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ABSTRACT

Understanding the aerosol-cloud relationship is critical for reducing uncertainties in climate projections, especially
over regions that experience complex aerosol dynamics from both natural and anthropogenic sources. This study aims
to investigate how aerosols influence cloud properties under varying water vapor conditions over nine urban and rural
subregions of the Eastern Mediterranean, disentangling the seasonal and annual relationships between aerosols and cloud
parameters while distinguishing the effects of different acrosol types. For this purpose, Aerosol Optical Depth (AOD) at
550 nm, Water Vapor (WV) under clear-sky conditions, Cloud Cover (CC), Cloud Optical Depth (COD), and Cloud Top
Pressure (CTP) from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor onboard the Aqua satellite,
for the time period July 2002—-December 2012. Additionally, anthropogenic (AOD,u,) and dust AOD (AODy,g) datasets,
constructed through a synergy of satellite observations, chemical transport modeling, and reanalysis products were utilised.
Our results reveal consistent increases in CC with increasing total, anthropogenic, and dust aerosol loading across all
regions, seasons, and water vapor levels, supporting the hypothesis of aerosol-induced cloud invigoration. COD was found
to increase with AOD when AOD < 0.5 but remain steady or decline for higher AOD levels, independent of water vapor
concentration. Furthermore, anthropogenic aerosols tend to enhance COD more strongly than dust aerosols. Seasonal
differences in cloud height were also observed: in spring and summer, CTP decreases (indicating higher cloud tops) with
increasing AOD and CC, while in autumn and winter, under high water vapor conditions, acrosol loading leads to higher
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1. Introduction

The intricate impact of aerosols on climate has drawn
the attention of the scientific community for decades, stimu-
lating efforts to disentangle their role in climate change['™1.
Aerosols can modify cloud properties by acting as cloud con-
densation nuclei (CCN), leading to smaller and more numer-
ous cloud droplets, increasing cloud albedo, a process known
as “first aerosol indirect effect” or “Twomey effect” . These
cloud droplets may delay the onset of collision and coales-
cence inside the cloud, inhibiting precipitation and increasing
their lifetime, a process known as “second indirect effect”(®.
Furthermore, aerosols have been observed to absorb and scat-
ter radiation, a phenomenon referred to as the “aerosol direct
effect.” The presence of absorbing aerosols has been demon-
strated to have a significant impact on atmospheric conditions.
These particles can alter the thermal structure of the atmo-
sphere, leading to an increase in water vapor evaporation,
due to radiative absorption. This in turn, results in a suppres-
sion of cloud formation or a reduction in cloud density, a
phenomenon referred to as the “semi-direct effect” "1,

The Eastern Mediterranean Territory (EMT) is a climat-
ically sensitive region which is strongly affected by air pollu-
tion. It is considered an ideal region to investigate the aerosol-
cloud relationships primarily due to its unique aerosol compo-
sition, geographical positioning and climate sensitivity (19161,
The region is a crossroad of various aerosol source regions
as it receives anthropogenic aerosols from Europe and the
Middle East, dust from North Africa and biomass burning
aerosols from southeastern Europe and Asial!%!'¥l, This blend
of dust, anthropogenic and biomass burning aerosols can sig-
nificantly impact cloud microphysics!!”l. Anthropogenic
aerosols are associated with large coastal megacities such
as Cairo or Athens, showing high values of Aerosol Op-
tical Depth (AOD) in the visible range!'!l. Hatzianastas-
siou et al. "% investigated AOD over large urban regions in
the eastern Mediterranean using remote sensing data from
the Total Ozone Mapping Spectrometer (TOMS) and Mod-
erate Resolution Imaging Spectroradiometer (MODIS) in-

struments, finding high AOD values (up to 0.8) of anthro-

pogenic origin. In addition, Tutsak and Kocak!['®, using
in situ measurements from the Aerosol Robotic Network
(AERONET), found a significant presence of anthropogenic
aerosols in the area. On the other hand, Balis et al.!'"] by
studying the influence of biomass-burning aerosols over
Thessaloniki in Greece, reported very high AOD values in
the region. Furthermore, Meloni et al.?"! and Pace et al.[?!],
by investigating the optical properties of acrosols over the
Mediterranean using a Multi-Filter Rotating Shadowband Ra-
diometer (MFRSR), found that the highest biomass-burning
AOD values were observed during the summer months (July—
August). The high impact of biomass burning aerosols on
the region has also been noted by Methymaki et al.[??!, who
investigated their effect on light absorption and cloud cover
using the Weather Research and Forecasting (WRF)-Chem
model. In another research, Kalivitis et al.[?3! investigated
the transport of dust aerosols over the EMT using data from
TOMS, AERONET, and ground measurements, finding that
high concentrations are transported during autumn and spring.
In addition, the EMT is considered as a climate change
hotspot due to its strong radiative responses to aerosol forc-
ing[1%1, while its distinctive morphology further increases
the region’s sensitivity to aerosol perturbations?!l,

The aforementioned researches investigate the spa-
tiotemporal variability of different aerosol types and the re-
lations between aerosols and clouds without considering the
different water vapor conditions over the area, as water vapor
plays a pivotal role in aerosol-cloud interactions 2?4/, The
aim of this paper is to investigate the annual and seasonal
relationships of different acrosol types with cloud parameters
under different water vapor conditions, utilizing data from
the MODIS instrument onboard the Aqua satellite, in order
to enhance our understanding of aerosol-cloud interactions

over the region.

2. Study Area, Materials and Meth-
ods

To study the aerosol-cloud relationships over the
Eastern Mediterranean Territory (EMT) (30°-5° N,
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17.5°=37.5° E), we divided the whole region into nine
rural-urban subregions. Particularly, we separated the
EMT into the Northern Balkans Land region (NBL)
(42.3°—45° N, 17.5°-37.5° E), the Southern Balkans region
(SBL) (34.4°—42.3° N, 17.5°-29.2° E), the Anatolia Land
region (ANL) (34°-42.3° N, 29.2°-37.5° E), the Northern
Africa Land region (NAL) (30°-34° N, 17.5°-37.5° E), the
Black Sea Oceanic region (BSO) (40°—45° N, 27°-37.5° E),
the Northwestern Oceanic region (NWO) (34.4°—45° N,
17.5°-27° E), the Southwestern Oceanic region (SWO)
(30°-34.4° N, 17.5°-27° E), the Northeastern Oceanic re-
gion (NEO) (34.4°-40° N, 27°-37.5° E) and the Southeastern
Oceanic region (SEO) (30°-34.4° N, 27°-37.5° E) (Figure
1). The separation was made using geographical, land type
and land use criteria, following Georgoulias et al. "], Air
quality in these regions is impacted not only from anthro-
pogenic activities (biomass burning, traffic, heavy industry
etc.) but also from sea salt emissions and the transport of
dust from nearby deserts. For example, BSO is heavily
impacted from biomass burning aerosols transported from
Russia and Eastern Europe ], while NAL and ANL suffer
from high dust concentrations from local sources and nearby
deserts!'¥l. In order to generalize our results over the nine
subregions, we considered two broader regions to encom-
pass all the land and oceanic areas separately, namely the
Eastern Mediterranean Land (EML) and Eastern Mediter-

ranean Oceanic (EMO) regions, respectively. EML region
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comprises of the NBL, SBL, ANL and ANL regions, while
EMO region includes the BSO, NWO, SWO, NEO and SEO
regions. Here, we present the results for EMT, EMO and
EMT regions only, since the aerosol-cloud relationships over
each sub-region were found to exhibit similar behaviour to
that of the larger region to which it belongs.

The MODIS sensor, onboard Aqua satellite (launched
in early 2002), measures the reflected terrestrial radiation and
solar radiance in 36 spectral bands with a spatial resolution
between 250 m and 1 km, from a height of approximately
700 km. Having a swath of about 2300 km, it nearly covers
the entire globe daily[?%]. Aqua satellite passes over the re-
gion twice a day, in daytime (13:30 LST) (Local Standard
Time) and at nighttime (01:30 LST). The MODIS retrieval
algorithm makes use of three different aerosol algorithms,
measuring the aerosol scattered radiation, using visible and
near-infrared channel measurements. Over land, the Dark
Target (DT) algorithm chooses from a set of fine-made dom-
inated aerosol models and a single coarse-made dominated

27-291 while over bright land surfaces the Deep

aerosol model!
Blue (DB) algorithm has been widely used instead*°!. The
third algorithm is used over oceanic regions!?*3!l. The cloud
parameters (cloud cover, cloud optical depth, cloud top pres-
sure) and water vapor from MODIS, are derived using dif-
ferent retrieval algorithms. Details about the calculation and
derivation of the MODIS products can be found in Ackerman

et al.[3?], King et al. 331 and Platnick et al.[34],

o
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Figure 1. Eastern Mediterranean area map with the nine subregions of interest (NBL: Northern Balkans Land, SBL: Southern Balkans,
ANL: Anatolia Land, NAL: Northern Africa Land, BSO: Black Sea Oceanic, NWO: Northwestern Oceanic, SWO: Southwestern
Oceanic, NEO: Northeastern Oceanic and SEQ: Southeastern Oceanic).

99



Journal of Atmospheric Science Research | Volume 08 | Issue 03 | July 2025

To investigate the annual and seasonal aerosol-cloud
relationships over the Eastern Mediterranean and over the
nine subregions that constitute it, we utilised a decade
(July 2002—December 2012) of 0.1° x 0.1° MODIS-based
aerosol, cloud and water vapor parameters from the QUan-
tifying the Aerosol Direct and Indirect Effect over Eastern
Mediterranean (QUADIEEMS) high resolution dataset[331,
Specifically, within QUADIEEMS AOD and Fine Mode
Ratio (FMR) data from the MODIS Collection 5.1 level-2
(MYDO04 L2) were gridded on a 0.1° x 0.1° spatial resolu-
tion following a procedure described in detail in Georgoulias
et al.l"4. The MODIS data were then combined with ultravi-
olet (UV) Aerosol Index (Al) data from Earth Probe Total
Ozone Mapping (TOMS) 3¢l and Ozone Monitoring Instru-
ment (OMI)37) space-borne sensors. In addition, data from
the ERA-Interim and the Monitoring Atmospheric Composi-
tion and Climate (MACC) reanalysis projects 384% and data
from the Goddard Chemistry Aerosol Radiation and Trans-
port (GOCART) chemistry-aerosol-transport model '], were
used in conjunction with the MODIS data to calculate the
contribution of different aerosol types to the total AOD. Note
that MODIS FMR data were used only over the sea, since
FMR data over land is not reliable[?. For this reason, data
from MACC reanalysis projects were used instead, for the
discrimination of different aerosol types over land '],

In this work, the total AOD, the anthropogenic AOD
(AODypy) and dust AOD (AODgys) from the MODIS/Aqua-
based QUADIEEMS dataset were utilised (see Georgoulias
et al.['* for details). To produce the QUADIEEMS grid-
ded cloud and water vapor dataset, the MODIS level-2 data
(Collection 5.1) were averaged on a daily basis for each
0.1° x 0.1° grid cell weighting by the size of the overlapping
surfaces defined by the MODIS pixels and the grid cell area.
Note that we only used MODIS collection 5.1 data, since
QUADIEEMS dataset has not been updated yet to Collec-
tion 6. However, as far as aerosols are concerned, it has to
be stressed that the validity of the results is still high, since
the trends between the two collections have not changed
significantly (3],

In addition, quasi-coincident data of Water Vapor at
clear sky (WV), Cloud Cover (CC), Cloud Optical Depth
(COD) and Cloud Top Pressure (CTP) were used, in con-
junction with AOD (total/anthropogenic/dust), to study the

aerosol-cloud relationships at different altitudes following

2241 According to Gryspeerdt et al.[4?],

previous studies!
quasi-coincident aerosol-cloud data (provided in the same
grid cell) ensure that data are close enough to each others and
represent the total time-integrated effect of aerosol on clouds.
The number of observations (NOO) of AOD, AOD ¢, and
AODgy that was utilised for the calculation of the mean CC,
COD and CTP over every region and for every season is
illustrated in Figure S1 (Supplementary Material).

To study the annual relationships of AOD-WV-CC, we
separated the data into 0.1 AOD and 1 cm WV bins and calcu-
lated the mean CC value for each bin. The same methodology
was followed for the investigation of AOD-WV-COD and
AOD-WV-CTP relationships. By sorting the data into bins,
we minimize the effect of spatial heterogeneity of local me-
teorology on AOD-WV-CC-COD-CTP co-variation*}]. To
avoid artifacts due to undersampling in our investigation, we
only considered CC, COD and CTP values that had more
than 30 values in each AOD-WYV bin. In addition, we used
CTP as a measure of cloud altitude, with high CTP values
denoting clouds at low altitude and low CTP values denoting
clouds at high altitude. Specifically, clouds with CTP > 800
hPa were considered as low boundary layer clouds, clouds
with CTP between 400—800 hPa as medium height clouds
and clouds with CTP > 400 hPa as high clouds?*.

For the study of seasonal AOD-WV-CC, AOD-WV-
COD and AOD-WV-CTP relationships we separated the
whole data into four seasons. For winter, we used data of
December, January and February (DJF), for spring, data of
March, April and May (MAM), for summer, data of June,
July and August (JJA) and for autumn, data of September,
October and November (SON).

3. Results and Discussion

3.1. Aerosol-Cloud Relationships over the
Eastern Mediterranean Region and Sub-
Regions

Here, we present the results for total acrosols, anthro-
pogenic aerosols and dust. We consider total aerosols as the
sum of anthropogenic, dust, fine-mode natural (over land

only) and marine (over the sea only) aerosols.
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3.1.1. Total Aerosols-Cloud Relationships

The spatial distribution of quasi-coincident data of
mean total AOD, CC, COD and WV, over the EMT region, is
presented in Figure 2. Over NAL (along the northern coasts
of Egypt, coasts of Lebanon and Israel), ANL (Turkey and

In addition, high values of CC are observed over all oceanic
regions (NWO, SWO, SEO, NEO, BSO) (Figure 2b), while
high WV concentrations are found over ANL (along south-
eastern coasts of Turkey) and SBL regions (along northern
coasts of Greece and Turkey) (Figure 2c¢). Finally, high
values of COD are found over NBL, SBL and ANL regions

along the coasts of Syria) and SBL regions (along the coasts

of Greece) high values of AOD are observed (Figure 2a). (Figure 2d).
a) Longitude (degrees) c) Longitude (degrees)
1 28 27 30 33
) =
@ 9
& =P
— ot
&0 50
2] ]
= =
S S’
”] %]
= =
= =
= =
N Nt
< ]
- —
b Longitude (degrees) d Longitude (degrees)
) j 21 04 27 30 336 ) ___Zh 8D 33
— -~y : ¢ ; . —
& e | W
= E Sl e
iy : X i o ]
O ST ‘ e
@ Bl ;P e NS o
= : ; , ' s =
= . : ; : ; i s S
= SR g AR B e M =
= Ay A PR =
-1 - & -
B 0
20.00

a.50

0.c0 5.00 1000 1500

Figure 2. Spatial distribution of mean total Aerosol Optical Depth at 550 nm (AOD) (a), Cloud Cover (CC) (b), Water Vapor (WV) in
cm (c¢) and Cloud Optical Depth (COD) (d), over the Eastern Mediterranean, for all seasons, for the period 2002-2012, from Aqua.

COD is found to have a different behavior according
to WV amounts. For WVs between 5-6 cm, which are ob-
served at CTP > 900 hPa, COD increases with increasing CC
and aerosol loading, probably another sign of cloud invig-
oration by aerosols (Figure 3). For WVs between 3—4 cm,
COD remains constant, while for WVs 1-2 cm, which are
observed at CTP < 850 hPa, it decreases (Figure 3b,e). This
decrease might be due to the radiative heating of absorbing
aerosols inside or at the top of the clouds, which results in

more WV evaporation and thinning of the clouds, an indi-

cation of the semi-direct effect!'’]. One the other hand, the

possibility that the reduction could be the result of the pres-
ence of dark aerosols above the clouds cannot be completely
ruled out. Such aerosols have been observed to reduce cloud
reflectance, which may result in a retrieval artifact observed
by satellite 4],

Figure 4 presents the aerosol-cloud relationships in
summer, over all the Eastern Mediterranean Land regions
(EML), namely NBL, SBL, ANL and NAL (Figure 4a—
¢), and over all the Eastern Mediterranean Oceanic regions
(EMO), namely BSO, NWO, SWO, NEO and SEO (Figure
4d-f) as CC, COD and CTP difference (ACC = CCg\o -
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CCgmr, ACOD = CODgpo - CODgpm. and ACTP=CTPgmo
- CTPg, respectively). ACC, ACOD and ACTP were cal-
culated only for the common bins that had a CC, COD and
CTP mean value from both EML and EMO regions. Our
investigation shows that CC over the sea is larger than CC
over land for most WV bins, a sign that aerosols affect clouds

more significantly over the sea than over land (Figure 4a,d).
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An exception is observed for WV bin equal to 5 cm, which is
observed at CTP > 900 hPa, where CC over land is larger than
CC over the sea. This might be an indication that aerosols
are not the only physical process affecting clouds over land
but there may be some other dynamic processes, related to
factors like urban land cover as well, that may play a critical

role in cloud formation[*],
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Figure 3. Mean total Aerosol Optical Depth at 550 nm (AOD)-Water Vapor (WV)-Cloud Cover (CC) relationships (a,d), mean total
Aerosol Optical Depth at 550 nm (AOD)-Water Vapor (WV)-Cloud Optical Depth (COD) relationships (b,e) and mean total Aerosol
Optical Depth at 550 nm (AOD)-Water Vapor (WV)-Cloud Top Pressure (CTP) relationships (¢,f), over the Eastern Mediterranean for all
seasons, from Aqua, for the period 2002—-2012. Figures on the left present results in bins, while figures on the right present results as line
graphs. The data were sorted into 0.1 AOD and 1 cm WV bins to minimize the effect of spatial heterogeneity of local meteorology. The
color bars represent the average CC, COD and CTP values in each AOD and WV bin. NaN at the color bars denote less than 30 values in

this bin.

COD over land is larger than COD over the sea, irre-
spective of WV and AOD amount (Figures 2d and 4b,e), in
accordance with the findings of Peng et al.[*¢], This might
be another sign of greater aerosol invigoration effect over
regions with strong convection!!74748] which is more pro-
nounced over land than over the sea. In addition, according
to Alexandri et al.[*?], these COD maxima could be due to

orographic clouds, over local geographical features, such

as mountain ranges. Over land, at low and moderately pol-
luted conditions (AOD between 0.1-0.5), COD increases
with increasing AOD, while at heavy polluted conditions
(AOD between 0.6-1), it decreases or remains constant with
increasing aerosol loading (Figure 4b,e). Over the sea, the
same COD behavior is observed but for lower AOD bins.
In particular, COD increases for AOD 0.1-0.2 and then de-

creases or remains constant (figure not shown). This may
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indicate the existence of competition for water vapor, be-
tween the larger aerosol particles, which are more prone to
water vapor condensation, and the smaller ones, resulting in
a decrease in COD 339311 Nonetheless, we cannot rule out
that this decrease on COD may be due to a retrieval artifact,
either from the insertion of carbonaceous aerosols within or
above the cloud that darkens the cloud, or a sub-pixel dark
surface contamination in the cloud reflectance measurement
from the satellite 43461,

In spring and summer months and over all regions,
CTP is found to decrease with increasing AOD (Figure
4c¢,f). Considering CTP as an indicator of the cloud-top
height this may suggest an enhancement of cloud vertical

structure[°2%31, On the other hand, in autumn and winter
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months and for high WV bins, CTP exhibits a reverse be-
havior with increasing aerosol loading, especially over land
(Supplementary Material Figure S2c¢,f). According to
Alam et al.’* and Tripathi et al.[3, this might be due to
the fact that the reduced updraft, that is usually observed
in autumn and winter, do not favor the vertical transport
of aerosol at higher altitude, while the strong updraft in
spring and summer, facilitates the aerosol effect on clouds.
For constant AOD and WYV, clouds over land are found
to be higher (lower CTP) than clouds over the nearby sea
(higher CTP) regions (Figure 4c,f). According to Saponaro
et al.[3%], this might be due to surface heating, resulting in
stronger turbulence over land than over the sea, causing the
clouds to rise higher.
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Figure 4. Mean total Aerosol Optical Depth at 550 nm (AOD)-Water Vapor (WV)-Cloud Cover (CC) relationships (a), mean total
Acrosol Optical Depth at 550 nm (AOD)-Water Vapor (WV)-Cloud Optical Depth (COD) relationships (b) and mean total Aerosol
Optical Depth at 550 nm (AOD)-Water Vapor (WV)-Cloud Top Pressure (CTP) relationships (c¢), over the Eastern Mediterranean Land
region in summer, from Aqua, for the period 2002-2012. ACC = CCgmo - CCgmr (d), ACOD = CODgmo - CODgmr (e), ACTP =

CTPgmo - CTPpwe (f), in summer.
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3.1.2. Anthropogenic Aerosols-Cloud Relationships

For the investigation of anthropogenic aerosols-cloud
relationships, we considered only anthropogenic AOD val-
ues (AODyy,,) that were at least two times greater than
dust AOD (AODyys) and marine-natural AOD (AODgea pat),
to avoid misleading inferences about the anthropogenic
aerosols-cloud relationships, in case the amount of the other
two types of aerosols was high enough to bias the results.
Then, we followed the same method as above, separating
the AOD e, WV, CC, COD and CTP quasi-coincident data
into 0.1 AOD,uq and 1 cm WV bins and calculated the mean

CC, COD and CTP values. As before, we only considered
CC, COD and CTP values that had more than 30 values in
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The spatial distribution of quasi-coincident data of
mean anthropogenic AOD, CC, COD and WV, over the EMT
region, is presented in Figure 5. High values of AOD ¢, are
found over NAL, NBL (eastern areas) and along the coasts
of ANL and SBL regions (Figure 5a). CC is found to have
high values over all oceanic regions EMO, NAL and ANL
(central Turkey) regions (Figure 5b). In addition, high WV
concentrations are observed over ANL (along the southern
coasts of Turkey), SBL (along the northern coasts of Greece)
and NBL (eastern areas) regions (Figure 5¢), while high
values of COD are found over NAL, ANL, SBL (along the
coasts) and NBL (southern areas) regions (Figure 5d).
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Figure 5. Spatial distribution of mean anthropogenic Aerosol Optical Depth at 550 nm (AOD(anthr.)) (a), Cloud Cover (CC) (b), Water
Vapor (WV) in cm (¢) and Cloud Optical Depth (COD) (d), over the Eastern Mediterranean, for all seasons, for the period 2002-2012,

from Aqua.

Over all regions, CC is found to increase with increas- (Figure 6a,d), in accordance with previous studie

ing anthropogenic aerosol loading, irrespective of WV bins

s [2,24,57]

For WVs between 5—-6 cm, COD increases with increas-
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ing aerosol loading. On the other hand, for WV between 14
cm, COD is found to increase with increasing AOD ¢ un-
til AODyyhe 0.4 and then to decrease (Figure 6b,e). This
boomerang-shaped relationship between COD versus aerosol
loading could be explained by a combination of physical
processes and satellite retrieval artifacts. Aerosols within
or above the clouds can absorb solar radiation, resulting in

time, these absorbing aerosols, by evaporating or thinning the
cloud, can reveal a dark surface beneath it, reducing the visi-
ble reflectance received by the satellite, which is interpreted
by the retrieval as a lower COD[*]. As previously reported
for total aerosol-cloud relationships, CC at high altitudes (low
CTP) is higher than CC at low altitudes (high CTP), possibly
due to the invigoration effect of anthropogenic aerosols on

evaporating or thinning the cloud optically “®°8] At the same clouds (Figure 6c,f).
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Figure 6. Mean anthropogenic Aerosol Optical Depth at 550 nm (AODanm)-Water Vapor (WV)-Cloud Cover (CC) relationships (a,d),
mean anthropogenic Aerosol Optical Depth at 550 nm (AODgunr)-Water Vapor (WV)-Cloud Optical Depth (COD) relationships (b,e) and
mean anthropogenic Aerosol Optical Depth at 550 nm (AOD g, )-Water Vapor (WV)-Cloud Top Pressure (CTP) relationships (c,f), over
the Eastern Mediterranean for all seasons, from Aqua, for the period 2002-2012. Figures on the left present results in bins, while figures
on the right present results as line graphs. The data were sorted into 0.1 (AODguy) and 1 cm WV bins to minimize the effect of spatial
heterogeneity of local meteorology. The color bars represent the average CC, COD and CTP values in each (AODanimr) and WV bin.NaN

at the color bars denote less than 30 values in this bin.

In summer and for AOD,,, between 0.1-0.4, CC over
the sea is greater than CC over land, while for AOD ¢,
higher than 0.5, the relationship is reversed (Figure 7a,d).
This could be an indication, that the invigoration effect over

land is stronger than over the sea, especially over regions

with AOD > 0.5.

Over land, where vast amounts of anthropogenic
aerosols are emitted into the atmosphere and for WV be-
tween 5-6 cm, COD is found to increase with increasing
AOD . On the other hand, for WV between 1-4 ¢cm and
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for CTP < 900 hPa, COD is found to increase until AODgypenr
0.4 and then to decrease (Figure 7b). This reduction of COD

could be attributed to the radiative effect of anthropogenic

[60

aerosols, resulting in thinning the clouds®®!. However, we

cannot rule out that this finding may be a retrieval artifact
as well. For all WV and AOD,,4, bins, COD over land is
larger than COD over ocean, probably due to the greater

invigorating effect of anthropogenic aerosols on clouds over
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land than over the sea®?! (Figures 5d and 7e).

For all WV and AOD,, bins, CTP over land is found
to decrease with increasing AOD,n, (Figure 7c¢). In addition,
CTP over the sea, is higher than CTP over land, irrespective
of WV and AOD,n, bin, which implies that clouds over
land are higher than clouds over the sea, probably due to
greater surface heating, resulting in the formation of higher
clouds¢! (Figure 7f).
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Figure 7. Mean anthropogenic Aerosol Optical Depth at 550 nm (AODgqne)-Water Vapor (WV)-Cloud Cover (CC) relationships (a),
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over the Eastern Mediterranean Land regions in summer, from Aqua, for the period 2002-2012. ACC = CCgmo - CCgmr (d), ACOD =
CODEMO - CODEML (e), ACTP = CTPEMO - CTPEML (f), in summer.

3.1.3. Dust-Cloud Relationships

For the study of dust-cloud relationships, we considered
only dust AOD values (AODy,) that were at least two times
greater than anthropogenic AOD (AODy) and marine-
natural AOD (AODge,1at). Then, we followed the previous
methodology, separating the AODgy,s, WV, CC, COD and

CTP quasi-coincident data into 0.1 AODgys and 1 cm WV
bins, and calculated the mean CC, COD and CTP values. As
before, we only considered CC, COD and CTP values that
had more than 30 values in each AODg,-WV bin.

High values of AODg,y are found over NAL region
(Figure 8a), while increased CC is observed over SWO,
SEO, NEO and NWO regions (Figure 8b). In addition, high
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concentrations of WV are found over NAL and along the values of COD are observed along the coasts of SBL and
coasts of ANL and SBL regions (Figure 8c). Finally, high ANL regions (Figure 8d).
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Figure 8. Spatial distribution of mean dust Aerosol Optical Depth at 550 nm (AOD(dust)) (a), Cloud Cover (CC) (b), Water Vapor (WV)
(¢) and Cloud Optical Depth (COD) (d), over the Eastern Mediterranean, for all seasons, for the period 2002-2012, from Aqua.

Over all regions and irrespective of season and WV bin,
CC is found to increase with increasing AODg,s (Figure
9a,d). Over all regions and for all seasons, dust COD is
observed to have values less than 8, irrespective of WV
and AODy, bins (Figure 9b,e). In addition, it is evident
that anthropogenic COD is larger than dust COD, which
in some cases (specific WV and AODy, bins) might be
of about 82% (Figures 6e and 9e) (see Figures 5d and 8d
as well). According to Harikishan et al.['”], this reduction
of cloud depth could be due to the fact that dust above
the clouds may absorb incoming solar radiation, increas-
ing the ambient temperature through the adiabatic warming
of dust. This, in turn, leads to a decay of relative humid-
ity available for cloud growth, inhibiting cloud formation.

In addition, anthropogenic aerosols tend to be smaller and

more hygroscopic than dust, allowing them to act more ef-
fectively as cloud condensation nuclei. This can increase
the cloud droplet number concentration, resulting in higher
CODI61-631

In most cases, CTP is found to decrease as AOD gy
increases (Figure 9c,f), suggesting an enhancement of cloud
vertical structure!'.

Finally, our investigation shows that, for AOD g, > 0.3
and for WV between 3—4 c¢m, even though CC over land is
higher than CC over the sea (Figure 10a,d), the respective
COD and CTP over land are lower than COD (Figure 10b,e)
and CTP over the sea (Figure 10c¢,f). On the other hand, for
WYV between 1-2 cm, CC over land is lower than CC over
the sea (Figure 10a,d), while the respective COD and CTP
over land are higher than COD (Figure 10b,e) and CTP over
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the sea (Figure 10c¢,f). This could be another sign of the
greater invigorating effect of dust on clouds over land than

over the sea.

A general summary of the seasonal trends of aerosol
- cloud relationships over the region can be found in the
Supplementary Material (Table S1).
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cm WV bins to minimize the effect of spatial heterogeneity of local

meteorology. The color bars represent the average CC, COD and CTP values in each (AODgy,s) and WV bin.NaN at the color bars denote

less than 30 values in this bin.

3.2. Limitations and Uncertainties

The challenge in all aerosol-cloud interaction studies
that utilise remote sensing and model data is to minimise
the uncertainties of the results. These uncertainties may be
attributable to the complicated relations between aerosols
and clouds in the atmosphere under different water vapor
environments and altitudes, as well as due to seasonal, geo-

graphical and instrumental variations. In the present study,

10

in order to minimize the effect of seasonality, the data was
separated into four seasons. In addition, the selection of
each region was chosen to ensure the inclusion of a statisti-
cally significant number of observations, while maintaining
the condition of relative homogeneity in terms of dynamic
and thermodynamic parameters. Furthermore, in order to
minimize the effect of spatial heterogeneity of local meteo-
rology on AOD-WV-CC-COD-CTP co-variation, our data
was separated into different bins[3].
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However, a number of uncertainties still remain, arising
from a combination of instrumental limitations, atmospheric
complexity and methodological assumptions. The quality of
remote sensing data is dependent on the calibration of the sen-
sor, the spatial resolution, and the efficacy of cloud masking
algorithms. In our study, we used MODIS aerosol and cloud
products at a spatial resolution of appr. 10 km, which in com-
plex terrains or near coastlines can smooth the real variation
between them[?°), The uncertainty of the MODIS AOD has
been calculated to be approximately +(0.05 + 0.15 AOD)
over land and £(0.03 + 0.05 AOD) over ocean 2841, The
uncertainties of the calculated AOD i and AODyg,: are sim-
ilar to the ones presented in Bellouin et al.[®3]. Specifically,
AOD, i, can be specified with an uncertainty of approxi-
mately 23% over land and 16% over the oceanic regions,

while AODgyt can be specified with an uncertainty of approx-
imately 19% over land and 33% over the oceanic regions. In
addition, the presence of dark aerosols above the clouds have
been observed to reduce cloud reflectance, which may result
in a retrieval artifact observed by the MODIS instrument 34,
Furthermore, observations from the MODIS instrument pro-
vide column-integrated data, thereby hindering the precise
calculation of the vertical profiles of humidity and aerosol
distribution.

Additionally, in the present study, AOD was utilised
as a proxy for aerosol loading, which does not directly ac-
count for aerosol hygroscopicity. Future research integrating
in situ observations, vertical profile data and modelling ap-
proaches may help address these limitations and improve our

understanding of aerosol—cloud interactions.
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4. Conclusions

In this work, we used a decade (July 2002—December
2012) of MODIS/Aqua-based aerosol, cloud and water vapor
data from the QUantifying the Aerosol Direct and Indirect Ef-
fect over Eastern Mediterranean (QUADIEEMS) 0.1° x 0.1°
high resolution dataset!'¥! for the Eastern Mediterranean Ter-
ritory (EMT) and for nine urban and rural land and oceanic
subregions.

Over all regions and seasons and WV bins, CC is found
to increase with increasing total AOD. This increase might
be of the order of 55% in summer for AOD 0.1-0.5, pointing
towards the aerosol invigoration effect on clouds. In addi-
tion, COD is found to have a varied behavior depending on
WV. For high WV values (5-6 cm), COD increases with CC
and aerosol loading, which is another indication of aerosol
invigoration effect on clouds. On the other hand, for low
WYV values (1-2 ecm) COD decreases with increasing CC and
AOD, probably due to the semi-direct effect or to a retrieval
artifact. Furthermore, CTP is found to decrease with increas-
ing AOD in spring and summer, but in autumn and winter
this behavior is reversed (CTP increases), especially over
land and for high WV environments. This may be due to the
differences in updraft speed among the seasons.

Regarding the relationships between AODu and
clouds, CC is observed to increase with AOD,,,, for all
WYV bins, regions and seasons. Additionally, COD presents
a “boomerang-shaped” response; for WV 1-4 cm COD in-
creases at low and moderately polluted conditions (AOD g,
< 0.5) and then decreases or remains constant. This could
be attributed to the existence of competition for water vapor
between the larger aerosol particles and the smaller ones at
heavy pollution conditions, without ruling out the possibility
that this behavior could be a satellite retrieval artifact, or a
sign of the semi-direct effect. Moreover, CTP is found to
decrease with increasing AOD,,, over land, probably due
to the aerosol invigoration effect on clouds.

Concerning the relationships between AODy,s and
clouds, CC is found to increase with AODyg, irrespective
of WV bins, regions and seasons, underscoring the active
role of mineral dust in cloud droplet activation and cloud
formation. Furthermore, dust COD is observed to be lower
than anthropogenic COD, which in some cases (specific WV
and AOD bins) might be about 82%. This reduced COD

may be the result of dust’s ability to absorb solar radiation
above clouds, warming the layer and suppressing further
condensation and cloud thickening. In addition, this could
be due to anthropogenic aerosols being smaller and more
hygroscopic than dust, which increases the cloud droplet
number concentration, resulting in higher COD. As before,
CTP is found to decrease with increasing AODgyg, pointing
again to the aerosol invigoration effect on clouds, especially
for WV bins 3—4 ¢cm and AODg,¢ > 0.3.

From our study, some differences between land and
oceanic regions were also observed. Specifically, CC is
found typically higher over oceans than land, except at very
high WV (5 cm), likely due to the urban or orographic in-
fluences over land. Moreover, COD is consistently higher
over land, regardless of AOD and WYV, reflecting stronger

convection and the influence of orographic clouds.
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