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Abstract: Understanding the vertical structures of cloud condensation nuclei (CCN) and ice-nucleating
particle (INP) number concentrations in desert source regions is crucial for examining dust-cloud
interactions and other related impacts. To explore the vertical profiles of the CCN and INP number
concentrations and their possible atmospheric–dynamic influence factors at the center of the Takli-
makan Desert, intensive observations were conducted by employing a ground-based polarization
Raman lidar, sounding balloons, and a sun photometer in Tazhong (83.39◦ E, 38.58◦ N, 1103 m above
sea level) during the summer of 2019. Based on the GRASP algorithm, the extinction-to-volume
conversion factor of dust aerosols was 0.85 × 10−12 Mmm3 m−3, and the extinction-to-number
conversion factor was predicted to be 0.20 Mm cm−3 on the basis of the sun photometer observations.
Thus, the vertical CCN and INP number concentration profiles obtained with different parameteriza-
tion schemes in the presence of various pollution levels were calculated by combining dust extinction
coefficients retrieved by lidar and meteorological data observed by sounding balloon observations.
The achieved results indicated that the CCN number concentration varied from 10−2 to 102 cm−3 and
decreased from ground level to 12 km with an average value of 36.57 cm−3 at the 10–12 km height
range, while the INP number concentration based on parameterization schemes D10 and D15 mainly
varied from 10−1 to 102 L−1 and from 1 L−1 to 103 L−1, with average values of 3.50 L−1 and 7.80 L−1,
respectively. Moreover, we observed a strong relationship between the INP number concentration
of scheme D10 and the wind speed, with an R2 value of 0.72, but a weak relationship between the
CCN number concentration and the relative humidity in the boundary layer, with a Spearman’s rank
correlation coefficient R2 value of 0.38. The present study provides original and valuable information
regarding the CCN and INP number concentrations and their related influencing factors at the
center of the Taklimakan Desert and can improve our understanding of the vertical distributions of
dust–cloud–atmosphere dynamic interactions, as well as of the roles of dust aerosols in the desert
hydrological cycle.

Keywords: Taklimakan desert; cloud condensation nuclei (CCN); ice-nucleating particle (INP);
extinction-to-volume conversion; extinction-to-number conversion factor; lidar measurements
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1. Introduction

The Taklimakan Desert has a relatively large impact on climate change in coastal East
Asia, as it participates in precipitation involving both water and ice nuclei [1]. According
to the mineralogical composition of dust, when dust from anthropogenic sources covers
soluble substances, it can lead to the quasideactivation of the ice cores of natural dust [2].
Kelly et al. (2007) showed that a small amount of highly soluble elements significantly
enhanced the ability of fine dust particles to act as cloud condensation nuclei (CCN) [3];
these particles strongly compete for water vapor in the nucleation region of the cloudy
updraft, thus potentially lessening cloud droplet formation [4]. The concentration of CCN in
dusty areas is reduced by 10–20% due to the competition of sand and dust for condensable
H2SO4, thus reducing the condensation growth of ultrafine model particles to the CCN
scale [5]. Manktelow et al. (2010) found that, in an extreme dust event occurring in Japan,
South Korea, and eastern China, the average CCN particle size decreased by less than
5% because of the reduction in fine particles being compensated by the growth of coarse
dust particles [6]. In addition, CCN number concentrations exhibited strong seasonality,
with higher number concentrations observed in winter and lower number concentrations
observed in summer under all water supersaturation (SS) conditions; hygroscopicity is
generally high in early autumn and low in early summer in Tsukuba, Japan [7].

Desert dust [8] and local basaltic dust mixed with marine aerosols [9]; bioaerosols
in the forms of (but not limited to) pollens, viruses, fungal spores, bacteria, and plant
debris [10]; seaspray aerosols [11]; elevated plumes [12]; airborne dust from retreating
glaciers [13]; black carbon [14]; and salts [15] can all serve as sources of primary ice-
nucleating particles (INPs) and CCN, which in turn lead to high INP and CCN number
concentrations, which are influenced by both snow-free terrestrial and marine sources [16].
When CCN are dominated by dust particles, alterations occur in the ice cloud particle size
and concentration, which lead to the initiation of drizzle and precipitation by forming
effective collector drops [17]. When CCN are dominated by dust particles, a near tripling of
CCN not dominated by dust are associated with twice the aerosol optical depth (AOD) [18].
Over the Asian monsoon region, synergistic HNO3–H2SO4–NH3 CCN are also highly
efficient INPs that are comparable to desert dust in the upper troposphere [19].

The relative position and concentration of ice nuclei have various effects on the
precipitation and atmospheric environment subjected to different pollution levels. The
atmospheric concentrations of INPs and CCN in frontal-cloud case tests performed with
explicit microphysical models demonstrated substantial sensitivities of the cloud- and ice-
water paths, the surface precipitation rate, and the average ice number concentration [20].
Very large CCN result in the early development of large drops in relatively low cloud
regions when the background concentration of small nuclei is high [21]. The variations in
very large CCN concentrations were found to remarkably influence the surface precipitation
of spring hailstorms and storm microphysical processes in the semiarid region examined
by the Regional Atmospheric Modeling System [22]. Large-scale weather systems and
violent local thermal circulation can form local precipitation in deserts [23]. Commonly,
precipitation influenced by INPs and CCN [1] significantly affects shrub vegetation [24],
the carbon sequestration capacity [25], the spatial distribution [26], and the microbial beta
diversity and community composition of deserts [27]. Desert species and the resources
they provide, such as intense pulses and infrequent precipitation, make it possible for such
ecosystems to be resilient to climate change [28]. The evaporation of mega dune surfaces
after extreme precipitation events is negatively influenced and requires a long time for
complete removal [29].

The complexity of atmospheric aerosols [30], the inaccurate representation of the
INP [31], and instrument discrepancies [32] cause large parameterization uncertainties in
atmospheric models, resulting in large deficiencies in cloud and precipitation predictions.
To improve the application of aerosol-dependent INP number concentrations in climate
models [33], the vertical profiles of the CCN and INP number concentrations were retrieved
in this study under three pollution levels by utilizing a simple CCN parameterization and
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available INP parameterization schemes [34]. This paper is structured as follows: Section 2
introduces the data and methods; the results and discussion are given in Section 3; and
Section 4 summarizes the paper.

2. Measurements and Methods

To obtain reliable vertical structures of the CCN and INP number concentrations in the
desert, we conducted intensive observations in the summer of 2019 at Tazhong (83.39◦ E,
38.58◦ N, 1103 m above sea level), which is located in the hinterland of the Taklimakan
Desert. Three main instruments were employed for the observations in this study, as are
shown in Figure 1. A high-spatiotemporal-resolution polarization lidar, designed for lidar
network observations, was used to investigate the profiles of dust extinction coefficients. A
sun photometer was used to observe the dust optical thickness at different wavelengths to
invert the spectral distribution of the number concentration and volume concentration of
dust aerosols using the GRASP algorithm. Moreover, radio sounding was used to obtain
profiles of air pressure and temperature as model inputs to calculated the INC number
concentration in the atmosphere and discuss its correlation with wind speed. Profiles of
CCN and INP concentration were derived based on Mamouri and Ansmann (2016) [35].
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Figure 1. Three instruments, including a sun photometer, polarization lidar, and sounding balloon,
were employed during an intensive observation period (IOP) in the center of the Taklimakan Desert
in the summer of 2019.

2.1. Polarization Lidar Measurements

The lidar system consisted of a transmitting system and a receiving system. The
transmitting system included an Nd:YAG (neodymium-doped yttrium aluminum garnet)
laser emitting a 1064 nm laser and double- and triple-frequency amplifiers to amplify the
1064 nm lasers to 532 nm and 355 nm lasers, respectively. A telescope was used to receive
the laser scatter from the atmosphere. Polarization measurements at 532 nm and 355 nm,
nitrogen Raman signals at 387 nm and 607 nm, and a water vapor Raman signal at 407 nm
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were collected. In addition, a Mie scattering signal at 1064 nm was also observed. Main
detailed information on the Raman–polarization lidar system is shown in Table 1, and the
corresponding data-processing methods can be found in our previous studies [36].

Table 1. Polarization lidar parameters.

Parameters Values

Transmitter Nd: YAG laser
Repetition rate 10 HZ
Pulse energy 450 mJ
Wavelength 1064 nm, 532 nm and 355 nm

Vertical resolution 3.75 m
Field of view 2 mrad

2.2. Sun Photometer Observations

The sun photometer was placed on a 3.5-meter-high roof at a distance of approximately
10 m from the lidar to detect the dust optical thickness at wavelengths of 1640, 1064,
1020, 940, 870, 670, 550, 532, 527, 500, 440, 380, and 340 nm with an Ångström exponent
range of 470–870. Thus, aerosol microphysical properties were further retrieved from sun
photometer observations in Tazhong in this study.

2.3. Radiosonde Sounding Data

The radiosonde sounding data were collected from July 26 to July 30, 2019. For this
purpose, a sounding balloon was released four times a day at Caimen (83.62◦ E, 39.03◦ N)
approximately 7 km away from the lidar. The sounding balloons carried detectors such
as temperature, pressure, humidity, wind, and global positioning system sensors and
provided profiles of temperature, pressure, humidity, wind, and height, respectively, at
a temporal resolution of 1 s and a vertical resolution of 10 m. The rising speed of the
sounding balloon was in the range of 4.5–6.5 m/s, so the profiles of these parameters with a
temporal resolution of 1 s were chosen to perform linear interpolations of the atmospheric
temperature and pressure. The final aim was to provide temperature and pressure profiles
based on the needs of the lidar vertical resolution.

2.4. Retrieval Methods

The observed lidar data had a temporal resolution of 3 min, while the sun photometer
data were not a continuous time series and had a temporal resolution greater than 3 min.
Hence, the effective observations of the lidar and solar photometer sensors were defined by
the measurement time discrepancy between the lidar and sun photometer being less than
3 min. The sun photometer AOD was employed as an input to retrieve the column volume
concentration and effective radius of both the fine and coarse modes using the GRASP algo-
rithm (https://www.grasp-open.com/, (accessed on 17 December 2022)) [37]; the real part
of the negative refraction index of sand dust was set as 1.141, and the imaginary part was
set as 0.0036 [38]. The lognormal distribution of the column particle number concentration
(N) corresponding to each effective observation has the following relationship with the
lognormal distribution of volume concentration (V), which is described as follows [39]:

RV
g = RN

g exp[3(Inδ)2], (1)

V0 = N0
4
3

π(RN
g )

3
exp[ 9

2 (Inδ)2], (2)

where RV
g and RN

g represent the geometric mean volume concentration radius and number
concentration radius, respectively, Inδ denotes the spectrum of the lognormal distribution,
V0 is the total volume concentration, and N0 is the total number concentration. The typical
AOD distribution in terms of the wavelength, as well as the variations in V and N as a
function of the radius of floating dust as measured by manual recording, are presented

https://www.grasp-open.com/
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in Figure 2. These results were appropriately tested by ground-based polarization lidar
observations taken on 27 July 2019 at 12:06:55 CST.
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527, 500, and 440 nm) and (b) the column-integrated particle volume size distribution (blue) and
particle number size distribution (red) derived from sun photometer observations taken at Tazhong
on 27 July 2019 at12:06:55 (CST) via the GRASP–AOD algorithm during a floating dust event.

The dust extinction to column V conversion factor (cv,d) and the dust extinction
to column N conversion factor (cN,d) were evaluated by utilizing Equations (3) and (4)
combined with the column volume concentration distributions retrieved from the AODs
detected via the sun photometer and assuming the atmospheric column depth (D) to be
1000 m [35], as defined by the following:

cv,d =
Vd

AOD
=

Vd/D
AOD/D

=
vd

σd, z
, (3)

c250,d =
N250,d,dry

AOD
=

N250,d,dry/D
AOD/D

=
n250,d,z

σd,z
, (4)

c100,d,dry =
n100,d,z

σd,z
xd

, (5)

where Vd (unit: µm3/ µm2) and AOD are the dust column volume concentrations and
extinction coefficient of the whole atmosphere, respectively, and Nd,dry,z is the dust column
number concentration with a dry condition at height z in µg m−3. Dust was assumed to
be hydrophobic [40] without hygroscopic growth, N250,d,dry = N250,d. n250,d,z is the dust
number concentration with a dry radius of more than 250 nm at height z. σd,z denotes the
dust extinction coefficient at height z in Mm−1 retrieved by ground-based polarization lidar
based on the Fernald method [41] by assuming the lidar ratio of dust is 49 sr according
to Ref. [36] and assuming that the non-dust particles at the cloud height are only cloud
particles. n100,d,z is the dust number concentration with a dry radius of more than 100 nm
at height z, and xd is the dust extinction exponent.



Remote Sens. 2023, 15, 1216 6 of 19

The INP number concentration at a height of z was evaluated using the atmospheric
pressure and T profiles obtained from the sounding balloons in the formula presented in
Table 1, as given in Ref. [42]. For numerical modeling purposes, mineral dust particles
from Asian regions could be parameterized as a common particle type [43]. The dust
parameterizations of DeMott et al. (2015) (D15) [44] were consistent with our airborne in
situ measurements for addressing immersion/condensation freezing at T > −35 ◦C [12]
and deposition nucleation parameterization at T < −33 ◦C [43]. It was thus demonstrated
that this INP parameterization scheme could provide a trustworthy estimation of dust INP
number concentrations from immense D15 and deposition nucleation through the Ullrich
et al. (2017) (U17) pathway of dust [42] and the DeMott et al. (2010) [45] (D10) parameteri-
zations of all aerosols [46]. When the SS rate caused by the updraft velocity is in the interval
of 0.4–1%, the CCN number concentration is easily increased by 2–3 times [47]. The CCN
concentration during dust periods is approximately 2.5 times that in marine periods at an
SS of 0.30% [48]. Naturally sourced dust exhibits complex CCN and enhancement factor
patterns [49]. Spearman’s rank correlation analyses between the CCN and INP number
concentrations and the meteorological factors were also performed to examine the effects
of atmospheric dynamics on the CCN and INP number concentrations in the presence
of various aerosol loadings at Tazhong to better understand the conditions of the desert
surface on clouds [50].

We also took measures to retrieve cloud microphysical properties to have a background
knowledge of the clouds of this region. The cloud lidar ratio was calculated by combining
the cloud optical depth (COD) from the cloud base to the cloud top after diminishing
the influence of the multiple scattering effect [51], and the extinction properties of highly
turbid atmospheres were derived from Equations (6) and (8) of Ref. [41]. Thus, even
uncalibrated lidar could lead to a very stable profile of extinction properties and promptly
lose its dependency on the initial estimation of the scattering cross-sections [52]. For
simplification, the vertical distribution of the cloud extinction coefficient is calculated by
taking the COD into the assumption that there are only clouds and dust in the clouds
when clouds appear [53]. Profiles of the effective droplet radius (Re), the liquid-water
content (LWC), liquid-water path (LWP), and cloud droplet number concentration (NC)
were retrieved based on the following equations:

dCOD = C
∫

Re2dz (6)

LWCZ =
4
3

πρwNCkRe3 (7)

LWP =
∫ Zbase

Ztop
LWCZdz (8)

where C = πNCkQext represents a constant for every layer, NC is the cloud droplet number
concentration, k = 0.67 for continental stratocumulus clouds, Qext ≈ 2 is applied, and
ρw = 1 g/cm3 is taken as the water density [54]. CloudSat represents a satellite remote
sensing global survey of cloud profiles and cloud physical properties [55]. In this paper,
we made use of the Re, LWC, and LWP values of the 2B-CWC-RO product (https://www.
cloudsat.cira.colostate.edu/data-products/2b-cwc-ro, (accessed on 1 July 2022)) to present
a long time series overview of the conditions of Tazhong clouds and the surrounding areas.

3. Results and Discussion

Five cases of precipitation-causing clouds with heights of approximately 4 km were
observed in Tazhong. During the experiments, 829 non-precipitation clouds were also
observed, including 638 ice clouds and 189 water clouds. The average cloud top and bottom
heights were 8.28 km and 7.05 km, respectively, with an average cloud thickness of 1.23 km
over the study region. The mean cloud-to-lidar ratio was observed to be 28 sr, as evaluated
based on the identification of cloud and dust cases among all effective observations given

https://www.cloudsat.cira.colostate.edu/data-products/2b-cwc-ro
https://www.cloudsat.cira.colostate.edu/data-products/2b-cwc-ro
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in Ref. [56]; the mean COD, LWC, and LWP values were set to 0.005, 280 mg/m3, and
239.74 g/m2, respectively. The 11-year vertical distributions of the Re and LWC were
stratified by 4 km from July 26–30, 2007–2018 (no data in 2011) based on the CloudSat 2B-
CWC-RO products, while the aerosol–cloud interactions covered almost the whole range
from 0 (no aerosol–cloud interactions) to 1 (linear increase in interactions with aerosol
loading) [54], as aerosols are usually associated with multiple environmental factors.

3.1. Polarization Lidar Photometer Networking Conversion Factors over Tazhong

Particles with a radius of 100 nm are considered to be the best-suited CCN reservoir
according to a previous research work on a case of desert dust [35] with c100,d = 5.86 cm−3

for xd = 2.73 and σd = 1 Mm−1. The number concentrations of particles with dry radii
greater than 250 nm were employed in the INP parameterizations as inputs; these num-
ber concentrations agreed well (<30–50% deviation) with aircraft measurements taken
in the Saharan Air Layer over Barbados [46]. The dust extinction-to-number concentra-
tion with a dry radius of more than 250 nm conversion factor (c250,d = 0.20 Mm cm−3)
in Tazhong was selected based on the 37 effective observations of Asian dust defined
AE < 0.25 and AOD > 0.35 that were identified during 2019, as are presented in Figure 2.
The conversion factor was higher than c250,d = 0.19 ± 0.05 Mm cm−3 in Wuhan [57], and
c280,d = 0.673 Mm cm−3 in the Sahara region [58], which indicated that the number concen-
trations of dust particles in source region, such as the Taklimakan Desert and the Sahara region,
was generally higher than those far away from the source area. The extinction-to-volume con-
version coefficient, cv,d = 0.85 × 10−12 Mmm3 m−3, was greater than those of the Lanzhou
SOCAL station (0.77 × 10−12Mm) and Wuhan (0.52 ± 0.12 × 10−12 Mmm3 m−3) [57]. This
issue suggests that the proportion of dust particles in the atmospheric column is relatively
coarse in Tazhong.

3.2. Vertical Distribution of Clouds, CCN, and INPs in the Presence of Different Pollution Levels

From July 26 to 30, 2019, a total of 22 sounding balloon experiments were conducted,
of which three artificial records presented cirrus clouds in the sky and a small amount
of floating dust on the ground. The CCN and INP profiles of three pollution levels on
the surface and three typical water clouds, mixed-phase clouds, and ice clouds in the
atmosphere are illustrated in Figure 3, as the CCN were associated with air mass transport
and air masses [59]; in addition, negative relationships between the CCN modality and
low-altitude cloudiness have been previously reported [60]. The highest aerosol–cloud
interaction values were obtained about 500 m below the cloud base [61]. The INP activity
in the range of the Arizona Test Dust processed by the industry is somewhat higher than
that of the natural mineral dusts in the Sahara and Canary Islands [62].

The duration of each sounding observation was approximately 1.5 h, while the tem-
poral resolution of the lidar observations was approximately 3 min. The lidar data cor-
responding to the sounding observation periods were thus selected to evaluate the 532
nm total attenuated backscatter coefficient (TABC) and volume depolarization ratio (VDR)
according to the method described in Ref. [36]; then, the average TABC was evaluated at
the wavelength of 532 nm during the observation period. The Fernald method was also
applied to retrieve the extinction coefficient and substitute the conversion ratio calculated
in Section 3.1; then, the CCN and INP profiles in the presence of various parametric modes
were achieved, as are discussed in the following subsections.

3.2.1. Water Cloud

Based on radiosonde observations taken on 26 July 2019, the polarization lidar ob-
servations manually revealed that the ground was covered with dust storms. The sixth
sounding period was selected as the typical cirrus detection time for the analysis, as is
demonstrated in Figure 4; in this period, a cirrus water cloud at was detectable at heights
of 5.8–6.5 km within most of the sounding time range. The average PM10 and PM2.5 val-
ues during this sounding period were 481.7 µg m−3 and 85.5 µg m−3, respectively, with
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a ratio (PM10/PM2.5) of 5.67, which reflected the air pollution conditions and pollution
sources [63].
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The wind direction below 3 km rotated counterclockwise in terms of the height (not
shown here), and a strong cold advection surface cold front was passing through the study
area, where cold air and cyclones related to springtime frontal dust storms are common [64].
The front moved from north to south, and an area of atmospheric instability could be
observed in the northeastern direction. The results plotted in Figure 5b indicate that the Vel
from the ground to a height of 9 km generally presented a fluctuating upward trend. This
fluctuation was weak within the cloud, and was noticeable at the cloud bottom and cloud
top. Both the cloud bottom and the cloud top Vel rose. According to the wind direction
variations, it was judged that cold advection existed at the cloud bottom, and a warm



Remote Sens. 2023, 15, 1216 9 of 19

advection existed at the cloud top. The CCN number concentration varied from 10−5 L−1

to 103 L−1, and the CCN concentration in the cloud reached 102 L−1. Figure 5b shows that
the INP concentration varied between 10−2 L−1 and 101 L−1. In the stratocumulus layer,
at the top of the convective boundary layer, the cloud droplet number concentration and
CCN number concentration (for 0.2% water SS) values ranged from 15–100 to 75–200 cm−3

during updraft periods recording by radiosonde observations, respectively, and the highest
aerosol–cloud interaction values were obtained when considering aerosol proxies measured
at heights approximately 500 m below the cloud base [61]. At altitudes of 7.5–8.8 km,
INP parameterization schemes D10 and D15 were applicable, where INP concentrations
obtained with parameterization schemes D15 were more than INP concentrations obtained
with parameterization schemes D10 at above 9 km in height. There was a temperature
inversion layer at heights of 2–2.3 km and 6.2–6.6 km at the cloud top, with an average
thickness of approximately 0.35 km. The graphs depicted in Figure 5c,d reveal that, at
5.6–6.5 km where the cloud layer was located, the RH and dew point temperature were
considerably magnified and reached 84% and –18 ◦C, respectively; thus, the water vapor
content was sufficient, the cloud consisted mostly of liquid water, and the cloud top
temperature was −15.63 ◦C.
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3.2.2. Mixed Cloud

On 29 July 2022, a total of four sounding observations were conducted. The ground-
recorded observations showed a sunny day, a small amount of floating dust on the surface,
and a small amount of cirrus clouds in the sky; the PM10 and PM2.5 concentrations in
the second observation period were 783.39 µg m−3 and 86 µg m−3, respectively. The
PM10/PM2.5 value was 9.1, and the average AOD was observed to be 0.24.

The wind direction below 3 km rotated anticlockwise as a function of height, and
a strong cold advection surface cold front was passing through. The front moved from
northwest to southeast, and an area of atmospheric instability existed in the east–west
direction. In combination with the large TABC change with time during the sounding
period, as is shown in Figure 6c,d, the vertical profile of the TABC after averaging showed a
large fluctuation, thus resulting in a large fluctuation in the vertical CCN profile calculated
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by the inverse extinction coefficient, as is shown in Figure 6a. Figure 6a displays that the
CCN concentrations varied from 10−5 L−1 to 0.5 L−1 above 4 km and higher than 0.55 L−1

below 4 km; such discrepancies may be attributed to the fact that the droplet number is
sensitive to the change in both aerosol concentration and vertical velocity and is limited to
150–550 cm−3 in mixed-phase clouds [65]. The results displayed in Figure 6b reveal that the
INP concentration varied in the range of 10−3–1 L−1 in Tazhong, which is comparable to
the concentration of 0.01–1 L−1 in Dushanbe at the 6–8 km height range under mixed-phase
cloud conditions in spring and summer, which may be due to their homologous dust [34].
The maximum value of this concentration was lower than the maximum value between
0.18–12.4 L−1, 0.39–24 L−1, and 1.1–40.2 L−1 measured over a high-altitude station in the
Western Ghats, India [31]. That may be the result because feldspar particles in the Tazhong
area are lower than that in India, because feldspar particles are the main component of dust
ice nuclei at temperatures below about −15 ◦C [66], and super micron particles contribute
to more than half of the INP concentrations at warmer than −12 ◦C at higher altitudes [45].
At heights of 7.3–7.9 km, the INP number concentration under parameterization schemes
D10 and D15 were applicable, where INP concentrations obtained with D15 were more than
INP concentrations obtained with D10 above cloud top height. Figure 6c,d demonstrate
that a layer of dust existed at a height of 2.4 km above the ground, clouds were present at
heights of 4–5.5 km and 6.5–9 km, and the Vel at the cloud top and bottom grew. Figure 6e
shows temperature inversion layers at heights of 2–2.2 km and 5.7–6.1 km, with an average
thickness of approximately 0.3 km. The RH in the clouds reached 88%, and the dew
point temperature was −20 ◦C. The cloud top temperature was −26.3 ◦C, as is shown
in Figure 6e; below −20 ◦C, water vapor reaches supersaturation and begins to form ice
crystals. Figure 6f indicates that the Vel fluctuated in the interval of 0–3.5 km, lessened in
the range of 3.5–5 km (to a value of 5 m/s), and grew at 5–10 km (to a value of 22 m/s).
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Figure 5. (a) Lidar-derived CCN number concentration (unit: cm−3) at 0.2% SS (black pot) with the
secondary axis of the red solid line representing the dust extinction coefficient (Dust ext., unit: Mm−1),
(b) INP number concentration (unit: L−1) profiles with colors specifying various INP parameterization
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secondary axis of the red solid line representing the relative humidity (RH, unit: %), (d) temporal
(Chinese Standard Time) height of TABC532, and (e) temporal height of VDR532.
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The CCN is easily affected by its source, including the upward transportation of
aerosols from the surface [59]. Compared to the dust situation on 26 July 2019, the CCN
and INP concentrations of dust in the clear sky were relatively high. The VDR of the dust
at heights of 0–1.8 km was approximately 0.28, which was greater than that of fugitive dust
(0.21) at heights of 1.4–2.8 km. In the transportation process downward and upward, dust
is exposed to wind erosion and is more spherical in shape with the VDR decrease shown.

3.2.3. Ice Cloud

On 28 July 2022, a total of four sounding observations were performed, and a sunny
day with small amounts of floating dust and cirrus clouds was appropriately recorded
on the ground in the manual record. The PM10 and PM2.5 concentrations in the second
observation period were 408.68 µg m−3 and 85.7 µg m−3, respectively, with a PM10/PM2.5
value of 4.77 and an average AOD of 0.16.

The wind direction below 1–1.4 km clearly rotated clockwise with height (not shown
here), and a warm advection surface front was passing through. The front faced west to
east, and an area of atmospheric instability occurred in the western direction. The results
illustrated in Figure 7a indicate that the CCN concentration varied from 10−1 to 105 L−6,
and the CCN concentration in the cloud reached about 103 L−1. The dew point temperature
decreased from the ground to a height of 6 km, and the dew point temperature grew at
a height of 6.8–9.4 km within the cloud layer; thus, the water vapor content increased.
Figure 7b demonstrates that the INP concentration varied between 0.03 and 101 L−1. This
INP concentrations was high enough in this height to significantly affect ice formation in
ice and mixed-phase clouds [34]. In the height range of 7.2–8.7 km, INP parameterization
schemes D10 and D15 were employed, in which the INP concentration in parameterization
scheme D15 was more than in the parameterization scheme at above the mid height of
the cloud. This means that the parameterization scheme D15 could derive more INP
concentrations at low temperatures than the parameterization scheme D10. The Vel in the
0.5–8.6 km range displayed a fluctuating upward trend overall. This fluctuation was weak
in the cloud and noticeable at the cloud bottom and cloud top. Both the cloud bottom and
cloud top rose. Figure 7c,d illustrate that, at heights of 6.8–9.5 km where the cloud layer
was located, the RH and dew point temperature substantially increased; the maximum RH
was 45%, and the dew point temperature was −32 ◦C. The cloud was composed mainly of
ice crystals, with the cloud top temperature at −58.7 ◦C.

3.3. Effects of Atmospheric Dynamics on the CCN and INPs in the Hinterland of the Taklimakan
Desert during the Summer of 2019

Previous lidar observations have indicated that strong aerosol–cloud interactions
occur during updraft periods [67]. The Vel in the 5–15-km range illustrated an ascending
trend with increasing height and a descending trend from 15 km to 20 km, while this term
showed an ascending trend with increasing height from 20 km to 30 km. In the height
interval of 15–20 km, the Vel was greater than 30 m/s, thus forming a westerly upper air
jet [68]. In the height range of approximately 5–17 km from the top of the troposphere to
the bottom of the stratosphere, the Vel direction was mostly westerly. However, the Vel
direction was easterly at heights of approximately 21–30 km. The wind directions of the
lower and upper layers were opposite, and the middle atmosphere flowed to the lower
and upper layers, thus separating them. This could be the reason that the airborne Asian
dust stable layer formed but did not spread to the ground with the long-term existence
of the stagnant layer in the desert hinterland of Tazhong [69]. During the 22 sounding
observation periods considered herein, 19 effective lidar observations were performed. The
data density distributions and box diagrams of the WS and INP in the parameterization
scheme D10, RH, and 1.125–3.75-km CCN are presented in Figure 8.
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When calculating the correlation coefficients between the CCN and meteorological
elements, considering that CCNs below 1 km and above 4 km are greatly affected by
ground dust and other forms of clouds in the upper air, respectively, the height range
of 1.125–3.75 km was finally selected in combination with the vertical resolution of the
lidar data, and relatively natural CCN and meteorological elements were selected for the
correlation analysis. The CCN and INP number concentrations in the height range of
10–12 km input to parameterization schemes D10 and D15 and to the normal distributions
of the CCN and INP number concentrations in the parameterization scheme D10, which
varied in the intervals 10−2–102 L−1 and 10−2–104 L−1, while the INP number concen-
trations applied in the parameterization scheme D15 varied from 10−2 to 104 L−1. The
CCN number concentration decreased from the ground to a height of 12 km, with an
average value of 36.57 L−1, an upper quartile of 19.71 L−1, and a final quartile of 49.47 L−1,
which was much higher than the CCNs at 0.2% SS, which fell mostly in the range of 994
to 6268 cm−3 in the foggy/hazy and clear cases of Shanghai [70] and of 3 to 590 cm−3

during the Antarctic Circumnavigation Expedition (ACE) [71]. Such discrepancies could
be attributed to the fact that the particle concentration in the desert is higher than that in
the seaside and Antarctic. The CCNs at heights below 4 km were substantially higher than
those above 4 km, which was consistent with the observation that clouds below 4 km easily
form precipitation. The INP number concentration under the parameterization scheme
D10 had a mean value of 3.50 L−1, while the upper and last quartiles were 0.97 L−1 and
21.44 L−1; among the parameterization schemes, D15 had a mean value of 7.80 L−1 at
0.15% SS. In the Saharan air layer, the CCNs were 100–300 cm−3 at 0.2% SS and the INPs
were 10–200 L−1 at 25 ◦C over the Barbados region [46], which were lower than values
between 0.7 and 1.5 × 109 CCN m−3 at 0.2% SS [72]. The vertical distribution of the INP
number concentration under various modes presented a decreasing trend with height, and
clouds or the ground dust concentration exhibited pronounced impacts on the CCN and
INP number concentrations [73]. The INP number concentration under the D10 mode was
greater than that under the D15 mode. The Spearman’s rank correlation coefficient values
between D10 and Vel were 0.72 and 0.38 for CCN and RH, respectively, which were within
the height range of 1.125–3.75 km. These results show that sounding balloon observations
provided more possibilities for cloud microphysics parameterization schemes. At the same
time, the importance of sounding balloon observation was emphasized.

4. Conclusions

The number concentrations of the CCN and INP number concentrations in the hinter-
land of the Taklimakan Desert were analyzed in this study for the first time regarding the
temperature and pressure profiles combined with meteorological data observed using a
sounding balloon and dust data based on lidar and a sun photometer. As the extinction
coefficient was noticeably influenced by dust on the ground and clouds at high altitudes,
this methodology was applied by considering the concentrations of CCN and INP in the
presence of different pollution intensities and cloud conditions and then selecting typical
cases for analysis. Based on the function of lidar in distinguishing different components of
atmospheric particles, this work confirms the value of lidar combined with meteorological
data in daily observation.

The results indicated that the dust in the Tazhong area is coarser than that in other
areas farther from the dust source (such as Lanzhou and Wuhan), and the dust number con-
centrations are higher and support previous investigations of aerosol–cloud–precipitation
interactions performed in desert areas. The achieved results reveal that the CCN and
INP number concentrations spanned four orders of magnitude and were substantially
affected by dust below 4 km [74] and by clouds at high altitudes; this could have been
due to dust and clouds providing increased CCN and INPs by acting as CCN and INPs,
which thus emphasize the importance of considering dust and clouds in CCN and INP
parameterization schemes. When the CCN was dominated by dust particles, it produced
changes in the ice cloud particle size and concentration and was responsible for starting
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drizzling and precipitation in special meteorology–aerosol connections. The correlations
between atmospheric dynamics and the CCN and INP values in desert regions due to
various cloud conditions and pollution levels highlighted the significance of exploring
meteorology–aerosol–cloud connections alongside the correlations between the ecological
environment and CCN or INP, which requires further assessment.
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