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Abstract: Atmospheric ice nucleation particles (INPs) play a crucial role in influencing cloud forma-
tion and microphysical properties, which in turn impact precipitation and Earth’s radiation budget.
However, the influence of anthropogenic activities on the properties and concentrations of INPs
remains an area of significant uncertainty. This study investigated the physical and chemical char-
acteristics of atmospheric ice nucleation particles in Huangshan, China during the May Day labor
holiday period (spanning 8 days, from April 27th to May 5th). INP concentrations were measured at
temperatures from −17 ◦C to −26 ◦C and relative humidities (RHw) from 95% to 101%. Average INP
concentrations reached 13.7 L−1 at −26 ◦C and 101% RH, 137 times higher than at −17 ◦C and 95%
RH. INP concentrations showed exponential increases with decreasing temperature and exponential
increases with increasing RH. Concentration fluctuations were observed over time, with a peak of
~30 L−1 (t = −26 ◦C, RHw = 101%) around the start and end of the holiday period. Aerosol number
concentrations were monitored simultaneously. The peak in aerosols larger than 0.5 µm aligned
with the peak in INP concentrations, suggesting a link between aerosol levels and INPs. Chemical
composition analysis using SEM–EDX revealed the distinct elemental makeup of INPs based on the
activation temperature. INPs active at warmer temperatures contained N, Na, and Cl, indicating
possible biomass and sea salt origins, while those active at colder temperatures contained crustal
elements like Al and Ca.

Keywords: ice nucleation particles; aerosol; chemical elements; numeric concentration; ice nucleation

1. Introduction

Aerosols serve as the nuclei upon which cloud droplets form [1]. Clouds have a signif-
icant impact on Earth’s radiation budget [2,3]. Human activity has led to a worldwide rise
in the levels of aerosol particles, as well as alterations in cloud condensation nuclei (CCN)
and INPs [1,4,5]. The influence of aerosol-induced changes on cloud optical properties and
the resulting radiative forcing is the least understood component in the historical radiative
forcing of Earth’s climate caused by greenhouse gases and aerosols [6,7]. The occurrence
of ice nucleation has the capacity to influence the formation of precipitation, the duration
of clouds, and the radiative properties of the atmosphere [8–10]. Temperature and ice
supersaturation (Ssi) are the primary factors that determine ice nucleation [11,12]. Hetero-
geneous nucleation occurs at lower levels of supersaturation and higher temperatures than
homogeneous nucleation [13,14]. Heterogeneous ice nucleation plays an important role
in mixed-phase clouds since it affects the allocation of water between the ice and liquid
phases [15,16]. Furthermore, it establishes the duration, radiative impact, and precipitation
of clouds [17].

Atmosphere 2024, 15, 629. https://doi.org/10.3390/atmos15060629 https://www.mdpi.com/journal/atmosphere

https://doi.org/10.3390/atmos15060629
https://doi.org/10.3390/atmos15060629
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-4092-297X
https://orcid.org/0000-0002-8391-2712
https://doi.org/10.3390/atmos15060629
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos15060629?type=check_update&version=2


Atmosphere 2024, 15, 629 2 of 13

Based on satellite observations and model simulations, it has been determined that INPs
play a crucial role in influencing the phase of clouds [18]. INPs have the potential to mix,
adsorb, coagulate, or undergo chemical reactions with other substances (such as biological
materials, anthropogenic emissions, and secondary products) due to human actions [19,20].
These coatings or reactive substances may alter the ability of INPs to initiate ice formation,
thus impacting the creation of clouds and their microphysical properties [21,22]. This adds
complexity to the estimation of the influence of aerosols on clouds [23–25]. Increasing
knowledge about the characteristics of INPs will improve the accuracy of evaluating the
impact of aerosols on clouds and reduce the level of uncertainty involved [18,26].

Several previous ice nucleation studies have been carried out in controlled laboratory
settings, providing useful insights into the INP characteristics of individual particles made
up of pure components and artificially produced aerosol mixtures [27,28]. Mineral dust
and biological particles are generally recognized as potential INPs [29–31]. Nevertheless,
the occurrence of ice formation in mixed-phase clouds that contain both soot and organic
particles has not been definitively proven due to the varied chemical composition and
distinct experimental settings involved [32,33]. Sea salt and sulfates are usually regarded
as ineffective INPs in mixed-phase settings [34,35]. However, the situation becomes more
intricate in the surrounding atmosphere, where particles often exist as intricate combina-
tions of diverse chemicals and minerals [36,37]. Although recent laboratory experiments
have examined the impact of different states of aerosol mixtures [38–40], the atmosphere’s
complexity has not been accurately simulated. Human activity has caused changes in the
physical and chemical characteristics of aerosols, leading to an alteration in the properties
of INPs [22,41].

Located in the eastern part of China, Huangshan is a famous tourist destination known
for its beautiful scenery and unique weather phenomena. During the eight-day Labor
Day holiday, from April 27th to May 5th, there was a substantial surge in the influx of
tourists to Huangshan. The influx of tourists led to a rise in emissions from transportation,
restaurants/businesses serving visitors, and other human-caused sources. This increase
in emissions has the potential to affect the concentration and composition of atmospheric
aerosols. Moreover, the rise in the concentration of air particles alters the mechanisms of
ice nucleation. The occurrence of tourists influencing the concentration of ice nuclei has
also been observed on Mount Tai, as previously reported [42].

The main aim of this work was to clarify the physical and chemical properties of
atmospheric INPs and how they may be influenced by human activities. The study involved
the collection of INP samples from Huangshan during the observation period. The levels
of ice-nucleating particles in deposition mode were quantified using a stationary diffusion
cloud chamber. The dimensions and chemical makeup of INPs were ascertained using a
scanning electron microscope. The main aim of this study is to investigate the correlation
between INP activity and chemical compositions. Furthermore, it provides initial proof
that human activities have an impact on the functioning of INPs.

2. Materials and Methods
2.1. Measurement Site

The field campaign of the weather modification experiment in central China (WMECC)
involved measuring the atmospheric characteristics in Huangshan. Figure 1a displays
the locations of three field observation points of the WMECC: Guangmingding (30.13◦ N,
118.16◦ E, 1840 m above mean sea level (a. m. s. l.)), Yungu Temple (30.10◦ N, 118.18◦ E,
890 m a. m. s. l.), and The Anhui Provincial Base for Weather Modification Demonstration
at Tangkou (AWMDB, 30.06◦ N, 118.18◦ E, 450 m a. m. s. l.). The data collection and
analysis in this study were conducted at the AWMDB during the Labor Day holiday period,
specifically from April 27th to May 5th. As shown in Figure 1c,d, a series of meteorological
and atmospheric composition instruments of the AWMDB were deployed to measure key
meteorological, pollution gas, aerosol, and CCN parameters, etc. The AWMDB is situated
approximately 5 km south of the entrance to the Huangshan Scenic Area. The presence
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of tourists, especially a surge in tourists, has the potential to impact the atmospheric
composition over the observation sites.
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Figure 1. The locations of the field experiments and the instruments used: (a) Huangshan is shown
by a red star and is located in the eastern region of China. (b) There are three observation points in
the field campaign of the weather modification experiment in central China, the bottom of which is
the research position of this paper. (c) Principal outdoor equipment at the AWMDB. (d) Principal
indoor instruments in the AWMDB.

2.2. Ice-Nucleating Particle Measurements

The quantification of ice-nucleating particles was performed using a static vacuum
vapor diffusion cloud chamber following the methodology described in our previously
published articles [42–46]. The experimental setup involved the collection of aerosol
particles on a silicon substrate using a high-voltage electrostatic aerosol collector. The
collector possessed a cumulative capacity of 10 L of surrounding air and functioned with
an airflow rate of 2 L per minute. The samples were gathered at 12:00 in the local time zone,
which corresponds to UTC +8. From 27 April to 5 May 2023, a total of nine occurrences
were evaluated. Every sample was obtained from a 45 mm silicon substrate and subjected
to analysis at temperatures of −17, −20, −23, and −26 ◦C, along with relative humidity
levels of 95%, 97%, 99%, and 101%.

2.3. Determination of Aerosol Number Concentrations

A Scanning Electrical Mobility Spectrometer (SEMS Model 2100, Brechtel Mfg. Inc.
Hayward, CA, USA) and Grimm 11-D optical particle counter (Grimm PAerosol Technik
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GmbH & Co. KG, Ainring, Germany) were used to measure the size distributions and
concentrations of aerosol particles simultaneously. The SEMS recorded the size distributions
of particles ranging from 10 to 500 nm during a sample period of 72 s. The particles were
rendered electrically neutral by employing a soft X-ray aerosol charger (Model 9002, BMI
Inc., Beverly Hills, CA, USA) prior to their introduction into the DMA (Differential Mobility
Analyzer). The sheath and sample flow rates were adjusted to 5 L/min and 1 L/min,
respectively. The Grimm 11-D optical particle counter utilizes light scattering to count and
measure particles within the size range of 0.25 to 32 µm across 31 different size channels.
Before collecting samples, the tube through which the air enters and the nozzle of the
device used to collect the samples were thoroughly cleaned. Additionally, the background
count of the laser diode was reduced as instructed by the manufacturer. The Grimm
was operated with a flow rate of 1.2 L per minute. The aerosol number concentration,
expressed in particles per cubic centimeter (particles/cm3), was determined by integrating
the counts across all size channels that were measured. Prior to each measurement, the
device underwent zero calibration using a HEPA filter. The uncertainty was determined to
be 10% by multiple calibrations utilizing particle standards.

2.4. Electron Microscopy

Electron microscopy is a technique used to examine objects at a very high resolution
by using a beam of electrons instead of light. INP samples were gathered onto silicon
substrates using a high-voltage electrostatic aerosol collector for subsequent examination
of their content and shape. The chosen substrates were examined using a high-resolution
scanning electron microscope (SEM, ZEISS GeminiSEM 300, Oberkochen, Germany) that
was equipped with energy dispersive X-ray spectroscopy (EDX). The determination of
particle size and shape was conducted based on the analysis of SEM images. The elemental
composition was determined by analyzing the EDS spectra with a ZAF correction.

3. Results and Discussion
3.1. Observation of Ice Nucleation

The observed INP concentration over the Labor Day holiday is summarized in Figure 2.
Ice nucleation occurs at temperatures ranging from −26 ◦C to −17 ◦C and a relative humid-
ity spectrum ranging from 95% to 101%. Within these parameters, the INP concentration
displayed a broad range, spanning from 0.1 to 30.5 (L−1). Notably, as the temperature
decreased (from −17 ◦C to −26 ◦C) and relative humidity increased (from 95% to 101%),
there was a clear and substantial escalation in the ice nucleation concentration, as indicated
in Figure 2a–d. The average INP concentration, particularly under the conditions of −26 ◦C
and 101% relative humidity, was observed to be 13.7 L−1. This concentration was, remark-
ably, 137 times greater than the INP concentration under the conditions of −17 ◦C and 95%
relative humidity. Furthermore, it was noted that the concentration of ice nuclei collected
on various days exhibited fluctuations over time, with the highest values observed around
April 29. During this peak period, the INP concentration was approximately half an order of
magnitude greater than the minimum INP concentration recorded. These fluctuations may
be attributed to factors like variations in meteorological conditions (temperature, humidity),
concentrations of precursor aerosols, changes in aerosol sources/types (e.g., transportation,
catering, etc.), and shifts in the intensity of human activities. These factors encompass not
only variations in environmental conditions but also shifts in human activities, which could
introduce changes in aerosol concentrations, as well as other environmental variables [4].
Thus, the observed fluctuations likely result from the complex interplay of these diverse
influences on ice nucleation processes during the target period.



Atmosphere 2024, 15, 629 5 of 13
Atmosphere 2024, 15, x FOR PEER REVIEW 5 of 13 
 

 

  
(a) (b) 

 
(c) (d) 

Figure 2. Time series of INP concentrations measured in Huangshan during the period from 27 
April to 5 May 2023. (a) t = −17 °C, RHw [95, 97, 99, 101]%, (b) t = −20 °C, RHw [95, 97, 99, 101]%, (c) 
t = −23 °C, RHw [95, 97, 99, 101]%, (d) t = −26 °C, RHw [95, 97, 99, 101]%. 

The activation of ice-nucleating particles is predominantly influenced by temperature 
and humidity levels. Figure 3 illustrates the variations in INP concentrations at various 
levels of humidity and temperature. As anticipated based on prior observations [43,47], 
the concentrations of INPs escalates concomitantly with the decline in temperature and 
the elevation of relative humidity. 

  
Figure 3. Number concentrations of INPs at different temperatures and different ice supersatura-
tions in Huangshan, China. (a) All of the data on INP concentrations as a function of operating 
temperature; (b) the average INP concentrations under different ice supersaturation conditions. 

Figure 2. Time series of INP concentrations measured in Huangshan during the period from 27
April to 5 May 2023. (a) t = −17 ◦C, RHw [95, 97, 99, 101]%, (b) t = −20 ◦C, RHw [95, 97, 99, 101]%,
(c) t = −23 ◦C, RHw [95, 97, 99, 101]%, (d) t = −26 ◦C, RHw [95, 97, 99, 101]%.

The activation of ice-nucleating particles is predominantly influenced by temperature
and humidity levels. Figure 3 illustrates the variations in INP concentrations at various
levels of humidity and temperature. As anticipated based on prior observations [43,47],
the concentrations of INPs escalates concomitantly with the decline in temperature and the
elevation of relative humidity.
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Figure 3a shows the number concentration of INPs at various temperatures under
different relative humidities. Several scholars have proposed that the number concentration
of INPs can be parameterized based on the temperature [42,43]. The relationship between
the concentration of INPs and the activation temperature is clearly exponential and can be
fitted with the following equations:

NINPs = 0.000032e−0.467t(RHw = 95%) (1)

NINPs = 0.000133e−0.421t(RHw = 97%) (2)

NINPs = 0.000139e−0.431t(RHw = 99%) (3)

NINPs = 0.000172e−0.434t(RHw = 101%) (4)

where NINPs is the concentration of INPs and t is the activation temperature.
Beyond temperature, RHw stands as a pivotal factor influencing the concentration

of INPs. Huffman demonstrated that relative humidity is an effective parameter for char-
acterizing the deposition nucleation in observations of INPs [48]. Figure 3b illustrates
the relationship between the average concentration of INPs and RHw at specific tempera-
tures. The data indicate that the concentration of INPs exhibited a substantial rise as the
RHw increased. In the past, researchers have used the following formula to calculate the
relationship between INP concentrations and relative humidity [42,49]:

NINPs = exp(a + b × RHw) (5)

Therefore, according to the data from this measurement, the optimal anticipated fit
lines correspond to the following values:

NINPs = e−29.26+0.240×RHw t = −17 ◦C (6)

NINPs = e−16.82+0.141×RHw t = −20 ◦C (7)

NINPs = e−13.27+0.114×RHw t = −23 ◦C (8)

NINPs = e−11.46+0.108×RHw t = −26 ◦C (9)

Due to weaker activation of INPs at −17 ◦C, the squared correlation coefficients (R2)
exhibit a lower value (0.5). At the other three temperatures, the R2 value exceeds 0.98.
The primary factor is the diminished activation of ice nuclei at elevated temperatures
(−17 ◦C), particularly under conditions of low relative humidity, resulting in the absence
of ice nuclei formation. Figure 4 presents the frequency distributions of INP concentrations
at temperatures of −17 ◦C, −20 ◦C, −23 ◦C, and −26 ◦C. In Figure 4, samples that fall
below the detection limit (or have zero active INPs) or, in a few cases, are overloaded, are
not considered. Consequently, the distribution tails might be truncated since the extreme
values are not sufficiently contained. The impact of this effect is anticipated to be more
significant at a temperature of −17 ◦C due to a higher proportion of samples falling below
the limit of detection at this temperature.

In Figure 3a,b, it is clear that a decrease of 1 degree in temperature leads to an increase
in INP concentration, which closely resembles the effect of a three-unit increase in relative
humidity. It appears that temperature fluctuations have a more significant impact on
the concentration of ice-nucleating particles compared to changes in relative humidity.
However, meteorologists generally concur that a 5% reduction in relative humidity results
in an approximate 1 degree Celsius decline [50]. This suggests that the influence of relative
humidity on the concentration of INPs is also extremely substantial.
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3.2. The Correlation between INP Concentration and Aerosol Size Distribution

While collecting INPs, the concentration of aerosol particles was measured simulta-
neously at the observation location. Figure 5 illustrates the time series of aerosol number
concentrations in three distinct particle size ranges (0.01 mm < d < 0.5 mm, d > 0.3 mm,
d > 0.5 mm) throughout the observation period. As a result of human activities, it is
evident that the concentration of aerosol particles larger than 0.5 mm reaches its highest
point on April 29, and there is another peak on 4 May. In the year 2023, China’s labor
holidays spanned from April 29th to May 3rd. The Huangshan Scenic Area, distinguished
as a premier tourist destination in China, witnessed a surge in visitor influx commenc-
ing from the afternoon and evening of the day preceding the holiday. The departure
of tourists persisted until the conclusion of the holiday period. Statistical analysis re-
veals a notable escalation in tourist numbers during the study period in 2023, totaling
117,835 visitors. This marks a remarkable increase of 399.62% compared to the preceding
year, 2022 (https://www.yixian.gov.cn/zwgk/public/6616535/11067195.html, accessed
on 21 May 2024)).

The heightened anthropogenic activity accelerated the release of local aerosols, thereby
influencing the quantity of INPs. The number concentration of INPs reached its highest
point on April 29th and May 3rd, as shown in Figure 2. Previous studies have shown that
the concentrations of activated INPs are correlated with concentrations of aerosols with
diameters exceeding 0.5 µm [42,44,51,52]. Therefore, the peak change in aerosols with a
diameter greater than 0.5 microns is basically consistent with the peak of ice nucleation.

https://www.yixian.gov.cn/zwgk/public/6616535/11067195.html
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3.3. Chemical Composition Characteristics of INPs: A Case

Multiple published studies have indicated that the activation rate of ice nuclei depends
not only on the number concentration of aerosol, but also on its chemical composition. In
this study, the morphological and chemical characteristics of the particles identified as INPs
were analyzed using a SEM–EDX. We conducted measurements on INPs that exhibited
activity at temperatures of −17, −20, −23, and −26 ◦C, respectively. The EDX analysis was
performed to semi-quantitatively analyze the presence of the elements N, O, Na, Mg, Al, S,
Cl, K, Ca, Ti, and Cu in the particles. Overlapping Si peaks from the sampling substrate
precluded Si in the analysis.

The findings of EDX analysis are depicted in Figure 6a. Due to the presence of oxygen
in the atmosphere, the majority of elements in atmospheric particles undergo oxidation,
making oxygen the predominant component. The concentrations of four elements (oxygen,
nitrogen, chlorine, and sodium in certain ratios) were quantified for ice-nucleating particles
that were activated at a temperature of −17 ◦C. INPs possess a higher nitrogen content,
which may be a mixture of biomass fragments (such as pollen, bacteria, seaweed, etc.) and
sea salt. It has been explained that the particles might be more readily activated into INPs
at higher temperatures. The INPs activated at temperatures of −20 ◦C and −23 ◦C were
found to include five main elements: O, Na, Mg, Al, and K. Consequently, it is possible that
the particles have aged like sea salt. INPs that were activated at a temperature of −26 ◦C
have successfully identified several elements with significant atomic sizes, such as O, Al, S,
Cl, K, Ca, and Cu.

Aluminum and calcium are highly abundant metallic elements in Earth’s crust. Alu-
minum makes up around 7% of the crust’s mass, while calcium is found in diverse minerals
such as limestone and gypsum [53]. These elements are frequently present in soil minerals
and can be emitted into the atmosphere through natural processes like weathering, as well
as human activities such as mining and construction [54,55]. Therefore, it is assumed that
the aluminum and calcium found in air particulate matter come from sources related to
Earth’s crust. In addition, the morphological features found in Figure 6e indicate that the
particles have a greater diameter and a porous structure. Prior research has consistently
found a direct relationship between the size of particles and the amount of aluminum they
contain. Specifically, larger particles are likely to have higher concentrations of aluminum,
as indicated by prior studies [56,57].



Atmosphere 2024, 15, 629 9 of 13

Atmosphere 2024, 15, x FOR PEER REVIEW 9 of 13 
 

 

possible that the particles have aged like sea salt. INPs that were activated at a tempera-
ture of −26 °C have successfully identified several elements with significant atomic sizes, 
such as O, Al, S, Cl, K, Ca, and Cu. 

(a) 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

Figure 6. Summary of chemical and morphological characterization by scanning electron micros-
copy–energy-dispersive X-ray spectroscopy (SEM–EDX). The yellow box represents the area of 

Figure 6. Summary of chemical and morphological characterization by scanning electron microscopy–
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shape of INPs at −23 ◦C; (e) SEM image showing the form of INPs at −26 ◦C.
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Prior research has thoroughly investigated the connection between the shape and com-
position of particles, as well as their possible origins, especially in relation to atmospheric
aerosols [58,59]. The results of this study are consistent with the existing knowledge about
mineral aerosols that originate from soil. These aerosols are distinguished by their bigger
dimensions, irregular shapes, and porous architectures. They also contain components
from Earth’s crust, such as aluminum and calcium [53]. The observation, along with the
permeable nature of the particles, substantiates the theory that this particulate matter
may have its source in soil minerals. Based on the morphological characteristics found
in Figure 6e, which shows particles with a greater diameter and a porous structure, it is
possible that this particulate matter comes from soil minerals. Nevertheless, since this
observation is based on a single instance, these attributions must be validated by more
cases in order to be regarded as dependable evidence.

4. Conclusions

This study performed comprehensive observation and research on INPs in Huangshan
over the May Day holiday with the aim of acquiring a profound understanding of their
physical and chemical characteristics. The concentration of INPs was quantified by col-
lecting air samples using the newly built static vacuum water vapor diffusion chamber in
Huangshan, located in the Anhui province of eastern China, over the period of 27 April to 5
May 2023. The concentrations of INPs were measured at activation temperatures of −17 ◦C,
−20 ◦C, −23 ◦C, and −25 ◦C, together with relative humidity levels of 95%, 97%, 99%, and
101% relative to water. The primary findings and their consequences are presented below.

Similar to previous observations, successive reductions in temperature and elevations
in relative humidity induced exponential escalations in measured INP concentrations.
Under extreme conditions (−26 ◦C, 101% RH), average levels attained 13.7 L-1, exceeding
concentrations at −17 ◦C and 95% RH by two orders of magnitude. Fluctuations in ice
nucleation concentrations over time were observed, with notable concentration peaks
around the beginning and end of labor holidays. The number concentration of INPs at
various temperatures and relative humidity conditions is clearly exponential. The variables
of temperature and relative humidity play a crucial role in the activation of ice nucleation.
At a temperature of −17 ◦C, the activation rate of INPs is low, resulting in a small R2 value
for the parameterized equation of relative humidity and INPs. However, at three other
temperatures (−20 ◦C, −23 ◦C, and −26 ◦C), the R2 value for the parameterized equation
of relative humidity and INPs exceeds 0.98.

Human activities have led to a rise in aerosol concentrations, which were seen to
be high during the May Day holiday. The maximum variation in aerosols larger than
0.5 microns in diameter aligns with the highest point of ice nucleation. This is supported
by prior research indicating that the level of activated INPs is linked to aerosols with sizes
surpassing 0.5 µm.

Furthermore, a crucial component of this investigation involves a comprehensive
examination of the chemical makeup of INPs using SEM–EDX with the aim of uncovering
their distinct elemental composition, which is contingent upon their activation temperature.
The nitrogen, sodium, and chlorine observed in INPs activated at −17 ◦C suggests the
presence of biomass fragments and sea salt. Conversely, INPs activated at −20 ◦C and
−23 ◦C exhibited five elements (O, Na, Mg, Al, and K), possibly the distinctive components
of aged sea salt. It is important to mention that INPs activated at a temperature of −26 ◦C
exhibited elemental properties associated with Earth.

This study provides a comprehensive examination of atmospheric ice-nucleating
particles in Huangshan during the Labor Day holiday. This study makes a substantial
contribution to the field of atmospheric science by investigating the diverse effects of human
activities on the properties of aerosols and the subsequent processes of ice nucleation. The
application of comprehensive methodologies, such as INP measurements, aerosol size
distribution analyses, and SEM–EDX investigations, enhances the scientific validity of
the findings. However, it is important to note that the research duration was relatively
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short, and the amount of data collected during this period may not be sufficient to draw
definitive conclusions. Some of the findings and conclusions presented in this study would
benefit from further observations and support from additional case studies conducted over
longer periods and across different seasons or locations. Nonetheless, this study lays the
foundation for future research aimed at gaining a deeper understanding of the complex
interplay between anthropogenic activities, aerosol properties, and ice nucleation processes.
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