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Abstract. Aerosol-cloud interactions are key processes affecting cloud microphysics, precipitation formation, and climate
system energy balance. Using aircraft observations from Hebei and parcel model simulations, the spectral characteristics,

vertical structures, and response of cloud particles to aerosols are systematically analysed. Observations show that in liquid

and mixed-phase clouds, droplet number concentrations exhibit bimodal peaks at diameters of 5-7 um and 14—15 um, while

ice and mixed-phase clouds display ice crystal peaks near 125 and 1550 pum.Jntiquid-and-mixed-phase—elouds,—droplet

near125-and1550-pm- Under high aerosol loading, ice crystal number concentrations increase at both small and large sizes

but decrease at intermediate sizes.Reg

Under hHigh sub-cloud aerosol loading, effective droplet diameters in the lower part(H<0.3) of liquid and mixed-phase

clouds are 2.4 and 2.8 um larger, respectively, than those in the upper part (H>0.7).; The lower cloud layers also exhibit

higher droplet number concentrations and broader size distributions.accempanied-byhigher-droplet numberconeentrations
and-broader—size—distributions: Under low-aerosol loadingeenditions, the upper part of liquid and mixed-phase clouds

contains droplets that are 2.7 um and 4.4 um larger than those in the lower part, respectively. The droplet number
concentrations are higher in the upper layers for both cloud types. In ice clouds, high—sub-eloud aerosol
loadingeeneentrations yield decreasing ice crystal number concentrations with height and effective radius that first increase
but then decrease. Sensitivity experiments reveal that increasing aerosol concentrations cause a monotonic increase in
droplet number concentrations. Atlew-aerosol-coneentrations—High aerosol concentrations amplify vapor competition and
latent heat release, increasing temperature and reducing supersaturation, reducing the effective radius._These findings

provide improved constraints for representing aerosol—cloud interactions in weather and climate models.

1 Introduction

Atmospheric aerosols, as a key component of the Earth’s climate system, play a crucial role in climate studies by
influencing cloud microphysics and precipitation characteristics (Calvin et al., 2023). Aerosols can act net-enty-as cloud

condensation nuclei (CCN) and ice nuclei (IN), thereby influencing cloud microphysical properties by affecting the

formation of cloud droplets and ice crystals as well as cloud particle number concentrations, size distributions, and liquid and

(Chen et al., 2019; Sun and

solid water contents.éi

Ariya, 2006). -

In this way, they substantially affect cloud optical properties, lifetime, and precipitation efficiency (Hoffmann et al., 2024,

Zhao et al., 2024). Recent observational and modelling studies have further demonstrated that aerosol concentration and size
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exert complex and significant regulatory effects on the microphysical structures of various cloud types (Christensen et al.,
2020; Koren et al., 2014).

Cloud physical processes are highly complex, especially those governing precipitation formation and aerosol-cloud
interactions, which notably influence cloud lifetime and size. A major challenge in cloud microphysics research is
understanding how small-scale turbulence and mixing processes shape the macroscopic evolution of clouds, particularly
droplet size distributions, and how in situ observations can effectively characterize these features (Barrett et al., 2020; Chen
et al., 2020; Kumar et al., 2021). Owing to these complexities, clouds remain the greatest source of uncertainty in climate
sensitivity estimates (Chalmers et al., 2022; Sherwood et al., 2020).

Clouds are generally classified by phase into liquid, ice, and mixed-phase types. In recent years, anthropogenic
emissions in populated regions have substantially increased aerosol concentrations (Tsimpidi et al., 2025), rendering
aerosol—cloud interactions key factors influencing cloud formation, evolution, and dissipation. Aerosols affect clouds
through direct (Coakley et al., 1983), semi-direct (Wilcox, 2012), and indirect effects (Albrecht, 1989; Twomey, 1977).
Among observational methods, aircraft measurements are particularly valuable for investigating cloud and precipitation
microphysics (Lawson et al., 2017; Liu et al., 2025; Noh et al., 2013), as they provide direct observations of macroscopic
and microscopic cloud properties, including liquid water content (LWC), ice water content (IWC), cloud droplet and ice
crystal number concentrations, and aerosols.

In China, aircraft-based cloud observations, which have been conducted since the 1960s, have become fundamental
data sources, yielding numerous significant findings (Chang et al., 2019; Feng et al., 2021; Wang et al., 2014; Zhao et al.,

2018)._For example, in South China’s Guangxi region, Liu et al. (2025)_analysed nine aircraft flights conducted in 2020 to

investigate the diurnal variation of stratocumulus clouds and the impact of aerosols on cloud microphysical properties. They

found that aerosol number concentration and cloud droplet effective radius exhibited the typical Twomey effect and

highlighted the important influence of boundary-layer height on the microphysical structure. Based on 35 aircraft flights

conducted over the North China Plain during 2019-2021, Ke et al. (2025)_further investigated the influence of boundary-

layer—cloud coupling processes on cloud microphysical variables.

Recent research on aerosol—cloud interactions has advanced substantially. F. Liu et al., (2024) reported that fine
aerosols (FA), acting as CCN, suppress precipitation and reduce the effective radius of cloud droplets, whereas coarse sea
spray acrosols (CSA), as giant CCN, increase rainfall and increase droplet size. In convective cloud chamber experiments,
Jae—etal—«(Yeom et al. (2025) reported that entrained aerosols increase droplet number concentrations, reduce effective
droplet diameters, increase the LWC, narrow droplet size distributions, and brighten clouds. Using machine learning, Zhang
et al. ( 2025) reported that higher aerosol concentrations are associated with lower cloud water content, likely because of the
enhanced entrainment of dry free-tropospheric air, which increases cloud evaporation and water loss.

Aecrosol—cloud interactions over the North China Plain are critical for regional weather and climate. Aircraft
observations have been widely employed to study these effects(Dong et al., 2022; Gultepe and Isaac, 2004). Che et al. (2021)
reported that under elevated nighttime relative humidity, ammonium salts promote secondary organic aerosol (SOA)
formation and that ice-nucleating particles_concentrations correlate strongly with aerosol particles exceeding 0.5 pum in
diameter, resulting in morning mixed-phase cloud ice crystal concentrations approximately 30% higher than those at noon.
Wu et al. (2022), who analysed winter ice cloud data from 22 flights over the North China Plain, reported that mixed-phase
clouds dominate and observed aggregation and riming processes. Du et al. (2024), on the basis of aircraft measurements,
demonstrated substantial secondary ice production within embedded convective cells in midlatitude stratiform clouds, with
ice crystal concentrations strongly dependent on proximity to cloud tops, highlighting the importance of the seeder-feeder
mechanism in cloud glaciation and precipitation.

Significant progress has also been made in modelling aerosol-cloud interactions. Christensen et al. (2023) compared

observed CCN concentrations and airborne/ground measurements with E3SMv1(Energy Exascale Earth System Model)
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simulations to assess aerosol impacts on cloud properties and radiative forcing in low-level clouds. Via the use of Weather
Research and Forecasting (WRF) sensitivity experiments, Li et al.( 2024) reported that higher aerosol concentrations
promote cloud formation and broaden the droplet spectrum, whereas lower concentrations inhibit cloud development. By
employing high-resolution regional atmospheric modelling system (RAMS) simulations, Leung & Van Den Heever
(2023)demonstrated that high aerosol concentration gradients can drive an aerosol breeze, influencing mesoscale circulation,
cloud characteristics, and precipitation.

Despite these advances, the effects of aerosols on cloud microphysical properties remain uncertain. It is still unclear whether

higher aerosol concentrations necessarily lead to higher cloud particle number concentrations and smaller effective diameters.

Moreover, it remains an open question whether aerosol impacts differ among clouds of different phase states. In this study,

we combine extensive aircraft observations from 162+ flights over the North China Plain between 2019 and 2021 with
results from an adiabatic cloud model to systematically investigate the spectral distributions, vertical structures, and aerosol-

induced responses of cloud particles across clouds of different phase states.

1 Data and Methods
2.1 Aircraft Observation Platform and Instruments

The aircraft platforms employed in this study include the modified King Air 350 (K350) and Y-12 aircraft, both of
which are operated by the Hebei Weather Modification Office (HBWMO). Each platform was outfitted with an identical

suite of observational instruments, comprising a Cloud Droplet Probe (CDP, The CDP measured particle sizes in the range of

2-50 pm.), a Cloud Imaging Probe (CIP), a Passive Cavity Aerosol Spectrometer Probe (PCASP-100), The 20 Hz
Atmospheric Integrated Meteorological Measurement System (AIMMS-20) primarily provided basic meteorological
parameters, including wind speed, wind direction, temperature, humidity, and air pressure.a20-HzAtmeospheric Integrated
Meteorological Measurement System-(AIMMS-20), an-AE-33-aethalometer;-and a Global Positioning System (GPS).

The CDP provides detailed measurements of cloud droplet number concentrations, size distributions, and liquid water

content (LWC) (Faber et al., 2018). Single-particle light scattering is used to determine the diameter of individual droplets.
In this study, the LWC was estimated from CDP data, whose accuracy has been previously validated (Hou et al., 2021). The
CIP measures ice particle number concentrations (Ni) over a size range of 25-1550 pm (Baumgardner et al., 2001). To
reduce the effects of particle shattering and to avoid ambiguities between cloud droplets and ice crystals, only particles
within the 125-1500 pm range were analysed (Heymsfield & Willis, 2014). The PCASP measures aerosol particles ranging
from 0.1 to 3 um across 30 size channels (Strapp et al., 1992).

Table.l Summary of airborne probes used in this study.

Number of ) o
Instrument Measurement range (um) Variables used in this study
channels
Aerosol size distribution, aerosol number
PCASP 0.1-3.0 30
concentration
Droplet size distribution, droplet number
concentration (Nc), effective diameter (Ed),
CDP 2-50 30 ] ] o
spectral dispersion, liquid water content
LWC
Ice particle size distribution, ice crystal
CIP 25-1600 64 number concentration (Nice), effective

diameter, ice water content (IWC)
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For all the particle probes, the channel centre value was used to represent the particle size. Both the CDP and the CIP
were equipped with Korolev anti-shatter tips (Korolev et al., 2013), designed to gently capture particles and thereby

minimize shattering due to impact or shear forces.

2.2 Data Processing

In this study, data from 35 aircraft flights conducted in the North China region between 2019 and 2021 were used.
Based on observational objectives and prevailing weather conditions, 14 flights were conducted under clear-sky conditions,
while 2+-16 flights were carried out under cloudy conditions. Owing to limited data from some flights that could not
represent the full cloud structure, a total of 7 flights for liquid clouds, 14 flights for mixed-phase clouds, and 8 flights for ice

clouds were ultimately selected for analysis. Detailed information is provided in Table 2+.

Table 2. Detailed information on aircraft observation sorties (individual aircraft missions) used in this study.Detailed-information

Sortie  Flight Platform bate Take-offTime Cloud Type
(yyyy-mm-dd) (UTC+8)

1 K350 2019-11-29 15:05 Mixed, Ice
2 K350 2019-11-29 19:38 Mixed, Ice
3 K350 2019-11-30 9:02 Mixed, Ice
4 K350 2019-12-15 10:54 Water, Mixed, Ice
5 K350 2019-12-15 19:30 Water, Mixed, Ice
6 K350 2019-12-16 10:07 Water, Mixed, Ice
7 K350 2019-12-25 19:27 Water, Mixed, Ice
8 K350 2020-04-10 10:41 Mixed
9 K350 2020-05-08 10:34 Mixed
10 K350 2020-07-17 16:34 Mixed
11 K350 2020-11-16 18:37 Water
12 K350 2020-11-17 15:49 Water, Mixed
13 K350 2020-11-17 21:40 Mixed
14 K350 2020-04-08 10:29 Water
15 K350 2021-02-28 9:52 Mixed, Ice
16 K350 2021-02-28 15:56 Mixed, Ice

The aircraft observations were conducted over the North China Plain, with most sampling flights located over Hebei

Province, particularly in the region surrounding Shijiazhuang (Figure 1). This area is characterized by a complex aerosol

environment influenced by both urban emissions and regional anthropogenic sources. Major contributors include industrial

emissions, traffic-related pollution, and secondary aerosols such as sulfate, nitrate, and organic aerosols. In addition, rural

and agricultural activities contribute to regional aerosol loading, and the region is occasionally affected by dust transport

from northern China(Huang et al., 2017; Zhang et al., 2019). Therefore, the observed aerosol population represents a mixture

of urban pollution aerosols and regional background aerosols.
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Figure.1. Map of the aircraft flight tracks and observation region over the North China Plain.

The number concentration per size intervaldistribution for each size channel of the CDP, CIP, and PCASP instruments

was calculated as follows:
— ni 1
"~ 1000V;Ar; @

where N; represents the number concentration distribution of the i-th channel for each instrument (cm=-pm™),n; is the

135 N;

number of particles in the i-th channel, V; is the sampled volume for the i-th channel (L), and Ar; is the bin widthpartiele-size

interval of the i-th channel (um).
The total number concentration (N, cm ) was obtained by summing the number concentrations across all channels, as

140 follows:
N= Z N, Ar; )
The liquid water content (LWC) was calculated on the basis of the cloud droplet size distribution measured by the

CDP. The LWC was obtained by summing the product of the droplet volume and the density of water as follows:

S 4 dp
LWC = Z n; §T[ (E) Puw 3)
=1
145 where, n; is the cloud droplet number concentration in the i-th ehannelchannel (cm™), d; is the droplet diameter (um), p,, is
the density of water (g/cm), and n is the total number of channels.

The ice water content (IWC) was calculated on the basis of the CIP particle size distribution using the mass—dimension

relationship proposed by Heymsfield et al. (2007):
M = aD? 4
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Where M (mg) represents the mass of a single ice particle, D(mm) represents the ice particle size, m_is the total

number of channels, M; represents the mass of a single particle in the j-th channel, and n; represents the number

concentration in the j-th channel, and a and b are parameters a = 0.037, b = 1.9, with IWC denoting the total ice water

content (g/m?). Notably, different estimation methods can still differ by approximately a factor of two (Fleishauer et al.,
2002).

The cloud droplet effective diameter (Eq) is defined as the diameter calculated by the droplet volume divided by cross-
sectional area and represents the characteristic size of the droplet size distribution in the cloud (Hansen and Travis, 1974) :
Y ngd}
E, = 6

where, d; is the droplet diameter in the i-th channel, and n; is the corresponding number concentration.
Cloud droplet spectral dispersion is used to characterize the width of the droplet size distribution, and is calculated as

follows:

\/Z n;(d; — D)*?

—y&urn 7/ 7
o 5 ™)
where D is the cloud droplet mean diameter,d; is the droplet diameter in the i-th channel, and n; is the corresponding

number concentration.

2.3 Cloud Phase Determination

The determination of the cloud phase was based on the established criteria of Hou et al. ( 2021) and further refined
with guidance from experts at the Hebei Weather Modification Centre. Observations that satisfied the criteria for liquid, ice,
or mixed-phase clouds and whose timestamps corresponded to the macroscopic cloud stages recorded in the flight logs were

classified as in-cloud observations.

An ice cloud was defined when N.<10 cm?, Ni.>1 L', and the temperature was less than -5 °C; a liquid cloud was

defined when N¢>10 ¢cm; and a mixed-phase cloud was defined when Nc>1 ¢cm™ and Ni<1 L.

2.4 Parcel ModelCloud Phase Determination

In this study, an adiabatic parcel model based on the Lagrangian approach (Chen et al., 2016, 2018) was employed to
simulate the activation of cloud condensation nuclei (CCN) and water vapor condensation processes. In this model, as a
parcel ascends and cools, water vapor condenses onto aerosol particles. The diffusion of water vapor is described by the
condensational growth equation (Lamb and Verlinde, 2011), whereas aerosol activation and growth are governed by the «-
Kohler model (Poschl et al., 2010). To simplify computations, the model treats the cloud parcel as a closed system,
neglecting mixing, deposition, and collision-coalescence processes.

Notably, in the model, the traditionally assumed lognormal aerosol distribution was replaced with a piecewise

spectrum fitted to in situ observations at the cloud base. The aerosol size distribution was divided into small-particle and

large-particle ranges, separated by a cutoff diameter of 0.35 um, which provided the best agreement with the observed

spectra. In the small range, the distribution follows a lognormal function, which can be expressed as follows:
dN N, (logr; — logry)?
= ex
dinr  \2mloga, P 2log?a,
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Where N, is the aerosol number concentration, and ris the aerosol particle radius. The geometric standard deviation (g,) and
geometric mean radius (7;) were obtained by fitting a lognormal distribution using the least squares method, with g, = 1.43
and 7; = 0.101 um. For the large-size range, a Junge distribution was used, expressed as follows:
dN
- =

where r is the aerosol particle radius, and aand bare coefficients. In this study, fwas fixed at 5.5, and a was calculated on

ar~F

the basis of the aerosol concentration. This improved aerosol representation showed excellent agreement with the in-situ

measurements (R>>0.9). A comparison between the observed aerosol spectrum and the fitted function is shown in Figure 2.
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Figure.2: Aerosol size distribution at cloud base fitted from in situ observations: red dots represent measured values, dashed lines
show the fitted curves, blue indicates small particles, and green indicates large particles.

To examine the sensitivity of cloud microphysical properties to aerosols, a total of 66 experiments were performed. The
relative humidity was fixed at 80%, and the updraft velocity was set to 2 m/s. Large-sized aerosol particle concentrations
(>0.35 pum) were prescribed at 50, 100, 150, 200, 250, and 300 cm™, whereas small-sized aerosol particle concentrations
(<0.35 um) were set at 100, 200, 400, 600, 800, 1000, 1200, 1400, 1600, 1800, and 2000 cm™3. The eritieal-cutoff diameter

separating small and large aerosols was 0.35 pm, which provided the best fit to the observed data.

3 Results and Discussion
3.1 Characteristics of Cloud Particle Distributions in Different Phase States

Environmental conditions at different altitudes influence physical and chemical processes, thereby affecting the

formation, growth, and dissipation of cloud particles. In this study, clouds were divided into lower (0-0.3). middle (0.3-0.7),

and upper (0.7-1) layers based on normalized height, and the particle distributions were analyzed within each layer.—the

Based on the aerosol number concentrations measured during individual flight legs, the samples are classified into high

and low aerosol concentration groups, and mean values are calculated for each group. Under high aerosol conditions, the

7
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total aerosol number concentrations associated with liquid, mixed-phase, and ice clouds are 2772, 2693, and 2720 cm3,
respectively. In contrast, under low aerosol conditions, the corresponding values decrease to 622, 665, and 359 cm™.A
particle diameter of 0.35 um is adopted as the threshold separating small and large aerosol particles. For the high-aerosol
group, the number concentrations of large aerosols in liquid, mixed-phase, and ice clouds are 357, 352, and 183 cm™,
respectively, whereas the corresponding concentrations of small aerosols reach 2415, 2341, and 2537 cm™. By comparison,
under low aerosol conditions, the large aerosol number concentrations for the three cloud types are reduced to 143, 176, and
84 c¢cm™, and the small aerosol number concentrations decrease to 479, 489, and 275 cm™. These results indicate that the

enhanced aerosol loading under high-aerosol scenarios is primarily due to particles in the small size range. (Figure 3c, f&I).

As shown in Figure 3, in liquid clouds, the spectral width remains largely uniform across different layers, although the
distribution characteristics vary. The droplet size distributions in the upper, middle, and lower layers all exhibit a bimodal
pattern, with peaks at 5 pm and 15 um. Under high aerosol concentrations at the cloud base (2972 cm™), the droplet number
concentration is higher in the lower layer (222 cm™) and lower in the upper layer (32 cm™). Droplets in the upper layer are
predominantly small, whereas those in the lower layer are biased toward larger sizes. Conversely, under low aerosol
concentrations at the cloud base (622 cm™), the distribution pattern is reversed: droplets in the upper layer shift toward larger
sizes, whereas those in the lower layer shift toward smaller sizes. Under high-aerosol conditions below cloud, the droplet
number concentrations for sizes greater than 45 um increase in the upper layer but remain unchanged in the middle and
lower layers. In contrast, under low-aerosol conditions, elevated concentrations of droplets larger than 45 um are observed

throughout all the cloud layers.
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Figure 3. Size distributions of cloud particles in different regions of the observed clouds and aerosol size distributions below the
clouds under varying aerosol concentrations. Panels (a—b) show cloud droplet spectra in warm clouds under high and low aerosol
loading, respectively; (d—e) show cloud droplet spectra in mixed-phase clouds; and (g—h) show ice crystal spectra in mixed-phase
clouds. Panels (j—k) present ice crystal spectra in ice clouds. In each panel, yellow, green, and purple curves represent the cloud
top, middle, and base, respectively. Panels (¢), (f), (i), and (I) show the corresponding aerosol size distributions below the clouds
under high- and low-aerosol conditions, along with the mean distribution (black line).

3.2 Vertical Distribution Characteristics of Cloud Particles in Different Phase States

In liquid and mixed-phase clouds, the droplet size distributions exhibit notable differences across cloud layers under
varying aerosol concentrations at cloud base. However, the size distribution alone is insufficient for fully characterizing the
cloud microphysical properties. To further elucidate the microphysical structure and regulatory role of aerosols, the vertical
positions of clouds from different flights were normalized to a dimensionless height parameter H ranging from 0 to 1. On the
basis of H, the vertical profiles of the cloud particle number concentration, effective diameter, spectral dispersion, and water
content under different cloud-based aerosol concentrations were analyzed.

An increase in the aerosol concentration generally enhances the availability of cloud condensation nuclei (CCN),

promoting the formation of more cloud particles(Khatri et al., 2023; Li et al., 2024). Consequently, the concentrations of
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both cloud droplets and ice crystals are greater under high-aerosol conditions (Figures 3a, e, i and m). Different aerosol
concentrations below the clouds result in distinct vertical distributions of particle number concentrations. For liquid and
mixed-phase clouds, droplet concentrations decrease with height under high-aerosol conditions but exhibit the opposite trend
under low-aerosol conditions. In mixed-phase clouds, the ice crystal number concentration peaks in the middle layer (11.18
L") under high-aerosol conditions, whereas the lower and upper layers have smaller values (1.49 L™'). Under low-aerosol
conditions, ice crystal concentrations increase with height, mirroring the droplet distribution. In ice clouds, ice crystal
concentrations decrease with height under high-aerosol conditions but remain nearly constant under low-aerosol conditions.

High aerosol concentrations intensify vapor competition among droplets, reducing droplet radius (Calderén et al., 2022)
and potentially delaying collision—coalescence processes (Christensen et al., 2020). The data in Figure 4b and f reveal that
under low aerosol concentrations, the effective diameters of the droplets in liquid and mixed-phase clouds increase with
height, whereas under high aerosol concentrations, they decrease with height. Under high-aerosol conditions, lower-cloud
droplets in liquid and mixed-phase clouds tend to be larger, with effective diameters of 14.22 pm and 13.59 pm, respectively;
under low-aerosol conditions, the effective diameters of lower-cloud droplets decrease to 10.55 pum and 9.72 um,
respectively. Tang et al. (2014) suggested that the emergence of this reversal of the Twomey effect results from abundant
water vapor transported by southerly winds under high-aerosol conditions, which weakens vapor competition and prevents it
from constraining droplet growth. The difference in the vertical effective diameter between the upper and lower layers is
greater in mixed-phase clouds (2.39 pm) than in liquid clouds (2.81 um) because of the conversion of upper-level droplets
into ice crystals, which reduces both the droplet number concentration and the effective diameter. The vertical variation in
the effective diameter of ice crystals differs markedly between mixed-phase and pure ice clouds. In mixed-phase clouds, the
effective diameter of ice crystals increases with height regardless of the aerosol concentration. In ice clouds, under low-
aerosol conditions, the effective diameter decreases above H>0.75 but remains nearly constant below H<0.75; under high-
aerosol conditions, it fluctuates around 1000 pm (Figure 4j and n).

Spectral dispersion, reflecting the width and uniformity of droplet or ice crystal distributions, serves as another
important indicator of cloud microphysical properties. Under high aerosol concentrations, droplet spectral dispersion in
liquid and mixed-phase clouds slightly decreases with height, indicating a predominance of small droplets in the upper layers
and a more concentrated distribution. Under low-aerosol conditions, the spectral dispersion is greater in the lower part and
smaller in the upper part for liquid clouds, whereas in mixed-phase clouds, it increases with height. For the ice crystals in
mixed-phase clouds, the spectral dispersion is significantly greater under high-aerosol conditions than under low-aerosol
conditions, with a minimum at H=0.4. In ice clouds, spectral dispersion varies little with height under low-aerosol conditions,
whereas under high-aerosol conditions, it increases for H<0.25 and decreases for H>0.75 (Figure 4d, h, I and p).

In addition to number concentration and effective diameter, the liquid water content (LWC) also exhibits distinct

vertical variations under different aerosol conditions (Figures 4d and h). Under high-aerosol conditions, LWC in the lower

layer is higher than that in the upper layer by approximately 0.37 g m?, which is consistent with the vertical variations in

spectral dispersion and effective diameter described above. A similar vertical structure is observed in mixed-phase clouds;

however, LWC is further influenced by phase transition processes. Under high-aerosol conditions, LWC in the upper layer is

lower than that in the lower layer by approximately 0.26 g m=.

10
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Figure.4 Vertical distributions of different cloud particle characteristics. (a—d) water cloud droplets, (e-h) mixed-phase clouds
droplets, (i-1) ice crystals in mixed clouds, (m—p) ice crystals in ice clouds._For each cloud type, the panels from left to right

represent number concentration, effective diameter. dispersion, and water content, respectively.
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3.3 Impact of Cloud-Base Aerosol Concentrations on Cloud Particles

designed by separately fixing the concentrations of large and small particles.

To investigate the impact of sub-cloud aerosols on cloud microphysical properties, sensitivity experiments were

conducted using an adiabatic cloud model that considered both aerosol concentration and particle size. Experiments were

As shown in Figure 5, when the small particle concentration is low (100 cm™), increasing the large particle
concentration transforms the droplet size distribution from unimodal to bimodal, accompanied by a decrease in the peak

radius and an increase in the peak number concentration. At this stage, the CCN concentration is insufficient; adding large
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300

305

310

particles increases the availability of CCN, leading to the formation of more cloud droplets and a higher peak number
concentration. Moreover, the elevated CCN concentration amplifies vapor competition, thereby constraining droplet growth
and reducing the peak droplet radius. Conversely, when the concentration of small particles is high (2000 cm™), the
distribution shifts from bimodal to unimodal. Further increasing the large particle concentration under high small-particle
conditions still decreases the peak radius, but the peak number concentration decreases, and the effect on the peak radius
decreases as the small particle concentration increases. In this scenario, the availability of CCN is sufficient; thus, the
addition of large particles primarily enhances vapor competition, restricting droplet growth and favoring smaller droplets.
This explains the observed shift from unimodal to bimodal distributions and why the small-droplet peak becomes

increasingly prominent at higher aerosol concentrations.
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Figure.5 Cloud droplet size distributions under varying concentrations of large particles with fixed concentrations of small
particles. The concentrations of small particles are (a) 100, (b) 400, (c) 800, (d) 1200, (e) 1600, and (f) 2000 cm™>. In the legend, the
notation “x + y” denotes the concentrations of small particles (x) and large particles (y), respectively.

As shown in Figure 6, when the concentration of large particles is low, increasing the concentration of small particles
progressively shifts the droplet distribution from unimodal to bimodal. In contrast, at higher large particle concentrations, the
trend reverses, shifting from bimodal to unimodal. When the concentration of large particles is low, the availability of CCN
remains limited, as in the low—small-particle case concentrations. Increasing concentrations of small particles provide
additional CCN, thus intensifying vapor competition, i.e., more droplets are formed, but their growth into larger sizes is
inhibited. As aerosol concentrations continue to increase, enhanced vapor competition further restricts the formation of large

droplets, concentrating cloud particles in the small range and resulting in a unimodal distribution.
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Figure.6 Cloud droplet size distributions under varying concentrations of small particles with fixed concentrations of large
particles. The concentrations of large particles are (a) 50, (b) 100, (c) 150, (d) 200, (e) 250, and (f) 300 cm™>. In the legend, the
notation “x + y” denotes the concentrations of small particles (x) and large particles (y), respectively.

Figure 7 shows the responses of key cloud microphysical parameters simulated by the parcel model to increasing

aerosol concentration. The figure is intended to assess how variations in aerosol loading influence droplet number

concentration, effective diameter, and spectral dispersion during cloud development.

As shown in Figure 7, increasing aerosol concentration monotonically increases the droplet number concentration,
whereas the effective diameter first increases but then decreases. Spectral dispersion exhibits a similar pattern. During the
early stages of cloud formation, when the droplet concentration is low, the spectral dispersion initially increases with
increasing aerosol concentration but subsequently decreases. In the upper cloud or at later stages, higher aerosol
concentrations activate more particles of varying sizes into cloud droplets, broadening the spectrum. However, when aerosol
concentrations become excessive, droplets compete for limited water vapor, leading to more uniform growth and a reduction
in spectral dispersion. (F. Chen et al., 2025)Compared with small particles, larger particles tend to promote the formation of
larger droplets and enhance collision—coalescence, which can broaden the droplet size spectrum and thus influence spectral

dispersion(Chen et al., 2025).
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Figure 7. Scatter plot of the cloud droplet effective diameter (Ea), droplet spectral dispersion, and droplet number concentration
(N¢) at cloud base. The marker color represents the concentration of small particles, and the marker shape represents the
concentration of large particles.

The vertical profiles of water vapor and relative humidity within the clouds are shown in Figure 8. Under high aerosol
concentrations, water vapor is depleted more rapidly than under low-aerosol conditions, resulting in markedly lower water

vapor content in the upper cloud levels. Greater condensation also releases more latent heat, warming the environment and
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335 reducing supersaturation to only 0.05%, compared with 0.34% under low-aerosol conditions. Higher droplet number
concentrations intensify vapor competition, and in combination with lower supersaturation, droplet growth slows. This
explains why, in liquid and mixed-phase clouds under high-aerosol conditions, lower cloud droplets are larger while upper
cloud droplets are smaller. In aerosol-rich environments, additional condensation nuclei at the cloud base consume more
water vapor and release extra latent heat, enhancing vertical motion and producing larger droplets in the lower cloud. At

340 cloud top, small droplets are concentrated because of limited condensation and insufficient water vapor. Conversely, under
low-aerosol conditions, the droplet size distribution exhibits the opposite pattern, with larger droplets dominating the upper

cloud and smaller droplets in the lower cloud levels.
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Figure.8 Vertical profiles of cloud water vapor mixing ratio (VMR)vaper-eoentent (a-c), supersaturationrelative humidity (e-f), and
345 condensation-induced environmental warming (g-i) under different aerosol concentrations._Colored curves represent different
aerosol concentrations, and the vertical coordinate Hdenotes the normalized cloud height.
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4 Conclusions

Cloud particle spectra generally exhibit bimodal distributions. In liquid and mixed-phase clouds, droplet number
concentration peaks occur at 5-7 um and 14—-15 pm, whereas in ice and mixed-phase clouds, ice crystal peaks are observed
at 125 pm and 1550 um, respectively. Sub-cloud aerosol concentrations exert distinct influences on these spectra. Under
high-aerosol conditions at the cloud base (liquid clouds: 2772 cm™; mixed clouds: 2693 cm™), the smaller droplet peaks in
liquid and mixed-phase clouds exceed the peaks for large particles, whereas under low-aerosol conditions (liquid clouds:
622 cm; mixed clouds: 665 cm™), the opposite pattern emerges. For ice crystals, high-aerosol conditions result in higher
concentrations in both the small (<500 pm) and large (>1250 um) size ranges, whereas concentrations in the intermediate

range (500—1250 um) are lower than those under low-aerosol conditions (mixed clouds: 665 cm™; ice clouds: 359cm™).

Under high-aerosol conditions, lower-cloud droplets in liquid clouds are biased toward larger sizes, with an effective
diameter of 14.22 um, and lower-to-middle droplets in mixed-phase clouds are also larger, with an effective diameter of
13.59 um. Conversely, upper-cloud droplets in both liquid and mixed clouds are skewed toward smaller sizes, with effective
diameters of 11.83 um and 10.78 um, respectively. Under low aerosol concentrations, this pattern is reversed: in liquid
clouds, the lower-cloud effective diameter (10.55 um) is smaller than that of the upper-cloud (13.29 pum), and in mixed-phase
clouds, the lower-to-middle region (9.72 um) is smaller than the upper region (14.18 um). Ice crystals exhibit different
vertical distributions in mixed and ice clouds. In mixed-phase clouds, upper-middle droplets convert to ice crystals
regardless of the sub-cloud aerosol concentration, resulting in higher ice crystal number concentrations and effective radii
than in lower regions. In ice clouds, high-aerosol conditions result in a decrease in the concentration of ice crystals with
increasing height, whereas the effective radius initially increases but then decreases; under low-aerosol conditions, the
concentration of ice crystals remains nearly constant with increasing height, and the effective radius decreases in the upper
cloud.

The results of sensitivity experiments indicate that increasing aerosol concentration monotonically increases the cloud
droplet number concentration. Under low-aerosol conditions, increasing aerosols promote the formation of a bimodal droplet
distribution, whereas under high aerosol concentrations, further increases shift the droplet spectrum from bimodal to
unimodal, which is consistent with the observed findings. This behaviour occurs because, at very low aerosol concentrations,
added aerosols generate more cloud droplets, while sufficient ambient water vapor allows continued droplet growth. At
higher aerosol concentrations, additional aerosols primarily produce numerous small droplets, but limited water vapor
restricts further growth. Moreover, under high-aerosol conditions, water vapor depletion in lower cloud layers occurs much
faster than under low-aerosol conditions, resulting in the release of more latent heat, warming of the environment, and a
reduction in supersaturation (0.05% under high-aerosol conditions versus 0.34% under low-aerosol conditions), thereby
limiting the growth of cloud droplets in the upper layers (Figure 98).

These findings extend previous studies on aerosol-cloud interactions by demonstrating that sub-cloud aerosol loading
not only modulates bulk cloud microphysical properties but also exerts a pronounced influence on the vertical structure and
size-resolved characteristics of cloud particle spectra in liquid, mixed-phase, and ice clouds. While earlier work has
primarily focused on aerosol effects on droplet number concentrations and effective radii, the present study reveals a clear
size- and height-dependent response, highlighting contrasting aerosol influences between lower and upper cloud layers as
well as among different cloud phases. The non-monotonic response observed in ice crystal size distributions, in particular,
provides new insights into the microphysical pathways through which aerosols regulate cloud development. Nevertheless,
several limitations should be acknowledged. The aircraft observations are restricted to specific regions and meteorological
conditions, which may limit the generality of the results. In addition, the parcel model sensitivity experiments do not fully
represent cloud-scale dynamical processes or the feedbacks among aerosols, clouds, and the environment, both of which can

play important roles in cloud evolution under more complex atmospheric conditions. Future studies that integrate long-term
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observations, cloud-resolving simulations, and a broader range of aerosol and thermodynamic regimes are therefore required
to further assess the robustness of the mechanisms identified here. Despite these limitations, the present study offers new
perspectives on the characterization of aerosol-induced changes in cloud microphysical properties and has important

implications for improving our understanding of cloud radiative effects and precipitation processes.

LH *
low aerosol high aerosol
Increase aerosol concentration Increase aerosol concentration
bimodal distribution unimodal distribution

Figure. 98: Conceptual illustration of the effects of low and high subcloud aerosol concentrations on cloud droplet properties.
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