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Abstract

Deserts and semi-desert countries have become increasingly affected by dust storms in recent years.
In this research, the effect of the real-time multivariate of the Madden-Julian Oscillation (MJO) index
on the frequency of dust storms in the west of Iran (Sarpol-E-Zahab, Islamabad Gharb, Kermanshah,
and Kangavar stations located in Kermanshah province) during February—July for the period
1987-2022 and the frequency percentage of this index for Phases 7-2 (7, 8, 2 and 1) and Phases 3-6
(3,4, 5 and 6) were investigated. The results of the analysis of the relationship between the MJO and
dust storms showed that between 57 and 75% of dust storms occurred in phases 7-2 of the MJO and
25 to 42% in phases 3-6. Phases 7-2 of the MJO have a higher percentage of dust storms than phases
3-6. According to the results of the Mann-Whitney test, the displacement of phases 7-2 and phases
3-6 of the MJO have significantly led to dust storms at the Kermanshah and Kangavar stations. Due
to the suitability of the HYSPLIT model for tracking dust storms, the paths of dust entering
Kermanshah province were investigated with this model. Tracking the paths of dust entering
Kermanshah province with the HYSPLIT model and analyzing the wind speed and direction maps
of 850 hPa level indicate an increase in the speed of westerly winds. The increase in the speed of
westerly winds and the decrease in soil moisture in phases 7-2 and 3-6 have caused the movement of
dust particles from Iraq, eastern parts of Syria, and Khuzestan province to the studied area.
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1 Introduction

Dust and sand storms involve weather
conditions with strong winds that cause
dust and sand to rise and disperse,
resulting in reduced horizontal visibility to
less than 1 km and air pollution (Goudie
and Middleton 2006; Mei et al. 2008).
Dust storms are asignificant natural hazard
to human health and can depopulate some
areas (Mesbahzadeh et al. 2020). In recent
years, dust pollution has become a serious
environmental problem and many
countries adjacent to the dust source areas
have faced it. (Saeed, et al. 2014; Chauhan
et al. 2018; Gui et al. 2022). Dust events
often occur in arid and semi-arid regions
of the world, such as the Middle East,
Europe, Latin America, North America,
Australia, and East and South Africa (Gao
et al. 2012; Yong et al. 2020; Shao et al.
2011). The Middle East has many dust
storms originating from the Arabian
Peninsula, Syria, Egypt, Iraq, and Iran.
Research shows that in the last decade, the
occurrence of dust phenomena has
increased to the west and southwest of Iran
(Farhadipour et al. 2018). Kermanshah
province is located in the Zagros region,
which has faced vegetation destruction
due to factors, such as war, population
scale-up, deforestation, and overgrazing
(Ahmadi Doabi et al. 2017; Azizi et al.
2012). Due to the common border, a huge
amount of Iraq dust storms arrive in
Kermanshah province. Because of internal
and external dust storm sources in this
province, it is necessary to carry out
various investigations in this regard to
prevent the occurrence and severity of this
phenomenon (Karimi et al. 2018). The
MJO is one of the dominant climate
change patterns in tropical marine climate,
which plays an essential role in the
atmosphere-ocean cycle system. The
MJO, characterized by  eastward
propagation, is a coupled large-scale
convection—atmospheric circulation
system on intraseasonal time scales that
has an important function in the

interrelationship of climate systems
(Zhang 2005; Zhang 2013). Reproducing
the MJO is an essential issue in
atmospheric general circulation models
(Ahn et al. 2020; Hung et al. 2013; Ling et
al. 2017; Ling et al. 2019; Salahi et al.
2024).

Many studies have been conducted to
improve our understanding of the
conditions of dust storms and their
movement processes. Gong et al. (2006)
showed a negative correlation between
dust and Arctic Oscillation (AO) in North
China. Xu et al. (2007) showed a
significant inverse correlation between
dust particles and winter NAO in the
Tibetan Plateau. Gong et al. (2007) found
that dust storm frequency in northern
China is significantly correlated to the
Pacific North American (PNA) pattern
with a Pearson's correlation coefficient of
+0.60 on the interannual time scale during
1962-2002. Ragsdale et al. (2013)
examined the variability of PMj particles
in Santiago, Chile, based on the MJO
phases, and concluded that the highest
PM;o concentration occurs in phase 4 of
the MJO. Guo et al. (2013) investigated
the changes in dust and aerosol in the
Atlantic Ocean concerning the MJO. Lee
et al. (2014) investigated the combined
effect of ENSO with the AO negative
phase on dust source activity in North
China from 1961 to 2002. The results
showed significant enhancement dust in
the negative phase of AO along with El
Nifio. Banerjee and Kumar (2016)
investigated the effect of Enso on dust
particle variability in the northwest Indian
Ocean from April to August. The results
showed that La Nina leads to more dust
production, while the amount of dust
during El Nino will decrease

Research by Yu and Ginoux (2021) in
Australia showed that peak dust activity in
phases 1 to 6 of the MJO is associated with
El Nifio activity. Li et al. (2021) evaluated
the effect of El Nifio-Southern Oscillation
(ENSO) on dust in different regions of the
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world in the statistical period of (1982-
2019). They showed that the dust
concentration is positively related to
ENSO. They also showed that the La Nifia
event is associated with an accretion of
dust concentration and an El Nifio event
with a decline in the dust concentration.
Labban and Butt (2021) investigated the
relationship between dust storms in Saudi
Arabia with meteorological parameters of
temperature, precipitation, wind speed,
and the ENSO index in the statistical
period of (1985-2014). They concluded
that dust events had the highest correlation
with  temperature and the lowest
correlation  with  precipitation. The
relationship between dust events and
ENSO also showed that El Nifio was the
dominant phenomenon in the first and
second decades and La Nifna in the last
decade of the study period (Muslih et al.
2021). Huang et al. (2021) investigated the
global impact of ENSO on dust activities
from the Arabian Peninsula to Central
Asia. Yang et al. (2022) investigated the
impact of El Nifio on dust in China during
winter and spring and showed that there is
dust augmentation in northern China
during El Nifio. Gao et al. (2022)
investigated the relationship between the
teleconnection pattern of the eastern
Atlantic Ocean and the source of dust
storms in North China from 1954 to 2021.
Sun et al. (2022) investigated the effect of
the Arctic Oscillation (AO) on dust
frequency in the Eastern Middle East from
1974-2019. The results showed a negative
correlation between the AO index and the
frequency of dusty air in the north of the
Arabian Peninsula and a positive
correlation in the center and southwest of
the Arabian Peninsula. Zhang et al. (2022)
showed that the Pacific Decadal
Oscillation (PDO) may play an important
role in teleconnection with aeolian dust
event occurrence in China.

Pourasghar et al. (2021) investigated
the influence of the MJO on daily surface
air temperature over Iran and found that

composites of daily surface air
temperature anomalies are positive in
MJO phases 1 and 8 and negative in MJO
phases 3—4. Jamshidi Khezeli et al. (2022)
investigated autumn and winter extreme
precipitation events and their relationship
with ENSO, NAO, and MJO Phases over
the West of Iran and found that extreme
precipitation occurred during moderate to
strong El Nifio. Almazroui. (2023) using
the RMM index, investigated the effect of
MJO on rainfall variability during
November - April in Saudi Arabia and
showed that 41% of rainfall during phases
3-6 have been occurred. Bao et al. (2022)
tracked dust storms in China and
Mongolia from March to June (2016-
2020) using satellite imagery and the
HYSPLIT model and found that dust
storms originated in dry inland areas such
as the Taklamakan and Gobi deserts were
concentrated. Dargahian et al. (2023),
using remote sensing techniques and the
HYSPLIT model, identified the sources of
dust in Khuzestan province (Iran) from
2003 to 2018 and showed that the lands of
Iraq and Saudi Arabia have the most
considerable role in the production of dust
imported to the southwest of Iran.

Several studies have been conducted on
the relationship between the MJO and
climate elements such as monthly rainfall
(Jani et al. 2022) and cyclonic storms
(Paul et al. 2022), but little research has
been conducted on the relationship
between the MJO and dust storms. The
researchers showed that the HYSPLIT
model is suitable for tracking dust storms.
Also, the results of researchers' studies
showed that the MJO is effective in the
frequency of dust storms. On the other
hand, to monitor the MJO, a real-time
multivariate MJO index (RMMI) is
essential (Wheeler and Hendon 2004).
Therefore, in the present study, the effect
of the MJO on the frequency of dust
storms at Sarpol-E-Zahab, Islamabad
Gharb, Kermanshah, and Kangavar
stations located in Kermanshah province
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(as representative stations of the west of
Iran) was investigated during a statistical
period of 35 years 1987-2022. Since no
study has been conducted on the effect of
the MJO on dust occurrence in Iran, and
most of the research has focused on the
effect of other teleconnections, such as
ENSO and NAO, it is necessary to
investigate the effect of the MJO on the
occurrence of dust storms.

2  Materials and methods

2.1 Study Area

Kermanshah province is located between
latitude 33° 40' to 35° 18' north and
longitude 45° 24' to 48° 07' east and has an
average height of 1212 m above sea level.
The geographical location of Iran and the
stations of Kermanshah province are
shown in Figure 1.
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Figure 1. The geographical location of Kermanshah province and the studied synoptic stations.
Daily data related to horizontal visibility February to July (1987-2022). The

and present weather code for a statistical
period of 35 years (1987-2022) were
received from the Islamic Republic of Iran
Meteorological Organization (IRIMO).
Horizontal visibility data less than 1 km
and dust phenomenon codes (6, 7, 8, 9, 30,
31, 32, 33, and 35) were filtered from
codes 0 to 99 (Goudie and Middleton,
2006; Alizadeh-Choobari et al. 2016;
Fattahi Masrour and Rezazadeh, 2022; Liu
et al. 2023). Then MJO data were obtained
from the Australian Government Climate
and Air Research Center
(www.bom.gov.au/climate/mjo) and
filtered for the statistical period of

relationship between the RRM index and
the frequency of dust storms in phases 7-2
(7, 8, 1, and 2), phases 3-6 (3, 4, 5, and 6),
when its amplitude is =1 in four selected
stations of Kermanshah province (Sarpol-
E-Zahab, Islamabad Gharb, Kermanshah,
and Kangavar) as representative stations
of the west of Iran was investigated.

The RMM index was used to investigate
the relationship between the MJO and the
frequency of dust storms. Amplitude was
used to evaluate the efficiency of MJO,
which is defined by Equation 1 (Wheeler
and Hendon 2004; Dee et al. 2011):

Amplitude =VRMM12 + RMM22

ey
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In this equation, these two-time series

represent the first two components (PC1,
PC2) of component analysis (PCs).
When the amplitude in each RMM phase
is greater or equal to 1, the MJO phase is
intense, and when this index is less than 1
the MJO phase is considered weak (Pai et
al., 2011). The complete cycle of this
phenomenon includes four positive phases
(phases 3, 4, 5, and 6) and four negative
phases (1, 2, 7, and 8). The RMM index
uses Empirical Orthogonal Functions
(EOF) analysis of Outgoing Longwave
Radiation (OLR) difference, zonal wind at
850 hPa, and zonal wind at 200 hPa, which
is averaged from 15°S to 15°N. The RMM
index and other EOF based on techniques
have several limitations, such as the need
for long-term historical data (Straub,
2013).

To test the average dust storm difference
(in terms of horizontal visibility) in phases
7-2 and phases 3-6 of the MJO of each
station using the Mann-Whitney non-
parametric test (Mann and Whitney 1947)
in SPSS software, the significance of the
difference in average dust storm data of
each station compared to other stations
was tested. This test shows in which
stations there is a significant difference
between the average dust storm in the es
7-2 and phases (3-6). To track the entry
routes of dust storms that occurred in
Kermanshah province, the days were
selected when dust occurred in all study
stations, and among these days, 4
representative days were selected in
phases 7-2 and 3-6. Using the HYSPLIT
model (backward model), dust storm
particles were tracked at three levels of

200, 1000, and 1500 m from the ground in
a time interval of 6 hours before the arrival
of the dust storm. This model is a dual
model for dust storm track calculations
(Draxler et al. 2009). The calculation
method of the model is a combination of
Eulerian (total particle concentration for
each grid is determined along the
movement path) and Lagrangian (total
particle concentration for each grid is
determined using particle diffusion and
transport movements) (Shan et al. 2009).
The return paths show the Lagrangian path
of the air parcel. Decreasing soil moisture
causes the creation of dust centers, and its
social and economic effects vary from
small to large time and place (Wang,
2015). Therefore, in the continuation of
this research, changes in soil moisture
anomalies from zero to 10 cm above the
soil along with wind vector anomalies at
the level of 850 hPa (to investigate the
direction of wind movement in active and
weak states of phases 7-2 and 3-6)
obtained from
psl.noaa.gov/data/compositestes/printpag
e.pl website.

3 Results

3.1  Statistical results

Since the analyses showed that February
to July comprised 45.79 to 81.39% of the
annual dust occurrence (Table 1),
therefore, the data were analyzed only for
this statistical period (Nazemosadat et al.
2023). Table 1 shows the frequency and
percentage of dust occurrence at selected
stations of Kermanshah province for the
statistical period under study.

Table 1 The frequency of dust storms in selected stations of Kermanshah province in the statistical period of

1987-2022
Stations Dust frequency The percentage of Feb to Jul dust storms
Eslamabad-E-Gharb 71 80.28
Sarpol-E-Zahab 264 80.30
Kermanshah 105 79.45
Kangavar 43 81.39
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Figure 2. The annual frequency of dust storm days in selected stations of Kermanshah province in 1987-
2022.

The frequency of dust storms in all
stations shows significant annual changes
(Figure 2a-d). From 1987 to 2005, the
trend of increasing dust storms in
Kermanshah province was not very
noticeable, but from 2007 to 2013, it
showed a significant increase. The highest
frequency of dust storms related to Sarpol-
E-Zahab and Islamabad Gharb stations
were 40 and 12 storms recorded in 2008,
respectively, the second amplification of
the frequency of dust storms in 2021 was
observed in Kermanshah and Kangavar so
that in this year, the frequency of dust in
Kermanshah station has reached 30 cases.
Table (2) shows the results of the Mann-
Whitney test to evaluate the significant
difference in the average dust storms. The
average dust storm based on the MJO
shows a significant difference at the 95%
confidence level in the Kangavar and
Kermanshah stations, and no significant
difference is observed the in Islamabad
Gharb and Sarpol-E-Zahab stations. In
fact, this test showed that if there is a
difference between the averages, the

probability of a dust storm will be very
high in the MJO.

Table 2. Comparison of dust storm averages with
the MJO in the period 1985-2022.

Stations Mann-Whitney test
Eslamabad-E-Gharb 0.789
Sarpol-E-Zahab 0.561
Kermanshah 0.059
Kangavar 0.035

The frequency of dust storms based on
horizontal visibility of fewer than 1000 m
and codes 6, 7, 8, 9, 30, 31, 32, 33, 34, and
35 in February, March, April, May, June,
and July for (1987-2022) and for four
selected stations of Kermanshah province
is shown in Figure 3. Then, the ratio of the
number of dust storm days to the total
number of dusty days was calculated when
the MJO was active and weak. Based on
this, in phases 7-2 of the MJO, the highest
probability of dust storms in Sarpol Zahab
station was associated with 66%
frequency and occurred when the MJO
was in an active state and the range was
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equal to or greater than one. Kermanshabh,
Kangavar, and, Islamabad-E-Gharb
stations are in the following ranks of 56,
55, and 53%, respectively.

The lowest occurrence of dust storms
was at the Sarpol-E-Zahab station with
34%; in this case, the MJO was in a weak
and inactive state, and the amplitude was
smaller than one (Figure 3-a). In the
phases (3-6) of the MJO, the highest role
of the index in the occurrence of dust
related to Eslamabad-E-Gharb and
Kangavar stations with 75 and 71%,
respectively, belongs to the time when this
index was in an active state. The
decrement probability of dust occurrence
at 52% 1is related to the Kermanshah
station in the active state of this index and
the Eslamabad-E-Gharb station with 25%
in the weak state of this index (Figure 3-
b).

When the MJO was in phases 7-2, 58
to 63% of the dust storms occurred in

Kermanshah province, and 37 to 42 % of
the storms occurred in phases (3-6) of this
index (Figure 3-c). In general, it can be
said that the es 7-2 of the MJO account for
a higher percentage of dust storms in
Kermanshah than the es 7-2 of this index.
The probability of dust storms in the active
state of the MJO is higher than in its weak
state, and its value fluctuates between 65%
at Eslamabad-E-Gharb station and 52% at
Kangavar station Figure (3-a-b). The
percentage of occurrence of dust in the
weak state of this index changes between
48% in Kangavar station and 34.6% in
Eslamabad-E-Gharb station (Figure 3-d).
By computing the function of phases 3-6
and phases 7-2 and amplitude amounts
individually, it can be said that phases 7-2
and amplitude greater than or equal to 1
are more necessary and effective in the
incidence of dust storms in the stations of
Kermanshah province.
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Figure 3. The percentage of occurrence of dust storms in Kermanshah province in the active and weak states of phases 7-

2 and 3-6 of the MJO.

3.2. Tracking the path of the dust storm
Tracking the path of the dust storm with
the backward method at different levels
showed that during the prevailing phases
7-2 of the MJO, which includes 30 days of
the total number of dust events (18 active
days and 12 weak days), the path of dust
entering Kermanshah province was from
Iraq and eastern Syria. To track the path of
dust storms in active and weak phases, 4
days of MJO were selected as the

representative  for of Kermanshah,
Islamabad Gharb, and Sarpol-E-Zahab
(Table 3). Considering the output of the
HYSPLIT model, the primary source of
dust particle transmission to Kermanshah
province in phases 7-2 of the MJO was an
area between Iraq and the eastern parts of
Syria. The paths of particles transfer at
three levels of 200, 1000, and 1500 m area
function of the direction of the west winds,
and the smoother the ground, the waste the
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soil moisture, and the drier the air, the
more likely dust storms will occur. The
tracking of dust particles entering
Kermanshah province in phases 3-6 of the
MJO indicates the movement of these
particles from the eastern part of Iraq
toward Khuzestan province and the
movement of these particles from
Khuzestan province toward Kermanshah
province (Figure 4a-d).

When phases 3-6 of the MJO prevailed,
the frequency of dust storms significantly
decreased compared with phases 7-2 in
Kermanshah province, and its number
reached 17 (11 active days and 6 weak
days). Tracking the path of dust particles

entering Kermanshah province in these 17
days indicates the movement of these
particles from the eastern part of Iraq to
Khuzestan province in Iran and the
movement of these particles from
Khuzestan province to Kermanshah
province, which confirms the direction of
movement of this path in the selected days
of phases 3-6 in the active and inactive
states of the index in table (3). It can be
said that in phases 3-6, in addition to
external sources, domestic sources have
been effective in the occurrence of dust
storms in Kermanshah province (Figure
S5a-d).
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Table 3. Selected days to track the entry path of dust storms to Kermanshah Province with the HY SPLIT

model
Figure Date Phase
5-a 06.17.2016 Phases 7-2 Active
5-b 06.23.2018
5-c 06.03.2011 Phases 7-2 Weak
5-d 05.15.2012
6-a 04.05.2011 Phases 3-6 Active
6-b 02.19.2022
6-c 04.17.2008 Phases 3-6 Weak
6-d 02.01.2022
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3.3 Analysis of 850 hPa level wind maps

The difference of the vector wind at the
850 hPa level compared to the long-term
average of phases 7-2 and phases 3-6 of
the MJO is shown in Figure (6a-d). It was
founded  simultaneously  with  the
dominance of phases 7-2 and phases 3-6 in
two active and weak states of these phases,
the wind direction is circular and from the
west (Zonal Wind), which is associated
with an increase in the speed of the
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westerly winds over Iraq, Syria, and
Turkey. In areas such as Iraq, Syria, and
Saudi Arabia, the severe decrease in soil
moisture has caused the movement of dry
air masses along with dust storms to the

western regions of Iran, and tracking the

path of dust entering Kermanshah

province with the HYSPLIT model also
confirmed the entry of dust from these
areas into Kermanshah province.
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Figure 6. Composite Aanomaly of soil moisture and 850 hPa level vector wind in active and weak states of phases 7-2
and phases 3-6 of the MJO. The areas in blue (brown) color shades show the increase (decrease) in soil moisture compared
to the long-term average (1991-2020) at the level of 0-10 cm, and the vectors show the direction and wind speed of the 850
hPa level compared to the long-term average in based on (m/s).

4. Conclusion
To investigate the effect of the MJO on the

frequency of dust storms in 4 selected

stations of Kermanshah province (as
representative stations of the west of Iran),

the days with dust storms were determined
according to the horizontal visibility
below 1000 m, and the codes related to
dust storms during a statistical period of
35 years. The results of the Mann-Whitney
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test showed that in terms of the average
occurrence of dust storms, Sarpol-E-
Zahab and Islamabad Gharb stations are
not statistically significantly different, but
Kangavar and Kermanshah stations have
statistically significant differences from
each other in terms of the average
occurrence of dust storms in 6 months of
the year (February - July). The results
obtained from examining the frequency of
dust occurrence in phases 7-2 and phases
3-6 of the MJO showed that when the rate
of the MJO is greater or equal to 1, and the
index is in the active state, the amount of
dust occurrence in the province
Kermanshah is more than when the
intensity of the MJO is low, weak, and
inactive. Generally, the MJO in its phases
7-2 justifies a higher percentage of dust
occurrences in Kermanshah than in phases
3-6. The highest percentage of dust
occurrence is in Islamabad Gharb station
with about 62% in the es 7-2, and the
lowest is in Kermanshah station, with 38%
in the phases 3-6 of the MJO. The research
of Yu and Ginoux (2021) showed that in
Australia, the peak of dust activity during
phases 1- 6 of the MJO oscillation is
associated with El Nifio activity. This
result is consistent with the findings of this
research. Tracking the paths of dust
entering Kermanshah province with the
HYSPLIT model at three levels of 200,
1000, and 1500 m showed that the primary
source of dust particles entering
Kermanshah province is from eastern
Syria and Iraq.
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