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ARTICLE INFO ABSTRACT

Keywords: High dust concentrations in the Eastern Mediterranean - Middle East (EMME) region have serious effects on air
SPring-Sl{mmer aerosols quality, human health and climate. This study used long-term aerosol datasets during the main dusty season
Reanalysis (April-July: AMJJ) over the EMME from 2000 to 2020, based on Moderate-Resolution Imaging Spectroradi-

Dust trends
Meteorological factors
The Eastern Mediterranean — Middle East

ometer (MODIS)/Terra-C6.1, Modern-Era Retrospective Analysis for Research and Applications version 2
(MERRA-2), and Copernicus Atmosphere Monitoring Service Reanalysis (CAMSRA) retrievals and analyzed the
spatio-temporal variations and trends of dust, as well as the influencing factors. The dust aerosol optical depth
(DAOD) experienced a significant upward trend during 2000-2010, followed by a significant decrease during
2010-2017. After 2017 and till 2020, the DAOD presented rather a stable trend. Aerosol Robotic Network
(AERONET) data in the EMME region display trends compatible to those of both MERRA-2 and CAMSRA DAOD.
The DAOD trends were linked to changes in regional meteorological parameters in the EMME. A significant
downward trend in AMJJ sea-level pressure (SLP) during the early period (2000—2010) induced hot and dry
winds from desert regions towards the EMME, which reduced relative humidity (RH) and raised temperature,
thus favored soil drying and dust outbreaks through enhancing evaporation. In contrast, a significant increase in
winter SLP during the late period (2010-2017), accompanying an increase in North Atlantic Oscillation index,
induced cold, wet winds from northwest regions, which increased RH and lowered temperature, thus reducing
dust loading in EMME. Positive anomalies in winter soil moisture persisted in the following AMJJ, and conse-
quently suppressed dust activity. DAOD variability over the dust-prone regions was linked to various meteoro-
logical parameters via a multiple linear regression (MLR) model. The results show that climatic variability
strongly affects the dust trends and contribute to better understanding of meteorological — dust dynamics in the
EMME region.

1. Introduction North Africa (MENA) region is considered of utmost importance, as they
are the major dust producers (Barkan et al., 2004; Huneeus et al., 2011).
Roughly 500 to 3000 billion tons of Aeolian dust is emitted into the Dust has considerable impacts on the environment, climate, atmospheric

atmosphere every year by the global deserts and semi-arid regions chemistry and, importantly, human health (DeMott et al., 2010; Rose-
(Engelstaedter et al., 2006; Francis et al., 2020). The Middle East and nfeld, 2019). In addition, dust particles can alter air temperature and
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cloud condensation nuclei (CCN) concentrations that ultimately affect
cloud properties and precipitation (Jiang et al., 2018). Several studies
have investigated the dust-induced direct radiative effects through ab-
sorption and scattering of solar and thermal radiation and the indirect
effect on cloud microphysics, nucleation and rainfall (Francis et al.,
2021; Jin et al., 2015; Papadimas et al., 2012; Solmon et al., 2015).
However, a recent study shows that dust-rainfall interactions are still of
high uncertainty and not clearly understood (Alpert et al., 2021). Over
the continents, dust storms can degrade soil fertility, destroy crop fields,
pollute water (Thiagarajan and Aeolus Lee, 2004) and cause poor visi-
bility (Furman, 2003), while once dust settles into the ocean, phyto-
plankton can bloom because of the presence of iron in the Aeolian dust
(Jickells et al., 2005).

The Eastern Mediterranean and Middle East (EMME) region, which
encompasses the Levantine Basin, Middle East and part of North Africa
(Fig. 1), is one of the global hotspots of climate change (Almazroui et al.,
2022; Alpert et al., 2006; Elhacham and Alpert, 2016; Zittis et al., 2022)
and dust storm activity (Abdelkader et al., 2015; Gui et al., 2021a). Dust
storms mainly occur in spring and early summer, in particular, over
Iraqi, Saudi Arabian, and Libyan-Egyptian deserts (Fig. 1). By using
various aerosol observational data, several studies have revealed an
increasing trend in AOD over the arid EMME region during the 2000s.
For instance, a positive trend in AOD was reported over the Middle East
during 2001-2012 using the (SeaWiFS) Sea-viewing Wide Field-of-view
Sensor (Hsu et al., 2012). Using CMIP5 models, the synoptic dust sys-
tems are projected to increase over the Middle East during the 21st
century (Elhacham and Alpert, 2020). A 15% increase in dust emissions
per year from 2001 to 2012 was also confirmed over the Middle East by
Yu et al. (2018). Furthermore, over the Middle East a significant upward
trend was detected from 2000 to 2010 by utilizing AOD from MODerate
resolution Imaging Spectroradiometer (MODIS) and Modern-Era
Retrospective Analysis for Research and Applications, version 2
(MERRA-2) retrievals (Lee et al., 2020; Shaheen et al., 2020; Yousefi
et al., 2020a). Similarly, Klingmiiller et al. (2016) also noted a positive
trend in MODIS AOD over the Arabian Peninsula during 2001-2012. In
contrast, a negative AOD trend was detected in the Middle East region
during the last decade (Gui et al., 2022; Shaheen et al., 2020; Yousefi
et al., 2020a). Previous studies noted that dust emissions over the
Middle East partly recovered towards normal conditions after 2012
(Notaro et al., 2015; Yu et al., 2018). Achilleos et al. (2020) utilized
satellite observations (dust-AOD) and meteorological variables in
assessing the dust variability at three EMME regional background sites,
Finokalia, Crete, Agia Marina, Cyprus, and Beer Seva, Israel, during
2006-2017. In general, the decadal variation in the frequency of dust
events and dust-AOD at the three sites revealed a significant intra-
seasonal to inter-annual variability. The only statistically significant
linear trend was the decline in the number of dust events in Agia Marina,
Cyprus (—6.9 dust events per year). Moreover, several other works
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agreed to an overall decrease in AOD and dust loading over the eastern
Mediterranean from the beginning of 2000s till about 2014-2015
(Floutsi et al., 2016; Marinou et al., 2017; Pozzer et al., 2015; Yoon
et al., 2014). However, the large inter-annual and intra-seasonal vari-
ability in dust-AOD and the significant spatial heterogeneity in the AOD
trends require a more detailed investigation focusing on various parts
(continental and marine) of the EMME region and on specific periods of
highly increasing or decreasing trends in order to assess the influencing
factors of these dust trends.

Meteorological dynamics and soil moisture are important factors in
driving short- and long-term variability in aerosol concentrations (Bar-
kan and Alpert, 2008; Guo et al., 2019; Wu et al., 2013). Over the
Saharan and Arabian desert regions, dust loading is highly controlled by
the meteorological conditions (Klingmiiller et al., 2016; Krichak and
Alpert, 2022). For example, a recent decline in rainfall over Gaza Strip
has caused an increase in Particulate Matter (PM) concentrations (Sha-
heen et al., 2017). Previous studies attributed the decadal time-scale
changes in dust activity over the Middle East to changes in wind speed
induced by large horizontal pressure gradients related to the enhanced
high-pressure system across the Mediterranean region (Mohammadpour
et al., 2021; Shaheen et al., 2021a). Other studies found that inter-
annual changes in dust activity across North Africa are linked to soil
moisture variations, Sahel rain and vegetation cover (Foltz and
McPhaden, 2008). Remotely sensed AOD measurements and surface-
based dust observations revealed that soil moisture and wind speed
play a key role in driving dust activity over the Northern Arabian
Peninsula desert (Yu et al., 2018). Previous works (Notaro et al., 2015;
Hamzeh et al., 2021) examined the drought effects on the inter-annual
variations of dust loading over the Iraqi Plains, southwest Iran and
Arabian Peninsula, directly impacted by the Shamal wind in spring and
summer. A negative correlation was observed by Hsu et al. (2012) be-
tween SeaWiFS AOD anomalies over Iraq and Saudi Arabia and the
multivariate El Nino-Southern Oscillation (ENSO) index during
1997-2012, with the index leading by one year, thus indicating that El
Nino prevents dust-storm activity over the arid Middle East. Through
multiple linear-regression analysis, decadal variability of dust-storm
frequency was well predicted over Saudi Arabia by using surface tem-
perature and precipitation data over the Mediterranean Sea, the Arabian
Peninsula and North Africa (Yu et al., 2015).

Apart from examining the dust AOD (DAOD) trends over the EMME
region that was the subject of several previous works (Klingmiiller et al.,
2016; Marinou et al., 2017; Pozzer et al., 2015; Yoon et al., 2014), an
important scientific issue that has not been fully addressed is which
factors and meteorological dynamics are responsible for the regional
dust-aerosol trends during dusty period (April, May, June and July:
AMJJ), and in particular, what are the reasons behind the observed
reversal dust-aerosol trend mentioned in previous studies i.e., reversal of
AOD trends in winter over the EMME region (Shaheen et al., 2021) and

Fig. 1. (a) The study region in red box
(20—44o N, 20—48o E). Blue circles represent
the geographical locations of the 5 AERO-
NET stations (1) IMS-MET ERDEMLI,
Turkey, (2) CUT-TEPAK, Cyprus, (3), NES-
ZIONA, Israel, (4) SEDE-BOKER, Israel, (5)
EILAT, Israel. (b) The 2 main dusty regions
(DS 1; (22-32° N, 20-30° E) and DS 2;
(24-33° N, 38-48° E)). The great Egypt-
Libyan Desert and the Syrian-Iraqi Desert
are the major dust sources in DS1 and DS2,
respectively. (For interpretation of the ref-
erences to colour in this figure legend, the
reader is referred to the web version of this
article.)
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in summer over Iran (Yousefi et al., 2021a, 2021b). This work focusses
on investigating the spatial and temporal variations in DAOD trends
over the EMME region using MERRA-2 and Copernicus Atmosphere
Monitoring Service Reanalysis (CAMSRA) products. The analysis aims to
better understand the reversal trends in dust-AOD during the last two
decades and the reasons that triggered the DAOD trends in the main
dusty season (April to July) during the 2000s and the 2010s. The
interpretation of the DAOD trends is based on an extensive multi-linear
regression analysis of various meteorological parameters, including
precipitation, sea-level pressure, wind, near-surface air temperature,
relative humidity (RH) and soil moisture, an issue that was not explored
in previous studies (i.e. Shaheen et al., 2020; Yousefi et al., 2021a,
2021b). Furthermore, this study examines the relationship between
DAOD trends and meteorological factors in order to evaluate the
contribution of each parameter in dust trends and to elucidate atmo-
spheric dynamics that facilitate or prevent dust activity over the arid
regions and dust accumulation over the Levantine Basin.

The rest of the article is structured as follows. Applied datasets are
described in Section 2. Observed aerosols trends are analyzed in Section
3. Section 4 discusses the links of DAOD variations to sea-level pressure,
rainfall, soil moisture, near-surface air temperature, wind speed, and
RH. Multiple linear regression (MLR) model is employed in Section 5.
Section 6 presents the conclusions.

2. Dataset
2.1. Aerosol data

NASA's Global Modeling Assimilation Office (GMAO) prepared a
most recent version of MERRA-2 (Gelaro et al., 2017). It comprises Earth
surface processes, ocean movement and composition of Earth's atmo-
sphere by using distinct observation sources. The aerosol product in-
tegrates multiple AOD datasets into the Goddard-Chemistry-Aerosol-
Radiation-Transport (GOCART) model. MERRA-2 data assimilates a
variety of AOD datasets from different observation sources, such as the
Advanced Very High-Resolution Radiometer (AVHRR), non-bias cor-
rected AODs retrieved from Multi-angle Imaging Spectroradiometer
(MISR), AERONET and MODIS (Buchard et al., 2017). Various meteo-
rological products and AODs for different aerosol types are also provided
by MERRA-2, i.e., sea salt, organic and black carbon, dust and sulfate
(Kalita et al., 2020). Several previous studies used MERRA-2 aerosol
data to investigate long-term AOD trends (Provencal et al., 2017; Sha-
heen, 2020) and DAOD variability (Liu et al., 2021) due to satisfactory
agreement between MERRA-2, MODIS and AERONET AOD datasets (Shi
et al., 2019; Shaheen et al., 2020; Ukhov et al., 2020). To examine dust
aerosol trends over the EMME region, monthly AODss0, DAOD and dust
concentration data during 2000-2020 were used (Table S1).

Compared to earlier data products, recent ECMWF reanalysis of at-
mospheric composition (CAMSRA) shows lower AOD biases and covers a
longer time period (Inness et al., 2019). The ECMWF Integrated Forecast
System (IFS) was expanded to incorporate a completely integrated atmo-
spheric composition modeling (comprising aerosol modules and independent
chemistry) and data integration of aerosols, AOD and chemically responsive
gases (Flemming et al., 2015). Aqua and Terra satellites carrying MODIS
(Collection 6.1) were integrated into the IFS atmospheric model (Inness
et al., 2019), and AOD retrievals from 2003 to March 2012 were also
used from the Advanced Along-Track Scanning Radiometer (AATSR)
onboard Envisat. The main purpose of developing CAMSRA was to
reduce the potential changes produced by integrated satellite products
and emissions thereby securing the temporal consistency of the dataset
(Liu et al., 2021). In order to analyze the dust aerosol trend over EMME
region, both DAOD and AODs5( data from CAMSRA were assessed in this
work (Table S1).

MODIS onboard TERRA satellite, with 2330 km swath width and
consideration of 36 spectral bands, observes the Earth in varying
wavelength ranges (King et al., 2003). Here, the level-3 monthly
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Combined Dark Target - Deep Blue AOD (DTDB) MOD-08 at 550 nm
product is used. This data is available at 1° x 1° spatial resolution, while
the mean absolute error in AOD values is about 0.075 (Remer et al.,
2005). About 75% of MODIS daily AOD values fall within the range of
expected errors (Gui et al., 2021b). Table S1 provides comprehensive
details regarding MODIS aerosol datasets employed in this study.

Sun photometers CIMEL-318 are used in Aerosol Robotic Network
(AERONET) to obtain AOD observations at several stations in the EMME
region (Tutsak and Kocak, 2020). Sun photometers observe solar irra-
diances every 15 min using different wavelengths (Holben et al., 1998),
and probable error of +0.01-0.02. AERONET provides Angstrom
Exponent (AE440_g70), Fine Mode Fraction (FMFsg), and AODss values.
In this study, the analysis focuses on level 2 and version 3 of the monthly
mean FMFsq, AE440_870, and AODsoo from 5 AERONET sites in the
EMME region (SEDE-BOKER, NES-ZIONA, IMS-MET ERDEMLI, CUT-
TEPAK and EILAT). Detailed descriptions and site locations are speci-
fied in Table S1 and Fig. 1, respectively.

2.2. Meteorological data

Meteorological data are retrieved from the latest ECMWF ERA5
reanalysis, which includes numerous advancements in the reanalysis
products (Hersbach et al., 2020; Tarek et al., 2020; C. Wang et al., 2019).
ERAS provides data at 1 h interval and ~ 30 km resolution for a wide
range of earth and atmospheric variables. In previous works, meteoro-
logical parameters from ERAS5 have been assessed and cross-checked
using various observation data with good agreement (Baudouin et al.,
2020; Gleixner et al., 2020; Mohammadpour et al., 2021; Tarek et al.,
2020). In addition, ground-based data from developed countries in
EMME (i.e., Israel, Greece, and Turkey) were assimilated by ERA5 (htt
ps://www.ecmwf.int/). Monthly meteorological data from ERA5
global reanalysis during 2000-2018 are employed in the present study.
In addition, the North Atlantic Oscillation Index (NAOI) data (www.cpc.
ncep.noaa.gov/; Hurrel, 1995) were also used to explore possible rela-
tionship with DAOD variability and trends over EMME. Comprehensive
information about analyzed variables is provided in Table S1.

3. Aerosol trends

Data from MERRA-2, ERA5 and CAMSRA was bilinearly interpolated
to MODIS grid (1° x 1°) for comparing aerosol trends and carrying out a
consistent regression analysis. A technique widely implemented for
time-series analysis is the least-square linear regression (Gui et al., 2019;
Shaheen et al., 2020, 2021b; Yousefi et al., 2020b). This method is used
in the present study to obtain the long-term trends of MERRA-2,
CAMSRA and MODIS AODs (monthly time series data) for the dusty
months AMJJ over the EMME region (red box in Fig. 1). Prior to the
regression, long-term averages were extracted from the original data. In
this work, two-tailed Student's t-test is utilized to examine the strength
of estimated trends, and the criterion for statistical significance was set
at (p < 0.05). As shown in Fig. 2a, the linear trends of the mean AMJJ
AOD anomalies were extracted and averaged over EMME using MODIS,
CAMSRA, MERRA-2 data.

An overall positive trend in AOD is seen over the region (p < 0.05)
from 2000 to 2010, with rates of 0.007 per year (MERRA-2 AOD) to
0.005 per year (MODIS AOD) (Fig. 2a). Similarly, a positive trend is
found during 2003-2010 from CAMSRA data with a rate of 0.007 per
year (Fig. 2a). Conversely, a significant reversal in AOD trends is
observed for the period 2010-2017, during which CAMSRA, MERRA-2
and MODIS AODs display comparable negative trends of —0.009 yr 2,
—0.012 yr ! and — 0.011 yr}, respectively (Fig. 2a). However, a slight
increasing tendency is observed after 2017, and the annual-mean AODs
from MERRA-2 and CAMSRA observations were higher in 2018. On the
other hand, this period is too short for the extraction of robust results
about the significance of the AOD trends, while MERRA-2, CAMSRA and
MODIS data showed rather stable AOD tendency during 2018-2020.
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Therefore, for the whole analysis, we divided the study period into two
sub-periods, i.e., 2000-2010 as the early period and 2010-2017 as the
late period.

The AMJJ DAOD variability and trends from MERRA-2 and CAMSRA
data (Fig. 2b) exhibit very similar patterns with AOD, with an increasing
trend (p < 0.05) during 2000-2010 and a decrease in 2010-2017. The
rates in DAOD changes are similar to those for AODs, ranging from
0.004 yr! to 0.008 yr~l. Furthermore, the trends in the spatial-
averaged surface dust concentration data from MERRA-2 datasets
(Fig. 2¢) showed a significant increase from 2000 to 2010 and a decrease
afterwards, indicating that annual and multi-decadal strong variabilities
in dust loading at the lower atmosphere is responsible for the variability
and trends in columnar dust or total AODs over the EMME region.

The spatial distributions of AMJJ AOD trends for the whole period,
early period, and late period from MODIS and MERRA-2 datasets are
shown in Fig. 3. For the whole period, MODIS and MERRA-2 AODs
exhibited an insignificant trend over the study domain (Fig. 3a, d), as
also observed from the CAMSRA AOD for the period 2003-2017
(Fig. 3g). These insignificant trends are the result of the contrasting AOD
trends during the first and second periods, while significant decline in
AOD trends are shown over the southeastern Europe, in consistency with
previous studies (Floutsi et al., 2016).

During 2000-2010, positive trends (p < 0.05) of MODIS and MERRA-
2 AOD spread over extensive desert areas in the Middle East (Syrian-
Iraqi, An Nafud, Al Dhana Deserts, along with the east Libyan Desert)
(Fig. 3b, e), and same trend pattern is noted in the CAMSRA AOD during
2003-2010 (Fig. 3h). These positive trends are consistent with the re-
sults by Klingmiiller et al. (2016). Reversely, negative AOD trends are
shown during the 2000s over Greece and the East Mediterranean, which
have been well documented in a series of previous papers that attributed
this declining trend to cleaning practices in Europe and absence of se-
vere dust activity (Achilleos et al., 2020; Floutsi et al., 2016; Georgoulias
et al., 2016; Papadimas et al., 2012). Similarly, AOD times series during
1982-2007 showed a clear decreasing trend of —0.0023 per year over
the Mediterranean Basin, which could be explained by decreasing levels
of sulfate due to fuel desulfurization strategies in Europe (Nabat et al.,
2014). Georgoulias et al. (2016) also found statistically significant
negative trends in AOD over the Mediterranean, Egypt and Algeria and
positive trends over the Middle East using MODIS (both Terra and Aqua)
observations. They reported an overall AOD trend of —0.0020 yr!
based on Aqua (2002-2015) and — 0.0008 yr’1 based on Terra
(2000-2015) in the Mediterranean Sea, both statistically significant at
the 95% confidence level. Other spatially-averaged decreasing AOD
trends over the whole Mediterranean Basin have been noted with an
average decrease in AOD of —0.0067 year ' during 2000-2006 using
Terra-MODIS observations (Papadimas et al., 2008), of —0.003 per year
(—19% during 2002-2014), based on Aqua-MODIS AODs (Floutsi et al.,
2016). Therefore, the declining AOD trends over the Mediterranean
were more likely attributed to the decreasing emissions of anthropo-
genic aerosols due to several national strategies and actions in European
countries for reducing aerosol emissions. During the second period
(2010-2017), significant downward trends were found in MODIS,
MERRA-2 and CAMSRA AODs over large parts of the study domain, in
particular over Iraq and desert regions in Egypt and Saudi Arabia, with
statistically significant negative trends (Fig. 3c, f, i).

The small differences in the spatial distribution and magnitude of
trends between the datasets are probably attributed to the algorithms
used by each remote sensing and reanalysis technique, and the presence
of haze and clouds, which may cause some uncertainties in aerosol
retrieval from satellite observations. Additionally, some gaps may occur
in the MODIS AOD dataset because of bright surfaces or cloud
contamination (Che et al., 2019; Gui et al., 2021b).

In the EMME region, there are several AERONET stations, five of
which provide data records for a long period (2000-2017). A trend
analysis was performed for FMFsqg, AE440-870, and AODsqp in AMJJ at
these stations, and the AOD trends during 2000-2017 are shown in
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Fig. S1. A comparison between Figs. 2 and S1 indicates that AERONET
AOD trends showed a fair agreement with AOD trends from MODIS,
MERRA-2 and CAMSRA. In coarse size mode, the AE measurements
showed notable changes in aerosol loadings, emphasizing the key role of
dust in the AOD variability. As shown in Fig. S1, similar results were
observed from the analysis of AERONET FMFs5, with a negative trend
and a positive trend in the early and late periods, respectively, indicating
a decrease and increase in coarse-dust aerosols over the stations and
highlighting dust as the most influencing component for the aerosol
trends. Previous studies based on AERONET observations in the Medi-
terranean examined the long-term trends in AOD, mostly confirming the
decreasing trends observed via satellite remote sensing during the 2000s
(Yoon et al., 2014).

Over the Eastern Mediterranean, PM loading is mostly associated
with dust particles (Achilleos et al., 2020; Pey et al., 2013), while over
the Southern parts of the EMME region, MODIS AE and FMF data justify
the dominance of dust (Floutsi et al., 2016). The MODIS-derived FMF
experienced a decrease (—0.06 per decade) during 2002-2014 over the
greater part of the Mediterranean Sea, reflecting the decreasing contri-
bution of the fine anthropogenic emissions (Floutsi et al., 2016). Using a
least-square method, correlation analysis was performed between
MERRA-2 dust concentration and the MERRA-2, MODIS and CAMSRA
AODs. The spatial distribution of the correlation coefficient (R) values
over EMME is shown in Fig. S2. Large positive R values (p < 0.1) were
seen over most parts of the studied domain, indicating that dust emis-
sions substantially contributed to the total AOD.

The spatial distributions of the DAOD trends from CAMSRA and
MERRA-2 during 2000-2017 and the two sub-periods are shown in the
right part of Fig. 3. During the early period (till 2010), most of the sig-
nificant increasing trends occurred over the desert areas in the EMME
region and, in particular, over Iraq and northernmost Saudi Arabia.
Previous studies detected significant increasing DAOD trends over the
Middle Eastern desert areas from mid to end of the 2000s, then partly
recovered towards normal conditions (Hamzeh et al., 2021; Notaro
et al., 2015). Conversely, the DAOD values presented strong decreasing
trends during 2010-2017, especially over Iraq, after the recovery of the
extreme drought conditions (2007-2010; Notaro et al., 2015), while
significant decrease in dust activity and DAOD is also observed over east
Libya and Egypt, which drove the declining DAOD trend over the East
Mediterranean (Fig. 31, q). The similarity in the trends between AOD and
DAOD (Fig. 3) indicates that dust contributes the most to the total AOD
over the Middle East. This was also supported by the trend analysis in
the fine dust concentrations obtained from MERRA-2 (Fig. S3). Both
coarse and fine dust concentrations exhibited a positive trend during
2000-2010, particularly over the Syrian-Iraqi and Egyptian Deserts,
followed by a negative trend during 2010-2017, while in both cases the
highest trends were observed in coarse dust particles (Fig. S3).

Synoptically, the analysis indicates that the dust-aerosol loading in
the EMME region showed reversed trends during 2000-2017, largely
dominated by the coarse dust component over major hotspot regions.
Our findings are in agreement with results from previous studies (Hsu
et al., 2012; Pozzer et al., 2015; Yoon et al., 2014), indicating declining
AOD and dust-AOD trends over the eastern Mediterranean basin during
the 2000s based on several satellite sensors (MODIS, MISR, SeaWiFS).
Furthermore, Marinou et al. (2017) examined the long-term dust vari-
ability based on CALIPSO observations and reported a decrease of —4%
yr~! in dust-AOD over the eastern Mediterranean during 2007-2015. In
Cyprus, an annual increase in transported dust was reported from 2000
to 2010 (p = 0.04) and in dust-AOD from 2009 until 2013, but no sta-
tistical trend in dust activity was found during 2000-2017 (Achilleos
et al., 2020). Moreover, an increasing trend in dust frequency was pre-
viously reported over Israel from 1958 to 2006 (Ganor et al., 2010) and
during 2001-2015 (Krasnov et al., 2016). However, previous studies did
not follow a uniform methodology for the definition of dust events at
individual sites and for the long-term analysis of their frequency and
intensity evolution, while the trends were highly influenced by
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meteorological patterns and drought conditions that escalated dust ac-
tivity over the area. Therefore, in the following, we investigate the
trends in meteorological variables that are likely linked with dust
emission rates in the desert areas.

4. Response of dust-AOD trends to meteorology

Inter-annual to intra-seasonal variations in dust activity over Sahara
and the Middle East are driven by various factors, namely local and
regional atmospheric circulation patterns, surface winds, rainfall, con-
vection and advection, as well as land use changes (Bryant, 2013;
Schepanski et al., 2009). In this section, regional patterns of several
meteorological variables are examined and compared with the DAOD
trends during the dusty season for both periods using linear regression
and correlation analyses. The meteorological variables include sea-level
pressure, total precipitation, relative humidity, surface air temperature,
near-surface wind speed, and soil water content.

4.1. Precipitation

Precipitation impacts dust loading through various mechanisms.
Rain scavenging contributes to a direct aerosol removal from the at-
mosphere (rainy washout), while precipitation also regulates soil
moisture and vegetation abundance, thus indirectly affecting dust
emissions (Parajuli et al., 2019). Hence, total precipitation trends in the
dusty period (AMJJ) and prior to the dusty season (DJFM) can provide
essential information relevant to the variations in DAOD. To examine
the precipitation effect on DAOD trends over the EMME region, ERA5
precipitation data is used. Fig. 4 shows the trends in total precipitation
(spatial distribution) in AMJJ and DJFM during both periods, obtained
by an analysis similar to that for the DAOD.

Significant positive precipitation trends were observed over the
dusty areas of the Arabian Peninsula and Iraq during the dusty season
from 2000 to 2010 albeit the small increasing rates due to very low
rainfall amount over the deserts (Fig. 4a). A significant positive pre-
cipitation trend during 2010-2017 is found over parts of the southern
areas in the study domain, while the eastern part exhibits a negative
trend. Therefore, total AMJJ precipitation trends are not uniform across
the EMME region, with higher negative trends over Turkey and the East
Mediterranean due to larger rainfall amounts (Fig. 4b). The results
suggest that precipitation, albeit important, is not the main regulating
factor for the trend in DAOD over the EMME region. Furthermore, as the
precipitation rate changed only marginally by —0.56 mm month™! per
decade (—1.3% during 2002-2014) over the Mediterranean (Floutsi
et al., 2016), wet deposition cannot be considered as a major process
affecting the decreasing trend in AOD. However, over the Saudi Arabian
deserts, a significant precipitation increase is observed during
2010-2017 in DJFM (Fig. 4d), which may have a negative feedback on
dust emissions during the following dusty period, thus contributing to
the declining dust trend during the second period.

To further inspect the role of total precipitation in affecting DAOD
trends, correlation analysis was performed between DAOD and total
precipitation for both periods AMJJ and DJFM (Fig. 5, b). The correla-
tion of DAOD with AMJJ precipitation was mostly insignificant (Fig. 5a),
suggesting that DAOD variations are not affected by the AMJJ precipi-
tation This result supports our previous statement that precipitation
variations may have an effect on DAOD trends, but the role of precipi-
tation is not a major one in determining the DAOD trends. This is
consistent with prior studies focusing, for example, on some areas of Iraq
and Saudi Arabia (Klingmiiller et al., 2016), where precipitation had an
influence in AOD variability, but the effects from other parameters were
also significant.

Conversely, a negative correlation was found between DJFM pre-
cipitation and subsequent AMJJ DAOD over a large part of the Saudi
Arabian deserts (Fig. 5b). This suggests that winter precipitation plays a
role in regulating AMJJ dust loadings via the indirect effect of increasing
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soil water content in spring and summer (see Section 4.4). Our findings
are consistent with those of Yu et al. (2015) who found that precipitation
in February affected the dust frequency over the Arabian Peninsula in
the following spring season. Nonetheless, over the EMME region, DAOD
trends cannot be attributed to precipitation trends alone.

4.2. Sea-level pressure and wind

Sea-level pressure (SLP) plays a significant role in Aeolian dust
emissions via affecting near-surface and vertical wind, as well as cloud
cover (Francis et al., 2020). Shao et al. (1993) discussed the processes
via which surface wind impacts dust emissions through the saltation
bombardment. In order to examine the role of this process, we analyzed
the trends in AMJJ SLP and 10-m wind speed obtained from ERA5 in the
early and late periods (Fig. 4e-h). A negative AMJJ SLP trend was
identified during 2000-2010, which is statistically significant over parts
of the Syrian-Iraqi Desert (Fig. 4e). A similar decreasing trend in SPL
during the winter (DJFM) period 2000-2010 is also observed, which is
statistically significant over the Levantine Basin, suggesting enhanced
cyclonic activity over the EMME (Fig. 4g). During 2000-2010 (period of
DAOD increase), this decrease in SLP was accompanied by highly vari-
able winds (southeasterly and southwesterly) over the EMME region,
which transferred dry and dusty air masses from the deserts at lower
latitudes (south Arabian Peninsula and Sahara). Conversely, SLP pre-
sents a positive significant trend during 2010-2017 over a wide area
covering the deserts of Saudi Arabia and Iraq (Fig. 4h), which favored
anticyclonic conditions over the region that, in turn, may prevent dust
advection.

The spatial distributions of DAOD and SLP displayed a significant
negative correlation in AMJJ over the Saudi Arabian, Syrian and Iraqi

deserts (Fig. 5¢). This suggests that SLP is one of the key important
meteorological factors that regulates DAOD variability over the EMME
region, while a similar spatial pattern was observed between DAOD and
SLP in DJFM (Fig. 5d). Therefore, increased cyclonic activity (lower SLP
values) is associated with higher DAOD, indicating increased dust ac-
tivity over the Middle East (Francis et al., 2019). On the contrary, over
the Egyptian, Iraqi and Saudi Arabian deserts, wind speeds are positively
correlated with DAOD (Fig. 5e), as expected. Several previous studies
showed that the wind speed strongly affects DAOD variability in spring
and summer over the desert areas (Hamidianpour et al., 2021; Parajuli
et al.,, 2019). Especially in the EMME region, dust-storm events are
strongly associated with intense wind speed phenomena, i.e., Shamal,
Khamsin and Simoon winds (Abdelkader et al., 2015; Solomos et al.,
2018; Yu et al., 2016). These findings corroborate previous works that
highlighted the important role of SLP and wind speed and direction in
regulating the dust loading over EMME (Abdelkader et al., 2015; Che
et al., 2019; Hamidi et al., 2013; Kaskaoutis et al., 2016; Rashki et al.,
2012; Shaheen et al., 2021a; Yousefi et al., 2021a; Yu et al., 2016).
Hence, intra-seasonal to inter-annual variations in wind regimes over
the EMME desert regions trigger the long-term changes and trends in
dust emissions and accumulation.

Variations in winter SLP and wind speed may also be associated with
variations in AMJJ DAOD via indirect influencing factors (e.g., through
changes in soil moisture, caused by increased precipitation). Therefore,
regression and trend analysis were performed, also using DJFM meteo-
rological variables. The results revealed significant negative winter SLP
trends over wide parts of the study domain, in correspondence with
strong southeasterly and southwesterly winds during 2000-2010
(Fig. 4g). After 2010, SLP displayed a strong increasing trend along with
escalation of northwesterly winds over Egypt and southerlies over the
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Mesopotamian plains (Fig. 4g), revealing a tendency opposite to that
observed during the 2000s, which may affect other meteorological pa-
rameters like precipitation and, in turn, dust activity in spring season.
During DJFM, high pressure systems transfer cold and wet air masses
from higher latitudes (Labban et al., 2021), which pass over water
bodies (Caspian Sea, Black Sea eastern Mediterranean) and vegetated
regions, thus increasing soil water content and may affect dust pro-
duction in the following AMJJ. In that matter, a significant negative
correlation was found between the DJFM SLP and subsequent AMJJ
DAOD over most part of the study domain (Fig. 5d), while the correla-
tion was insignificant for winter wind speed, with large spatial hetero-
geneity (Fig. 5f). More detailed analysis about the impact of winter
meteorology on AMJJ soil moisture is included in section 4.4.

Overall, SLP variations, large-scale teleconnection patterns and
changes in the wind regime are major modulating factors for the climate
in the EMME region, as well as for short- and long-term changes in dust
activity (Alonso-Perez et al., 2011; Gandham et al., 2020; Salvador et al.,
2014; Zhao et al., 2013). In this respect, Nabat et al. (2014) reported that
4 typical regional weather types, namely blocking, Atlantic ridge, NAO ™"
and NAO™ (positive and negative phases of the NAO index, respec-
tively), can be associated with variability in dust activity in the Medi-
terranean region. At seasonal and inter-annual time scales, the dust
activity is majorly affected by changes in the synoptic meteorology and
large-scale circulation patterns like NAO over the Mediterranean (Dayan
et al., 2008; Ganor et al., 2010; Pey et al., 2013; Sciare et al., 2003) and
the Caspian Sea-Hindu Kush Index (CasHKI) over east Iran (Kaskaoutis
et al., 2016). To investigate the effect of different synoptic patterns on
DAOD variability and trends in the EMME region, an analysis was per-
formed for SLP and 500 hPa geopotential height trends during the early
and late periods over a wider spatial domain, covering, apart from the
EMME region, the Western Europe, Central and North Asia, North Africa
and the North Atlantic Ocean (Figs. S4 and S5). NAO is a teleconnection
pattern determined from fluctuations in the difference of SLP among
Icelandic Low and Azores High (Hurrel, 1995; Dayan et al., 2008). NAO
variability modulates the cyclonic activity and determines the move-
ment and strength of westerly winds over western Europe and the whole
Mediterranean Basin (Papadimas et al., 2008). Positive NAO causes an
increase in westerlies and as a result, summers are cool and winters are
moist and mild in Central Europe and its Atlantic facade. This NAO
phase also facilitates decreased storm activity over North and central
Africa. Nabat et al. (2020) revealed a rather negative association be-
tween NAO, total AOD and dust AOD in winter, especially over eastern
Mediterranean, while during summer, NAO was positively related with
AOD and marginally with dust over the Mediterranean. On the contrary,
the negative NAO phase results in warmer conditions over Sahara and
colder ones over Europe, increased cyclonic activity, intensified west-
erlies and dust accumulation increase over the eastern Mediterranean
basin (Kaskaoutis et al., 2019).

The SLP over the NAO-related area revealed a slight increasing trend
over Iceland and a respective declining tendency over Morocco during
the first period (2000-2010), and a reversal afterwards (2010-2017)
(Fig. S4), leading to decreasing and increasing trends in NAO Index,
respectively, while similar patterns — associated with larger variations —
were observed during winter (Fig. S4). Similar trends were observed in
the upper-level (500 hPa) atmospheric patterns, with a slight decreasing
trend in geopotential heights over the Mediterranean in AMJJ and DJFM
during 2000-2010 and an increase in 2010-2017 (Fig. S5). Such
reversal trends in lower- and upper-atmospheric patterns may justify the
changes in dust activity in the EMME region between 2000 and 2010
and 2010-2017. Hence, we also considered winter (DJFM) NAOI data in
our analysis. The winter NAOI during 2000-2010 (2010-2017) exhibi-
ted negative (positive) linear trends (Fig. S6) and a significant negative
correlation with the DAOD (—0.52) and dust concentration (—0.65).
These results are consistent with those of previous studies revealing that
NAO-related strong pressure gradients over the subtropical and North
Atlantic during winter and early spring impact Sahara dust activity

Atmospheric Research 281 (2023) 106509

(Dayan et al., 2008; Ginoux et al., 2004), while in March 2018, a
negative NAO phase was linked with abnormal dust activity over Greece
and the eastern Mediterranean (Kaskaoutis et al., 2019).

4.3. Surface air temperature and humidity

Surface RH and air temperature are two important factors affecting
aerosol and, in particular, dust loadings through several indirect land
processes (Schepanski et al., 2016; Gholami et al., 2021; Yousefi et al.,
2021b). Dust emission is favored by a suitable environment of high
temperature and dry desert air conditions. Trends in surface RH and air
temperature obtained from ERAS over the EMME region in the two
periods are shown in Fig. 6. From 2000 to 2010, a significant air tem-
perature rise is observed above the dustiest areas of the region (Fig. 6a).
Significant negative RH trend is noted over Egypt during the early
period, yet such trends over the Saudi Arabian and Iraqi deserts are
insignificant (Fig. 6e). During the early period, air temperature trends
coincide with the DAOD increase, while the negative RH trends are
consistent with DAOD trends only over the Libyan-Egyptian deserts.

Over most parts of the study region, trends in air temperature and RH
are insignificant during the late period. During this period, the air
temperature and RH trends in AMJJ are not so consistent with the
reversal of the DAOD trend, since a large decrease in dust activity would
be expected to follow lower temperatures and larger RH values over the
dust hotspot regions. Therefore, we also analyzed the contribution of the
air temperature and RH trends during DJFM to the subsequent AMJJ
DAOD trend. Over a large part of the region, we found significant pos-
itive and negative winter air temperature trends in the early and late
periods, respectively (Fig. 6¢, d), while RH trends were negative in
2001-2010 (increase in spring dust) and positive in 2010-2017
(decrease in spring dust) (Fig. 6g, h). Therefore, the winter humidity
trends appear to be consistent with the trends in AMJJ DAOD.

Quantitative analysis shows that the AMJJ air temperature trend is
correlated with the trend in DAOD only over small parts of the study
region, surrounding the Red Sea (Fig. 7a), while the DJFM air temper-
ature trend shows a high, significant correlation over Egypt (Fig. 7b). In
addition, a strong negative correlation is observed between winter RH
and AMJJ DAOD over Saudi Arabia (Fig. 7c). These findings suggest that
trends in DAOD over the EMME region are more strongly related to
changes in winter than summer surface temperature and RH. In the next
section, we explore the possible reasons for this relationship.

4.4. Soil moisture

Surface air temperature and RH highly impact soil moisture via
evaporation, and in turn, soil moisture impacts dust emissions. The
spatial distributions of soil moisture trend values from ERA5 and
MERRA-2 observations in 2000-2010 and 2010-2017 are shown in
Fig. 8. On a regional scale, negative and positive AMJJ soil moisture
trends are found in both datasets over the Egypt and Irag-Syria deserts in
the early and late periods, respectively. These trends are thus consistent
with those of the DAOD. In addition, the DAOD trends are also consistent
with those of winter soil moisture in both the ERA5 and MERRA-2
datasets. The correlation analysis showed that both ERA5 (Fig. 7e, f)
and MERRA-2 (Fig. S7) datasets of soil moisture (both AMJJ and winter)
and DAOD trends are significantly anti-correlated over deserts in Egypt,
in the An-Nafud Desert and in the Iraqi-Syrian deserts (DS1 and DS2, in
Fig. 1). Therefore, the analysis reveals that changes in soil moisture is an
important influencing factor for dust emissions and DAOD variations
over the EMME region even for decadal time scales.

Furthermore, no significant correlations were found between RH,
surface temperature, precipitation and soil moisture in summer, thus
implying that AMJJ soil moisture levels are mostly affected by the
winter meteorological conditions such as SLP, surface temperature and
humidity (Fig. S8). Overall, the analysis suggested that meteorological
factors in both DJFM and AMJJ have important roles in determining the
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Fig. 7. Distribution of spatial correlations between DAOD and air temperature for the dusty season (AMJJ) (a), between DJFM surface air temperature and sub-
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moisture (e), and between DJFM soil moisture and subsequent AMJJ DAOD (f). Black dots show statistical significant correlations at 90% confidence level (p < 0.1).

AMJJ DAOD trends over EMME, although the analysis did not neces-
sarily recognize the leading and predominant factor, which is the focus
of the next section.

5. Multiple linear regression analysis

Using the 6 examined meteorological parameters (soil moisture, SLP,
air temperature, wind speed, RH and precipitation) of DJFM and AMJJ,
as well as NAOI, as predictors, we constructed Multiple Linear Regres-
sion (MLR) models for examining the AMJJ DAOD trends. For each re-
gion of interest (DS1 and DS2; Fig. 1), the MLR model can be represented
as:
y:,HOJrE:L1 Bixi+e @
here, y represents the mean AMJJ DAOD, x; is the predictor value for 18
years (2000-2017) i.e., the total years in the calculation period, fiis
DAOD trend. To evaluate the model's performance, the correlation co-
efficient R was used determining the significance level at 90%. Note that
there may be co-linearities between different predictor variables
calculated by this model (Che et al., 2019), and therefore, in order to
remove such co-linearities, a Variance Inflation Factor (VIF) is computed
by:

1

VIF=——
1-R

()]
where, R? is the coefficient of determination of the linear regression. As
proposed in earlier works, here the VIF was set at threshold value of 10

(Che et al., 2019; Hair et al., 2006).
To investigate the role of each meteorological parameter in DAOD,
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Pearson's R values between DAOD and meteorological parameters over
the DS1 and DS2 for the three periods (i.e., 2000-2017, 2000-2010 and
2010-2017) were calculated. Fig. 9 shows that the AMJJ DAOD was
highly affected by wind speed in AMJJ during the three periods over
both DS1 and DS2, revealing that dust activity in the EMME region is
highly associated with strong wind speeds. The DAOD variability and
trends over the examined domains are largely controlled by winter
meteorology, including NAOI, SLP, air temperature, RH and soil water
content (Fig. 9). Current results are highly consistent with those by Che
et al. (2019), who demonstrated that SLP, wind speed, RH and air
temperature were successfully used to reproduce the AOD over the dusty
regions of the Middle East during 1980-2017.

Time series of the MERRA-2 AMJJ mean DAOD and the MLR model-
predicted AMJJ DAOD during 2000-2017 over the two regions of in-
terest (ROI) (dust source 1; DS1, and dust source 2; DS2) are shown in
Fig. 10. During 2000-2017, the MLR model can reproduce well the time
series of DAOD over the two ROI domains, with R? of 0.74 and 0.69 for
the DS1 and DS2, respectively and p < 0.05 between the predicted and
MERRA-2 DAODs.

Finally, the reversal of DAOD trend during 2010-2017 was likely
attributed to high SLP in winter combined with NAOI, along with
northwesterly winds, which caused an enhancement in RH and soil
moisture and a reduction in air temperature over the Middle Eastern
desert areas, preventing dust emissions. Similar to our results, DAOD
reversal trends observed during 2010-2016 over China, were linked
with remarkable changes in wind velocity and soil moisture (Guo et al.,
2019). The EMME region has been recognized as one of the most sen-
sitive areas in climate change, with projections of temperature increase,
soil moisture and precipitation decrease during the next decades (Zittis
etal., 2016, 2022). Under such a climate change scenario, dust activity is
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Fig. 10. Time series (2000-2017) of modeled AMJJ DAOD (blue) using the MLR model and mean MERRA-2 DAOD (black) over DS1 (a), and the DS2 (b). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

expected to escalate in the future, necessitating mitigation strategies
from the EMME countries against the impacts of dust on socio-economic
life, human health and ecosystems.

6. Conclusions

Using aerosol data products from MERRA-2, MODIS and CAMSRA, a
significant positive AOD trend was observed in dusty season over the
EMME region from 2000 to 2010, followed by a negative aerosol trend
between 2010 and 2017. Similar significant AOD trends were also
detected in the region at five AERONET sites, revealing an increase and
then a decrease in dust activity, which were supported by FMFsgp and AE
variations. This shows that dust acts as the primary dominant factor to
the AMJJ AOD trends in the area. In fact, a similar trend was noted
between AOD and DAOD values from MERRA-2. The reversal of the
DAOD trend was also confirmed using CAMSRA AODs and MERRA-2
dust concentration data.

To investigate the dominant meteorological factors driving the
DAOD trends over EMME, we carried out trend along with regression
analyses of winter (DJFM) and summer (AMJJ) relevant meteorological
variables that affected dust emissions, taken from ERA5 reanalysis,
including precipitation, SLP, wind direction and velocity, surface air
temperature, soil moisture and RH. DAOD trends over EMME were not
so consistent with trends in AMJJ precipitation. Nevertheless, signifi-
cant negative (during 2001-2010) and positive (during 2010-2017)
AMJJ SLP trends were found over the Iraqi and Saudi Arabian deserts,
associated with intense southeasterly (2001—-2010) and northwesterly
(2010-2017) winds. In addition, the trends in winter SLP, surface air
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temperature and RH were consistent and significantly correlated with
the summer DAOD trends. During 2001-2010, a decrease in winter and
AMJJ SLP facilitated anomalously hot and dry southeasterly winds to-
wards the arid regions of EMME, which lowered RH and raised air
temperature in both the winter and dusty seasons, therefore leading to
an increase in evaporation and soil dryness. This was a period of notable
increase in dust activity and DAOD over the EMME region.

Conversely, during 2010-2017, anomalously high winter SLP, in
conjunction with strong northwesterly winds, caused an enhancement in
RH and a reduction in air temperature and evaporation, which raised
soil water content in the arid EMME region. Winter soil moisture
remained abundant until the following AMJJ season, thereby reducing
dust activity. Therefore, over large areas of the EMME region, soil water
content could act as a primary factor in determining the dust levels.

Finally, multiple linear regression analysis clearly revealed that over
the main dust-source regions, the DAOD variability and trends can be
reasonably predicted by winter meteorological variables. The results
also highlighted the complex interactions between meteorological
drivers and dust generation in the EMME region, and call for further
analysis extended to other areas that are highly affected by dust
emissions.
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