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Dust storm in Iran’s western regions has been one of its major environmental problems in recent years, which has not only turned
into a yearly phenomenon but is also expanding. This study investigated two events of dominant dust in southwestern Iran using
moderate resolution imaging spectroradiometer imagery, Reanalysis Datasets (meteorological fields and atmospheric compositions),
in both hot (July 2, 2008) and cold (February 18, 2017) seasons. After radiometric correction and calculation of brightness
temperature as well as the reflective and thermal behavior of dust, the research results showed that the detection of dominant
dust entering was 0.645 μm (visible red) and 0.858 μm (near-infrared) in the reflective ranges and 3.959, 8.55, 11.03, and 12.02 µm in
the thermal ranges. Synoptically, the lower values for mean sea level pressure from the east Mediterranean along Syria and Iraq to the
southwest and Central Asia facilitate a convergence condition in the lower troposphere that induces strong northwesterlies, Shamal
winds, over the Middle East toward the Persian Gulf, forming a more expansive aerosol hotspot over southwest Iran. However, on a
cold day, high dust events in Arabia and south Iran are related to the ongoing high pressure, which is accompanied by a subtropical
jet, following anticyclonic circulation toward southwestern Iran.

1. Introduction

As a climatic phenomenon, dust is driven by natural and
anthropogenic factors and can disturb human activities
and social and industrial infrastructures [1–2]. The large
volume of particles transported to the troposphere can alter
the energy balance and ultimately the climatic conditions of
the regions [3–4]. Human intervention in the natural envi-
ronment is one of the main drivers of increased dust sources
and emissions [5, 6]. Prospero et al. [7] identified the main
Middle Eastern dust sources as the Empty Quarter in Saudi
Arabia, the dry lowlands of the banks of the Tigris and
Euphrates rivers, and the coasts of theOman Sea. These sources
are part of a dust belt stretching from the northwest coastal area
of Africa to theMiddle East alongCentral Asia to China [8–10].
The optical properties of dust particles (observed satellite

radiance) make it possible to distinguish them from other phe-
nomena [11]. Many detection methods use reflectance in visi-
ble bands and brightness temperature (BT) in infrared bands.
The difference in BT in different bands is a suitable method for
distinguishing dust from other phenomena.

Since 1970, researchers have been able to determine the
occurrence of dust storms through visible and near-infrared
and thermal infrared. Shenk and Curran [12] applied image
enhancement to dust storms over land and water using visi-
ble and infrared satellite measurements. Ackerman [13] pro-
posed the application of BT to detect different phenomena.
In addition, Miller [14] used two different algorithms for the
image enhancement of dust. He used the reflective properties
of 0.46 and 0.85 μm spectral ranges for image enhancement
of dust over water and the BT in 11 and 12 μm spectral
ranges over desert areas. Chen et al. [15] used moderate
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resolution imaging spectroradiometer (MODIS) visible and
infrared images and AMSR-E microwave images for the
enhancement of dust masses in northwest China. They
detected dust masses under ice clouds using microwave
images and visible and infrared data during clear sky condi-
tions and defined a microwave polarization index. Their
image enhancement was based on the calculation of the
polarized brightness temperature difference (BTD) between
89 and 8.23GHz frequencies and the BTD between 11 and
12 μm wavelengths [16]. These included false color compos-
ite (FCC), BTD, Ackerman’s method, Miller’s recurrence
algorithm, and the Roskavensky method. In addition to these
methods, the ozone monitoring instrument (OMI) aerosol
index was calculated for all dust as an independent assess-
ment source. They applied these algorithms to a study of four
major dust storms in Australia. Their results showed that all
methods performed better than FCC, but it was not possible
to present a single method for all storm types. This is due to
factors such as the presence of cloud cover, variations in the
mineral structure of particles, and reflective surface changes.
Klüser and Schepanski [17], using Meteosat Second Genera-
tion infrared images, developed a bitemporal mineral dust
index and prepared a time series of 2006 for four desert
regions. The comparison of the results from this index with
MODIS and OMI satellite data and AERONET ground data
showed the high capability of this index in detecting dust
masses and estimating the continental and desert surface sed-
iment load, except for regions with high relative humidity.

According to a review of earlier scientific publications,
there is some unclassified information regarding the synoptic
pattern of these dust storms [18, 19]. Furthermore, there is
no quantitative distinction between the locations of high and
low-pressure systems in severe dust storms [20–21]. There-
fore, having sufficient knowledge of the synoptic state of
different types of dust storms is the first step to a succinct
and appropriate analysis of dust storms [22].

On the other hand, many indices have been used for dust
detection, including infrared differential dust index [23], nor-
malized differential dust index (NDDI; [24]), mean normal-
ized difference vegetation index [25], aerosol absorption index,
and aerosol optical depth (AOD) [26]. Dust storms, as a most

common climatic phenomena in arid and semi-arid desert
areas, are widespread across the Middle East to East of Asia
[7, 27]; among them, the Middle East (including sources of
Iraq–Syria, Arabian Peninsula, Iran desserts) is not only one
of the major sources of mineral dust, but also it is one of the
regions that are affected by severe dust storms [28–32]. The
behavior ofmineral dust in the region (emission, transport, and
accumulation) is mostly caused by mesoscale atmospheric cir-
culation, which also accounts for a substantial portion of dust
storms [33–36]. In addition, Data from ground measurements,
remote sensing, and reanalysis over the regions demonstrated
that the seasonally dynamic–synoptic circumstances cause dif-
ferent dust storms [37–40].

Dust detection using satellite images is dependent on
place and time. Therefore, it is not possible to present a single
algorithm for global detection, and different methods and
thresholds should be used for different times and places.
The present study aims to investigate the dust masses entering
Iran from the southwest using the reflective and thermal
properties of MODIS imagery in cold and hot seasons. Fur-
thermore, in this study, the utilization of reflecting and ther-
mal properties is examined simultaneously for detecting dust
through MODIS satellite imagery. The results will be used to
improve the synoptic analysis of dust occurrence, and the dust
origin will be described using the HYSPLIT model. It is noted
that the phenomena of dust and its various properties will be
examined in this study using a combined perspective (satellite
detection, synoptic analysis, and the HYSPLIT model).

2. Datasets

2.1. MODIS Images.This study used MODIS imagery for dust
detection. The images were selected such that dust exists in
land and sea together with other phenomena having spectral
interference with dust (e.g., clouds, snow, barren land, desert,
vegetation, and water bodies). Here, two images from July 2,
2008, and February 18, 2017, were selected in warm and cold
seasons, respectively, in southwestern Iran (Figure 1).

The European Centre for Medium-Range Weather Fore-
casts updated the ECMWF reanalysis (ERA) Interim reanal-
ysis with the ERA-5 reanalysis, which has a detailed record of
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FIGURE 1: True color images (143): (a) July 2, 2008, and (b) February 18, 2017.
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the global atmosphere, land surface, and ocean waves from
1950 onward [41]. The most current datasets provide an
ensemble at 3 hr and two sets of hourly reanalyses, with char-
acteristics including 31 km horizontal resolution and 137
levels ranging from the surface to 0.01 hPa [41]. This study
used meteorological fields from the ERA-5 reanalysis (mean
sea level pressure (MSLP), zonal wind at 250 hPa, geopotential
heights at 850 and 500 hPa, and vector winds at 10m)
to assess the characterization of the synoptic conditions
at 0.75° × 0.75° spatial resolution over the study region
(10°E–65°E, 10°N–55°N).

The most recent worldwide data set of atmospheric com-
position (AC) provided by CAMS (Copernicus Atmosphere
Monitoring Service) is known as CAMS reanalysis [42]. It
consists of 3D time-consistent AC fields. A 4D variational
analysis with a 12-hr analysis window is part of the CAMS
data, which is based on the modeling of aerosols from various
sources and satellite data (MODIS AOD550nm) assimilation
[43, 44]. This analysis provides dust-AOD at 550 nm, which
has recently been validated against MERRA-2 and ground-
basedmeasurements [45]. Therefore, dust AOD(DAOD550nm)
is the term employed in this study to describe how well dust
particles at a spatial resolution of 0.5° × 0.5° obstruct solar
radiation energy from reaching the surface.

3. Detection Methodology

The true color images of the MODIS sensor obtained by the
NASA website (https://search.earthdata.nasa.gov) provide
143 images, covering the study area. Therefore, two episodes,
out of the study cases, including (a) July 2, 2008, and (b)
February 18, 2017, are analyzed [46].

It is noted that by examining the spectral behavior of dust
and other phenomena in the applied satellite imagery, it was
found that dust in the visible and red (ρ 0:645 μm) and near-
infrared (ρ 0:858 μm) ranges can be separated from other phe-
nomena by applying thresholds. The threshold value
depends on the season, and in the cold season, due to the
reduction of vegetation on the ground, it takes smaller
values. In this research, the following thresholds were applied
to the reflective ranges:

ρ 0:858 μm< 0:35 inwinterð Þ; 0:55 in summerð Þ: ð1Þ

ρ 0:645 μm> 0:15 inwinterð Þ; 0:2 in summerð Þ: ð2Þ

The BT is one of the best and most highly effective vari-
ables for dust detection. The analysis of the target range will
show that the simultaneous use of 3.959, 8.55, 11.03, and
12.02 μm spectral ranges provided the best results given the
high complexity of the study area, which included water
bodies, barren land, desert, vegetation, and clouds all
together alongside dust. This makes it impossible to separate
the dust based on only one thermal range. Here, BT was
employed in the specified ranges by applying thresholds as
per the following equations:

BT8:55μm −BT11:03μm

� �
− BT11:03μm −BT12:02μm

� �
> − 0:5 ∘K:

ð3Þ

BT12:02μm −BT11:03μm

� �
>0 ∘K: ð4Þ

BT3:959μm −BT11:03μm

� �
>5 ∘K: ð5Þ

An investigation of the spectral behavior of dust and
other phenomena in the selected images shows that dust
can be separated from other phenomena in the visible red
(ρ 0:645 μm) and near-infrared (ρ 0:858 μm) ranges. The thresh-
old value depends on the season, with smaller values in the
cold season due to the reduction of surface vegetation.
Finally, the pixels containing all the mentioned conditions
were identified as dust (Figure 2).

4. Results and Discussion

4.1. Spectral and Thermal Behavior of Dust. This study
focused on the reflective and thermal properties of dust for
dust detection. In the visible range (0.4–0.7 μm), dust showed
higher reflection in barren lands, vegetation, and water and
lower reflection in clouds and snow. In the mid-and near-
infrared range (0.8–2.5 μm), dust reflection increased by
increasing wavelength, with the highest reflection in the
2.13 μm range. This makes it difficult to identify the two
phenomena (Figure 3). Therefore, visible red (0.645 μm)
and near-infrared (0.858 μm) ranges proved more suitable
than other spectral ranges, and dust phenomena can be iden-
tified suitably by applying appropriate thresholds.

The dust detection over land and water is largely differ-
ent. As explained above, dust detection was easier over land,
whereas its detection over water requires using BT. Many
researchers [13, 47, 48] advocate employing BT in the
3.959, 8.55, 11.03, and 12.02m spectral regions to distinguish
dust from other phenomena. Figure 4 illustrates the thermal
behavior of dust compared to other phenomena based on the
proposed methods.

Finally, threshold values were determined by differenti-
ating between dust and other phenomena in the reflective
and thermal ranges. The spectral behavior of the dust and
other phenomena in images can be examined, and the set
thresholds can be used to distinguish the dust from other
phenomena. Still, the threshold value depends on the season,
with smaller values in the cold season due to the reduction of
surface vegetation.

Investigations into the target range revealed that, given
the high complexity of the research region, the simultaneous
employment of the 3.959, 8.55, 11.03, and 12.02m spectral
ranges produced the optimum outcome. It is impossible to
distinguish between the dust based on a single thermal range
when there is also water, barren land, vegetation, clouds, and
desert present. Applying criteria to extract pixels recognized
as a dust zone allowed the use of BT characteristics in the
designated ranges in this case. A comparison of model AOD
outputs with Terra-MODIS retrievals shows that despite
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significant differences, all models perform fairly well in pre-
dicting AOD patterns in the Middle East [40] (Figure 5).

4.2. Synoptic Meteorology Conditions. The synoptic condi-
tions for the cold and warm events that occurred during
the episodes with significant dust concentrations in the
southwest of Iran are analyzed separately. This aims to
explore the atmospheric dynamics, triggering dust storms

across the Middle East region that facilitate the transport
and accumulation of dust.

4.3. Warm Episode (July 2, 2008). Even though the storm’s
precise source spots are not evident in this image, the dust
looks to have started in northern Iraq. The thickest dust
hovers over the border between Iraq and Iran, but a plume
of dust also curls over the borders with Syria, Turkey, and
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Iraq. Dust storm over the Persian Gulf (https://earthobserva
tory.nasa.gov/images/20175/dust-storm-over-the-Persian-
gulf) is caused by fine sediments of the Tigris and Euphrates
floodplain [49].

High Caspian Sea-Hindu Kush Index values, which corre-
spond to an enhanced pressure gradient between the Caspian
Sea (CS) and Hindu Kush (HK), are linked to the intensifica-
tion of northerly winds, increased dust emissions, and trans-
portation over SW Asia and the north Arabian Sea, according
to satellite remote sensing (Meteosat, OMI, MODIS) analy-
ses [50].

The warming of the earth’s surface in arid regions devoid
of vegetation is the primary cause of dust in the southwest of
Iran during the summer [25]. More recent studies take into
account the function of the convergence of south/southwest
winds, influenced by the low thermal pressure of the earth’s

surface in the southern Arabian Peninsula, as the cause of
dust transfer to the southwest of Iran [51, 52].

Shamal, a wind from the northwest that frequently blows
over the floodplain of the Tigris and Euphrates Rivers in Iraq,
is the cause of these thick plumes. The fine sediments in this
floodplain provide the area’s dust storms in the region.

The lower G850 (1,430 gpm) and MSLP (1005) values cov-
ering Turkey, Syria, and Iraq to the southwest and Central Asia
(Figure 6(a)) promote ascending conditions in the lower tro-
posphere, while high G850 and MSLP dominate over north
Africa and Europe. Strong northerlies from the Aegean Sea
to the Middle East are pro-generated as a result of these con-
ditions converging as strong westerlies in the Iran–Iraq bound-
aries, which eventually changed to enhanced surface westerlies
over the area [53]. Prefrontal dust storms are facilitated toward
southwest Iran by the convergence of northwest and
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southwesterly winds as a result of the surface low-pressure in
the southern Arabian Peninsula [51, 52] (Figure 6(c)). In
general, the meteorological fields created a larger aerosol
hotspot over southwest Iran. The surface low-pressure area
(Figure 6(a)), also referred to as the Arabian thermal low [54],
creates a cyclonic pattern of dust, which causes the southwest-
erly flow and the northwesterly flow to converge over north
Saudi Arabia.

The dust storms across the Sistan basin in eastern Iran
were connected to positive anomalies in MSLP and geopo-
tential heights at 700 hPa (Z700) over the CS and negative
anomalies over the HK mountain range, according to a recent
study [55]. During the long-range transport of a dust storm

over the eastern Iranian borders during July 1–3, 2014, a similar
synoptic meteorology pattern (i.e., MSLP high over CS and
MSLP low over HK) predominated [50, 56] (Figure 6(a)). Dur-
ing this episode day, a subtropical jet stream across the
Levantine-Caspian Sea-Turkmenistan and a subtropical ridge
(5,750 gpm) over Saudi Arabia and southern Iran are also
prominent features (Figure 6(b)). In contrast to the subtropical
jet typically linked to high dust events in Arabia and south Iran,
which is located around 30°N [57, 58], the zonal 250 hPa winds
(subtropical jet) core is located further north during frontal
dust storms and cold dust episodes. It reaches a maximum
speed of about 44ms−1. Strong northwesterlies were present
over the region and were replaced by southwesterlies in front of
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the frontal system over central Iran and the southern Arabian
Peninsula. High-pressure conditions predominated behind the
frontal system over Syria and northwest Iraq [40]. This is a
typical MSLP pattern for postfrontal dust storms in theMiddle
East, which mostly impact the northern Persian Gulf and the
Tigris-Euphrates Basin [38].

4.4. Cold Episode (February 18, 2017). The Khuzestan prov-
ince, northern Kuwait, sections of the Persian Gulf, and parts
of Iraq were all affected by the dust storm on February 18,
2017, according to NASA reports (https://earthobservatory.
nasa.gov/images/89705/dust-over-the-persian-gulf). Accord-
ing to reports, this dust storm caused electrical infrastructure
damage and cutoff power to cities in the Khuzestan region
[59]. The air pollution brought on by the dust storm and
the power outage in Ahvaz, the capital of Khuzestan, led to
a 5-day protest.

Strong shamal winds have a role in dust storms in this
area, which often happen during the summer but can also
happen occasionally in the winter. According to studies
[60, 61], drought and the rise in dust brought on by winter
shamal are related.

According to the synoptic study, on February 17, the
frontal dust storm’s generating low- and high-pressure sys-
tems were situated over central Iran and northern Pakistan,
respectively. Dust could flourish in this circumstance [62].

Atmospheric circulations on this day are dominated by
high MSLP and geopotential values (Figure 6(d)), with a
weakened low pressure over Sudan, while a subtropical jet

(>56ms−1) and geopotential values at 500 hPa (Figure 6(e))
associated with dust event in Arabia and southwest Iran in
the cold season. A ridge extending from central Asia along to
the entire Middle East, along with the development of high
pressure over the Caspian Sea and the Middle East and a cold
low pressure over the Iran–Afghanistan borders (Figure 6(e)),
intensifies air subsidence and facilitates surface northwesterly
winds that follow anticyclone circulation and blow toward
southwestern Iran while passing through the desert regions
of Syria, Iraq, and northern Saudi Arabia. During the cold
season, the circumstances created unique dust paths from
these regions to SW Iran and Kuwait [63]. In contrast to
the warm event on July 2, 2008, the dusty northwest is con-
verging from northeastern Saudi Arabia to southwest Iran
with increasing cyclonic activity and a high AOD across the
convergence area (Figure 6(f)).

Furthermore, tracking the dust path for southwest Iran
using the HYSPLIT model [64] shows that on the days in
question, dust entered Iran from the desert areas located in
southeast Iraq (Figure 7). Themeteorological mechanism that
led to the removal of particles and their entry into Iran are
different in the two analyzed samples. Based on this, if in the
hot season (July 2, 2008) there is a low thermal pressure on the
earth’s surface, it provides the necessary instability to pick up
particles and finally transport them by the westerly to the
southwest of Iran (Figure 8(a)). In the cold season (February
18, 2017), the dynamic factor of the upper level of the atmo-
sphere (especially the level of 1,000 and 850 hPa) has provided
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the necessary instability to remove particles from the dust
sources of southeastern Iraq. In this way, the establishment
of a trough (Naveh) on these areas will cause divergence on
the surface of the earth and pick up particles that enter Iran
through Arabian winds (Figure 8b). Comparing the findings
of this study with those of [50–52, 66] and [25], it is planned.
The tracking of dust at two altitudes of 500 and 1,000m above
the surface in the period of 24 hr before the target time has
been examined in this study using data from the Global Data
Assimilation System (Figure 7).

5. Conclusions

The presence of dust, particularly in the western parts of
Iran, has become one of Iran’s environmental challenges in
recent years. Every year, the phenomenon of dust commonly
affects the western part of Iran. The current study employed
the reflective and thermal characteristics of MODIS data in
both the cold and hot seasons to examine the dust masses
entering Iran from the southwest. Additionally, this study
simultaneously examined the use of reflecting and thermal
properties for dust detection using MODIS satellite imagery.
The findings were applied to enhance the synoptic analysis of
dust occurrence, and the HYSPLIT model was employed to
describe the dust origin.

Reflective characteristics were utilized for identifying dust
for a very long time, and this has given rise to indices like
NDDI. However, because this index does not employ near-
infrared wavelengths, it is unable to differentiate between dusts
over water bodies and performs poorly when separating dust
from the desert and other arid regions. As a result, dust identi-
fication is made simpler when employing the near-infrared
range, particularly when the image incorporates deserts and
other arid regions. Numerous times, the thermal features in
the 3.959, 8.55, 11.03, and 12.02m spectral ranges—each of

which can be applied in various environments—were taken
into consideration. The study’s findings demonstrated that
employing these features separately in situations with compli-
cated terrain (such as when there is dust in the air, water, and
land, as well as desert, bare land, and vegetation in the image)
does not yield good results. In the meanwhile, their use can
effectively isolate the dust pixels from other occurrences by
applying specific thresholds. Therefore, the best way to detect
dust in complicated surroundings is to simultaneously exploit
reflective and thermal properties. In synoptic meteorological
conditions, lower G850 (1,430 gpm) and MSLP (1005) values
across the Levantine basin, Syria–Iraq to the southwest, and
Central Asia dynamically increase ascending conditions along
the troposphere. Strong Shamal winds from the northwest and
pro-generated northerlies from the eastern Mediterranean
combined to produce a bigger dust-AOD hotspot over south-
west Iran. On a chilly day, however, the persistent high pres-
sure, a subtropical jet (>56ms−1), and geopotential values at
500 hPa exacerbate the air subsidence, modulating anticy-
clonic wind pattern, causing considerable dust accumulation
in Arabia and southwest Iran. The combined examination of
dust characteristics provides the possibility of its compre-
hensive study. The present research showed that the use of
satellite imagery in combination with synoptic findings and
atmospheric transport and dispersion models can be used in
the best way to provide the mechanism of formation and
transfer of dust.
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