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Abstract: Dust storms create some of the most critical air quality problems in the world; the Middle
East, located in the dust belt, suffers substantially from dust storms. Iran, as a country in the Middle
East, is affected by dust storms from multiple internal and external sources that mostly originate
from deserts in Iraq and Syria (especially the Mesopotamia region). To determine the highest dust
loadings in the south and west of Iran, dust frequencies were investigated in the eight most polluted
stations in the west, southwest, and southern Iran for a period of 21 years from 2000 to 2021. During
the study’s duration, the dust frequency was much higher from 2008 to 2012, which coincided with
severe droughts reported in Iraq and Syria; from which, we investigated two severe dust storms
(as well as the dust sources and weather condition effects) that took place on 15–17 September 2008
and 1–3 June 2012; we used secondary data from ground measurement stations, and satellite and
modeling products. In both cases, horizontal visibility was reduced to less than 1 km at most weather
stations in Iran. The measured PM10 in the first case reached 834 µg m−3 at Ilam station in west
Iran and the Iran–Iraq borders while the measured PM10 in the second case reached 4947 µg m−3 at
Bushehr station in the northern shore of the Persian Gulf. The MODIS true color images and MODIS
AOD detected the dust mass over Iraq, southern Iran, and Saudi Arabia in both cases; the AOD value
reached 4 in the first case and 1.8 in the second case over the Persian Gulf. During these two severe
dust storms, low-level jets were observed at 930 hPa atmospheric levels in north Iraq (2008 case) and
south Iraq (2012 case). The output of the NAPPS model and CALIPSO satellite images show that the
dust rose to higher than 5 km in these dust storm cases, confirming the influence of Shamal wind on
the dust storm occurrences.

Keywords: dust events; Shamal wind; NAAPS model; Persian Gulf Trough; west and south Iran

1. Introduction

Dust storms are natural hazards that affect many lives across the world. They cause
health problems for human beings. The dust particles can induce respiratory and cardio-
vascular diseases [1–3], causing respiratory problems, heartbeat irregularities, heart attacks,
severe headaches, and even allergies and skin diseases [4–6]. They also affect many other
aspects of people’s livelihood, e.g., they could cause travel restrictions on air and road
transportation due to visibility impairment [7], reduce crop productivity (by inhibiting pho-
tosynthetic activity and as a result of seedling burial under sand storms) [8–10], cause other
environmental effects, e.g., changes in radiative forcing [11] and cloud formation [12,13],
and accelerate the snow melting rate [14].

Most dust sources are located in the northern hemisphere and are mainly distributed
across northern Africa (Sahara), followed by the Middle East, central Asia, east Asia, North
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America, Australia, and South America [15–21]. The Middle East, being the second largest
dust source in the world [22,23], makes up 12% of world dust storm events [24]. These dust
storms mainly originate in the deserts of Iraq and Syria, especially the Tigris–Euphrates
basin in the Mesopotamian area during the dry months of spring and summer [22,25,26].
Moreover, dust deposition occurs more often in the Persian Gulf than any other water body
in the world [27] due to the presence of multiple dust sources surrounding the gulf in Saudi
Arabia [28], Kuwait [29], Iraq [30], Emirates [31], Qatar [32], Iran, and even in the islands in
the Persian Gulf [33,34].

Under drought conditions, dust storm frequencies rose dramatically in the Middle
East area. Almamalachy et al. [35] investigated the means of four spectral drought in-
dices, i.e., the vegetation drought index (VDI), vegetation health index (VHI), temperature
vegetation dryness index (TVDI), and visible and shortwave infrared drought index (VSDI),
which were derived from the MODIS dataset of the Terra satellite in Iraq from 2003 to 2015.
Their study showed that the most severe drought year was 2008; the drought covered 37% of
vegetated lands. The droughts in 2009, 2011, and 2012 were mild to moderate and covered
approximately 44%, 50%, and 49% of the land, respectively. The drought duration increased
the dust storm frequency in Iraq [36] Kuwait [27], and west and southwest Iran [37–39].

Dust storms in the Middle East region can be divided into two main categories: Shamal
dust storms and frontal dust storms [40]. Shamal dust storms are related to Shamal winds,
which mostly occur during warm seasons, while frontal dust storms associated with the
frontal system mostly occur in cold seasons [41]. The Shamal wind is a strong north-to-
northwesterly wind that is capable of lifting dust mainly from the Tigris–Euphrates basin.
The wind system is capable of transporting dust particles to the Persian Gulf, Arabian
Peninsula, and west and southwest Iran [42]. Shamal dust storms mainly dominate in the
summer and are usually accompanied by low-level jets [42–44]. Although the frequencies
of frontal dust storms are much lower than Shamal dust storms [45], they mostly occur in
the winter and are mainly associated with cold fronts from higher latitudes [41,44,46,47].
Nevertheless, the frequencies of dust storms are higher in warm seasons than in cold
seasons [23]; thus, Shamal dust storms will be further studied in this work.

Although previous studies have investigated the long-term variability of dust events
in west (W) and southwest (SW) Iran [38,39,48–50], in-depth analyses of the severe dust
storm cases are still lacking regarding the formation and role of weather. Hence, the current
study dives into the causes of dust storms in the SW and W of Iran with a focus on two
severe Shamal dust storms in the past 21 years. These two dust storm cases were chosen
based on widespread and impaired visibility at most weather stations in the Middle East.
The synoptic patterns were studied to investigate the genesis of these dust storms due to
Shamal winds and low-level jets. First, the soil conditions of the dust sources in the Middle
East area are presented in Section 3.1. In Section 3.2, we present a statistical investigation
of dust events, involving eight of the most polluted weather and air quality stations in
the west, southwest, and south of Iran covering a period of 21 years (from 2000 to 2020).
The spatiotemporal evolution of annual dust days over a 21-year duration is presented in
Section 3.3. The reported visibility data from all weather stations in Iran were related to
dust codes to show that severe dust storms occurred during those two dust storm cases.
MODIS AOD (550 nm) is then examined to show the severity of the two dust storm cases.
Moreover, the vertical profiles of dust from the CALIPSO satellite and the NAAPS model
were investigated during the two dust events in order to monitor the vertical structures of
dust storms in the study region. Finally, the surface dust concentration of the NAAPS model
was investigated to study the dust propagation mechanism in the Middle East region.

2. Dataset and Methodology
2.1. Study Area

The study area focused on the west, southwest, and south of Iran, which are prone to
dust storms. This area encompasses mixed terrain including mountains, the flat Khuzestan
Plain in the southwest, and the Persian Gulf. In the past two decades, the weather–air
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quality station in the plain has been one of the most polluted stations in the world [50]. The
Khuzestan Plain is mostly affected by dust originating from Iraq and Syrian deserts, but in
recent years the dust from local sources has become more prominent [51].

In this study, the annual frequencies of dust storms were investigated at eight polluted
weather stations in the west, southwest, and south of Iran during the period 2000–2020.
Table 1 shows the station location (longitude, latitude), elevation, and the mean annual
number of dust days recorded at the respective stations. To determine the dust days, three-
hour recordings of the synoptic codes related to the dust were used at the meteorological
stations during the 20-year period. The dust-related codes (06, 07, 30–35) were derived
from meteorological reports with their definitions shown in Table 2. The other dust-related
codes (90–99) rarely occurred in these areas.

Table 1. The 8 selected synoptic weather stations in the west, southwest, and south of Iran, and the
mean annual number of dust days from 1997 to 2017.

Synoptic Station Longitude Latitude Elevation Mean Annual of Dust Days

Ahvaz 48.6 31.33 22.5 61.38
Abadan 48.25 30.33 6 84.14
Bushehr 50.83 28.96 29 65.28

Kermanshah 47.15 34.35 1318 44.09
Ilam 46.42 33.64 1387 45.14

Kish Island 53.98 26.5 30 121.77
Qeshm Island 55.92 26.92 6 167.77
Dayyer port 51.93 27.83 4 105.88

Table 2. The dust-related codes that are used in this study.

06 Widespread dust in suspension, not raised by wind at or near the station at
the time of observation

07 Dust or sand raised by wind at or near the station at the time of observation

30, 31, 32 Slight or moderate sand storms or dust storms

33, 34, 35 Severe sand storms or dust storms

The visibilities during these two severe dust storms were reported to be under 1 km
for most stations in Iran. PM10 data were taken from the air pollution monitoring network
administered by the Department of Environment, Iran.

2.2. Dataset

Daily synoptic maps of mean sea-level pressure (MSLP), geopotential heights at
500 hPa, vertical profiles of wind and vector winds, and geopotential heights at 925 hPa
were extracted from the Middle East during the dust storm events by using data from
ERA5 at 0.5◦ × 0.5◦ with spatial resolution [52]. The TERRA/MODIS aerosol optical
depth (AOD550) combined with the Deep Blue and Dark Target algorithms at level 3
with a 1◦ × 1◦ resolution were derived from the Giovanni visualization tool [53]. The
TERRA/MODIS true color imagery was used to investigate the origin and transport
pathways of the dust masses during the dust storms [54]. Furthermore, CALIPSO products
of aerosol sub-types [55,56] were used to study the vertical profiles of dust aerosols in the
two dust storm cases [57].

2.3. NAAPS Model

The NAAPS model can study and simulate the movements of dust particles, wind
directions, changes in the height of the boundary layers, and meteorology front move-
ments [58]. Model predictions are provided for 6 h at each point in the coordinates. The
source of the dust in this model was determined by analyzing the TOMS sensor data
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and the US Geological Survey [55]. The NAAPS model considers 94 types of land use,
8 of which are related to dust-producing areas. The NAAPS has a 1◦ horizontal grid
resolution and 25 sigma coordinate vertical levels [59]. In this study, we investigated the
vertical distributions of the NAAPS output dust (µg m−3) at two stations (Basrah and the
Persian Gulf).

3. Results and Discussion
3.1. Drought Condition

Figure 1 shows the clay fractions of dust aerosols at emissions for the soil mineral
fraction (SMF) method in the Middle East [60]. The data resolution is 5′ longitude by
5′ latitude. Goudie and Middleton (2006) [61] noted that dust storms that reach higher
altitudes and transport at longer distances are mainly composed of silt and clay. The silt
size falls somewhere between clay and sand and its mineral origin is quartz (made up of
SiO4 silicon–oxygen tetrahedra with the SiO2 formula) and feldspar. Silt may occur as a soil
texture or as a suspended sediment (also known as a suspended load) in a surface water
body. Sometimes it exists as soil deposits at the bottom of the water body. The silt particle
radius ranges between 3.9 and 62.5 µm [60]. Clay particles are formed from thin-plate
particles held together by electrostatic forces, and there is cohesion. According to the
Food and Agriculture Organization (FAO) Soil Texture Classification system, the sand–silt
distinctions are made at 0.05 mm particle sizes while the Unified Soil Classification System
(USCS) distinguishes them at 0.075 mm particle sizes. Silt and clay are distinguished
mechanically by their plasticity [62]. Al-Dousari [27] noted that a high percentage (20%)
of loading dust over the Persian Gulf is clay. Al-Hemoud et al. [30] investigated clay and
silt fractions in dust hotspots; the highest amounts were in southern Iraq. Baldo et al. [62]
showed that the mineral fractions of African and Asian dust (PM10) were mostly clay. This
clay fraction of dust is even higher in Asian dust storms. In Figure 1, a high fraction of
soil in Iraq and Syria is clay, so these areas are more vulnerable to dust lifting. The soil
around the Persian Gulf, Kuwait, has the highest fraction of clay and silt (Figure 1a,b);
this region has one of the highest dust frequencies in the world [63]. Moreover, climate
change-induced drought conditions could further increase the silt and clay fractions of soil
and subsequently cause higher dust storm frequencies [61]. Therefore, the clay and silt
compositions of soil in the study region are known to be the main sources of dust storms.

Atmosphere 2022, 13, x FOR PEER REVIEW 5 of 25 
 

 

 
(a) (b) 

Figure 1. The clay (a) and silt fractions (b) of dust aerosols at emissions for the soil mineral fraction 

(SMF) method in the Middle East region (S1 and S2 are dust sources). 

3.2. Temporal Variation in Dusty Days 

In this section, the evolution of dust events was analyzed at the eight weather stations 

in the west, southwest, and south of Iran from 2000 to 2020. There are local dust sources 

in the Khuzestan Plain; the northern parts of the Persian Gulf and Bushehr station rec-

orded high percentages of reported dust. The weather code (07) is related to dust from the 

deserts in this area [37]. Some parts of the Qeshm and Kish Islands in the Persian Gulf are 

desert areas. From 2007 to 2017, it was found that local dust over Kish and Qeshm islands 

was higher than non-local dust, contributing to 89% and 96% in Kish and Qeshm, respec-

tively [33]. Thus, the dominant dust in Kish and Qeshm Islands was local; however, at 

Bushehr and Dayyer port stations, local dust made up only 26% of the total dust at the 

Bushehr weather station [34,37]. 

Ahvaz is one of the dustiest cities in the world [49] and the average mean measured 

surface 𝑃𝑀10 is 186–489 μg m−3 from April to September [64]. The city of Ahvaz and the 

Abadan weather station are located in the Khuzestan Plain. The plain has recently become 

an active dust source; this area is mostly not affected by local dust sources and suffers 

from lifted dust particles from the deserts in Iraq and Syria [65]. Kermanshah city is one 

of the dustiest cities in the world with an average annual 𝑃𝑀10 value of 229 μg m−3 [25], 

but it is a mountain city and there is no dust source around it. Among the nine studied 

stations, Abadan, Dayyer, and Bushehr are located in coastal cities, Kish and Qeshm Is-

land are located in the Persian Gulf, while Ilam and Kermanshah are located in mountain 

cities [48]. Moreover, Ahvaz and Abadan are located in the Khuzestan Plain, so they are 

more vulnerable to dust storms compared to mountain cities. These two cities are located 

in open plains without many geographical obstructions, such as mountains [49,66]. Thus, 

dust storms tend to affect them more easily in comparison with the other cities in the study 

area. Mountain ranges provide shields against strong winds and serve as dust sinks that 

provide alternatives for dust deposition. 

Hamzeh et al. [37] showed that the highest dust occurrence was from 2008 to 2012 

over a 21-year duration (1998 to 2018) in five stations in west and southwest Iran. Moreo-

ver, the highest number of dusty days occurred in 2009, especially in July 2009 in west 

and southwest Iran [18]. Other studies showed that severe droughts occurred in Iraq and 

that 𝑃𝑀10 increased dramatically in the Middle East region [67,68]. Moreover, many 

weather stations in Iraq reported low precipitation and severe droughts from 2008 to 2012 

[69–71]. Figure 2 shows the number of dusty days was high from 2008 to 2012 in nine 

stations in the west, southwest, and south of Iran (pink parts), but dusty days in Kish, 

Qeshm islands, and Dayyer port during this period were not high because they were 

Figure 1. The clay (a) and silt fractions (b) of dust aerosols at emissions for the soil mineral fraction
(SMF) method in the Middle East region (S1 and S2 are dust sources).



Atmosphere 2022, 13, 1990 5 of 22

3.2. Temporal Variation in Dusty Days

In this section, the evolution of dust events was analyzed at the eight weather stations
in the west, southwest, and south of Iran from 2000 to 2020. There are local dust sources in
the Khuzestan Plain; the northern parts of the Persian Gulf and Bushehr station recorded
high percentages of reported dust. The weather code (07) is related to dust from the
deserts in this area [37]. Some parts of the Qeshm and Kish Islands in the Persian Gulf
are desert areas. From 2007 to 2017, it was found that local dust over Kish and Qeshm
islands was higher than non-local dust, contributing to 89% and 96% in Kish and Qeshm,
respectively [33]. Thus, the dominant dust in Kish and Qeshm Islands was local; however,
at Bushehr and Dayyer port stations, local dust made up only 26% of the total dust at the
Bushehr weather station [34,37].

Ahvaz is one of the dustiest cities in the world [49] and the average mean measured
surface PM10 is 186–489 µg m−3 from April to September [64]. The city of Ahvaz and the
Abadan weather station are located in the Khuzestan Plain. The plain has recently become
an active dust source; this area is mostly not affected by local dust sources and suffers
from lifted dust particles from the deserts in Iraq and Syria [65]. Kermanshah city is one
of the dustiest cities in the world with an average annual PM10 value of 229 µg m−3 [25],
but it is a mountain city and there is no dust source around it. Among the nine studied
stations, Abadan, Dayyer, and Bushehr are located in coastal cities, Kish and Qeshm Island
are located in the Persian Gulf, while Ilam and Kermanshah are located in mountain
cities [48]. Moreover, Ahvaz and Abadan are located in the Khuzestan Plain, so they are
more vulnerable to dust storms compared to mountain cities. These two cities are located
in open plains without many geographical obstructions, such as mountains [49,66]. Thus,
dust storms tend to affect them more easily in comparison with the other cities in the study
area. Mountain ranges provide shields against strong winds and serve as dust sinks that
provide alternatives for dust deposition.

Hamzeh et al. [37] showed that the highest dust occurrence was from 2008 to 2012
over a 21-year duration (1998 to 2018) in five stations in west and southwest Iran. Moreover,
the highest number of dusty days occurred in 2009, especially in July 2009 in west and
southwest Iran [18]. Other studies showed that severe droughts occurred in Iraq and that
PM10 increased dramatically in the Middle East region [67,68]. Moreover, many weather
stations in Iraq reported low precipitation and severe droughts from 2008 to 2012 [69–71].
Figure 2 shows the number of dusty days was high from 2008 to 2012 in nine stations in the
west, southwest, and south of Iran (pink parts), but dusty days in Kish, Qeshm islands, and
Dayyer port during this period were not high because they were mainly affected by local
dust sources. These islands, especially Qeshm, have vast deserts in them, so internal dust
sources play important roles in dust storms there [33]. Moreover, south Iran is affected by
dust sources in Saudi Arabia more than the west of Iran. Therefore, two severe dust storms
were chosen from that duration and were investigated in this study.

3.3. Investigation of Two Severe Dust Storms

In this study, two severe dust storms were chosen as the dustiest durations in west
and southwest Iran. The two cases were selected based on the duration and widespread
dust reported at the weather stations in west and SW Iran. Moreover, satellite true color
and AOD images showed the same severity and wide propagation of dust storms. The
dust storm cases were on 15–17 September 2008 and 1–3 June 2012.

3.3.1. Synoptic Investigation

Figure 3 shows sea level pressure, wind vectors, and the 500-hPa geopotential height
at 00UTC on 15 from 16 September 2008. On September 15, a thermal low-pressure
system dominated over the southern parts of Iran and the Persian Gulf (PG) with a trough
extending to the northwest through the inner continental areas of Iraq and northeast of
Syria, hereafter called the PG trough (PGT). The extension of a high-pressure system
over the eastern Mediterranean and the Black Sea caused the west–east pressure gradient
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created in the western parts of the PGT; the topography factors of the region caused strong
northwesterly winds (Shamal wind) northwest of Iraq, which accelerated as they move
to the central area (Figure 3a). There are cyclonic circulations in northern Iraq, as the
winds in the northern and eastern parts are weak due to mountain effects. A deep 500-hPa
trough north of Iraq stretches southward to the north of Saudi Arabia (Figure 3b). As the
PGT extends to the higher latitudes, it is coupled with the low-pressure system that is
associated with the 500-hPa trough and it strengthens this low-pressure system. Therefore,
the northern part of the PGT, which is accompanied by a 500-hPa trough, can create stronger
vertical motions. Consequently, due to low-level strong winds and dust sources in northern
Iraq, large amounts of dust were lifted into the air in this area (Figure 3a). As a result,
the dust was lifted in northern Iraq; severe low-level northwesterly, vertical motions, and
upper-level westerly winds brought these dust particles into the western borders of Iran.

At 00UTC on September 16, the thermal low-pressure system was strengthened over
the PG compared to the previous day and the PGT was still in the area; the west–east pres-
sure gradient and the upper-air disturbances were very weak, as a result, the northwesterly
winds weakened (Figure 3c,d). At 500 hPa, the trough located over Iraq weakened and
relocated to the east (Figure 3d). Therefore, in the southeast of Iraq and southwest of Iran,
there are weak troughs where upward motions in front of the axis have caused dust to rise
to higher elevations above ground level.

In this case, most of the dust that rose originated from the dust source located in
northern Iraq (S1 in Figure 1). In addition to the role of northwestern currents that transport
dust to southwestern Iran, due to the divergence created ahead of the upper trough, the
upward motions were strengthened at lower altitudes, which led to the transport of dust to
western Iran (Kermanshah and Ilam stations).

Figure 4 shows the sea level pressure, wind vectors, and 500-hPa geopotential height
at 00 UTC on 1 and 2 June 2012. On 1 June 2012, a thermal low-pressure system extended
from Pakistan to the PG with a limited PGT (Figure 4a). An extensive high-pressure
system located over the Mediterranean Sea and Turkey with two ridges extended over
the Zagros Mountain and northwest of Saudi Arabia. Such a synoptic circulation pattern
supports the downslope northwesterly winds with a west–east pressure gradient as the
background force. Therefore, there were strong northwesterly winds in the southeast of
Iraq and northwest of the PG (Figure 4a). At a 500-hPa level, a long-wave trough with a
strong contour gradient over Syria and Iraq was located over the eastern Mediterranean
(Figure 4b).

At 00 UTC on 2 June, the high-pressure system was strengthened and moved to
the east, and the PGT was located between the two ridges of this high-pressure system;
strong northwesterly winds prevailed in southern Iraq and north of the PG (Figure 4c).
The 500-hPa level trough moved rapidly to the east and situated in northwestern Iran
(Figure 4d). This upper-air disturbance and the high pressure strengthened over Iraq
combined and induced strong northwesterly winds in southern Iraq and north of the PG
(Figure 4c). In this case, it appears that S2 (dust source in Figure 1) was more active and
only the areas of southwestern Iran and north of the PG were affected by the dust.

The vertical cross-section of the wind speed was assessed for the dust event days. The
structure and persistence of low-level jets (LLJs) were investigated at 00 and 12 UTC on
15 and 16 September 2008 at latitudes of 35, 34, and 33◦ N, and on 1, 2, and 3 June 2012 at
latitudes of 35, 33, and 31◦ N. LLJs occurred on 1–3 June 2012 and 15 and 16 September
2008 (only the figures of two particular times, i.e., 00 UTC on 15 September and 2 June,
are shown).

To identify the characteristics of LLJs that play important roles in the emission and
transport of dust in the region, we examined a sequence of vertical cross-sections (from
23◦ N to 37◦ N) from a long-jet wind speed at 00 UTC on 15 September 2008 and 2 June 12
(Table 3). In the first case study (15 September 2008), the LLJ was about 500 km in length
and its core width was between 100 and 200 km, often between 930–900 hPa levels; its
maximum speed (16 ms−1) occurred from 35◦ N to 33◦ N latitudes.
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Figure 3. (a): Sea level pressure (shaded as in the legend and solid color contours, interval is 5 mb),
wind (ms−1), and (b): 500-hPa geopotential height (shaded as in the legend and solid red and blue
contours, interval is 4 dam) at 00UTC on 15 September 2008. (c): sea level pressure and (d): 500-hPa
geopotential height at 00UTC on 16 September 2008. The white rectangle on figure (a) shows the area
of strong northwesterly winds (Shamal winds).

At 00UTC on 15 September 2008, the jet core and its width were about 16 ms−1

and 100 km, respectively (Figure 5a), locating in the northwestern regions of Iraq and
northeastern Syria (at 35◦ N and 40–41◦ E); thus, the jet was stronger at higher latitudes
(35◦ N and 34◦ N) than at lower latitudes (32◦ N). Therefore, conditions were favorable for
the lifting of dust sources located in northwestern Iraq and northeastern Syria. On 1, 2, and
3 June, LLJs form from central Iraq intensified and extended to the lower latitudes (north
of the Persian Gulf). For example, at 00 UTC on 2 June, the speed and width were about
8 ms−1 and 200 km, respectively, at 35◦ N, while at 31◦ N, the maximum speed reached
18 ms−1 but was narrower in size (Figure 5b). At this time, the jets were contained in the
lowest 1000–870 hPa layer and the jet core was located at about 930–900 hPa. The intensity
and vertical extension of the jet core, being strong and shallow at 00 UTC, was weak but
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deep at 12 UTC due to turbulent mixing. In the studied cases at 00 UTC, most of the jet
cores were at the 930 to 910 hPa levels; therefore, the wind and geopotential height fields
of the 925 hPa level at 00 UTC on 15 September 2008 and on 2 June 2012 were assessed.
At 00 UTC, 15 September, a low-level cyclonic system in the lower troposphere, with an
axis that was oriented from southeast to northwest (the PGT direction), was located over
northern Iraq. Due to the high gradient contour, strong northwesterly winds were created
over the southwestern parts of this axis. At 00 UTC on 2 June, a 925 hPa basin-inverted
trough north of the PG stretched from the southeast to the northwest over southern Iraq
(Figure 5d). Thus, the strong northwest–southeast contour gradient was the main force to
produce the LLJ in the north of the PG.
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Table 3. The position, vertical expansion, and the jet core at the times indicated.

Time Latitude
(◦N)

Longitude
(◦E)

Vertical Level
(hPa)

Jet Core
(ms−1)

00UTC on 15
September 2008

36 38–40 935–930 12
35 40–41 930–920 16
34 41–42 935–900 16
33 41.5–42.5 935–895 16
32 42–43.5 935–900 12
31 42.2–43.8 930–915 10

00UTC 2 June 2012

34N 44.5–45.5 935–875 10
33N 45–46 930–880 12
32N 46.2–47.8 935–910 16
31N 47.5–48 930–925 18
30N 47.3–49.2 940–900 18
29N 48.2–50.7 950–880 20
28N 49.2–50.8 930–905 22
27N 49.8–51 930–905 22
26N 50.5–51.1 930–915 20
25N 50.51.5 930.895 18
24N 49.5–51.8 835–845 16

The topography surrounding Mesopotamia and north of the PG plays a major role in
the development of LLJs through the interaction of meteorological conditions and mountain
forces. To investigate the structure and vertical expansion of the LLJ for the studied cases,
the vertical cross-sections of the wind speed along the lines from A to B in Figure 5c and
from C to D in Figure 5d at 00 UTC on 15 September 2008 and 2 June 2012 are shown in
Figure 5e,f.

Figure 6a,d shows 10 m of wind gust (WG), 10 m of wind vector (WV), and 2 m of
dew point temperature (Td) at 00UTC on 15 September 2008 and 12UTC on 2 June 2012,
respectively. Strong westerly and northwesterly winds prevailed in northeastern Syria
(marked as A1 in Figure 6a) and in northern Iraq (marked as A2 in Figure 6a), where the
wind speeds in these two areas reached more than 14 ms−1 (Figure 6a). According to the
satellite images, these two areas are sources of dust and many suspended particles have
risen to the atmosphere from these areas. The 2 m dew point temperature pattern indicates
the extent of high humidity from Syria to Iraq and extends to the north of the Persian Gulf,
so humidity decreases from the northwest to southeast along the wind direction (Figure 6a).
The time series of WG, WV, and Td variations from 00 UTC on 14 September to 00UTC on
22 September 2008 for the A1 and A2 regions are shown in Figure 6b,c, respectively. During
this period, the wind speed of the A1 region reached more than 10 ms−1 from the 14th day
to about 12 UTC on the 15th day, and the maximum level of northwesterly winds (more
than 16 ms−1) with a decrease in humidity (Td) occurred on June 14 (Figure 6b). In the
A2 area, strong northwest winds occurred from the evening of the 14th day to noon on the
15th day (Figure 6c). The maximum amount of wind occurred with a time delay compared
to the A1 area at night, which is associated with a decrease in humidity.

In the second case study, (1–3 June 2012), strong northwesterly winds prevailed in
southeastern Iraq. During this period, the surface wind speed at 12 UTC on 2 June had the
highest value, recording more than 22 ms−1 in A3 and A4 (marked in Figure 6d). Therefore,
in this period, the main dust source was from the S2 region as shown in Figure 1; due to the
smaller area of this source and other meteorological conditions, the scale of dust lifted, in
this case, was smaller compared to the previous case. The time series of WG, WV, and Td
variations from 00UTC on June 1 to 00UTC on June 4 for the A3 and A4 regions are shown
in Figure 6e,f, respectively. As in the previous case, the speeds of the northwest winds were
associated with the low humidity in these areas.
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Atmosphere 2022, 13, 1990 13 of 22

3.3.2. Ground Measurement and Satellite Observation

The measured PM10 concentrations from two stations in the west of Iran in both
cases (Ilam and Kermanshah) and Bushehr on the northern shore of the Persian Gulf are
shown in Figure 7a,b from 14 to 17 September 2008 and 1 to 3 June 2012. In the first
case, both stations in the west of Iran reported high surface dust concentrations between
03 and 07 UTC on 17 September. Dust concentrations reached 834 µg m−3 at Ilam station,
623 µg m−3 at Kermanshah station, and 612 µg m−3 at Bushehr station in the north of the
Persian Gulf. However, surprisingly, in the second case, at Bushehr station on the north
shore of the Persian Gulf, the highest measured PM10 concentrations were 4947, 4626, and
3759 µg m−3 on 2 and 3 July. Moreover, the measured PM10 concentrations were higher
than 3000 µg m−3 in many measured records at the station. These amounts are much higher
than the PM10 concentrations reported at Ilam and Kermanshah in the west of Iran.

The visibility data under 1 km (red dots) of several Iranian meteorological stations that
reported dust storms are shown in Figure 7c,d. Visibility was under 1 km in many stations
in the west, southwest, and over the Persian Gulf on 14–17 September 2008, while the other
stations in Iran did not report visibility under 1 km and severe dust storms. However, from
1 to 3 June 2012, many weather stations in the southwest, central, and southeast of Iran
reported visibility below 1 km. In both cases, the weather stations in SW Iran reported dust
with visibility below 1 km, with a weather code 06 (related to nonlocal dust).

Hence, the 24 h backward air mass trajectories obtained from the HYSPLIT model at
500 m were used for SW Iran (Figure 7e,f). Since the dust storms covered a wide area in
different parts of Iran, we selected the matrix approach in the HYSPLIT runs in order to
identify the dust sources. Satellite images show that the dust storms began on 14 September
2008 and 1 June 2012, so the model ran for 24 h. In both dust storms (on 15 September 2008
and 2 June 2012), the prevailing winds were from northern directions, so dust particles
affected the west and southwest of Iran. The HYSPLIT model outputs show that, in both
dust storm cases, dust particles came from the west of Iraq, and on 1 June 2012, some of the
dust particles came from the eastern deserts of Syria.

Figure 8 shows Terra/MODIS true color imagery during the dust storms on 15–16
September 2008 and 2–3 June 2012, respectively. On 15 September 2008, one of the most
intense dust storms originated from deserts in the northern half of Iraq and was affected
by northwesterly winds. Thus, dust particles entered the west and southwest of Iran. On
16 September, the dust mass entered the west of Iran and spread over the Persian Gulf (the
red circles show the dust masses).
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Figure 7. Measured PM10 concentrations in three air monitoring stations in west and SW Iran on
(a) 14–17 September 2008 and (b) 1–3 June 2012. Visibility reported under 1 km at several stations
in Iran taken from dust-related weather codes on (c) 14–17 September 2008 and (d) 1–3 June 2012.
One-day backward trajectory matrix from the HYSPLIT model for air masses at 500 m heights affected
the southwest of Iran on (e) 15 September 2008 and (f) 2 June 2012.

In case 2, a dust mass was obvious over Iraq and the Persian Gulf on 2 June 2012.
Moreover, other dust masses were obvious over the Jazmorian basin in the southeast of
Iran and Hamun Lake at the borders between Iran, Pakistan, and Afghanistan. On 3 June
2012, the western dust mass mostly spread over the Persian Gulf, and the dust masses
over the Jazmorian basin and Hamun Lake in SE Iran spread to the larger areas in the
southeast of Iran. It seems that the sharp visibility reductions in the center and east of Iran
were not created by the dust masses raised from deserts in Iraq. The Jazmorian basin and
Hamun Lake are two dried lake beds where the dust storms originated from; they were
investigated in many previous studies [72–75].

Figure 9 shows the mean Terra/MODIS AOD550 spatial distributions over the Middle
East in the two dust storm cases from 2000 to 2020, investigating the AOD550 long pattern
over the same area. On a long-term basis (21-year duration), higher AODs are observed
over the Persian Gulf, Iraq, Kuwait, northeastern parts of Saudi Arabia, and southwest,
south, and southeast Iran. Moreover, in other studies, the same high AOD patterns were
observed [75,76]. AOD550 was significantly higher from 14 to 17 September 2008 and
the mean AOD550 was near 4 over the Persian Gulf, Kuwait, the vast part of Iraq, and
the northern part of Saudi Arabia, showing a significant increase in dust aerosol in the
atmosphere [77]. Moreover, AOD550 was higher than 1 (and near 1.8) from 1 to 3 June 2012
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in Iraq, Kuwait, the Persian Gulf, and northern parts of Saudi Arabia, showing high dust
loadings in these areas.
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True-color imagery from Aqua/MODIS was used in the two dust storm events over
the Middle East area; CALIPSO overpasses over the region are shown with yellow arrows
(first column). In Figure 10, an intense dust plume was detected over northern Iraq and
western Iran in the first case while the dust plume was detected over southern Iraq, Kuwait,
the Persian Gulf, and northern Saudi Arabia in the second case. According to the CALIPSO
profiles, this dust plume rose higher in the first case and dust particles rose higher than
7 km over Mesopotamia toward the eastern Arabian Peninsula; the height of the dust
plume did not decrease on 15 September 2008. On 2 June 2012, the dust plumes did not
ascend as the first case but rose higher than 5 km in a vast area over the Persian Gulf and
south of Iran. It seems that the NAAPS model’s vertical profile output agrees with the
CALIPSO vertical profile over the Persian Gulf in this case, and dust rose higher than 5 km
(500 hPa). This result is not off; the dust rising occurred at different levels of the atmosphere,
and many dust particles reached 5 km (or even 6 km) in height [78–80].
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Figure 10. True color imagery from aqua/moderate-resolution imaging spectroradiometer (MODIS)
and aerosol-type classification during the two dust storms from CALIPSO. The satellite orbit paths
are shown by the yellow lines in the MODIS imagery.

3.4. NAAPS Model Simulation

Figure 11a,b show dust concentration outputs of the NAAPS model at the Basra and
Persian Gulf stations from 13 to 18 September 2008. In both stations, the model outputs did
not show high dust concentrations on those days, surprisingly, only some days presented
surface dust concentrations under 100 µg m−3. Figure 11c,d show dust concentration
outputs of the NAAPS model at the Basra and Persian Gulf stations from 1 June to 6 June
2012. The model shows high dust concentrations between 800 and 1600 µg m−3 between
2 and 4 June and, at times, between 1600 to 3200 µg m−3 on 3 June at both stations. In
Figure 11d, at Basra station, the dust phenomenon continued until 5 June, but in Figure 11c,
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the dust storm occurred at the Persian Gulf station until 4 June. At the Persian Gulf station,
the PM10 concentration dropped sharply to between 200 and 400 µg m−3 on 5 June. In
both stations, dust particles reached 400 hPa levels.
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Figure 11. Vertical distribution of NAAPS output dust (µg m−3) in (a,c) the Persian Gulf and
(b,d) Basra stations from 13 to 19 September 2008 and from 1 to 6 June 2012.

Figure 12 shows the NAAPS model simulated PM10 concentrations in the Middle
East region at 00 UTC on 15 September 2008 (Figure 12a) and at 12 UTC on 1 June 2012
(Figure 12b). The model output on 15 September 2008 shows high surface dust concen-
trations (between 50 and 500 µg m−3) in vast parts of Iraq and southern parts of Saudi
Arabia. In Figure 12b, the model output shows high dust surface concentrations over a vast
part of the study area: the southern half of Iraq, Kuwait, Saudi Arabia, the Persian Gulf,
and the southern half of Iran. The dust concentrations reached above 500 µg m−3 in Iraq,
Kuwait, some parts of the Persian Gulf, and the eastern half of Saudi Arabia; in some areas,
concentrations were higher than 5000 µg m−3, indicating severe dust storms in these areas.
In both figures, the model outputs show northern and northwestern winds over Iraq and
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the Persian Gulf. Moreover, the wind direction indicates that dust particles did not transfer
from Saudi Arabia to the south/southwest of Iran and the Persian Gulf region despite the
high dust concentration over Saudi Arabia in both of the dust storms. The NAAPS model
outputs show that the propagation of PM10 is in agreement with MODIS true color images
and MODIS AOD in the Middle East region. Moreover, the model shows that, in both cases,
the wind direction was a Shamal wind that was identical to the ERA5 wind direction.
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4. Conclusions

In this study, the clay fractions of dust aerosol were investigated in the Middle East
region. Clay fractions consist largely of primary minerals in Iraq and Syria, so these
areas are very vulnerable to dust rising. Thus, under certain weather conditions, dust
particles are prone to lifting (e.g., due to severe surface winds, low humidity, high vertical
motion of air, etc.), and these dust particles easily transport from these areas to affect the
downstream areas.

Furthermore, temporal variations of the number of dust days were investigated at
eight weather stations in the west, southwest, and south of Iran in a 21-year duration from
2000 to 2020. The highest dust frequencies occurred from 2008 to 2012 in the west and
southwest of Iran, which were mostly affected by dust storms originating from Iraq and
Syria; the durations of the highest dust frequencies were not in south Iran because stations
in these areas have some internal dust sources, and local dust was reported to be higher
than west Iran stations. Moreover, southern Iran and the Persian Gulf were most affected
by dust storms originating from Kuwait, Saudi Arabia, and other dust sources located in
the southern parts of the Persian Gulf, mostly in the late winter and early spring.

Two severe dust storms were chosen in 2008 and 2012 based on satellite images and
the reported visibility reduction at most weather stations in Iran. MODIS true color images
and MODIS AOD showed the thick air mass and high aerosol over Iraq, Kuwait, west and
southwest Iran, the Persian Gulf, and Saudi Arabia. Furthermore, measured PM10 concen-
trations at Ilam, Kermanshah, and Bushehr stations showed the two severe dust storms.
The determinations of the structures and characteristics of the circulations and pressure
patterns are crucial to understanding the main meteorological forcings that produce dust
emissions and high surface dust concentrations. In this regard, backward trajectories based
on meteorological data, including meteorological maps at the standard pressure levels
(1000, 925, and 500 hPa), satellite images, and some products of the numerical weather
prediction models were investigated in the two dust storm cases. Meteorological maps
at 00UTC and 12UTC, satellite images, NAAPS, and HYSPLIT model outputs of dust
events were analyzed from 15 to 16 September 2008 (case 1) and 1 to 3 June 2012 (case 2).
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Furthermore, satellite images were used to compare the spatial patterns of the large-scale
dust events and vertical profiles of the two severe dust storms.

Synoptic investigations indicated that extending the thermal low-pressure system
from the northern Persian Gulf (PG) to the northwest of Iraq and northeast of Syria, as
well as the spread of the high-pressure system over the eastern Mediterranean, the Zagros
Mountain, and southeast of Turkey, a strong east–west pressure gradient created between
the two pressure systems (and passing waves duo to the upper-air disturbances) had major
roles in lifting the dust and blowing the Shamal wind in northern Iraq and northeast Syria
on 15 and 16 September and southern Iraq on 1, 2, and 3 June. The topographic role of the
Tigris–Euphrates plain accelerated the downslope Shamal wind in this area. Moreover, the
Shamal wind transferred the suspended particles over western Iran, the northern PG, and
neighboring areas.

In the first case, the dust emitted from dust hotspots in northwestern Iraq; in the
second case, the dust emitted from dust hotspots in southeastern Iraq. Due to the important
role of northwesterly winds in rising and transferring dust to this region, the structure and
persistence of low-level jets at different latitudes have been investigated, showing, in both
cases, low-level jets with core levels at 930–910 hPa in the northwestern regions of Iraq and
northeastern Syria in the first case and southern Iraq in the second case. Moreover, the
HYSPLIT backward trajectory shows that the prevailing wind was northwesterly in both
dust storm cases. The vertical profiles of dust from the NAAPS model and the CALIPSO
satellite show dust particles reaching more than 5 km in height in the atmosphere.
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