aerosol load-
ing as well as the corresponding thermal dynamic situation.
Note that, for large aerosols with diameters ranging from 0.3
to 1 µm, the FN,i increased rapidly with the increasing size
of aerosol particles within clouds, with a maximum value ex-
ceeding 1. The FN,i further increased by a factor of 10–100
for particles with sizes ranging from 1 to 3 µm. This was
simply because many small aerosols become larger aerosols
via hygroscopic growth or activation processes, such that
the number concentrations of coarse-mode particles within
clouds were much larger than those outside clouds.

6. Summary and discussion
Based on a statistical analysis of in situ observation data

obtained using airborne instruments during 2009–11 over the
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Fig. 8. The average FN,i for different aerosol diameters within
clouds: (a) 0.1–0.3 µm; (b) 0.3–3µm. The lines with circular
and square data points are for Type 1 (polluted conditions) and
Type 2 (clean conditions), respectively.

Tongliao area, the following results were found: (1) The
aerosol vertical distributions of the Tongliao region varied
largely from case to case, but the mean profile, which was
similar to that of the classical clean continent type, indicated
that the aerosol number concentration was much smaller than
that measured in heavily polluted regions, such as Beijing and
its surrounding areas, at different levels.

(2) The average effective diameter (De) basically re-
mained at approximately 0.4 µm, but decreased from near
the ground to the upper air. The similarity in the size spectra
at different levels indicated that the aerosols, primarily small
particles with diameters less than 0.3 µm, at different alti-
tudes, may mostly have come from the same source, while
the long-range transport of large particles, such as dust, in the
free troposphere, was less important during the observations.

(3) Data obtained during cloud penetrations revealed that,
under both weather types, Na decreased from outside to
within the cloud, with an increase in Nc and LWC at the
same height. Due to the evaporation, as well as the mixing
processes induced by the entrainment of dry air, the LWC
and Na of the lateral boundary of the cloud was much smaller
than that within the cloud. Generally, comparison between
microphysical properties obtained under polluted and clean

conditions revealed similar results to many previous studies.
(4) The cloud microphysical properties in terms of LWC,

cloud droplet number concentration and size spectra, were
substantially altered by the weather type. The cumulus clouds
that formed under polluted weather conditions (Type 1) con-
tained many cloud droplets of small size. In contrast, under
clean conditions (Type 2), the cloud droplet number concen-
trations were smaller, while the cloud droplet spectra were
wider compared to those under Type 1 conditions. In addi-
tion, the cloud droplet concentration and width of the size
spectra were closely related to the aerosol number concentra-
tion.

(5) There was a considerable difference in terms of the
horizontal distribution of the cloud droplet spectra between
the two conditions. Under Type 1, the cloud droplet spectra
distribution was more homogeneous, suggesting that the dry-
air entrainment at the lateral boundary may have had little
influence on the droplet spectra. In contrast, the horizontal
distribution of cloud droplet spectra under Type 2 conditions
varied greatly. More large droplets and wider spectra were
captured within the cloud compared with in the cloud lateral
boundary region, suggesting that cloud lateral boundary en-
trainment may have had a greater effect on droplet spectra
under this condition.

(6) Wet scavenging was also investigated under the two
weather types, and the results indicated that this process was
more obvious under polluted conditions than under clean
conditions. The effect of cloud wet scavenging on aerosols
was mainly concentrated on the accumulation-mode parti-
cles, especially those with a diameter less than 0.4 µm. It
should be noted that, limited by the flight pattern and low
temporal resolution (1 Hz), data for the sub-cloud layer were
not obtained, and the cloud lateral boundary could not be dis-
cerned accurately. Thus, the related conclusion regarding wet
scavenging presented in this paper is a preliminary one. We
intend to address these problems in future work.
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