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Abstract: Middle Eastern countries suffer from dust events due to extended arid areas. Among them,
Iran is a country experiencing a high record of dust events each year causing major environmental
challenges. Although there are previous studies of the present situations of dust storm occurrences in
Iran, most studies have analyzed the meteorological dataset in limited weather stations and areas in
Iran. To understand the nationwide trends of the distributions and frequencies of dust storm events,
comprehensive statistical evaluations of dust storm events, based on different dust categories, are
required. Therefore, this study analyzes 12-year meteorological databases obtained at 427 stations
in Iran to clarify the distribution of dust events and occurrence frequencies of the dust in a recent
decade by classifying the dust events into suspended dust, rising dust, and dust storm. The highest
record of the days belongs to rising dust, which surpassed 150 days per year, followed by suspended
dust with over 100 days per year, and, finally, dust storms with a frequency of 30 days per year
as annual statistics of dust events. In contrast, there were some stations that recorded minimal
occurrences of dust events during the observation periods. To prove the spatial nonuniformity of
the dust events, suspended dust events showed a distinct concentration in the western regions of
the country, while rising dust tended to occur more frequently in the southern, eastern, and central
parts of Iran. Accordingly, seasonal analyses indicate that the highest number of dust events occurred
during the spring season, with the number of stations experiencing dust events being greater than
during other seasons in all three categories. Nonetheless, annual analyses of dust events do not
demonstrate any significant trends, with only 2012 having the highest record of dust events across
all three categories. In terms of monthly analyses, dust events tended to increase from late spring
to early summer in the suspended dust and rising dust categories. These analyses demonstrate the
importance of studying numerous weather station datasets to clarify spatial trends of dust events
with long-term variations.

Keywords: dust storm; rising dust; suspended dust; meteorological dataset; long-term observation;
multi-point observation

1. Introduction

Sand and dust storms are atmospheric phenomena that result from the process of wind
blowing small particles from the land surface [1]. The transformation of these particles
depends on various factors, such as the physical properties of the soil, wind velocity,
particle size, and land cover. Physical features of the soil, such as soil texture, soil fertility,
cohesiveness of particles, and soil moisture, can determine whether the particles can be
aerosolized [2]. Wind velocity can decrease soil humidity, leading to a loss of particle
cohesiveness. In addition, land cover or land surface conditions, such as vegetation cover
and surface roughness, are other important factors that affect the emission of particles. The
lack of vegetation is a critical factor that can cause dust emissions, as it leads to a lack of
protein and humidity in the soil, making it more prone to erosion. In short, the combination
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and interaction of different factors cause soil erosion, which ultimately leads to sand and
dust storms.

In addition to numerous factors causing soil erosion, the particle formation is also
complex physical phenomena. The size of sand particles is determined by their diameter,
affecting how high and how long the wind can carry the particles [3]. Therefore, particle
dynamical motions are classified into three modes depending on their size: suspension,
saltation, and creep. If the size of particles is not bigger than 0.1 mm, they can be carried
to longer distances and higher altitudes and remain suspended in the air. If the size of
particles is between 0.1 and 0.5 mm, they can be lifted up by wind but cannot remain in
a suspended condition and fall back to the ground. The repeated lifting and falling of
particles are called saltation, which causes abrasion on the surface. Finally, particles that are
too heavy to be lifted by wind, with a size between 0.5 and 3 mm, roll on the ground and
are pushed by the wind [4]. These complex phenomena also hinder employing numerical
predictions of the dust events as well as highlight the importance of the investigation of the
field measurement datasets.

Sand and dust storms are recognized as major hazards due to their numerous and wide-
ranging impacts, which are not limited to arid areas. These storms have both natural and
anthropogenic effects, and their impacts are not always negative; they can also have positive
effects, such as providing minerals to oceans and terrestrial ecosystems [5]. However, the
negative effects of dust storms, such as desertification, degradation of landscapes, and
crop loss, cannot be ignored [6-8]. Dust storms also have common effects, such as impacts
on human health and economic losses [9-12]. As a result, they have become a global
concern in recent decades, as they can impede the sustainable development of developing
countries [1]. Therefore, it is crucial to address the impacts of sand and dust storms on
socio-economy, human health, and the environment, to mitigate their effects and ensure
sustainable development.

Major and larger dust sources are predominantly located in the northern hemisphere.
The Middle East and Western Asia are globally recognized as major contributors to sand
and dust storms [9]. These regions are highly susceptible to dust storms due to synoptic
systems and regional climate fluctuations, which can result in up to 20% of global dust
storms [13,14]. Through this area, large amounts of dust are emitted from the Arabian
Peninsula, Iraq, and Syria and delivered to neighboring countries, the Red Sea, the Persian
Gulf, and the northern Indian Ocean [3,15]. Furthermore, the Middle East has experienced
increased desertification and drought, particularly in Iraq and Syria, which are caused by
natural processes in Iraq and anthropogenic activities in Syria, such as the control of rivers
and the construction of dams [16,17]. Numerous studies have indicated that Syria and Iraq
are the primary sources of dust storms in the western part of Iran. Boloorani et al. [18]
used multiple methods to determine the source of dust storms that affect the western part
of Iran and concluded that they originate from Iraq, the Irag—Jordan borders, and Syria.
Javadian et al. [19] revealed that southern and central Iraq are the main sources of dust
storms in the western part of Iran, using the HYSPLIT model. The Arabian Peninsula is
also a significant source of dust storms in the Middle East, with a large proportion of its
land area consisting of desert plains, which can cause dust storms over the Persian Gulf
and southern areas of Iran [20]. Recent studies have concluded that the Arabian Peninsula
ranks second, after the Sahara Desert, as a major source of dust storms in the dry belt.

Numerous studies have been conducted to investigate sand and dust storms in Iran,
utilizing various methodologies such as remote sensing techniques, mineral dust sam-
pling, and statistical and spatial analysis. Hamzeh et al. [21] examined dust events at five
meteorology stations in the southwest of Iran and concluded that a significant portion of
dust events originate from transboundary sources, rather than from within Iran. Modarres
and Sadeghi [22] analyzed the number of dusty days occurring in 22 stations in the desert
regions of Iran and found that the highest variation of dust days was observed in the
southeastern part of the country, with a high frequency in the summer and spring seasons.
Mesbahzadeh et al. [23] analyzed 35 meteorology stations across Iran and determined that



Sustainability 2023, 15, 12294

30f16

Zabol and Zahedan were the stations most affected by dust events, while they [24] analyzed
37 meteorology stations from 1999 to 2018 and found that dust days were most common in
the summer and spring seasons, with Zabol, Zahedan, and Arak stations experiencing a
high frequency of dusty days. Further, Baghbanan et al. [25] examined 44 stations across
Iran and concluded that the highest frequency of dust storm occurrence was observed in
the months of July, June, and May, with spring and summer being the peak seasons for dust
storms. Additionally, Beyranvand et al. [26], investigating dust events over Iran between
1987 and 2016 for 44 stations, found that the frequency of suspended dust was particularly
high in the southwest region of Iran, with Zabol station experiencing a high frequency
of rising dust and dust storms in the eastern regions. Finally, a comprehensive analysis
by Alizadeh-Choobari et al. [27] of more than 300 stations across Iran from 1991 to 2010
revealed that suspended dust occurred more frequently in the western part of the country
compared to other areas and that it was particularly prevalent during the spring season.

Although these studies provide valuable insights into the prevalence and characteris-
tics of sand and dust storms in Iran, we think two aspects are missing to entirely understand
sand and dust storms in Iran. The first is that these studies have analyzed the datasets
obtained at a small number of meteorology stations located in well-known dust-storm
areas. To understand the comprehensive situation of sand and dust storms within the
nation, weather stations covering the entire nation need to be considered. The second is
that continued monitoring is essential to understand the long-term trend. Therefore, this
study aims to investigate dust events of three categories of suspended dust, rising dust, and
dust storm at 427 stations over Iran covering a period of 12 years. In Section 2, the general
climate in Iran along with data used in research are discussed. In Section 3, the general
trend, occurrence frequency, and spatial distribution of dust events in each category across
Iran are discussed. In Section 4, the seasonal spatial distribution of each dust category is
discussed, followed by Section 5, which is about the long-term (monthly and annually)
variation of dust events for three classes.

2. Details of Meteorological Datasets
2.1. Local Climate in Iran

Iran is situated in the dust belt which has an arid and semi-arid climate except for
northern coastal areas and some parts of the west. Summers (from June to August) are hot
and warm with little rainfall and relatively low humidity. Monthly precipitation is less than
40 mm even in the winter season, showing the very arid weather condition throughout
a year. The climate of the region is characterized as continental, exhibiting hot and dry
summers along with cold winters. The annual temperature range spans from 22 °C to 26 °C.
In terms of precipitation, the average annual amount is approximately 240 mm. However,
significant variations exist among different areas. The northern region experiences the
highest amount of precipitation, reaching up to 1800 mm, while the Zagros slopes receive
around 480 mm [28].

Iran is characterized by drylands and deserts where aeolian processes are prevalent
and wind-eroded mineral dust is prevalent [13,29]. As a result, it contains numerous
dust sources, which are active on a local scale. Desiccated and seasonal lakes, such as
Urmia Lake, Hawr-al-azim Wetland, Jazmurian Lake, Hamoun Lakes, and Marshes, are
one of the key contributors to dust storms in Iran. According to Papi et al. [30], Iran, Iraq,
and Turkey have witnessed the highest reduction in groundwater levels, with the highest
dust storm sources in Iran and Iraq, respectively. In recent years, numerous studies have
highlighted the significant role of shrinking water bodies in triggering dust storms in
Iran [13,31,32]. Zucca et al. [33] identified the drivers of sand and dust storms and found
that the desiccation of lakes in Iran is a direct cause of dust storms.

Thus, dust storms in Iran can be classified into two types: direct and indirect. Indirect
storms occur in neighboring countries and enter Iran, while direct storms are created within
Iran due to local factors. The increasing frequency of direct and indirect dust storms in
Iran underscores the need to examine the long-term trends, inter-seasonal to inter-annual
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variations, and temporal evolution of dust storms in Iran, which hold great significance.
In short, Iran is located in the regions where dust events can easily occur in terms of local
climate conditions as well as geographical conditions.

2.2. Meteorological Stations and Datasets

The meteorology data for a period from 2010 to 2021, with a 3 h interval, for 427 sta-
tions were obtained from the meteorology organization of Iran. Figure 1 depicts the location
of the stations. The data collection encompasses a range of additional physical quantities,
including temperature, precipitation, wind speed, evaporation, relative humidity, soil tem-
perature, sea level pressure, cloud height, and others. These fundamental weather variables
are systematically gathered and recorded. In addition to these essential meteorological
measurements, the datasets also incorporate the classification codes associated with dust
events. Those are data pertaining to suspended dust, rising dust, and dust storm, with
present weather codes of 06, 07, and 33-35, respectively, were included. The selection of
dust event data was based on the definition of the World Meteorological Organization
(WMO). The details of the dust classification are explained in the next section.
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Figure 1. The horizontal and vertical axes show the longitude and latitude. The red markers indicate
the locations of the weather stations. Total number of the stations is 427, covering the entire county.

2.3. Classification Codes of Dust Events

There are several classification codes to represent the dust events based on weather
data defined in WMO. Among them, we categorized them into three types. First, the
code for suspended dust (06) represents dust suspended in the air but not raised by the
wind near the station at the time of observation. The second, the code for rising dust (07),
represents sand or dust raised by the wind at or near the station. The severe dust storms
are coded into three categories as 33, 34, and 35, based on the severity of the dust event
at the time of observation [34]. To record dust events codes at the time of observation,
factors such as horizontal visibility, wind speed, and precipitation need to be considered.
There should be no precipitation at the time of observation. However, the values of wind
speed and horizontal visibility may vary depending on the different categories, which are
described in Table 1.
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Table 1. Description of three classes of dust events defined by WMO (World Meteorological Organization).

Class Suspended Dust Rising Dust Dust Storm
Code 06 07 33, 34,35

Sand and dust are raised by

N Severe dusts storms occur
the wind at or near the

Dust is suspended in the air

Description but not raised by the wind N R with a low VR
. station. The following VR
at or near the station. and WSR are considered. and strong WSR.
Visibility range (VR) No limit Between 1 and 10 km Less than 1 km
Wind speed range (WSR) No limit Between 7 and 15 m/s More than 15m/s

As previously mentioned, the data were collected every three hours per day, resulting
in a maximum of eight dust events being recorded per day. To count the total days
experienced with any dust events categorized above, only one reported sand and dust storm
was considered as a dusty day in the following statistical analyses. Thus, repeated values
from the same class for certain days were omitted, leaving only a single representation of
each day’s dustiness. In addition, in the dust storm category, all three codes 33, 34, and
35 were considered as one category. Although they represent a dust storm in different
intensities, the criteria for recording these events remain the same.

3. General Trends of the Dust Events in Entire Countries
3.1. Occurrence Frequency of Dust Events

To statistically understand the general trends of the dust events based on the long-
term meteorological dataset, Figure 2 depicts the occurrence frequency of dust events
in each category. The frequency indicates the expected days per year classified from a
month (30 days) to half a year (180 days). The investigation into the occurrence frequency
of suspended dust (Figure 2a), rising dust (Figure 2b), and dust storms (Figure 2c) reveals
that over 300 stations encounter suspended dust, and a similar number experience rising
dust each year among all the stations, whereas nearly 60 stations are affected by dust
storms. Although the number of stations that experience suspended dust and rising
dust each year is almost identical, the duration and frequency of dust events differ in
each category. In most stations, the frequency of dust events in all three categories is
30 days, indicating that 256 stations (74% of stations) experience dust events for almost
30 days each year in the suspended dust category, 91% or 317 stations in the rising dust
category, and 100% or 58 stations in the dust storm category. Moreover, 74 stations (22%
of stations) experience suspended dust for almost 60 days each year, while only 7% of
stations (23 stations) experience rising dust for almost 60 days each year. To summarize
these analyses, the mild dust events categorized as suspended and rising dusts occur more
frequently, while more severe dust storms also happen, though the frequency is less than
that of mild dust events. More detailed breakdowns of the occurrence frequencies in less
than one month are discussed in Section 3.3.

(@) 10,3% 4,1% (b) ()
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Figure 2. The number of stations and occurrence frequency of dust events in each class per year
based on 12-year data for (a) suspended dust (06), (b) rising dust (07), and (c) dust storm (33-35).
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3.2. Spatial Distribution of Dust in Three Categories

Figure 3 illustrates the spatial distribution of dust events across Iran, categorized into
three types. The sizes and colors of the markers indicate the total days of the dust events
per year. It is evident that there are eastern regions where the occurrence frequency of
rising dust (Figure 3b) per year surpasses that of the other two categories, aligning with the
outcome in Figure 2. In the case of suspended dust category (Figure 3a), it is apparent that
suspended dust is more prevalent in the western regions of Iran, and the stations in that
area experience such events with varying frequencies. Although a few stations experience
suspended dust for nearly 100 days annually such as Qasreshirin, Dehloran, Sarpol-E-
Zahab, and Bandar-E-Dayyer (Figure 3¢, yellow markers), the majority experience it for not
more than 60 days per year. Rising dust in (Figure 3b) is predominantly observed in the
central, southern, and eastern parts of Iran, with the severity being more pronounced in
the eastern region, specifically in the Zabol station. The occurrence frequency of rising dust
is approximately 150 days per year in Zabol station (Figure 3¢, green markers). Moreover,
the occurrence frequency of dust storm does not exceed 10 days per year. While most
stations report dust storms for no more than 4 days per year, these events are widespread
across Iran and are not confined to specific regions except one station in the east which was
mentioned previously.

(@) (b)

r
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\
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0 286 572 g58 1144km 0 286 572 gsg 1144km
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1-30@ 3160 @ 61-90 91120 121-150 151-180 @

Day per
year

Figure 3. Spatial distribution of occurrence frequencies of dust per year for (a) suspended dust, (b)
rising dust, and (c) dust storm. The sizes and colors of the marker indicate the frequency.

3.3. Spatial Distribution of Standard Deviation of Occurrence Frequencies in Three Categories

Figure 4 represents the spatial distribution of the standard deviation of the occurrence
frequencies of suspended dust, rising dust, and dust storms over a period of 12 years. In all
three categories, the standard deviation of most stations is less than 20 days per year over
300 stations, indicating that the annual averages of each dust event in Figure 3 represent
the annual occurrence frequencies.
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Figure 4. Spatial distribution of standard deviation of occurrence frequencies of dust per station for
(a) suspended dust, (b) rising dust, and (c) dust storm. The sizes and colors of the marker indicate
the frequency.

For the suspended dust category (Figure 4a), there are a significant number of stations
that recorded the standard deviations between 0 and 40, while only a few stations exhibited
higher standard deviation values, such as Sarpol-e Zahab, Sumar, Qasr-e Shirin, Naein, and
Tabas, where the frequent dust events were observed. Since the occurrence frequencies of
the suspended dust are large (Figure 3a), the variations are also large in some stations near
the west regions of Iran. Regarding the rising dust and dust storm categories (Figure 4b,c),
enhancing the representativeness of the annual average of the dust days in Figure 3.

3.4. Breakdown of Occurrence Frequency and Distributions of Dust Events in Less Than 30 Days

Figure 5 represents the occurrence frequency of dust events lasting less than 30 days
per year in each category. As the frequency of dust events is less than 30 days per year
in most stations based on the results from Figure 4, this categorization was necessary to
provide a more accurate view. In all three categories, the highest frequency of occurrence
of dust events is five days, indicating that most stations in all three categories experience
dust events for only a few days per year.

(a)

(B) g ©
68%,

24,
9%

24, ]
9% 41

13%

131,
37 1% 7,29%

29, 9% 57,
98%

15%
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16, 5%

W75 We10 W11-15  16-20 M 21-25 W 26-30

Figure 5. Breakdowns of the number of stations and occurrence frequency of dust events less than
30 days per year based on 12-year data for (a) suspended dust, (b) rising dust, and (c) dust storm.
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In the suspended dust category (Figure 5a), out of all 427 stations, 344 stations experi-
ence suspended dust, and among them, 256 stations experience suspended dust for less
than one month. Among these 256 stations, 51% experience suspended dust for almost
five days, while 49% experience suspended dust for more than five days. Interestingly,
40 stations experience suspended dust for almost one month each year.

In the rising dust category (Figure 5b), 349 stations experience rising dust each year,
and among them, 317 stations experience rising dust for less than one month. Furthermore,
68% of stations experience rising dust for less than five days each year, while 13% of
317 stations experience rising dust for 10 days, and 9% of stations experience rising dust
for 15 days. Only 16 stations out of 317 experience rising dust for one month.

In the dust storm category (Figure 5c), 58 stations experience this phenomenon each
year, and among them, 98% of stations experience dust storms for less than five days each
year. In other words, the frequency of dust storm occurrence is less than five days each
year in most stations that experience dust storms, and it is only in a few stations that it
exceeds five days. Thus, this figure provides an accurate view of dust events, indicating
that the frequency of occurrence of dust events is less than five days in all categories. Only
the suspended dust period is longer than the other two categories.

Accordingly, the spatial breakdowns of the occurrence frequency are discussed. Fig-
ure 6 illustrates the spatial distribution of the number of dusty days with less than
30 occurrences per year across Iran. The three categories of dusty days are uniformly
distributed across the country, but their frequency varies. Suspended dust (Figure 6a)
is found in all stations, but its highest frequency is observed in the western part of Iran,
where the duration of suspended dust is also longer. Stations that expected to experience
suspended dust for almost 30 days are 1. Bukan, 2. Javanrud, 3. Kamyaran, 4. Hamedan,
5. Nurabad, 6. Gharaqabad, 7. Salafchegan, 8. Kahak, 9. Delijan, 10. Ardestan, 11. Esfahan,
12. Najafabad, 13. Shahrekord, 14. Sisakht, 15. Nurabad, 16. Bandar-e-Deylam, 17. Khark
Island, and 18. Zahedan, respectively (Figure 6a, dark green markers).

—
0 286 572 gs8 114dkm

D
15 @ 610@ 12-15 " 1620 2125 2630 @ jfe':fr

Figure 6. Spatial distribution of occurrence frequencies of dust less than 30 days per year for (a) suspended
dust, (b) rising dust, and (c) dust storm. The sizes and colors of the marker indicate the frequency. The
numbers in (d,e) indicate the locations of the weather stations. Please refer to the explanation in Section 3.4.
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Rising dust (Figure 6b), on the other hand, is visible in most stations, but its dura-
tion is shorter compared to suspended dust, with an occurrence frequency of less than
10 days. Stations that are expected to have rising dust for almost 30 days per year are
1. Hamedan, 2. Saveh, 3. Qom, 4. Bostan, 5. Naein, 6. Yazd, 7. Gonabad, 8. Hajiabad,
9. Nehbandan, 10. Fasa, 11. Rudan, and 12. Bandar-e-khamir, respectively (Figure 6b, dark
green markers).

Dust storms (Figure 6¢), characterized by a frequency of occurrence of no more than
10 days per year, are observed across the country. As mentioned previously, the only station
that experiences dust storms more than other stations is Zabol station, which is expected to
have dust storms around 10 days per year.

4. Seasonal Variations
4.1. Seasonal Spatial Distribution of Suspended Dust

Figure 7 shows the seasonal distribution and the occurrence frequency of suspended
dust. The four seasons in Iran are defined as follows: spring from March to May, summer
from June to August, autumn from September to November, and winter from December
to February. As is evident, the phenomenon of suspended dust is widespread across all
areas, with a higher distribution in the western region of Iran. The occurrence frequency of
suspended dust varies in each season. In autumn and winter, the frequency of occurrence of
suspended dust is approximately 15 days in most stations, with some stations experiencing
over 20 days per season. However, the occurrence frequency of suspended dust is higher
in spring and summer (Figure 7 (spring, summer)) than in autumn and winter (Figure 7
(autumn, winter)). In spring, both the frequency of occurrence and the number of stations
experiencing suspended dust are higher than in other seasons. Two stations that have
higher frequency of occurrence than other stations are Sarpol-e-zahab and Bandar-e-dayer.
The occurrence frequency of suspended dust in most stations is around 10 to 40 days per
season per year. In summer, although the number of stations experiencing suspended dust
is not as high as in spring, the frequency of suspended dust is as high as in spring, and
stations such as Arak, qasr-e-shirin, Dehloran, bandar-e-dayer are expected to experience
rising dust for more than 30 days and less than 40 days.

spring summer

Bandar-e-Daye. 0 N ‘Bandar-e-Dayel
| — S— e — S—
[ 286 572 858 1144 km o 286 572 858 1144 km

autumn winter

— e
0 286 572 gs8 1144km

[ ]
0 28 572 gs8 1144km

Day per

0-10 .11-20 . 21-30 31-40 41-50 . 51-60 61-70 71-80 . 31-90. season

Figure 7. Seasonal spatial distribution of the occurrence frequencies per season for the suspended
dust. The sizes and colors indicate the frequency. Seasons are defined as follows: spring from March
to May, summer from June to August, autumn from September to November, and winter from
December to February.
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4.2. Seasonal Spatial Distribution of Rising Dust

Figure 8 represents the seasonal distribution and occurrence frequency of rising dust.
The average number of stations that experience rising dust is lower than the number of
stations that experience suspended dust. The distribution of rising dust phenomenon is
widespread, yet it is more visible in the central, south, and east parts of Iran. The highest
frequency of occurrence of rising dust is in spring, followed by autumn and summer,
respectively, while the lowest belongs to winter.

spring summer

[ e m—]
0 286 572 gs58 1144km 0 28 572 858 1144km
autum winter

o 286 572 858 1144 km o 286 572 858 1144 km

Day per
010 @11-20 @ 21-30 ( 3140 ( 41-50@) 5160  61-70 ( 7180 @) 81-90 Q)  season

Figure 8. Seasonal spatial distribution of the occurrence frequencies per season for the rising dust. The sizes
and colors indicate the frequency. Seasons are defined as follows: spring from March to May, summer from
June to August, autumn from September to November, and winter from December to February.

The occurrence frequency of rising dust is high in spring (Figure 8 (spring)), and the
number of stations that experience rising dust is higher than in other seasons. However,
the number of days that stations experience rising dust does not exceed 10 days in most
stations. The only station that experiences high frequency of rising dust in spring is Qeshm
Island (Figure 8 (spring), dark green markers). The high frequency of occurrence of rising
dust is visible in the central, south, and eastern regions.

In the summer season (Figure 8 (summer)), the number of stations that experience
rising dust is not as high as in the spring season. However, in several stations, the total
day of rising dust is quite large such as Zahak and Zabol stations (Figure 8 (summer), red,
orange markers), nearly 90 days per season, indicating that these are rising dust events
every day in such stations.

In general, the total days of rising dust in the summer season are high in the east,
south, and central parts of Iran.

After the spring season, the number of stations that experience rising dust is high in
autumn (Figure 8 (autumn)). The frequency of occurrence of rising dust in most of them
does not exceed 10 days each year, and the recurrence of rising dust is not high in autumn.

In the winter season (Figure 8 (winter)), the number of stations that experience rising
dust is lower than in other seasons. The frequency of occurrence of rising dust in most
stations does not exceed 10 days per season. As can be seen, the frequency of rising dust is
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high in the south and adjacent to the shoreline and the east part of Iran. Rising dust is also
frequent in the central region but with lower recurrence.

4.3. Seasonal Spatial Distribution of Dust Storm

Figure 9 illustrates the seasonal distribution and frequency of occurrence of dust
storms in Iran. The data reveal that the frequency of dust storms does not exceed 10 days
in all seasons. Among all the seasons, spring (Figure 9 (spring)) has the highest frequency
of dust storms, and many stations in central, east, northeast, and northwest parts of Iran
experience dust storms during this season. Interestingly, the severe storms categorized
as dust storm are uniformly distributed in entire country, and the seasonal trends are less
apparent than other categories.

spring summer

N A N 0
; o L
| — [ —
0 28 572 858 1144km 0 286 572 858 1144km
autumn winter

| |
0 286 572 858 1144km 0 286 572 858 1144km

0-10 . Day per season

Figure 9. Seasonal spatial distribution of the occurrence frequencies per season for the dust storm. The sizes
and colors indicate the frequency. Seasons are defined as follows: spring from March to May, summer from
June to August, autumn from September to November, and winter from December to February.

In summer (Figure 9 (summer)), the frequency of dust storms is low, except in the
eastern part of Iran. In this season, dust storms are more prevalent in the south and east of
Iran, obviously in Zabol station, but with lower frequency.

Autumn (Figure 9 (autumn)) has the lowest frequency of occurrence of dust storms
compared to the other seasons, and the number of stations that experience dust storms is
numerable, except for some stations where dust storms occur regularly.

After spring, winter (Figure 9 (winter)) has the highest frequency of dust storms.
Except for the west part of Iran, dust storms are distributed in various parts of Iran,
including the islands in the Persian Gulf. However, the number of stations that experience
dust storms is few and countable in all four seasons.

5. Long-Term Variation of the Dust Events
5.1. Monthly Dusty Days in 12 Years

In addition to the statistical analyses to understand general annual and seasonal trends
of the dust events, long-term monthly variation of the dust events is worth investigating to
understand the representativeness of the statistical averages. Figure 10 illustrates a general
overview of the total number of dust events occurred in each month for each year. Rising
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dust (Figure 10b) has the highest record per month and per year, indicating that it is the
most frequently occurring type among the three categories of the dust events. Suspended
dust (Figure 10a) is the next most frequently occurring type of the dust events, followed by
dust storms (Figure 10c). With regards to monthly frequency, dust events reach their peak
frequency in summer, beginning from late spring and decreasing after July as a general
trend. The lowest frequency of dust events occurs in winter, particularly in January and
December, for both suspended and rising dust categories. Although these general trends
can be confirmed for the suspended and rising dust events, as can be seen in previous
sections, there is also clear annual variation of less frequent days between 2019 and 2021. In
contrast, dust storms do not show any obvious monthly trend because of less frequencies
than the other two categories. In the annual analysis, the highest record of dust events
occurred in 2012 during the spring season for all three categories.
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Figure 10. Long-term monthly variation of total dusty days for 12 years (a) suspended, (b) rising dust, and
(c) dust storm. The numbers indicate the total dusty days per months of all the weather stations.

Regarding suspended dust (Figure 10b), as previously mentioned, the number of
occurrences in the spring is higher than in other seasons, but it increases substantially
during this season. A slight but considerable high frequency of suspended dust can also be
observed in October. From an annual perspective, suspended dust had a high frequency in
particular years, such as 2011, 2012, and 2015, but its frequency has decreased significantly
after 2018.

Rising dust (Figure 10b) has almost the same pattern as suspended dust but with
a higher frequency. The highest frequency of rising dust occurs in the spring and early
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summer. From an annual perspective, 2012 and 2015 had the highest record of rising dust.
However, there is no particular trend in the annual analysis.

Regarding dust storms (Figure 10c), it is evident that they have a very low frequency
compared to other categories, and they do not exhibit any obvious trends annually or monthly.
The monthly analysis shows that dust storms have a high frequency in the summer compared
to other seasons. From an annual perspective, the highest number of dust storms was recorded
in 2012 and 2014 during the spring and summer seasons, respectively. Overall, dust storms
do not show any particular trend, unlike the other two categories.

5.2. Annual and Monthly Frequency of Dust Events for Three Classes

Figures 11 and 12 illustrate the overall number of dust events that have been recorded
across all three categories in all stations. Upon annual analysis, it is evident that the highest
number of dusty days and dust events recorded across all stations belong to the rising dust
category, with the maximum being observed in 2012 and the minimum in 2020. Following
rising dust, suspended dust has the second-highest number of dust events, with a similar
trend observed each year, as is the case with rising dust. Although the maximum and
minimum number of dust events for this category also occurred in the same years as rising
dust, there was a considerable difference in the total number of recorded dust events. The
annual analysis of dust storms revealed that the maximum number of recorded dust storms
did not exceed 20 events, which occurred in 2013, while the minimum was observed in
2017. In general, it can be concluded that no clear trend can be observed for any of the three
dust categories upon annual analysis.
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Figure 11. Annual variation of the total number of dust events for (a) suspended dust, (b) rising dust,
and (c) dust storm.
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Figure 12. Monthly variation of the total number of dust events for (a) suspended dust, (b) rising
dust, and (c) dust storm. Each lines indicates the average of 12-year data.

In monthly analysis, the highest recorded of dust events for both suspended dust and
rising dust belongs to the spring and summer months, respectively. But for dust storms, it
occurs in summer. The lowest frequency for all classes belongs to the winter season.
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6. Conclusions

In this study, we investigate dust events of three categories of suspended dust, rising
dust, and dust storm based on long-term meteorological datasets obtained at 427 stations
over Iran covering a period of 12 years. We found that a single classification of sand and
dust storm was insufficient to accurately reflect the different intensities and indices of this
weather phenomenon. As a result, three classes of sand and dust storms were analyzed
across all meteorological stations in Iran.

Among the three classes, rising dust had the highest frequency of occurrence, followed
by suspended dust and dust storms. The duration and expected frequency of occurrence of
all three categories were found to be less than 30 days per year, with only a few stations
experiencing dust events more than 30 days per year. The interannual variation quantified
by the standard deviation shows that most stations in all three categories have experienced
frequent dust events annually.

The spatial distribution analysis revealed that all three classes were distributed uni-
formly across all stations. Suspended dust events, however, showed a distinct concentration
in the western regions of the country, while rising dust tended to occur more frequently in
the southern, eastern, and central parts of Iran. Dust storms, on the other hand, had the
lowest frequency of occurrence compared to suspended and rising dust, yet they could still
be observed in most parts of Iran.

Seasonal and monthly variations were also quantified. All three classes exhibited
higher frequency of occurrence in the spring season. Accordingly, dust events reached
their highest peak in late spring to early summer for all three categories, and rising dust
was found to be the most frequently occurring type, followed by suspended dust and
dust storms. In the annual analysis, the highest record of dust events occurred in 2012,
indicating that the annual dust events also have variations.

Although our investigation analyzed records from all meteorological stations in Iran
to analyze dust events, we acknowledge that the period of analysis was limited, and a
longer timeframe would be necessary to obtain a more comprehensive understanding of
these phenomena. Furthermore, it is important to note that the categories selected for the
analyses did not encompass all possible dust classes. Therefore, for future studies, it would
be beneficial to consider all dust classes to gain a more complete picture of sand and dust
storms in Iran. This would enable us to identify any additional trends or patterns that may
have been overlooked in our analysis.
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