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Abstact— Dust storm is a natural hazardous phenomenon that affects arid and semi-arid
regions of the world the same as Iran. The present research aims to investigate the formation
of synoptic patterns of pervasive dust storms (PDSs) in the southwestern regions of Iran.
For this purpose, daily data of visibility less than 1000m in 16 synoptic stations (Ilam and
Khuzestan provinces) were reviewed during 2004-2017, and 59 PDSs with more than
2 days of duration (overlapped: 70% of the region) were extracted. In practice, mid-level
atmospheric data (500, 700, 850 hPa, and sea level pressure (SLP)) with 2.5%2.5 degree
resolution (domain: 0-80°E and 10-70°N) were obtained from NCEP/NCAR reanalysis
dataset, and the matrix 825*59 of 500 hPa data was performed. Principal component
analysis (PCA) with S-mod, were used for extracting synoptic patterns that make PDSs.
PCA showed that the first four components ensured more than 86.45% of the data variance.
PDSs classification based on output components showed that the patterns had seasonal
structures. Synoptically, the north wind blowing in the first pattern is the most dominant
structure in the formation of PDSs in the Middle East. The second and third patterns showed
postfrontal structures. The fourth pattern with prefrontal structure was the reason for PDSs
in the cold seasons of the year. From the four final patterns, the first three patterns showed
the dominance of the Persian trough in the SLP maps. Mean values map analysis of the
aerosol optical depth suggests that each of the most consistent synoptic patterns stimulates
special dust centers.
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1. Introduction

Dust emissions play an important role in the weather, bio-cycle, and other systems
of the Earth (Choobari et al., 2014; Mahowald et al., 2014), which could disturb
the general health and economic activities (Raviand D’Odorico, 2005) and lead
to soil erosion (Warren, 2014) by damaging the vegetation (Tegen et al., 2004).
The climate of storm dust has been well documented by various researchers
through synoptic analysis of the past 50 years in Asia (Sun et al., 2001; Zhou,
2001; Chun et al., 2001; Qian et al., 2002; Natsagdorj et al., 2003, Kurosaki and
Mikami, 2003; Shao and Wang, 2003). Different atmospheric phenomena lead to
the occurrence of dust events at synoptic, regional, and local scales. Dust emission
is intensified by some of the synoptic meteorological patterns such as the
identified frontal and synoptic systems (7rigo et al., 1999, 2002). The statistical
results of 28 spring dust events that occurred during 2015-2018 showed that all
of these dust storms were triggered by mogul cyclones or Asian highs (Li et al.,
2019). In western Asia, most of these phenomena are observed in one of the three
subgroups, including north wind, frontal systems, and convective systems (WMO,
2013).

In a study conducted by Khoshkish et al. (2011), the atmosphere middle-level
depression, low-pressure systems in the Persian Gulf region, and the stream
resulted from temperature difference between the east of Turkey and north west
of Iraq toward the Persian Gulf were identified as the main factors in transferring
dust to the west of Iran. High pressure in the middle level of the atmosphere and
immigrant systems of west winds are the most critical synoptic factors affecting
the dust phenomenon in the Middle East, and these depressions and immigrant
cyclones penetrate to the region when the subtropical high pressure is absent or
weak (Zolfaghari and Abedzadeh, 2005). In another research by Zolfaghari et al.
(2012), the convergence of the middle-level high-pressure systems, thermal low-
pressure systems, and increase of pressure gradient in the days of peak activity of
dust events were identified as the reasons of reinforcing high-level wind systems
and transferring and emitting huge amounts of fine dusts in vast sections of
eastwest, west and northwest of Iran.

In the warm period of the year and at the end of a cold period of the year and
transition months (spring and autumn), thermodynamic and dynamic processes play
an essential role in the formation and transfer of dust to the west of Iran, respectively
(Azizi, et al., 2012). Besides, a meteorological pattern called the Persian Gulf's
thermal low-pressure ridge, and penetration of European high-pressure ridge on the
Red Sea, and the passage of the Mediterranean Trough's middle-level waves above
the northwest of Iraq and east of Syria were emphasized by Ghahri et al. (2012). The
synoptic analysis of 19 PDSs in Khuzestan province with a duration of two days
provided four general patterns (Lashkari and Sabouri; 2013). In a study by Babaei
et al. (2016), by isolating the frequency of dust incidents in two warm and cold
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periods of the year in the western half of Iran, the dominant synoptic patterns of their
occurrence were interpreted.

Several case studies on dust storms in western countries of Asia have been
conducted. From among these studies, analysis of the great dust storm in Saudi
Arabia in March 2009 was done by Alharbi et al. (2012), and it was showed that
this storm happened due to the passage of a cold front by emitting an intense
upstream jet current. Furthermore, analysis of the meteorological reasons of an
unprecedented pervasive dust after the occurrence of a lightning storm in Qatar
and around the Middle East in February 4, 2010 showed, that the cold weather
above Saudi Arabia began a northwest wind which led to the dust storm in some
sections of the Arabian Peninsula (Monikumar and Revikumar; 2012). The
850 hPa level was introduced by Abdul-Wahab et al. (2017) as the criterion of
studying changes in the pressure's synoptic patterns to study the seasonal changes
of dust in the east and west of Saudi Arabia.

Nowadays, some researchers have turned to study indices such as aerosol
optical depth (AOD) to study synoptically the dust phenomena using remote
sensing technology (Qi et al., 2013; Alam et al., 2014). In this regard, Namdari et
al. (2016) analyzed the spatiotemporal analysis of AOD index values in western
Iran. The increase of dust storms' frequency during the past years has introduced
this natural hazard as the most important biological threat in the western half of
Iran. Thus, identification of synoptic climatic behavior of these events makes it
possible to predict the origin, performance mechanism, and evaluation of
measures to reduce their possible damages. In this regard, researchers attempted
to study the dominant mechanisms leading to PDS in the west of Iran using a
synoptic modeling method. In this area, the wind flow tracking was emphasized
by studying synoptic maps for identifying and monitoring the route of dust storms
(Vali et al., 2014).

2. Data and methodology

A dust storm, also called sandstorm, is a meteorological phenomenon common in
arid and semi-arid regions. Dust storms arise when a gust front or other strong
wind blows loose sand and dirt from a dry surface. Sand and dust storms usually
occur when strong winds lift large amounts of sand and dust from bare, dry soils
into the atmosphere (Nickovic, et al., 2015). Visibility can be used as a dust
weather indicator that recorded in regular weather observations metrically (Wang,
2015).

In this research, using visibility less than 1000m daily data of 16 synoptic
stations located at Khuzestan and Ilam provinces during the period 2004-2017
(Fig. 1), PDSs with more than two days duration in more than 70% of stations in
the region were extracted.
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Fig. 1. The region under study and the location of synoptic stations.

Then, by establishing the mid-level atmospheric databases with 2.5%2.5
degree resolution (domain: 0-80°E and 10-70°N, Fig. 2), data were extracted from
levels 500, 700, 850 hPa, and SLP of 59 selected pervasive dust events and the
matrix 825*59 of 500 hPa data was performed.
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Fig. 2. The area of mid-level atmospheric data.
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In the following, to find the patterns for creating dust phenomena, principal
component analysis (PCA) was used. The pincipal component analysis (PCA) is
probably the most popular multivariate statistical technique, and it is used by
almost all scientific disciplines(4bdi and Williams, 2010). Its goal is to extract the
important information from the table, to represent it as a set of new orthogonal
variables called principal components, and to display the pattern of similarity of
the observations and variables as points in maps. One of the applications of PCA
in synoptic climatology is the map-pattern classification.

In this method, after the preparation of data, the investigator selects the mode
decomposition, type of dispersion matrix, and type of analysis. The PCA-based
map-pattern classification targets the main modes of spatial variation of just one
variable; usually surface pressure or geopotential height. Therefore, the mode
decomposition and the type of dispersion matrix are S-mode and correlation
matrix, respectively. PCA produces component loading and component-scores
matrices, with the m principal components corresponding to the N data points on
the map. The investigator applies a clustering algorithm to the scores matrix to
identify the most common combinations of principal-component scores.
However, the PCA with S-mod enables the analysis of patterns without cluster
analysis (Raziei, 2018).

Furthermore, using the global aerosol database for MODIS Global Studies
Group’, the aerosol optical depth index" was extracted for each of the patterns to
show the performance of the system and the rise of dust from the level of possible
centers. The aerosol optical depth can be considered as an index of dust events so
that in dust storms, the index values are changed from 0.5 to 3, and when value 5
is reached, PDS is formed (Legrand et al, 2001).

3. Results

The monthly and seasonal frequencies of 59 identified PDSs showed that the
highest number of events was related to July with 14 days (Fig. 3). After that,
May with 10 days got the second rank. Seasonally, spring and summer both with
20 days had the highest numbers of PDSs. Winter (especially March) and autumn
were placed in the next ranks with a total of 14 and 5 events, respectively.

* This base provides the aerosol optical depth based on the blue spectrum depth algorithm with spatial resolution
of 10 km (Hsu et al., 2004).

T The aerosol optical depth value dependent on wavelength is defined as the light reduction in the length unit on a
specified route (Charlson and Heintzenberg, 1995).
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Fig. 3. The monthly frequency of PDSs in the west of Iran during 2004-2017.

After performing the PCA, the components that explained more than 5% of
the variance of the data were selected as the final components (Kaiser,1960).
However, PCA showed that the first 4 components justify more than 86.45% of
data variance (Fig. 4). The first component justifies more than 67.3% of this
dispersion. The rest of the data dispersion is justifiable, on the other hand.
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Fig. 4. Scree Plot for PCA
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Adjustment of date of PDSs, which have the highest convergence with four
synoptic patterns made it possible to analyze the monthly frequency of patterns
leading to these events (Fig. 5). Results showed that Pattern2 completely was
observed summer, so that 74% and 26% of cases occurred in July and two months
of August and September, respectively. Patternl occurred in winter and somehow
in spring: 27% of its cases happens in the last month of the year. 60% of cases in
Pattern3 were observed in May, indicating that the desired pattern occurred in
spring. Rare cases were observed in the cold period of the year, especially in
autumn. Studies showed that the highest frequency of Pattern4 is related to the
cold period of the year, which of course showed a 42% frequency in June.
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Fig. 5. Monthly frequency of synoptic patterns leading to PDSs in the southwestern regions
of Iran during 2004-2017.

Then, the maps extracted from the average level of 500 hPa, stream direction
and surface vorticity of 700 hPa, speed and direction of the stream at the 850 hPa
level, as well as the SLP relating to all of the four final patterns, were synoptically
interpreted.

3.1. Patternl

According to a low-height field in northern Europe, the relatively low-height ridge
above Turkey, and the high-height strong cell above the Arabian Peninsula, an
extensive negative vorticity was formed above the Arabian Peninsula and on the
southeast and northwest regions of Iran in contrast to the strong positive vorticity

157



above Turkey, which is obvious at levels 500 and 700 hPa (Fig. 6a,b). Development
ofthe Persian trough according to the northwest-southeast trend of Zagros Mountains
at the 850 hPa level and establishment of a low-pressure cell with the central curve
of 1000 hPa above Oman and a high-pressure cell with the closed curve of 1010 hPa
at the sea level with a pressure difference of 10 hPa led to the creation of a winter
north wind in the region by the extensive northwest-southeast stream (Figs. 6¢,d).
The north wind is the most dominant structure for the creation of extensive dust in
the Middle East (Middleton, 1986).
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Fig. 6. Meteorological pattern: geo-potential height and vorticity of 500 hPa (a), stream
direction and vorticity of 700 hPa (b), stream speed and direction of 850 hPa (c), and SLP
(d) from Patternl.
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3.2. Pattern2

At the 500 hPa level of this pattern, we face a low-height system above Russia which
sent a ridge toward the Mediterranean Sea and the east of Baikal Lake (Fig. 7a). This
structure at the 700 hPa level led to the creation of a positive vorticity core along the
Zagros Mountains at the border of Iran and the north of Iraq (Fig. 7b). The high-
pressure cores located at the west of the Red Sea and the Arabian Peninsula with a
strong low-pressure core above the Persian Gulf led to the creation of a western-
eastern wind stream with a high speed in the central and eastern parts of Saudi Arabia
up to the border of Iraq along with a summer north wind (Figs. 7c,d).
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Fig. 7. Meteorological pattern: geopotential height and vorticity of 500 hPa (a), stream
direction and vorticity of 700 hPa (b), stream speed and direction of 850 hPa (c), and SLP
(d) from Pattern2.
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3.3 Pattern3

At the 500 hPa level, the low-height system above northern Europe and the high-
height system above Russia are shown which sent the low-height ridge toward the
Black Sea and emitted it up to the center of the Mediterranean Sea. In lower widths
and higher heights, the subtropical ridge with the curve of 5900 m was sent to
northern Africa, the Arabian Peninsula, and up to the western and central parts of
Iran (Figs. 8a,b). The expansion of the Persian trough in the form of the low-
pressure ridge from the Indian to the Black Sea coast is seen at the levels of
850 hPa and 1000 hPa (Figs. 8c,d).
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Fig. 8. Meteorological pattern: geopotential height and vorticity of 500 hPa (a), stream
direction and vorticity of 700 hPa (b), stream speed and direction of 850 hPa (c), and SLP
(d) from Pattern3.
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3.4. Patternd

This pattern at the 500 hPa level shows a low-pressure ridge of an immigrant system
in the cold period of the year. In eastern Europe and the Arabian Peninsula, a strong
high-height cell and ridge became dominant respectively, and a low-height ridge was
formed between these two above the eastern part of the Mediterranean Sea. This
structure has led to relatively strong vorticity above the eastern part of the
Mediterranean Sea at the 500 and 700 hPa levels (Fig. 9a,b). The encounter of
subtropical jet and polar jet at levels 500 and 700 hPa was evident, leading to the
orbital circulation and the maximum wind speed at the 850 hPa level in the border
regions of Iran, Syria, and northern parts of Saudi Arabia (Fig. 9c). The sea-level
high pressure above the northern and central parts of Iran with various cores led to
the stability of the dust mass (Fig. 9d).
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Fig. 9. Meteorological pattern: geopotential height and vorticity of 500 hPa (a), stream
direction and vorticity of 700 hPa (b), stream speed and direction of 850 hPa (c), and SLP
(d) from Pattern4.
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Finally, mean values analysis of AOD maps estimated of the each most
consistent synoptic patterns showed that in Patternl (Fig. /0a), the north wind
stream in the northwest-southeast direction led to the rise of dust from the
Mesopotamian plains all around Iran, Syria, and lagoons such as Hoor-al-Azim in
[ran. Pattern2 (Fig. 10b) also stimulates dust centers in the western, central, and
eastern of Saudi Arabia by intensifying the western-eastern wind stream. Despite
its similarity in appearance with Pattern2, Pattern3 (Fig. /0c) affects dust centers
in the border between Iraq and Syria due to its location at higher latitude.
However, Pattern4 (Fig. 10d) led to the rise of dust in these regions by creating a
stream with the maximum wind speed on dust centers in the border between Iraq,
Syria, and the eastern parts of Saudi Arabia.
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Fig. 10. The average aerosol optical depth index in patterns 1(a), 2(b), 3(c), and 4(d). The
optical depth of less than 0.1 shows clear weather and the optical depth of more than
4 presents the density of aerosols.
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4. Conclusion

Dust storms are natural hazards which have a significant effect on the arid and
semi-arid areas of the world, including Iran (Sedaghat et al., 2016). The frequency
analysis of 59 pervasive dust storms (PDSs) in the west of Iran showed that the
warm period of the year, especially July with 14 events had the highest frequency.
The principal component analysis showed that the first 9 components justified
more than 93.5% of the data variance. From among four final patterns resulted
from cluster sampling, three patterns showed the dominance of the Persian trough
in the SLP map. The Persian trough indicates the formation of a summer
atmosphere in the region of the Mediterranean Sea (Sedaghat and Nazaripour;,
2018).

As Li et al. (2019) emphasize on the Gobi Desert in China, cyclonic synoptic
systems have been the main cause of dust storms in desert areas. Dust storms
resulted from north winds and matched with Patternl in the present research by
forming high pressure above the northern part of Saudi Arabia, low pressure
above Afghanistan, and thermodynamic low-pressure ridge of the Persian Trough
relating to the monsoon locating above the southern part of Arabian Peninsula
have led to the creation and stream of north winds above the Persian Gulf. The
presence of this trough at 850 hPa level was confirmed by Lashkari and Sabouri
(2013).

Postfrontal dust storms matched with patterns 2 and 3 are formed above the
Arabia Peninsula and the eastern part of Iran by establishing two low-pressure
cores above the Red Sea and the Persian Gulf and consecutive high-pressure cores
above the western part of Red Sea. These storms mostly happen in the transition
seasons (spring and autumn) and especially in spring. Prefrontal dust storms
matched with Pattern4 in this research are formed by establishing an extensive
low-pressure core above the eastern part of the Mediterranean Sea, northern part
of the Arabian Peninsula, and western part of Iran. The intense performance of
frontal dust storms in the Sistan Basin has also been confirmed (Kaskaoutis et al.,
2019). The encounter of polar jet behind the front and subtropical jet ahead created
an extensive convergence, leading to the intensification of rising speed and the
rise of dust from surface centers (Wilkerson, 1991). Such a structure has been
described by A/-Jumaily and Ibrahim (2013) in the case study of two dust storms
in Iraq.

Also, as the study of the relationship between dust estimated by the aerosol
optical depth and meteorological parameters in the desert areas of Iraq, Syria, and
Saudi Arabia has shown the influence of synoptic systems on the emission of dust
storms in the region (Namdari et al.; 2018). Maps preparation of aerosol optical
depth average values for each of the patterns aiming at the determination of the
location of rising of dust showed that each of the patterns stimulates the most
consistent synoptic dust centers in the area of Iraq, Syria, and Saudi Arabia.
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