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Abstract: In the present study, we used the FORTH deterministic spectral Radiation Transfer Model
(RTM) to estimate detailed three-dimensional distributions of the Direct Radiative Effects (DRESs)
and their consequent modification of the thermal structure of the regional atmosphere during an
intense dust episode that took place from 16 to 18 June 2016 over the Mediterranean Basin (MB). The
RTM operated on a 3-hourly temporal and 0.5 x 0.625° spatial resolution, using 3-D aerosol optical
properties (i.e., aerosol optical depth, single scattering albedo, and asymmetry parameter) and other
surface and atmospheric properties from the MERRA-2 reanalysis and cloud properties (i.e., cloud
amount, cloud optical depth, and cloud top height) from the ISCCP-H dataset. The model ran with
and without dust aerosols, yielding the upwelling and downwelling solar fluxes at the top of the
atmosphere, in the atmosphere, and at the Earth’s surface as well as at 50 levels in the atmosphere.
The dust direct radiative effect (DDRE) was estimated as the difference between the two (one taking
into account all aerosol types and one taking into account all except for dust aerosols) flux outputs.
The atmospheric heating rates and subsequent convection induced by dust radiative absorption were
calculated at 50 levels to determine how the DDRE affects the thermal structure and dynamics of
the atmosphere. The results showed that such a great and intense dust transport event significantly
reduces the net surface solar radiation over the MB (by up to 62 W/m? on a daily mean basis, and up
to 200 W/m? on an hourly basis, at 12:00 UTC) while increasing the atmospheric solar absorption
(by up to 72 W/m? daily and 187 W/m? hourly, at 12:00 UTC). At the top of the atmosphere, both
heating (over desert areas) and cooling (over oceanic and other continental areas) are observed due
to the significantly different surface albedos. Transported dust causes considerable heating of the
region’s atmosphere, which becomes maximum at altitudes where the dust loadings are highest
(0.14 K/3 h on 17 June 2016, 12:00 UTC, at 3-5 km above sea level). The dust solar absorption and
heating induce a buoyancy as strong as 0.014 m/s?, resulting in considerable changes in vertical
air motions and possibly contributing to the formation of middle- and high-level clouds over the
Mediterranean Basin.
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1. Introduction

Dust Aerosols (DAs) are very important, since they largely contribute to the global
aerosol mass in the atmosphere by more than 50% [1,2]. They perturb the Earth’s radiation
budget through their direct interaction with solar and terrestrial radiation, but also indi-
rectly through modification of the cloud properties. Specifically, DAs absorb and scatter
the shortwave radiation [3] and absorb and re-emit longwave radiation [4]. The interaction
of DAs with SW radiation results in a positive anomaly of the atmospheric absorbed solar
radiation (atmospheric heating effect) and a (greater over most regions) negative anomaly
of the net surface solar radiation (surface cooling effect). The sum of these two opposite-sign
effects results in an overall cooling effect of Dust Radiation Interaction (DRI) at the Top of
Atmosphere (TOA), which is estimated to be equal to —0.83 W/m? on a climatological (for
the years 1980-2018) annual global mean basis, arising from global mean surface cooling
and atmospheric heating radiative effects equal to —1.98 W/m? and 1.15 W/m?, respec-
tively [5]. The annual mean SW Dust Direct Radiative Effects (DDREs) are greater over
regions with high dust loads, namely world deserts, and especially the Sahara and Arabian
deserts, where dust-induced strong surface cooling (down to —32.9 W/m?) and an equally
strong atmospheric heating (up to 33.0 W/m?) occur [5]. These values are even greater in
spring (—39.3 W/m? and 39.8 W/m? at the surface and in the atmosphere, respectively)
and summer (—54.5 W/m? and 38.0 W/m? at the surface and in the atmosphere, respec-
tively) when dust loads are maximum over these regions [5]. These opposite DA radiative
effects in the atmosphere and at the Earth’s surface nearly cancel out, resulting in a small
cooling or even heating effect at the TOA, over desert areas such as those included in the
Mediterranean region. The change in sign of the SW DDRE at the TOA is attributed to
the multiple scattering between the absorbing DA and the highly reflective underlying
desert surfaces, thus highlighting the important role of surface albedo. On the other hand,
the LW DDREs are generally smaller in magnitude and of opposite sign compared to the
SW DDREs [6-8] and, for this reason, many studies do not take it into account [9-11]. The
magnitude of LW DDREs depends on dust radiative properties [12], but also on several
other parameters, such as dust load, coarse/fine mode ratio, dust vertical distribution, and
surface temperature and albedo [13]. Albeit smaller than the SW DDREs, the LW DDREs
can be significant (reaching up to 26% of the SW DDREs) and counteract the SW cooling
effect at the TOA [13].

Apart from their DDRE, DAs play a significant role in the Earth-atmosphere system
through their interaction with clouds, since they act as Cloud Condensation Nuclei (CCN)
and Ice Nuclei (IN), thus modifying the cloud composition and number of droplets and
ice crystals and altering their physical and optical properties. Indeed, as shown by several
measurement campaigns [14] and confirmed by laboratory studies [15], dust particles can
modify several cloud properties (i.e., liquid water path, cloud fractional coverage) [16]
by influencing the particle size distribution, cloud thickness, spatial extent, lifetime, and
precipitation [17]. Although near to their sources, DAs contain insoluble materials (such
as aluminosilicate clays and carbonates), and field observations have shown that many of
the transported dust particles contain nitrates, which are formed during their transport
in the troposphere [18,19]. In addition, DAs free of any coatings enhance ice formation
through the deposition nucleation mechanism at low supersaturations (10-20%, [20]). On
the other hand, for DAs coated with chemically insoluble materials, the nucleation tends
to occur at higher supersaturations through the adsorption mechanism [20]. In particular,
due to their abundance, mineral DAs act as efficient IN in the atmosphere, ultimately
stimulating the formation of cirrus clouds [17]. Specifically, in the eastern Mediterranean,
collocated lidar-radar observations have shown a significant presence of mixed-phase
clouds formed at the top of dust layers [21]. In general, dusty clouds have higher droplet
concentrations and smaller droplet sizes compared to pristine clouds [22]. This increases
cloud reflectivity and lifetime while reducing the cloud precipitation efficiency. Such an
inhibition of precipitation due to dust was confirmed in the eastern Mediterranean using
satellite and aircraft observations [23]. In contrast, an increased concentration of large dust
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particles may act as efficient water vapor condensers and drop/crystal accumulators, thus
promoting the formation of precipitation [24,25]. Ice latent heat increases the buoyancy and
vertical velocities and thus the vertical extent of clouds [26].

From the above, it is clear that DAs are not only a very important climate factor but
also a complex and uncertain one. These complications and uncertainties are associated
with the simultaneous dust-radiation and dust—cloud interactions, which may have con-
trasting effects on cloud and precipitation formation (e.g., on the development of mesoscale
convective systems in North Africa [27]). The uncertainty of DAs in climate prediction
is partly caused by their variable composition and their mixing with other substances in
the atmosphere, which results in variable physical and optical properties, as well as by
their high spatial and temporal variability. In addition, as described before, DAs interact
with clouds through many different processes depending on DA age (e.g., fresh or aged
DA) and cloud conditions (e.g., cloud droplet concentrations, relative humidity). In some
cases, multiple processes are activated, while different processes compete with each other.
Another uncertainty factor of DAs, cited in the last IPCC review [28], is the quantification
of the response of dust emission to climate change, since it is sensitive to changes in climate
and land use [28].

Although DA emission does occur at high latitudes, such as in Alaska or New
Zealand [29,30], it mainly takes place over the world’s arid and semi-arid regions [31,32].
Moreover, the smaller dust particles emitted into the atmosphere above desert areas, under
favorable atmospheric conditions, rise to upper atmospheric levels, from where they can
travel long horizontal distances driven by atmospheric circulation. Characteristic examples
of DA transport are those taking place from Asian deserts to northern China and the Pacific
Ocean [33,34] and from N. African deserts to the Tropical Atlantic Ocean [33,35-37], Gulf
of Guinea [38], and Mediterranean Basin (MB) [39-43]. The MB, due to its proximity to the
world’s greatest deserts of N. Africa and the Middle East, is frequently affected by dust
transport events. This results in the occurrence of so-called [39] Dust Aerosol Episodes
(DAEs), which take place at local (pixel-level) scales over the greater MB. When such DAEs
have a great spatial extent during a specific day, this day is called a DAED, and when
consecutive DAEDs take place, then the so-called dust aerosol episode cases (DAECs)
occur, which are spatiotemporally extended /intense dust episodes. The Mediterranean
DAE:s take place all year round, driven by favorable atmospheric circulation [44], with the
maximum frequency of occurrence in spring and summer [39,40]. When such episodes
take place, they perturb the regional energy budget [8,45,46], cloud regime [47-49], and
atmospheric temperature structure [50]. All these effects, which are very important to the
MB weather and climate, deserve to be further studied at the highest possible temporal
and spatial resolution using state-of-the-art tools that should be thoroughly evaluated. This
is in the aim of the present study, which investigates in detail the DDREs, as well as their
effects on the MB temperature structure, cloud regime, and atmospheric dynamics, arising
from a specific Dust Aerosol Episode Case (DAEC) that took place from 16 to 18 June 2016
over the central and eastern MB. During this DAEC, mixed-phase clouds, which did not
exist a day before (15 June 2016), were formed over the dust export regions [50]. The DA
existed in two atmospheric layers, one near the surface, which is more intense near the
source areas, and an elevated layer between 2 km and 6 km above sea level. Reduced
temperature gradients as well as temperature inversions were also observed below the
elevated dust layer. Here, the DDREs are computed with an improved version of the
FORTH (Foundation for Research and Technology-Hellas) deterministic spectral Radiation
Transfer Model (RTM) [51,52] along with state-of-the-art satellite and reanalysis datasets
providing the necessary RTM input data. The estimated SW fluxes are evaluated against
reference data, and the computed DDREs are used to interpret the reduced temperature
gradients and the formation of temperature inversions during the DAEC found in [50].

Although the DDREs of intense DAECs over the MB have been investigated in pre-
vious studies, most of them are spatially limited, since they are based on ground-based
measurements [7,53,54]. The aerosol DREs over the entire MB were computed for the
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first time by [55] at a monthly and 2.5° latitude-longitude resolution using satellite and
reanalysis data as input to the FORTH RTM [51,52]. However, in that study, the calculated
DRE:s refer to the total aerosol effect and not to that of dust alone (DDRE), while they also
refer to background aerosol conditions and not to dust episodes. In a step forward in this
direction, [8] estimated the DDRE under high-dust-load conditions during 20 Mediter-
ranean DAECs, using the NMMB-MONARCH model. In addition, [45] calculated the
DDREs of an episode that took place on February 2015 over the central MB, using the
WREF-Chem model. The radiative effect of the same dust episode was also investigated
by [56] who conducted a detailed study based on the synergetic use of satellite and ground-
based data, as well as model simulations. An important difference of the current study to
those by [45,56] is that the studied episode here took place in summer, when the incoming
solar radiation at the MB is maximum, thus maximizing the DDREs. Apart from this,
the present study tries to address some issues not covered by the previous two studies,
for example, providing information about the vertical profiles of DDREs, while it uses
a detailed-spectral-resolution RTM, against the broadband RTM or chemical transport
models used in the previous studies, and closely follows-up (on a 3-hourly basis) with
a longer (3 days against 2 days in previous studies) intense dust episode in the central
and eastern MB. Other additional information provided in the present study is the impact
of DDREs on atmospheric dynamics, investigated in detail based on several parameters,
namely dust-induced heating rates and resulting vertical velocity and buoyancy. In addi-
tion, the comparison of the results of the present to those of few previous studies is useful
and necessary to reduce the degree of uncertainty of DDRESs. This is important given the
still-too-large uncertainty in the radiative forcing due to aerosol-radiation interactions
(—0.6 to 0.0 W/m?), which is partly due to the utilized models, even RTMs [57]. The specific
version of the FORTH RTM used in the present study allows more safe conclusions to be
made because: (i) it runs under all-sky conditions using the latest available version of the
International Satellite Cloud Climatology Project (ISCCP) data (ISCCP-H), which provides
unique and well-tested cloud optical properties; (ii) it operates at reasonably high spatial
(0.5° x 0.625°) and temporal (3-hourly) resolutions, covering the entire area of the MB;
(iii) it uses analytical vertical profiles of aerosol (and dust) optical properties, which strongly
affect the estimation of DREs for absorbing aerosols, such as dust [46]; and (iv) it yields
detailed 3-D distributions of solar fluxes and DDREs. The quality of the estimated DDREs
is ensured by the thorough evaluation of RTM fluxes performed against reference fluxes at
the surface (from the Baseline Surface Radiation Network (BSRN) stations) and at the top
of the atmosphere (from Clouds and the Earth’s Radiant Energy System (CERES)).

2. Materials and Methods
2.1. The Determination of the Dust Episode Case

The DAEC of 16 to 18 June 2016, which is studied here, was identified using a satellite
algorithm, based on key aerosol optical properties that are a measure of aerosol load,
size, and absorptance. Specifically, the algorithm, which is described in detail in [39],
uses level-3 daily 1° x 1° gridded spectral Aerosol Optical Depth (AOD) data from the
Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua Collection 6.1 and cor-
responding Aerosol Index (Al) data from the Ozone Monitoring Instrument (OMI) Aura
OMAERUYV databases. The algorithm, which ran over the broader MB for the study pe-
riod 2005 to 2019 [39], operates on a daily basis and on a pixel level to first identify the
presence of DAs over the specific pixel and on the specific day. The selected study region
(broader MB extending from 9.5° W to 39.5° E and from 29.5° N to 47.5° N) is shown
in Figure 1, where a smaller region (yellow frame), over which the 16-18 June 2016 dust
export took place and regional averaging was applied to DRE values (see Section 3.5),
is also displayed. The algorithm operates whenever the following specific criteria are
met: (i) the Angstrom Exponent (a), calculated using the original MODIS spectral AOD
information, is less than 0.4 (« < 0.4), and (ii) the Al is greater or equal to 1 (Al > 1).
In those cases, i.e., when dust dominates in the atmosphere overlying the specific pixel,
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another threshold is applied to ensure the occurrence of a strong or an extreme DA Episode
(DAE), which is the case whenever AODpean + 2STDV < AOD < AODyyean + 4STDV and
AOD > AODpean + 4STDV, respectively. Then, if at least 30 pixels undergo strong or
extreme DAESs on a specific day, this day is considered to be a DAE Day (DAED). For each
identified DAED, the algorithm outputs information about the pixel-level dust loading
(AOD) and the number of DAEs. Three such DAEDs, on 16, 17, and 18 of June 2016, were
identified by the satellite algorithm, yielding the investigated DAEC in this study. Note
that the examined DAEC in this study is one of the 98 DAECs (with duration of n (n > 1)
sequential DAEDs) consisting of the 166 overall DAEDs identified by the algorithm from
2005 to 2019 [39]. This examined DAEC was selected because: (i) it took place in summer,
when the cloud fraction (CF) over the MB, and especially over its southern parts, is low,
while the incoming solar radiation is high; (ii) its 3-day duration enables the observation
of the evolution of the dust export from North Africa in parallel with the evolution of
cloudiness and temperature fields; and (iii) it has extended spatial coverage of the MB,
covering 8% of its area. Thus, the selected DAEC, apart from being intense, is also long and
spatially extended.

France
Balkans

Black Sea
Gulf of

Tyrrhenian
Sea

. Greece
Ionian

Sea

0° 5°E 10°E 15°E 20°E 25°E 30°E 35°E

Figure 1. The study region, along with the sub-region (yellow frame) for which 3-hourly spatial mean
dust DREs (which are shown in Figure 9) are calculated during the three days of the examined DAEC
(16-18 June 2016).

2.2. BSRN, CERES, and AERONET Data

The input and output data of the RTM were evaluated through comparisons against
corresponding reference data to ensure their reliability, which also guarantees the quality
of the computed solar fluxes. The input MERRA-2 aerosol optical depth data at 550 nm
were compared to AOD data from 31 AERONET (AErosol RObotic NETwork [58]) stations
located in the broader MB (Figure S1). The AERONET data were interpolated from the
available wavelengths of 440 nm and 675 nm, whereas hourly mean values of AERONET
measurements were calculated to compare with the corresponding MERRA-2 data. The
RTM solar fluxes at the Earth’s surface were compared against corresponding fluxes from
7 Baseline Surface Radiation Network (BSRN [59]) stations located within or near the dust
export area (Figure 52) and provided measurements for the study period (16-18 June 2016).
Since the FORTH SSR fluxes are computed at 3-hourly time steps, the corresponding time
intervals were chosen for stations. The RTM fluxes at the top of atmosphere (TOA) were
compared to all-sky Clouds and the Earth’s Radiant Energy System—synoptic 1° (CERES-
SYN1deg-Level 3 [60]) hourly fluxes, choosing the nearest time step in CERES fluxes after
the RTM time. Additionally, the original CERES data, which are available at a 1° x 1°
latitude and longitude equal-angle resolution, were regridded to 0.5° x 0.625° grids using
the first-order conservative remapping scheme [61] along with the operator “remapcon”
from the Climate Data Operators (CDOs). It should be noted that this regridding method,



Appl. Sci. 2023,13, 6878

6 of 30

when applied from low to high resolution, preserves the original coarse grid structure and
does not affect the comparison.

2.3. MERRA-2 Data

The FORTH RTM input dust optical depth, single scattering albedo, and asymmetry
parameter, as well as other surface and atmospheric properties, were taken from the
MERRA-2 (Modern-Era Retrospective analysis for Research and Applications, Version 2),
which is the latest version of global atmospheric reanalysis for the satellite era produced
by NASA'’s Global Modeling and Assimilation Office (GMAO) [62]. It uses both ground-
based and satellite aerosol observations, namely: (i) ocean-only reflectances from the
Advanced Very High-Resolution Radiometer (AVHRR) instruments, (ii) reflectances from
the Moderate Resolution Imaging Spectroradiometer (MODIS), (iii) AOD from the Multi-
angle Imaging SpectroRadiometer (MISR) over the bright desert regions, and (iv) AOD
observations from the AErosol RObotic NETwork (AERONET) surface station network,
and assimilates them using the Goddard Earth Observing System (EOS) Model, Version 5
(GEOS-5) with its Atmospheric Data Assimilation System (ADAS), version 5.12.4. Data are
produced on a 0.500° x 0.625° latitude-longitude grid resolution at 72 atmospheric layers
between the surface and 0.01 hPa, for the climatological period from 1980 up to the present,
and they are available through the NASA’s Goddard Earth Sciences Data and Information
Services Center (GES DISC) website (https://disc.gsfc.nasa.gov/, accessed on 1 June 2023).

It should be noted that the vertically and spectrally (at 25 wavelengths between 0.25
and 8.5 pm) resolved optical properties, which are required for the RTM calculations,
are not directly available from MERRA-2 database, but they are calculated in this study
using vertically resolved (in 72 layers), 3-hourly instantaneous aerosol mixing ratios and
spatiotemporally collocated relative humidity data, both taken from the “M2I3NVAER”
product, along with look-up-tables providing the extinction and efficiency per aerosol type,
size bin, and relative humidity [5,63].

MERRA-2 AOD data have been evaluated against corresponding satellite and ground-
based data and have been found to operate well against both of them [64]. However,
since AOD is a key determining parameter for aerosol DREs [51,55], an evaluation of AOD
data was performed for the first two days of the DAEC (16 and 17 June 2016) over 31
AERONET stations (Figure S1) and the results are shown in Figure S3. In this evaluation,
the third day (18 June 2016) is excluded since data were not available. MERRA-2 AOD data
correlate well with AERONET retrievals (correlation coefficient R equal to 0.85, Figure S3a),
while MERRA-2 slightly (by —0.01 or 6.4%) underestimates AOD compared to AERONET.
Moreover, as shown in Figure S3b, MERRA-2 closely follows the daily course of AOD, in
terms of averages over the 31 AERONET stations and the corresponding MERRA-2 pixels,
with relative percent differences mostly within £20%. The scatter plot comparison between
the SSA of MERRA-2 and AERONET over 8 stations in the MB during the study episode
(16-18 June 2016), based on a low number of compared data pairs (N = 33), reveals an
underestimation of MERRA-2 SSA (by —0.01 or —1.2%) against AERONET measurements
(Figure S4).

2.4. ISCCP-H Data

Cloud properties, namely cloud amount, optical depth, and top pressure, used in
the RTM were taken from the ISCCP H-series climate data, which contain level 2 and
3 products for monitoring cloud and surface properties. These data are derived from
both geostationary and polar-orbiting satellite imaging radiometers with one visible
(VIS = 0.65 + 0.05-0.20 um) and one infrared (IR ~ 10.5 &+ 0.5-0.75 um) “window” chan-
nels. There are several improvements of the ISCCP H-series compared to its predecessors
C- and D-series, including quality control measures, use of modified ancillary inputs,
higher-spatial-resolution input and output products, and calibration refinements [34]. The
database, which covers the period from July 1983 to December 2018, and it is planned to
extend to the present, constitutes the longest combined geostationary- and polar-orbiter-
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satellite-based climatology of cloud properties. All ISSCP-H data products are available on
https:/ /doi.org/10.7289/V5QZ281S (accessed on 1 June 2023). Here, the level-3 gridded
ISCCP HGG Basic data, available at a 1° equal-angle grid spatial and 3-hourly temporal
resolution, were used. The original ISCCP data were regridded at the MERRA-2 spatial
resolution (0.500° x 0.625°) using the first-order conservative remapping scheme [61] and
the operator “remapcon” from the Climate Data Operators (CDOs).

2.5. The FORTH RTM

The FORTH RTM [51] has evolved from a radiative convective model originally
developed by [52]. It has been applied in global [5,51,65,66], regional [55,67,68], and
local [53] studies. The FORTH’s RTM performance has been extensively evaluated against
surface-based and satellite reference radiation fluxes [51,65,69,70], as well as against other
SW RTMs [57]. A brief evaluation of the RTM solar fluxes at the Earth’s surface and at
the TOA against corresponding reference data from 7 stations (Figure S2) of the BSRN
ground-based network (left panels of Figure S5) and gridded CERES-SYN1deg satellite
measurements over the entire MB and over the 7 BSRN stations (right panels of Figures S5
and S6, respectively), during the three days of the study, the DAEC is provided in Figure S5.
The comparison is successful since the 3-hourly matched pairs yielded overall correlation
coefficients equal to 0.88 and 0.98, with relative biases equal to 0.8 and 3.5%, respectively,
while the RTM TOA fluxes closely follow the intra-daily and the day-to-day variation in
the corresponding CERES fluxes.

The FORTH RTM works in the 0.2 to 10.0 um spectral interval and uses the extrater-
restrial solar spectrum of [71] weighted to yield a solar constant equal to 1367 W/m?.
The model solves the monochromatic equation of radiation transfer for a multiple scatter-
ing/absorbing atmosphere for 118 individual wavelengths between 0.2 and 1.0 pm and
for eight bands between 1.0 and 10.0 um, following the delta-Eddington method [72]. It
accounts for Rayleigh scattering, O3 absorption in the ultraviolet and visible wavelength
areas, and H,O, CHy4, CO,, absorptions in the near-infrared, as well as aerosol and cloud
scattering and absorption and surface reflection. The FORTH RTM version, which is ap-
plied here, ran on a 3-hourly temporal and 0.5° x 0.625° spatial resolution using 3-D aerosol
optical properties from MERRA-2 and cloud properties (i.e., cloud amount, optical depth,
and top pressure) from ISCCP-H.

The RTM ran one time with all aerosol types and one with all except for DAs and
outputted upwelling and downwelling solar fluxes (F,; and Fyo.pa) at the TOA, at the
surface, and at 50 levels in the atmosphere. Subsequently, the instantaneous DDREs were
calculated from the difference between the fluxes computed by taking and not taking into
account DAs, according to:

DDRE; = Fj oy — Fino-pa @

where i stands for the TOA, surface, and atmosphere (specific atmospheric level). Based on
the above-mentioned bias of model fluxes, the expected uncertainty of DDREs should be
less than 7%. In addition, the 3-hourly heating rates (K/3 h) caused by the evolving dust
episode and subsequent absorption of solar radiation are also estimated in order to yield
the effect of the dust DREs on the thermal structure and the dynamics of the Mediterranean
atmosphere. The computation is made according to:

dT g AF
where dT/dt is the heating rate, g is the gravitational acceleration, ¢, is the specific
heat capacity of air at constant pressure (1006 J/KgK), AF is the DDRE,tm, and P is the
atmospheric pressure.

Lastly, the buoyancy (vertical acceleration) induced by the DDRE was also calculated
using the following equation (derived from Newton’s first law and from the ideal gas law):
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(T -T)

Xx="—7 8 3)

where o is the caused acceleration in m/s?; T’ and T are the atmospheric temperature with
and without the DDRE, respectively; and g is the gravitational acceleration.

3. Results and Discussion
3.1. Aerosols, Clouds, and Solar Fluxes during the Evolution of DAEC

To have an easy view of the simultaneous evolution of cloudiness and aerosol loadings
over the MB and its areas undergoing the African dust export, Figure 2 displays the
geographical distributions of MERRA-2 DOD (left column) and ISCCP-H cloud amount
(right column) during the three days of the examined DAEC, i.e., from 16 to 18 June 2016
(values are at 12:00 UTC). The dust export originates from Algeria and Tunisia and extends
over the Gulf of Gabes, the Tyrrhenian Sea, Italy, and up to the Adriatic Sea on the first
day (16 June 2016, Figure 2i-a) of the episode. Maximum dust loadings (DOD values up
to 1.4, reddish colors) are noted on this day over the eastern Tunisian coasts and southern
Tunisia inland. During the next two days (17 and 18 June 2016, Figure 2i-b,c) dust export
moves eastward, with medium-to-high dust loadings (DOD around 0.5) covering the entire
area of Greece and the Balkans. On these days, the maximum DOD values are reduced
(reddish colors disappear and maximum DOD values reach up to about 1), compared to the
first day of the DAEC, but high loadings cover wider areas of central and eastern MB. As
shown in the right column of Figure 2, significant CFs (up to 0.9-1.0) are observed across
the dust export path during the three days of the DAEC, against clear-sky conditions or
low cloud cover over these areas before (on 15 June 2016) the dust episode, which provides
evidence that the evolving Mediterranean dust episode plays a key role in the formation
of both liquid- and ice-phase clouds by providing CCN and IN (Figure S7). This was also
found by [50], where MODIS CF data were used, instead of those of ISCCP-H. In addition,
as shown in this study (Figure 2) and by [50], the clouds over the areas that continued
to undergo dust transport on the second and third day of the DAEC (17 and 18 June)
either dissipate or diminish, with their cloud top height and temperature decreasing and
increasing, respectively (Figure S8). The comparison between the ISCCP-H-based cloud
cover of our Figure 2 and the corresponding ones of MODIS (Figure 5 in [50]) reveals
that the two cloud products have similar geographical patterns, but ISCCP-H generally
overestimates cloud amount, especially over N. Africa and the Aegean Sea. Such an
overestimation was also found in [73] who compared the ISCCP-H total cloud amount to
that from the Cloud, Albedo, and Surface Radiation dataset from AVHRR data-edition 2
(CLARA-A2) surface-based observations at 22 meteorological stations in Europe, from the
European Climate Assessment & Dataset (ECA & D). This overestimation may be associated
with the viewing angle of the geostationary satellites or to the detection of cirrus clouds
by satellites, which is not possible for surface observations. Additionally, a comparison
between CFs from previous versions of ISCCP and MODIS datasets over Europe made
by [60] revealed an overestimation of ISCCP in spring and summer.

The DDREs are strongly dependent on three key aerosol (dust) optical properties,
namely optical depth, single scattering albedo (SSA), and asymmetry parameter (AP), with
DOD and SSA being the primary ones [55]. The geographical distribution of MERRA-
2 SSA and AP at 550 nm during the three days of the examined DAEC, as well as one
day before and after the DAEC, is shown in Figure S9 (DOD is shown in Figure 2 and
has already been discussed). The SSA values over the dust export regions, during the
three days of the DAEC, vary between 0.92 and 0.94, i.e., values that are representative
of Saharan DAs [74]. Similar and slightly lower (0.91-0.92) SSA values are observed over
N. Africa. Higher SSA values, up to 0.95 (yellowish colors) or 0.97 (reddish colors), are
observed over Mediterranean Sea areas not undergoing dust export and dominated by non-
absorbing sea-salt aerosols. Even higher SSA values (larger than 0.98, deep red colors) exist
over the Atlantic Ocean, where dust and other continental aerosols are absent, in contrast to
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15 June 2016

16 June 2016

17 June 2016

18 June 2016

19 June 2016

the closed Mediterranean Sea surrounded by European and African land areas. Regarding
the geographical distribution of MERRA-2 AP, it varies between 0.74 and 0.76 over both N.
Africa and dust export regions (Figure S9), indicating the dominance of DA [74]. In general,
larger AP values occur over areas with coarse maritime and dust aerosol loadings.
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Figure 2. Geographical distribution of MERRA-2 DOD (left column, (i)) and ISCCP-H cloud amount
(right column, (ii)) during the day before (first row, (a)), the first (second row, (b)), second (third row, (c)),
third (fourth row, (d)), and the day after (fifth row, (e)) the DAEC that took place during 16-18 June 2016
over the Mediterranean Basin. Results are given at 12:00 UTC of each day.
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Apart from the aerosol optical properties, the DDREs are strongly dependent on the
available solar radiation fluxes [55]. These fields, namely the absorbed solar radiation at
the TOA, in the atmosphere, and at the surface of the broader MB, including the African
dust export areas, are given in Figure 3. The solar radiation fluxes are computed for all-
sky conditions, i.e., including the presence of clouds, during the three days of the DAEC
and are given at 12:00 UTC of each day. At the TOA, the absorbed solar radiation fluxes
(Figure 3, first column) are strongly influenced by clouds (Figure 2, second column) and
secondarily by other parameters such as aerosols and surface albedo. On the first DAEC
day, the absorbed solar fluxes at the TOA vary from 450 to 1150 W/m?, with lower values
over areas covered by clouds, such as the northwestern Algerian coasts, and over the
areas along the axis extending northeasterly, passing over the Balearic Sea and reaching up
southeastern France and the Alps, as well as the areas along a second axis of cloud-covered
areas extending northeasterly from the Tunisian coasts over the Tyrrhenian Sea, central
Italy, and up to the northern Adriatic Sea (see Figure 2). Nevertheless, not all similarly
cloud-covered areas absorb the same solar radiation. For example, clouds along the second
axis, in the central MB, absorb significantly less SW radiation than clouds along the first axis,
in the western MB, by as much as 100-200 W /m?, though having similar cloud fractions
(larger than 0.8-0.9, Figure 2ii-a). These differences are attributed to the different cloud
optical thickness (COT) of these two cloudy areas, being about 6 to 24 in the western and
less than 5 in the central MB (Figure S8), highlighting the primary role of COT in the
perturbation of solar radiation [65,75]. In contrast, the highest absorbed solar fluxes at
the TOA (larger than 1000 W /m?) are observed over the cloud-free Mediterranean Sea
areas, which also have low surface albedo. The role of surface albedo is evidenced by the
significant differences (of about 200 W/ m?) between the TOA-absorbed SW values over
the low-surface-albedo central and eastern Mediterranean Sea (deep reddish colors) and
the more reflective adjacent continental coastal areas of North Africa (Libya and Egypt,
greenish and yellowish areas). Similar findings, underlying the primary role of clouds and
surface albedo for the absorbed solar flux at the TOA, are found for the second and third
days of the DAEC (Figure 3i-b and Figure 3i-c, respectively).

The geographical patterns of the atmospheric absorbed solar radiation (second column
in Figure 3) are governed by clouds and aerosols as well as the available solar radiation.
Most aerosols, except for strongly scattering ones such as sulfate and sea-salt, increase
the SW atmospheric absorption. On the other hand, clouds strongly scatter the SW ra-
diation, while modifying (increasing or decreasing) the absorbed solar radiation in the
atmosphere through different mechanisms. For example, due to their high albedo, clouds
increase the upward SW flux and thus the SW absorption by ozone and water vapor, or
absorbing aerosols (e.g., dust or biomass burning) above them [76]. The SW absorption
is also increased within the cloud layers, because they absorb more near-infrared (INIR)
solar radiation than water vapor does [77]. On the contrary, clouds can reduce the SW
atmospheric absorption by shielding the water vapor and consequently the solar absorption
below them. The first two mechanisms dominate the third one in high clouds; in middle
clouds, the three mechanisms nearly cancel out; while the third mechanism predominates
in low clouds [75]. On the first day of the DAEC (16 June 2016, Figure 3ii-a), there is a
clear contrast between the western and eastern MB, where aerosols and clouds practically
do not exist (Figures 3 and S8). The largest SW atmospheric absorption (400-450 W /m?)
is observed over northeast Algeria, Tunisia, and Tunisian coasts, where DOD is also
maximum (Figure 2). Secondarily high absorption is observed over an area along a north-
easterly oriented axis, extending from the boundaries between Morocco and Algeria up
to the northernmost part of the western Mediterranean Sea, where high-level clouds exist
(Figure S8). The patterns of atmospheric solar absorption and their explanation are similar
for the next two days of the DAEC, namely on 17 and 18 June 2016. As it concerns the
patterns of absorbed solar radiation at the MB’s surface (right column of Figure 3), during
the whole DAEC, they have many similarities with the patterns of absorbed radiation at
the TOA, and contrasts with the patterns of absorbed radiation in the atmosphere, showing
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that surface absorption accounts for the largest part of the overall planetary (TOA) SW
absorption over the study region. A strong solar absorption, with values from 400 up to
1000 W/m?, occurs over the largest part of the MB during the three days of the DAEC. The
largest values (reddish colors) appear over areas with no or few clouds and aerosol loads,
e.g., the eastern Mediterranean Sea, whereas the smallest surface solar absorption (down to
150-200 W/m?, bluish colors) is observed where clouds or aerosols exist and drastically
reduce, through scattering and absorption, the solar radiation reaching the surface [5,75].

3.2. Geographical Distribution of DDREs

The geographical distribution of the instantaneous (12:00 UTC) all-sky DDREs (at
TOA, in the atmosphere, and at the surface), during the three days of the examined
DAEC, are illustrated in Figure 4. The corresponding daily mean all-sky DDREs are
shown in Figure 510. The spatial patterns of DDREs in the atmosphere (middle column of
Figures 4 and S10) and at the region’s surface (right column of Figures 4 and S10) are quite
similar to those of the geographical distributions mainly of DOD (Figure 2i) as well as dust
SSA (Figure S9), underlining the determinant role of DA loads for the perturbation of the
solar radiation budget. Dust particles increase the absorption of solar radiation everywhere
(positive values of DDREs in the maps of Figure 4ii), by as much as 187 W/m? at 12:00 UTC
and 70 W/m? on a daily mean basis (Figure 4ii and Figure S10i), over areas with maximum
DOD values (Figure 2i). This absorption leads to an atmospheric radiative heating effect, as
discussed later (Section 3.5). Larger atmospheric DDREs are observed during the first day
of the DAEC (values up to 168 W/m?, Figure 4ii-a and Figure S10ii-a), when DOD is also
largest (Figure 2i-a), than in the next two days (values up to 138 W/m?). This day-to-day
decrease in the magnitude of atmospheric DDREs is due to the transport of dust from the
source African areas to the MB and the consequent spreading out of their loads to areas
as far as the northern Balkan peninsula and the Black Sea (Figure 2). At the surface, very
similar geographical patterns, but with a negative sign and even greater magnitude, are
observed over the entire MB (right column of Figures 4 and S10). The greater magnitude
of the surface DDREs is attributed to the scattering of dust, which cuts off the downward
solar radiation, as well as to dust absorption. The decreased surface solar radiation, caused
by dust, produces a solar dimming and a subsequent SW radiative cooling. The surface
DDREs take values between zero, over areas with zero or very low DOD, and down to
—200 W/m? at 12:00 UTC (—60 W/m? on a daily basis) over dust export areas, e.g., over
Tunisia’s eastern coasts on the first day of the DAEC (16 June 2016, Figure 4iii-a, deep blue
colors). Again, as also found for the atmospheric DDREs, the surface DDREs gradually
decrease from the first to the second and third days of the DAEC (largest values equal to
—144 and —113 W/m?, respectively). In another study [45] using WRF-Chem for estimating
the net (SW + LW) clear-sky DDRE of a dust episode that took place on February 2015
over the MB, the researchers found an atmospheric radiative heating up to +147 W/m?
and a surface radiative cooling as strong as —252 W/m?. The slightly different (mainly
larger) values compared to those in the present study are mainly attributed to the cloud-free
conditions considered in [45] as well as to differences in dust loads (up to 4.5 in [45] against
1.4 in the present study) and the used models (WRF-Chem against FORTH-RTM). Similar
or even larger atmospheric and surface DDREs than those of the present study have been
estimated by [8] with the NMMB-MONARCH model during 20 intense and widespread
dust outbreaks, which affected the broader MB from 2000 to 2013. In addition, in [56],
based on the chemical transport model (CTP) and RTM simulations, a reduction in the
Global Horizontal Irradiance (GHI) as large as —200 W/m? due to the presence of a dust
plume that affected the MB on 1st February 2015 was found. Apart from studies with large
(regional) spatial coverage, there are also some local studies of DDREs. Thus, the DDRE
during a dust intrusion on July 2002 at Lampedusa Island was estimated by [46], reporting
lower values at the surface (maximum perturbation of 33 W/ m?2 against 75 W/ m? in this
study). This difference is attributed to the lower AOD (up to 0.2) in [46] than in the present
study (up to 1.4). Yet, surface and atmospheric DREs as large as —215 and 139 W/m?,
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respectively, similar to ours, have been estimated in [53] using a similar version of the
FORTH RTM, used in this study, at Crete island in the eastern Mediterranean. At the TOA,
both positive (planetary warming, reddish colors) and negative (planetary cooling, bluish
colors) DDREs are observed (left column of Figure 4). Specifically, negative values (as large
as —40 W/m?) are noted over the Mediterranean Sea and most of the European and North
African land areas, while positive values (up to 70 W/m?) occur over areas mainly of N.
Africa, which are covered by high dust loadings (see left column of Figure 2). The sign
change of the dust DRE at the TOA is attributed to the presence of absorbing dust aerosols
overlying high-surface-albedo desert areas [51,55,65,78].

In Figure S11, the geographical distributions of the percent relative perturbation of
the regional SW radiation budget, namely of the absorbed solar radiation at the TOA,
in the atmosphere and at the surface, by dust aerosols during the DAEC are presented
(Figure S1la—c). Significant modifications of the SW fluxes are observed, reaching 35%
(decrease) and 45% (increase) at the MB’s surface and in the atmosphere, respectively,
especially over areas overloaded with the heaviest dust loadings (DODs). The radiative
perturbations at the surface (cooling) and in the atmosphere (warming) are counterbalanced,
leading to smaller perturbations (up to about 5%, either cooling or warming) at the TOA.
The geographical features of the relative percent DDREs (Figure S11), including the gradual
reduction in the tilt of the axis along which the dust export takes place over the MB, and its
slow eastward shift, are identical to those of the corresponding absolute DDREs (Figure 4).
The existence of maximum values, in both distributions, over areas with the largest dust
loadings proves again that the dust optical properties, and in particular the optical depth,
are the major drivers for DDREs.
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Figure 3. Geographical distribution of: the absorbed solar radiation (in W/ m?) at the top of the atmosphere (left column, (i)), in the atmosphere (middle column, (ii))
and at the Earth’s surface (right column, (iii)) for the first (first row, (a)), second (second row, (b)), and third (third row, (c)) day (at 12:00 UTC) of the dust episode
that took place during 16-18 June 2016 over the Mediterranean Basin.
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Figure 4. Geographical distribution of the dust direct radiative effect (in W/ m?) on the absorbed solar radiation: at the top of the atmosphere (left column, (i)), in the
atmosphere (middle column, (ii)), and at the Earth’s surface (right column, (iii)) for the first (first row, (a)), second (second row, (b)), and third (third row, (c)) day (at

12:00 UTC) of the dust episode that took place during 16-18 June 2016 over the Mediterranean Basin.
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3.3. Vertical Profiles of DA Effects on SW Radiation, Thermal Structure, and Atmospheric Dynamics

Vertical variations in the sign and magnitude of DDRESs, but also of aerosol DREs in
general, are expected during intense dust transport events, such as the examined DAEC
here, due to modifications either of the transferred solar radiative fluxes or of the aerosol
optical properties. The absorption and scattering of DAs are not vertically homogeneous,
but depends on the vertical distribution of DAs as well as on the available solar radiation,
leading, for example, to stronger dust-induced atmospheric heating effects at altitudes
where the DA load is high [66]. Moreover, the vertical position of aerosols relative to
clouds is also important, changing the sign of the TOA DDRE [79,80], while the vertical
distribution of aerosols alters both the aerosol-radiation and aerosol—cloud interactions,
possibly enhancing the atmospheric warming [71]. In addition, the vertically resolved
aerosol’s (dust included) radiative effects also depend on the vertical distribution of water
vapor with respect to the aerosol layers [81], causing further complexity. Finally, DAs also
produce considerable effects on LW radiation, producing vertically variable atmospheric
cooling and surface warming [82]. These inhomogeneous and vertically variable DA ra-
diative heating and cooling effects, in conjunction with the warm advection, which takes
place during the transport of DAs from the hot desert areas of N. Africa to the MB, modify
the region’s atmospheric temperature structure and stability. Such modifications due to
DAs, such as the increased atmospheric stability affecting the downward mixing of energy
and cloud formation [4], have been investigated over the Tropical Atlantic Ocean [37], Aus-
tralia [83], and Asia [84], leading to the conclusion that DAs cause temperature inversions
and/or decreased temperature gradients in the lower atmospheric layers (i.e., from 1 to
3 km above the ground). Concerning the Mediterranean Basin, the first study dealing with
the modification of temperature lapse rates due to the presence of high dust loads was
made by [50], who selected the same DAEC with the one investigated in the present study
(16-18 June 2016). Performing a study based on observational satellite and reanalysis data,
they investigated for the first time the modification of temperature structure and lapse
rates over the MB in the presence of high dust loads. They found that the transport of
African DAs takes place in two atmospheric layers, one near the surface, which is more
intense near the source areas of N. Africa, and an elevated second layer between 2 and
8 km, resulting in systematic intense temperature inversions (as strong as 20 K/km) and/or
reduced temperature lapse rates just below the elevated dust layer. The aim of the present
section is to interpret these findings based on the SW atmospheric DDRE and to estimate
its contribution to the overall observed atmospheric heating, lapse rates, and temperature
inversions, taking into account that all these are formed under the action of other processes
than the transfer of SW radiation and induced SW DDREs, namely the dust LW radiative
effects, the horizontal and vertical transfer of sensible and latent heat fluxes, the thermal
conduction, as well as the adiabatic heating/cooling associated with convective air motions.

In Figures 5-7, specific vertical cross-sections of the dust extinction coefficient (Gext dust,
in km’l), solar atmospheric DDRE (in W/ m?), atmospheric heating rates (HR, K/3 h), and
temperature gradients (v, in K/km) across the pathway of the exported dust during the
three days of the DAEC, at 12:00 UTC of each day, are shown. The slant path of the first day
of the DAEC (16 June 2016, Figure 5e) extending from Morocco, passing through the central
Mediterranean Sea and Italy, and reaching up to the NE Balkans, is selected to cover areas
affected or not by the African dust export, in order to highlight the effect of DAs. Indeed, a
distinct dust layer extending from 37° N-5° E to 45° N-20° E (Figure 5a,e), namely from
the Algerian coasts to the northwestern coasts of the Balkans, with oey 4yst Values up to
9.1 x 1072 km™!, is found at altitudes ranging up to about 4-5 km, while reaching the
surface over areas between 38° and 41° N. The significant dust loadings in this layer
produce, through absorption of solar radiation, a considerable radiative heating (Figure 5b)
reaching values up to 4 W/m? at heights (up to about 7-8 km) and locations with high
dust loadings, namely over areas extending from the coasts of Algeria (37° N-5° E) to
Romania (45° N-22° E). It should be noted that the maximum DA SW radiative heating
is not observed exactly where the maximum dust loadings occur, but slightly higher in
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the atmosphere. This is evident in the aforementioned plot areas between 37° N-5° E and
45° N-20° E, for which the maximum dust loadings extend from the surface up to about
5 km, whereas the maximum SW heating is found between about 3 and 6 km. The different
height of maximum dust SW heating and loadings is explained by the fact that the SW
atmospheric DDRE is not only dependent on the dust loadings, but also on the available
solar radiation, which is decreasing downward. As a direct consequence of the induced
solar radiative heating, DAs induce atmospheric heating rates, up to 0.04 K/3 h within
the dust layer (Figure 5c). However, it should be noted that the heating rates illustrated in
Figure 5, as well as in Figures 6 and 7, refer to atmospheric layers with inhomogeneous
depth, AP, which increase with height (see Equation (2)). The atmospheric warming caused
by the absorption of solar radiation by DAs, where they occur, decreases the magnitude of
normal (negative) atmospheric lapse rates. At very few locations, characterized by very
small lapse rates, this can lead to temperature inversions. Such reduced temperature lapse
rates (down to —0.5 K/km) and intense temperature inversions (up to +9 K/km) are noted
just below the elevated dust layer (white and red shaded areas in Figure 5d). The magnitude
of the dust-induced atmospheric heating rates seems to be small compared to the magnitude
of the prevailing atmospheric lapse rates, which shows that the interaction (absorption) of
solar radiation with (by) dust is not the main driver for the formation of the atmospheric
lapse rate during the DAEC, which may be driven by other mechanisms, such as the
advection of heat or thermodynamic processes. This deserves to be further investigated
using tools, such as the WRF-Chem model, accounting for all these mechanisms, and this is
planned for a future study. A somewhat larger dust radiative heating, varying from —0.7
to +1.2 K at 12:00 UTC and from —2 to +2 K at 00:00 UTC, was reported in [45] where the
WRF-Chem model was used to estimate the effect of a dust episode on the atmospheric
temperature (from the difference between model output temperatures accounting and not
accounting for DAs), but under clear-skies, which maximizes the heating rates produced
by DAs.

On the second day of the DAEC, the selected slant path extends from SE Tunisia to
southern Italy (Sicily and Taranto), the Adriatic Sea, and NW Balkans (Figure 6e). Significant
dust loadings, larger than those in the first day of the DAEC, occur over the continental
N. African areas along the slant path, and off the Gulf of Gabes, from the surface up
to 7 km, with maximum loadings (Gext qust up to 3.6 x 1071 km™!) within the first two
kilometers above the Libyan coasts (Figure 6a). Far from the source areas (i.e., over Italy
and the Adriatic Sea), slightly smaller maximum loads (ext dust up to 2.0 X 107! km™1) are
observed within an elevated dust layer near 5 km ASL. On this second day of the DAEC,
the SW DDREs are much higher than those on the previous day, becoming maximum
(13 W/m?) within the elevated dust layers (around 5 km ASL, Figure 6b), while they are
smaller (2 to 6 W/m?) at lower altitudes along the rest of the cross-section. Above 5 km,
the DDREs take very small (almost zero) positive or even negative (at 9 km ASL, from
31.0° N-10.5° E to 33.0° N-20.0° E) values. The features of the vertically resolved SW
heating rates due to DAs (Figure 6¢) are identical to those of the corresponding SW DDRE,
reaching values up to 0.14 K/3 h around 5 km ASL and down to —0.001 (atmospheric
cooling) around 9 km ASL. As it is shown in Figure 6d, an intense (up to +22 K/km)
and spatially extended temperature inversion takes place below and within the surface
dust layer, namely off the Tunisian and Libyan coasts (32.5° N, 11.5° E) up to the Sicily
coasts (36.5° N, 14.5° E). Weaker temperature inversions (up to +6 K/km) and reduced
temperature gradients (down to —0.5 K/km) are noted across the rest of the cross-section
just below the elevated dust layer (Figure 6d). Again, as already discussed for the first
DAEC day, the maximum SW DDREs and heating rates are not found where the maximum
DODs exist, namely near the surface above the dust African source areas, but at higher
altitudes. This is attributed to the available solar radiation, which gradually decreases with
its downward propagation, through the absorbing /scattering dust layer up to about 5 km,
but also to the scattering/absorption by other factors such as clouds. Indeed, middle and
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high clouds (Figure S8i-b), which exist along the slant path of this day (Figure 6e), further
reduce the downward SW solar radiation.
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Figure 5. Vertical cross-sections of MERRA-2 dust extinction coefficients (in km~1, (a)), dust so-
lar direct radiative effect in the atmosphere (in W/ m?, (b)), dust solar radiative heating rates
(in K/3 h, (¢)), and atmospheric temperature gradients (in K/Km, (d)), along the slant path across
the African dust export into the Mediterranean Basin (shown on the map of DOD, (e)), during

the first day (16 June 2016) of the dust episode that took place during 16-18 June 2016 over the
Mediterranean Basin.

Finally, on the last day of the DAEC (18 June 2016), the selected slant path runs across
the dust export axis, which slightly shifts eastward and covers the Ionian basin and the
Aegean Sea (Figure 7e). The dust loadings remain high in this third day of the DAEC,
With Gyt qust Values (yellowish and greenish colors) as large as 1.5 x 107! km~! over the
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Libyan dust sources and off the Libyan coasts (from 29.5° N-11.5° E to 34.0° N-15.0° E),
extending from the surface up to 5 km ASL. A distinct elevated dust layer between 3 and
5 km ASL (bluish colors in Figure 7a) is observed over the Ionian basin and Sea (from 34.0°
N-15.0° E to 40.0° N-20.0° E), while a weaker (Oext qust up to 4.0 x 10~2 km™!) elevated
dust layer is also observed at similar altitudes over the Balkans (bright orange colors in
Figure 7a). Again, as in the previous two days, significant SW DDREs (up to 8 W/m?,
Figure 7b) and heating rates (up to 0.07 K/3 h, Figure 7c) are observed near the dust
layer, with the DDREs located a bit higher for the same reasons reported in the previous
paragraph, i.e., available solar radiation and significant heating rates down to the surface.
The dust-induced absorption of solar radiation, and the consequent radiative heating,
decrease again the magnitude of lapse rates in the atmospheric layers overloaded by dust,
contributing to the formation of intense temperature inversions (up to +13 K/km) observed
below the elevated dust layer and over the colder sea surfaces extending from the Libyan
coasts to the Ionian Sea (reddish colors in Figure 7d). Decreased temperature gradients are
found along the rest of the slant path and below the elevated dust layer (light blue/white
colors in Figure 7d).
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Figure 6. Vertical cross-sections of MERRA-2 dust extinction coefficients (in km~1, (a)), dust so-
lar direct ra-diative effect in the atmosphere (in W/ m?2, (b)), dust solar radiative heating rates
(in K/3 h, (), and atmospheric temperature gradients (in K/Km, (d)), along the slant path across
the African dust export into the Mediterranean Basin (shown on the map of DOD, (e)), during

the second day (17 June 2016) of the dust episode that took place during 16-18 June 2016 over the
Mediterranean Basin.
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Figure 7. Vertical cross-sections of MERRA-2 dust extinction coefficients (in km~1, (a)), dust so-
lar direct ra-diative effect in the atmosphere (in W/ m?, (b)), dust solar radiative heating rates
(in K/3 h, (¢)), and atmospheric temperature gradients (in K/Km, (d)), along the slant path across
the African dust export into the Mediterranean Basin (shown on the map of DOD, (e)), during
the third day (18 June 2016) of the dust episode that took place during 16-18 June 2016 over the
Mediterranean Basin.

0.2

3.4. The effect of DA on Buoyancy

The DA-induced heating rates were used to calculate (Equation (3)) the buoyancy
(vertical acceleration, «) caused by the SW DDRE. The results, namely the cross-sections
of computed DA buoyancy, along the selected slant paths during the three days of the
examined DAEC (Figures 5e, 6e, and 7e) are shown in Figure 8 (left column). It is found
that during the dust episode, the absorption of SW radiation and the consequent radiative
heating induce an upward vertical acceleration of air masses, which is directly proportional
to the SW heating rates (Figures 5c, 6¢c and 7c). The strongest buoyance, i.e., largest values
of « (deep red colors), is found close to heights with the highest dust loadings, reaching
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0.01 m/s? at altitudes up to 5-6 km on the second day (17 June 2016, Figure 8i-b), where/
when maximum DDREs and heating rates also occur.

The importance of the induced vertical acceleration of air parcels by DDREs can be
appreciated by comparing their values with the corresponding ones of the prevailing
vertical velocities of the air (vertical wind V, right column of Figure 8). Although the
magnitude of the DA buoyancy appears to be smaller than the magnitude of V by two to
three orders of magnitude, it is not insignificant. Thus, for example, on the first day of
the DAEC, the vertical wind speed overall varies from —25 m/s (downward motions) to
21 m/s (upward motions, Figure 8i-a). On this day, the vertical velocity and the DA-induced
acceleration in the elevated dust layer are 9 m/s and 0.002 m/s?, respectively. This means
that should the DA-induced acceleration persist for 1 min, it would increase the vertical
velocity by 0.12 m/s or 1.3%, while should it prevail for 10 min, it would result in a vertical
wind speed equal to 1.2 m/s, i.e., it would increase it by 33%.

Dust aerosols either enhance or suppress the convective motions over altitudes having
the same (both reddish or bluish) or opposite (reddish-bluish or bluish-reddish) colors. For
instance, on the first day of the DAEC, at altitudes up to 1.5 km over 40° N-9.5° E, where
negative vertical velocity prevails, the dust-induced buoyancy (positive acceleration) acts
in the opposite direction, thus suppressing the downward motion of the air. In contrast,
above 1.5 km, both DA buoyancy and vertical velocity take positive values and therefore
DAs enhance the upward air motion. In order to further assess the strength of the DA
buoyancy with respect to the prevailing vertical velocities of the air, the change in the air
vertical velocity induced by the DA buoyancy acting for 10 min is computed and is given
in Figure 512. It is found that the dust buoyancy along the selected slant paths during
the 3 days of the DAEC can cause a change in vertical velocity up to 8.6 m/s, which is of
the same order of magnitude and comparable to the prevailing vertical velocities (up to
25.2 m/s, Figure 8). According to the obtained results, the buoyancy induced by DAs
during intense dust transport events can partly explain and lead to the generally observed
upward motions in and above the dust layers.
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Figure 8. Vertical cross-sections of the buoyancy (vertical acceleration in m/s?, (left column (i))
caused by dust aerosols, and the corresponding prevailing vertical wind speeds (in m/s, right
column (ii)) along the slant path across the African dust export into the Mediterranean Basin (shown
in Figure 5e, Figure 6e, and Figure 7e) during first (16 June 2016, (a)), second (17 June 2016, (b)), and
third (18 June 2016, (c)) days of the dust episode that took place during 16-18 June 2016 over the
Mediterranean Basin. The results are given at 12:00 UTC of each day.

3.5. Regional Mean DDREs

The dust radiative effects of the studied Mediterranean DAEC are also examined on
a spatial mean basis. The spatial averaging is made over the part of the MB enclosed by
the yellow frame (Figure 1), which includes the areas that are most affected by the dust
export from the first (16 June 2016) until the last (third) day (18 June 2016) of the DAEC.
The assessment of DDREs at a higher temporal resolution, specifically every 3 h, allows
us to simultaneously follow the evolution of the regional mean DDREs at the TOA, in
the atmosphere, and at the Earth’s surface (they all refer to the absorbed solar radiation
at these levels), as shown in Figure 9b. The timeseries of 3-hourly DDREs demonstrate
the significant role of the available solar radiation for DDREs, since all DDREs follow the
daily cycle of incoming solar radiation at the TOA, maximized at noon (Figure 9a). Thus,
as shown in Figure 9b, the maximum perturbations of solar radiation at the TOA (up to
—8 W/m? or 2%), in the atmosphere (up to +29 W/ m? or 11%), and at the Earth’s surface
(down to —31 W/m? or 12%) are observed at 12:00 UTC, when the available solar radiation
is also maximum (1250 W/m?, Figure 9a). It should be noted that the corresponding
regional mean DOD and SSA do not exhibit a considerable diurnal variation (Figure 59). In
general, the maximum DDREs occur in the second day of the DAEC (17 June 2016), when
the regional mean DOD is also maximum (0.26, Figure 513). Negative (down to —9 W/ m?)
DDREs are estimated at the TOA, which means that the exported African dust produces
a planetary cooling effect of the region, except for 12:00 UTC on the first day, when the
TOA DDRE takes a small positive value (+1 W/m?), indicating a slight planetary warning
over the region. Although the DDREs in the atmosphere and at the Earth’s surface are
maximum at noon, the TOA DDREs follow a different diurnal cycle with minimum values
at noon and larger values in the early morning (06:00 UTC) or in the afternoon (15:00 UTC).
The same diurnal variation was also found by [45] who used the WRF-Chem model to
investigate the radiative impact of an extreme dust episode that took place in February
2015 over the central and eastern MB. However, the magnitude of DDREs found in [45]
is greater (magnitudes up to 35 W/m? in the atmosphere, 48 W/m? at the surface, and
17 W/m? at TOA) than in the present study, mainly due to the fact that estimations in the
other study were made for clear-sky conditions, opposite to the real all-sky conditions (with
cloud fractions up to 1) considered here. It is interesting that the estimated regional mean
perturbation of the net surface solar radiation at 12:00 UTC associated with the examined
African dust export (—31 W/m? on 17 June 2016) largely exceeds the corresponding mean
monthly total DRE (caused by all aerosol types) being equal to —21 W/m? in June [55]. As
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shown in Figure 9¢c, dust aerosols significantly perturb the regional solar radiation budget,

by up to 12% at the surface, 11% in the atmosphere, and 2% at the TOA.
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Figure 9. Time series of the 3-hourly spatial mean SW fluxes (a), dust DREs (in W/ m?2) (b), and
percent relative dust DREs with respect to the corresponding solar fluxes (c). All results refer to
the solar radiation absorbed at the TOA (blue color), in the atmosphere (red), and at the Earth’s
surface (green color). The spatial averaging is performed over the Mediterranean areas affected by

the African dust export (yellow frame of Figure 1).
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4. Summary and Conclusions

In the present study, a new version of the spectral FORTH RTM, which is vertically
resolved and takes into account 3-D distributions of aerosols and other atmospheric pa-
rameters, was run at high spatial (0.5° x 0.625°) and temporal (3-hourly) resolution to
investigate in detail the three-dimensional distributions of the SW direct radiative effect of
an intense African dust episode (DAEC) that took place from 16 to 18 June 2016 over the
central and eastern MB. The model ran under all-sky conditions accounting for analytical
profiles of cloud and aerosol optical properties, using data from the satellite ISCCP-H and
MERRA-2 reanalysis databases, respectively. Running with all aerosols, and all except
for dust, the RTM estimated the SW fluxes at the TOA, in the atmosphere, at the Earth’s
surface, as well as at 50 levels in the atmosphere, and estimated from their difference the
corresponding dust DREs (DDREs). The model fluxes at the TOA and at the Earth’s surface
were evaluated against satellite (CERES-SYNOP) and ground (BSRN) measurements, re-
spectively. In addition, the model estimated the vertically resolved atmospheric heating
rates induced by the dust absorption of solar radiation, i.e., the atmospheric SW DDRE, and
also quantified their contribution to the modification of the atmospheric lapse rates, which
exhibited reduced temperature gradients and temperature inversions over the Mediter-
ranean areas affected by the African dust transport. Finally, the model quantified the
buoyancy produced by the SW atmospheric DDRE, as well as the consequent modification
of the vertical velocity, which is important for the mixing of energy and cloud formation.
All these aspects of the present work offer an unprecedented highly spatially (horizontally
and vertically) and temporally (3-hourly) resolved assessment of the direct SW radiative
effects of dust under episodic conditions over the climatically sensitive Mediterranean
Basin, regarded as a climate change hotspot. The main conclusions of the current study are
summarized below.

e  The RTM-estimated SW fluxes are reliable, giving confidence in the obtained DDREs.
Specifically, during the 3 days of the examined DAEC (from 16 to 18 June 2016), the
model fluxes at the TOA and at the Earth’s surface compared well against CERES and
BSRN data, respectively, achieving a reasonable closure of the SW radiation budget.
The 3-hourly matched pairs yield overall correlation coefficients equal to 0.98 and 0.88,
and relative biases equal to 0.8 and 3.5%, against CERES and BSRN, respectively. Based
on this uncertainty of the RTM solar fluxes, the modeled DDREs have an uncertainty
smaller than 7%.

e  The model input MERRA-2 dust optical properties, in particular the optical depth,
agrees reasonably well against reference data from AERONET stations located in
areas affected by the transported African dust. MERRA-2 successfully reproduces
the intra-daily variation in the dust aerosol loads, representing the spread of the dust
outbreak over the central and eastern MB and its gradual eastward shift during the
3-day period (16-18 June 2016) of the examined DAEC.

e  Dust aerosols cause a significant solar atmospheric radiative heating over areas un-
dergoing the African dust export, extending from northern Africa to as far as the
northern Balkans and the Black Sea. The SW atmospheric DDRE is maximum (values
up to 187 W/m? at 12:00 UTC or 72 W/m? on a daily mean basis) over locations
with the maximum dust loadings. Respectively, over these heavily dust loaded areas,
DAs also induce a significant surface radiative cooling, with maximum values equal
to 200 W/m? at 12:00 UTC and 62 W/m? on a daily mean basis. As a result of the
atmospheric warming and surface cooling, a considerable planetary cooling is found
over the areas of dust transport, as strong as —40 W/m? at 12:00 UTC, which turns
to an appreciable planetary warming (up to 70 W/m?) over highly reflecting African
desert areas overloaded by dust.

e The above-mentioned SW DDREs significantly perturb the regional solar radiation
budget, in particular over the Mediterranean areas undergoing the dust export, by up
to 45% in the atmosphere and 35% at the surface, thus constituting an important factor
for processes such as the modification of temperature or humidity, and for dynamical
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effects, such as the creation of horizontal and vertical temperature gradients, leading
to changes in air motions and local circulations.

e  The vertical resolution of the obtained RTM results gives insight into the existence of
strong differences in SW atmospheric DDREs with height. Thus, along the pathways
of the dust export, and within the layers having the highest dust loadings found up to
5-6 km in height, the largest DDREs, up to about 13 W/m?, are observed in the second
day of the DAEC, namely on 17 June 2016, near 5 km. Apart from the significant
vertical differences in magnitude, the model results reveal even a change in the sign of
atmospheric DDREs, resulting in limited atmospheric cooling.

e  The atmospheric solar radiative dust DREs cause a significant heating effect, producing
heating rates up to 0.14 K/3 h on 17 June 2016, 12:00 UTC, being maximum within
layers with the highest dust loadings, namely at heights between 3 and 5 km, but also
with significant values down to the surface. Such important heating rates within air
masses that carry dust loadings create significant horizontal and vertical temperature
gradients, which can alter the distribution of isobars and induce horizontal pressure
gradients with consequent effects on the dynamics of the regional atmosphere.

e  The atmospheric heating induced by the absorption of solar radiation by DAs produces
a buoyancy, with a maximum in the second day of the DAEC, which either favors
or suppresses the vertical air motions, depending on the prevailing conditions. The
vertical acceleration caused by dust aerosols was as large as 0.014 m/s? on 17 June
2016 at 12:00 UTC within the elevated dust layer, near 5-6 km. This dust-induced
buoyancy produces significant modifications to the vertical air velocity. For example,
according to the model results, should an acceleration equal to 0.014 m/s? persist for
10 min, the change in air velocity would be as large as 8.6 m/s, being of the same order
of magnitude and comparable to the prevailing vertical velocities. Such modifications
of vertical air motions due to dust can be related to the observed (e.g., [50]) effects on
cloud formation, especially the high-level ones.

From the above-mentioned findings of this study, the most important ones are:
(i) during intense spatially extended African dust exports, the SW radiative budget of
the Mediterranean basin is significantly perturbed, by at least one order of magnitude
than it does in background aerosol loading conditions, reaching hundreds of watts per
square meter; (ii) the SW radiative perturbation induces significant radiative cooling at the
surface and heating in the atmosphere of the areas affected by the dust export, thus creating
temperature gradients with less- or non-affected areas; (iii) the dust-induced radiative
cooling/heating along with the warm advection, which takes place during the transport
of DAs from the hot desert areas of N. Africa to the MB, modify not only the region’s
atmospheric temperature structure, but also its stability, resulting in systematic intense
temperature inversions and/or reduced temperature lapse rates below the elevated dust
layer; this is reported for the first time for the Mediterranean Basin; (iv) yet, the interaction
(absorption) of solar radiation with (by) dust is not the main driver for the formation of the
atmospheric lapse rate during the DAEC, which may be driven by other mechanisms, such
as the advection of heat or thermodynamic processes; (v) the effect of dust transport on
buoyancy is investigated /quantified for the first time, showing that dust episodes induce
an upward vertical acceleration of air masses, being strongest close to heights with the
highest dust loadings, which can partly explain and lead to the generally observed upward
motions in and above the dust layers.

The current RTM-based study is, to our knowledge, the first to provide such a detailed
investigation of the SW DDREs during an intense summer dust episode over the MB. The
obtained results complement those obtained in the past from very few other studies that
were performed for other periods of the year, but also significantly extend them, providing
insights into weather- and climate-relevant issues such as the dust-induced atmospheric
heating rates and the produced buoyancy and modifications of vertical air velocity. The
model results confirm the significant perturbation of the regional SW radiation budget
and the modification of atmospheric temperature fields caused by Mediterranean dust
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episodes, but also prove that the role of dust DREs in decreased temperature gradients
and temperature inversions during such intense dust transport episodes is secondary to
other factors such as the advection of heat. In the future, we plan to extend the present
study, by also accounting for the dust effect on longwave radiation, which is smaller than
the SW effect, but still considerable in the case of dust episodes. Additionally, the results
of this study, such as the effects of DAs on temperature profiles, vertical air motions, and
cloud formation, are planned to be elucidated in more detail and inter-compared with those
obtained by simulations performed with the state-of-the-art WRF-Chem mesoscale model
accounting for aerosol-cloud and aerosol-radiation interactions. Finally, a climatology of
dust DREs will be created, based on 98 Mediterranean intense dust episodes, similarly to
the one studied here, that took place from 2005 to 2019 [50], allowing the generalization of
the present findings in terms of possible effects of dust episodes on the regional weather
and climate.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app13126878/s1, Figure S1: The geographical distribution of
31 AERONET stations in the wider Mediterranean area providing data during the DAEC period
(16-18 June 2016) and used for the evaluation of the MERRA-2 aerosol optical depth and single scat-
tering albedo; Figure S2: The geographical distribution of 7 BSRN stations in the wider Mediterranean
area providing data during the DAEC period (16-18 June 2016). Their short names are shown along
with their locations (pal: Palaiseau, pay: Payerne, car: Carpentras, son: Sonnblick, cnr: Cener, tam:
Tamanrasset, iza: Izafia); Figure S3: (a) Scatter plot comparison between AOD550nm from MERRA-2
and AERONET, (b) Time-series of hourly AOD values averaged over the 31 Mediterranean AERONET
stations (blue) and corresponding MERRA-2 AODs (red) from grids containing the AERONET sites;
Figure S4: Scatter plot comparison between SSA of MERRA-2 and AERONET over the 8 stations
during 16-18 June 2016; Figure S5: Scatter plot comparison between SSR fluxes (W/m?) of FORTH
RTM and BSRN (i-a) and OSR fluxes (W/m?) of FORTH RTM and CERES (i-b). The different colors
in (i-a) indicate the different (7, see Figure 1) stations and the statistical metrics and linear regression
fit line are also shown. Also, (ii-a) shows the average (for the 7 stations) 3-hourly SSR fluxes (W/ m?)
for FORTH RTM (red) and BSRN (blue) sites during 16-18 June 2016, while (ii-b) shows the 3-hourly
average (for the entire study region) OSR fluxes (W/ m?) for FORTH (red) and CERES (blue) sites;
Figure S6: Scatter plot comparison between OSR fluxes (W/ m?) of FORTH RTM and CERES (a) over
the 7 BSRN stations during 16-18 June 2016. Also, (b) shows the average 3-hourly OSR fluxes (W / m?)
for FORTH RTM (red) and CERES (blue) over the BSRN sites; Figure S7: Geographical distribution
of ISCCP-H cloud amount for liquid (left column) and ice (right column) phase clouds during the
day before (first row, a), and the first (second row, b), second (third row, c), third (fourth row, d) and
the day after (fifth row, e) the DAEC that took place during 16-18 June 2016 over the Mediterranean
Basin. Results are given at 12:00 UTC of each day; Figure S8: Geographical distribution of ISCCP-H
cloud top pressure in hPa (left column, i), cloud top temperature in K (middle column, ii) and cloud
optical depth (right column, iii) during the day before (first row, a), and the first (second row, b),
second (third row, c), third (fourth row, d) and the day after (fifth row, e) the DAEC that took place
during 16-18 June 2016 over the Mediterranean Basin. Results are given at 12:00 UTC of each day;
Figure S9: Geographical distribution of MERRA-2 SSA (left column) and AP (right column) during
the day before (first row, a), the first (second row, b), the second (third row, c), the third (fourth row,
d) and the day after (fifth row, e) of the dust episode that took place during 16-18 June 2016 over
the Mediterranean Basin. Results are given at 12:00 UTC of each day; Figure 510: Ge-ographical
dis-tribution of: the daily mean ab-sorbed solar ra-diation (in W/m?) at the top of at-mosphere (left
column, i), in the atmosphere middle column, ii) and at the Earths surface (right column, iii) for the
first (first row, a), second (second row, b) and third (third row, c) day of the dust episode that took
place during 16-18 June 2016 over the Medi-terranean Basin; Figure S11: Ge-ographical dis-tribution
of the dust direct radi-ative effects ex-pressed in per-cent terms (%) of the correspond-ing radiative
fluxes (consider-ing all aerosols), namely of the absorbed solar radiation: at the top of atmos-phere
(left col-umn, i), in the atmosphere (middle column, ii) and at the Earths surface (right column, iii) for
the first (first row, a), second (second row, b) and third (third row, c) day (at 12:00 UTC) of the dust
episode that took place during 16-18 June 2016 over the Medi-terranean Basin; Figure S12: Vertical
cross-sections of the change in vertical velocity (in m/s) should the DA induced buoyancy (shown
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in Figure 8i-a,b,c) persist for 10 min, during the first day (a, 16 June 2016), second (b, 17 June 2016)
and third (c, 18/06/2016) days of the dust episode that took place during 16-18 June 2016 over the
Mediterranean Basin. The results are given along the slant paths across the African dust export into
the Mediterranean Basin (shown on the map of DOD, Figures 5, 6 and 7e, respectively); Figure 513:
Time series of the 3-hourly mean DOD (red line) and associated dust SSA (blue line) averaged over
the Mediterranean areas (yellow frame in Figure 8) affected by the dust export during the DAEC
from 16 to 18 June 2016.
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