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Introduction: Climate change-driven droughts have intensified dust storms,
expanding their impact to regions that previously experienced little to no dust.
One such area is the southern shores of the Caspian Sea.

Materials and methods: This study investigated three severe dust cases along
the southern Caspian coast, originating from various sources both inside and
outside of Iran. A combination of satellite data, reanalysis data, and numerical
model outputs was analyzed. The dust surface concentration output from the
WRF-Chem model’s 36- and 48-h forecasts was qualitatively compared with
the dust patterns from MERRA2 reanalysis data.

Results: Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) satellite data confirmed the presence of dust from near the
surface to over 5 km in altitude, allowing dust to cross the Alborz range.
Satellite imagery and Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model outputs revealed that dust over the southern Caspian
coast originated from three sources: northern Iraq, central Iran, and western
Turkmenistan. Comparing Weather Research and Forecasting (WRF)-Chem
model outputs with reanalysis data demonstrated that the model accurately
predicted dust events along the southern Caspian shores in all three cases,
though its precision is not yet suitable for quantitative comparison.
Conclusion: According to the results of this study, dust in the northern
provinces of Iran is emitted from three dust sources in northern Iraq, central
Iran, and Turkmenistan. Also, the WRF-Chem model has been able to
predict the dust transport from these different dust sources to northern Iran.
However, it can be stated that the accuracy of the outputs is still not suitable
for quantitative comparison.
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Introduction

An increase in surface dust concentration has
adverse effects on the living organisms health,
socio-economic sectors, and transportation
systems [1-3]. Recent changes in the
frequency of dust storms have amplified these
consequences, particularly in terms of public
health [4]. Economically, dust storms negatively
impact solar electricity production, agriculture,
industrial productivity, and cause damage to
agricultural land, buildings, and infrastructure
[5-7].

In Iran, the southwestern and western regions
are most frequently affected by dust storms
due to their proximity to major dust sources
and their location in key entryways for dust [8,
9]. However, central and northern parts of the
country also experience dust events, albeit less
frequently [10, 11]. Despite the northern regions
of Iran, particularly the southern shores of the
Caspian Sea being characterized by a mild,
humid climate and significant rainfall due to
the Alborz mountain range, dust events in these
areas are typically rare. Nevertheless, recent
data show an increasing trend in dust activity in
this region [12-14].

Some of the dust particles over the southern
shores of the Caspian Sea originate from
Turkmenistan. The formation of a thermal
cyclone over a warm temperature core in the
eastern Caspian Sea, along with the resulting
surface convergence, transports dust into the
atmospheric column. The relative atmospheric
stability in the middle and upper levels prevents
the dust from dispersing vertically in the
troposphere, confining it to altitudes below 700
hPa. An increase in 10 m wind speed, driven by
a growing pressure gradient over the desert areas
east of the Caspian Sea, generates northeasterly
currents that carry dust toward the southern
coasts of the Caspian Sea [15].

Dust from Iran's western neighboring countries
can also affect the Caspian Sea. Although, the

investigation of the Aerosol Optical Depth
anomaly (AOD) compared to the long period
has shown that the dust particles transfer from
east of Iraq and reaching the Caspian Sea is not
a common phenomenon [16]. In a case study
the dust transport from Iraq to the north west
of Iran was so severe, so that many provinces
in this area were affected by the dust [17, 18]
identified three main pathways for dust entering
western Iran: (1) a northwest-southeast path
from northwestern Iraq and southeastern Syria
into western Iran, (2) an east-west path from
the Irag-Jordan border to western Iran, and (3) a
south-north flow from the southern shores of the
Persian Gulf to western Iran.

Synopticpatternsplayacrucialroleintransporting
dust to the southern coast of the Caspian Sea.
A study on dust risk in the southwestern areas
of the Caspian Sea identified two key patterns
contributing to dust events in the region. The
first pattern occurs in spring, when Sudanese
low-pressure systems and active low-pressure
systems over Iraq and northeastern Africa drive
dust into the area. The second pattern takes place
in summer, when thermal low-pressure systems
over Pakistan are responsible for dust transport
into the region [19].

The dust phenomenon, once unfamiliar to the
residents of northern Iran, has recently led to
significant reductions in horizontal visibility
in these areas. The purpose of this study is to
investigate the occurrence of dust events in
northern Iran, identify active dust sources, and
explore the factors contributing to the transport
of dust particles to this region.

Materials and methods

In this study, three cases of severe and widespread
dust events along the southern shores of the
Caspian Sea, which occurred in 2022, were
investigated. First, to examine the dust patterns
in the region, true-color images from MODIS/
Terra were analyzed. Then, data on present
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weather codes, horizontal visibility, and 10-m
wind direction and speed from meteorological
stations in northern Iran, which reported dust-
related weather codes (6 and 7), were examined.
Dust RGB images from the MSG satellite
were analyzed at different hours of the day to
investigate the dust transport over the region.
To explore the vertical distribution of dust
particles in the atmosphere, various Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) satellite products
were used. Aerosol Optical Depth (AOD) data
from MODIS/Terra were also analyzed to assess
the concentration of dust and aerosols in the
atmosphere during each case study.

Synoptic analysis was performed using data on
Mean Sea Level Pressure (MSLP), 10 m wind
velocity, temperature, geopotential height,
and relative humidity at 850 hPa, as well as
geopotential height at 500 hPa. Maps were
generated using ECMWF data with a horizontal
resolution of 0.75 degrees.

To detect particle trajectories, the Hybrid

Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) trajectory model was
run in backward mode for a location on the
southeastern Caspian coast at an altitude of 100
m. For meteorological data, GFS reanalysis data
with a horizontal resolution of 0.25 degrees
were used. The height of 100 m was chosen
because much of the study area is situated on
the Caspian Sea and its coastal regions, which
have low elevation above sea level. To further
investigate particle paths and their spatial and
temporal distribution in the atmosphere, the
HYSPLIT dispersion model was also applied
using the same meteorological data.

To evaluate the feasibility of forecasting dust
along the southern Caspian coast, the Weather
Research and Forecasting (WRF)-Chem
model was run using GFS forecast data with a
horizontal resolution of 0.25 degrees for initial
and boundary conditions on a grid with 21 km
resolution. Some schemes used in the WRF-

Chem model implementation are shown in Table
1.

Table 1. Some schemes used in the WRF-Chem model

Microphysics
long wave radiation
short wave radiation

Surface physics
Boundary layer
Cumulus diagram

dust emission

WREF Single-Moment 5-class scheme [20]
RRTM scheme [21]
Goddard shortwave [22]
Noah Land Surface Model [23]
Yonsei University scheme [24, 25]
Grell 3D [26]

AFWA
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In this study, the evaluation of the WRF-Chem
model output was primarily qualitative. To enable
a quantitative comparison, further investigations
using reliable observational data are essential.
Due to the wunavailability of ground-based
observational data in this region, comparing the
model output with such data was not feasible.
Therefore, the WRF-Chem model's dust surface
concentration forecasts (36- to 60-h range)
were compared with MERRA?2 reanalysis data.
Considering that on the one hand, the MERRA?2
reanalysis data need to be validated and on the
other hand, there was a significant difference
between the concentration values obtained by
the model and the reanalysis data, a quantitative
comparison was not possible.

Data
Aerosol optical depth

Aerosol Optical Depth (AOD) measures how
much aerosols in the atmosphere prevent light
from passing through. Aerosols scatter and absorb
sunlight, reducing visibility. For an observer
on Earth, an AOD of less than 0.1 indicates
a clear blue sky, bright sun, and maximum
visibility. As AOD increases to 0.5, 1, or above
3, aerosols become so concentrated that the sun
may be obscured. Since detecting aerosols over
different types of land and ocean surfaces can
be challenging, various algorithms have been
developed to aid in identifying aerosols and
calculating AOD. In this study, AOD data derived
from a combination of the Dark Target (DT) and
Deep Blue (DB) algorithms, using MODIS/
TERRA data, were obtained from NASA's
Worldview. This integrated DT/DB AOD layer
offers a comprehensive view of AOD over both
land and ocean surfaces. It combines three
algorithms: two DT algorithms for retrieving
aerosols over ocean surfaces (which appear dark
at visible and longer wavelengths) and vegetated
orsoil-covered land (which appears dark at visible
wavelengths), and a DB algorithm designed
to retrieve aerosols over desert or arid regions
(which appear bright at visible wavelengths).

Depending on the surface characteristics of
a specific location, the appropriate algorithm
is applied. The sensor/algorithm resolution in
Nadir is 10 km, the image resolution in Nadir
is 2 km, and the data are available with daily
temporal resolution.

GFS forecast data

The GFS forecast data used in this study are
global data with a horizontal resolution of 0.25
degrees. These data are available from 0 to 240
h with a 3-h interval and from 240 to 384 h later
in a 12-h interval. The model run 4 times a day at
00, 06, 12, and 18 UTC.

MERRA?2 data

MERRA-2 is a reanalysis data product developed
by NASA's Global Modeling and Assimilation
Office (GMAO). It is currently produced using
version 5.12.4 of the GMAO/GEOS-5 model.
The data have an original spatial resolution of
0.5° latitude by 0.625° longitude, with 72 sigma/
pressure hybrid vertical levels. MERRA-2
data are stored on the same vertical grid as the
GEOS-5 forward processing (GEOS-FP) system,
alongside Met MERRA field products. The
GEOS-5 Forward Processing Atmospheric Data
Assimilation System (ADAS) is based on an
analysis developed in collaboration with NOAA's
National Centers for Environmental Prediction
(NCEP). This collaboration allows GMAO to
incorporate advancements from NCEP and the
Joint Center for Satellite Data Assimilation
(JCSDA). The GEOS-5 Atmospheric General
Circulation Model (AGCM) employs finite-
volume dynamics [27], along with various
physics packages [28]. These are integrated under
the Earth System Modeling Framework (ESMF),
which includes a Catchment Land Surface Model
(CLSM), as described by [29].

Study area

Fig. 1 illustrates the study area, encompassing
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the three northern provinces of Iran, Gilan,
Mazandaran, and Golestan as well as the
geographic locations of several meteorological
stations within the region. These stations
recorded weather codes related to dust during
at least one of the three studied dust events.
The study area lies between the southern shores
of the Caspian Sea and the Alborz mountain
range, making it the rainiest region in Iran,
with substantial forest cover. However, in
recent years, severe droughts have led to the
formation of numerous dust sources around the
area, which now significantly affect the region.
Additionally, the intensity of non-local dust
storms has increased to the extent that, despite
the area's complex topography and its proximity
to the Alborz mountains to the south and the
Caspian Sea to the north, these storms have had
a marked impact.

s 1 N Ter} s i

Results and discussion

The true color images of the MODIS/Terra
satellite related to three dust events in the southern
Caspian shores are shown in Fig. 2. On April 8,
2022 (Fig. 2A), the dust mass along with clouds
is observed in a large part of the southern Caspian
Sea and its southern and eastern coasts. On May
5, 2022 (Fig. 2B), there was dust in east of Iraq,
west and northwest of Iran, the southern and
eastern shores of the Caspian Sea, as well as its
central regions. On this day, severe cloudiness is
observed over Turkey, the western, northern and
eastern coasts of the Caspian Sea. On May 24,
there is dust in the northern Iraq, northwestern
Iran, southern Caspian Sea and its southern and
eastern coasts. On this day, the mass of clouds
can be seen over Turkey, the western and northern
coasts of the Caspian Sea.

i }y s

Fig. 1. The study area and synoptic meteorological stations

Fig. 2. True color image of MODIS/Terra satellite on a) April 8, b) May 5, ¢) May 24, 2022
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Fig. 3. Dust RGB product of MSG satellite at a) 00, b) 12 UTC on April 8, 2022

Case study 20220408
Data from synoptic meteorological stations

The data of the present weather code, horizontal
visibility and wind speed and direction in the
stations of the north of Iran, which reported the
code related to dust on April 8, 2022, along with
the station specifications, are shown in the Table
1 in the appendix given on this day. Dust was
reported in four stations located in Gilan province
and two stations in Mazandaran province at
different times of the day. Minimum visibility of
800 m at 15 UTC was recorded at Alasht, located
in the east of Mazandaran.

RGB dust product of the MSG satellite

Fig. 3 shows the RGB dust product of the MSG
satellite at different hours on April 8, 2022. At 00
UTC, a heavy dust mass is observed in northwest
of Iran and southwestern shores of the Caspian
Sea. The presence of cloud mass in a large
part of the region prevented the dust detection.
However, in areas of Iraq, southeastern Syria
and northeastern Arabia, as well as a large part

of Iran, dust is observed around the clouds. At
12 UTC, the southern shores of the Caspian Sea
were covered by clouds, but dust is still observed
around the cloud mass.

CALIPSO products

Fig. 4 shows CALIPSO satellite products in a
part of its path that passes through northeast of
Iran, the eastern shores of the Caspian and its
northern regions at around 10 UTC on April 8,
2022. The Total Attenuated Backscatter (TAB)
values show that there was aerosol in a large
part of the region near the ground to a height of
about 6 km. In addition, the high values of TAB
over the Caspian Sea at an altitude of about
10 km are related to the clouds in this area.
The Vertical Feature Mask (VFM) coverage
product also shows the presence of aerosols
in the region and even below and among the
clouds. According to the product type (Fig.
4d), in almost all regions the aerosols were of
the dust type, except the area of the Arabian
Sea and the Oman Sea, particles were of the
marine dust type.
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Fig. 4. a) CALIPSO satellite trajectory, b) total attenuated backscatter, c) vertical feature mask, d) aerosol type
at 10:23UTC on April 8, 2022

Fig. 5. The AOD product of MODIS/Terra satellite on April 8, 2022

The AOD product of MODIS/Terra satellite

Fig. 5 shows the AOD product of the MODIS/
Terra satellite on April 8, 2022. On this day,
due to cloud cover, there was no data in a large
part of the area. However, AOD values were
significant in western Iraq, central areas of
Iran, eastern shores of the Caspian Sea located
in western Turkmenistan, northern Caspian

Sea and some small areas of the southern
Caspian shores. Another factor that causes the
increase of AOD on the sea and coastal areas
is the entry of sea salt into the atmosphere.
The very high values of AOD in a part of
the region and the aerosol product from the
CALIPSO satellite show that the aerosols are
of the dust type.
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Synoptic analysis

At 06 UTC on April 8, 2022 in the surface map,
a low-pressure center was located over the Black
Sea and extends to the west of the Caspian Sea.
High pressure spread over Russia and continued
to the east of the Caspian Sea. On the Caspian
Sea, the extreme pressure gradient caused strong
south and southeasterly winds to blow in its
northern half. The strong southerly winds over
the west of Iraq caused dust to be emitted from
susceptible areas to the north-east of Iraq, and
in that region the westerly winds directed the
dust to the north-west of Iran and the southern
shores of the Caspian Sea. A low pressure was
over the central regions of Iran (south of Semnan
and north of Isfahan), where the strong westerly
winds in the south of the low pressure caused
dust emission from this region and its transfer to
the northeast of Iran (Fig. 6a).

At the level of 850 hPa, above the low pressure
located on the east of the Black Sea, a deep
trough can be seen that extended to the west
of Afghanistan. This trough had an axis in the
northwest-southeast direction (negative tilt),
which was due to the faster movement of its
southern part. The presence of surface low
pressures on the eastern side of trough in the
central regions of Iran and Afghanistan, was also
the other factor that caused negative tilt. Another
factor was the presence of severe baroclinity in
the southern parts of the trough, which was well
noticeable in the eastern regions of the miner

trough. The negative tilt of the trough causes
severe storms, heavy rains and bad weather.
In this case, it caused strong winds and dust
emission in the central regions of Iran. There was
a miner trough above the surface low pressure
over the central regions of Iran and a strong ridge
above the Siberian high pressure. Strong westerly
wind is observed in the central regions of Iran.
The change of wind direction to the southerly
and southeasterly winds in the eastern part of
the low pressure caused the dust transfer from
these arcas to the North Khorasan, Golestan
and East of Mazandaran (Fig. 6b). For a more
detailed analysis of the wind speed, a map of the
streamlines at 850hPa level is shown (Fig. 6¢). In
the northern regions of Iraq, southwesterly and
westerly currents are observed, which caused
dust to be transferred to the border areas of
Iran. In the west and north-west of Iran, strong
westerly currents caused dust to be transported to
the southern shores of the Caspian. The transfer
of dust from the central regions to the north of
Iran is also confirmed in this pattern. A positive
vorticity can be seen in a region located in the
north and northeast of Iran, exactly in the area
of miner trough in Fig. 6b. In addition, in the
northern part of the western Caspian Sea, a
positive vorticity center is observed. At the level
of 500hPa (Fig. 6d), a trough was stretched from
the east of the Black Sea to the southeast of Iran,
and a miner trough can be seen in the southern
part of it, which is the place of dust emission.
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()

Fig. 6. a) Mean sea level pressure and wind at 950hPa, b) wind, geopotential height and temperature at 850hPa,
¢) stream lines and relative humidity at 850hPa, d) geopotential height at 500hPa at 06 UTC on April 8, 2022
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Fig. 7. Wind vector at the level of 300hPa at 06 UTC on April 8, 2022

The wind of 300 hPa in the Fig. 7 shows that
the core of the jet stream with a speed of more
than 55 m/s was located in the east of Turkey,
Azerbaijan and the west of the Caspian Sea. The
jet stream shows the strengthening of instability
in the atmospheric lower levels [30]. The wind
speed was lower on the northern areas of 850
hPa trough (east and northeast of the Black
Sea), which was accompanied by the jet stream
in the northern part. However, in the southern
part of the trough, which was separated from the

northern part (central regions of Iran); the wind
speed was higher. These results are consistent
with the results of [19], which stated that a
positive orbital and meridional wind component
in the lower levels of troposphere is among the
necessary conditions for dust transport from the
source to a long distance in the north of Iran. In
addition, the presence of positive vorticity at 500
hPa level and the accompanying jet stream at 300
hPa level, made it possible for dust particles to
climb and pass over the mountain heights.
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Fig. 9. a) The plume arrival (hours) from the initial time, b) particle position (m) of the HYSPLIT dispersion
model for the initial time of 12 UTC April 8, 2022
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HYSPLIT model output

Fig. 8 shows the output of the HY SPLIT trajectory
model. The model was implemented in the form
of a matrix with the backward method for 18 h at
an altitude of 100 m. the model was started at 12
UTC on April 8, 2022 in the southern shores of
the Caspian Sea. According to the results, a major
part of the dust from the northern regions of Iraq
entered the northwestern regions of Iran through
the westerly and southwesterly currents and after
that, the dust entered the Caspian Sea southern
shores with the westerly currents. Of course, the
presence of southerly and south-westerly currents
in Mazandaran province caused the dust to be
transferred from the central regions of the country
to this part as well, in such a way that the lowest
amount of horizontal visibility was reported in
the eastern half of Mazandaran province.

Fig. 9 shows the output ofthe HY SPLIT dispersion
model for a point located in the area of Alasht
station in the eastern half of Mazandaran at 12
UTC on April 8. The vertical cross-section of the
particle position shows that most of the particles
that are observed at an altitude of less than 5
km, were located in northern Iraq, northwestern
Iran, and finally on the southern shores of the
Caspian Sea. The particles that are observed at
a height between 6 and 9 km, which could act
as condensation nuclei in clouds, spread in the
northern Mediterranean, Turkey, northwestern
Iran, and finally in the Caspian Sea southern
shores. In this figure, the channelized area of
the particles marked by a red rectangle (Manjil
area) where the dust particles passed through the
Alborz mountain range and then dispersed on
the southern shores of the Caspian Sea, which
has a lower height [12]. Some studies showed
that dust particles rising to the mid-levels of the
atmosphere in the source region passed over
the Zagros Mountains and entered the Caspian
Sea through the Manjil Valley [11, 16]. In this
study, the vertical profile of dust concentration
from the WRF-Chem model output revealed the
ascent of dust particles up to 600 hPa near the
dust source, followed by their movement through
mountainous areas.

The arrival time map also shows that the
particles that entered the starting point of the
model entered this region from the north of Iraq
about 17 h ago.

Comparison of WRF-Chem model output and
MERRA? reanalysis data

The dust surface concentration and wind velocity
at the 10-m output of the WRF-Chem model,
which was implemented from 12 UTC on
April 6 as the initial time, and the dust surface
concentration from MERRA2 reanalysis data
for 00 and 12 UTC on April 8 is shown in Fig.
10. At 00 UTC in the output of the WRF-Chem
model, the dust affected a large part of Iraq, west,
north-west, north and center of Iran, as well as
the eastern shores of the Caspian Sea located in
the west of Turkmenistan. The change of wind
direction in western Iraq shows that the model
correctly predicted the position of the cold front
in western Iraq and the pre-frontal dust. In the
MERRAZ2? reanalysis data, dust concentration is
highest in the eastern half of Iraq, northwestern
and central Iran, and the southern and eastern
coasts of the Caspian. In this time, the two dust
patterns are very similar. The most difference is
observed in the Turkmenistan and northeastern
Iran, where the model did not predict the dust
over this region well.

At 12 UTC, the WRF-Chem model shows that
dust entered the southern regions of the Caspian
Sea. On the other hand, the wind speed and dust
concentration in the eastern Syria and western
Iraq increased sharply. In the data of MERRA2,
the concentration of dust increased in the east
of Syria and western half of Iraq, as well as the
southern border of the Iran-Iraq and the western
and southwestern regions of Iran. On the southern
shores of the Caspian Sea, the highest dust
concentration is observed in southeast and the
border of Mazandaran and Golestan provinces. At
this hour, the WRF-Chem model overestimated
the dust concentration in the western half of Iraq
and underestimated in the southeast coast of the
Caspian Sea.
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Fig. 10. The dust surface concentration (ug/m3) and 10-m wind (m/s) from the WRF-Chem model output,
which was implemented from 12 UTC on April 6 as the initial time (a, ¢) and the dust surface concentration
from MERRA?2 reanalysis data. (b, d) for 00 and 12 UTC on April 8, 2022

Case study 20220505
Data from synoptic meteorological stations

The Table 2 shows the quantities of the present
weather code, horizontal visibility and wind
direction and speed in the stations in the north
of the Iran that reported the weather code
related to dust on May 5. On this day, dust was

observed only in Gilan province, located in the
southwest of the Caspian Sea, between 9 and
18 UTC. Horizontal visibility of 5 to 6 km was
reported in Jirandeh and Manjil stations. The
slight decrease in horizontal visibility suggests
that dust in the region often stays in the upper
atmospheric levels [12].
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Table 2. The present weather code data, horizontal visibility and wind speed and direction in stations located
in the northern provinces of Iran on the date of 20220408

Station Province Lat Lon Elevation date Weather - Visibility Z;lenec(li .Winfi
(m) code (m) (m/s) direction

Jirandeh Gilan 36.71  49.8 1581.4 4/8/2022 3:00 7 2000 2 260
Jirandeh Gilan 36.71 49.8 1581.4 4/8/2022 6:00 7 2000 2 210
Jirandeh Gilan 36.71 49.8 1581.4 4/8/2022 9:00 7 2000 2 210
Manyjil Gilan 36.73 49.41 338.3 4/8/2022 9:00 6 6000 2 210
Astara Gilan 38.37 48.85 -21.1 4/8/2022 9:00 6 5000 5 130
Talesh Gilan 37.84 489 7 4/8/2022 9:00 6 7000 2 130
Baladeh Mazandaran 362  51.8 2120 4/8/2022 9:00 9 9000 6 180
Jirandeh Gilan 36.71 49.8 1581.4 4/8/2022 12:00 7 2000 4 110
Manyjil Gilan 36.73  49.41 338.3 4/8/2022 12:00 6 3000 2 340
Astara Gilan 38.37 48.85 -21.1 4/8/2022 12:00 6 4000 2 90
Talesh Gilan 37.84 489 7 4/8/2022 12:00 6 5000 2 110
Jirandeh Gilan 36.71 49.8 1581.4 4/8/2022 15:00 7 2000 6 150
Manyjil Gilan 36.73  49.41 338.3 4/8/2022 15:00 6 3000 1 340
Astara Gilan 38.37 48.85 -21.1 4/8/2022 15:00 6 5000 2 160
Talesh Gilan 37.84 489 7 4/8/2022 15:00 6 5000 2 100
Alasht ~ Mazandaran 36.07 52.84 1805 4/8/2022 15:00 6 800 0 0
Manjil Gilan 36.73 4941 338.3 4/8/2022 18:00 6 4000 1 80
Manyjil Gilan 36.73 49.41 338.3 4/8/2022 21:00 6 10000 2 60
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RGB dust product of the MSG satellite were covered by heavy dust. At 12 UTC, dust
Fig. 1la,b shows the dust RGB product of entered a wide part of the Caspian Sea. At this
MSG satellite at different hours of May 5,  time, there was still dust in a large part of Iraq,
2022. At 00 UTC, the central and northeastern  northeastern Saudi Arabia, and western and
regions of Iraq and parts of northwestern Iran ~ northwestern Iran.

(a) (b)

(e) U}

Varticsl Perbers Mask | OTC: 0230505 13S3515 ds 2030505 110630 Version: .51 Starcerd Dorgime

Apmes| Sustpe UTC: SUEB06-06 T0SEE1A 0 M0G0 106ELE Woewion: 451 Sanser Dayime

f o om

Fig. 11. Dust RGB product of MSG satellite at a) 00, b) 12UTC on May 5, 2022, ¢) CALIPSO satellite
trajectory, d) total attenuated backscatter, ¢) vertical feature mask, f) types of acrosols at 10:52UTC on May 5,
2022, g) The AOD product of the MODIS/Terra satellite on May 5, 2022
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CALIPSO products

CALIPSO products at around 11 UTC on May
5, 2022 are shown in Fig. 11c-f. At this time,
the CALIPSO satellite passed the central part
of the southern shores of the Caspian Sea
to its northeast. In this area, the presence of
aerosols can be seen near the surface to a
height of about 5 km. In some parts, mid-level
clouds were among the aerosols at a height of
about 4 km. The type of aerosols shows that
in general, they were of the dust type in this
area.

The AOD product of MODIS/Terra satellite

The AOD data of the MODIS/Terra satellite
on May 5, 2022 is shown in Fig. 11g. On this
day, the highest AOD values were over Iraq,
the southwestern and northwestern regions of
Iran, the Caspian Sea, and its southwestern
coasts. AOD values were also significant in
the central and eastern regions of Iran and the
eastern and southeastern coasts of the Caspian
Sea.

Synoptic analysis

At 12 UTC on May 5, 2022 a low-pressure
center can be seen in the southeast of Iraq
and southwest of Iran, whose cold front was
located in the east and southeast of Iraq. The
dust mass in the dust RGB images over these
areas was the prefrontal dust that observed
behind the cold front. Another low pressure
was in the northwest of Iran. In the southern
part of it, strong southwesterly winds caused
the dust emission from the northeast of Iraq to
the northwest of Iran and the southern shores
of the Caspian Sea. A weak high pressure
closed over Gilan province. The third low
pressure was in the border region of Iran and
Turkmenistan. In the western part of this low-
pressure, a dust mass can be seen in the satellite
images. Due to the northeasterly and northerly
winds blowing over the east and southeast of
the Caspian Sea, the dust emitted from the west

of Turkmenistan entered the southern parts of
the Caspian Sea and its southeastern coasts
(Golestan province and east of Mazandaran).
The increase in wind speed due to the increase
in the pressure gradient on the desert parts
of the east of the Caspian Sea leads to the
formation of northeasterly currents and the
transport of dust towards the southern shores
of the Caspian Sea [15]. Another low-pressure
center formed over the central regions of Iran,
which caused dust emission from these regions
and transferred to the northeast of Iran. Due to
the cloud cover in the RGB images, the dust
in this area is not well visible (The figure is
not shown).

At the level of 850hPa, the low geopotential
height covered east of the Black Sea, the
Caspian Sea, the northern half of Iran, northern
Iraq, and eastern Turkey. There was a low
geopotential height center in the northwest of
Iran, and another was located above the low
pressure in the central regions of Iran. In the
eastern regions of Iraq, at the location of the
cold front, baroclinity and cold air advection
is seen. The north and northwesterly winds
caused the transfer of dust from the northwest
of Iraq to the southeast of Iran. Dust was
transported from southeastern Iraq by southerly
and southwesterly winds ahead of the cold
front, moving toward northwestern Iran and
the southwestern coasts of the Caspian Sea.
One of the atmospheric factors that can cause
dust is the existence of atmospheric fronts
[31].

The westerly and northwesterly winds
blowing over Iraq in the map of 850hPa
streamlines, transferred the dust to the west
and south-west of Iran. On the other hand,
the southwesterly winds in the western Iran
carried the dust to the northwest regions of
Iran and southwestern Caspian shores. At the
level of 500hPa, the trough extended from the
Black Sea to the south-west of Iran. A miner
trough is seen on the east and southeast of Iraq
and another on the east of the Caspian Sea.
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The dust was located in front of the trough
axis; and penetrated to the upper levels of the
atmosphere because of the upward motions
and entered the southern shores of the Caspian
Sea by passing through the topography of the
area.

HYSPLIT model output

Fig. 12a shows the output of the HYSPLIT
trajectory model for 12 UTC on May 5, 2022,
using the backward method at an altitude of
100 m for 28 h. The trajectories indicate that in
the western part of the southern shores of the
Caspian Sea, particles originated from western
and southern Iraq, while in the northern part
of the eastern shores, they came from eastern
Turkmenistan, and in the southern part, from
central Iran. In this study, the dust-carrying
currents toward the southern Caspian Sea
followed various directions and passed through
different paths. In the simulation study of dust
emitted from Turkmenistan to the southern
shore of the Caspian Sea introduced an active
source of dust source in the eastern parts of
the Caspian Sea, on the desert areas of the
Turkmenistan and Qaraqom deserts [15].

The output of the HYSPLIT dispersion model
for a point located on the southeastern coast of
the Caspian Sea at 12 UTC on May 5, 2022, is
shown in Fig. 12b. The vertical cross section
of the particle position shows that most of the
particles were located at a height of less than
4 km and entered this region from northern
Saudi Arabia, western and central Iraq, and
southwestern and central Iran. There were
some particles at a higher height (between 4
and 6 km), that were located in the north of
Saudi Arabia and west of Zagros. In addition,
some particles from northeastern Iran and the
border region with Turkmenistan affected this
region. The arrival time map shows that the
particles were in northern Saudi Arabia and
Iraq about 22 h ago. In southwest and west of
Iran, particles were located between 16 and
10 h ago. About 4 h before the start time, the

particles were over Alborz. The particles that
came from the southwest of Turkmenistan were
also present there about 22 h ago, despite the
shorter distance, which shows that they were
transported to the region at a slower speed.

Comparison of WRF-Chem model output
and MERRA?2 reanalysis data

The dust surface concentration and 10-m
wind velocity output of the WRF-Chem
model, which was implemented from 12 UTC
on May 3, 2022 as the initial time, and the
dust surface concentration from MERRA2
reanalysis data for 00 and 12 UTC on the 5th
May 2022 is shown in Fig. 12c¢,d. At 00 UTC
in the output of the WRF-Chem model, the
highest concentration of dust observed in the
central regions of Iraq. All over the country of
Iraq and the western and northwestern regions
of Iran were affected by dust. Northwesterly
winds in the central regions of Iraq caused the
dust to be transported to the southeast of Iraq,
and southwesterly winds in this region caused
particles to be transported to the northwest
of Iran. Change of wind direction shows that
the model was able to predict the presence
of a cold and dusty front. In MERRA2 data,
although the western half of Iran affected by
dust, the highest concentration of dust was
over Iraq. The two dust patterns in this time
are very similar to each other.

At 12:00 UTC, according to the WRF-
Chem model output, strong southerly winds
in southwest Iran greatly increased the
dust concentration in this region. The dust
concentration over Iraq decreased. In the
MERRA2 data, the concentration of dust
increased in the west of Iran, and the provinces
of Gilan and Mazandaran were affected by
dust. At this hour, there was a significant
difference between the two patterns of dust
concentration. The WRF-Chem model did not
show any dust over the northwestern regions
of Iran and the southern shores of the Caspian
Sea, unlike MERRA?2.
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Fig. 12. The backward trajectory of HY SPLIT model at 100 m height for 18 h, at 12 UTC on May 5, 2022,
b) The plume arrival (hours) from the initial time of the HYSPLIT dispersion model for the initial time of
12 UTC May 5, 2022, ¢) The dust surface concentration and 10-m wind from the WRF-Chem model output,
which was implemented from 12 UTC on April 6 as the initial time, d) the dust surface concentration from
MERRA2 reanalysis data for 00:00 UTC on May 5, 2022

Case study 20220524
Data from synoptic meteorological stations

The present weather code, horizontal visibility,
wind speed and direction data in the stations
located in the north of Iran that reported the
code related to dust on May 24, 2022, along
with the station specifications is shown in the
Table 3. In this case study dust was reported
in a large number of stations located in Gilan,
Mazandaran and Golestan provinces at different
hours. The minimum visibility was reported
from Jirande station located in Gilan province
at9, 12 and 15 UTC. Table 4 shows the present
weather code data, horizontal visibility and

wind speed and direction in stations located in
the northern provinces of Iran on the date of
20220524

RGB dust product of the MSG satellite

Fig. 13a,b shows the dust RGB product of the
MSG satellite at different hours on May 24,
2022. At 00 UTC, heavy dust is observed in
eastern Iraq, western and northwestern Iran,
western Caspian Sea and its southwestern coasts.
At 12 UTC, the intensity of dust increased in the
southwest of the Caspian Sea and the coasts of
this region. At this time, the whole northern half
of Iran was affected by dust.

http://japh.tums.ac.ir



260 Z. Ghassabi. Investigating the rare phenomenon ...

(b)

(©) (d)

UTC: 2082-05-25 I3-48-10  Version: 4.57 Standard  Nighttime

B2 am am's’ UTE: L Verslon: 4.5 Sandard Mighttine
)

(e) (N
- Eavosal Bubtype  UTC: J0220525 334BO75 in 20230528 0053532 Version: 450 Standard Mighttime
& vk
i, il B
iu§
n ||u 1
i ali " r:" -
& WAL T ‘-"EI’WF‘LF B
u;- i .8 il [ 'ﬂi‘ il

Fig. 13. Dust RGB product of MSG satellite at a) 00, b) 12UTC on May 24, 2022, ¢) CALIPSO satellite
trajectory, d) total attenuated backscatter, e) vertical feature mask, f) types of aerosols at around 23 UTC on
May 25, 2022, g) The AOD product of the MODIS/Terra satellite on May 24, 2022

http://japh.tums.ac.ir



Journal of Air Pollution and Health (Spring 2025); 10(2):243-268 261

Table 3. The present weather code, horizontal visibility and wind speed and direction data in stations located in
the northern provinces of Iran on the date of 20220505

Wind
Elevation Weather Visibility Wind
Station  Province  Lat Lon date speed
(m) code (m) direction
(m./s)
Jirandeh Gilan 36.71  49.8 1581.4 5/5/2022 9:00 6 8000 10 160
Jirandeh Gilan 36.71 498 1581.4 5/5/2022 12:00 6 5000 10 210
Manyjil Gilan 36.73 49.41 338.3 5/5/2022 12:00 6 6000 3 350
Jirandeh Gilan 36.71 498 1581.4 5/5/2022 15:00 6 5000 7 230
Manyjil Gilan 36.73 4941 338.3 5/5/2022 15:00 6 8000 11 360
Manyjil Gilan 36.73 49.41 338.3 5/5/2022 18:00 6 8000 4 20

Table 4. The present weather code data, horizontal visibility and wind speed and direction in stations located
in the northern provinces of Iran on the date of 20220524

Wind
Elevation Weather Visibility Wind

Station Province Lat Lon date speed

(m) code (m) direction

(m/s)
Jirandeh Gilan 36.71 49.8 1581.4 5/24/2022 3:00 6 2000 1 320
Inchehborun Golestan ~ 37.45 54.72 7 5/24/2022 3:00 7 6000 12 210
Maravehtappeh Golestan 37.8  55.94 460 5/24/2022 3:00 7 8000 21 180
Astara Gilan 38.37 48.85 -21.1 5/24/2022 3:00 6 5000 1 290
Jirandeh Gilan 36.71 49.8 1581.4 5/24/2022 6:00 6 2000 1 190
Manjil Gilan 36.73 49.41 338.3 5/24/2022 6:00 6 7000 3 350
Maravehtappeh Golestan 37.8  55.94 460 5/24/2022 6:00 7 8000 15 190
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Table 4. Continued
Wind
Station Province Lat Lon Elevation date Weather Visibility speed Wind
(m) code (m) (aws) direction
Talesh Gilan 37.84 489 7 5/24/2022 6:00 6 5000 2 110
Astara Gilan 38.37 48.85 -21.1 5/24/2022 6:00 6 4000 3 120
Jirandeh Gilan 36.71 49.8 1581.4 5/24/2022 9:00 6 1500 2 220
Manyjil Gilan 36.73 4941 338.3 5/24/2022 9:00 6 7000 8 360
Talesh Gilan 37.84 489 7 5/24/2022 9:00 6 5000 3 140
Maravehtappeh Golestan 37.8 55.94 460 5/24/2022 9:00 7 7000 10 210
Astara Gilan 38.37 48.85 -21.1 5/24/2022 9:00 6 3000 3 140
Jirandeh Gilan 36.71 49.8 1581.4 5/24/2022 12:00 6 1500 4 230
Manjil Gilan 36.73 49.41 338.3 5/24/2022 12:00 6 8000 15 360
Maravehtappeh Golestan 37.8 55.94 460 5/24/2022 12:00 7 7000 6 220
Alasht Mazandaran 36.07 52.84 1805 5/24/2022 12:00 6 7000 3 120
CALIPSO products The AOD product of MODIS/Terra satellite

CALIPSO satellite products at around 23 UTC
on May 25, 2022 are shown in Fig. 13c-f. In
a part of the satellite path that passed from
the southeast to the northwest of the Caspian
Sea, aerosols are observed near the surface to
a height of about 4 km. The type of aerosols
shows that on the southwestern coast of the
Caspian Sea, at an altitude between 2 and 5 km,
most of the aerosols were of the dust type.

Fig. 13g shows the AOD values of the MODIS/
Terra satellite on May 24, 2022. The highest
AOD values on this day is observed in a large
part of Iraq, west, south-west and center of
Iran, as well as the southern shores of the
Caspian Sea. In general, the amount of AOD
was significant throughout Iran.
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Synoptic analysis

At 12 UTC, 24 May 2022 a low pressure was
in northern Iraq and high pressure in the east
of the Black Sea extended to the west of the
Caspian Sea. The pressure gradient caused by
these two systems blew strong westerly winds
in the east and north of Iraq and emitted dust
from these areas to the north-west of Iran, and
then the southwesterly and westerly winds
directed the dust to the south-west coasts of the
Caspian Sea (is not shown in Figure).

At the level of 850hPa, a deep trough entered
the Caspian Sea. A cutoff low formed in the
north-west of Iran, which trough has northern
Irag and eastern Syria. Cold advection can
be clearly seen over the Caspian Sea. In the
850hPa streamlines, strong westerly currents
over northern Iraq and southwesterly currents
in northwestern Iran, caused dust to be
transported to southwestern Caspian Sea. At
500hPa level, a low geopotential height was
over Russia and penetrated to northern Saudi
Arabia. whose southern part extended from
the Black Sea to the northern Saudi Arabia. In
general, Iraq, the western regions of Iran and
the Caspian Sea were located in front of the
trough axis.

HYSPLIT model output

Fig. 14a shows the output of the HYSPLIT
trajectory model, which was implemented in
the matrix form and in the backward method
for the southern shores of the Caspian Sea for
24 h at an altitude of 100 m. In the western half
of the region, the presence of westerly currents
transferred dust from Iraq. In the northern east
part, northerly currents were dominant, and
in the southern part, southwesterly currents
caused the dust to be transferred from the
central regions of Iran to the study area.

Fig. 14b shows the HYSPLIT dispersion
model output for a point located in the eastern
Mazandaran at 12 UTC on May 24. The vertical
cross-section of the particle position shows

that most of the particles located at a height
of less than 2 km entered this region from the
Caspian Sea. The particles that were between
2 and 4 km height were located in the west of
this area. The arrival time map also shows that
some of the particles in this area were in the
eastern Iraq and western Iran about 17 h ago.

Comparison of WRF-Chem model output and
MERRA? reanalysis data

The dust surface concentration and 10m-wind
velocity output of the WRF-Chem model,
which was implemented from 12 UTC on
May 22, 2022 as the initial time, and the
dust surface concentration from MERRA?2
reanalysis data for 00, 06, 12 and 18 UTC May
24, 2022 are shown in Fig. 14c¢,d. At 00 UTC,
based on the WRF-Chem model output, the
highest dust concentration was in the north and
south-east of Iraq and west of Iran. Because
of westerly winds blowing over northern Iraq
and northwestern Iran, dust entered the western
half of the southern shores of the Caspian Sea.
Also, dust is observed over the eastern Caspian
Sea shores in the west of Turkmenistan.
In MERRA2 data, dust concentration was
significant in the northern Iraq, western Iran
and western Turkmenistan and observed in
Gilan and Mazandaran provinces. At this hour,
the WRF-Chem model predicted more dust
concentration values over Iran, Iraq, and less
in the east of the Caspian Sea.

At 12 UTC, in the output of the WRF-Chem
model, the dust concentration decreased in
the northwest of Iran, and dust is observed
only in the south of Mazandaran and the
north of Golestan in the north of the country.
According to the MERRAZ2 reanalysis data, the
concentration of dust increased in the southeast
of Iraq and southwest of Iran. The southern
coast of the Caspian Sea was covered by dust.
At this hour, the WRF-Chem model showed
dust over wider parts of the central regions of
Iran.
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Fig. 14. The backward trajectory of HYSPLIT model at 100 m height for 18 h, at 12 UTC on May 24, 2022.,
b) The plume arrival (hours) from the initial time of the HYSPLIT dispersion model for the initial time of 12
UTC on May 24, 2022, c¢) The dust surface concentration and 10-m wind from the WRF-Chem model output,
which was implemented from 12 UTC on April 6 as the initial time, d) the dust surface concentration from
MERRAZ2 reanalysis data for 00 UTC on May 24, 2022.

In general, due to the forests and suitable
vegetation on the southern shores of the
Caspian Sea, the possibility of local dust storms
is very small [32]; according to the results of
this research, dust in the northern provinces are
emitted from three sources in the north of Iraq,
the central regions of Iran and Turkmenistan.
This result is in agreement with many previous
studies [15, 33].

The synoptic analysis resulted that in most
case studies, there was a trough over the
region, and the upward movements in front of
its axis caused the transport of dust particles
to higher levels of the atmosphere, resulting in
higher wind speeds at these levels, over greater
distances. [12] stated that in the transmission
of dust to the southern shores of the Caspian
Sea from Iraq and northern Saudi Arabia, upper
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level waves and 500hPa currents play the most
important role. The presence of a trough on the
southern shores of the Caspian Sea causes the
strengthening of low-pressure and the vertical
expansion of dust to cross the Alborz mountain
range and penetrate into the central Gilan plain
and spread towards the Caspian Sea.

The dust reached by the currents of the
atmosphere mid-levels is not able to pass
through the high mountain chains in the study
area, but due to the existence of some Valleys,
the dust penetrates into the southern shores of
the Caspian Sea and spreads towards the Sea
[12].

Although the WRF-Chem model was able to
predict dust transport to the southern coast
of the Caspian Sea well in these case studies,
it still has a large error in predicting dust
concentrations in these areas. Since land surface
data and meteorological quantities are effective
in the accuracy of dust prediction output, it is
difficult and complicated to identify the exact
error factor [34, 35].

Conclusion

In this study, three cases of severe and wide
spread dust in the southern shores of the
Caspian Sea were investigated. In the true color
images of the MODIS/Terra satellite, the dust
mass with clouds can be seen in a large part
of the southern Caspian Sea and its southern
and eastern coasts. Some meteorological
stations located in the north of Iran reported
the dust phenomenon along with a decrease
in visibility. Dust RGB images show dust in
different hours in the eastern regions of Iraq,
western, northwestern, northern and central
Iran, as well as the eastern shores of the
Caspian Sea located in western Turkmenistan.
According to CALIPSO products, there was
dust-type aerosols in a large part of the region
near the ground to a height of about 6 km. At
higher altitudes, especially over the Caspian

Sea, it was cloudy, and dust particles were also
shown at the bottom and between the clouds,
although, due to cloud cover in a large part of
area, there was not any dust data. However,
AOD values were significant in the western
Iraq, central areas of Iran, eastern shores of
Caspian Sea located in western Turkmenistan,
northern Caspian Sea and some points of
southern shores of Caspian Sea.

Examining the synoptic patterns shows that
the formation of surface low pressure over the
Black Sea extending to Iraq and Saudi Arabia
caused the Iran to be affected by troughs of
these systems. The formation of high pressure
over Russia and its extension to the Caspian Sea
caused a strong pressure gradient and strong
winds, so that the emission of dust from Iraq to
the northwest of Iran and the southern shores
of the Caspian Sea was observed. In addition,
the low pressure in the central regions of Iran
(south of Semnan and north of Isfahan) with
strong winds caused the dust emission from the
central regions of Iran and its transfer to the
northeast of Iran. On the other hand, the dust
source over Turkmenistan with the formation
of another low pressure in this region emitted
dust and transferred it towards the east of the
Caspian Sea. At 500hPa level, height trough
stretches from the Black Sea to the Red Sea. The
southwesterly winds in the western regions of
Iran directed the dust towards the northwestern
regions of Iran and the southwestern coasts
of the Caspian Sea. At the same time, the jet
stream also caused instability in the lower
levels of the atmosphere.

According to the output of the HY SPLIT model,
amajor part of the dust from the northern regions
of Iraq entered the northwestern regions of Iran
through the westerly and southwesterly currents
and from there entered the southern shores of
the Caspian Sea with the westerly currents. Of
course, the presence of southerly and south-
westerly winds in Mazandaran province caused
the transfer of dust from the central regions of
the country to this part as well. In addition, in
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the eastern half of the southern shores of the
Caspian Sea, the northerly and northwesterly
currents transferred the dust from the west
of Turkmenistan to these arcas as well as the
southern areas of the Caspian Sea.

Comparing the dust surface concentration
output of the WRF-Chem model with the
MERRAZ2 reanalysis data shows that this model
was able to predict the dust transfer from Iraq
to the west and northwest of Iran and then to the
southern shores of the Caspian Sea. It performed
well in predicting dust transfer from the central
regions of Iran and western Turkmenistan to
these coasts. However, the WRF-Chem model
accuracy is still not sufficient for quantitative
comparison.

According to the results of this research, dust
in the northern provinces are emitted from
three sources in the north of Iraq, the central
regions of Iran and Turkmenistan.
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