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Abstract: Analyzing atmospheric circulation patterns characterize prevailing weather in a region.
The method of principal component analysis and clustering was used to classify daily atmospheric
circulation patterns. The average daily geopotential height of 500 hPa with 0.5° resolution of the
ECMWEF (1990-2019) were extracted from the Middle East. The S array was used to identify air types,
and k-means clustering was used to classify daily air types. All days were divided into eighteen
groups. Then, the surface maps and moisture flux divergence at the 850-hPa level of each pattern were
studied. The, the connection between circulation patterns and precipitation occurrence is investigated
by the PIindex. The existence of a variety of precipitation and temperature regimes and consequent
dry/wet periods is related to the type and frequency of the circulation patterns. In patterns with south
to southwesterly currents, the low-pressure surface center extends from the south of the Red Sea to
southern Turkey and is associated with the mid-level trough, where the moisture fluxes converge
in the south of the Red Sea, southwest/south of Iran, and east of the Mediterranean Sea. Therefore,
according to the intensity of the patterns, the most precipitation falls in the country’s western half,
and the Zagros Mountain’s wind side. With the eastward movement of the Cyclonic patterns, the
rainfall area extends to the eastern half of the country. With the pattern that the thermal low surface
pressure extends to 35 °N latitude and is associated with the mid-level subtropical high, almost no

rain occurs in the country.

Keywords: atmospheric circulation patterns; moisture flux; PI index; Middle East; Iran

1. Introduction

The main idea for classifying atmospheric circulation patterns is to classify a set of
atmospheric parameters into a univariate catalog and to organize cases with similar charac-
teristics in the same group. A more straightforward interpretation of weather conditions
would be to the advantage of the classification. The air mass types can be identified by the
following two approaches: air mass classification or atmospheric circulation patterns. The
air mass-based approach determines the air mass type using local values of the meteorologi-
cal quantities (such as temperature, humidity, and wind speed). In the circulation approach,
the air mass types are determined by analyzing the sea level pressure, geopotential height,
or the wind field at time intervals on a regular grid [1].

To classify atmospheric circulation patterns, many researchers have used the principal
component analysis (PCA) method. Esteban et al. [2], in a study of atmospheric circulation
patterns in Western Europe, categorized daily synoptic circulation patterns into 20 groups
and showed sea level pressure and 500 hPa geopotential height configurations throughout
the year. Kdsmacher and Schneider [3] described atmospheric circulation patterns in the
Svalbard archipelago based on NCEP/NCAR data with 2.5° grid resolution for sea level
pressure, 500 hPa, and 700 hPa geopotential heights at nine groups. The results of this study
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are very indicative of atmospheric conditions in different seasons, and the quantities of tem-
perature and precipitable water are associated with the types of air masses. Rimkus et al. [4]
revealed the atmospheric circulation patterns during dry periods in Lithuania and specified
that drought persistence in the Baltic region is always predetermined by anticyclonic solid
circulation. Chadee and Clark [5] extracted seven atmospheric circulation patterns in the
Caribbean by analyzing two-stage clustering in the k-means algorithm for 850 hPa wind
components from NCEP/DOE analysis data from 1970 to 2010. Smith and Sheridan [6]
clustered geopotential height anomalies at levels of 100, 10 hPa, and the sea level pressure
to study patterns of tropospheric and stratospheric potential vorticity. In Iran, Raziei [7],
by PCA classification and clustering, identified 18 atmospheric circulation patterns for the
Middle East and Iran. It was demonstrated that patterns with meridional and northwest-
erly flow often cause drought, and patterns with southwesterly flow cause wet events. In
addition, Raziei et al. [8] identified regional spatial modes of daily precipitation variability
by PCA. Results suggest that the large-scale circulation types (the geographical position of
the mid-tropospheric troughs/ridges and the low-tropospheric Arabian anticyclone over
the Middle East) mainly govern the spatial distribution of precipitation over Iran. Raziei
et al. [9] investigated the space and time variability of winter dry/wet events and their
associated large-scale atmospheric driving circulations. Results show that the circulation
types (CTs) are potential predictors for the winter dry/wet events in western Iran. Omidvar
et al. [10] identified atmospheric circulation patterns involved in wet/dry periods using
the PCA method in central Iran. The Siberian, high to the south, and the formation of
high atmospheric stability in the study area were characterized by cold air descent and
cloudlessness, which led to low precipitation and drought events. Atmospheric circulation
patterns identified for Iran are based on monthly average atmospheric data and with a
resolution of 2.5° [11-15].

Due to the importance of winter as the main rainy season in Iran, the identification of
atmospheric circulation patterns of other seasons has been less studied. On the other hand,
most studies have been conducted regionally in a province/small part of the country [16,17].
This study has classified the synoptic patterns affecting Iran and the Middle East from 1990
to 2019, using the PCA method for all seasons and with a higher accuracy using data with
0.5° resolution on a daily time scale. Then, composite maps of the mean sea level pressure
(MSLP), and 500 hPa geopotential height (GPH) were prepared and analyzed. Previous
studies have focused mainly on 500 hPa and MSLP parameters. However, in the present
study, the 850-hPa moisture flux, which was considered an important quantity for the
precipitation occurrence, was calculated and analyzed in each of the patterns. Moreover,
the performance index (PI) was studied to examine the relationship between precipitation
occurrence and each circulation pattern.

2. Materials and Methods
2.1. Study Area

The study area (Figure 1) was selected as longitude 20-65° E and latitude 10-55° N,
and it included all climate systems affecting Iran.
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Figure 1. Study area.

2.2. Data

The classification of atmospheric circulation patterns in Iran and the Middle East
was performed and analyzed using geopotential height data at the level of 500 hPa as a
reference level representing the middle level of the atmosphere and is almost free from
land surface topography effects. The hourly gridded (0.25° x 0.25°) GPH at 500-hPa levels
were obtained from the ECMWF reanalysis datasets for a period of 30 years (1990-2019).
To the hardware limitations, gridded data with 0.5° were used. Daily mean values of
GPH of 500 hPa were computed from the hourly data. Therefore, the data matrix includes
8281 columns (grid points) and 10,957 rows (number of days).

In the continuation, sea level pressure data were prepared for sea level pressure maps,
and horizontal wind speed, temperature, and relative humidity level data of 850 hPa were
received for calculation and preparation of moisture flux divergence maps. In the next
step, precipitation data obtained from 112 synoptic stations on a daily basis over 30 years
(1990-2019) were used for studying wet/dry events in Iran. The characteristics of the
stations are in Table 1.
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Table 1. Synoptic stations in Iran.
Station Lat Lon Station Lat Lon Station Lat Lon
Karaj 35°92/ 50°9’ Sirilland 25°88’ 54°48' Aligudarz 33°4/ 49°7'
Ardebil 38°25/ 48°28’ Jask 25°64/ 57°77' Broujerd 33°92/ 48°75’
Khalkhal 37°63’ 48°52/ Dehloran 32068’ 47°27’ KhoramAbad 33°43' 48°28’
Parsabad 39°¢’ 47°78/ Ilam 33°63/ 46°43' Arak 34°1/ 49°7/
Tekab 36°38’ 47°12/ Kerman 30°25 56°97' Babolsar 36°72 52°65'
Khoy 38°55 44°97' Anar 30°88’ 55°25/ Gharakhil 36°45' 52077
Mahabad 36°77' 45°72/ Baft 29°23/ 56°58’ Nowshahr 36°65 51°5’
Maku 39°33/ 44°43' Bam 29°1/ 58°35/ Ramsar 36°9/ 50°67’
Orumiyeh 37°53/ 45°08’ Kahnuj 27°97' 57°7' Bojnurd 37°47' 57°32/
Piranshahr 36°67 45°13/ ShahreBabak 30°1/ 55°13/ Qazvin 36°25 50°
Sardasht 36°15 45°5’ Sirjan 29°47' 55°68’ Qom 34°7’ 50°85’
Ahar 38°43’ 47°07’ Kermanshah 34°35’ 47°15’ Garmsar 3502/ 52027’
Jolfa 38°75 45°67’ EslamAbadGharb ~ 34°12/ 46°47’ Semnan 35°59/ 53°42’
Maraghe 37°4/ 46°27' Kangavar 34°5/ 47°98' Shahrud 36°42’ 54°95’
Miyaneh 37°45 47°7' Ravansar 34°72 46°65' Iranshahr 27°2/ 60°7'
Sarab 37°93 47°53/ Sarepolezahab 34°45' 45°87' Khash 28°22’ 61°2/
Tabriz 38°08 46°28' TorbatHeydariyeh ~ 34°58’ 60°15' Saravan 27°33' 62°33
Bushehr 28°9/ 50°82’ Sarakhs 36°53 61°17' Zabol 31°03’ 61°48’
Broujen 31°95 51°3 Sabzevar 36°2' 57°65' Zahedan 29°47' 60°88’
Kuhrang 32°43' 50°12/ Neyshabour 36°27’ 58°8’ Birjand 32°87 59°2/
Shaherkord 32028 50°85 Mashhad 36°27' 59°63 Boshruyeh 33°87' 57°43'
Esfahan 32052/ 51°71' Golmakan 36°48’ 59°28/ Qaen 33072/ 59°17
Kashan 33°98/ 51°45' Gonabad 34°35’ 58°68' Ferdows 34°03’ 58°18’
KhurvaBiabanak  33°78’ 55°08’ Gonbad 37°25 55°17 Nehbandan 31°53’ 60°03’
Lar 27°68' 54°28' Kashmar 35°2/ 58°47' Tabas 33°¢6/ 56°92’
Abadeh 31°18’ 52°67’ Abadan 30°37 48°25’ Abali 35°75/ 51°88’
Dorudzan 30°21 52042/ Ahvaz 31°33 48°67' Mehrabad 35°68’ 51°32/
Fasa 28°97/ 53°68' BandareMahshahr ~ 30°55’ 49°15' Shemiran 35°78’ 51°62
Shiraz 29°53/ 5206 Bostan 31°72/ 48° Yazd 31°9/ 54°28’
Zarqan 29°78’ 52°72/ MasjedSoleyman ~ 31°93' 49°28’ KhoramDare 36°18’ 49°18/
Astara 38°42/ 48°87' Omidiyeh 30°77' 49°67' Zanjan 36°68 48°48'
BandareAnzali 37°47 49°47’ Ramhormoz 31°27 49°¢’ Dogonbadan 30°33’ 50°82’
Rasht 37°2/ 49°65' SafiabadDezful 32°27' 48°42’ Yasuj 30°68 51°55
Gorgan 36°9' 54°4/ BandarAbas 27°22/ 56°37' Zarineh 36°07 46°92/
Hamedan 34°87 48°53/ Kishlland 26°5’ 53°98/ Qorveh 35°17’ 47°8’
Bijar 35°88’ 47°62' Abumusalsland 25°87' 55°01 Saqgez 36°25' 46°27'
Minab 27°1' 57°08' BandareLengeh 26°53 54°83/ Sanandaj 35°33’ 47°
2.3. Methods

2.3.1. Principal Component Analysis

The purpose of PCA is to find the number of components that explain the observed
correlations between variables. The maximum number of components equals to the number
of variables; the first major component extracted has the largest amount of data variance in
the entire dataset. The second component considers the largest dataset not calculated by the
first component and is not correlated with the first component. The first few components are
selected with values greater than one that covers a large portion of the variance described,
and the other minor components are ignored. In the present study, PCA method with an S
array was used to analyze and select the components.

2.3.2. Clustering

There are different clustering methods and algorithms for classifying days that are
meteorologically homogeneous. Among the various methods, the multi-core clustering
method (k-means) is well known and widely used. This method selects the days of
the sample to show the mean conditions of each air mass, and then the other days are
determined to the nearest cluster based on its distance from the mean values of the sample
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days. This process is repeated and the average of the newly selected days is calculated
along with the update of the effective group membership. This method ends after repetition
that does not create any new makeup [7].

In the present study, clustering by the k-means method was used to classify air types
so that it presents the most alternating patterns of atmospheric circulation in the study area
during the year. After selecting the main components and determining the component
scores, all days (10,957 days) were classified into 18 groups [15] during 1990-2019.

2.3.3. Preparation of Combined Maps

Sea level pressure and geopotential height of 500-hPa maps were prepared and inter-
preted for each CP. The relationship between the spatial distribution of the moisture flux
level of 850 hPa, which is one of the primary and important quantities in the occurrence
of rainfall, was investigated. The 850-hPa level was selected to study the moisture flux,
because most precipitation clouds are formed at an altitude of less than 2700 m in Iran,
which is lower than the level of 700 hPa (approximately 3000 m). Moreover, the 925-hPa
level is below the ground level in the study area. Therefore, its data are not measured.
Moisture flux of 850 hPa was calculated and analyzed according to Equation (1) [18].

MFC = =V.(qV}) = =V,.Nq—qV.V}, 1)
B oq oq ou Jdv
MFC = { U vay} q(ax + E)y)

advection term convergence term

Concerning (1) MFC, it refers to the convergence of the moisture flux (gr/kg*s). To the
right of the relation, the first sentence shows the horizontal advection of specific humidity,
and the second sentence denotes the product of the specific humidity and horizontal
mass convergence.

It should be noted that the scope of the study includes all water areas affecting
Iran (Mediterranean Sea, Red Sea, and the Arabian Sea), which are important sources of
rainfall moisture.

2.3.4. Dry/Wet Events Analysis

To identify dry/wet periods, many indicators have been introduced so far. Indicators
based only on rainfall variables can well identify rainfall anomalies and dry and wet
periods. This study used the precipitation data obtained from 112 synoptic stations daily
over a 30-year statistical period (1990-2019).

The performance index (PI) was used to evaluate the relationship between atmospheric

circulation patterns and wet/dry events [19]. This index defines the conditional probability
of precipitation occurrence and precipitation intensity in a circulation pattern. PI quantifies
the relevance of each circulation pattern to the occurrence of precipitation by comparing
the daily mean precipitation of a given circulation type i, with the climatological daily
mean precipitation.
. _ Ri/nj
PI(i) = R/n
where n; is the number of days of pattern i, R; is the total amount of precipitation during
those days, and R is the total precipitation received in the entire study period of n days.
Thus, a PI(i) value for a particular type i measures the relative contribution of that type to
the total precipitation. A PI(i) much higher than one indicates that type i contributes to the
total precipitation, and the wet period prevails. A PI(i) much less than one indicates that
type i does not participate much in the area precipitation, so an increase in the frequency of
such a pattern reduces the precipitation and, consequently, causes drought in an area.

@)
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3. Results and Discussion

In the present study, atmospheric circulation patterns affecting Iran’s climate were
identified and analyzed by principal component analysis with S array. The data matrix
was the geopotential height of 500 hPa with a resolution of 0.5° in all days of the year
during 1990-2019. Based on Table 2, which shows the percentage of variance described
by the vectors; 95.93% of the total variance of the data is explained by nine components.
In addition, the first component with 72.18% variance has the most roles in explaining
the variance of the data; the other components have less weight. All days (10,957 days)
were divided into 18 groups. Figures 2—6 show the mean sea level pressure patterns,
500-hPa geopotential height, and 850-hPa moisture flux in circulation patterns 1 to 18.
These patterns are explained in detail below.

Table 2. Percentage of variance of the selected components of PCA on 500-hPa geopotential height.

Component Number Percentage of Variance Explained

72.18
8.01
6.11
3.14
2.03
1.21
1.13
1.12
1.00

total 95.93

O 0N ONUTH WN -

Circulation pattern 1: According to the sea level pressure map, the low thermal
pressure of 1002 hPa is in the south and southwest of Iran and the 1006-hPa pressure covers
east and southeast of Iran, Iraq, and Saudi Arabia. A high pressure of 1016 hPa can be
observed in Russia. In the 500-hPa geopotential height, the subtropical high, associated
with the surface thermal low, is located below 30° latitude and extends from northeastern
Africa to the southwest and south of Iran. A weak trough is in Eastern Europe and a
ridge due to a subtropical high extending to the Caspian Sea’s east. This pattern occurs in
summer. The average moisture flux of 850 hPa reveals convergence in the eastern parts
of Iran with a maximum value of 0.28 grkg ~'s~! and on the sea borders of Yemen, Oman
and the southern Red Sea. This condition is compatible with the surface thermal low
pressure over southern parts of Iran and the resulting southern currents from the Arabian
Sea. Therefore, this pattern shows the establishment of warm and dry conditions in the
study area.

Circulation pattern 2: A siberian high pressure with a center of 1026 hPa extends to the
northern strip of Iran with relatively low pressure in the south of Iran. At the middle level
of the atmosphere (500 hPa), the trough extends east of the Caspian Sea toward central
and southern Iran to eastern Saudi Arabia. A convergence of moisture flux at the level of
850 hPa is seen in the southern parts of Iran, and the southern part of the Red Sea. The
establishment of this pattern shows wet conditions in the eastern half of the country and
significant precipitation is expected, especially in the east and southeast.

Circulation pattern 3: A low pressure (1012 hPa) is in Eastern Europe and low geopo-
tential height is at the level of 500 hPa in this region. The subtropical high is located below
the latitude of 20°. Relatively weak moisture flux convergence is observed in parts of
the west and east of Iran and the south of the Red Sea. Therefore, light wet events were
expected in the country.

Circulation pattern 4: In this pattern map, low pressure prevails over Russia, which is
associated with the trough extending from the northeast of the Caspian Sea to the central
parts of the country. The high-pressure 1024 hPa extends from southern Europe and the
Black Sea to the edge of Iran’s northwestern borders, which is accompanied by a ridge in
the middle level of the atmosphere. The sub-tropical high was observed below 20° latitude.
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There is a relative convergence of moisture flux in east and southeast Iran and the southern
Red Sea parts. Therefore, wet events are expected in the east and southeast of the country.
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Figure 2. Atmospheric circulation patterns in Iran in the period of 1990-2019 for patterns CP1 to
CP4, (a) average sea surface pressure (hPa), (b) average geopotential height of 500 hPa (dm), and
(c) average moisture flux divergence (grkg s 1) (convergence with negative values in green).
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Figure 6. As in Figure 2, for patterns 17-18.

Circulation pattern 5: Similarly, to pattern 2, the Siberian high pressure with a center
of 1026 hPa has penetrated to the northern half of Iran. At the level of 500 hPa, the trough
extends east of the Caspian Sea towards the east of Iran. At the same time, a ridge stretches
along the meridian from Saudi Arabia to the west of the Caspian Sea. The average pattern
of moisture flux indicates convergence in the northeast of the Mediterranean Sea, east of
Iran with a maximum value of —0.11, and south of the Red Sea with a maximum value of
—0.12. Therefore, wet events are expected in parts of the east and southeast of the country;
dry events will be seen in other parts of the country.

Circulation pattern 6: A siberian high pressure with a center of 1030 hPa has penetrated
Iran’s northern half. There is a trough in the east of the Caspian Sea towards the northeast
of Iran. The contour lines are orbital below 35° in 500 hPa. There is a convergence of
moisture flux in parts of east and southeast of Iran and south of the Red Sea. Thus, wet
events are more expected in the east and southeast of Iran.

Circulation pattern 7: A sea surface pressure pattern shows low thermal pressure in
most parts of Iran (except the northern strip of the country), Iraq, southern Turkey, Saudi
Arabia, and East Africa. In the 500-hPa geopotential map, the subtropical high is below
30° latitude. Its extension continues from northeast Africa to the southern half of Iran, and
its ridge extends to the northeast of the country. In addition, the trough can be seen from
the Black Sea northeast to the Mediterranean east and even north of the Red Sea. There
is a convergence of moisture flux in the northeast of the Mediterranean Sea and south of
Turkey. Dry events are expected in all parts of the country.

Circulation pattern 8: A siberian high pressure with a center of 1028 hPa is in an
latitude of 50° and has spread to the lower latitudes, covering Iran. Low pressures are
located on the Red Sea as well as in the center of the Mediterranean. In the atmosphere
middle level, a trough can be seen from the west of the Black Sea towards the central parts
of the Mediterranean. The gradient of the contours is relatively high (40 dam) between
latitudes of 20 to 40 degrees. In addition, a weak trough is in the southeast of Iran. The
pattern of moisture flux shows convergence in southern Turkey and the southern Red Sea.
Hence, there is an expectation of dry events in most of the country except the southeast.
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Circulation pattern 9: An Eastern European high pressure with a center of 1024 hPa
is in the west of the Black Sea and is penetrating Iran from the west of the Caspian Sea.
In other parts of the country, relatively low pressure is established. In the middle level, a
deep trough with a positive slope is in the north of the Caspian Sea towards the east of
Turkey and then stretched to the north of the Red Sea. The gradient of contours is relatively
high, between latitudes of 25° to 45°. The moisture flux pattern shows convergence in the
south of the Red Sea, northeast of the Mediterranean Sea, and most parts of Iran. During
the activity of this pattern, the establishment of wet weather conditions and precipitation
in most parts of the country (except southwest), especially the northwest, west, southwest,
and central Zagros, are predicted.

Circulation pattern 10: In the surface map, a low pressure (1010 hPa) is located at the
south of the Red Sea and toward Iran’s west and southwest borders. In the atmosphere, the
middle level is associated with a deep trough that stretches from the north of the Black Sea
to the middle part of the Red Sea, and Iran, the western half, is located in the east of this
trough. Moisture flux convergence is in the south of the Red Sea, east of the Mediterranean,
and in the west, southwest, and parts of southern Iran, with a maximum value of —0.11.
Therefore, gradually wet events will be happening in those areas, and with the mid-level
trough progress to the east, central, southern, northeastern regions, and east of the country.

Circulation pattern 11: With the spread of Siberian high pressure to lower latitudes,
most Iran, eastern Turkey, Iraq, Saudi Arabia, and the eastern Mediterranean have been
affected by relatively high pressure. A weak trough is passing through the east of the
country. The moisture flux pattern shows relatively weak convergence in the southern
Red Sea and southwestern Turkey. With the establishment of this pattern, dry events are
predicted in most parts of the country; however, relatively humid conditions will occur in
the eastern part of the country.

Circulation pattern 12: The southern, central, and eastern parts of Iran affected by
the Red sea extended low pressure. At the mid-level of the atmosphere, cut-off low
(540 hPa) is over the Black Sea, and the trough stretches from the Black Sea to the southern
Mediterranean. The gradient of the contours is high, between 20° and 35° latitudes. The
convergence of moisture flux is in the northeast of the Mediterranean Sea, southern Turkey,
western and northwestern Iran, and the southern Red Sea, with a maximum value of —0.12.
Wet weather conditions are expected, especially in the western half of the country.

Circulation pattern 13: Most parts of Iran, Saudi Arabia, Iraq, and the Red Sea are
subject to low thermal pressure, which is associated with the subtropical high from north-
eastern Africa to southern Iran. The ridge stretches to the north of the Caspian Sea; in
addition, there is a weak trough in western Turkey. Convergence of moisture flux at a
level of 850 hPa is in the northeast of the Mediterranean Sea. In parts of eastern Iran,
consistent with southern thermal low pressure currents, moisture convergence is seen. The
establishment of dry weather in most parts of the country is predicted. Wet events will
occur only in the northern northwest of the country.

Circulation pattern 14: The Siberian high pressure (1024 hPa) is expanding to the
northern half of Iran, and low pressure is established on the Red Sea and spreads toward
Saudi Arabia and the south of Iran. At the 500-hPa level, a trough can be seen from the
southeast Mediterranean to the western Red Sea. The convergence of moisture flux is in
the south of the Red Sea. Therefore, favorable humid weather conditions will occur in the
western parts of the country.

Circulation pattern 15: A high pressure affects the northern parts of Iran and the
Zagros Mountains, and a low pressure is observed on the Red Sea. A sub-tropical high
is located in the south of the Red Sea and south of Saudi Arabia. A weak trough passes
through high latitudes north of the Black Sea. There is a weak convergence of moisture flux
in southwestern Turkey and south of the Red Sea. Wet conditions are likely to occur in the
western parts of the country.

Circulation pattern 16: A Siberian high pressure with a center of 1030 hPa has pene-
trated the northeast of the Caspian Sea to the northern half of Iran. The low pressure is on
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the Mediterranean, and another low pressure is on the Red Sea, which is accompanied by a
deep trough in the mid-level of the atmosphere in this region. Convergence of moisture flux
is observed in the Red Sea, northeast of the Mediterranean Sea, and parts of the western
country. Therefore, wet events are expected in the western and southwestern regions
of the country.

Circulation pattern 17: The relatively low pressure that forms in the south of the Red
Sea affects most parts of the country. There is a deep trough in the country’s northwest in
the middle level of the atmosphere, which, in the southern part, stretches over Iraq, Saudi
Arabia, and the Red Sea. Convergence of moisture flux is observed in most parts of the
country, especially in the southern half of Iran. Favorable conditions for wet events are
predicted in most parts of the country, especially the southwest and south.

Circulation pattern 18: An Eastern European high pressure extends to the north of Iran,
but most parts of the country are affected by thermal low pressure that extends from the
Red Sea to Saudi Arabia, Iraq, and Iran. The subtropical high is observed from northeastern
Africa to southern Iran in the middle level of the atmosphere. There are two weak troughs in
the eastern Mediterranean and another is in the northeast of the Caspian Sea. Convergence
of moisture flux is in the southern shores of the Caspian Sea and eastern parts of Iran. Due
to the passage of the shallow trough over the Caspian Sea and the northern currents of
Eastern Europe, high pressure and wet events will happen in the southern shores of the
Caspian Sea.

Figure 7 shows the PI index values in each of the 18 circulation patterns, respectively.
The value of the PI index in CP1 (Figure 7a) is less than one in the country, which indicates
the lack of impact of this pattern on the country’s precipitation. Therefore, the activity of
this circulation pattern causes drought in Iran. In CP2 (Figure 7b), except for the northwest
and west areas of the country, in other regions, the value of the PI index is greater than one,
which indicates the significant contribution of this pattern in precipitation in the country.
However, the most significant impact of this pattern is observed in the east and southeast.
The present pattern is one of the precipitation patterns and causes wet events in most parts
of Iran.

PI value is more than one in most areas in CP3 (Figure 7c); the present pattern is as a
moderate precipitation pattern of a wide area of Iran. However, in some parts of the center
and the southern shores of the Caspian Sea, due to the value of the index, which is less
than one, they will have dry conditions. In CP4 (Figure 7d) and in the northwest, some
parts of the west, southwest, and central of Iran, the value of Pl is less than one; however,
in most parts of the country, the index value is more than one. Therefore, most regions of
the country, especially in the eastern half of Iran, will experience rainy events.

The value greater than one for the PI index in the east indicates that the dominance
of CP5 will cause wet conditions in these areas and drought in the rest of the country
(Figure 7e). In CP6 (Figure 7f), the index value is more than one (except the northwest,
some parts of the west, and the north Zagros mountain area). Therefore, most regions of
the country with the establishment of this pattern will have significant rainfall, mostly in
east and southeast regions. Circulation pattern 7, similar to CP1, does not play a significant
role in the country’s precipitation and cause drought in the whole country because the
index value in the whole country is less than one (Figure 7g). According to Figure 7h,
only the east and southeast of the country will experience wet events in pattern 8, and dry
conditions are established in most country areas.

The spatial distribution of the PI index demonstrates that pattern 9 has the most
significant effect on precipitation in the western half of Iran, and by moving this system
to the east, the effect of this pattern on rainfall in the eastern regions, especially in the
southeast of the country, is reduced. Its activity causes wet events in most parts of Iran
(Figure 7i). Figure 7j is the best case in precipitation for the whole country because Pl is
more than one in all parts of the country. However, with this system moving to the east,
the pattern 10, on precipitation in the country’s eastern regions, is slightly reduced. The
activity of the present pattern causes wet events all over the country.
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Circulation pattern 11, similar to CP5, indicates the dominance of wet conditions in the
eastern half of the country and drought in the rest (Figure 7k). In Figure 71, values greater
than one for the PI index are seen in the western half of the country. Therefore, in CP12,
precipitation is expected in the northwest, west, central Zagros, and center of the country.
In Figure 7m, the index value in the country (except for a small part of the northwest) is less
than one. Therefore, the establishment of pattern 13 will lead to drought for the country.

The effect of pattern 14 on precipitation is more significant in the west, southwest, and
west of the south area of Iran, where the PI index value is between 1 and 2 (Figure 7n). In
Figure 70, the index results show values between 1 and 2 in the northwest, west, southwest,
and eastern areas of the southern coast of the Caspian Sea. Therefore, the current pattern
causes rainfall only in the mentioned areas and drought in other parts of the country.

The southwest, parts of the south and center of Iran have more than one PI value
(Figure 7p), which can have a relative effect on precipitation in these areas. In Figure 7q,
favorable conditions for precipitation are in the whole country, especially the southwest
and south of the country, due to the values of more than 3 for the PI index. In Figure 7r, in
CP18, only the southern shores of the Caspian Sea and Ardabil province will experience wet
conditions, and in other parts of the country, this pattern will be accompanied by drought.

These results are in agreement with the findings of [12] that the east Mediterranean
trough affects the western part of the country while the Caspian trough affects the eastern
parts of Iran and [9] that wet events in central and southwestern Iran are mainly related to
the occurrence of a deep and large trough over the eastern Mediterranean Sea and the Red
Sea. In the third, which is exclusively due to regional conditions and topography of the
southern shores of the Caspian Sea, the establishment of high pressure on the Caspian Sea
is associated with the passage of the trough on the sea.

In general, according to this study, in all precipitation patterns, there is a relationship
between anticyclonic circulation on the Arabian Sea and the Arabian Peninsula at the
surface and trough of the mid-level of the atmosphere [8]. Anticyclonic circulation by
southeast, south, and southwest currents transfers moisture from southern water sources
(Indian Ocean, Arabian Sea, and the Red Sea) to Iran [20]. In addition, the trough provides
ascending motions in the region.

4. Conclusions

Determining the atmospheric circulation patterns and their relationship with precip-
itation will be valuable and effective in weather forecasting and regional planning. The
present study used principal component analysis with S array and k-means clustering
to classify circulation patterns in the Middle East and Iran. Afterward, the relationship
between circulation patterns and precipitation occurrence was investigated. Significant
differences in the arrangement of patterns, their moisture, and precipitation conditions in
Iran were observed.

In the circulation patterns of the dry events (CPs 1,7,13), low thermal pressure from
southern India, below 35°N is associated with subtropical high at the mid-level atmosphere.
The maximum moisture flux of 850 hPa in the eastern parts of Iran and the Yemen/Oman
maritime borders is compatible with the southern and southeastern flow. In CPs 2, 4, 5, 6, §,
and 11, wet events occur in the east and dry events often happen in the west of the country;
the ridge of subtropical high is found in northwestern Iran, Iraq, and Saudi Arabia or in
the eastern Mediterranean and the trough passes the eastern parts of Iran. High pressure
covers the northern half of the country. There is the convergence of moisture flux in the
east and southeast of Iran. In other patterns (CPs 9, 12, 14-16), dry events occur in the
east of country, and low pressure in the south and center of the Red Sea is associated with
the mid-level atmosphere trough in the eastern Mediterranean to Red Sea. Convergence
of moisture flux was in the west, southwest, south, and northwest of Iran. While in wet
events of the whole country (CPs 3, 10, 17), low pressure penetrating from the west and
south of Iran covered most parts of the country. A relatively deep trough covered the
Black Sea to North Africa and the Red Sea. Suitable humidity can be observed in the west,
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south and east of Iran, as well as in Syria and the Red Sea. In CP 18, due to the special
mountainous conditions in the south and the Caspian Sea in the north, the establishment of
high pressure on the sea is accompanied by the passage of a mid-level atmosphere trough
over the southern shores of the Caspian Sea.

According to the patterns of the PI index, it can be observed that the occurrence of
precipitation in Iran follows three patterns. In the first pattern, in which precipitation
often occurs in the western regions of the country, the southern low pressure extends from
the Red Sea through Saudi Arabia to Iran, while the mid-level trough of the atmosphere
flows from the Mediterranean to the southern parts of the Red Sea (CPs: 3, 9, 10, 12,
14-16). In the eastward movement of this pattern, if the trough is not weakened and the
moisture conditions are favorable, precipitation would be observed in the eastern parts of
the country. In the second, the southern regions of Iran are affected by low pressure, and
the northern regions are affected by the high pressure of Eastern Europe or Siberia. The
trough is extended from the north of the Caspian Sea to the center and south of Iran. This
pattern is raining in the eastern regions of the country (CPs: 2, 4-6, 8, 11).

The use of data with a resolution of 0.5° clearly demonstrates more details of the
regional characteristics of high and low pressures, as well as mid-level of atmosphere low
and high, which could not be distinguished and observed in previous studies. As a result,
these details can be used in local analysis to achieve more accurate spatial and temporal
results. In addition, the performance index was used to evaluate the relationship between
atmospheric circulation patterns and precipitation. This index shows the conditional
probability of precipitation occurrence and its intensity in a circulation pattern for each
region. This paper focuses on the effect of atmospheric circulation patterns on rainfall
distribution in Iran. In other studies, the authors will examine the effect of atmospheric
circulation patterns on the occurrence of flood, heavy snowfall, and frost, etc.
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