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Abstract
• The Sudanese low pressure systems is one of the thermal low pressures that are formed around the Red
Sea and their low-pressure lines cover the south of the Red Sea, Sudan, and Ethiopia and continue their
route through the southwest of Iran and cause heavy rainfall. The common feature of all these rain
systems is land surface low pressures or low altitudes of higher levels. For dynamic and thermodynamic
analysis of the mechanism of precipitation caused by the Sudanese low-pressure system, the climate
maps containing data of u wind, v wind, omega, Shum, slp, monthly average of northward surface stress,
daily mean precipitation rate, and temperature from 1988–2020 during the cold season of the year were
applied. The results show that the Sudanese low-pressure core has the largest extent in 1999, 2006, and
2011. During this period, from the Sudanese region to the upper latitudes of Iran, the element of
northward surface stress had good potential. The study showed that jet streams create rivers that
originate in Africa and are reinforced by Sudanese low pressure and transfer moisture to the upper
atmosphere of Iran. Between the positive and negative omega contours of about 600 hPa, the horizontal
moisture transfer mechanism for Iran's rainfall is created by atmospheric rivers reinforced by Sudan's
moisture core. High-temperature gradients in isothermal lines in the range of 550–850 hPa also occurred
on the same day. Finally, the precipitation map shows a relatively good rainfall by atmospheric river
above Iran.

Introduction
Identifying tropical cyclones and determining and de�ning cyclones and their paths have been
challenging topics among climatologists. In one of the �rst studies on extraterrestrial cyclones, the
frequency of cyclonic and anticyclonic centers as well as the destruction centers of these atmospheric
systems in the Northern Hemisphere were studied (Smagorinsky, 1950). Some preliminary studies have
shown that the North Atlantic, especially its west and east, the North Paci�c and the Mediterranean Basin,
especially during the cold period of the year, are the main cyclonic centers in the Northern Hemisphere
(Withaker and Horn, 1984). In early studies, a cyclone was manually identi�ed and routed from synoptic
maps, which was a time-consuming task (Flocas et al., 2010); However, due to the introduction of
computers into the world of science, automated and machine methods caused cyclones to be identi�ed
and routed objectively and intuitively on digital maps (Ulbrich et al., 2009). Routing cyclones can be a
useful tool for classifying them based on their size (Rudeva and Gulev, 2007), their physical properties
(Blender et al., 1997), and the degree of disturbances they cause in the atmosphere. Due to the lack of a
single scienti�c de�nition of extraterrestrial cyclones, a large number of identi�cation and routing
methods have been developed (Neu et al., 2013).

The �rst objective method for Mediterranean cyclones was introduced by Alpert et al. (1990). In their
study, they used the ECMWF data based on monthly data of a 5-year period (1982–1987) to analyze the
cyclone frequencies and cyclonic tracks with a low temporal and spatial resolution (12-hour temporal
resolution and 2.5 ∘  spatial resolution). For this purpose, the minimum level of geopotential height of
1000 hPa was introduced with an interpolation approach to identify surface cyclones. For routing, theLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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elliptical search area was used to determine the cyclone in the next step, the main axis of which was
determined using a wind vector of 700 hPa. A slope gradient of 0.5 hPa at 500 km was de�ned as the
criterion for cyclone detection in four directions (north, south, east, and west).

Blender et al. (1997) used a two-step approach to identify mid-latitude cyclones and cyclone paths in the
North Atlantic. The authors �rst considered the minimum altitude geopotential pressure of sea level as a
cyclone. This minimum pressure zone should have occurred at least in a 3*3 grid range with a spatial
resolution of 1.1* 1.1 and also, the next criterion was the average positive altitude slope, which was a
slope of 200m per 1000 km. After identifying the cyclones and clustering them by the k-mean method, the
cyclones were clustered into three types of cyclone tracks. The �rst type was stationary cyclones that did
not have a clear and long path and their �eld of activity was mostly around the place of their formation.
The second group of cyclones was identi�ed as North-eastward Cyclones. The general path for them to
move was from the formation place in the North Atlantic to the Northeast, and �nally, the zonal cyclones,
which moved east and west with a shorter spatial and temporal range, and seemed to have limited
regional activity.

In another study, Sinclair (1997) used ECMWF rotation data to intuitively identify and route two-
hemisphere cyclones and showed that they are formed and intensi�ed in the Northern Hemisphere, near
the east coast of the seas in Asia and North America. In the Southern Hemisphere, cyclones are formed in
mid-latitudes and on the oceans off the east coast of South America and Australia, and they decay in
high latitudes. Mehmet et al. (2004) studied the variability of cyclonic paths in Turkey and showed that
the dominant cyclonic paths were �ve paths with the highest frequency of cyclones occurring in winter.
Picornell et al. (2001) identi�ed and routed western Mediterranean cyclones for the period 1995–1999
with a high-resolution (0.5). To eliminate weak and small systems, they set the criterion of pressure slope
of 0.5 hectopascals per 100 kilometers in 6 directions.

Trigo (2006) in a study on the number and intensity of cyclones in Europe and the North Atlantic showed
that cyclones in the Azores and the Mediterranean had a decreasing trend and they had an increasing
trend at higher latitudes. Romem et al. (2007) showed that only 13% of the cyclones entered the
Mediterranean, while 87% were generated in the Mediterranean Basin. According to the authors, the
entering cyclones originated in three different regions: the Sahara Desert (6%), the Atlantic Ocean (4%),
and Western Europe (3%). It should be pointed that most of the cyclones that enter the Mediterranean
Basin from the Sahara Desert reach the eastern coasts of the basin, while a small percentage of Atlantic
cyclones reach the eastern Mediterranean Basin and none of the cyclones from Western Europe entering
the Mediterranean basin, are able to reach the eastern coasts of the basin.

Simmonds et al. (2008), studying the behavior and characteristics of cyclones in the Arctic (the domain
north of 70°N), investigated the climate change in the region in relation to changes in cyclone behavior
and showed that the highest density of cyclones was in Norway and Svalbard and the Barents and Kara
Seas. They also found that the number of cyclones increased more in winter than in summer. In a study
conducted by Neu et al. (2013) with �fteen different methods in the two hemispheres to identify and route
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cold season cyclones, the authors concluded that the number of cyclone centers in the Northern
Hemisphere during the 20-year statistical period (1989–2009) had a signi�cant upward trend. While the
number of deep cyclones has been decreasing, and in some methods, this trend has been signi�cant.
However, they showed that the number of paths, their lifespan, and the intensity of cyclones may vary,
depending on the type of algorithm used. This discrepancy in the results may indicate that there is no
comprehensive and universal de�nition of a cyclone. As another important result of their work, one can
claim that a particular algorithm does not have a higher priority than other approaches.

In another work by Kelemen et al. (2014) on cyclone formation in the Mediterranean region, the authors
showed a signi�cant increase in cyclone formation in the region during the statistical period of 1981–
2000. Flaounas et al. (2014) used the relative rotation data at 850 hPa of the European Medium-Term
Forecast Center, with a 6-hour temporal resolution and 1.5 degrees spatial resolution during the period
1989–2009, to identify and route northern hemisphere cyclones in the winter. In the algorithm used, they
considered the center of the cyclone as the maximum relative rotation or the maximum wind speed, or the
minimum sea surface pressure. Some studies have also examined the relationship between cyclones and
severe weather events such as heavy rainfall and strong winds (Reale and Lionello, 2013). Winter
cyclones associated with heavy rainfall originate from different parts of the Mediterranean basin. If
heavy rainfall occurs in the northwestern part of the Mediterranean basin, the existing cyclones are
mostly from the North Atlantic. In the eastern part of the Mediterranean, cyclones form in the
Mediterranean Sea itself, mainly with Cypriot origin, while in the southern part of the sea, heavy rainfall
occurs due to cyclones forming in North Africa. The authors also showed that heavy rainfall is associated
with the negative phase of North Atlantic �uctuations and the East-Atlantic West-Russia pattern.

Ramis et al. (1998) studied the heavy rains and �oods that occurred on 9 and 10 October 1994 in
Catalonia (Spain) and showed that the cyclone formed in the western Mediterranean with the orographic
forcing led to more than 400 mm of rain and consequently heavy �ooding in southern Catalonia. Later,
Campins et al. (2006) studied the relationship between Mediterranean cyclones and heavy rainfall and
strong winds. They found a strong link between cyclonic centers in the Balearic Islands in southern Italy
and the coasts of Catalonia on the Iberian Peninsula, and extreme events such as heavy rainfall and
strong winds in the region.

Bech et al. (2011) investigated �oods and storms that occurred on the 2nd of November 2008 in the
southern coast of Catalonia (NE Spain). The authors considered �ooding during a day, which totaled
more than 100 mm, and there was 40 mm precipitation in half an hour, as a tornadic �ood, and
concluded that this hazard was associated with a cyclone and strong low-pressure formed in the Iberian
Peninsula. Some researchers have also pointed to frontless low-pressures that extend from the Red Sea
and Sudan to the eastern Mediterranean and southwest Asia, causing torrential rains in these areas
(Alpert et al., 2004).

In Iran, few studies have been carried out on cyclones. The �rst study was conducted by Alijani (1987). He
investigated the relationship between the spatial distribution of cyclonic routes in the Middle East and

Loading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js



Page 5/19

high-level air systems. The results of this study showed that the effect of high-level systems on the
dispersion of cyclonic routes in the Middle East is much greater and more important than the role of
roughness as well as the pattern of surface pressure. Irannejad et al. (2009) investigated the effect of the
annual frequency of cyclones of Mediterranean cyclonic centers on the annual rainfall of Iran in the
statistical period of 1960–2002. The results of their study showed that except for the southeastern,
eastern, and parts of central Iran, the annual rainfall in other parts of the country is signi�cantly affected
by the frequency of cyclones in these centers.

Hejazizadeh and Sedaghat (2009) identi�ed the routes of the Middle East cyclones in the cold period of
the year digitally and during the period of 1993–2002 and identi�ed the �ve main routes and showed that
the highest frequency of cyclones enters from the west and northwest of Iran. Another noteworthy result
is that the most important route is the Central West originating in Cyprus. Khosravi et al. (2010) studied
the temporal and spatial position of cyclones affecting Iran on a monthly and seasonal scale for one year
and concluded that the peak period of Mediterranean cyclone activity was December and February and in
winter, the Italian cyclonic centers transfer to the eastern half of the sea and Cyprus, Syria and Turkey.

The �rst study focusing on the low-pressures of the Red Sea region with regard to Iran was an article by
Olfat in 1968 (as cited in Mo�di and Zarrin, 2005). In this article, the author points to the low pressures
that are formed in North Africa and the Red Sea, which, after crossing Saudi Arabia and the Persian Gulf,
are causing precipitation in Iran. Lashkari (2002) studied the routing of Sudanese low-pressure systems
entering Iran. He showed that Sudanese systems enter Iran from �ve major routes and cause rainfall.
Farajzadeh et al. (2008) by routing and �nding the frequency of rainfall systems in western Iran
concluded that the largest number of rainfall systems causing rain in the region were Sudanese systems
and Mediterranean-Sudanese integrated systems were of secondary importance. They also concluded
that only Sudanese systems have a rainfall of more than 300 mm.

Lashkari et al. (2008) through a synoptic study of the causes of �ooding in Golestan province concluded
that �ve types of air masses and pressure systems are effective in precipitation in the southeast of the
Caspian Sea, one of which is the Sudanese low pressure system. Azizi et al. (2009) performed a synoptic
analysis of heavy rainfall in the west of the country. For this purpose, they had a case study of the
precipitations of March 7–15, 2007. The results of the study showed that the low pressure system of the
Mediterranean Sea and the Sudanese low pressure tongue caused the rains of this period and the
Mediterranean Sea, the Black Sea and the Red Sea have played a role in strengthening these systems on
the land surface. In addition, it was found that on the day that the peak rainfall occurred, the
Mediterranean low-pressure system entered the country from the northwest and the Sudanese low-
pressure system entered from the southwest and they merged.

Parandeh Khozani and Lashkari (2010) made a synoptic study of �ooding systems in southern Iran. For
this purpose, they selected 20 severe �oods and divided them into 4 patterns and categorized them. The
results of their study showed that the storms that lead to heavy rains and �oods in the region are the
result of the strengthening and intensi�cation of the Sudan low-pressure center and the Red Sea
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convergence region and in some cases, from the merging of the low-pressure center of Sudan with the
low-pressure center of the Mediterranean. There have been many studies on the transport of atmospheric
moisture, some of which have referred to it as atmospheric rivers. According to Zhu and Newell (1998),
one phenomenon related to atmospheric moisture transport is atmospheric rivers (ARs). This
phenomenon, in the form of narrow corridors with a depth of 40 km and a width of 500 km, and a length
of several thousand kilometers, directly and indirectly, affect more than 90% of water vapor meridian
transport.

Salimi and Saligheh (2016) investigated the effect of atmospheric rivers on Iran's climate. The results
showed that an average of twelve atmospheric rivers is formed annually, which provides moisture to part
of Iran's rainfall. Akbari et al. (2019) investigated the temporal and spatial changes of atmospheric rivers
in the MENA region. The results showed that in more than 90% of the cases, the atmospheric rivers of the
study area have a southwest-northeast �ow. Also, the atmospheric rivers of the MENA region converge at
their destination, and air suction has caused the concentration of atmospheric rivers in this region. The
results showed that jet streams play a major role both in the production of atmospheric rivers and in their
direction and path, and high-pressure centers have a high role in the expansion and low-pressure centers
on the destination of atmospheric rivers. Areas such as the western United States, the west of southern
Cape of South America, northwestern Europe, the northeastern route from Saudi Arabia to northeastern
Iran, Australia, the border between Japan, and the eastern coast of Russia are also regions that are most
affected by ARs rainfall.

Salimi et al. studied the origin of the world's atmospheric rivers. According to their results, there are seven
main sources of atmospheric rivers in the world, the most important of which is located in Southeast
Asia. In terms of monthly distribution, January, September, and October have the highest occurrence of
atmospheric rivers. There is little difference in the two hemispheres in terms of the number of
atmospheric river occurrences, only the ARs of the southern hemisphere have a longer longitude. In terms
of the number of occurrences in the world, in most cases, 4 to 3 atmospheric rivers were observed
simultaneously. Also, more than 90% of ARs travel by ocean path (Salimi et al, 2020). Due to the
importance of Sudanese atmospheric and low pressure rivers on moisture transport and its effect on
rainfall in Iran, in this study, the dynamics and thermodynamics of Sudan thermal low pressure in relation
to the atmospheric river were investigated.

Data And Methodology
In this research, to study Sudanese low pressure over a period of 30 years, �rst, u wind, v wind, omega,
Shum, slp, monthly average of northward surface stress, daily mean precipitation rate, and temperature
data were obtained from Noaa, Era interim, and Giovanni sites. Nova ncep / ncar data have a resolution
of 2.5 * 2.5 degrees, ERA Interim data have a resolution of 0.25 * 0.25 degrees and data obtained from
Giovanni site have a resolution of 0.5 * 0.625 degrees. In this study, �rst, the years when the Sudanese
low-pressure nucleus was visible were selected, which included 18 cases, and in terms of annual
changes, their expansion was examined. The data were converted to a map in grads programmingLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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software. Then, in order to study the transition at near-ground level, the cold season of the year was
examined monthly with monthly average of northward surface stress data of MERA-2 model, which was
received from Giovanni site. These data identify the North Stream potential. Next, two samples of the
atmospheric river for March 11, 2011, and March 26, 2019, were selected for the relationship between
Sudanese low pressure and moisture transfer. Then, the atmospheric river map was extracted with
special humidity data or Shum. An omega map was generated to study the dynamic changes of the
Sudanese low pressure at the level of 600 hPa in which the atmospheric river occurred. Omega has
negative and positive values; the negative value of which indicates the ascent of air and the positive
value of which indicates the descent of air. Our focus was on the altitude boundary between negative and
positive omega. Also, using orbital and meridional data, a day jet stream map was generated with
atmospheric river occurrence. A rainfall map of Iran was also produced for the second atmospheric river
event, i.e. March 26, 2019. Omega and temperature maps were used for thermodynamic study and
necessary analyzes were performed.

Results
Sudanese low pressure, like other climate patterns, is unstable and can change signi�cantly from year to
year. In the present study, the changes of Sudan thermal low pressure over a period of 30 years have been
investigated (Fig. 2). During the study period, Sudanese low pressure has been observed on pressure
maps for most of the years. Previous studies such as Hejazi and et al. (2020) show that the months of
January, February and March had more effects on the climate of the surrounding areas, especially Iran,
so these three months were selected. This low pressure was more widespread in 1996, 1999, 2006, 2009,
2011 and 2012, with 2006 being the most widespread during the study period. Quite interestingly, the
Sudanese low pressure can be considered a dual-core low pressure. In most cases, two low-pressure
cores were observed adjacent to each other on a horizontal axis. The unit value of pressure is equal to
1008 hPa. Although there was no signi�cant difference in the amount of ambient pressure, in the
continuation of this study, it can be seen that this small difference had many effects on the transfer of
moisture to the atmosphere.

In the above �gure, the blue polygon points show the thermal low pressure of the surface level. The years
when low pressure had signi�cant changes in the environment were selected.

Wind stress magnitude is the amount of force on a surface generated by winds. It is a function of drag,
air density, and wind velocity, and has units of Newtons per square meter (N/m2).

Figure 3 shows the monthly average northward surface stress for the months of December, January, and
February over a 30-year period with an average of four-year periods (8 periods) from 1988 to 2020. This
northward stream �ow provides useful information for studying the potential for atmospheric transitions
near the land surface. According to the output of the maps, it can be seen that from the �rst period of the
study, the intensity of this tension and the pressure of the currents decreased, except for a period of
2004–2008 (Map b from Fig. 3) where the extent of the power of this pressure can be seen by arrow
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signs. During the study period, there is a potential for air and humidity to pass from Sudan to Iran from
the Mandeb Strait to 42  north latitude and to the north of Iran. According to this map, the role of the
dynamic atmosphere of 600–700 hPa can be considered very important, because the transition
conditions are provided at a level close to the ground and only the presence of high-level atmospheric
conditions such as jet streams is necessary. In most of the maps, it can be seen that the Persian Gulf
region has negative �gures and north reverse traction is prevalent in it, but in most parts of Saudi Arabia,
the north stream stretch is positive and has the potential for good atmospheric transfer dynamic potential
to Iran. Mandeb Strait or Bab-el Mandeb has the most power of this energy.

To study the effect of Sudanese low pressure as an atmospheric moisture feeding source (Akbari et al.,
2019), it is very important to study an interesting phenomenon called atmospheric rivers. Figure 4 (map
a) shows the occurrence of the atmospheric river on March 11, 2011. This atmospheric river exactly
passed through the upper atmosphere of Sudanese low-pressure at 600 hPa. It originated in Africa, but it
can be seen that in the upper atmosphere of the Sudanese low-pressure, this river has been forti�ed and
the expansion of the atmospheric river has continued to the upper atmosphere of Iran. The omega map in
the �gure below examines the dynamics of the Sudanese low-pressure moisture sector. According to it, it
can be said that the level of 600 hPa is the boundary between positive and negative omega. This border
is without descending or ascending movements and the horizontal movement of the air is only movable,
which helps the moisture to �ow to higher latitudes such as Iran. On March 11, 2011, the amount of
ascending and descending movement increased to a higher level, in which case the ascending and
descending movements are more static at the border between them and the horizontal movement
pressure is higher.

To investigate the effects of Sudanese low pressure on Iran’s precipitation and the mechanism of its
formation, the atmospheric river on March 26, 2019 has been studied (Fig. 5). Exactly on this date, a jet
stream occurred at the level of 300 hPa above the Red Sea and Iran. Its speed has reached 50 meters per
second, which has relatively good power. Jet streams cause suction on their underside and the high
carrying capacity of atmospheric particles such as water vapor. This jet stream has caused an
atmospheric river and this river, which has been created at the level of 600 hp, has transported relatively
good moisture to Iran, a large part of which is provided by high humidity in Sudan and transferred by the
jet stream. The amount of rainfall caused by this river has been so extensive that it has caused rainfall in
more than 70% of the regions of Iran. The study of dynamic and thermodynamic changes is provided in
Fig. 6.

Dynamic and thermodynamic changes and currents are the most important elements to study the
Sudanese low-pressure changes (10° N and 40° E) along with the atmospheric river phenomenon.
Figure 6 (map a) shows the temperature changes of March 26, 2019 at four levels of 550, 650, 750 and
850 hPa. There is a temperature gradient from the surface level to the upper levels. Temperature changes
have been very high compared to the days before and after. This elevation slope continued to the level of
550 hPa, roughly the same level as the March 26 atmospheric river event. Map b also con�rms these
changes. Land surface omega had negative values up to level 600, indicating an ascent of air. ThisLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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omega nucleus, shown in blue on the map, highlights the importance of the Sudanese low-pressure
transition to the atmospheric river. The level of 600, except for March 26, had positive omega values or
downtrends on other days of March. Examining the u wind map from Figure c, it can be seen that from
March 25 and 26, the westerly wind �ow was prevalent from 850 to about 550 hPa; This con�rms the
current transfer at the level of 600 hPa in which the ascending and descending movements are
neutralized. Also, according to map d, a northward meridional wind current is observed at this level. When
two westward �ows along the southern meridian run north, the �nal �ow will form a northeastern �ow.

Figure 7 shows the relationship between the Sudanese low pressure and the occurrence of the
atmospheric river. One day after the formation of the strong Sudan low pressure, an atmospheric river is
formed which has a �ow toward Iran's atmosphere. Low pressures play an important role in strengthening
transmission systems and send moisture through atmospheric rivers to remote areas and even Iran. It is
worth mentioning that Saudi low pressure is also very important in transferring moisture to Iran; map b
shows a small Saudi low-pressure core.

Conclusion
The climate change trend is an inevitable phenomenon in the present era; in such a way that no
fundamental control can be exercised to change it except in the aspect affected by human activities.
Therefore, in this process, it is important to study changes and study climatic patterns and phenomena in
a more accurate way and with up-to-date data. In this study, Sudanese low pressure as an atmospheric
source of feeding to rainfall systems of Iran has been investigated. Many studies have been carried out
on Sudanese low pressure, but few studies have focused on dynamics and thermodynamics and its
relationship with atmospheric river �ow, which in this study has been well analyzed. In this regard, various
sources of data such as precipitation, temperature, speci�c humidity, north wind �ow, orbital and
meridional omega winds, and mean sea level pressure were used, which were converted to a map in the
grads programming software. The results of this study showed that the annual changes of Sudanese low
pressure cores are different and in some years, it has had two cores. In 1996, 1999, 2006, 2009 and 2011,
the expansion of thermal low-pressure core has reached its peak; And in 14 cases, it has had two cores.
The average northward surface stress monthly map clearly showed that the northward �ow had a good
potential from the Sudanese low pressure formation zone to the upper reaches of Iran in a southwest-
northeast mode and indicated that at low levels, the conditions for moisture transfer from the Sudan
region to Iran are available. At the outlets of the two atmospheric rivers on March 11, 2011 and March 26,
2019, it was found that the atmospheric river had good visibility at the level of 600 hPa, and these rivers
had a good relationship with the study of omega maps and ascent and descent conditions. The altitude
boundary between the ascending and descending air currents, which is usually 600 hPa, is the limit for
stopping vertical currents to up and down, and the limit for starting horizontal currents. As in previous
studies, atmospheric rivers are related to high-level jet streams. In this study, in the days with atmospheric
rivers, jet streams prevailed at 300 hPa above the atmospheric river, i.e. at 300 hPa. An examination of the
rainfall map revealed that the atmospheric river on March 26, 2019 has affected more than 70% of Iran in
terms of rainfall. On the same day, temperature maps with pro�les of several altitudes show that atLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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altitudes of 850 − 550 hPa, a large slope occurred between the isothermal lines and the isothermal lines
have failed. Also, orbital and meridional wind maps had north and east winds at an altitude of 600 hPa
which are formed in the transformation of these two types of northeastern �ows with the route
corresponding to the Sudan-Iran direction.
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Figure 1

The map of the study area. Note: The designations employed and the presentation of the material on this
map do not imply the expression of any opinion whatsoever on the part of Research Square concerning
the legal status of any country, territory, city or area or of its authorities, or concerning the delimitation of
its frontiers or boundaries. This map has been provided by the authors.
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Figure 2

Monthly average map of sea level pressure from January to March, over a period of 30 years (1990-
2020). Note: The designations employed and the presentation of the material on this map do not imply
the expression of any opinion whatsoever on the part of Research Square concerning the legal status of
any country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.
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Figure 3

monthly average northward surface stress during the months of December-January-February of the years
a: 1988-1992, b: 1992-1996, c: 1996-2000, d: 2000-2004, e: 2004-2008, f: 2008-2012, g: 2012- 2016, h:
2016-2020. Positive numbers indicate north stretch and negative numbers indicate north reverse stretch.
Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of anyLoading [MathJax]/jax/output/CommonHTML/fonts/TeX/fontdata.js
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country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.

Figure 4

Atmospheric river map of March 11, 2011 (map a) and omega pro�le map for March 2013 (map b). The
omega map is projected from the surface level up to 100 hp. The negative points show the air rise and
the positive points show the air descent. The Atmospheric River Map has been selected for March 11,
2011, to study the effect of Sudanese low pressure on Iran’s climate. Note: The designations employed
and the presentation of the material on this map do not imply the expression of any opinion whatsoever
on the part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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Figure 5

Atmospheric river map, March 26, 2019, level 600 hPa (map a). Wind and jet stream map of 300 hPa on
the mentioned date. The dashed black arrow indicates the direction of the jet stream (Map b). Map of the
average daily rainfall on this date above Iran (Map c). Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.
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Figure 6

Pro�le map of temperature changes (map a) and omega changes (map b) in different levels for 10N and
40E coordinates in March 2019. Wind orbital pro�le map (map c) and meridional (map d) in different
levels from December 20 to December 30, 2019. The rectangular box inside each map shows changes in
the elevation of 600 hPa elements for the day of the occurrence of the atmospheric river in the
atmosphere of the Sudanese low-pressure region.
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Figure 7

low-pressure sea level map for January 31, 2011 (map a), and atmospheric river map for February 1,
2011 (map b). Note: The designations employed and the presentation of the material on this map do not
imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.
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