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Abstract: Due to diverse hydroclimatic conditions and human interventions, the Middle East hosts
a variety of active sources of sand and dust storms (SDS). Discrimination of different types of SDS
sources is the most important factor for adopting optimal mitigation measures to combat SDS. This
study employed a binary mask-based modeling framework to identify Middle East SDS sources.
Accordingly, using time series of remotely sensed data of land surface and atmospheric aerosol
parameters, SDS sources covering an area of 1 million Km2 were identified with an overall accuracy
of 82.6%. Considering the type of land use and spatial-temporal changes in water bodies, SDS
sources were categorized into seven types in terms of origin. Desert sources have the largest share
(>79%), whereas hydrologic sources accounted for about 8.4%. The results showed that water bodies
had a declining trend after 2000. The occurrence of two severe drought periods in 2000–2001 and
2007–2012 led to a 52% decrease in water bodies and a 14–37% increase in SDS emission compared to
the pre-2000 period. The latter drought period also led to a sharp decrease in groundwater resources
across the region. Our results revealed that natural circumstances and drought actively contribute to
the depletion of water resources that led to the formation of SDS sources in the Middle East, while
the role of anthropogenic factors is predominant in the case of hydrologic SDS sources.

Keywords: sand and dust storms; hydrology; surface and ground water changes; spatial-temporal
analysis; remote sensing; Middle East

1. Introduction

Middle East (ME) is the most affected region by climate change with a significant
contribution (15–20%) to global SDS emission [1]. Accordingly, as a prominent feature of
this region, SDS has affected climatic parameters [2,3], human health [4,5], socio-economic
factors [6], and terrestrial and marine ecosystems [7]. ME is the second most SDS-affected
region in the world after North Africa. Considering its location within the subtropical high-
pressure belt of the Northern Hemisphere and its expansive deserts [8], ME is experiencing
SDS events in hot and dry seasons. However, the maximum activity period varies in
different regions of ME. SDS events generally occur in the northwestern parts of the region
in winter and spring. In addition, the most intense events form in the southwestern parts
of the region in the summer [9].

SDS events are driven by a mixture of natural and anthropogenic factors [10]. Natural
factors such as topographic diversity, climatic variability, and several seasonal effective
air masses have created a highly complex situation in this region [11]. With mean annual
precipitation of less than 200 mm, most parts of the Middle East suffer from dry and semi-
arid climates. Therefore, water scarcity has been a lasting problem in the region with serious
consequences for the stability and development of the region’s economy [12]. The spatial-
temporal patterns of precipitation and temperature vary to a great extent across the region
with over 1800 mm along the Caspian Sea in Northern Iran and zero annual precipitation in
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some desert areas in Central Iran and Saudi Arabia [11]. In addition to climatic conditions,
global warming, climate change, and drought occurrence have intensified the spatial-
temporal frequency of SDS events in the region [13,14]. Mismanagement of water, soil, and
vegetation resources in different parts of the ME, especially in Iran, Iraq, Syria, and Turkey
are recounted as anthropogenic factors affecting the SDS occurrence and intensity over the
past few decades [13,15].

Numerous studies have explored the identification of the ME SDS sources, mostly
identifying local scale sources in, e.g., Khuzestan [16] and Razavi Khorasan [17] provinces
in Southwestern and Northeastern Iran, respectively. Other studies have been conducted on
the catchment scale, for instance, the Euphrates River Basin [18], the Central Iran Basin [15],
and the Tigris and Euphrates Rivers Basin [19,20]. Rashki et al. 2021 [21] identified and
characterized the SDS sources in Iran on a national scale. Some studies such as [22–25]
investigated ME SDS sources on a regional scale. As reported in the literature and by [10],
the highest density of SDS sources is in the northern and northwestern parts of Iraq between
the Tigris and Euphrates rivers and along the Syrian–Iraqi border. Considering the location
of the mountains and the direction of the dominant regional wind (Shamal wind) [26], these
sources affect Iraq as well as Iran and Kuwait, in the spring and summer. These sources are
generally located in lands with extensive desert cover, low population density, and sparse
agriculture along rivers. Iraq, Saudi Arabia, and the Persian Gulf margins, respectively,
experience the greatest number of SDS events [10].

SDS occurrence is essentially a function of geographic and hydroclimatic conditions.
Therefore, SDS sources located in different geographical regions may have different ori-
gins and types. Furthermore, various environmental parameters such as wind speed,
evapotranspiration, precipitation, soil physicochemical properties (e.g., soil moisture, tex-
ture, and organic matter), vegetation cover, and topography are known as effective SDS
drivers [19]. These drivers are interactively involved in the formation of SDS. For instance,
water resources affect vegetation cover and are recognized as an essential factor in SDS
emission [27]. Water bodies (e.g., rivers, wetlands, and permanent and seasonal lakes)
accumulate fine-grained sediments, which are highly susceptible to wind erosion. These
erodible lands are so-called “hydrological SDS sources”. As confirmed by the literature,
changes in water resources (e.g., Urmia Lake [28,29], Hamoun Lakes [30,31], and Iraq’s
lakes and wetlands [13]) have played a key role in the Middle East SDS emission. There-
fore, it can be argued that the hydrological cycle parameters (e.g., precipitation, surface
runoff, evapotranspiration, soil moisture, river flows, and surface water and groundwater
resources [32]) have a determining role in the formation of SDS sources, which calls for
further investigations.

A wide range of natural and anthropogenic factors contribute to the formation of SDS
sources in the ME [22]. In addition to the identification of SDS sources, discriminating
between types of sources is an essential way to adopt mitigation measures. Discrimination
and characterization of SDS sources can provide useful information for better understand-
ing and management of this environmental hazard. In this regard, at the basin scale,
recently [15] identified SDS sources in Central Iran using remote sensing data and char-
acterized them in terms of their origin. SDS is naturally a highly dynamic phenomenon
driven by the large-scale interactions of environmental parameters of Earth’s ecosystems,
which highlights the importance of identifying SDS sources at the regional scale. In [22],
the authors identified the ME SDS sources and categorized them by their origin on a re-
gional scale using atmospheric aerosol indices. This approach relied on the thresholding
of atmospheric aerosol indices, which is not accurate enough and so the location of the
identified sources is not entirely reliable.

Remote sensing methods are equipped with special capabilities for spatial-temporal
modeling of SDS from the local [15] to global scales [33,34]. Previous studies have devel-
oped different approaches for SDS source identification using remote sensing data. They
can be in three categories, namely aerosol loading-based [35], spectral indices-based [36],
and susceptibility mapping [19]. Some innovative approaches have recently been devel-
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oped, including the multi-step binary masking approach proposed by [15]. This approach
benefits from not only simplicity but also provides more acceptable results considering the
inclusion of the main SDS drivers and atmospheric aerosol indices in the modeling process.

Considering the effects of water resources on SDS activity in the Middle East, the main
goal of this study is to identify hydrologic SDS sources. To achieve this goal, SDS sources
are identified and then categorized based on their origin. Then, the long-term changes in
surface and ground water in the hydrologic SDS sources are analyzed.

2. Materials and Methods
Methodology

As illustrated in Figure 1, the developed methodology to characterize hydrological
SDS sources of the Middle East using remote sensing data can be summarized in three
main steps. In the first step, SDS sources were identified by using a combination of
atmospheric aerosol indices and land surface parameters (e.g., vegetation cover, wind
speed, soil moisture, and soil sediment thickness) based on a multi-step masking approach.
The second step involved categorizing the identified SDS sources in terms of their origin
and type based on different land cover classes. In the final step, focusing on hydrologic
SDS sources, spatial-temporal patterns of changes in surface and ground water resources
were analyzed.

Sustainability 2022, 14, x FOR PEER REVIEW 3 of 19 
 

and susceptibility mapping [19]. Some innovative approaches have recently been devel-
oped, including the multi-step binary masking approach proposed by [15]. This approach 
benefits from not only simplicity but also provides more acceptable results considering 
the inclusion of the main SDS drivers and atmospheric aerosol indices in the modeling 
process. 

Considering the effects of water resources on SDS activity in the Middle East, the 
main goal of this study is to identify hydrologic SDS sources. To achieve this goal, SDS 
sources are identified and then categorized based on their origin. Then, the long-term 
changes in surface and ground water in the hydrologic SDS sources are analyzed. 

2. Materials and Methods 
Methodology 

As illustrated in Figure 1, the developed methodology to characterize hydrological 
SDS sources of the Middle East using remote sensing data can be summarized in three 
main steps. In the first step, SDS sources were identified by using a combination of atmos-
pheric aerosol indices and land surface parameters (e.g., vegetation cover, wind speed, 
soil moisture, and soil sediment thickness) based on a multi-step masking approach. The 
second step involved categorizing the identified SDS sources in terms of their origin and 
type based on different land cover classes. In the final step, focusing on hydrologic SDS 
sources, spatial-temporal patterns of changes in surface and ground water resources were 
analyzed. 

 
Figure 1. Stepwise approach to characterize hydrologic SDS sources of the Middle East. 

• Identifying SDS sources (Stp. 1) 
This study used a multi-step binary masking procedure [15] to identify SDS sources 

in the Middle East. In general, SDS sources are associated with long-term dense atmos-
pheric aerosol content. However, a high aerosol content does not necessarily correspond 

Figure 1. Stepwise approach to characterize hydrologic SDS sources of the Middle East.

• Identifying SDS sources (Stp. 1)

This study used a multi-step binary masking procedure [15] to identify SDS sources in
the Middle East. In general, SDS sources are associated with long-term dense atmospheric
aerosol content. However, a high aerosol content does not necessarily correspond to an
SDS source. As [15] acknowledged, taking advantage of the spatial-temporal patterns
of effective environmental parameters (i.e., SDS drivers) in combination with satellite
atmospheric aerosol indices in a modeling framework can be useful to improve the accuracy
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of identified SDS sources. Because in this way, the long-term conditions of the atmosphere
and the Earth’s surface are simultaneously considered to identify SDS emission sources.
Accordingly, the preliminary SDS sources map was produced using atmospheric aerosol
indices. Then, the accurate SDS sources map was generated by accounting for other effective
SDS drivers through binary masks.

Sentinel 5 satellite was launched on 13 October 2017, by ESA to perform atmospheric
measurements to be used for air quality, ozone, and UV radiation, and climate monitoring
and forecasting. By thresholding, the mean absorbing aerosol index (AAI) of the Sentinel 5
(OFFL/L3_AER_AI) in the period from 11 July 2018 to 1 June 2022, the preliminary SDS
sources map was generated. AAI is an aerosol index based on wavelength-dependent
changes in the UV radiation for a specific wavelength pair (354 and 388 nm) during Rayleigh
scattering. It is calculated from the difference between the observed top of the atmosphere
reflectance and the modeled reflectance (the theoretical reflectance calculated from an
atmosphere with only Rayleigh scattering). Positive values of AAI indicate the existence
of UV-absorbing aerosols such as dust and smoke in the atmosphere. Moreover, ozone
absorption is extremely low in the wavelengths used to produce the AAI product. Unlike
aerosol optical depth (AOD) measurements that are highly affected by cloud cover [37],
the AAI can be calculated even in cloudy conditions [38]. The mean AAI map shows
the overall spatial patterns of atmospheric aerosol over a four-year period in the study
area. An appropriate threshold must be defined to separate SDS from other aerosols when
attempting to identify SDS sources using atmospheric aerosol indices [39], since only high
atmosphere aerosol content in a region could not be an accurate indicator for identifying the
emission sources. Therefore, surface SDS drivers must be considered to identify accurate
SDS sources.

To identify SDS sources, it could be assumed that future sources will be created by the
same past drivers and conditions [17]. Various environmental parameters play a role in
the formation of SDS sources [40]. There is no specific rule for choosing these drivers [17].
In this study, the most important drivers including vegetation status, wind speed, soil
moisture, and soil sediment thickness, which are mainly employed in the literature, were
considered. Accordingly, MODIS 16-day normalized difference vegetation index (NDVI)
(1 km spatial resolution) (MOD13A2.v006), TerraClimate monthly average 10 m wind speed
and monthly soil moisture (4 km) [41], and global 1 km gridded thickness of soil [42] were
used as SDS drivers. The 4-years mean maps (11 July 2018 to 1 June 2022) were obtained for
all parameters except for soil thickness. There are four main stages in SDS formation from
an emission source: start, maximum lifting, cutoff, and dispersion. Satellite imagery can be
used to identify SDS sources with high accuracy in the initial stages (start and maximum
lifting) via visual interpretation. By creating a color composite image (RGB), SDS events
and their emission sources can be discriminated from other phenomena in the satellite
image through image interpretation keys, including shape, size, pattern, tone, texture,
etc. Based on the approach proposed by [19], a total of 1014 SDS hotspots were identified
via visual interpretation of MODIS-Terra/Aqua sub-daily true-color composite images
(RGB143) from 2018 to 2022 (Figure 2). Here, 70% of SDS hotspots were used as training
samples for histogram analysis and determining appropriate thresholds for generating
preliminary SDS sources maps and binary masks from SDS drivers. Histogram slicing and
thresholding were performed based on the histograms of SDS drivers in hotspots. The
appropriate thresholds were determined at the 99% confidence interval, and values outside
this interval were assumed to be errors or outliers. Accordingly, the maps of SDS drivers
were separated into two binary classes 0 (no SDS) and 1 (SDS). In the next step, the bitmaps
were masked from the preliminary SDS sources to obtain the accurate SDS sources map,
which was validated using the remaining 30% of SDS hotspots.



Sustainability 2022, 14, 15352 5 of 17Sustainability 2022, 14, x FOR PEER REVIEW 5 of 19 
 

 
Figure 2. SDS sources of Middle East. The colored solid dots are SDS hotspots identified using visual 
interpretation of MODIS-RGB images used for histogram analysis (70%: black dots) and accuracy 
assessment (30%: green and red dots). 

• SDS Source Discrimination (Stp. 2) 
The global lakes and wetlands database (GLWD), global surface water (GSW), and 

MODIS-land cover 2020 map (MCD12Q1.006) were used to attribute the identified SDS 
sources to the land cover type and surface conditions. GLWD is obtained from an aggre-
gation of the best maps, data, and information available for global-scale lakes and wet-
lands using GIS functions [43]. GSW was produced using the time series of Landsat 5, 7, 
and 8 images from 16 March 1984 to 31 December 2020. Each pixel is classified into water 
and no-water classes using an expert system. The monthly GSW data available from 1984–
2020 are applicable to change detection purposes [44]. The change detection map demon-
strates the spatial-temporal pattern of changes in surface water. This makes it possible to 
identify intermittent lakes and wetlands and discriminate the corresponding SDS sources. 

The identified sources were discriminated in terms of origin by overlaying the SDS 
sources map on different land cover classes. Ephemeral water bodies (wetlands, lakes, 
and rivers) contribute to SDS emissions [13]. Therefore, GLWD and GSW products were 
used to discriminate hydrologic SDS sources. Here, hydrologic SDS sources correspond 

Figure 2. SDS sources of Middle East. The colored solid dots are SDS hotspots identified using visual
interpretation of MODIS-RGB images used for histogram analysis (70%: black dots) and accuracy
assessment (30%: green and red dots).

• SDS Source Discrimination (Stp. 2)

The global lakes and wetlands database (GLWD), global surface water (GSW), and
MODIS-land cover 2020 map (MCD12Q1.006) were used to attribute the identified SDS
sources to the land cover type and surface conditions. GLWD is obtained from an aggrega-
tion of the best maps, data, and information available for global-scale lakes and wetlands
using GIS functions [43]. GSW was produced using the time series of Landsat 5, 7, and
8 images from 16 March 1984 to 31 December 2020. Each pixel is classified into water and
no-water classes using an expert system. The monthly GSW data available from 1984–2020
are applicable to change detection purposes [44]. The change detection map demonstrates
the spatial-temporal pattern of changes in surface water. This makes it possible to identify
intermittent lakes and wetlands and discriminate the corresponding SDS sources.

The identified sources were discriminated in terms of origin by overlaying the SDS
sources map on different land cover classes. Ephemeral water bodies (wetlands, lakes, and
rivers) contribute to SDS emissions [13]. Therefore, GLWD and GSW products were used
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to discriminate hydrologic SDS sources. Here, hydrologic SDS sources correspond to the
margins and beds of permanent, seasonal, and dried lakes, wetlands, and rivers. Coastal
SDS sources were discriminated by proximity analysis based on shorelines.

• Surface and ground water changes (Stp. 3)

Surface and ground water resources in hydrologic SDS sources were analyzed through
Landsat and Gravity Recovery and Climate Experiment (GRACE) satellite data. The
normalized difference water index (NDWI) [45] based on Landsat 5, 7, and 8 data from
1984 to 2022 was used to extract surface water and assess their spatial-temporal changes. In
this index, values greater than zero are assumed as water [45].

Monitoring of the groundwater changes based on GRACE data was performed through
three products from different data processing centers, namely CSR (UT Center for Space
Research), GFZ (GeoForschungsZentrum Potsdam), and JPL (NASA Jet Propulsion Labora-
tory) [46]. These centers are part of the GRACE Ground System and produce the level 2
data used in this dataset. The values of these three products are slightly different. There-
fore, the average of these products from April 2002 to July 2017 was used to detect the
spatial-temporal changes in the underground water level.

3. Results
3.1. Identification and Attribution of SDS Sources

Histogram analysis based on reference SDS hotspots (Figure 2) was performed and the
thresholds of 0, 0.15, 2.7 m/s, 5 mm, and 3 m at a 95% confidence level were determined
for AAI, NDVI, wind speed, soil moisture, and soil thickness, respectively. Based on the
thresholding of the average AAI map, a preliminary SDS sources map was produced for
the Middle East. The binary masks of SDS drivers were then multiplied in the preliminary
SDS sources map to obtain the accurate SDS sources (Figure 2). By using the reference SDS
hotspots, the overall accuracy of the SDS sources map was obtained at 82.6%, which shows
the reliability of the results. The green dots (Figure 2) are SDS hotspots that correspond
correctly to the identified SDS sources. In contrast, the red dots are incorrectly identified
as SDS sources. Despite the acceptable accuracy, it is worth noting that uncertainty is an
inevitable part of modeling process. However, the precise amount for each independent
parameter is unknown. Nevertheless, the accuracy assessment shows the overall uncer-
tainty (17.4%) imposed on the model by the input parameters. Finally, the SDS sources
were categorized into seven groups in terms of origin and type (Figure 3).

Table 1 shows the area of identified SDS sources by type and country. The largest
and smallest sources corresponded to the desert (~79.1%) and coastal wetland (~0.9%),
respectively. Saudi Arabia hosted the largest SDS sources (~41%) in the Middle East.

According to Figure 3, hydrologic SDS sources include permanent lake, intermittent
lake/wetland, and freshwater marsh & floodplain classes. Coastal wetlands are also
considered SDS sources with a hydrological origin. They are not highly affected by human
activities and climatic events (e.g., drought) since they can benefit from seawater, unlike
other hydrologic sources. Therefore, coastal wetlands were considered independently in
this study. In terms of area, in total, hydrologic SDS sources cover 8.4% of the ME, of
which the largest area (~5.9%) is corresponding to intermittent lake/wetland (Table 1).
Intermittent lake/wetland SDS sources were identified in all countries listed in Table 1
with the largest area belonging to Iran (~41%). Meanwhile, permanent lake SDS sources
were observed only in Iran (~68%), Iraq (~26%), and Syria (~6%). Freshwater marsh &
floodplain sources were observed only in Iraq (~77%) and Iran (~23%). Overall, Iran (41%),
Iraq (21%), Oman (14%), and Saudi Arabia (13%) have the largest area of hydrologic SDS
sources (Table 1). Sources in Oman and Saudi Arabia correspond to only the intermittent
lake/wetland class.
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Table 1. The area (km2) of different types of SDS sources in the Middle Eastern countries.

Country Desert Permanent
Lake

Freshwater
Marsh &

Floodplain

Coastal
Wetland

Pan, Brackish
& Saline
Wetland

Intermittent
Lake/Wetland

Coastal
Land Total %

Bahrain - - - 12 - 31 43 86 <0.1
Egypt 201,503 - - 1938 3068 2755 6476 215,739 19.9
Iran 14,934 7362 3685 2972 9555 26,392 16,000 80,899 7.5
Iraq 74,858 2834 12,282 - - 3974 695 94,643 8.8

Jordan 936 - - - 999 440 30 2406 0.2
Kuwait 5972 - - 743 - 395 6042 13,152 1.2
Oman 108,898 - - 415 10,977 13,192 12,572 146,053 13.5
Qatar - - - 148 372 241 8417 9179 0.9
Saudi

Arabia 396,711 - - 2720 7528 12,117 24,562 443,639 41

Syria 3039 698 - - 157 522 - 4416 0.4
UAE 10,980 - - - 7137 805 6843 25,765 2.4

Yemen 38,386 - - 448 - 3531 3434 45,800 4.2
Total 856,215 10,894 15,966 9397 39,793 64,397 85,114 1,081,776 100

% 79.1 1.0 1.5 0.9 3.7 5.9 7.9 100
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3.2. Temporal Analysis of Surface and Ground Water Changes in Hydrologic SDS Sources

The temporal pattern of water area changes in the ME lakes and wetlands was ex-
tracted using the long-term data archive (1984–2022) of Landsat 5, 7, and 8 satellites
(Figure 4). The temporal pattern of SDS in the same period was obtained using the reanaly-
sis MERRA-2 dust scattering AOT 550 nm, monthly 0.5 × 0.625 deg product (Figure 4).
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Figure 4. The temporal pattern of changes in water bodies and SDS levels in the Middle East. Blue
graph shows the surface water area changes and the brown and black graphs are dust scattering and
its moving average, respectively.

As shown in Figure 4a,c, the lakes generally had an increasing trend before 2000 and
a decreasing trend after 2000. The first drop in the lakes area occurred in the 2000–2001
period. The second drop can be seen from 2007 onwards, which continued nearly until
2012. Disregarding the seasonal changes, Mesopotamian wetlands exhibited an almost
steady trend in the pre-2000 period (Figure 4b). Still, a decreasing trend can be seen since
the 1990s, with the highest reduction observed in 2001. From 2003 to 2007, there has been a
moderate increasing trend, which again reversed after this period. The second sharp drop
occurred in 2008–2009 period and continued until 2012. A sharp and sudden increase can
be seen after 2019 in Iran and Iraq due to the increase in rainfall and floods [47].

Dust scattering AOT temporal pattern shows a smaller change in the pre-2000 com-
pared to the post-2000 period. In terms of seasonal patterns, extreme peaks can be seen after
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2000, especially in spring and summer (brown graph in Figure 4). Regardless of seasonal
changes, as indicated by the dust-scattering AOT moving average (black graph in Figure 4),
SDS has increased by an average of 18.4% since 2000.

The correlation between changes in water bodies and SDS was calculated at −0.72,
−0.64, and −0.39 for Iraqi lakes, Mesopotamian wetlands, and Hamoun Lake, respectively.
Negative values indicate an inverse correlation between water body changes and SDS. The
correlation is high for Iraqi lakes and Mesopotamian wetlands while it is low for Hamoun
Lake. The correlation analysis showed an inverse but not very strong relationship between
the area of water bodies and SDS emission.

Figure 5 shows the Mann–Kendall test for trend analysis of surface water area and
dust scattering AOT. Where the z-value equal to −3.15 indicates that surface water has
experienced a decreasing trend, while 3.18 for dust scattering AOT shows an increasing
trend. These findings are approved by the Sen’s estimate lines of both graphs.
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Figure 6 shows the temporal pattern of monthly changes in the groundwater level
using GRACE data for SDS sources. The temporal signals of groundwater level changes in
SDS sources indicate a high correlation. Accordingly, all SDS sources, except for freshwater
marsh & floodplain, had an almost identical temporal change pattern, but their levels of
change are different. Overall, a clear decreasing trend can be seen in the groundwater level
of the ME SDS sources since 2008. The highest negative changes occurred in hydrologic SDS
sources, particularly in freshwater marsh & floodplains. The least changes were observed
in desert sources.
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3.3. Spatial Analysis of Surface and Ground Water Changes in Hydrologic SDS Sources

The spatial pattern of changes in the surface water area (including lakes, wetlands,
and rivers) was acquired for two periods before 2000 (1984–1999) and after 2000 (2000–2020)
using GSW data (Figure 7a). The increasing and decreasing changes are illustrated in blue
and red, respectively. As shown in Figure 7b, the highest changes in surface water occurred
in Iran, Iraq, Turkey, and Egypt, respectively. In Iran, negative changes were roughly three
times more than positive changes. For Iraq, negative changes were almost twice the positive
changes. For all countries except Egypt, the decrease in surface water was greater than
the increase. Negative changes in surface water in Iran were about 30% more than in Iraq,
twice as much as in Turkey, and three times as much as in Egypt. The highest density of
surface water changes was detected in the hydrologic SDS sources of Iraq, especially the
southwestern areas and Mesopotamian wetlands (Figure 7a).
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The spatial pattern of total groundwater level changes in the Middle East was extracted
from April 2002 to July 2017 (Figure 8a). The variation of groundwater level in this
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period is between −10 and +3 m. The highest decrease and increase in groundwater level
were observed for the northwestern regions of Iran and the western regions of Turkey,
respectively. In hydrologic SDS sources, the groundwater level has mainly decreased. On
the other hand, the spatial pattern of the groundwater level shows far fewer changes in
desert SDS sources. Groundwater level changes by country are presented in Figure 8b.
On average, the highest drop in the groundwater level occurred in Iraq, Iran, and Syria,
respectively. Additionally, the largest area of hydrologic SDS sources can be found in Iraq
and Iran. In addition, permanent lakes and freshwater marsh & floodplain SDS sources are
located only in these three countries. The lowest decrease in groundwater level occurred in
Oman. Oman has the largest area of hydrologic SDS sources after Iran and Iraq (Table 1).
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4. Discussion
4.1. Characterization of Middle Eastern SDS Sources

The occurrence of SDS in different regions and from different emission sources exerts
various impacts on the environment. Therefore, combating SDS in different sources requires
specific mitigation measures [48]. Accordingly, an essential step for the proper management
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of SDS sources is identifying the source type. In desert sources, for example, common miti-
gation measures include stabilizing soil surface by mulching, planting climate-compatible
shrubs and trees, using windbreaks, creating mechanical and biological barriers (e.g., dead
vegetation), and employing other soil and plant resource management methods [48]. On
the other hand, hydrologic SDS sources, including lakes, wetlands, and rivers, demand
water resource management [27,49]. Water resource management in countries with shared
basins such as Iran, Iraq, Turkey, and Syria could be undertaken through joint efforts.

The accurate identification of SDS sources is considered a challenging task. In the
last few decades, various approaches have been used to identify and discriminate the
SDS sources in ME. Most of these approaches fall under the atmospheric aerosol loading-
based category (e.g., [21,22,35]). In these approaches, a region with a high concentration of
atmospheric aerosols is generally considered an SDS source. The aerosol loading-based
approaches often detect SDS events regardless where they are emitted from. Due to the
highly dynamic nature of SDS, detected events may originate from more distant regions.
Accordingly, using only atmospheric aerosol indices such as AOD and AAI may lead to
errors in modeling and significantly reduce the accuracy of identifying SDS sources. To
tackle this problem, by considering the multi-year average of thresholded atmospheric
aerosol indices and SDS drivers through a supervised approach (by taking advantage of
the SDS hotspots identified by visual interpretation), it is possible to identify SDS sources
with satisfactory accuracy. However, compared to previous studies that have identified
SDS sources only based on aerosol indices, the present approach gives more reliable results.

Most of the Middle East is located within the global desert belt given its low annual
precipitation [50]. Here, as the results showed, over 79% of the identified SDS sources are
in the desert class. SDS sources of Saudi Arabia, Egypt, Oman, and Yemen are mainly
sandy deserts. Those in Iran, Iraq (especially Mesopotamian wetlands), and Syria are
generally composed of fine-grained alluvial sediments. The larger size of the sources does
not essentially mean greater activity and SDS emission. Accordingly, despite the high
area, desert SDS sources in Saudi Arabia, Egypt, Oman, and Yemen they have low activity
in terms of SDS frequency and intensity. Previous studies indicate that the highest SDS
activity occurs in the northern and northwestern parts of Iraq and along the Syrian–Iraqi
border [25]. This issue is dependent on the source type, particle diameter, time, duration,
and intensity of erosive winds. Fine-grained particles (e.g., SDS sources in the alluvial
plains of Iran, Iraq, and Syria) are lightweight and are easily detached from the Earth’s
surface and lifted into the upper layers of the atmosphere, so they can travel over long
distances [51]. These fine-grained SDS particles are easier to detect in satellite images due
to their durability and the longer movement of the plume in the atmosphere.

The spatial-temporal analysis of water bodies showed that that both surface water
(Figures 4 and 6) and groundwater (Figures 5 and 8) have decreased in the Middle East,
which reveals the instability of the water balance conditions in the region. The results
show that the water balance in hydrologic SDS sources is more negative than in other
sources. In this regard, both surface water and groundwater resources have experienced
severe reductions. Regarding coastal SDS sources, it is worth mentioning that these sources
are influenced by the sea and its physicochemical reactions. Although they are consid-
ered hydrologic sources, reduction in their groundwater levels is not evident since they
are recharged by the sea. Desert SDS sources have experienced much less groundwater
depletion than other sources, which may be attributed to limited agricultural and low
groundwater exploitation in these areas.

4.2. Influence of Drought on SDS Sources in Middle East

The long-term analysis of surface water changes in hydrologic SDS sources showed a
relatively sharp decrease in the 2000–2001 and 2007–2012 periods compared to pre-2000.
Further examination revealed that these two periods correspond almost to two very severe
drought periods hitting the ME in the last 50 years [47,52]. As shown in Table 2, surface
water resources in the first and second drought periods have decreased by 51% and 52.9%,
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respectively, compared to the pre-2000. Hamoun Lakes have experienced a very severe
decrease (over 72%) in both drought periods compared to other water bodies. Iraqi lakes
and Hamoun Lake experienced a sharper decrease in the second period compared to the
first. In contrast, the Mesopotamia wetlands show a lower decline in the second period.

Table 2. Surface water changes and dust scattering AOT from hydrologic SDS sources during
drought periods.

Name Pre-2000 First
Drought

Change in First
Drought Compared to

Post-2000 (%)

Second
Drought

Change in Second
Drought Compared to

Pre-2000 (%)

Water area
(km2)

Iraq lake 3942 3037 −23.0 2496 −36.7
Marshes 3343 1275 −61.9 1699 −49.2
Hamoun 3535 990 −72.0 899 −74.6

Total 10821 5301 −51.0 5094 −52.9

AOT

Iraq lake 0.19 0.22 12.0 0.26 33.3
Marshes 0.13 0.15 18.1 0.18 40.6
Hamoun 0.24 0.27 13.5 0.33 37.9

Mean 0.19 0.21 14.5 0.26 37.3

In the first and second periods, dust scattering AOT in water bodies increased by
14.5% and 37.3%, respectively, compared to the pre-2000 (Table 2), which the greatest
increase occurred in Mesopotamian wetlands in both episodes. This increase in SDS from
hydrological sources mainly occurred in spring and summer. This can be attributed to
the predominance of seasonal wet conditions and regional wind regimes (e.g., Shamal
Winds). Interestingly, SDS occurrence is a response to drought-induced climatic conditions
(Figure 6), since the increase in SDS does not exactly coincide with the decrease in water
bodies, and, generally, a rather irregular time lag is observed between the two. This
is essentially because there is a delay between the reduction of water bodies and their
complete desiccation and the erodibility of their substrate sediments. The duration of
this time lag is a function of the hydroclimatic conditions and the soil’s physicochemical
properties. Therefore, based on correlation analysis, there is no straightforward statistical
relationship between water area changes and SDS activity. It can be argued that, in general,
the reduction of surface water in most cases (especially during drought episodes) has been
accompanied by an increase in SDS activity and vice versa. Another possible reason for the
lack of a high correlation between surface water changes and SDS activity is the effect of
human activities.

There was no information available about groundwater changes before 2002. Still, the
effect of the second drought period on the reduction of ground water levels is clearly visible
in Figure 8. The continuation of the decreasing groundwater trends after 2012 is likely due
to insufficient aquifer recharge resulting from low precipitation and overexploitation. It can
be argued that periodic droughts have directly affected the water balance and hydrological
resources of the Middle East, leading to increased SDS activity.

A severe flood occurred in 2019 in the central and eastern regions of the Middle East,
including Iran and Iraq [53], which caused the temporary restoration of wetlands and
lakes in these regions (Figure 6). However, after that, the area of water bodies has been
decreasing. The connection between surface water reduction and SDS occurrence means
that the continuation of these conditions will intensify SDS activity in the Middle East in
the future.

4.3. Influence of Human Interventions on Middle Eastern SDS Sources

Human intervention and exploitive intentions have always been artificial agents ma-
nipulating the environment. The population of the ME countries is estimated at 460 million
in 2022, which is a significant growth compared to the previous decades. The rapid pop-
ulation growth in the past few decades has intensified the demand for water, food, and



Sustainability 2022, 14, 15352 14 of 17

energy [12,54]. This has in turn increased and intensified water diversion projects (e.g., the
construction of dams, pumping stations, irrigation canals, or other man-made structures
that modifies the natural flow of a waterway) in the region to provide drinking water,
expand agricultural lands, meet industrial uses, and hydropower energy [13]. In addition,
the non-cooperation of countries, war, and insecurity in Iraq, Syria, and Yemen [55,56] have
also contributed to the mismanagement of water resources and SDS in the Middle East.

Turkey’s GAP projects on the Tigris and Euphrates Rivers and Egypt’s dam construc-
tion on the Nile River are among the most intrusive anthropogenic activities affecting water
resources in the Middle East. However, SDS sources in Egypt are mostly non-hydrologic
(Figure 3) and this project has not so far affected SDS activity to a great extent. Still, the
formation of new hydrologic SDS sources, particularly on the margins of the Nile in the
future is not far-fetched. However, GAP dam construction projects have already reduced
the environmental water right of wetlands and led to the drying of some lakes downstream.
The same has happened in Iran due to the mismanagement of water resources in basins
located in Central Iran [15]. Accordingly, as shown in Figure 3, some SDS sources in
Southern and Central Iraq and Central and Eastern Iran have hydrologic origins. It can be
concluded that human intervention has played a key role in the formation of hydrologic
SDS sources and a limited role in coastal and desert sources.

Despite the occurrence of severe drought episodes in the region, there have been cases
of increase in surface water resources in countries such as Egypt and Turkey (Figure 4).
The analysis of the past 40-year trends does not show a significant increase in their pre-
cipitation. Therefore, this increase has been mainly due to human activities such as water
diversion projects on the Nile River in Egypt and the Tigris and Euphrates Rivers in Turkey.
Nevertheless, these projects have reduced the amount of downstream water flow and have
disrupted the natural hydrological balance of their respective basins and sub-basins. On
the other hand, the creation of artificial surface water resources may trigger the formation
of new SDS sources in the future, as happened in the case of the artificial lakes of Tharthar,
Habbaniyah, and Razzaza in Iraq. Therefore, the increase in surface water resources does
not necessarily ensure SDS control in long term. Streams and rivers carry and deposit
fine-grained sediments in lakes, wetlands, and floodplains. The permanent or seasonal
desiccation of these water bodies accompanied by erosive winds prompts the formation
of new SDS sources. This accentuates the critical importance of protecting natural and
artificial surface water sources from instabilities caused by hydroclimatic conditions and
human intervention to combat SDS.

5. Conclusions

This study investigated the Middle East as one of the global sand and dust storms
(SDS) sources focusing on hydrological parameters. First, the SDS sources were identified
using remote sensing data and a multi-step binary mask approach with an overall accuracy
of 82.6%. The sources were categorized into seven classes based on land cover type, which
included desert, permanent lake, freshwater marsh & floodplain, coastal wetland, pan,
brackish & saline wetland, intermittent lake/wetland, and coastal land.

According to the findings, desert sources (over 79%) have the highest area of SDS
sources. Hydrologic SDS sources including the permanent lake, intermittent lake/wetland,
and freshwater marsh & floodplain accounted for 8.4% of SDS sources in the Middle East.
The largest area of hydrologic SDS sources belonged to Iran (41%), Iraq (21%), Oman (14%),
and Saudi Arabia (13%).

Our results revealed that Iran, Iraq, Turkey, and Egypt showed the highest amount
of decreasing and increasing surface water changes, respectively. The highest density of
surface water change was observed in those of the Mesopotamian wetlands in Southern
Iraq. The highest decrease in groundwater was observed in Iran and Iraq, which includes
the highest areas of hydrologic SDS sources.

The correlation analysis showed an inverse but not very strong relationship between
surface water changes and SDS activities. The temporal pattern of changes in surface waters,
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including wetlands and lakes, showed a declining trend in the post-2000 compared to the
pre-2000 period. Similarly, SDS activities have increased by an average of 18.4% since 2000.
In the 2000–2001 and 2007–2012 periods, severe droughts corresponded to the shrinking of
surface water up to 51% and 52.9%, respectively. SDS activities in surface water in the first
and second periods increased by an average of 14.5% and 37.3%, respectively. Overall, it
can be argued that periodic droughts have negatively affected the water resources in the
Middle East, leading to an increase in SDS activity, especially from hydrologic SDS sources.

Despite the occurrence of severe drought episodes in the region, human interventions
such as water diversion projects have reduced the water flow to downstream regions,
which caused the SDS activities. For instance, the Mesopotamian wetlands of Iraq have
experienced the highest density of hydrologic SDS sources, which is the consequence of
anthropogenic activities upstream.

In general, it can be concluded that the main causes of SDS sources formation in the
Middle East consist of natural factors such as the predominance of drought. Specifically,
the hydrologic SDS sources are suffering from mismanagement of water resources, which
greatly contributes to SDS activities.

The most important challenge of this approach was the identifying SDS hotspots
using visual interpretation. Because these hotspots, as a training dataset, strongly affect
the accuracy of the binary mask-based model. To perform this task, the interpreter must
have sufficient knowledge about SDS and the study area. In addition, in general, visual
interpretation is a time-consuming and expensive process, especially on a large scale.
However, this approach can be extended to other areas, and in this way, global SDS sources
can be discriminated.
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