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Atmospheric mineral dust impacts climate, air quality, and cloud microphysics. This study analyzes 17 years (2007—2024) of
dust intrusions over Southeast Romania using advanced optoelectronic instrumentation, specifically AERONET sun
photometer data from RADO-Bucharest. By applying aerosol optical depth and Angstrém Exponent, we classify dust events
by duration and intensity, revealing an annual increase of 1.08 dust days and 0.6 distinct events. Dust transport peaks in
late spring, with May showing the highest occurrence. Composition shifts indicate increased marine and mixed aerosols.
These findings highlight the growing influence of transported dust and the need for continued monitoring in evolving climate

conditions.
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1. Introduction

Optoelectronic technologies have become essential
tools for investigating atmospheric aerosols, particularly
mineral dust, which plays a critical role in influencing
Earth's radiation balance, cloud microphysics, and
precipitation dynamics. Mineral dust is notable for its
widespread presence and capacity for long-range transport,
impacting regions far from its source. The interaction of
dust particles with solar radiation leads to both scattering
and absorption effects, which modify the radiative budget
of the atmosphere. Furthermore, dust acts as effective
cloud condensation nuclei (CCN) and ice nucleating
particles (INP), thereby influencing cloud formation and
precipitation processes [1,2].

Research has established the dual role of dust as both
a climatic driver and a pollutant. Studies by [3] have
highlighted the intricate interplay between dust emissions,
atmospheric chemistry, and radiative forcing. These
studies emphasize that dust not only contributes to direct
radiative forcing through its optical properties but also
affects cloud properties and precipitation patterns, which
are critical in the context of global climate change [4,5].
The significance of dust in modulating cloud properties
and precipitation dynamics has been further supported by
studies on aerosol-cloud interactions, such as those by [6]
and [7], which underscore the importance of understanding
these interactions in the face of changing aerosol loading
and its potential feedback mechanisms on regional climate
dynamics.

Recent studies have documented a significant
intensification of Saharan dust transport toward Europe [8]
identified a sharp increase in the frequency and magnitude
of dust intrusions over the western Euro-Mediterranean

during February—March 20202022, highlighting shifts in
large-scale circulation patterns that favor enhanced dust
mobilization and northward transport. Such findings
indicate broader regional changes that may also influence
Eastern and Southeastern Europe. Additionally, [9]
reported a doubling of annual dust deposition events in
Central Europe during the 2010s, further suggesting a
trend of increasing dust activity across the continent.
These regional-scale observations provide important
context for the current study, which focuses on long-range
dust transport reaching Southeastern Romania.

Despite the extensive body of research on dust-aerosol
interactions, there remains a notable gap in studies
focusing on regions affected by long-range dust transport
in Romania, usually focused on case study events (e.g.
[10-14]). While dust research in the region is limited,
extensive studies using the AERONET sun photometer in
Romania have provided valuable insights into aerosol
properties and atmospheric processes ([15-20]). This site,
lacking significant local dust sources, provides a unique
opportunity to study the effects of long range transported
dust events. The RADO-Bucharest observational site,
strategically located in a flat landscape surrounded by
agricultural and urban areas, is particularly well-suited for
monitoring dust episodes originating from remote sources,
especially the Saharan and Arabian deserts. The
geographic setting of this site allows for the examination
of complex atmospheric processes, including the mixing of
transported dust with local pollutants and the alteration of
aerosol properties during transport [21,22].

This study aims to conduct one of the first long-term
analyses of mineral dust intrusions in Romania using
ground-based remote sensing data from the AERONET
network. While satellite observations provide broad spatial
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coverage, they often lack the temporal resolution
necessary for detailed analysis and can be affected by
cloud contamination. AERONET data offers high-
frequency measurements with stringent quality control,
enabling a more precise assessment of dust events over the
region [23,24]. By analyzing long-term trends in dust
events from June 2007 to June 2024, this research will
classify dust events based on duration and intensity, assess
seasonal variations, investigate changes in aerosol
composition during dust events, and explore the
implications of increased dust activity for -climate
dynamics and air quality [25,26].

In conclusion, the study of mineral dust aerosols is
essential for understanding their multifaceted roles in
climate systems. The findings from this research will
contribute to the broader understanding of dust's impact on
atmospheric processes, particularly in regions influenced
by long-range transport, thereby providing valuable
insights into the implications of dust for climate dynamics
and air quality.

2. Data and methodology
2.1. Data collection and instrumentation

The analysis presented in this study utilizes Level 2
(L2) quality-assured data from the AERONET sun
photometer located at the RADO-Bucharest National
Facility, as part of the ACTRIS (Aerosol, Clouds, and
Trace Gases Research Infrastructure) pan-european
infrastructure. The dataset spans from June 2007 to June
2024 and encompasses measurements across multiple
spectral bands (340, 380, 440, 500, 670, 870, 940, and
1020 nm). This comprehensive dataset is instrumental in
capturing aerosol optical properties, as the sun photometer
records both direct solar irradiance and sky radiance,
thereby providing a detailed understanding of aerosol
dynamics under varying atmospheric conditions [20].

The AERONET sun photometer, an optoelectronic
remote sensing system, is equipped with state-of-the-art
interference filters that facilitate high spectral resolution,
crucial for the precise spectral decomposition of incoming
solar radiation. Its optoelectronic design enables reliable
operation across a wide range of air mass conditions—
from early morning to late evening—effectively capturing
diurnal variations in aerosol concentrations. This
functionality is further enhanced by multi-angular sky
radiance measurements conducted in two scanning
geometries: the solar almucantar and the principal plane.
These scans provide critical data for retrieving aerosol
microphysical properties via the Dubovik and King
inversion algorithm [27].

In addition, the AERONET Level 2 data have
undergone rigorous quality assurance procedures,
including cloud screening using advanced symmetry

checks and variability tests. Radiometric calibration,
carried out periodically with reference spheres, ensures the
stability of the instrument’s measurements [28].
Furthermore, the dynamic characterization of surface
albedo through satellite-derived data enhances the
accuracy of aerosol retrievals, especially over
heterogeneous surfaces. The integration of satellite-
derived albedo products has been shown to significantly
improve the retrieval of aerosol properties, particularly in
regions with complex land cover [29,30]. These measures
collectively result in a high-confidence dataset that is
critical for long-term trend analysis.

2.2. Aerosol classification

AERONET data provides a comprehensive
framework for classifying aerosols through cluster
analysis, which investigates relationships among multiple
parameters. The methodologies developed by [31] and
[32] established aerosol type classifications using Aerosol
Optical Depth (AOD) and the Angstrém Exponent (AE),
where AE < 0.5 and AOD > 0.15 typically indicates pure
dust, and AE between 0.5-1.2 suggests dust mixed with
pollution when AOD remains above 0.15. In this study, we
applied a dust classification threshold of AE < 1.15 and
AOD > 0.2, a range consistent with several aerosol studies
in Romania and Eastern Europe [17,33].

However, this method has limitations—particularly in
differentiating between absorbing and non-absorbing
anthropogenic aerosols when geographic context is not
considered. To overcome this, [34] proposed incorporating
additional thresholds based on the Single Scattering
Albedo (SSA) at 440 nm and the Fine Mode Fraction
(FMF) at 550 nm. FMF provides a more quantitative
assessment of particle size compared to the more
qualitative Angstrém Exponent. Subsequent improvements
by [35] and [36]further integrated the Angstrdm Exponent
with revised threshold values to enhance the classification
of mixed aerosols.

For this study, we opted for the initial classification
approach utilizing AOD and the Angstrom Exponent (Fig
1), which effectively identifies dust-dominant events and
distinguishes them from other aerosol types. This method
not only facilitates robust detection of dust-laden air
masses but also aligns with established -classification
methodologies, as supported by the findings of [37] and
[38]. Another reason for choosing this method relates to
data availability. The second method, which relies on
parameters such as Single Scattering Albedo (SSA),
Angstrém Exponent (AE), and Fine Mode Fraction (FMF),
requires more rigorous data screening. This significantly
reduces the number of usable measurements—an
important limitation for a study of this kind. Therefore, we
opted for the first method, which allows us to include the
maximum number of measurement days.
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Fig. 1. Distribution of dominant aerosol types for Magurele (2007-2024) based on the Angstrom Exponent (440-870 nm) and Aerosol
Optical Depth (440 nm). The classification follows the standard methodology discussed in the first part of section 2.2 without
considering the twilight zones (colour online)

2.3. Dust event definition and classification

Threshold-based classification methods can be overly
rigid, particularly near cluster boundaries, where the
optical properties of aerosols may overlap due to
atmospheric mixing. Instruments such as sun photometers
often cannot sharply distinguish aerosol types in these
transitional regions. To address this limitation, we
employed Kernel Density Estimation (KDE) as a
complementary technique. KDE allows visualization of
the continuous distribution of AOD-AE values beyond
fixed thresholds, providing a probabilistic understanding
of aerosol populations and making it possible to identify
and quantify mixing zones between different aerosol
types—insight that binary classification schemes might
overlook. This method allows for a nuanced understanding
of aerosol distributions and their temporal characteristics,
which is essential for effective monitoring and
classification of dust events [39,40]. We establish
threshold criteria that delineate dust events into the
following categories:

e Duration:

o Long: Events lasting more than 5 consecutive
days.

o Medium: Events lasting between 2 and 5 days.
Short: Events lasting less than 2 days.

e Intensity:

o Strong: Events where at least 80% of the aerosol
points measured are classified as dust.

o Weak: Events with less than 80% of aerosol
points measured being classified as dust.

The classification of dust events based on duration
and intensity is supported by findings that highlight the
significance of both parameters in understanding the
impact of dust on air quality and climate [41,42].

2.4. Kernel density estimation for twilight zones

An important aspect of our methodology is the
identification of overlapping aerosol types, commonly
referred to as the "twilight zones." This process involves
several steps:

e  Step 1: Understanding KDE

For each aerosol type, we extract AOD and AE values
and apply the Gaussian KDE to estimate a continuous
probability density function (PDF) over the AOD-AE
space. Higher density values indicate regions with a
greater concentration of data points.

e  Step 2: Computing KDE for Two Aerosol Types

To determine the overlap between "Dust" and
"Continental" aerosols, for example, we compute their
respective KDEs over a defined grid covering the AOD-
AE space.

e  Step 3: Finding the Intersection
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We calculate the intersection density (ID) at each grid

point using:
ID (x,y) = min(PDF qust(X,y ), PDF marine(X,y)) (1)

This approach ensures that regions where both aerosol
types have high density are emphasized.

e  Step 4: Thresholding the Intersection

To avoid including areas with negligible overlap, we
define a threshold as 10% of the maximum intersection
density:

Threshold= 0.1 x Intersection Density 2)

We then create a binary mask: grid points with
intersection density greater than this threshold are
considered part of the twilight zone.

Step 5: Extracting Data Points

Finally, each data point in the dataset is mapped to the
closest grid point. If the corresponding grid location falls
within the intersection mask, that data point is classified as
part of the twilight zone. These points are subsequently
highlighted on the KDE plot (Fig 2), visually representing
the overlap between aerosol types.
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Fig. 2. Aerosol classification diagram incorporating the “twilight zone” concept. The term bleeding points, as referenced in the figure
title, denotes data points located within the twilight zone—regions where aerosol types overlap. This terminology applies to all types of
twilight zones, not only those involving dust. The dust b label in the legend refers specifically to points within the dust-related twilight
zone, representing a mixture of dust and other aerosol types—hence the name. The figure uses Kernel Density Estimation (KDE) to
visualize the overlap and distribution of different aerosol categories) (colour online)

2.5. Dust day calculation based on seasonal
daylight

In addition to aerosol classification, we determine
"dust days" by considering the number of dust points in
relation to the available daylight. The dataset is divided
into two distinct seasons:

e Cold Season: January 1-March 21 and October
23—-December 31
Warm Season: March 22—October 22

During the warm season, days typically feature more
than 12 hours of daylight, with sunrise before 07:00 and
sunset after 19:00.

For each season, we compute the average number of
valid measurement points per day.

A day is defined as a "dust day" if it records at least
half of the average number of valid measurement points as
dust points (dust or dust_b). This threshold ensures that
only days with a significant presence of dust, as reflected
by the frequency of measurements, are classified as dust
days. A comprehensive visualization method is presented
in Fig. 3.
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Fig. 3. Temporal distribution of dust events from 2007 to 2024. Each row represents a day of the year, with dust days marked in orange
and non-dust days in blue. Gaps indicate missing or unavailable data (colour online)

3. Results dust days increased by approximately 1.08 days per year
(Fig. 4), while the frequency of distinct dust events grew
3.1. Long-term trends in dust events by about 0.6 events annually (Fig. 5). This increasing trend

is statistically significant (p < 0.05) and underscores a
Our analysis reveals a clear upward trend in dust progressive rise in dust activity in the region.
events over the study period. On average, the number of

Yearly Trend of Dust Days

y = 1.08x + -2160.30
R? = 0.353

Number of Dust Days
=
o]

Fig. 4. Scatter plot of annual dust days from 2007 to 2024, showing individual data points and a regression trend line. The shaded area
represents the confidence interval of the trend (colour online)
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Fig. 5. Scatter plot of annual distinct dust events from 2007 to 2024, with individual data points, a regression trend line, and a shaded
confidence interval (colour online)

A seasonal breakdown indicates that dust events have
become more frequent in both warm and cold seasons
(Fig. 6), though the increase is more pronounced in the
warm season, with a slope of 0.29 events per year,
compared to 0.18 events per year in the cold season. This
seasonal disparity suggests that higher ambient
temperatures and enhanced wind speeds during warmer
months contribute to increased dust mobilization and
transport [43]. The relationship between temperature and
dust events is well-documented, as warmer conditions
often lead to drier soil, which is more susceptible to
erosion and dust lifting [43,44]. Furthermore, the influence
of wind speed on dust emissions is important, as increased

wind can exacerbate dust transport, particularly in arid and
semi-arid regions [43].

Another factor influencing this seasonal difference is
the higher number of measurements conducted during the
warm season. Since sun photometers rely on clear-sky
conditions for data collection, they are more likely to
record dust events in spring and summer when cloud cover
is minimal. This observational bias may partially explain
the stronger trend observed in warm-season dust activity.

Additionally, studies have indicated that the frequency
of dust events can be significantly affected by human
activities and land use changes, which can alter the natural
dust emission sources [45].

Yearly Trend of Dust Events by Season
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Fig. 6. Scatter plot of annual dust events for the cold and warm seasons from 2007 to 2024. Orange and purple regression trend lines
represent the seasonal variations in dust event frequency (colour online)
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3.2. Seasonal and monthly variations

A robust seasonal cycle is evident in the occurrence of
dust events (Fig. 7), with May consistently experiencing
the highest frequency of such events, followed by June.

This pattern indicates that late spring and early summer
are the most active periods for dust transport in the region.
The peak in dust events during these months coincides
with increased atmospheric instability and enhanced long-
range transport conditions [46-48].
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Fig. 7. Monthly histogram of dust event occurrences from 2007 to 2024. The bars represent the total number of dust events recorded
each month (colour online)

Intensity-based analysis (Fig. 8) reveals that weak-
intensity dust events dominate the seasonal distribution,
peaking in May and maintaining activity through the
summer months. In contrast, strong-intensity events show
a more gradual increase from April through September,
suggesting that severe dust intrusions are not confined to a
single peak month but are instead distributed over an
extended warm-season period. This trend may be

associated with changes in synoptic-scale circulation
patterns that facilitate dust outbreaks from various source
regions at different times of the year [35,49]. The
variability in dust event intensity can be attributed to the
interplay between local meteorological conditions and
broader climatic phenomena, such as El Nifio and La Niiia,
which affect wind patterns and moisture availability
[46,50]

Monthly Distribution of Dust Events by Intensity
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Fig. 8. Monthly histogram of dust events classified by intensity. Bars are divided into strong and weak dust events based on the
percentage of dust mass composition (colour online)
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A detailed breakdown of dust event durations (Fig. 9)
provides further insights into the nature of these
occurrences. Short-duration events are relatively frequent
throughout the year but show a pronounced increase from
April to September, with a peak in May. This suggests that
while dust outbreaks occur year-round, transient dust
intrusions are more common during periods of increased
regional dust transport [51]. Medium-duration events are
most frequent in May, aligning with periods of enhanced

meteorological instability and lower soil moisture levels,
which favor both dust mobilization from source regions
and the maintenance of dust-laden air masses over the
region [52,53]. Long-duration events, though Iess
common, exhibit a gradual increase in frequency during
the warmer months, indicating the influence of sustained
atmospheric circulation patterns that allow dust to remain
suspended for extended periods, particularly in stable
summer conditions [54,55].

Monthly Distribution of Dust Events by Duration
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Fig. 9. Monthly histogram of dust events classified by duration. The bars represent short, medium, and long-duration dust events over
the study period (colour online)

3.3. Variations in dust event characteristics

Short-duration dust events have exhibited the most
significant increase in frequency, aligning with the overall
trend of more frequent dust occurrences (Fig. 10). With a
slope of 0.34 events per year, these events show a clear
upward trajectory, suggesting that dust outbreaks are
becoming more frequent but not necessarily prolonged.
This trend is supported by findings from [56], who noted
that large-scale atmospheric circulation anomalies
significantly influence dust transport, thereby contributing
to the increased frequency of such events. Medium-

duration dust events have also increased, albeit at a
slightly lower rate (0.24 events per year), indicating that
conditions conducive to dust transport and suspension
persist for longer periods. This persistence can be
attributed to long-term changes in atmospheric circulation
patterns, which have been linked to increased aridity in
various regions, as highlighted by [57]. While long-
duration dust events remain relatively rare, their gradual
increase (0.02 events per year) suggests that shifts in
atmospheric circulation patterns may be favoring
prolonged dust transport in certain cases, a phenomenon
that has been documented in multiple studies [57,58].
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Fig. 10. Yearly trend of dust event durations from 2007 to 2024. The figure categorizes events by short, medium, and long duration,
showing their respective trends (colour online)

The intensity of dust events follows a similar
increasing trend (Fig. 11). Weak-intensity dust events have
shown the steepest rise (0.37 events per year), suggesting a
greater prevalence of low-concentration dust intrusions.
This could be attributed to increased dust mobilization
from distant sources, likely facilitated by changing wind
patterns and regional meteorological conditions, as
discussed by [59]. Strong-intensity dust events, while
increasing at a slower rate (0.23 events per year), still

demonstrate a clear upward trend, reinforcing the notion
that both frequency and severity of dust transport episodes
are on the rise. The simultaneous growth in both weak and
strong intensity categories suggests an overall increase in
dust load reaching the region. This dual increase in
intensity categories indicates a complex interplay between
local and regional climatic factors that govern dust
dynamics.

Yearly Trend of Dust Event Intensity
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Fig. 11. Yearly trend of dust event intensities from 2007 to 2024. The plot distinguishes between strong and weak intensity events over
time (colour online)
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3.4. Aerosol type composition and trends

An analysis of aerosol types within dust events (Fig.
12) indicates that marine aerosols have experienced a
substantial increase, suggesting a stronger interaction
between dust transport and maritime air masses over time.
This increase can be attributed to changes in atmospheric

circulation patterns that facilitate the mixing of dust with
humid air from marine environments, potentially altering
dust optical and microphysical properties. Studies have
shown that the mixing of mineral dust with urban pollution
can significantly impact the radiative properties of
aerosols, enhancing their effects on climate [60].

Yearly Trend of Aerosol Types during Dust Events
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Fig. 12. Yearly trend of aerosol type distributions during dust events. The figure shows the relative contributions of different aerosol
types, including dust, marine, continental, mixed, biomass and polluted aerosols (colour online)

Continental aerosols have also shown a notable
increase, reflecting broader shifts in regional aerosol
composition. This rise may be associated with increased
resuspension of local soil dust or anthropogenic
influences, such as land use changes and industrial
activities, which contribute to the background aerosol load
during dust events. Research indicates that anthropogenic
aerosols can significantly alter the composition and
properties of natural aerosols, leading to enhanced
interactions during dust intrusions [61]. Similarly, mixed
aerosols have increased, indicating enhanced interactions
between different aerosol types during dust intrusions,
likely due to long-range transport and mixing with locally
emitted particles.

Polluted aerosols, while exhibiting only a slight
upward trend, suggest that anthropogenic contributions to
atmospheric particulates remain a factor in modifying dust
properties. This could be linked to urban emissions or
secondary aerosol formation, which may influence the
optical and hygroscopic characteristics of transported dust.
The interaction between anthropogenic and natural
aerosols has been shown to enhance the formation of
secondary organic aerosols, which can further complicate
the atmospheric chemistry during dust events [62].

Moreover, the role of urban pollution in altering the
physical and chemical properties of aerosols has been well
documented, indicating that even minor increases in
polluted aerosols can have significant implications for air
quality and climate [63].

Biomass-burning aerosols appear to be absent during
dust events in our dataset; however, this absence is most
likely a result of methodological bias rather than a true
lack of interaction. The classification approach used relies
on strict threshold-based criteria, which may overlook
mixed aerosol conditions—particularly in transitional
zones where properties overlap. While it is true that in
some cases, biomass-burning and dust events do not
coincide due to differing transport pathways or source
region timing, such cases are relatively rare. Given the
2007-2024 timeframe, it is improbable that no overlap
occurred at all. Previous long-term studies have shown
that interactions between dust and biomass-burning
aerosols are not uncommon, although their detection
depends heavily on the classification method and the
resolution of available measurements [64], [65].
Therefore, the lack of biomass-burning signatures during
dust episodes in this study should be interpreted cautiously
and understood primarily as a limitation of the method.
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The classification approach underscores a significant
separation in the occurrence of biomass-burning and dust
aerosols, particularly during dust events. This delineation
is valid within the dataset examined and reflects specific
contextual attributes of the study without generalizing
interactions in other regions or under varying atmospheric
conditions.

4. Discussion
4.1. Implications for climate and air quality

The increasing frequency and intensity of dust events
have significant implications for both regional climate and
air quality. Enhanced dust loading can lead to alterations
in the Earth’s radiative balance, either by direct scattering
and absorption of solar radiation or indirectly through
modifications to cloud microphysics. Studies indicate that
dust particles interact with other aerosol types, such as
marine and mixed aerosols, which can alter their optical
properties and consequently their climatic impacts
([24,66,67]. The direct radiative effects of dust aerosols
are substantial, contributing approximately 30% to the
total aerosol global mean direct radiative effect [68]. This
interaction is critical as it can influence cloud formation
and precipitation patterns, thereby affecting regional
climate systems [69,70, p. 21]

In urban and industrial regions, the mixing of dust
with anthropogenic pollutants exacerbates air quality
issues, leading to higher concentrations of fine particulate
matter (PM2.5) and potential public health risks [71]. The
integration of dust event data into climate models and air
quality forecasting systems is essential for accurately
predicting  future  environmental conditions and
understanding the health implications associated with
increased particulate matter exposure [24,72].

4.2. Limitations and uncertainties

While our analysis is based on a high-quality
AERONET dataset, several limitations must be
acknowledged. The spatial coverage of ground-based
observations is inherently limited, which restricts the
generalizability of our results to broader regional or global
scales.

Although our classification scheme effectively
distinguishes dust-dominated events, uncertainties remain
regarding the contributions of mixed aerosol sources,
particularly in regions influenced by both natural and
anthropogenic emissions [73].

Another key limitation stems from the instrumental
constraints of the sun photometer itself. AERONET
measurements rely on direct sunlight, meaning data
acquisition is disrupted on cloudy or rainy days, resulting
in observational gaps. This is particularly relevant during
dust events occurring under mixed meteorological
conditions, where interactions between dust and clouds
may affect aerosol properties but remain underrepresented
in the dataset. Additionally, data availability is influenced

by periodic calibration intervals, during which instruments
are offline, further reducing temporal coverage. This issue
is more pronounced in earlier years of the study period,
when fewer measurement days were recorded. As a result,
there is a bias in data density across the 2007-2024
interval, with a greater number of observations available in
more recent years. This could potentially influence the
slope of long-term trends, particularly in regions where
increasing aerosol activity is observed. Nevertheless,
because the positive slope of these trends is generally
consistent with the more densely sampled recent period,
we consider the missing data unlikely to significantly alter
the main findings of the study.

Future studies could mitigate these uncertainties by
integrating AERONET data with satellite-based
observations and ground-based lidar measurements,
improving both the vertical and horizontal resolution of
dust detection [35,74]. Advancements in retrieval
algorithms and enhanced calibration protocols could
further reduce measurement uncertainties, particularly in
mixed aerosol environments [21].

4.3. Future research directions

Future research will extend the current work by
investigating detailed dust source regions and transport
mechanisms, with particular focus on the role of land use
changes and anthropogenic influences. Additionally,
future efforts will aim to refine the -classification
methodology itself, improving sensitivity to mixed aerosol
types and reducing biases introduced by threshold-based
approaches.

Developing advanced modeling techniques that
integrate  AERONET data with satellite and lidar
observations will allow for more accurate simulations of
the radiative effects of dust aerosols.

Additionally, expanding analyses of dust—cloud
interactions, with a special emphasis on assessing changes
in cloud properties, will be crucial. By incorporating lidar
data, future studies will better profile the vertical
distribution of dust and its influence on cloud formation,
microphysical properties, and precipitation patterns.

Conducting longitudinal studies to evaluate how
evolving climatic conditions—such as rising temperatures
and altered wind patterns—affect dust event frequency,
duration, and intensity will also be essential for
understanding the broader climatic and environmental
impacts of dust.

5. Conclusion

This comprehensive study, grounded in optoelectronic
remote sensing techniques, documents significant long-
term trends in dust events over a 17-year period using
AERONET sun photometer data. Our results indicate a
statistically significant increase in both the number of dust
days and distinct dust events, with pronounced seasonal
and compositional variations. The upward trend is most
evident during the warm season, emphasizing the
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influence of climatic factors such as temperature and wind
speed on dust mobilization. Previous research has
similarly identified positive linear trends in dust event
frequency, particularly in regions like the northern Great
Plains and the southwestern U.S., which aligns with our
findings regarding seasonal variations and the impact of
climatic conditions on dust emissions [59,75].

The detailed methodology, including the KDE-based
calculation of twilight zones and the seasonal dust day,
enhances our understanding of aerosol interactions and the
impact of daylight availability on data collection.

The observed shift in aerosol composition, notably the
increase in marine and mixed aerosols, suggests that the
interplay between natural dust and anthropogenic
emissions is becoming more complex. This complexity is
supported by findings that demonstrate how variations in
local surface conditions, such as soil moisture and
vegetation, significantly influence dust emissions and
transport [75,76].

Moreover, the implications for radiative forcing and
cloud dynamics are critical, as changes in aerosol
composition can affect cloud properties and atmospheric
profiles, which has been documented in various studies
[77,78].

Future work, particularly the integration of lidar and
other remote sensing techniques, will be essential for
assessing how dust events influence cloud properties and
atmospheric profiles. The use of advanced remote sensing
technologies has already provided valuable insights into
the vertical distribution and transport pathways of dust
aerosols, highlighting the need for comprehensive
monitoring systems to understand the dynamics of dust
events better [79,80]. Furthermore, the seasonal variability
of dust transport, particularly in relation to climatic
factors, underscores the importance of continued research
in this area to develop predictive models for dust activity
[81].
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