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Abstract. Saharan dust is increasingly recognized as an important driver of aerosol—cloud interactions over Europe, yet its
long-term influence on cloud formation remains poorly understood. This study investigates changes in the relationship between
dust intrusions and upper-level cloud properties over the Carpathian Basin during the 2001-2025 period using a combination
of MERRA-2 reanalysis, MODIS satellite observations, HIRS outgoing longwave radiation (OLR) data, and a database of 276
validated Saharan dust events.

The frequency of Saharan dust intrusions increased by nearly 70% during the study period. Dust outbreaks were associated
with enhanced high-cloud cover, increased cirrus reflectance, reduced effective ice particle radius, and lower OLR values.
These relationships were particularly pronounced during spring, when thermodynamic conditions are most favourable for
heterogeneous ice nucleation and cirrus development.

To quantify the temporal evolution of dust—cloud relationships, generalized additive models were applied to cloud and radiative
variables. Atmospheric dust loading was a highly significant predictor in all seasonal models, while significant dust-time
interaction terms demonstrated that cloud responses to dust have systematically strengthened over time. The strongest signals
were observed for cirrus reflectance, high-cloud fraction, and OLR, indicating increasingly pronounced upper-tropospheric
cloud responses under comparable dust-loading conditions.

The results suggest that Saharan dust has become an increasingly important factor influencing cloud formation and radiative
processes over Central Europe. Together with growing evidence for more frequent ice-saturated and ice-supersaturated
environments, the findings support the hypothesis that evolving upper-tropospheric conditions increasingly favour dust-

associated cloud formation.

1. Introduction

Cirrus clouds represent one of the most important cloud types in the upper troposphere and play a key role in the Earth's
radiation budget and climate feedback processes (Lolli et al., 2026; Storelvmo, 2017; Twomey, 1974). Located at high altitudes

and composed predominantly of ice crystals, cirrus clouds are capable of both partially reflecting incoming shortwave solar
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radiation and absorbing and re-emitting outgoing longwave radiation from the Earth's surface (Boucher et al., 2013). Due to
their low emission temperatures, cirrus clouds generally exert a positive radiative forcing, particularly when they are optically
thin. Consequently, changes in cirrus cloud occurrence and upper-tropospheric humidity conditions have become a major focus
of climate research.

In recent years, changes in upper-tropospheric cirrus conditions and ice-supersaturated regions (ISSRs) have attracted
increasing scientific attention from a wide range of atmospheric observation and modelling studies (Benetatos et al., 2024;
Sassen and Campbell, 2001). Observed changes in the Earth's radiation budget, the formation of extensive cirrus shields that
can substantially reduce surface solar irradiance, and the climatic effects of persistent aircraft contrails and contrail-induced
cirrus have all highlighted the importance of understanding upper-tropospheric cloud processes (Irvine and Shine, 2015;
Karcher, 2018).

The geographical distribution of increasing ISSR occurrence exhibits considerable spatial variability. Particularly pronounced
changes have been observed over the Northern Hemisphere mid-latitudes, including Europe and the North Atlantic region,
where increases in ISSR frequency (+0.2 to +1.2% per decade) substantially exceed the global average. These short-lived yet
microphysically critical atmospheric states provide favourable thermodynamic conditions for ice crystal formation. However,
the presence of suitable moisture conditions alone is insufficient for cirrus cloud development; effective ice-nucleating aerosol
particles (Ice Nucleating Particles, INPs) are also required (Andreae and Rosenfeld, 2008; Kok et al., 2023; Storelvmo, 2017).
In this context, Saharan mineral dust plays a particularly important role (Ansmann et al., 2019a; Seifert et al., 2023; Weger et
al., 2018). During long-range transport events, large quantities of mineral dust can reach Europe, including Central Europe
(Pey et al., 2013; Rogora et al., 2004; Salvador et al., 2022; Varga, 2020). Mineral aerosol particles, especially those rich in
quartz, calcite, and K-feldspar, are known to act as highly efficient heterogeneous ice nuclei under the low-temperature
conditions of the upper troposphere (Chatziparaschos et al., 2023; Harrison et al., 2019; Hoose et al., 2008; Hoose and Méhler,
2012; Seifert et al., 2010). The presence of dust particles can promote ice crystal formation at lower supersaturation levels,
increase ice crystal concentrations, and modify the optical thickness, reflectance, lifetime, and consequently the climatic effects
of cirrus clouds (Benetatos et al., 2024; Kok et al., 2023; Storelvmo, 2017).

Increasing trends in both the frequency of Saharan dust intrusion events have been identified across Europe, including Central
Europe, with the strongest increases occurring during approximately the last two decades (Cuevas-Agullé et al., 2024; Rodriguez
and Lopez-Darias, 2024; Salvador et al., 2022; Varga, 2020). According to regional dust climatologies, Saharan dust-laden air
masses have reached Central Europe on average 8—12 times per year in recent years (Varga, 2020). The most pronounced
reductions in solar irradiance have been observed during spring and autumn dust events, when indirect radiative effects
associated with cloud modification were found to play a dominant role (Varga et al., 2026). Previous studies have linked these
changes to increasingly meridional atmospheric circulation patterns and a more meandering jet stream, which facilitate long-

range dust transport while simultaneously influencing a wide range of hydrological and thermodynamic processes. Through
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their impacts on multiple climate zones, these circulation changes may exert complex influences on cloud formation and
persistence.

Despite these large-scale atmospheric changes, previous investigations have demonstrated that the contribution of Saharan
dust to cirrus formation and the associated reduction in surface irradiance can be clearly identified and quantified. Enhanced
cloud reflectance, increased optical thickness, and greater cloud persistence have been observed during dust intrusion events,
indicating a substantial influence of mineral dust on cirrus cloud development (Varga et al., 2026). Nevertheless, long-term
studies investigating regional trends in dust-associated cirrus changes remain scarce in Central Europe. In particular, there is
still limited understanding of the processes linking increasing Saharan dust activity, changing upper-tropospheric moisture
conditions, and long-term modifications of cirrus cloud properties (Ansmann et al., 20193; Seifert et al., 2023; Weger et al,,
2018).

The present study aims to investigate long-term changes in cirrus clouds associated with Saharan mineral dust over the
Carpathian Basin during the period 2001-2025. Particular emphasis is placed on assessing how increasingly frequent Saharan
dust intrusions influence the occurrence, reflectance, and seasonal behaviour of high-level ice clouds in Central Europe. The
study focuses on the temporal evolution of aerosol—cloud interactions between mineral dust and cirrus clouds, especially during
spring when conditions for heterogeneous ice nucleation are most favourable.

A further objective is to examine the extent to which the observed cirrus cloud changes may be linked to evolving upper-
tropospheric moisture conditions and the increasing occurrence of ice-saturated and ice-supersaturated environments.
Although the study does not directly investigate ISSR climatology, the observed dust—cirrus relationships are interpreted within

the broader context of ongoing thermodynamic changes in the upper troposphere.

2. Methods
2.1. Study area

The study focuses on the Carpathian Basin, with particular emphasis on Hungary and the surrounding Central European
regions. Due to its geographical location, the region is situated at the intersection of several major atmospheric circulation
systems, where Atlantic, Mediterranean, and continental influences all play important roles. The basin-like topography favours
the accumulation of air masses associated with long-range aerosol transport and provides favourable conditions for the
formation and persistence of high-level cloud systems. The region is particularly sensitive to Saharan dust intrusions, which

occur most frequently and intensely during the spring and summer seasons.
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2.2. Dust and cloud data

Saharan dust events were investigated using data from the NASA Modern-Era Retrospective Analysis for Research and
Applications Version 2 (MERRA-2) reanalysis. Atmospheric dust loading was characterized using hourly dust column mass
density fields. Spatial and temporal variations in dust transport were analysed using country-scale and regional mean values.
In addition to atmospheric dust loading, several satellite- and reanalysis-based datasets were employed to investigate the long-
term variability of cloud physical properties and radiative processes. Thermodynamic and cloud cover parameters of high-
level clouds were obtained from the MERRA-2 reanalysis produced by NASA's Global Modeling and Assimilation Office.
The cloud top pressure and cloud top temperature variables were used to characterize the vertical position and thermal
properties of upper-level clouds, while the low, middle, and high cloud cover fraction datasets were used to assess seasonal
and long-term variations in cloud cover at different atmospheric levels. MERRA-2 is a global atmospheric reanalysis based on
the Goddard Earth Observing System Model Version 5 (GEOS-5), incorporating both satellite and in situ observations through
data assimilation.

To investigate the optical and microphysical properties of cirrus clouds, Level-3 products from the Moderate Resolution
Imaging Spectroradiometer (MODIS) sensors onboard NASA's Terra and Aqua satellites were utilized. The cirrus reflectance
dataset was used to characterize variations in the optical reflectivity of high-level ice clouds, while the ice cloud effective
particle radius variable provided estimates of the effective size of ice crystals within cirrus clouds. The Terra satellite has
provided global observations since 1999, while Aqua has been operational since 2002, delivering continuous measurements
of atmospheric and cloud properties.

Outgoing longwave radiation (OLR) was analysed using data from the High-resolution Infrared Radiation Sounder (HIRS)
satellite instrument. OLR represents the amount of longwave radiation emitted from the Earth—atmosphere system to space
and is highly sensitive to the presence of high, cold cloud tops. Consequently, HIRS OLR observations provide a suitable basis
for assessing the radiative impacts of dust-associated cirrus clouds and for examining their long-term variability over the study

region.

2.3. Generalized additive model analysis

To quantify the relationships between atmospheric dust loading, cloud properties, and their temporal evolution, generalized
additive models (GAMs) were applied. GAMs represent a flexible extension of generalized linear models that allow the
estimation of non-linear relationships through smooth functions fitted directly from the data. This approach is particularly
suitable for atmospheric variables, where responses are often non-linear and may exhibit thresholds, saturation effects, or
varying sensitivities across the investigated range.

For each investigated variable, separate seasonal models were constructed using daily dust column mass density thresholds

and the corresponding cloud and radiative parameters. The response variables included middle-, and high-level cloud fraction,
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cirrus reflectance, effective ice particle radius, and outgoing longwave radiation. Atmospheric dust loading was introduced as
a smooth predictor variable, while time was represented by the observation year.

The general model structure can be expressed as:
Y = Po + s(Dust) + s(Time) + ti(Dust, Time) + ¢,

where Y denotes the investigated cloud or radiative variable, Po is the intercept, s(Dust) and s(Time) are smooth functions
describing the non-linear effects of atmospheric dust loading and time, respectively, ti(Dust, Time) represents the tensor-
product interaction between dust loading and time, and ¢ is the residual error term.

The smooth dust term was used to quantify the dependence of cloud and radiative properties on atmospheric dust loading,
while the smooth time term was included to identify long-term changes during the 2001-2025 study period. The interaction
term allowed the assessment of whether the sensitivity of the investigated variables to dust loading changed over time.
Consequently, the GAM framework provided a means of evaluating not only the existence of dust—cloud relationships but also
their temporal evolution.

Model performance was evaluated using adjusted coefficients of determination (adjusted R?), while the statistical significance
of individual smooth terms and interaction components was assessed using approximate F-tests and associated p-values.
Statistical significance was assumed at p < 0.05. All GAM analyses were performed separately for each season in order to
account for the strong seasonal variability of atmospheric dust transport and cloud formation processes over the Carpathian
Basin. The GAMs were fitted using thin plate regression splines with smoothing parameters estimated by restricted maximum

likelihood.

2.4. Identification of Dust Events

Saharan dust intrusion events were identified using a multi-stage methodology consistent with previous studies, through which
several hundred Saharan dust outbreaks have been documented between 1979 and the present (Varga, 2020; Varga et al., 2013).
The existing database was further extended and updated within the framework of the present study. Potential dust events were
initially screened using daily aerosol index (AI) datasets derived from NASA’s Ozone Monitoring Instrument observations
and MERRA-2 dust column mass density, which are well suited for detecting elevated concentrations of atmospheric mineral
aerosols. The identified candidate events were subsequently validated using multiple independent data sources. Saharan origin
was confirmed through the analysis of satellite imagery and backward air-mass trajectory calculations performed with the
HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model, which enabled the determination of source
regions and transport pathways (Stein et al., 2015).

The presence of mineral dust within the atmospheric column and its quantitative characterization were verified using the
mapped (spatially represented) dust column mass density data from the MERRA-2 reanalysis. Monthly dry and wet dust

deposition fields were additionally employed to assess dust loading and deposition processes. The synoptic meteorological
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background of individual events was analysed using NCEP/NCAR reanalysis data, focusing primarily on the 700-hPa and
500-hPa geopotential height fields and the associated zonal and meridional wind components (for a detailed methodological
description see (Varga, 2020)).

Beyond the analysis of discrete dust events, the relationship between atmospheric dust loading and cloud-formation processes
was investigated using continuous dust column mass density thresholds. Days were classified according to the observed
atmospheric dust load. Because no universally accepted threshold exists for distinguishing dusty and non-dusty conditions
across different geographical and climatic environments, and seasons, multiple dust-loading thresholds were applied. Dust
column mass density threshold values were systematically varied between 0 and 0.006 g m? in increments of 0.0001 g m2.
For each threshold value, daily mean cloud parameters, including cirrus reflectance, high cloud cover fraction, and effective
ice particle radius, were calculated and subsequently analysed seasonally within consecutive five-year time windows across
the 2001-2025 study period.

This approach enabled the assessment of how different dust-loading regimes are associated with changes in the optical and
spatial characteristics of cirrus clouds. To evaluate radiative impacts, the same methodology was applied to ice cloud effective
particle radius, cloud fractions (at different heights), outgoing longwave radiation (OLR) data, allowing the investigation of
long-term relationships between atmospheric dust loading, cirrus cloud development, and upper-tropospheric radiative

processes.

3. Results
3.1. Frequency and synoptic types of Saharan dust events

A total of 276 Saharan dust events (SDEs) were identified over the Carpathian Basin during the 2001-2025 study period (Table
1, Figure 1). The seasonal distribution of events was strongly asymmetric, with spring accounting for the highest number of
dust intrusions (116 events), representing approximately 42% of all identified cases. The spring maximum was followed by
summer with 72 events, while 46 and 42 events were recorded during autumn and winter, respectively. Mean dust loading was
also highest during spring, reaching 0.008 g m, whereas average dust column mass density values ranged between 0.005 and
0.006 g m™ in the remaining seasons.

Analysis of consecutive five-year periods revealed a clear increasing trend in the frequency of dust events. While 40 events
were identified during 2001-2005, the number increased to 48 during 20062010, 60 during 2011-2015, 61 during 2016—
2020, and 67 during 2021-2025. This corresponds to an increase of nearly 70% relative to the beginning of the study period.
The increase was primarily driven by a growing number of spring and summer dust outbreaks. Spring events increased from
18 to 29 cases, while summer events rose from 11 to 19. Autumn also exhibited a moderate increase, from 8 to 14 events,
whereas winter dust intrusions showed no clear long-term trend.

In contrast, the intensity of dust loading did not display a similarly pronounced increase. Average dust column mass density

values remained within a relatively narrow range of 0.005-0.009 g m? throughout the different five-year periods. These results
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suggest that the observed long-term changes are primarily associated with an increasing frequency of Saharan dust intrusions
rather than a systematic intensification of individual events. The strongest seasonal signal remained evident during spring,
which exhibited both the highest event frequency and the greatest average dust loading, highlighting the dominant role of the
spring season in Central European dust transport and related atmospheric processes.

The classification of events according to their synoptic background revealed substantial differences in dust transport
characteristics and associated cloud properties. Type 1 events are characterized by a pronounced pressure gradient between a
deep trough over the eastern North Atlantic and a high-pressure system extending across the Mediterranean and North Africa.
In many cases, cut-off lows detached from the parent trough trigger intense dust storms within the intramontane basins of the
Atlas Mountains, and in the forefront of the mountain range. The resulting dust plumes are subsequently transported toward
Central Europe by southwesterly flow.

Type 2 events are associated with Mediterranean cyclones, during which dust is advected into the study region within the warm
sector and ahead of the cyclone. Type 3 events are characterized by the longest transport pathways. In these cases, an
anticyclonic circulation over the northwestern Sahara transports dust from western Saharan source regions toward the eastern
and northeastern Atlantic, from where prevailing westerlies subsequently carry the aerosol plume toward Central Europe.
Considering the entire study period, Type 1 represented the most frequent synoptic category with 101 identified events. Type
2 accounted for 53 events, whereas only 9 cases were classified as Type 3. The highest average dust loading was observed for
Type 2 events (0.011 g m?), while Type 1 and Type 3 episodes exhibited similar mean dust column mass density values of

approximately 0.007-0.008 g m™.

Table 1. Seasonal and total frequency and intensity of Saharan dust events (SDEs) over the Carpathian Basin during
the 20012025 period.

Winter Spring Summer Autumn Total
. SDE | Dust mass | SDE | Dust mass | SDE | Dust mass | SDE | Dust mass | SDE | Dust mass

Timefra s (avg.) s (avg.) s (avg.) J (avg.) J (avg.)
e ® |gml @ [gm o [l o | gml @ | g
2001-

2005 3 0.009 18 0.011 1 0.007 8 0.005 40 0.009
2001 1 0.004 4 0.006 3 0.008 3 0.005 11 0.006
2002 4 0.015 3 0.010 2 0.005 9 0.011
2003 3 0.010 2 0.005 1 0.006 6 0.008
2004 2 0.012 3 0.009 1 0.005 6 0.009
2005 4 0.013 3 0.006 1 0.005 8 0.009
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2006-

2010 12 0.006 18 0.007 10 0.005 8 0.005 48 0.006
2006 1 0.008 2 0.005 3 0.007 1 0.005 7 0.006
2007 1 0.001 5 0.010 2 0.006 1 0.004 9 0.008
2008 2 0.007 6 0.006 2 0.003 5 0.005 15 0.006
2009 5 0.008 2 0.007 2 0.003 1 0.004 10 0.006
2010 3 0.004 3 0.008 1 0.007 7 0.006
2011-

2015 12 0.006 25 0.007 16 0.003 7 0.004 60 0.005
2011 1 0.000 5 0.006 2 0.007 2 0.003 10 0.005
2012 1 0.004 3 0.005 5 0.003 1 0.004 10 0.004
2013 2 0.004 6 0.009 3 0.002 11 0.006
2014 5 0.009 4 0.007 4 0.003 2 0.008 15 0.007
2015 3 0.004 7 0.005 2 0.003 2 0.002 14 0.004
2016-

2020 10 0.004 26 0.008 16 0.003 9 0.005 61 0.006
2016 2 0.006 6 0.007 3 0.003 2 0.007 13 0.006
2017 1 0.003 2 0.005 6 0.002 1 0.004 10 0.003
2018 3 0.006 10 0.008 2 0.006 2 0.005 17 0.007
2019 2 0.003 3 0.010 3 0.003 2 0.006 10 0.006
2020 2 0.003 5 0.007 2 0.004 2 0.004 11 0.005
2021-

2025 5 0.006 29 0.008 19 0.007 14 0.005 67 0.007
2021 2 0.010 5 0.005 4 0.010 3 0.004 14 0.007
2022 1 0.001 7 0.007 4 0.006 3 0.003 15 0.006
2023 1 0.004 2 0.008 3 0.005 5 0.006 11 0.006
2024 1 0.002 8 0.010 5 0.009 1 0.005 15 0.009
2025 7 0.007 3 0.005 2 0.004 12 0.006
Total 42 0.006 116 | 0.008 72 0.005 46 0.005 276 | 0.006
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Figure 1. Temporal evolution of atmospheric dust loading, dust deposition, and the frequency and synoptic
classification of Saharan dust events over the Carpathian Basin during the 2001-2025 period. (Type-1, type-2, and
type-3 refer to the synoptic types of dust storm events described in the text.)

3.2. Relationship between atmospheric dust and cloud formation processes

The characteristics of high-level cloud cover revealed clear differences among the three synoptic categories. The highest mean
high cloud fraction was observed for Type 2 events (0.62), while somewhat lower values were associated with Type 1 situations

(0.52), and substantially lower high-cloud coverage characterized Type 3 events (0.31). Similar differences were found for

9



220

225

230

235

240

245

250

https://doi.org/10.5194/egusphere-2026-3742
Preprint. Discussion started: 10 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

cirrus reflectance. The mean reflectance of Type 2 events (0.22) was approximately twice that observed for Type 1 events
(0.10), whereas Type 3 situations exhibited extremely low reflectance values (0.017). These findings indicate that Type 2
synoptic conditions are the most favourable for the development of extensive and optically mature cirrus cloud systems.

The effective radius of ice crystals also exhibited substantial differences among the synoptic categories. The smallest mean
particle sizes were associated with Type 2 events (29.5 um), while larger effective radii occurred during Type 1 and especially
Type 3 situations. The simultaneous occurrence of smaller ice crystal sizes and higher cirrus reflectance in the Type 2 category
may indicate more intense heterogeneous ice nucleation processes and higher ice particle number concentrations.

The importance of synoptic conditions also changed over time. The frequency of Type 1 situations increased throughout the
study period, particularly during 2011-2015, while Type 2 events remained frequent during the most recent years.
Concurrently, both dominant synoptic categories exhibited increasing high cloud cover fractions and cirrus reflectance values,
suggesting that similar large-scale meteorological conditions have become increasingly associated with enhanced upper-level
ice cloud formation in recent decades. Owing to its low occurrence frequency and comparatively weak cloud-related
characteristics, Type 3 appears to be of secondary importance in terms of dust—cirrus interactions.

Using the complete database of 276 Saharan dust events, cirrus conditions were characterized based on the distributions of
cirrus reflectance and high cloud fraction. The moderately affected category included events for which both cirrus reflectance
and high cloud fraction fell between the second and third quartiles (cirrus reflectance: 0.089—0.178; high cloud fraction: 0.599—
0.779). The strongly affected category consisted of events for which both parameters exceeded the third quartile, while all
remaining cases were classified as other events.

According to this classification, 35 events (12.7%) belonged to the strongly affected category, 24 events (8.7%) were classified
as moderately affected, and 217 events (78.6%) fell into the other category. Dust loading increased systematically with the
degree of cirrus involvement. Mean dust mass values increased from 0.0059 g m™ in the other category to 0.0068 g m in the
moderately affected group and reached 0.0091 g m™ in the strongly affected category. This represents an increase of nearly
55% between the weakest and strongest cirrus-related categories.

At the same time, the effective radius of ice crystals exhibited a decreasing tendency. Mean particle size declined from 30.3
pm in the other-event category to 29.9 um in the moderately affected group and further decreased to 28.2 um in the strongly
affected category. The combination of higher dust loading, smaller ice crystal sizes, and enhanced cirrus reflectance is
consistent with the hypothesis that Saharan mineral dust acts as an efficient heterogeneous ice-nucleating particle, promoting
the formation of cirrus clouds characterized by higher ice particle number concentrations.

The seasonal distribution also showed pronounced differences. Nearly half of the strongly affected events occurred during
spring (17 cases), while a substantial number were also recorded during winter (12 cases). Autumn and summer occurrences
were considerably less frequent (4 and 2 events, respectively). A similar seasonal pattern emerged for the moderately affected
category, where spring events dominated (10 cases), followed by summer (7 cases) and winter (5 cases). Overall, the results
indicate that the most intense cirrus-forming situations are primarily associated with springtime dust intrusions and are

systematically characterized by higher dust loading and smaller effective ice crystal sizes.
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To investigate long-term changes in dust—cirrus relationships, Saharan dust events were grouped according to cirrus reflectance
and high cloud fraction. When the two parameters were combined to identify the most strongly cirrus-affected events, no clear
increasing trend emerged, and the maximum number of such cases occurred during the 2011-2015 period. However, the
relatively low number of events limits the robustness of long-term trend assessments.

When the two parameters were analysed separately, considerably stronger trends became apparent. The number of events
characterized by cirrus reflectance values above the upper quartile increased from 11 during 2001-2005 to 19 during 2021—
2025, indicating that optically developed cirrus clouds have become increasingly common. These events were generally
associated with smaller effective ice crystal radii, consistent with enhanced heterogeneous ice nucleation.

An even stronger change was observed for high cloud fraction. The number of events exceeding the upper quartile threshold
increased from approximately 6—8 events per five-year period at the beginning of the study interval to 19-20 events after 2016.
This more than threefold increase suggests that an increasing proportion of Saharan dust intrusions are associated with
extensive upper-level cloud cover.

Overall, the strongest and most robust long-term signal is not necessarily reflected in an increasing number of extremely intense
cirrus events, but rather in the growing proportion of dust outbreaks that are accompanied by optically developed and

particularly extensive upper-tropospheric ice cloud systems.

Table 2. Changes in the frequency of cirrus-associated Saharan dust events (SDEs) according to different classification
approaches during the 2001-2025 period.

Classification 2001- 2006— 2011- 2016— 2021- Change
2005 2010 2015 2020 2025 (%)

Cirrus reflectance > Q3* (episodes) 11 10 16 13 19 73

High cloud fraction > Q3 (episodes) 8 6 16 20 19 138

Cirrus reflectance > Q3 AND High cloud fraction > | 3 4 12 9 7 133%*

Q3 (episodes)

All SDEs 40 48 60 61 67 67

*Q3 refers to 3™ (upper) quartile of the given parameter

**Due to the low number of events in the baseline period, the relative change should be interpreted with caution.

3.3. Generalized additive model analysis of dust—cloud relationships

To quantify the relationships between atmospheric dust loading, five cloud and radiation properties, and their temporal
evolution, generalized additive models (GAMs) were applied separately for each season and investigated variable (4x5
models). The models included smooth functions of dust column mass density and time, as well as their interaction term,

allowing the assessment of both non-linear dust responses and temporal changes in dust sensitivity.
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The GAM analysis revealed highly significant relationships between atmospheric dust loading and all investigated cloud and
radiative variables (Table 3.). The smooth dust term was statistically significant in all 20 seasonal models (p < 0.001),
indicating that dust loading explains a substantial fraction of the observed variability in cloud and radiation characteristics.
Model performance was generally high, with adjusted R? values ranging between approximately 0.89 and 0.996, demonstrating
a strong ability of the models to reproduce the observed patterns.

The strongest dust dependence was identified for cirrus reflectance, high cloud fraction, and OLR, particularly during spring.
In these cases, the fitted smooth functions revealed pronounced non-linear responses across the investigated dust-loading
range. Effective ice particle radius also exhibited a significant dust-related response in all seasons, whereas middle-, and high-
level cloud fractions showed systematic variations with increasing dust concentration.

The temporal component of the GAM models was likewise significant in the majority of cases. Twelve of the twenty seasonal
models exhibited statistically significant smooth time terms, indicating that several cloud and radiative parameters experienced
measurable long-term changes during the 2001-2025 study period. The most pronounced temporal signals were observed for
spring cirrus reflectance, effective ice particle radius, middle- and high-level cloud fraction, and OLR.

A particularly robust result emerged from the interaction between atmospheric dust loading and time. The dust—time interaction
term was statistically significant in all investigated models, demonstrating that the relationship between dust loading and cloud
properties was not constant throughout the study period. This finding indicates that the response of cloud and radiative variables
to increasing dust concentrations changed systematically between 2001 and 2025.

Among all investigated variables, cirrus reflectance exhibited the strongest overall model performance, with adjusted R? values
approaching 1.00 in several seasons. High cloud fraction and OLR produced similarly strong fits, whereas effective ice particle
radius and middle cloud fraction also showed consistently high explanatory power. Collectively, the GAM analysis
demonstrates that atmospheric dust loading represents a statistically significant predictor of cloud optical, microphysical, and

radiative properties throughout the study period and that these relationships exhibit substantial temporal variability.

Table 3. Generalized additive model (GAM) statistics describing the relationships between atmospheric dust loading
and cloud and radiative variables during 2001-2025. (Adj. R? is the adjusted coefficient of determination. p(Dust),
p(Time), and p(Dust x Time) denote the significance of the dust effect, temporal trend, and their interaction,
respectively. A significant dust x time interaction indicates changing dust sensitivity over the study period.)

Variable Season | Adj.R? | p(Dust) p(Time) | p(Dust x Time) | Change Strengthening
in dust effect*
Cirrus reflectance Winter | 0.973 1.5x107%¢7 | 0.072 1.0x10714 —0.149 No
Spring 0.996 1.5x107%¢ | 0.002 1.1x10713 0.095 Yes
Summer | 0.939 2.9x10717 | 0.141 1.2x10°% —0.038 No
Autumn | 0.957 4.9x107° | 0.589 1.3x10710 -0.074 No
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Particle radius Winter | 0.893 4.7x10 | 2.5x10~ | 8.2x107® —0.509 Yes
Spring 0.979 1.3x107¢ | 2.2x10™ | 1.5x10~* —1.492 Yes
Summer | 0.98 8.8x107 | 1.1x107'° | 1.6x107'¢ 0.797 Yes
Autumn | 0.895 1.9x10¢ | 0.017 8.5x10~° —3.352 Yes
Mid cloud fraction | Winter | 0.966 5.9x107'% | 0.003 5.7x1071>2 —0.116 No
Spring 0.981 5.4x107"* | 1.0x107¢ | 2.7x107"® 0.075 Yes
Summer | 0.921 3.0x10¢ | 0.017 7.2%x10717 —0.012 No
Autumn | 0.97 9.9x10% | 9.6x10~ | 2.5x107'* 0.077 Yes
High cloud fraction | Winter 0.986 7.1x107° | 0.006 1.9x10718° —0.497 No
Spring 0.993 7.2x1071 | 4.2x107' | 8.0x1071%° 0.155 Yes
Summer | 0.952 2310 | 0.214 2.0x10™° 0.042 Yes
Autumn | 0.985 1.6x10* | 0.049 9.1x10714 0.264 Yes
Outgoing Winter 0.968 2.4x1072 | 0.005 4.5x10718 —8.64 No
longwave radiation | Spring 0.988 1.8x107"%% | 5.0x10™¢ | 7.0x10°%* -7.23 Yes
Summer | 0.94 4.6x10° | 0.083 2.2x107°% —4.56 No
Autumn | 0.968 1.8x102 | 0.052 2.2x10712 —29.52 Yes

*Change in dust effect represents the difference between the modelled dust response during the final (2021-2025) and initial
(2001-2005) periods. Positive values indicate strengthening positive dust responses, whereas negative values indicate
increasingly negative responses. All dust smooth terms and dust x time interaction terms were statistically significant (p <

0.001).

3.4. Dust and cirrus clouds in spring

Based on the above results, the analysis was restricted to the spring season, as the investigated dust—cirrus interactions were
most pronounced and consistent during this period. Although autumn also represents a transitional season and, in several
respects, provides favourable conditions for upper-tropospheric moistening and high-level cloud formation, the observed
relationships were considerably weaker and less coherent. During summer, the warm to hot atmospheric conditions that
frequently develop over Central Europe are generally less favourable for cirrus formation, as upper-tropospheric temperature
and moisture conditions often do not satisfy the thermodynamic requirements necessary for the development of ice-saturated
or ice-supersaturated environments. Furthermore, enhanced convective activity and lower relative atmospheric water vapor
values during summer can substantially modify the relationship between high-level cloud cover and longwave radiative
processes. In winter, by contrast, Saharan dust intrusions occur much less frequently, while cloud formation is primarily

controlled by large-scale cyclonic and frontal processes. Consequently, spring provides particularly favourable conditions for
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investigating dust-related heterogeneous ice nucleation processes, as well as the development and radiative impacts of upper-
level ice clouds over the Carpathian Basin.

The springtime results reveal a clear relationship between increasing atmospheric dust loading and changes in upper-
tropospheric cloud properties (Figure 2). Comparison of the five-year periods suggests that dust-associated high-level cloud
formation processes have gradually intensified during the last two decades, particularly in spring.

Middle- and high-level cloud cover fractions also show a positive relationship with dust loading, whereas neither a clear trend
nor a robust relationship can be identified for low cloud cover. Both the mid cloud fraction and, especially, the high cloud
fraction increase with rising dust column mass density in nearly all periods, and the magnitude of this increase becomes
progressively stronger over time. During 2021-2025, high cloud fraction values associated with the highest dust loads were
already approximately 1.5 times greater than those observed during 2001-2005. Both cloud top pressure and cloud top
temperature exhibit a pronounced decrease with increasing dust loading. Higher dust column mass density values are
consistently associated with lower cloud-top pressures and colder cloud-top temperatures, particularly during the 2011-2015
and 2021-2025 periods. This indicates that dust events are increasingly linked to colder, ice-phase-dominated cloud systems
developing at higher tropospheric levels.

The clearest signatures of dust—cirrus interactions emerge from changes in cirrus reflectance and ice particle size. In spring,
cirrus reflectance increases with dust loading during every study period; however, the strength of this increase becomes
substantially greater in the more recent intervals. Particularly pronounced reflectance enhancements are observed during 2016—
2020 and 2021-2025 under elevated dust-loading conditions. Simultaneously, and in accordance with expectations, effective
particle radius exhibits a gradual decrease. Smaller effective ice crystal sizes may indicate increasing ice crystal number
concentrations and enhanced heterogeneous ice nucleation, consistent with the increasingly important role of Saharan mineral
dust as an ice-nucleating particle.

These results suggest that increasing atmospheric dust loading is associated not only with a higher occurrence of upper-level
cloud cover but also with significant modifications of cirrus cloud microphysical properties. The comparison of consecutive
five-year periods indicates a progressive strengthening of the relationship between Saharan dust and upper-level ice clouds,

particularly during the spring season.
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Figure 2. Variations of the investigated atmospheric and cloud-physical parameters as a function of daily dust column
mass density thresholds during the 2001-2025 period, presented in consecutive five-year time windows. (Low, middle
and high level cloud coverage values are expressed as area-averaged of cloud area fraction.)

3.5. Radiative effects of dust-associated clouds

To investigate the radiative impacts of dust-associated high-level clouds, HIRS OLR data were analysed for the spring season.
The results reveal again a clear relationship between increasing atmospheric dust loading and decreasing OLR values across
all investigated five-year periods. As dust column mass density increases, the amount of longwave radiation emitted from the
study region to space gradually decreases, a pattern that becomes particularly pronounced during the 2011-2015, 20162020,
and 2021-2025 periods.
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Under the highest dust-loading conditions, OLR values were approximately 15-25 W m™ lower than those observed during
low-dust situations. (These findings are consistent with the changes observed in cloud top pressure and cloud top temperature,
which indicate that dust events are increasingly associated with higher-altitude and colder ice-cloud systems.) The
simultaneous increase in high cloud fraction and cirrus reflectance further suggests that dust-rich conditions favour the
development of more extensive and optically thicker upper-level cloud cover.

From a radiative perspective, the observed decrease in OLR indicates that high, cold cirrus clouds retain a larger fraction of
outgoing longwave radiation, thereby reducing the effective radiative emission of the surface—atmosphere system. Comparison
of the consecutive five-year periods reveals a gradual strengthening of the relationship between atmospheric dust loading and
OLR, particularly during the two most recent periods. This finding suggests that the radiative influence of Saharan dust-
associated upper-level ice clouds has become increasingly important over the Carpathian Basin during the past two decades.
The OLR anomalies associated with cirrus clouds are fully consistent with the trends identified in the cloud-physical
parameters and provide additional evidence that increasing atmospheric dust loading is linked not only to changes in the

frequency and optical properties of high-level cloud cover, but also to their regional radiative consequences.

4. Discussion
4.1. Evidence for strengthening dust—cloud interactions

The generalized additive model (GAM) analysis provides independent statistical support for the central finding of this study:
the relationship between atmospheric dust loading and cloud properties has not remained stationary during the last 25 years.
While the descriptive analyses presented in the previous sections already suggested progressively stronger associations
between Saharan dust intrusions and upper-level cloud formation, the GAM framework allows these relationships to be
quantified while accounting for non-linear responses and long-term temporal changes.

A particularly important result is that atmospheric dust loading emerged as a highly significant predictor of all investigated
cloud and radiative variables. The consistently high adjusted R? values indicate that dust loading explains a substantial fraction
of the observed variability in cloud fraction, cirrus reflectance, effective ice particle radius, and outgoing longwave radiation.
This finding reinforces the interpretation that Saharan dust is closely linked to cloud formation processes throughout the
troposphere.

However, the most notable outcome of the GAM analysis is the significance of the dust-time interaction term in all investigated
models. Statistically, this indicates that the relationship between dust loading and cloud properties has changed over time. In
other words, the cloud response associated with a given level of atmospheric dust loading differs between the early 2000s and
the most recent years of the study period. This result is consistent with the patterns identified in the five-year composite
analyses, where increasingly pronounced cloud responses were observed under comparable dust-loading conditions.

The strongest effects were detected for cirrus reflectance, high cloud fraction, and outgoing longwave radiation, particularly

during spring. These variables also represent the most direct indicators of upper-tropospheric ice-cloud development and their
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radiative consequences. The agreement between the GAM results and the independently derived cloud-physical indicators
strengthens confidence that the observed changes do not simply reflect random variability or isolated extreme events. Instead,
they point toward a systematic modification of the dust—cloud relationship over time.

The significant responses identified for effective ice particle radius are particularly noteworthy. Smaller effective radii
associated with increasing dust loading are consistent with the expected microphysical response to enhanced concentrations
of ice-nucleating particles. Although the GAM analysis itself does not provide direct evidence of heterogeneous ice nucleation,
the statistical signal is fully compatible with the physical interpretation derived from the observed changes in cirrus reflectance
and cloud fraction.

Equally important is the finding that significant dust-related responses were detected not only for high-level clouds but also
for middle-level cloud cover. This suggests that the influence of Saharan dust may extend beyond classical cirrus formation
and potentially affect cloud systems developing within the mixed-phase temperature regime. The presence of significant dust—
time interactions in middle-cloud fraction indicates that the strengthening aerosol—cloud relationships identified in this study
may involve multiple cloud types and atmospheric layers.

Taken together, the GAM results support the conclusion that the observed changes cannot be explained solely by an increase
in the frequency of Saharan dust intrusions. If dust frequency alone were responsible, one would expect increasing numbers
of dusty events but relatively stable dust—cloud relationships. Instead, the statistically significant interaction between dust
loading and time suggests that the atmospheric response to dust has itself evolved during the study period. This finding is
consistent with the hypothesis that long-term changes in upper-tropospheric thermodynamic conditions have increasingly
favoured cloud formation during dust intrusions.

Consequently, the GAM analysis provides quantitative evidence that the influence of Saharan dust on cloud formation
processes over the Carpathian Basin has strengthened during the last two and a half decades. While the underlying physical
mechanisms require further investigation, the statistical results clearly demonstrate that dust-associated cloud responses have
become progressively more pronounced across multiple cloud and radiative indicators.

The results of this study clearly indicate that the relationship between Saharan dust and upper-level ice clouds over the
Carpathian Basin has strengthened progressively during the past 25 years. Increasing atmospheric dust loading was associated
with greater high cloud cover, enhanced cirrus reflectance, smaller effective ice crystal radii, and reduced outgoing longwave
radiation. These findings suggest that the role of mineral dust extends beyond its direct aerosol effects and increasingly

influences cloud formation and radiative processes in the upper troposphere.

4.2. Connection to increase of ice-supersaturated regions

Our results are consistent with recent studies reporting an increasing frequency of high relative humidity and ice-supersaturated
conditions across the mid-latitudes of the Northern Hemisphere. Recent investigations suggest that the most pronounced
change is not necessarily an increase in mean upper-tropospheric humidity, but rather a growing frequency of humidity

conditions that are critical for cirrus formation (Benetatos et al., 2024). Because ice-supersaturated regions represent the
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primary thermodynamic environment for natural cirrus development, their increasing occurrence may provide increasingly
favourable conditions for heterogeneous ice nucleation. Under such conditions, the long-term increase in Saharan dust
transport may act as an efficient source of ice-nucleating particles, contributing to more frequent formation of dust-associated
cirrus clouds and an increasing radiative influence of these clouds over Central Europe (Varga et al., 2026; Weger et al., 2018).
The observed strengthening of dust-related cirrus formation cannot be explained solely by changes in aerosol availability. It is
likely also linked to ongoing modifications in the thermodynamic structure of the upper troposphere. Our previous studies
have shown that the increasing frequency of Saharan dust intrusions reaching the Carpathian Basin may be related to the
increasingly meridional and meandering character of the jet stream, which enhances the northward transport of dust-laden air
masses from the Mediterranean and North Africa (Varga, 2020). The jet-stream environment is simultaneously recognized as
one of the most important regions for ISSR formation, as frontal zones, upper-tropospheric divergence, and large-scale ascent
associated with jet dynamics promote the development of ice-saturated and ice-supersaturated conditions (Hildebrandt et al.,
2026; Spichtinger et al., 2005). Consequently, the jet stream and the mid-latitude storm tracks jointly regulate both upper-
tropospheric moisture conditions and the thermodynamic prerequisites for cirrus formation. Eleftheratos et al. (2007) likewise
demonstrated that cirrus cloud variability is closely linked to upper-tropospheric humidity and vertical motions, and that
European cirrus variability is partly controlled by the North Atlantic Oscillation and associated circulation patterns. Our results
therefore suggest that the increasing frequency of meridional circulation patterns may exert a dual influence over Central
Europe by simultaneously enhancing Saharan dust transport and increasing the occurrence of ISSRs favourable for
heterogeneous ice nucleation.

Recent studies investigating upper-tropospheric humidity (UTH) conditions suggest that the average moisture content of the
upper troposphere does not necessarily exhibit a strong long-term increase (globally, ice-relative UTH has increased by
approximately +0.15% per decade). Instead, the frequency of high relative humidity conditions with respect to ice, including
saturated and supersaturated states, has increased more substantially, by approximately +0.3 to +0.7% per decade (Benetatos
et al., 2024). This strengthening of the upper tail of the humidity distribution is particularly important for cirrus cloud
formation, as these relatively short-lived but microphysically critical conditions promote ice nucleation and support the
persistence of extensive cirrus cloud layers. So, primarily the frequency of ice-saturated and ice-supersaturated conditions,
rather than mean upper-tropospheric humidity itself, that has increased during recent decades. Although climate models do not
show a completely consistent signal regarding future ISSR occurrence over the Northern Hemisphere mid-latitudes (40-60°N),
several studies suggest a modest increase. Benetatos et al. (2024) demonstrated that between 1979 and 2020 both upper-
tropospheric humidity and the occurrence frequency of ice-saturated and supersaturated conditions increased over the mid-
latitudes, with the latter exhibiting an even stronger trend. Particularly noteworthy is the finding that occurrences of high UTHi
values (>70%, >80%, >90%, and >100%) increased significantly throughout the 30-60°N latitude belt, implying that

environmental conditions favourable for cirrus formation have become progressively more common.
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Regional European studies provide additional support for the mechanisms proposed here. Lidar observations from southern
France (Hoareau et al., 2013) and Rome (Gobbi et al., 2004) demonstrate that cirrus clouds are frequent and climatologically
important features of the European mid-latitude atmosphere. Cirrus occurrence frequencies of approximately 37-54% were
reported over southern France, while cirrus clouds were observed on nearly 45% of measurement days over Rome. In both
regions, maximum frequencies occurred during the spring and autumn transition seasons.

The Italian observations are particularly relevant in the context of aerosol—cirrus interactions. Over Rome, Saharan dust was
present on approximately 20% of observation days, primarily within the 2—6 km altitude range between boundary-layer
aerosols and cirrus layers located between 6 and 14 km. Dust-influenced situations frequently exhibited larger cirrus optical
thickness and enhanced backscatter compared with dust-free conditions, suggesting that Saharan mineral particles may
efficiently promote cirrus formation through heterogeneous ice nucleation. Together, these studies indicate that cirrus cloud
properties across the Mediterranean and southern Europe are influenced not only by meteorological conditions but also by
long-range transported aerosols, particularly Saharan mineral dust, which regularly reaches the region and may provide
effective ice-nucleating particles for upper-tropospheric cloud formation.

Direct observational evidence for this mechanism was provided by (Ansmann et al., 2019b) using combined lidar and radar
measurements over Cyprus. The authors found a close correspondence between predicted INP concentrations and observed
ice crystal concentrations within Saharan dust-containing middle- and upper-tropospheric cloud layers. The investigated cirrus
clouds formed at altitudes between 8 and 11 km and temperatures ranging from —35 to —57 °C, and in several cases the observed
ice crystal concentrations could be fully explained by the available dust-derived INPs. Particularly noteworthy is the “dust-
infused baroclinic storm” (DIBS) case described by the authors, in which a North African dust outbreak injected large
quantities of Saharan dust into the upper troposphere. The resulting dust-enriched cirrus system could be tracked for more than
3,500 km from the Mediterranean to Central Asia, and the study concluded that mineral dust substantially contributed to the
persistence and longevity of the cirrus cloud system. Similar dust-cirrus interactions were described in detail by other (Central)
European studies (Seifert et al., 2023; Weger et al., 2018). This mechanism provides a plausible physical explanation for the
patterns identified in the present study, whereby increasing dust loading is associated with greater high cloud cover, enhanced

cirrus reflectance, and smaller effective ice crystal sizes over the Carpathian Basin.

4.3. Possible implications for mixed-phase cloud formation

Although the present study primarily focuses on cirrus clouds, the observed increase in mid-level cloud fraction with increasing
atmospheric dust loading suggests that Saharan mineral dust may also influence cloud processes outside the classical cirrus
regime. Mixed-phase clouds, containing both supercooled liquid droplets and ice crystals, frequently occur within the
temperature range between approximately 0 and —38 °C and represent one of the largest remaining uncertainties in aerosol—

cloud interactions and climate feedbacks (Storelvmo, 2017).
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Mineral dust particles are known to be highly efficient ice-nucleating particles not only under cirrus-forming conditions but
also within mixed-phase clouds (Atkinson et al., 2013; Hoose et al., 2008; Wiacek et al., 2010). Enhanced concentrations of
dust-derived INPs may promote heterogeneous freezing of supercooled droplets, thereby accelerating glaciation processes and
modifying cloud lifetime, cloud fraction, precipitation formation, and radiative properties. Depending on thermodynamic
conditions, increased ice formation may either enhance precipitation and cloud dissipation through the Wegener—Bergeron—
Findeisen process or increase cloud persistence through continuous ice crystal production.

The positive relationship observed between atmospheric dust loading and middle-level cloud fraction in the present study is
therefore noteworthy. Although the available datasets do not allow direct identification of mixed-phase cloud processes, the
observed behaviour is consistent with the possibility that Saharan dust influences not only upper-tropospheric cirrus clouds
but also cloud systems developing within the mixed-phase temperature regime. If confirmed by future investigations using
vertically resolved cloud observations and thermodynamic profiles, this mechanism would imply that the climatic influence of
Saharan dust over Central Europe extends beyond cirrus cloud formation and may affect a broader spectrum of cloud types

and associated radiative processes.

4.4. Radiative implications

The radiative implications identified in this study are consistent with recent findings reported in the international literature.
Cirrus clouds occupy a unique position within the Earth's radiation budget because, unlike most cloud types, they exhibit a
relatively limited ability to reflect incoming shortwave radiation while efficiently absorbing and re-emitting outgoing longwave
radiation from the surface and lower troposphere. As a result, optically thin and moderately thick cirrus clouds generally exert
a net warming effect, primarily manifested through a reduction in outgoing longwave radiation.

In a twenty-year lidar-based study conducted over Greenbelt, Maryland, Lolli et al. (2026) demonstrated that the radiative
effects of cirrus clouds exhibit measurable long-term trends and that changes in cloud-radiation interactions play an important
role in regional energy budgets. The authors emphasized that long-term monitoring of the optical and macrophysical properties
of cirrus clouds is essential for understanding radiative processes associated with climate change.

Our findings can also be placed within a broader climatological context provided by recent satellite-based radiation studies.
Studies showed that the radiative characteristics of the Northern Hemisphere have undergone substantial changes during the
past two decades, driven by combined variations in aerosols, atmospheric moisture, and cloud cover (Hodnebrog et al., 2024;
Loeb et al., 2021). According to their results, cloud-radiation interactions represent one of the key contributors to the
development of hemispheric radiative asymmetries. The increasing cirrus cloud cover, enhanced cirrus reflectance, and
decreasing OLR observed over the Carpathian Basin may therefore be interpreted as a regional manifestation of these larger-
scale processes. Our results suggest that Saharan mineral dust at mid-latitudes may influence not only the microphysical
properties of clouds but also contribute to changes in upper-tropospheric energy exchange through the increasing radiative

significance of high-level ice clouds.
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5. Conclusions

The aim of this study was to investigate the relationship between Saharan mineral dust and upper-level ice clouds over the
Carpathian Basin during the period 2001-2025. Using independent satellite and reanalysis datasets (MERRA-2, MODIS, and
HIRS), we found a progressively strengthening association between atmospheric dust loading and cirrus cloud properties.
Mean dust column mass increased by nearly 55%, from 0.0059 to 0.0091 g m, between the weakest and strongest cirrus-
affected events, while the mean effective ice particle radius decreased from 30.3 to 28.2 um. During the study period, the
number of dust events with high-cloud fractions above the upper quartile increased from 8 to 19-20, and those with cirrus
reflectance above the upper quartile from 11 to 19. These relationships were strongest in spring, which accounted for 116 of
the 276 Saharan dust events (42%) and exhibited the highest mean dust loading (0.008 g m™?). Spring also yielded the strongest
GAM performance (adjusted R? = 0.996 for cirrus reflectance and 0.993 for high-cloud fraction).

The strengthening dust—cloud relationship was further supported by progressively lower outgoing longwave radiation (OLR)
under dusty conditions. During spring, OLR decreased by approximately 15-25 W m between low- and high-dust situations,
while the GAM analysis showed an excellent model fit (adjusted R? = 0.988) and a highly significant dust-time interaction,
indicating that dust-associated cirrus clouds have become increasingly extensive and/or optically thicker over time. Together,
these results show that the climatic influence of Saharan dust over Central Europe extends beyond its direct radiative effects
and increasingly involves cloud-mediated processes.

Our findings are consistent with previous studies identifying Saharan dust as an efficient source of ice-nucleating particles and
with recent evidence for increasing ice-supersaturated conditions in the mid-latitude upper troposphere. However, this study
advances current knowledge by demonstrating that the strength of the dust—cirrus relationship itself has increased over the past
25 years. This suggests that changes in the upper-tropospheric thermodynamic environment have enhanced the efficiency of
mineral dust in promoting cirrus formation.

The study is based on satellite observations and reanalysis products and therefore infers physical mechanisms from robust
statistical relationships rather than direct in situ observations. Although the agreement among multiple independent datasets
increases confidence in the results, the relative contributions of dust mineralogy, transport pathways, upper-tropospheric
humidity, and atmospheric circulation remain unresolved and should be addressed by future observational and modelling
studies.

Saharan dust has become an increasingly important regulator of upper-level cloud formation and radiative processes over
Central Europe. The observed strengthening of dust—cirrus interactions implies that future changes in atmospheric circulation
and upper-tropospheric moisture may amplify the climatic influence of mineral dust through aerosol—cloud interactions. Better
representation of these evolving processes in weather and climate models will therefore be essential for improving estimates

of regional cloud feedbacks and radiative forcing.
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