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Abstract. Atmospheric mineral dust modulates surface so-
lar radiation, with important implications for regional cli-
mate and solar energy production. In this study, we inves-
tigate dust aerosol typing and associated shortwave (SW)
direct radiative effects (DREs) using radiative transfer sim-
ulations over Cyprus using a 7-year dataset (2015-2022)
from the Agia Marina Xyliatou station. Dust events were
identified using AERONET optical properties, LIDAR ob-
servations, MODIS imagery, and classified by origin (Sa-
hara or Middle East) based on HYSPLIT back-trajectories
analysis. Dust accounts for ~28.3 % of aerosol cases dur-
ing spring (MAM) and ~ 12.7% during autumn (SON),
with 86 % of events originating from the Sahara and 14 %
from the Middle East. The mean AOD at 440 nm for the
period studied here is 0.34 £0.13 for Saharan events and
0.40+£0.13 for Middle Eastern events, while the SSA at
440nm remains high for both sources (0.93+0.04 and
0.93 £0.03, respectively), indicating predominantly scatter-
ing aerosols. Radiative transfer estimates of global hori-
zontal irradiance (GHI) agree well with ground-based irra-
diance measurements, with ~ 87 % of modelled GHI val-
ues within £5% and ~96 % within 10 % of observa-
tions. Monthly DREs were evaluated for observations ac-
quired at a common solar zenith angle (SZA ~ 60 & 4°). Un-

der these conditions, the strongest monthly mean surface
cooling reached approximately —92 W m~2 for Saharan dust
and —86 W m~? for Middle Eastern dust, while atmospheric
heating reached approximately +72 and +59 Wm™2, re-
spectively. The corresponding TOA cooling reached approx-
imately —31 Wm™?2 for Saharan dust and —28 Wm~2 for
Middle Eastern dust. The mean surface SW DREs (for all
SZAs) are —84 +49 W m~2 for Saharan dust in March and
—79+33Wm~2 for Middle Eastern dust in October. Al-
though the Angstrtim exponent is slightly higher for Middle
Eastern dust (0.37 vs. 0.30), suggesting enhanced fine-mode
contribution due to aerosol mixing, radiative forcing efficien-
cies are comparable, indicating that aerosol loading primarily
controls the magnitude of radiative perturbations.

1 Introduction

Atmospheric aerosols, tiny solid or liquid particles sus-
pended in the air, play a major role in Earth’s climate
by modulating solar radiation and atmospheric composition
(Boucher, 2015). Aerosols both directly and indirectly influ-
ence solar radiation levels. Direct effects include the absorp-
tion and scattering of solar radiation (Bellouin et al., 2020;
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Goudie and Middleton, 2001; Kok et al., 2023; Sokolik et al.,
2001), while indirect effects relate to changes in cloud condi-
tions (Gryspeerdt et al., 2022; Napoli et al., 2022; Sekiguchi
et al., 2003). Among them, mineral dust is one of the most
abundant globally and exhibits complex radiative behavior,
contributing both to solar radiation scattering and absorption
(Miller et al., 2014; Satheesh, 2002). As a result, mineral dust
introduces substantial uncertainty in the magnitude and even
the sign of its radiative impact, which depends on its size
distribution, composition, mixing state, and vertical distribu-
tion (Adebiyi and Kok, 2020; Fountoulakis et al., 2021, 2024;
Kok et al., 2023).

The role of mineral dust is especially pivotal in regions
like Cyprus, located at the crossroads of two major dust
sources: the Sahara Desert and the Arabian Peninsula, a
transport pathway well-documented for the broader Mediter-
ranean basin (Dayan et al., 1991; Gkikas et al., 2018; Lo-
gothetis et al., 2021; Meloni et al., 2018; Proestakis et al.,
2024). The composition and size of dust particles from these
regions differ, potentially leading to variations in their opti-
cal and radiative properties. Mineral dust layers originating
from broader region of Saharan dust can generally present
more variable percentage of iron oxides, which enhance light
absorption, whereas layers from the Arabian Peninsula can
contain higher proportions of carbonates and evaporitic min-
erals, leading to more reflective, scattering properties (For-
menti et al., 2011; Nisantzi et al., 2015; Teri et al., 2025). As
emphasized by Kok et al. (2023), there are still substantial
uncertainties in whether dust aerosols exert a net cooling or
warming effect on the atmosphere, depending on their phys-
ical and chemical characteristics.

The Mediterranean basin often experiences dust storms of
varying intensity from the Sahara Desert and the Middle East
with noticeable inter-annual and seasonal variations (Gkikas
et al., 2016, 2018; Kaskaoutis et al., 2019; Logothetis et al.,
2021; Papachristopoulou et al., 2022; Proestakis et al., 2024).
Saharan dust storms are more frequent in the eastern Mediter-
ranean during boreal spring (MAM) because of the favorable
weather patterns (Barkan et al., 2005; Moulin et al., 1998).
These storms are driven by deep depressions and thermal
lows, which are responsible for most dust emissions from
the Saharan Desert (Kaskaoutis et al., 2019). Climatologi-
cal analysis has shown that MAM is the most active season
for Saharan cyclogenesis, with significant dust transport to
the eastern Mediterranean (Gkikas et al., 2018; Derimian et
al., 2006). Cyclone-induced dust storms are prominent in this
region, especially from February to April, contributing to ex-
treme dust events (Flaounas et al., 2015).

Apart from their regional impacts, mineral dust aerosols
play a significant role in the Earth’s atmospheric system, by
modulating the radiation field, influencing cloud formation,
and affecting global temperature dynamics (Kok et al., 2023).
Accurate climate modeling and prediction require a proper
representation of the variability in aerosol composition and
concentration, as these factors strongly control the magni-
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tude and sign of aerosol radiative effects (Adebiyi and Kok,
2020; Mahowald et al., 2010). Previous studies (Dayan et al.,
1991; Gkikas et al., 2018; Logothetis et al., 2021; Moustaka
et al., 2024), revealed substantial differences in dust trans-
port pathways, vertical structure, and residence time between
the central and eastern Mediterranean regions. For example,
according to Dayan et al. (1991) during the period from Au-
gust 1988 to September 1989, seven dust events were traced
using the Branching Atmospheric Trajectory (BAT) model.
The analysis of these events showed that Saharan dust in
the central Mediterranean is usually transported in deeper at-
mospheric layers and for longer durations (2—4 d) compared
to the eastern Mediterranean, where dust during the autumn
typically originates from the Arabian Desert and travels for
shorter periods (approximately 1d) in shallower layers with
lower optical depth values.

The aerosol direct radiative effects (DREs) refer to the al-
teration in net radiation due to variations in the properties and
concentration of atmospheric aerosols, resulting from their
scattering and absorption of radiation (Bellouin et al., 2020;
Mateos et al., 2014). It plays a crucial role in understand-
ing climate change, as highlighted in numerous studies (e.g.
Cuevas-Agull6 et al., 2024; Gil-Diaz et al., 2025; Hansen et
al., 1998; Kok et al., 2023). There are several studies that in-
vestigated the aerosol DREs across the full shortwave (SW)
spectral range, encompassing ultraviolet (UV), visible, and
near-infrared wavelengths, as well as within specific spec-
tral sub-bands (Rajeev and Ramanathan, 2001; Garcia et al.,
2008; Mateos et al., 2014). Regarding the surface DREs, Di
Biagio et al. (2010) reported an instantaneous daily maxi-
mum for desert dust aerosol in the central Mediterranean dur-
ing the period 2004-2007, reaching —61 W m~2, indicating
surface cooling. The DREat surfacecan significantly influ-
ence local atmospheric temperatures, usually by cooling the
surface, and influence wider weather patterns (Gkikas et al.,
2018). Additionally, dust aerosols can greatly affect energy
production (Hansen et al., 1997; Kosmopoulos et al., 2017,
2018), particularly by decreasing the efficiency of solar pan-
els (Boucher et al., 2014). Over Cyprus, Fountoulakis et al.
(2021) quantified the combined effects of aerosols and clouds
on surface solar radiation and showed that aerosols cause an-
nual reductions of approximately 5 %—10 % in Global Hor-
izontal Irradiance (GHI) and 15 %-35 % in Direct Normal
Irradiance (DNI). These reductions are comparable to, and
during certain periods exceed, cloud-induced attenuation (for
example in March with 19 % for GHI and 26 % for DNI),
underscoring the critical role of dust aerosols in shaping the
island’s solar energy resource. Cyprus’s strategic location in
the Eastern Mediterranean makes it a key region for study-
ing aerosol effects, particularly the impact of mineral dust on
atmospheric processes and solar energy potential. Previous
studies have documented the region’s exposure to dust trans-
ported from different areas (Achilleos et al., 2020), its rela-
tively high dust aerosol load (Mamouri et al., 2016; Nisantzi
et al., 2015), and the potential differences in dust optical
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properties between its two main source regions: the Sahara
and the Middle East (Nisantzi et al., 2015).

However, the DREs of dust over Cyprus, as well as the in-
fluence of source-dependent dust properties, have not been
fully quantified. Owing to its geographical location at the
crossroads of the Sahara Desert and the Middle East, Cyprus
provides a unique region for investigating the radiative im-
pact of transported mineral dust and assessing potential
source-related contrasts. This study combines a comprehen-
sive climatological analysis of dust events with source attri-
bution and radiative impact assessment using a seven-year
dataset (2015-2022) from the Agia Marina Xyliatou station.
Dust events are first identified and analysed to quantify their
overall radiative effects and subsequently classified accord-
ing to their source region (Saharan or Middle Eastern) using
AERONET aerosol optical properties, back-trajectory analy-
sis, and auxiliary satellite observations. The source-resolved
aerosol optical properties are used as input to radiative trans-
fer simulations to quantify the SW DREs of dust at the sur-
face, within the atmosphere, and at the top of the atmo-
sphere. Modelled GHI are validated against ground-based ir-
radiance measurements. The manuscript is structured as fol-
lows: Sect. 2 describes the area, instrumentation and method-
ology; Sect. 3 presents the results, including the overall radia-
tive impact and the source-based analysis; Sect. 4 discusses
the findings in the context of previous studies; and Sect. 5
summarizes the main conclusions.

2 Area, Instrumentation and Methodology
2.1 Description of the study area

Agia Marina Xyliatou station (AMX) (Peletidou et al., 2023;
Pikridas et al., 2018), part of the Cyprus Atmospheric Ob-
servatory (CAO; https://cao.cyi.ac.cy/agia-marina-xyliatou/,
last access: 3 March 2026), is located at a remote site in
central Cyprus (35.04°N; 33.06° E; 535 m a.s.1.) near the vil-
lages of Agia Marina and Xyliatos, within the Forestry De-
partment premises of “Agia Marina Xyliatou”. The surround-
ing landscape is primarily covered by vegetation, with agri-
cultural activities occurring more than 4km away and the
nearest urban center at least 35 km away (Theocharidis et al.,
2025). As a result, the site is not directly influenced by local
pollution sources.

In respect to the weather conditions, AMX is characterized
by hot, dry summers and mild, rainy winters. The average
daily temperature is approximately 19 °C, ranging from 1 to
36 °C, and the relative humidity averages around 55 %, with
values fluctuating between 13 % and 82 % (Baalbaki et al.,
2021). The prevailing wind regime is dominated by northerly
“Etesian” winds, occurring more than 65 % of the time,
which transport air masses primarily from mainland Turkey
and, to a lesser extent, Europe. Additionally, aerosol layers
originating from North Africa, the Middle East, and the west-
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ern Mediterranean, are often observed over the region, mak-
ing the site well-suited for investigating transboundary pol-
lution and natural aerosols such as desert dust (Baalbaki et
al., 2021).

To characterize the meteorological conditions during the
study period, 10 min measurements of air temperature, rel-
ative humidity, wind speed and direction at 10 m, were ob-
tained from the nearby Xyliatos Dam (2km away from
AMX) meteorological station operated by the Cyprus De-
partment of Meteorology. Seasonal statistics for the period
September 2015-December 2022 are summarized in Ta-
ble S1 of the Supplement. The warmest and driest condi-
tions were observed during summer (JJA), with a mean air
temperature of 26.9 = 3.0 °C and a mean relative humidity of
43.9 £ 15.3 %, whereas winter (DJF) was characterized by
cooler (10.1 £ 3.0 °C) and more humid (67.0 &= 10.6 %) con-
ditions. Mean wind speeds remained relatively low through-
out the year (1.07-1.49 ms™!), with southerly winds being
the most frequently observed during DJF, MAM and SON,
and north-north westerly winds during JJA.

AMX experiences clear seasonal fluctuations in particulate
matter (PM) concentrations. Specifically, during MAM and
JJIA, PMg levels, reaching a warm-season plateau of around
27pgm™3, increase due to dust-influenced transported air
masses and local dust re-suspension from croplands (Pikri-
das et al., 2018). From DJF to JJA, PM, 5 concentrations in-
crease by approximately 50 %, rising from about 10 ugm—3
in winter to around 15 ugm™3 in summer. This seasonal in-
crease has been attributed to enhanced photochemical activ-
ity, reduced precipitation that prolongs aerosol lifetime, and
the transport of fine-mode pollutants from regional sources,
including Turkey and, to a lesser extent, Europe (Pikridas et
al., 2018).

To further support the analysis of aerosol conditions over
Cyprus, observations from a second site, the Limassol CUT-
TEPAK station, were used. The station is operated as part
of the Cyprus Atmospheric Remote Sensing Observatory
National Facility (CARO NF) of the Eratosthenes Centre
of Excellence at Limassol (34.68°N, 33.04°E) (Ene et al.,
2024). Limassol, with its subtropical Mediterranean climate,
also exhibits complex aerosol dynamics driven by both local
emissions (e.g., traffic, biomass burning, industry) and long-
range dust transport from the Sahara and the Middle East
(Nisantzi et al., 2015).

Both AMX and Limassol stations host sun/sky photome-
ters that are part of the AERONET network. These instru-
ments provide direct measurements of aerosol optical depth
(AOD) and its spectral dependence, expressed through the
Angstrém exponent (Angstrom, 1929). In parallel, broad-
band solar flux is monitored at AMX, since 2015, using Kipp
& Zonen (K&Z) radiometers, which capture both direct and
diffuse components of downwelling solar radiation at the sur-
face. A detailed description for the different data and instru-
ments used in the stations is presented in Sect. 2.2.

Atmos. Meas. Tech., 19, 5753-5783, 2026


https://cao.cyi.ac.cy/agia-marina-xyliatou/

5756

2.2 Data and Instruments
2.2.1 AERONET

As part of the global Aerosol Robotic Network (AERONET)
(Holben et al., 1998, 2001), a Cimel Electronique Sun Pho-
tometer (model CE 348NE), has been operating continu-
ously during the last 11 years at AMX station. The instru-
ment performs direct-sun measurements nominally at min-
utes intervals during daylight, with each observation com-
prising a triplet of measurements. The effective sampling in-
terval is nevertheless irregular because of cloud screening,
sky-radiance measurement sequences, instrument operation
and quality-control filtering. Since May 2015, it has been
performing direct sun measurements at specific wavelengths
of 340, 380, 440, 500, 675, 870, 1020, 1640 nm except 2017
with specific wavelengths of 440, 675, 870, 1020 nm, while
also measuring the sky radiance in the solar almucantar and
principal plane configurations at 440, 675, 870, and 1020 nm
wavelengths. Correspondingly, Limassol station has been
equipped with a sky/lunar sun photometer model CE 318 by
Cimel Electronique since April 2010, measuring the direct
solar and sky radiances at nine bands centred at 340, 380,
440, 500, 675, 870,937, 1020, and 1640 nm (10 nm FWHM),
with a field of view of 1.2°.

The direct sun measurements are used to derive the
spectral aerosol optical depth (AOD) and the associated
Angstrom exponent (AE), while sky radiance data, com-
bined with AOD, are used to retrieve various aerosol optical
and microphysical properties through spectral inversion tech-
niques (Dubovik and King, 2000). These properties, among
others, include particle size distribution, single scattering
albedo (SSA), asymmetry parameter (ASY), the fraction of
non-spherical particles, and the fine-mode fraction (FMF).

AERONET data are categorized into three levels. Level
1.0 includes raw data, Level 1.5 consists of cloud-screened
data, and Level 2.0 contains cloud-screened and quality-
assured data. Level 2 data are only available after a post-
calibration of the instrument has taken place, which could
mean up to a year after the measurements. The retrievals used
here were performed using Version 3 of the AERONET re-
trieval algorithm (Sinyuk et al., 2020), providing AOD, SSA,
ASY, and total column water vapor (TCWV). It is impor-
tant to note that Level 2.0 SSA and ASY data require an
AOD (440 nm) > 0.4, significantly reducing the availability
of the products. Therefore, in this study, to retain a note-
worthy sample size, we use Level 1.5 SSA and ASY after
applying additional quality-control criteria as introduced by
Kazadzis et al. (2016), while Level 2.0 data are implemented
for AOD, AE, FMF and TCWYV. Because SSA and ASY
are retrieved from less frequent almucantar observations than
the direct-sun products, their values were temporally interpo-
lated within each day to the timestamps of the corresponding
Level 2.0 direct-sun observations. The interpolation was per-
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formed only for days with valid retrievals from both product
types and was restricted to within-day observations.

2.2.2 Surface solar radiation measurements

Since June 2015, a solar flux monitoring station has been op-
erational at the AMX station as part of the collaboration be-
tween the Laboratory of Atmospheric Optics (LOA), Univer-
sity of Lille, and the Cyprus Institute. The station is equipped
with a Kipp & Zonen Solys 2 solar tracker, a Kipp & Zonen
CM22 pyranometer for measuring diffuse horizontal irradi-
ance (DHI), and a Kipp & Zonen CHP1 pyrheliometer for
measuring direct normal irradiance (DNI). Global horizontal
irradiance (GHI) is subsequently calculated as the sum of the
diffuse component and the direct component projected onto
the horizontal plane. The radiometric signals are sampled at
1 Hz, and 1 min mean values are calculated and recorded us-
ing a Campbell Scientific CR1000 datalogger. These 1 min
data provide the basis for the cloud-screening procedure and
the validation of the radiative transfer simulations presented
in this study.

All sensors are inter-compared and calibrated on-site
against LOA reference instruments every 2 years in ac-
cordance with the manufacturer recommendations, with the
most recent calibration performed in June 2024. Differences
relative to the reference instruments did not exceed 2 %
throughout the measurement period, ensuring high measure-
ment quality. Instruments are cleaned weekly, and quality
control procedures include the removal of measurements af-
fected by power outages or instrument malfunctions. Clear-
sky conditions were identified using an irradiance variability
filtering approach similar to the AERONET cloud-screening
methodology. Specifically, the ratio of the standard deviation
to the mean was calculated over three consecutive measure-
ments, and thresholds, defined separately for ascending/de-
scending solar zenith angle conditions and near-zenith ob-
servations, were applied using a reference clear-sky day.

2.2.3 PollyXT

The Light Detection and Ranging (LIDAR) profiling of at-
mospheric aerosol and cloud layers has become increasingly
important for climate research during over the past decades,
as it provides vertically resolved aerosol/cloud information
(Ansmann et al., 2012; Ansmann and Miiller, 2005; En-
gelmann et al., 2016). Driven by the critical need for ad-
vanced multiwavelength-Raman-polarization lidars that are
user-friendly and capable of classifying aerosols, a compact
LIDAR system known as PollyXT was developed over the
past decade at the Leibniz Institute for Tropospheric Re-
search (TROPOS) along with global partners (Baars et al.,
2016). Specifically, PollyXT LIDAR is a fully automated in-
strument capable of 24/7 operation (Engelmann et al., 2016).
It is equipped with:
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i. Three (3) elastic backscatter channels, at 355, 532 and
1064 nm.

ii. Two (2) rotational-vibrational Raman channels, at 387
and 607 nm.

iii. Two (2) linear depolarization channels at 355 and
532 nm.

iv. One (1) water vapor detection channel at 407 nm.

v. Two (2) near field elastic backscatter channels, at 355
and 532 nm.

vi. Two (2) near field rotational-vibrational Raman chan-
nels, at 387 and 607 nm.

In the framework of CyCARE campaign, during 22 Octo-
ber 2016 to 26 March 2018, the PollyXT as part of the mo-
bile Leipzig Cloudnet supersite LACROS (Leipzig Aerosol
and Cloud Remote Observation System) (Biihl et al., 2013,
2016), was moved to Cyprus and specifically at Cyprus
University of Technology (CUT) in the city center of Li-
massol (Ansmann et al., 2019). The CyCARE campaign is
part of a long-term cooperation between TROPOS and CUT
established in 2012. Additionally, since September 2020,
a PollyXT LIDAR is also operated at the Cyprus Atmo-
spheric Remote Sensing Observatory (CARO) of the Eratos-
thenes Centre of Excellence at Limassol (34.68° N, 33.04°E,
2.8ma.s.l.). CARO is part of the ACTRIS (Aerosols, Clouds
and Trace Gases Research InfraStructure) National Facility
of the Republic of Cyprus for the remote sensing of aerosols
and clouds (Mamouri et al., 2026). The LIDAR Depolariza-
tion (LD) classification used in this study is derived from
the intensive optical properties retrieved by the PollyXT LI-
DAR and distinguishes between pure dust, dust mixtures,
and other aerosol types. Polarization LIDAR measurements
are widely used to identify mineral dust and aerosol mix-
tures through their depolarization characteristics and there-
fore provide valuable information on the vertical distribution
and type of atmospheric aerosols.

2.24 MODIS

In addition to the ground-based observations, images
from the Moderate Resolution Imaging Spectroradiometer
(MODIS; https://modis.gsfc.nasa.gov, last access: 1 Septem-
ber 2026) were used to verify the presence of dust events.
MODIS is a key instrument aboard the Terra and Aqua satel-
lites, which provide near-global coverage every one to 2d.
Terra follows a north-to-south trajectory across the equa-
tor in the morning, while Aqua moves south-to-north in
the afternoon. MODIS acquires data in 36 spectral bands
spanning different wavelength ranges (Barnes et al., 2003).
In this study, MODIS corrected reflectance (true-color) im-
agery from NASA EOSDIS LANCE (https://earthdata.nasa.
gov/lance, last access: 3 March 2026) and GIBS/Worldview
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(https://worldview.earthdata.nasa.gov/, last access: 3 March
2026) platforms are used to visually confirm dust outbreaks.

2.3 Models
2.3.1 HYSPLIT trajectory model

The Hybrid Single-Particle Lagrangian Integrated Trajec-
tory (HYSPLIT) model is widely used to calculate back-
ward air mass trajectories from specified locations, partic-
ularly in dust transport studies (Rolph et al., 2017; Stein et
al., 2015; Su et al., 2015). In this study, backward trajecto-
ries were driven using meteorological fields provided by the
National Oceanic and Atmospheric Administration (NOAA).
For the period up to June 2019, the Global Data Assimi-
lation System (GDAS) dataset, with a spatial resolution of
0.5° x 0.5°, was used, while for the period from June 2019 to
2022, the Global Forecast System (GFS) dataset with a spa-
tial resolution of 0.25° x 0.25° was employed (https://www.
ready.noaa.gov/archives.php, last access: 11 July 2026). Ac-
cordingly, to verify the origin of dust layers transported over
Cyprus, we run the HYSPLIT model in backward mode at
specify altitudes based on dust layers’ height identified from
the PollyXT LIDAR system.

2.3.2 Radiative Transfer Model

For the radiative transfer simulations, we used the UVSPEC
model from libRadtran version 2.0.5 radiative transfer pack-
age (Emde et al., 2016; Mayer and Kylling, 2005) to simu-
late SW radiation for the identified dust cases over the period
2015-2022. Solar fluxes were simulated using the available
DISORT solver (Stamnes et al., 1988, 2000) for both surface
and top of the atmosphere to calculate the dust radiative ef-
fects as described in Sect. 2.4.3. Most of the input data were
obtained from AERONET, while total column ozone (TCO)
was retrieved from the Ozone Monitoring Instrument (OMI)
aboard the Aura satellite, which among others provides daily
TCO measurements at a spatial resolution of approximately
13 x 24 km since July 2004 (Levelt et al., 2018). Aerosol op-
tical depth (AOD) at 440 and 675 nm was used to derive the
Angstrom coefficients () and (8) according to the Angstrom
power-law relationship. These two parameters were then sup-
plied to libRadtran, which reconstructs the spectral variation
of AOD at the model wavelength grid over the simulated
wavelength range (289-3000 nm) through the relationship:

AOD;) = Br7*, (D

where A is expressed in micrometres (Angstrom, 1929).
Thus, the spectral AOD was not prescribed at discrete wave-
lengths but represented using the fitted Angstrém parameter-
ization. Throughout the manuscript, aerosol optical proper-
ties (e.g., AOD and SSA) are reported at 440 nm for consis-
tency with the aerosol classification methodology and previ-
ous dust characterization studies. AFGL Midlatitude Winter
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and AFGL Midlatitude Summer atmospheric profiles were
adopted for December—February and March—-November, re-
spectively (Anderson et al., 1986). Table 1 provides the input
parameters in the radiative transfer model, along with their
respective sources and references.

Radiative transfer simulations were performed for each
individual AERONET observation using the corresponding
observation time and geographical location. Consequently,
the solar zenith angle (SZA) was calculated internally by li-
bRadtran for every simulation. The simulated surface solar
fluxes were validated against cloud-free ground-based mea-
surements of GHI. For the validation analysis, each radia-
tive transfer simulation was matched with the nearest cloud-
free irradiance observation within a +15 min time window.
This comparison provides an independent assessment of the
model’s ability to reproduce the observed effects of aerosols
on surface solar radiation. Only observations with SZA < 65°
were retained to reduce uncertainties associated with the an-
gular response of the radiometer and to avoid the amplifica-
tion of relative differences under low-irradiance conditions.

Model performance was evaluated using both the abso-
lute and relative differences between simulated and measured
GHI:

AGHI = GHImodel — GHIppeas, (2)
GHI — GHI
AGHIg, = 100 model meas ’ 3)
GHIpeas

Negative values indicate model underestimation, whereas
positive values indicate model overestimation. The percent-
ages of simulations falling within +20 and 50 W m~2, and
within £5 % and £10 % of the observations, were then cal-
culated to assess the overall model-measurement agreement.
This validation provides an independent assessment of the
ability of the radiative transfer configuration to reproduce
observed cloud-free surface irradiance under aerosol condi-
tions.

2.4 Methodology
2.4.1 Aerosol Classification

The different aerosol species and dust events were initially
identified using observations from the AMX AERONET sta-
tion (35.04° N, 33.06° E). For the classification we follow the
method of AERONET-Dubovik (AD; Dubovik et al., 2002)
climatology, which establishes thresholds based on the rela-
tionship between AOD at 440nm and the ;\ngstr('jm Expo-
nent (AE) between 440-870 nm (AE440-870). This approach
enables the separation of aerosol types into categories such as
dust, mixed aerosols, marine particles, biomass burning/pol-
luted aerosols, and continental particles.

Identifying the geographical origin of dust is essential for
understanding its radiative effects. In this study, dust events
were classified according to their source region, focusing on
the Sahara Desert and the Middle East, which represent the
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two dominant dust sources influencing Cyprus. This distinc-
tion is relevant, as dust originating from these regions may
exhibit differences in optical and radiative properties (Foun-
toulakis et al., 2021; Nisantzi et al., 2015), which are investi-
gated in the subsequent analysis.

2.4.2 Identification of dust events

Dust events were identified under cloud-free conditions to
minimize the influence of clouds on both aerosol and radia-
tion measurements. Cloud-free periods at the AMX surface
radiation station were determined using an irradiance-based
variability filtering approach, consistent with the methodol-
ogy applied in AERONET cloud screening. Specifically, the
ratio of the standard deviation to the mean was calculated
over three consecutive measurements of direct and diffuse
solar irradiance. Thresholds, defined separately for ascend-
ing/descending solar zenith angle conditions and near-zenith
observations, were applied based on a reference clear-sky
day. Only time intervals satisfying these criteria were re-
tained for further analysis. For the model-measurement val-
idation (Sect. 3.4), AERONET data (Sect. 2.2.1) were tem-
porally matched with the filtered clear-sky ground-based ra-
diation measurements, retaining only observations within a
415 min window. This strict temporal collocation was ap-
plied exclusively for the validation exercise, ensuring consis-
tency between radiative transfer simulations and in situ radi-
ation observations.

For the remainder of the analysis, AERONET data were
used independently of the surface radiation measurements
to maximize temporal coverage, as continuous ground-based
radiation data were not available for the full study period.
To characterize the vertical distribution of aerosol layers,
LIDAR observations from the PollyXT system (Ene et al.,
2024; Mamouri et al., 2023), located at the Cyprus University
of Technology (~40km from the AMX site), were incorpo-
rated. Given the regional scale of dust transport over Cyprus,
it is assumed that elevated dust layers typically extend over
both sites. The high vertical resolution of the LIDAR mea-
surements enables the detection of elevated dust layers above
the boundary layer, which is essential for accurate source at-
tribution.

LIDAR observations enable the classification and discrim-
ination of dust particles based on their optical properties, par-
ticularly the particle linear depolarization ratio and backscat-
ter signals, allowing for the distinction between mineral dust
and other aerosol types (Mamouri and Ansmann, 2017). For
days when LIDAR measurements were unavailable or in-
conclusive, HYSPLIT backward trajectories were initialized
at fixed altitudes of 1000, 2000, 3000, and 4000 m above
ground level to represent the potential vertical extent of the
transported dust layers. MODIS true-colour imagery from
the instruments aboard NASA’s Terra and Aqua satellites, ac-
cessed via the NASA GIBS/Worldview platform, was used
as an auxiliary tool to visually confirm the presence, spa-
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Table 1. Input parameters to the radiative transfer model, their sources, and corresponding references.

Input Source References Comments

Solar flux at TOA Kurudz_0.1 Kurucz et al. (1992)

Absorption REPTRAN Fine Gasteiger et al. (2014)

parameterization

Vertical aerosol Default libRadtran Shettle (1989)

extinction profile aerosol profile

Angstrom coefficients  Derived from Angstrom (1929), Derived from AERONET AOD

(«) and (B) AERONET AOD Dubovik and King (2000)

SSA and ASY AERONET Dubovik et al. (2002) Arithmetic mean of values at 440 and 675 nm,
applied as spectrally constant

Surface albedo Assumed as a constant value of 0.12

Atmospheric profile Anderson et al. (1986) AFGL Midlatitude Summer (March—November),
AFGL Midlatitude Winter (December—February)

TCO OMI Levelt et al. (2018) Specified in DU

TCWV AERONET Holben et al. (1998) with an estimated uncertainty of 10 %—15 %

(Fragkos et al., 2019, 2024; Holben et al., 1998)

Wavelength range Model setting

Emde et al. (2016)

289-3000 nm; 1 nm spline output

Solar zenith angle Internally calculated

Based on time, latitude and longitude

tial extent, and transport pathway of the dust plumes. To de-
termine dust source regions, air-mass back trajectories were
computed using the HYSPLIT model in backward mode
(Draxler, 1998). Trajectories were initiated from the AMX
station and calculated 72 h backward in time. When LIDAR
data were available, trajectory starting altitudes corresponded
to the observed dust layer heights. In the absence of LIDAR
data, trajectories were initiated at fixed altitudes of 1000,
2000, 3000, and 4000 m above ground level to capture po-
tential transport pathways at different atmospheric layers.
Dust events were subsequently classified as Saharan, Mid-
dle Eastern, or mixed-source events through the combined
analysis of HYSPLIT trajectories and MODIS imagery. It
should be noted that MODIS is more effective in identifying
moderate-to-strong dust events with sufficiently high aerosol
optical depth and spatial extent, while weaker or more diffuse
dust events (e.g., low AOD cases) may not always be clearly
detectable. Therefore, MODIS observations were used as a
complementary tool to support the source attribution. Finally,
an additional filtering criterion based on the fine-mode frac-
tion (FMF) was applied to refine the dataset used for radia-
tive transfer analysis. The FMF, obtained from AERONET
products, was used as an indicator of aerosol size distribu-
tion and mixing state. A threshold of FMF < 0.4 was adopted
because it corresponds to the transition between the coarse-
mode-dominated and mixed-aerosol populations in the FMF
distribution, while also being consistent with thresholds com-
monly used in previous studies to identify predominantly
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mineral dust conditions (Gobbi et al., 2007; Logothetis et al.,
2020; Rogozovsky et al., 2024). Only cases with FMF < 0.4
were retained, ensuring the dominance of coarse-mode par-
ticles and restricting the analysis to predominantly mineral
dust conditions. This criterion also reduces the influence of
mixed aerosol conditions, particularly dust—pollution mix-
tures frequently observed in air masses originating from the
Middle East (Logothetis et al., 2020).

2.4.3 Estimation of dust direct radiative effects

Dust direct radiative effects (DREs) were estimated using ra-
diative transfer simulations performed under cloud-free con-
ditions for both aerosol and aerosol-free scenarios, while
keeping all other atmospheric and surface input parame-
ters identical. In the framework of this study, the libRad-
tran radiative transfer package (see Sect. 2.3.2), constrained
by observationally derived aerosol optical properties, is em-
ployed to compute solar fluxes. Radiative transfer (RT) sim-
ulations were performed at the temporal resolution of the in-
put observations, i.e. at the time of each available AERONET
measurement. For each case, instantaneous shortwave fluxes
were calculated at the surface and TOA under both aerosol
and aerosol-free conditions. The corresponding instanta-
neous DREs were then derived and subsequently averaged to
obtain monthly mean values. Monthly climatologies were de-
rived using all quality-controlled observations (SZA < 65°).
To assess the influence of solar zenith angle on the monthly
DRE climatology, the analysis was additionally repeated us-
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ing only observations acquired within a common solar zenith
angle interval (60 £ 4°), enabling a consistent comparison of
monthly and seasonal DRE values under similar illumination
conditions.

Following Gkikas et al. (2018) and Moustaka et al. (2023),
the DREs are computed at the top of the atmosphere (TOA),
within the atmosphere, and at the surface. The surface DRE
presented in this study corresponds to the net shortwave ra-
diation. Calculations are performed for the shortwave (SW)
spectrum (300-3000 nm) radiation according to the follow-
ing equations:

DRET0A = F110A,RADOFF — F1TOA RADON, 4)
DRESurface = (F 4 SURF,RADON — F 1 SURF,RADON)

— (F {SurE.RADOFF — F 1 SURF,RADOFF) , (5
DREAtmosphere = DRETOA — DRESurfaces (6)

where F represents the SW fluxes (in W m_Z), F; raDON and
F; raDpoFF represent the SW irradiances under the real and
aerosol-free conditions, respectively, with arrows represent-
ing upwelling (1) and downwelling (| ) radiative fluxes, re-
spectively.

In addition to DREs, the aerosol direct radiative forcing
efficiency (DRFE) is defined as the rate at which the radia-
tive effect changes per unit of AOD (Di Biagio et al., 2009;
Tian et al., 2021). In this study, DRFE is assumed as lin-
ear and determined as the slope of linear fits in the DREs
vs. AOD at 440 nm. DRFE values are expressed in W m™>
per AOD440 nm-unit (W m~2 7~ 1. In brief, DREs are di-
rectly related to both the aerosol loading (expressed through
AQOD) in the atmosphere and other aerosol optical proper-
ties, whereas DRFE is independent of the AOD and primar-
ily reflects the influence of aerosol optical properties (such as
SSA).

Following the dust identification methodology and source
attribution process, we selected four representative dust case
studies for detailed radiative analysis:

— Two Saharan dust events, and

— Two Middle Eastern dust events, chosen based on the
highest AOD values observed during the 7-year study
period.

This selection ensures that our radiative effect analysis
focuses on the most intense and climatically relevant dust
episodes affecting Cyprus.

Focusing solely on dust-dominated case studies, the above
methodology allows us to quantitatively assess the influence
of dust aerosols on the surface, TOA and within atmosphere
SW radiation budget. The calculated DREs and DRFE met-
rics provide insight into both the magnitude of the radiative
impact and its sensitivity to dust aerosol loading and prop-
erties. The overall workflow of the analysis is illustrated in
Fig. 1.

Atmos. Meas. Tech., 19, 5753-5783, 2026

G. Charalampous et al.: Saharan and Middle Eastern dust radiative effects over Cyprus

3 Results and Discussion
3.1 Aerosol Classification

As an initial step in the identification of dust events, aerosol
classification was carried out using measurements from the
AMX AERONET station. Figure 2a illustrates the classifi-
cation of aerosols at the AMX station for the period 2015-
2022, based on the AD classification scheme, which utilizes
the relationship between AOD at 440 nm and the Angstrém
exponent (440-870 nm). Distinct clusters corresponding to
marine, biomass burning—polluted, dust, mixed, and conti-
nental aerosols are identified. All available observations were
assigned to one of these five categories based on the applied
AD thresholds. Figure 2b and ¢ show that continental and
marine aerosols are the most persistent types at the site, while
dust, mixed, and biomass burning—polluted aerosols also ap-
pear frequently, highlighting the complex aerosol mixture
over Cyprus. The seasonal distribution of aerosol types is
further illustrated in Fig. 2b, providing a comprehensive
overview of the temporal variability in aerosol composi-
tion. It should be noted that the overall statistics were cal-
culated using all individual AERONET measurements col-
lected during the study period. Detailed descriptive statis-
tics for each aerosol class, including the number of obser-
vations, mean, median, standard deviation and interquar-
tile range of AODg440 and AE440-g70, are provided in Ta-
ble S2 of the Supplement. Dust aerosols over Cyprus ex-
hibit a clear seasonal pattern, with maximum occurrence dur-
ing MAM comprising approximately 28.3 % of all aerosol
measurements (Fig. 2b.i). During JJA, the frequency of dust
events drops markedly to 5.6 % (Fig. 2b.ii), corresponding
to the prevalence of a stable subtropical anticyclone over the
eastern Mediterranean, which suppresses large-scale merid-
ional transport and reduces dust advection from North Africa
(Moulin et al., 1998). A secondary increase in dust occur-
rence is observed during SON (12.7 %) (Fig. 2b.iii), which
is primarily due to the re-establishment of baroclinic activ-
ity and frequent passage of cyclonic systems, frontal distur-
bances, and synoptic-scale troughs over North Africa, which
enhance the uplift and long-range transport of Saharan dust
toward the eastern Mediterranean (Almazroui and Awad,
2016; Moulin et al., 1998; Gkikas et al., 2013). In addition,
regional circulation patterns and the development of low-
pressure systems over the central and eastern Mediterranean
during this season can promote the advection of mineral dust
from Middle Eastern sources toward the eastern Mediter-
ranean, further contributing to the elevated dust frequency.
During DJF, dust occurrence is low (5.4 %) (Fig. 2b.iv),
likely due to both reduced dust source activations in North
Africa, owing to increased soil moisture and lower surface
temperatures, and the dominance of westerly flows that are
less favorable for dust transport to the eastern Mediterranean
(Gkikas et al., 2013). These seasonal fluctuations illustrate
the great impact of climatic conditions on dust dynamics,
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Figure 1. A schematic overview of the applied methodology.

therefore stressing the significance of MAM and SON as
peak dust transport seasons, JJA and DJF are still less in-
fluenced by mineral dust occurrences. Figure 2b.iv includes
a table summarizing this classification by presenting the me-
dian AOD44g for each aerosol type. Although dust and mixed
aerosols are not the most frequent, they are associated with
the highest median AOD values, indicating that these aerosol
types correspond to periods of enhanced aerosol loading. In
contrast, marine and continental aerosols exhibit much lower
median AOD values, indicating lower aerosol loading. Nev-
ertheless, their radiative effects also depend on intensive op-
tical properties that govern aerosol scattering and absorption
efficiency.

3.2 Origin of dust layers

After classifying the different cases based on aerosol type
using AERONET optical products, we further separated the
identified dust events according to their source region. The
initial dust classification derived from AERONET aerosol
optical properties was verified using 72h backward air
mass trajectories computed with the HYSPLIT model, ini-
tialized from the AMX site at multiple altitudes (LIDAR-
derived heights when available, or fixed levels between
10004000 m). Additional local confirmation was provided
by LIDAR observations, which classify aerosol types based
on fundamentally different physical principles, such as par-
ticle depolarization characteristics. A high level of agree-
ment was found between the three independent approaches,
with consistent classification in approximately 94.3 % of the
cases, while discrepancies were observed in the remaining
5.7 %, primarily in situations involving mixed aerosol con-
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ditions or weak dust signals. These differences are expected
given the distinct sensitivities of each method. Overall, the
strong consistency between AERONET-based typing, HYS-
PLIT transport analysis, and LIDAR depolarization-based
classification enhances confidence in the robustness of the
dust event identification. The origin of each case was further
cross-checked with MODIS satellite imagery (see Sect. 2.4.2
for the full methodology, Fig. 3 for representative exam-
ples). Overall, approximately 86 % of the dust events affect-
ing Cyprus during 2015-2022 were traced back to North
Africa by HYSPLIT, while the remaining 14 % originated
from the Middle East, underscoring the dominant role of the
Sahara as a dust source for the region. This corresponds to a
total of 232 dust events, comprising 199 Saharan dust cases
and 33 Middle Eastern dust cases, which formed the initial
dataset for the subsequent analyses.

A comparison between the LIDAR-based aerosol classi-
fication and the CIMEL-based dust origin classification was
performed for this study using coincident measurements over
the study period (Fig. 4). Each point in the figure represents
1d for which simultaneous AERONET and LIDAR obser-
vations were available under cloud-free conditions. It should
be noted that LIDAR measurements were not continuously
available throughout the full study period, which limits the
number of coincident cases. Each case is represented in the
space of particle linear depolarization ratio and LIDAR ratio,
as observed by LIDAR. The technique permits the discrim-
ination of desert dust from other aerosols such as biomass-
burning smoke, maritime particles, or urban haze as well as
the separation of fine and coarse dust (Mamouri and Ans-
mann, 2014, 2017). The analysis of the LIDAR observa-
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Figure 2. (a) Aerosol classification by AERONET-Dubovik’s climatology (Marine particles, Biomass Burning-Polluted particles, Dust,
Mixed and Continental particles) of AMX station [blue: marine, gray: biomass/burning-polluted, orange: dust, red: mixed, pink: continen-
tal]. (b) Pie chart of the seasonal classification of Aerosols in “MAM”: March—April-May, “JJA”: June-July—August, “SON”: September—
October—-November, “DJF”: December—January—February. (¢) Annual aerosol type distribution. (d) Summary table of the median AOD

440 nm by aerosol type.

tions was based on the profiling of the optical properties and
the aerosol type in the defined aerosol layers. More specif-
ically, the identification of the source of aerosol particles
was possible with the synergetic use of in situ and satellite
measurements, as well as utilizing model estimations. Three-
day backward trajectories (HYSPLIT-4) were calculated for
the centre of the layer observed and for the time of the LI-
DAR measurement (Giannakaki et al., 2016). Each aerosol
layer was classified into one of the four main aerosol types,
i.e. marine, dust, continental (urban, european) and biomass
burning. Furthermore, a distinguish between different desert
sources from Africa (Saharan) and Middle East (Arabian) as
well as mixed and polluted aerosol layers have been taken
into consideration (Mamouri et al., 2026). In contrast, the
AD classification is based on optical properties (AOD and
Angstrém exponent) and is used here to identify the domi-
nant dust and with HYSPLIT model the source region (Sa-
hara, Middle East, or mixed), without discriminating be-
tween pure and mixed dust conditions. For consistency in the
comparison, all AD dust-origin classes were grouped under
the single category “Dust”, and merged categories were used
for visualization purposes. The LD methodology discrimi-
nates between Dust, Dust mixtures, and other aerosol types,
accounting for aerosol mixing and local atmospheric influ-
ences. Consequently, all AD dust origin classes are grouped
under the single category dust. Figure 4b presents the com-
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plete comparison, including the distinct aerosol categories
and the detailed dust source attribution (Sahara, Middle East,
or mixed), while Fig. 4a summarizes the overall agreement
between the two classification approaches by grouping all
AD dust-origin classes into a single Dust category.

A total of 37 coincident LD and AD cases were analysed
(Fig. 4a). Agreement between the two approaches was found
for 32 cases (86.5 %), all corresponding to dust-dominated
conditions consistently identified by both methods. The re-
maining five cases show disagreement. In four of these cases,
the LD classification identifies Dust mixtures, while the AD
classification attributes the aerosol to Dust (based solely on
source origin). In one case, the LD method classifies the
aerosol as Other (continental type), whereas the AD method
still attributes a dust origin. These discrepancies arise from
the different conceptual frameworks of the two approaches:
the LD classification reflects aerosol optical properties and
mixing state at the measurement site, while the AD classi-
fication provides large-scale source attribution without ac-
counting for local mixing processes. Overall, the high agree-
ment percentage confirms the robustness of the dust detec-
tion, while the disagreement cases highlight the complemen-
tary nature of optical-based typing and source-based attribu-
tion.

Based on Fig. 4b, a clear differentiation between Saha-
ran and Middle Eastern dust can also be observed in the
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Figure 3. (a-b) Saharan dust event on 22 March 2018 and (c—d) Middle Eastern dust event on 18 October 2018 over Cyprus. Panels
(a) and (c) show 72 h backward air mass trajectories calculated using the NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model with reanalysis meteorological data. Trajectories are presented for three arrival heights, indicated by red, green, and blue
lines, revealing distinct source regions for each event. Panels (b) and (d) display corresponding MODIS satellite imagery (GIBS/Worldview),
illustrating the spatial extent and transport of dust over the region during the two episodes.

depolarization—LIDAR ratio space, in agreement with Floutsi
et al. (2023). Saharan dust typically exhibits higher LIDAR
ratios and particle linear depolarization values, consistent
with its coarse-mode, non-spherical mineral particle com-
position. In contrast, Middle Eastern dust tends to display
lower depolarization values and slightly reduced LIDAR ra-
tios, likely reflecting the presence of finer particles and/or en-
hanced mixing with pollution during transport (Moustaka et
al., 2026). Dust transport from the Middle East may involve
a more complex aerosol mixture due to anthropogenic and
natural contributions in the region (Ukhov et al., 2020). Un-
like Saharan dust, which is predominantly mineral in com-
position, Middle Eastern dust events can be influenced by re-
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gional emissions, including industrial pollutants (Hatzianas-
tassiou et al., 2009; Osipov et al., 2022). Both source re-
gions may also experience mixing with marine aerosols dur-
ing transport over the Mediterranean Sea. Figure 4b further
shows that the agreement between the two approaches is con-
siderably stronger for Saharan dust than for Middle Eastern
dust. While Saharan dust cases are consistently classified by
both methods, several cases attributed to Middle Eastern dust
by the AD classification are identified by the LD classifica-
tion as Dust mixtures or other aerosols. This behaviour re-
flects the different objectives of the two methodologies: the
AD classification identifies the geographical source region of
the transported dust, whereas the LD classification character-
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Figure 4. Comparison of LIDAR Depolarization (LD)-based and AERONET-Dubovik (AD)-based aerosol classifications at the Agia Marina
Xyliatou (AMX) and Limassol stations. Comparison between the LIDAR Depolarization (LD)-based and AERONET-Dubovik (AD)-based
aerosol classifications using coincident cloud-free observations from the Agia Marina Xyliatou (AMX) and Limassol stations. Each case is
displayed in particle linear depolarization ratio-LIDAR ratio space and represented by a pie marker, with the left half indicating the LD-
based classification and the right half the AD-based classification. (a) Simplified comparison, in which all AD dust-origin classes (Sahara,
Middle East, and mixed) are grouped into a single Dust category to illustrate the overall agreement between the two methods. Green and red
marker outlines indicate agreement and disagreement between the LD and AD classifications, respectively. (b) Detailed comparison showing
the individual LD aerosol classes (Saharan dust, Middle Eastern dust, mixed dust, polluted dust, and continental aerosol) together with the
corresponding AD dust-origin classification. This panel highlights the source-dependent behaviour of the classified dust events and illustrates
the differences between the optical-property-based (LD) and source-based (AD) classification approaches.

izes the optical properties and mixing state of the aerosol at tion of dust-specific radiative impacts. For Saharan dust, ap-
the measurement site. Consequently, aerosol mixing during proximately 75.4 % of the cases exhibit FMF < 0.4, while
transport from the Middle East can modify the optical char- the remaining 24.6 % show higher fine-mode contributions
acteristics sufficiently for the arriving aerosol to be classified (FMF > 0.4). In contrast, Middle Eastern dust shows a larger
as Dust mixtures or Other, despite retaining a Middle Eastern fraction of cases with enhanced fine-mode influence, with
dust origin. 57.6 % of the cases satisfying the FMF < 0.4 criterion and
The same methodology was applied using CIMEL mea- 42.4 % exceeding this threshold. Following the application
surements from both the AMX and Limassol TEPAK sta- of the FMF < 0.4 criterion, the number of retained dust cases
tions for the same set of coincident cases. Identical CIMEL decreased from 199 to 150d for Saharan dust and from 33
classification results were obtained from both stations, lead- to 19d for Middle Eastern dust. This reduction indicates
ing to the same agreement and disagreement patterns with that Middle Eastern dust events are more frequently influ-
the LIDAR-based classification. This consistency confirms enced by fine-mode particles and aerosol mixing, consis-
the spatial robustness of the AD derived dust origin classifi- tent with their transport over populated and industrialized
cation over the region and indicates that the observed dif- regions. The retained cases therefore represent a more con-
ferences with the LD based results are not related to the servative but robust subset of dust events, suitable for iso-
choice of CIMEL station, but rather to inherent differences lating the radiative effects of mineral dust with minimal in-
between source-based and optically based aerosol classifica- terference from non-dust aerosol components. Notably, after
tion approaches. Subsequently, the fine-mode fraction was applying the FMF < 0.4 filtering criterion, all five disagree-
examined and only cases with FMF < 0.4 were selected to ment cases shown in Fig. 4 were excluded from the dataset,
ensure dominance of coarse-mode particles and to restrict suggesting that these discrepancies are primarily linked to
the analysis to predominantly pure dust conditions. This ad- mixed aerosol conditions and enhanced fine-mode contribu-
ditional filtering step was applied after the initial dust iden- tions rather than pure dust events.
tification and source attribution, as the earlier stages of the
analysis aimed to capture the full climatology of dust occur- 3.3  Intra-annual variability of dust optical properties

rences over Cyprus, including events with potential mixing. . .
The FMF criterion is introduced here to refine the dataset Analysis Of' AERONET observations for cloud-free da}"S
specifically for the radiative effect analysis, where the pres- (based on Fig. 5 and Table 2), reveals seasonal patterns in

ence of fine-mode or mixed aerosols could bias the estima- both the origin and optical properties of dust over AMX. Ta-
ble 2 summarizes the total number of dust days per month
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and shows that Saharan dust occurs consistently throughout
the year with contributions recorded in almost every month
of the seven-year period. The peak influence of Saharan dust
is observed in April and May, with May registering a max-
imum of 50 dust days over the study period (approximately
7 dust days per year). In contrast, dust contributions from
the Middle East are less frequent, distributed, but with a no-
ticeable increase in November. Taken together, these obser-
vations provide a coherent picture of the dust climatology in
the study area, with a well-defined seasonal cycle dominated
by events during MAM. This pattern aligns with prevailing
meteorological conditions that favour dust uplift and trans-
port from North Africa towards the Eastern Mediterranean
(Gkikas et al., 2016).

Figure 5a presents the monthly climatology of AOD at
440nm for Saharan and Middle Eastern dust events. Sa-
haran dust occurs more frequently during MAM (see Ta-
ble 2), resulting in elevated AOD values due to intensi-
fied dust transport from North Africa. However, during Oc-
tober and November, Middle Eastern dust exhibits higher
mean AOD values than mean Saharan dust values, partic-
ularly in October, when it reaches its seasonal maximum
AOD (0.5). For most of the remaining months, AOD values
from the two source regions are comparable within their re-
spective monthly variability. The relatively large standard de-
viations indicate substantial year-to-year variability, reflect-
ing the fact that dust transport over Cyprus is dominated
by episodic events rather than continuous background con-
ditions.

Figure 5b shows the corresponding monthly climatol-
ogy of SSA at 440nm. SSA values remain generally high
(~0.92-0.98) for both source regions, indicating predomi-
nantly scattering dust aerosols. Although Saharan and Mid-
dle Eastern dust exhibits comparable AOD values during
MAM (Fig. 5a), the SSA climatology for Middle Eastern
dust displays a less regular monthly pattern. This should be
interpreted with caution, as the Middle Eastern climatology
during MAM is based on a very limited number of cases
(one in March, two in April, and four in May, Table 2), mak-
ing the monthly means more sensitive to individual events
and their associated aerosol properties. Although some sea-
sonal fluctuations are apparent, the differences between Sa-
haran and Middle Eastern dust are within the range of the
monthly standard deviation and the retrieval uncertainty of
SSA. Therefore, no statistically robust evidence emerges that
one dust source is systematically more absorbing than the
other at 440 nm. It should be emphasized, however, that this
comparison is based on the subset of events retained after
the FMF < 0.4 filtering criterion, i.e. cases dominated by
coarse-mode dust. Given that Middle Eastern dust events are
more frequently associated with aerosol mixing, including
fine-mode contributions from anthropogenic pollution and
other sources, the applied filtering likely excludes a por-
tion of these mixed. As a result, the retained Middle Eastern
dust cases represent conditions with reduced aerosol mixing,
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making them more comparable to typical Saharan dust. This
provides a plausible explanation for the observed similarity
in SSA between the two source regions. Inclusion of more
mixed or polluted cases could potentially lead to different op-
tical characteristics, particularly with respect to absorption.

Long-term mean optical properties of Saharan and Mid-
dle Eastern dust derived from AERONET observations are
summarized in Table 3. To complement the mean = standard
deviation, median values and interquartile ranges (IQRs) are
also reported to assess the robustness of the statistics against
a small number of intense dust events. The long-term daily
mean AODyqq is 0.34 +0.12 (median 0.31, IQR 0.25-0.38)
for Saharan dust and 0.38 +0.13 (median 0.39, IQR 0.34-
0.43) for Middle Eastern dust. As shown in the monthly cli-
matology (Fig. 5a), the slightly higher mean AOD for Mid-
dle Eastern dust is primarily influenced by enhanced aerosol
loading during SON, while during MAM both sources ex-
hibit comparable AOD levels.

The long-term mean daily mean SSA440 is 0.93 +0.04
(median 0.93, IQR 0.92-0.96) for Saharan and 0.93 £ 0.03
(median 0.93, IQR 0.91-0.96) for Middle Eastern dust. In
both cases, SSA values remain high, indicating predomi-
nantly scattering aerosols. Although Middle Eastern dust ex-
hibits marginally higher mean SSA values, the differences
relative to Saharan dust are small and fall within the retrieval
uncertainty of SSA. The nearly identical mean and median
values further demonstrate the robustness of the reported
statistics. Although Middle Eastern dust exhibits marginally
different SSA values, the differences relative to Saharan dust
remain small and fall within the retrieval uncertainty of SSA.
Therefore, no robust conclusion can be drawn regarding sys-
tematic differences in absorption characteristics between the
two source regions at 440nm. The long-term daily mean
AE440-870 18 0.30£0.13 (median 0.27, IQR 0.19-0.34) for
Saharan dust and 0.37 = 0.13 (median 0.38, IQR 0.29-0.46)
for Middle Eastern dust. The slightly higher AE values for
Middle Eastern dust suggest a relatively larger fine-mode
contribution and thus smaller effective particle sizes com-
pared to Saharan dust, which is consistent with its typically
coarser mineral composition. However, the overlap in stan-
dard deviations indicates substantial variability within both
source categories.

The ASY at 440 nm exhibits very similar values for the
two dust source regions, with mean values of 0.7540.03
(median 0.74, IQR 0.73-0.76) for Saharan dust and
0.73 +0.02 (median 0.73, IQR 0.72-0.75) for Middle East-
ern dust. These relatively high values are characteristic of
coarse-mode mineral dust and indicate predominantly for-
ward scattering. The similarity of the asymmetry parameter
suggests that differences in the observed radiative effects be-
tween Saharan and Middle Eastern dust are primarily con-
trolled by aerosol loading (AOD) and absorption properties
(SSA), rather than by differences in the angular distribution
of scattered radiation.
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Figure 5. The intra-annual variability of monthly average aerosol optical properties (a) AOD at 440 nm, and (b) SSA at 440 nm for different
dust origins (SH-brown and ME-orange). Error bars represent &1 standard deviation (£10). Seasons are indicated by background colours:
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Table 2. Number of days of dust events for dust layers originating either from Sahara (SH) or the Middle East (ME).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
SH (days) 2 3 15 36 50 14 1 2 12 13 1 1
ME (days) - - 1 2 4 2 - - 1 3 6 -

Table 3. Long-term daily mean aerosol optical properties at 440 nm
for Saharan (SH) and Middle Eastern (ME) dust events derived from
AERONET observations. Values are reported as mean = standard
deviation together with the median and interquartile range (Q1-Q3)
to provide robust measures of the central tendency and variability.

Variable Source Mean+=SD  Median [Q1-Q3]
AODy49 Saharan 0.34+£0.13  0.31[0.25-0.38]
Middle Eastern  0.40+£0.13  0.39 [0.34-0.43]
SSA440 Saharan 0.93£0.04  0.93[0.92-0.96]
Middle Eastern  0.93+£0.03  0.93[0.91-0.96]
AE440-870 Saharan 0.30£0.13  0.27 [0.19-0.40]
Middle Eastern  0.37+£0.13  0.38 [0.29-0.46]
ASY 440 Saharan 0.75£0.03  0.74 [0.73-0.76]
Middle Eastern  0.73£0.02  0.73 [0.72-0.75]

Overall, while small differences in AOD and particle size
characteristics are observed between the two dust sources,
the optical properties remain broadly comparable within their
respective uncertainties. These findings highlight the impor-
tance of considering statistical variability and retrieval un-
certainty when interpreting source-dependent differences in
dust optical characteristics.

The AERONET-retrieved mean volume size distributions
for Saharan and Middle Eastern dust during spring (MAM)
and autumn (SON) are presented in Fig. S1. In both seasons,
the distributions are dominated by a pronounced coarse-
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mode peak at radii of about 2 um, typical of mineral dust
size-distributions retrieved with this method.

During MAM, Saharan and Middle Eastern dust has
very similar coarse-mode shapes, but the Middle Eastern
cases show a slightly more evident fine-mode contribution
(r <0.2 um), consistent with some degree of aerosol process-
ing and/or mixing during transport (Moustaka et al., 2026).
Beyond roughly 2-3 ym, the Middle Eastern curve tends to
remain comparable to, and in places slightly higher than, the
Saharan curve, suggesting a relatively stronger contribution
from larger coarse particles in those events.

During SON, the coarse-mode peak remains at similar
radii, but the Middle Eastern distribution appears broader
and its spread is larger, especially across the coarse tail
which at half maximum is about ~ 1 um shifted to the right.
The shaded envelopes (+10) indicate substantial interannual
variability for both source regions, with stronger variability
for Middle Eastern dust, consistent with the more episodic
nature of these events and the likelihood of differing mixing
states from case to case. For a more compact and quantitative
comparison of particle size between the two source origins,
the effective radius was also examined, as it summarizes the
combined influence of the peak position and the coarse/fine
partitioning.

3.4 Validation of incoming solar fluxes at the surface

The first step in ensuring the robustness of the calculated
DRE:s is to assess the accuracy of the simulated solar fluxes
in cloud-free conditions, in the presence of aerosols (AOD
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Table 4. Performance of simulated surface solar fluxes against
ground-based observations (excluding case with SZA > 65°).

Metric Performance
Values within 20 W m—2 74.65 %
Values within 50 W m—2 93.11%
Values within £5 % 86.70 %
Values within +£10 % 96.40 %

from AERONET used to quantify them). To this end, incom-
ing surface solar fluxes, GHI estimated by the RT model were
evaluated against ground-based measurements. To minimise
angular-dependent errors associated with the instrument’s az-
imuth response, and to avoid artefacts introduced by very low
radiation values (which can artificially reduce relative differ-
ences), only observations with SZA < 65° were considered
for this evaluation. Table 4 summarizes the results, showing
good agreement between RT model simulations and observa-
tions. Overall, ~ 87 % of the instantaneous simulations fall
within £5 % of the observed GHI values and ~ 96 % within
+10 %. In absolute terms, ~ 75 % of the values are within
+20Wm~2 and ~93 % within 50 W m™2. These results
demonstrate that the estimates of surface solar fluxes repro-
duce surface solar flux variability under clear-sky conditions.

Figure 6 shows the distribution of percentage differences
between RT estimates and ground-based observations. A
slight tendency toward underestimation of surface SW irra-
diance by the RT model is observed in a limited number of
cases, however, this bias remains small and within the overall
uncertainty range of the aerosol optical inputs and measure-
ment accuracy.

This validation step provides confidence that subsequent
DRE estimates derived from the RT simulations are reliable
and not significantly biased by model uncertainties. Part of
the residual differences between simulations and observa-
tions can be attributed to the inherent uncertainty of the sur-
face radiometric measurements. Intercomparison campaigns
with reference instruments calibrated by the manufacturer
(Kipp & Zonen) indicate an agreement within approximately
£2 %-3 % for solar irradiance measurements over the study
period (2015-2022), which is consistent with the stated in-
strumental accuracy. Considering both measurement uncer-
tainty and model-related uncertainties (e.g., input aerosol
properties and radiative transfer assumptions), the combined
uncertainty in the simulated shortwave fluxes is estimated to
be on the order of ~ 3 %—4 %. The fact that most of the sim-
ulated values fall within +5 % of the observations suggests
that no significant systematic bias is introduced by either the
instrument calibration or the modelling approach. Additional
inspection of low-AOD (near-clear) conditions does not in-
dicate a consistent systematic offset, further supporting the
robustness of the simulations. Given that the residual dif-
ferences between simulations and observations falls within
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the inherent measurement uncertainty, we believe that the RT
model approach can be used to estimate the shortwave radia-
tion. Hereby, the validated RT model outputs are adopted for
the event-based radiative effect analysis. The small system-
atic differences identified in the previous comparison are ac-
knowledged and considered in the interpretation of the DRE
magnitudes.

In addition to the agreement thresholds reported in Table 4,
the radiative transfer simulations were evaluated using stan-
dard statistical performance metrics. For Saharan dust cases
(N = 550), the comparison between simulated and measured
cloud-free GHI yielded an excellent agreement, with a coef-
ficient of determination of R? =0.98 and a regression slope
of 0.98. The mean bias error (MBE) was —4.0 W m—2, cor-
responding to a mean relative difference of —0.8 %, while
the RMSE was 222Wm~2 (3.3 %). Similarly, for Middle
Eastern dust cases (N = 78), the model achieved R? =0.98
with a regression slope of 0.99, an MBE of —9.4 W m~—2
(=2.0 %), and an RMSE of 24.5 W m~2 (4.3 %). These re-
sults indicate that the radiative transfer model accurately re-
produces the observed cloud-free surface irradiance, exhibit-
ing only a slight tendency to underestimate the measure-
ments. Figure 6 illustrates the distribution of the relative dif-
ferences between simulated and measured GHI, showing that
most of the simulations fall within the £5% and +10 %
agreement thresholds, with only a slight tendency towards
model underestimation.

The remaining differences between simulations and obser-
vations arise from several sources, including uncertainties in
the retrieved aerosol optical properties used as model input,
temporal matching between simulations and measurements,
assumptions adopted in the radiative transfer calculations,
and the inherent uncertainty of the ground-based irradiance
measurements. According to the manufacturer specifications
and radiometric intercomparison campaigns, the uncertainty
of the pyranometer measurements is approximately +2 %-—
3 %. Although a formal propagation of all model-input un-
certainties was not performed, the small bias, low RMSE
values, and high level of agreement between simulations and
observations indicate that the adopted radiative transfer con-
figuration reproduces cloud-free surface irradiance with suf-
ficient accuracy for the subsequent estimation of dust direct
radiative effects. Consequently, the validated model outputs
were used throughout the DRE analysis, while the remaining
uncertainties were considered when interpreting the calcu-
lated radiative effect magnitudes.

3.5 Direct Radiative Effects

In this Section we quantify the SW DREs at the surface,
the TOA and within the atmospheric column under clear-
sky conditions for dust-dominated aerosol cases, using the
RT model results following the methodology described in
Sect. 2.4.3. The DREs were calculated for each individual
AERONET observation using the corresponding aerosol op-
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Figure 6. Histograms of the percentage differences between modelled and measured global horizontal irradiance (GHI) for dust cases at-
tributed to (a) Saharan (SH) and (b) Middle Eastern (ME) sources. The y-axis represents the absolute frequency of observations (SZA < 65°)
within each percentage-difference bin. Blue and red shaded regions indicate model underestimation and overestimation, respectively. Vertical
dashed lines denote £5 % (black) and £10 % (grey) agreement thresholds between modelled and observed irradiance.

tical properties and solar geometry. To ensure consistency
with the validation analysis presented in Sect. 3.4, only cases
with SZA < 65° were considered. Monthly mean DREs were
then obtained by averaging the instantaneous values for each
month. Although pyranometer measurements could also be
used at the exact AERONET acquisition times, the modelling
framework provides a systematic assessment of the sensitiv-
ity of DRES to aerosol optical properties, within an estimated
uncertainty of approximately 5 %, based on the agreement
between simulations and observations. Because DRE is in-
herently dependent on SZA, an additional sensitivity analysis
was performed to evaluate the influence of changing solar ge-
ometry on the monthly climatology. First, the monthly DREs
were recalculated separately for four SZA intervals (0-15,
15-30, 3045, and 45-60°), and the results are presented in
Fig. S2. Second, following the reviewer’s recommendation,
the monthly DRE climatology was recalculated using only
observations acquired within a common solar zenith angle
of 60 £ 4°, which is sampled throughout the year. This com-
plementary analysis minimizes seasonal differences arising
solely from changing solar geometry and provides a more
consistent comparison of monthly radiative effects. The prin-
cipal conclusions remain unchanged, demonstrating that the
observed seasonal variability is primarily driven by aerosol
characteristics rather than by differences in SZA.

The monthly variation of the surface DRE for the complete
dataset (SZA < 65°) is shown in Fig. 7a, following the pat-
tern of the optical properties presented in Fig. 5. Overall, the
negative values indicate a net cooling effect on the surface, as
mineral dust reduces incoming solar radiation through scat-
tering and absorption. In March, Saharan dust produces the
largest monthly mean cooling (—84 + 49 W m~2) in line with
the peak in its mean AOD (Fig. 5a), accompanied by the
largest variability, in line with the presence of both moder-
ate and extreme dust events (high variability for AOD) and
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the high variability of the corresponding SSA values for Sa-
hara event in March (Fig. 5b). Enhanced cooling is also ob-
served in September (—70 £ 37 W m~2), in line with the sec-
ondary peak of the mean AOD for Sahara dust events this
month (Fig. 5), consistent with the enhanced aerosol loading
observed during this period (see Sect. 3.3). In contrast, bo-
real winter months show weaker and less variable surface ra-
diative effects (e.g. —37 4 W m~2 in December), reflecting
both the reduced incoming solar radiation during that period
of the year and also the lower AODs over those months for
Sahara events (Fig. 5).

Middle Eastern dust events occur less frequently and
show a more episodic behaviour as we have shown in
Sect. 3.3, however they can induce surface cooling compa-
rable to Saharan dust during specific months (Fig. 5). In
October the strongest Middle Eastern cooling is observed
(=79 +33Wm~2) in line with the peak in Middle East
events mean AOD (Fig. 5a), exceeding the contemporane-
ous Saharan mean (—44 +9 W m™2). Notably, this value is
comparable in magnitude to the maximum surface cooling
observed for Saharan dust in March (—84 & 49 W m~2), indi-
cating that, although less frequent, Middle Eastern dust out-
breaks can produce radiative effects of similar intensity dur-
ing high-loading events. In March and April, Middle East-
ern dust yields mean DRE values at surface of —71 +17.8
and —66 & 10 W m~2, respectively, which are comparable in
magnitude to those associated with Saharan dust. These re-
sults indicate that, although less frequent, Middle Eastern
dust outbreaks can exert a substantial surface radiative im-
pact, particularly during SON.

Saharan dust events were substantially more frequent, with
152 identified dust days compared with 19 Middle East-
ern dust days. However, the less frequent Middle Eastern
events exhibited a slightly higher average daily aerosol load-
ing, with a mean AODy49 of 0.40£0.13 compared with
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Figure 7. Monthly mean DREs (in Wm_z) over AMX (2015-2022) under clear-sky conditions for (a) surface, (b) TOA, and (¢) within
the atmosphere. Saharan dust events are shown in brown and Middle Eastern dust events in orange. Bars represent monthly mean values
(Wm~2), and error bars denote +1 standard deviation, indicating the intra-month variability of radiative effects. Background colours denote

cooling (blue) and warming (red) effects.

0.34 £ 0.13 for Saharan dust. The corresponding mean daily
surface DRE was —66.2 +24.1 Wm~2 for Middle Eastern
dust and —57.5424.6 Wm~2 for Saharan dust. Neverthe-
less, the most intense individual events were predominantly
Saharan, including the largest daily mean AOD44¢ and the
strongest surface cooling observed in the dataset.

For Saharan dust, the strongest monthly mean sur-
face cooling at the selected SZA (60£4°) (Fig. 8) oc-
curs in March, at approximately —92W m™2, accompa-
nied by large variability. Enhanced cooling is also observed
in April (~—69Wm~2), May (~ —61 W m~2), September
(~—65Wm™2), and July (~ —58 Wm™2). Weaker surface
effects are observed in February (~ —-40W m~2) and Octo-
ber (~—51 Wm_z). Middle Eastern dust produces surface
cooling of approximately —63 W m~2 in March, —70 W m ™2
in April, and —55 W m~2 in May. The strongest Middle East-
ern surface cooling is observed in October (~ —86 W m~2),
followed by November (~ —70 W m~2). The October Mid-
dle Eastern value is stronger than the contemporaneous Sa-
haran value of approximately —51 W m~2. The magnitude of
some monthly means changes after controlling for SZA, re-
flecting the removal of seasonal differences in solar geom-
etry, but the overall conclusions regarding the relative be-
haviour of the two dust-source regions remain unchanged.
This demonstrates that the main findings are robust and are
primarily associated with differences in aerosol loading and
optical properties rather than variations in solar zenith angle
alone.

The black error bars in Figs. 7 and 8 show the variability
in radiative effects for observed dust conditions across every
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month. MAM and SON show the clearest fluctuations since
dust occurrences are most common in those seasons. This
variability underscores the importance of accurately charac-
terizing aerosol optical properties in order to reliably esti-
mate dust radiative effects and their associated climate. The
predominantly negative surface DRE highlights the potential
implications of dust for regional climate and solar energy ap-
plications.

The positive values of the DRE in atmosphere shown in
Fig. 7b indicate net atmospheric heating due to the absorp-
tion of solar radiation by dust aerosols. This heating reflects
the conversion of absorbed shortwave radiation into thermal
energy within the atmospheric column and highlights the im-
portant role of dust in modifying the vertical distribution of
radiative energy. Because DRE with atmosphere is computed
as the difference between DRE at TOA and DRE at surface
(following Eq. 7), its seasonal behaviour naturally mirrors
the patterns seen in Fig. 7a and c. Since the surface cooling
magnitudes are larger than the TOA, the seasonal cycle of
DRE in the atmosphere tends to follow the surface pattern,
with stronger heating in months of enhanced dust loading.

For Saharan dust, wintertime heating is relatively modest
(e.g., 25+ 7 W m~2 in January and 14 +5W m~?2 in Febru-
ary), consistent with lower insolation and weaker dust in-
fluence. The strongest Saharan atmospheric heating occurs
in March (72 £ 45 W m~2), followed by elevated values in
April (55 £23 W m~2) and May (49 + 19 W m~2). This peak
coincides with the MAM maximum in dust activity and
aerosol loading (Fig. 5a), while the large March spread re-
flects the coexistence of moderate and intense events. Later in
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Figure 8. Monthly mean shortwave direct radiative effects (DRE, W m72) at SZA =60 £ 4° over AMX (2015-2022) under clear-sky con-
ditions for (a) surface, (b) atmosphere and (¢) TOA. Saharan dust is shown in brown and Middle Eastern dust in orange. Bars represent
monthly mean values and error bars denote £1 standard deviation. Background colours denote cooling (blue) and warming (red) effects.

the year, Saharan heating remains noticeable (e.g., Septem-
ber: 56:|:33Wm_2), again consistent with enhanced dust
occurrence and variability during the transition seasons.

Middle Eastern dust, although less frequent, can pro-
duce comparable column heating during specific months.
In March (524 18 Wm™2) and April (59 + 11 W m~2), the
atmospheric response is strong, while the largest Middle
Eastern heating appears in October (56 424 W m~2), when
Middle Eastern events also show elevated aerosol loading
(Fig. 5a). Overall, the month-to-month variability in DRE
in the atmosphere is therefore reflects the strength and fre-
quency of dust episodes (linked to AOD).

Figure 7c shows the monthly variation of DRE at TOA,
separated into contribution from Middle East (orange) and
Saharan (brown). Overall, both Saharan and Middle Eastern
dust events produce negative DRE at TOA, indicating a net
cooling effect resulting from solar radiation scattering back-
off to space. The magnitude of this effect varies seasonally
and by source region.

For Saharan dust, the strongest TOA cooling is ob-
served during winter months, particularly in December
(=27 +3Wm2), January (—26+12W m~2), and Febru-
ary (—22 44 W m~?). This enhanced wintertime cooling oc-
curs despite only moderate AOD values and is consistent
with the elevated SSA observed during this season (Fig. 5b),
a behaviour that is also reflected in the DRE efficiency. The
high SSA values indicate a predominantly scattering aerosol,
which increases the fraction of incoming solar radiation re-
flected back to space and strengthens the negative DRE at
TOA. For Middle Eastern dust, the strongest TOA cool-
ing occurs in October (—23 + 11 Wm™2), coinciding with
the seasonal maximum in mean AOD (Fig. 5a). Secondary
peaks are observed in March (—19 +4 W m~2) and Novem-
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ber (—194+6 W m~2). These months are characterized by
relatively high AOD and elevated SSA values, with Novem-
ber also exhibiting increased SSA variability (Fig. 5b). The
combined influence of AOD magnitude and scattering ef-
ficiency explains the enhanced TOA cooling during these
periods. Overall, these results highlight the important role
of SSA in accurately determining TOA DRE under clear-
sky conditions, as the scattering—absorption balance strongly
modulates the amount of solar radiation reflected to space.

The dependence of DRE on the aerosol optical proper-
ties AOD and SSA was further investigated using the in-
stantaneous dust observations (Fig. 9). AOD is the pri-
mary parameter controlling the magnitude of the surface
and atmospheric DREs, as demonstrated by the strong and
nearly linear relationships observed for both dust sources.
For Saharan dust, AOD is strongly negatively correlated with
surface DRE (Pearson » =—0.97; Spearman p=—0.91)
and positively correlated with atmospheric DRE (r =0.93;
o =0.88). Similarly, for Middle Eastern dust, strong rela-
tionships are found at the surface (r = —0.93; p =—0.89)
and within the atmosphere (r =0.81; p =0.78). Increasing
AODy4g is therefore associated with progressively stronger
surface cooling and atmospheric heating. For Saharan dust,
surface cooling reaches approximately —204 W m~2, atmo-
spheric warming reaches approximately 182 W m™2, and
TOA cooling reaches approximately —47 W m~2. For Mid-
dle Eastern dust, the corresponding effects reach approxi-
mately —150 W m~2 at the surface, +100 W m—2 within the
atmosphere, and —40 W m~2 at the TOA.

The relationship between AOD and TOA DRE is weaker
and shows greater scatter, particularly for Saharan dust
(r=-0.41; p=-0.19), while a moderate negative rela-
tionship is observed for Middle Eastern dust (r = —0.65;
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Relationship between AOD and Direct Radiative Effects for instantaneous dust observations
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Figure 9. Relationship between aerosol optical depth at 440 nm (AODy4() and instantaneous shortwave direct radiative effects (DRE) at the
surface, atmosphere, and top of the atmosphere (TOA) for Saharan (SH; a—c) and Middle Eastern (ME; d—f) dust observations. Symbols
are coloured according to the single-scattering albedo (SSA) at 440 nm. Solid lines represent linear regression fits. Pearson and Spearman
correlation coefficients (p), associated p-values, and the number of observations (V) are reported in each panel.

p =—0.48). This indicates that TOA DRE is controlled not
only by aerosol loading but also strongly by the balance be-
tween scattering and absorption. The colour-coded SSA val-
ues further demonstrate this influence. Lower SSA values,
corresponding to more absorbing dust, are generally asso-
ciated with enhanced surface attenuation and atmospheric
heating. In contrast, higher SSA values favour greater scatter-
ing of solar radiation back to space and therefore a stronger
negative TOA DRE. This relationship is examined further in
Sect. 3.6 (Fig. 11).

We should note that a constant surface albedo was as-
sumed in the radiative transfer simulations, as presented in
Table 1. However, since the computations refer to a fixed
ground-based station rather than a spatially heterogeneous
region, large deviations in surface reflectivity are not ex-
pected. Therefore, the use of a representative constant albedo
introduces only limited uncertainty in the estimation of DRE
at TOA under clear-sky conditions.

3.6 Direct Radiative Forcing Efficiency

Figure 10 presents the monthly DRFE, defined as DREs nor-
malized by AOD (W m~2t~!), thereby removing the first-
order dependence on aerosol loading and isolating the in-
trinsic radiative response of the aerosol layer. At the surface
(Fig. 10a), both Saharan and Middle Eastern dust generally
exhibit negative DRFE values throughout the year, ranging
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approximately between —170 and —240 Wm~2 z~! for Sa-
hara dust and between —160 and —300 Wm™~2 7! for Mid-
dle Eastern dust. The strongest cooling efficiencies occur
mainly during MAM and SON, while JJA values are slightly
weaker and DJF months are based on fewer cases. Differ-
ences between the two dust sources are generally small and
mostly within the associated standard deviations, consistent
with the relatively similar SSA values reported in Sect. 3.3.
This indicates that surface forcing efficiency is primarily
controlled by aerosol absorptivity (i.e., SSA), with only mi-
nor source-dependent contrasts. The DRFE within the at-
mosphere (Fig. 10b) remains generally positive throughout
the year as DRE is also positive, generally between ~ 70
and 250 W m—2 ¢!, Differences between Saharan and Mid-
dle Eastern dust are again modest and mostly within un-
certainties. At the TOA (Fig. 10c), DRFE values are also
negative for both sources, typically ranging between —20
and —120Wm~2 77!, A few isolated positive values (e.g.,
September for Middle Eastern dust) are associated with very
limited sampling and large uncertainties and therefore should
not be interpreted as systematic behaviour. Although some
months (e.g., March) show larger apparent contrasts, these
differences remain largely within statistical variability and
should not be over-interpreted. The overall seasonal pattern
is moderate, reflecting the combined influence of SSA and
asymmetry parameter rather than AOD magnitude, which
has been normalized out. Overall, once normalized by AOD,
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5772 G. Charalampous et al.: Saharan and Middle Eastern dust radiative effects over Cyprus

the radiative efficiencies of the two dust sources appear
broadly comparable, suggesting that the larger differences
observed in absolute DRE are primarily driven by variations
in aerosol loading rather than intrinsic optical efficiency.

To further examine the role of aerosol optical properties,
the DRFE was analysed as a function of the SSA at 440 nm
using only observations within the common solar zenith an-
gle interval of 56-64° (Fig. S3), thereby minimizing the in-
fluence of changing solar geometry. The SSA values were
grouped into four equal-width intervals (0.05) spanning the
observed range (0.80-1.00), providing a balance between
resolving variations in aerosol absorption and maintaining
a sufficient number of cases within each class for robust
statistics. At the surface (Fig. S3a), both dust source re-
gions exhibit negative DRFE values for all SSA bins, con-
firming that increasing aerosol loading consistently enhances
surface cooling. For Middle Eastern dust, the magnitude
of the surface cooling efficiency decreases with increasing
SSA, indicating weaker surface attenuation for more scat-
tering aerosols. Saharan dust exhibits a less systematic de-
pendence, although the strongest cooling efficiencies are also
found under relatively low-SSA conditions. Overall, the dif-
ferences between the two source regions remain within the
associated uncertainties. Within the atmosphere (Fig. S3b),
remains positive for all SSA classes, reflecting enhanced at-
mospheric absorption with increasing aerosol loading. For
both dust sources, the atmospheric heating efficiency gener-
ally decreases as SSA increases, consistent with the reduced
absorption expected for more scattering aerosols. The de-
cline is particularly evident for Middle Eastern dust, although
the uncertainties remain relatively large in the lowest SSA
interval because of the limited number of observations. At
TOA (Fig. S3c), the magnitude of the cooling efficiency gen-
erally increases with SSA, consistent with more scattering
aerosols enhancing planetary albedo. Overall, these patterns
reflect the expected radiative response of absorbing aerosols,
which preferentially reduce surface irradiance and enhance
energy deposition within the atmosphere, while more scat-
tering aerosols strengthen TOA cooling. Middle Eastern dust
exhibits slightly larger variability across SSA bins (notably at
the surface and TOA), although the two source regions show
broadly consistent behaviour within the uncertainty ranges.

3.7 Analysis of dust events

Four dust events were analysed in depth and were inten-
tionally chosen to represent the two distinct dust source re-
gions, Saharan and Middle East, and to capture the influence
of source-dependent optical properties on the resulting ra-
diative effects. The selection was restricted to days exhibit-
ing (i) among the highest daily mean AOD values in the 7-
year record, and (ii) at least seven cloud-screened Level 2.0
AERONET direct sun measurements for 1d, ensuring high-
quality retrievals of spectral AOD, SSA, and AE throughout
the day. This yielded two Saharan cases (22 March and 5
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June 2018) and two Middle Eastern cases (18 October 2018
and 9 June 2019) two of these 4 d are shown in Fig. 3. The
corresponding daily mean DREs are illustrated in Fig. 11,
while the DRE and DRFE values are summarized in Table 5.
The temporal evolution of the aerosol optical properties dur-
ing the four events is presented in the Supplement (Fig. S4).

The two selected Saharan dust cases exhibit the highest
dust loadings, with mean AOD44¢ values of 0.95+0.11 and
0.89 £0.15, compared to 0.79 4= 0.08 and 0.62 4= 0.04 for the
selected ME dust cases. The SSA ranges for the two source
regions are comparable, with Saharan events spanning 0.93—
0.97 and ME events 0.92-0.95, indicating substantial over-
lap. However, the selected Saharan cases are characterised
by lower Angstrém exponent values (Fig. S5), reflecting the
dominance of coarse-mode mineral particles.

At the surface, the selected Saharan dust events pro-
duce the strongest cooling, with DRE at surface values
ranging from —167 to —126 Wm™2, compared to —127
to —96 Wm~2 for the selected ME cases. This enhanced
surface dimming is primarily driven by the higher aerosol
loading, which efficiently attenuate incoming solar radia-
tion. Within the atmosphere, the radiative effect, reveals
enhanced atmospheric heating for Saharan dust (4103 to
+146 Wm~2), compared to +82 to +89Wm~2 for the
ME case. At the TOA, the response differs between the
two source regions. The Saharan events exhibit relatively
weak TOA cooling (around —22 W m~2), suggesting a par-
tial compensation between scattering and absorption pro-
cesses. In contrast, the Middle Eastern cases show stronger
TOA cooling (—15 to —38 Wm™2).

The forcing efficiencies (Fig. S4) further reinforce these
patterns. Saharan dust exhibits the strongest surface cooling
efficiency (—178 to —141 Wm™2 7~ !) and the highest atmo-
spheric heating efficiency (154 W m—2 1), whereas Middle
Eastern dust shows weaker but more variable efficiencies.

The temporal evolution of AOD and its relationship with
particle size are further illustrated in Fig. S5. The AOD449
time series (Fig. S5a) shows distinct temporal patterns
among the four selected events. The Saharan cases exhibit
higher and more variable AOD values, reaching peaks above
1.1, whereas the Middle Eastern cases are characterised by
lower AOD levels and smoother temporal evolution, particu-
larly on 9 June 2019. The AOD-AE relationship (Fig. S5b)
provides further insight into the microphysical properties of
dust. The Saharan events cluster at lower AE values (0.07—
0.29), indicating the dominance of coarse-mode particles,
while the Middle Eastern events extend toward higher AE
values (0.15-0.35), reflecting a relatively larger contribution
of finer particles. Despite some overlap in AOD ranges, the
separation in AE highlights clear differences in particle size
distributions between the two source regions.
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3.8 Attenuation of Global Horizontal Irradiance for
Solar Energy Production

To assess the implications of mineral dust for solar energy
applications, this section examines the attenuation of incom-
ing solar radiation at the surface, expressed as the reduction
in global horizontal irradiance (GHI) during dust events. In
contrast to the DRE discussed in Sect. 3.5, which represents

https://doi.org/10.5194/amt-19-5753-2026

the net radiative balance at the surface and top of the atmo-
sphere, the analysis presented here focuses exclusively on
the attenuation of the downward shortwave flux, which is the
quantity directly relevant for photovoltaic energy production.

The attenuation is derived from the difference between
modelled clear-sky irradiance and ground-based GHI mea-
surements and therefore requires the availability of both
datasets. In periods where no valid GHI measurements are

Atmos. Meas. Tech., 19, 5753-5783, 2026
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available, attenuation cannot be calculated and such cases
are excluded from the analysis. Consequently, the absence of
certain months in the climatology does not necessarily indi-
cate a lack of dust events, but rather reflects data availability
limitations, particularly the lack of coincident high-quality
irradiance measurements under dust conditions.

To enable meaningful comparison across seasons and min-
imise the influence of SZA, attenuation is expressed both
in absolute units (Wm™2) and as a percentage relative to
clear-sky conditions. The percentage representation effec-
tively normalises the attenuation by the incoming solar ra-
diation, allowing a more consistent assessment of dust im-
pacts independent of monthly variations in solar elevation.
The analysis is further constrained to dust condition, consis-
tent with the filtering criteria applied throughout this study
(Sect. 3.2-3.4). These thresholds ensure that the results rep-
resent well-defined dust events but also contribute to reduced
temporal coverage in some months.

The seasonal variation in aerosol-induced attenuation of
GHI is presented in Fig. 12 for SH and ME dust events. In ab-
solute terms (Fig. 12a), both dust sources lead to a reduction
in surface solar radiation throughout the year, with monthly
mean attenuation values typically ranging between —40 and
—80Wm™2,

SH exhibits the strongest attenuation during MAM, with
a pronounced maximum in March, where mean attenuation
reaches approximately —85 W m™2 and is accompanied by
substantial interannual variability. This behaviour is consis-
tent with the seasonal peak in dust loading and the domi-
nance of coarse-mode particles during this period, as shown
in Fig. 5, which enhance the extinction of solar radiation
through both scattering and absorption.

ME dust displays a more episodic pattern, with fewer
months contributing to the climatology but comparable at-
tenuation magnitudes when events occur. The strongest at-
tenuation is observed in autumn, particularly in September
and October, with values around —60 to —70 W m™2. These
periods coincide with increased transport of finer particles
from the Middle East (Fig. 5), which, despite generally lower
AOD compared to Saharan dust, can produce comparable at-
tenuation due to their enhanced scattering efficiency.

In relative terms (Fig. 12b), monthly mean GHI attenua-
tion generally ranges between approximately 5 % and 15 %
for both dust sources. Saharan dust dominates during spring,
with the largest fractional reductions observed in March
(& 12 %), consistent with both elevated aerosol loading and
favourable solar conditions. During SON, Middle Eastern
dust exhibits comparable or slightly higher fractional atten-
uation than Saharan dust, with values around 10 %—12 % in
September and October. This reflects the combined influence
of aerosol loading and particle size, with finer particles con-
tributing efficiently to the scattering of incoming radiation.

January and February show weaker relative attenuation,
reflecting both reduced dust activity and the lower incom-
ing solar radiation associated with winter conditions. In con-
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Figure 12. Seasonal variation in aerosol-induced attenuation of global horizontal irradiance (GHI) for Saharan (brown) and Middle Eastern
(orange) dust events over Cyprus. (a) Monthly mean attenuation in absolute terms (W m_2). (b) Monthly mean attenuation (%). Shaded
areas represent =1 standard deviation, indicating interannual variability.

trast, the relatively weak attenuation observed during June
and July is primarily related to the low frequency of dust
events and the generally lower aerosol loading during sum-
mer. The shaded areas in Fig. 12 represent 1 standard de-
viation and indicate substantial interannual variability, par-
ticularly for Saharan dust in spring and Middle Eastern dust
during SON. This variability highlights the episodic nature
of intense dust outbreaks and differences in aerosol loading,
transport pathways, and optical properties between years.

Overall, although both dust sources can produce compara-
ble attenuation magnitudes during their respective peak sea-
sons, Saharan dust leads to more consistent and sustained at-
tenuation during MAM, whereas ME dust is characterised by
greater variability and more episodic impacts during SON.
These differences are directly linked to the source-dependent
aerosol properties discussed in Fig. 5, particularly variations
in particle size distribution and aerosol loading.

From a solar energy perspective, these findings indicate
that SH dust represents a systematic and predictable reduc-
tion in solar irradiance, while ME dust introduces short-term
variability that may be more challenging to account for in so-
lar power forecasting and management. This highlights the
importance of source-resolved analyses for accurately quan-
tifying the impact of mineral dust on surface solar radiation
in the Eastern Mediterranean. The interannual variability of
dust-day frequency, aerosol loading (AOD440), and the asso-
ciated surface radiative attenuation for both dust source re-
gions is presented in Fig. S6 of the Supplement.
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4 Comparison with other studies

The source-dependent differences in dust optical properties
inferred in the present study are broadly consistent with re-
cent evidence that mixing with pollution can modify dust
intensive optical properties, including SSA and other pa-
rameters, and can sometimes mask intrinsic differences be-
tween Arabian and Saharan dust. Aircraft observations over
the eastern Mediterranean show that variations in intensive
aerosol properties are mainly driven by pollution content
within dust layers, whereas differences between Arabian and
Saharan dust remain relatively small across most intensive
properties, with only minor differences reported for SSA
(Teri et al., 2025). Our irradiance attenuation results are also
consistent with previous studies over Cyprus. For example,
analyses of extreme dust events over the eastern Mediter-
ranean show that Cyprus is among the most affected regions,
with mean reductions during identified extreme dust-event
days in GHI of up to ~ 6.5 % and DNI of up to ~ 24 % dur-
ing intense dust episodes (Papachristopoulou et al., 2022).
Event-based analysis over Limassol further shows that daily
mean shortwave attenuation during strong dust outbreaks can
exceed —100 W m~2 at peak intensity (Charalampous et al.,
2025). Although direct numerical comparisons require care-
ful consideration of differences in temporal representative-
ness and methodology. In the present study, attenuation val-
ues correspond to monthly mean reductions in GHI under
dust conditions, derived from cloud-free observations and
model-measurement comparisons, and are associated with
AODyyg values typically ranging from ~ 0.3 to 1.0 for Sa-
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haran dust and ~ 0.3 to 0.8 for Middle Eastern dust. Under
these conditions, the monthly mean attenuation (Fig. 12) is
found to range between approximately 5 % and 15 %. Foun-
toulakis et al. (2021) quantified the impacts of aerosols, dust,
and clouds on surface solar radiation and solar energy across
multiple stations in Cyprus, reporting annual mean aerosol-
driven reductions of roughly 5 %—10 % for GHI and 15 %-
35 % for DNI, with dust responsible for a substantial fraction
of aerosol-related attenuation.

Similarly, Gkikas et al. (2018) analysed intense Mediter-
ranean dust outbreaks using a regional modelling frame-
work and reported instantaneous surface radiative effects
exceeding —300 W m~2 during extreme high-AOD events.
These values correspond to instantaneous or event-scale con-
ditions, typically associated with very high aerosol loadings
(AODy4¢ > 1.5-2.0), and are therefore not directly compara-
ble to the monthly mean attenuation values presented here.
Nevertheless, both studies reflect the same underlying physi-
cal processes, namely enhanced extinction of solar radiation
at the surface and increased atmospheric absorption during
dust events.

Several previous studies have also reported a wide range
of aerosol forcing efficiencies, depending on region, aerosol
properties, and methodology. For example, values in the
Eastern and Central Mediterranean range between —55 and
—69Wm 27! (Derimian et al., 2006; Di Biagio et al.,
2010; Di Sarra et al., 2011), derived from daily average or
24hour mean radiative effects during dust events, while stud-
ies in Spain and the Canary Islands report values around
—59to —70Wm 27! (Garcia et al., 2012; Valenzuela et
al., 2012). These values are generally derived from event-
based or short-term observations under moderate-to-high
aerosol loading conditions (AODy49 = 0.3-0.8). Lower forc-
ing efficiencies have been reported closer to source regions,
such as an instantaneous TOA forcing efficiency of —39
to —49Wm=27~! by Tian et al. (2021), likely reflect-
ing differences in surface albedo, aerosol vertical distribu-
tion, and particle properties. Notably, extreme values up to
—125Wm~2 7! have been reported during intense dust
events in the Arabian Peninsula (Garcia et al., 2012), repre-
senting instantaneous forcing efficiencies, corresponding to
high-AOD conditions and strong absorption.

Within this context, the attenuation and forcing efficiency
values derived in this study are consistent with previously
reported ranges, while also providing a source-resolved,
observation-based perspective under well-defined dust con-
ditions. Importantly, by focusing on monthly mean values
under cloud-free conditions, the present analysis reduces the
influence of SZA variability and ensures a more consistent
comparison of dust radiative impacts across seasons.

Atmos. Meas. Tech., 19, 5753-5783, 2026

5 Conclusions

This study presents a comprehensive seven-year (2015-
2022) assessment of the SW direct radiative effects (DREs)
of mineral dust at Agia Marina Xyliatou, Cyprus, combining
AERONET aerosol observations, back-trajectory source at-
tribution, and radiative transfer simulations under cloud-free
conditions. The modeled GHI was evaluated against ground-
based irradiance measurements, showing strong agreement
when restricting the analysis to solar zenith angles <65°,
with ~87 % of simulated GHI values within +5 % and
~ 96 % within +10 % of observations, providing confidence
in the derived radiative effect estimates.

Dust occurrence exhibits a clear seasonal cycle, with
a maximum frequency during spring (~28 % of aerosol
cases during MAM) and a secondary peak during SON.
Approximately 86 % of dust events originate from the Sa-
hara, while ~ 14 % are attributed to the Middle East. Long-
term mean AODy4g values are 0.34 £ 0.13 for Saharan dust
and 0.40+0.13 for Middle Eastern dust. SSA440 remains
high for both sources (0.93 +0.04 and 0.93 % 0.03, respec-
tively), indicating predominantly scattering aerosols, while
the slightly higher Angstrém exponent for Middle Eastern
dust suggests a relatively enhanced fine-mode contribution,
likely associated with aerosol mixing during transport. The
use of radiative transfer simulations, rather than direct ra-
diometric measurements alone, was primarily motivated by
the need to ensure consistency with collocated AERONET
aerosol optical properties (AOD and SSA), allowing for a
more controlled isolation of aerosol radiative effects.

The identification of pure dust conditions remains uncer-
tain, particularly in the eastern Mediterranean, where aerosol
mixing with pollution during transport is likely. Therefore,
while strict selection criteria based on low Angstrém expo-
nent and fine mode fraction were applied to isolate dom-
inant dust cases, the presence of minor non-dust contri-
butions cannot be fully excluded. Across the atmospheric
column, DREs display the expected dust radiative signa-
ture. At the surface, dust induces persistent cooling, with
monthly mean values reaching —84 +49 W m~2 during in-
tense spring (MAM) Saharan events and —79 433 Wm™?
during autumn (SON) Middle Eastern outbreaks. At the top
of the atmosphere, radiative effects are predominantly neg-
ative (up to —27 W m~2), indicating enhanced backscatter-
ing to space. Within the atmosphere, DREs are positive, with
heating exceeding 70 W m~2 during high-AOD episodes, re-
flecting absorption of solar radiation and vertical redistribu-
tion of energy.

The DRFE analysis further demonstrates that radiative ef-
ficiency strongly depends on aerosol absorption properties:
lower SSA values enhance both surface cooling efficiency
and atmospheric heating efficiency. While source-dependent
differences in optical characteristics are identified, the mag-
nitude of radiative perturbations is primarily governed by
aerosol loading and event intensity. In months with limited
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sample size, monthly mean DRE values largely reflect the
strength of individual dust outbreaks rather than system-
atic source-related contrasts. Therefore, the source attribu-
tion analysis provides physical context and insight into vari-
ability, rather than implying a strict climatological separation
between Saharan and Middle Eastern radiative impacts.
Dust-induced attenuation of global horizontal irradiance
(GHI) under clear-sky conditions typically ranges between
~5%-15% on a monthly mean basis, with stronger and
more variable reductions during intense spring episodes.
These findings highlight the dominant role of transported
mineral dust in modulating the regional radiation budget and
underscore the importance of accurately representing dust
optical properties, absorption characteristics, vertical distri-
bution, and variability in both regional climate assessments
and solar energy forecasting for the eastern Mediterranean.
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Glossary Table

AERONET-Dubovik classification
z&ngstrém exponent

Aerosol Robotic Network

Agia Marina Xyliatou

Aerosol optical depth

Asymmetry parameter

Cyprus Atmospheric Remote Sensing
Observatory

Cyprus University of Technology
Diffuse horizontal irradiance
Discrete Ordinate Radiative Transfer
December—January—February
Direct normal irradiance

Direct radiative effect

Direct radiative forcing efficiency
Dobson unit

Earth Observing System Data and
Information System

Fine-mode fraction

Full width at half maximum

Global Data Assimilation System
Global Forecast System

Global horizontal irradiance
Global Imagery Browse Services
Hybrid Single-Particle Lagrangian
Integrated Trajectory
June—July—August

Kipp & Zonen

Leipzig Aerosol and Cloud Remote
Observations System

Lidar Depolarization classification
Laboratory of Atmospheric Optics
March-April-May

Middle Eastern dust

Moderate Resolution Imaging
Spectroradiometer

National Facility

National Oceanic and Atmospheric
Administration

Ozone Monitoring Instrument
Particulate matter

Particulate matter with aerodynamic
diameter < 2.5 pym

Particulate matter with aerodynamic
diameter < 10 um

Radiative transfer

Saharan dust
September—October—November
Single-scattering albedo

Shortwave

Solar zenith angle

Total column ozone

Total column water vapour

Top of the atmosphere

Leibniz Institute for Tropospheric Research
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Data availability. AERONET data are publicly available on-
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