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Abstract

:

Jet streams are atmospheric phenomena that operate on a synoptic scale and can intensify the descending/ascending conditions of the air at the lower levels of the atmosphere. This study aimed to identify the patterns and location of the jet stream in southwest Asia during the days of widespread rainfall in Iran based on two criteria: “highest frequency of stations involved” and “maximum cumulative amount on the day of peak rainfall”. For this purpose, the daily precipitation data for 42 synoptic stations in Iran during the period 2006–2019 from the Meteorological Organization of Iran, the daily data at 500 hPa Geopotential Height (HGT), and U and V wind components at 500 and 300 hPa from NCEP/NCAR were gathered. Synoptic patterns were obtained based on daily precipitation data, daily maps at HGT 500 hPa, and U and V wind components at 500 and 300 hPa. The analysis of patterns showed that the position of precipitation cores is associated with the position and extension of jet stream centers at 300 hPa in winter, spring, and autumn. The main position of jet stream cores during flood-causing rainfall at 300 hPa was over the northern part of Saudi Arabia, the Mesopotamia basin, and southern Iran. This position seems to have provided the conditions for the convergence of the earth’s surface and the divergence of the atmosphere for the easy passage of moisture from the Red Sea, Aden Sea, and the Persian Gulf, and in the second rank, the Mediterranean Sea and the Arabian Sea.
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1. Introduction


The recognition of jet streams in the upper troposphere first occurred in 1944, during US air strikes on Japan during World War II. They were named by Rossby, who had previously studied streams in water bodies [1]. Jet streams are severe atmospheric currents with velocities of more than 60 knots [2,3]. The formation of these fast winds, thousands of kilometers wide and several kilometers thick [4] in the zone of maximum tropopause slope causes the establishment of westerly winds and the formation of subtropical and polar jets in the middle and upper latitudes [5]. The jet stream is a narrow, strong wind belt in the upper troposphere and lower stratosphere [6]. Jet streams, which cause rapid airflow at the tropopause level in a relatively narrow form, are currents with unique characteristics that are a permanent part of the general circulation of an atmosphere, and one of the most notable large-scale atmospheric phenomena [7,8] that affect the climate of each region by their behavior [9,10]. Jet streams play an important role in the formation and guidance of non-tropical cyclones and cause precipitation in the presence of hot and humid air by creating instability in their lower atmosphere that causes air to rise [4,11,12,13,14].



The mid-latitudes of the northern hemisphere are strongly influenced by the polar jet current, which determines the location of storm routes, and its influence also extends to creating climate patterns that lead to the ignition and growth of large fires [15,16]. While polar jet streams originate from ridge–trough structures [17], subtropical jet streams have an anticyclonic orbital curve pattern. Although the position of the subtropical jet stream is very important in regulating and exchanging atmospheric currents between tropical and non-tropical regions [18,19] and the formation of subtropical high pressure, the effect of its seasonal regression and the influence of polar jet streams has provided grounding for subtropical climatic phenomena, especially heavy rainfall [11,20,21].



So far, various studies related to jet streams have been conducted. For example, Kuang and Zhang studied the behavior of subtropical jets in East Asia and found that the average wind speed in the center of the jet reaches 70 m/s in winter, while in summer it is two times lower [22]. The axis of maximum jet speed at 200 hPa reaches its southernmost position in March and its northernmost in August. Schiemann et al. examined the annual and seasonal fluctuations of the west wind jet stream over the Tibetan plateau and stated that this jet stream is located over the south and north of this plateau during winter and summer, respectively [23]. During spring and autumn, jet stream movement is from south to north and vice versa, respectively, and the seasonal movement in spring has more severe annual fluctuations. Gong et al. analyzed the effect of ENSO on climate change in the southern hemisphere and found that the subtropical jet stream became weak in the La Niña years and strong in the El Niño years [24]. Fu and Lin used the temperature data of the lower part of the stratosphere and showed that in the northern hemisphere, the subtropical jet stream is relocated 0.6 degrees, and in the southern hemisphere 1 degree to the pole [25]. Eltantawy, while examining the role of the subtropical jet stream in the formation of high-level clouds in the region, concluded that there is a significant relationship between subtropical jet stream location and cloud formation in this geographical area [26]. Grover and Sousounis studied the autumn precipitation mechanisms in the Great Lakes area and found that precipitation is correlated with a strong subtropical jet stream from the high troposphere [27].



Xie et al. found out that the role of expansion and reversal of the orbit subtropical jet stream in atmospheric circulation precipitation changes in East Asia and the North Pacific is important [28]. Luo et al. analyzed the relationship between jet stream and winter monsoon changes in East Asia and found that the strengthening of the subtropical jet stream south of the Tibetan Plateau and the weakening of the polar jet stream occurs simultaneously with the strengthening of Siberian high pressure, change in southern Aleutian low pressure, and the establishment of the trough in East Asia and the wave-like anomaly pattern from the west of the Barents Sea to East Asia at 500 hPa [29]. Leroux and Hall examined the relationship between East African waves and the eastern jet stream by looking at how convective waves travel over East Africa under the influence of East African jet stream intra-seasonal diversity [30]. Their research shows that when the wave is strong, the jet stream extends south and west and its core has a maximum speed. Rodionov and Seager et al. have investigated the relationship between jet streams and climate fluctuations [31,32]. From a case study of the relationship between the polar front jet stream and subtropical jet stream in the cyclone generation in the eastern Mediterranean [33], it can be concluded that the process of cyclone generation intensifies whenever the polar front jet stream stretches to the south relative to the normal seasonal position and merges with the subtropical jet stream, which extends northward from its normal position. They examined the cyclones in the Cyprus area that occurred on 15 March 1998, and concluded that the proximity of the polar front jet stream and the subtropical jet stream is associated with an increase in hydrodynamic instability, which plays an important role in the area’s cyclone generation process. Masoodian and Mohammadi analyzed jet flows related to the occurrence of super heavy rainfalls in Iran [34]. The results of their study indicate that although jet streams have a significant frequency in the Persian Gulf and southwestern Iran, during the occurrence of super heavy rainfalls in Iran, the northern regions of Saudi Arabia have been the main location and concentration of jet streams. Wang et al. found out that during the El Niño (La Niña) years, as the Central–Eastern Tropical Ocean warmed (cooled), the meridional temperature slope in the Central Subtropical Pacific increased (decreased), leading to a direction change in the subtropical jet (STJ) to the east (west) [35]. Studies by Fu et al. and Du and Chen showed that strong low-level winds, especially low-level jets (LLJs), can have a large impact on the distribution and daily changes in rainfall, because of modulating large-scale mechanical force, moisture content, and atmospheric stability [36,37,38,39,40]. Park et al. have studied the occurrence of consecutive heavy rains (15 cases), which occurred in South Korea from mid-June to early September 2020 [41]. They concluded that the heavy rains that occurred between June 29 and July 27 were induced by subtropical cyclones and the heavy rains that occurred between July 28 and August 15 were due to the extension of the monsoon band. The role of remote linking patterns in the occurrence of heavy rainfall has also been considered important in their study. Studies by Horinouchi et al., Araki et al., Zhang et al., and Zhou et al. indicate that a large number of sudden and severe floods occurred between June and July (in China) and early July (in Japan) [42,43,44,45]. From the effect of merging subtropical jet flow and polar front jet flow on heavy rainfall in Southwest Asia [46], Saligheh concluded that the integration of the polar front jet stream and the subtropical jet stream creates conditions that accelerate atmospheric currents and achieve humidity. Rao et al. found that mountain convection in southern China generally occurs under the pattern of southwest monsoon winds [47]. Chen et al. stated that different synoptic patterns may lead to different interactions between large-scale and regional circulations and modify the characteristics of local rainfall, especially daily changes and their spatial distributions [48,49,50,51,52]. Tu et al. found that marine boundary layer jets over the North China Sea in June transferred moisture horizontally to Taiwan and spread it vertically in the front to generate rainfall [53]. In this study, the position of jet streams in relation to 168 precipitation events during a statistical period of fourteen years was investigated, the results of which can provide a good understanding of the behavior of jet streams and their role in the occurrence of heavy rainfall in Iran.



Every year, important and large parts of Iran are affected by the climatic risk of heavy rainfall, which results in severe damage. Therefore, one of the most important issues for the Iranian country is the prediction of heavy rain events, which can lead to floods. According to the usual methods of hydrologists, it is possible to study and predict floods after the onset of rainfall and storm, but there is usually not enough time to prepare and perform any actions. However, if the circulating patterns that generate heavy rainfall waves can be identified, it may result in a prediction of their occurrence at least one or two days before the beginning of the sequence of rain patterns that cause floods. Therefore, the main purpose of this study is to reveal the relationship between the position of jet streams and the highest amount of daily precipitation values recorded simultaneously in all selected stations in Iran.




2. Material and Methods


In this research, two types of data were used, the daily precipitation data of 42 synoptic stations in Iran recorded for 14 years (2006–2019) by the Meteorological Organization of Iran (IRIMO), and the upper atmosphere data, obtained from NCEP/NCAR datasets (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html, accessed on 9 January 2023). The NCEP/NCAR datasets included HGT at 500 hPa and U and V wind component data at 500 and 300 hPa. The data were downloaded for the area spanning from 10 to 80° E and 10 to 60° N latitude (Figure 1).



To calculate the frequency of rainy days, precipitation values higher than 0.1 mm were considered. Additionally, to determine the monthly and yearly precipitation index, the day when the highest frequency was checked for all stations, and a total of 168 precipitation events were obtained. To draw the precipitation maps, the day with the highest precipitation was designated the “annual index rainfall”. To determine the date of the monthly precipitation index, atmospheric circulation data, HGT maps at 500 hPa for selected days, and the axis of the western trough affecting precipitation in Iran were identified on daily maps. After that, the main patterns of Iran’s precipitation were drawn using the Surfer software environment The data of precipitation values of stations for all days were used to calculate the annual precipitation index, from which 14 patterns were finally identified as the main patterns of flood-prone rainfall in Iran.




3. Results and Discussion


The precipitation index in each of the years of the statistical period showed that in 2009–2010, most stations recorded the maximum amount of precipitation received during peak days. The peak of precipitation waves during the ten years under study showed that Rasht station with 1483, Yasuj station with 1261, and Ramsar with 1068 mm had the highest precipitation values. In turn, Chabahar station with 0.7, Yazd with 27, and Zabol with 30 mm of total rainfall had the lowest values during the statistical period. The period 2009–2010 with a total of 2418 mm and 2007–2008 with 1248 mm precipitation recorded were the highest and lowest sums of rainfall of the selected peak precipitation days in the whole of Iran, respectively. The highest prevalence, based on the highest frequency of stations with rainfall, occurred during the peak rainy days of each year from December to April. The maximum incidence was seen in February. The most pervasive days were 27 January 2008 and 1 February 2013, with 35 stations involved. The lowest prevalence was observed in July and August. In July, the maximum number of stations with rainfall was 10. According to Figure 2, the highest frequency of stations with rainfall was observed during the peak days in the cold months of the year. From October, the number of stations with rainfall gradually increased, while from the end of April, a decreasing trend could be observed, reaching a minimum in the warm months of the year. The incidence of rainy days was in line with the gradual increase in the arrival of the westerlies wave, and consequently, the jet stream current over Iran.



3.1. Monthly Patterns of Jet Stream Positions at 300 hPa


Figure 3 shows the position of jet streams on peak rainfall days at a level of 300 hPa in different months. In all months, the jet streams extended from Northeast Africa, the Red Sea, and northern Saudi Arabia to Iran. With increasing intensity and duration in rainfall in the cold seasons of the year from November to March, the darker part, which is a sign of greater abundance or overlap of zones on observed rainy days, was closer to Iran and gradually surrounded Iran from the east side. These zones have gradually increased from the warm season to the cold season in the lands of eastern Iran, such as the Mesopotamia basin and the north and center of Saudi Arabia. Simultaneously with this increase, the change in the arrangement of velocity zones from orbital (west–east) to meridional (southwest–northeast) was observed. It seems that in such conditions, the hot and humid air can ascend to the study area by the divergence of high atmospheric levels. The location of jet stream cores with more than 30 m per second speed over the Red Sea, the Mediterranean Sea, and the Persian Gulf water zones on the one hand, and their placement in the eastern half of the troughs, on the other hand, caused severe energy depletion and unstable conditions. This discharge played an important role in the continuation, intensification, and extension of the rainfall over Iran and the strengthening of circulatory systems. Once again, from April onwards, the frequency and role of the jet stream in the occurrence of widespread rainfall in Iran gradually decreased, reaching its lowest level in July, in the middle of summer. Along with the decrease in the frequency of the jet stream and the dispersion of its cores in the warmer months of the year, the jet stream position had shifted to latitudes above 35° N. Such change in the quantity and quality of a jet stream can be considered an indicator of a change in the mechanism of systems causing the precipitation in the warm period of the year. In the warm months of the year, the spatial area affected by the jet stream is reduced simultaneously with its frequency and location, but in the cold and rainy months of the year, each of the jet stream cores covered a much larger geographical area, which led to the merging of the jet stream extending from the southern latitudes with the jet stream extending from the European side, as well as from the upper latitudes. In the patterns plotted in Figure 3, the core areas of the jet stream are semi-transparent; and when semi-transparent zones are darker, the presence of the jet stream core has a higher frequency. The position of the polar front jet, and the occurrence of widespread rainfall in Iran, indicate that the heaviest precipitation events occurred in winter. Such events were accompanied by higher frequency and widespread jet streams in the upper atmosphere. This integration lasted for five months, until April, and in May, the effects of grouping reappeared, with the difference that this time southwestern Iran was at the tip of the arrow (Figure 3).




3.2. Seasonal Pattern of Jet Stream Positions at 300 hPa


Figure 4 shows the position of the jet stream at the time of peak rainfall days at 300 hPa during the four seasons. From the seasonal patterns, it can be seen that from autumn to winter, the abundance of jet stream cores increased and their length became more meridional. Such conditions can be the basis for conducting independent research on the location of jet stream zones over the Mediterranean, the Red Sea, and the Persian Gulf water bodies leading to the conditions of stronger convergence and discharge of moisture and extreme heat, and the pervasiveness and continuity of rainfall systems. In the spring, the integrity, order, and curvature of the jet stream meridian were no longer as visible as they were in the winter. The cores of jet streams were very scattered and with their orbital curvature located over the southern latitudes and Iran, and they had a different pattern from the one seen in summer. In this season, most of the northern direction transfer had occurred in the jet stream core and most of the cores were observed outside Iran, over the north of the Caspian Sea and Central Asia. Additionally, the lowest frequency was seen in jet stream areas during the peak of rainy days during the warm months of the year. Such conditions indicate the effect of lesser wind presence and, consequently, weaker rainfall events for this season.




3.3. Jet Stream Position at 500 hPa


The location of the jet stream at 500 hPa on the scale of a year, month, and the season was examined and compared with the results at 300 hPa. Figure 5 shows the position of jet stream cores on peak rainfall days at 500 hPa during different months. At 500 hPa, opposite to 300 hPa, the jet stream and its core did not form on most days with peak rainfall. The number of jet stream cores had been gradually increasing since November, with the highest frequency occurring in February. From March, jet stream cores had a declining trend. In comparison to 300 hPa jet streams, they covered a much smaller geographical area. The wind speed in the jet stream core at 500 hPa was much lower than at the upper level. Consistent with the results of many previous studies, the upper levels, especially 300 hPa, were the best for checking the coordination of jet stream and precipitation cores over Iran.



Figure 6 shows the position of jet stream cores on peak rainfall days at 500 hPa during the four seasons. Winter had the highest frequency of jet streams. As stated in the research of Saeed Abadi et al., along with the increase in the frequency of jet streams in winter, the meridian curvature of jet streams had increased [54]. The area with the highest concentration of jet streams was the northern half of Saudi Arabia, from the northern Red Sea to the Persian Gulf. According to a study conducted by Masoudian and Mohammadi aiming to identify the frequency of jet streams in relation to heavy precipitation in Iran, the northern parts of the Saudi Arabia Peninsula were the main location of jet streams [34]. The trend of the gradual reduction in jet stream started in spring and reached a minimum in summer. This situation led to more moisture penetration into Iran [54]. Spring had the lowest frequency of jet stream. Additionally, no jet streams were seen in summer. At 500 hPa, on all rainy days, the discharging side of the jet streams was located in the east of Iran, and they led to divergence and air rise.




3.4. Jet Stream Location over Iran during the Most Pervasive Rainy Days


Figure 7 shows the patterns of jet stream cores at 300 and 500 hPa, and the map shows the precipitation for the same specific day (the peak day index) during the statistical period 2006–2019.



The jet stream status and precipitation values for the peak day index for 14 April 2007 are shown in the first row. The jet stream was located in the middle of the Red Sea and Saudi Arabia at a level of 300 hPa with a speed of 40 m per second. The curvature of the meridional jet stream, extending southwest to northeast in line with cyclonic circulation, covered the southern half of the country. On 14 April 2007, more than 31 stations recorded 452 mm of precipitation, and precipitation cores were seen in the western half of the country.



In the second row, analyzed maps show the jet stream conditions and precipitation on the peak day index for 27 January 2008. This day had the most prevalence, with 35 stations recording 158 mm of precipitation. The subtropical jet stream was very wide and extended from southwest to northeast, passing through East Africa and Saudi Arabia, and covering all over Iran, which was in line with the increasing prevalence of precipitation. The increasing spatial extent of the jet stream towards Iran probably contributed to the more severe evacuation of hot and humid airflow and the formation of multiple cores of maximum precipitation in different parts of the country.



In the third row, the maps for 11 February 2009 are presented. At 300 hPa, multiple jet stream cores were located over the Mediterranean and the Persian Gulf. Due to the orbital nature of the jet stream and wind flow over the country and the location of the jet stream core in higher latitudes compared to other days under study, the increasing role of the Mediterranean Sea in supplying moisture to precipitation can be assumed. At 500 hPa, like the pattern of the peak day index in 2008, the jet stream was located over the Persian Gulf, which, after the Mediterranean, is another researchable source to provide moisture for precipitation. The core of maximum precipitation on this day was in the western half of Iran and the peak of precipitation (39 mm) was observed at Piranshahr station.



In the fourth row, the peak day index of the precipitation for 8 December 2009 is presented. The jet stream with a meridional curvature extended from East Africa to Saudi Arabia and Iran. The main jet stream core was over northern Saudi Arabia and the scattered precipitation cores were over the southern half of Iran. However, the more important precipitation core in Gilan was governed by a separate mechanism. On this day, Zahedan station recorded the third-highest precipitation after Rasht and Yasuj, with 19 mm of precipitation.



In the fifth row, the jet stream maps and the precipitation for 2 February 2011 are plotted. The jet stream with a structure similar to a ridge and altitude trough was formed from the Mediterranean Sea to the south of the country. On this day, the core of maximum precipitation was on the southern coast of the country and the fourth quarter of the jet stream or the left part of the jet stream outlet was on the east of the Persian Gulf. Wind current and jet stream curvature were almost orbital, contrary to other index days.



The sixth row shows the analyzed maps for the rainiest day of 2011–2012 (2 February 2012), with 458 mm of precipitation and precipitation occurring in 33 stations. On this day, the subtropical jet stream extended completely orbitally from the eastern Atlantic, passing through Iran to the Himalayas. The integration of this jet stream with the jet stream located in southern Europe increased the power and speed inside the jet stream, which resulted in cores with speeds of more than 50 m per second, covering all the nearby water resources and the country. The formation of maximum precipitation cores in the central and northern regions of the country was in line with the optimal jet stream position and the location of the maximum jet stream divergence in the fourth quarter. Additionally, Kaviani and Alijani stated that the left output area of the jet stream cores was the place of maximum divergence of the upper levels and convergence of the lower levels of the atmosphere. Such conditions provided air rising in this area [55].



The seventh row shows the status of the jet stream and precipitation for 1 February 2013. On this day, the highest range of precipitation was seen in the country, similar to the rainfall day index in 2008, and the precipitation occurred at 35 stations. The jet stream situation was very similar to the 2012 rainfall day pattern. Pattern coordination at 300 and 500 hPa was high on this rainy day. The jet stream output area and the core of maximum rainfall on this day were located in the northeast of the country. The difference was an increase in the curvature of the meridian jet stream, placing it in a better position over the Red Sea and Persian Gulf water resources, which caused divergence and ascending moisture over the country. Rainfall days index in 2014, 2015, and 2016 (8th, 9th, and 10th row, respectively) show that precipitation occurred at more than 30 stations, and the jet stream with a meridional curvature caused the divergence and evacuation of wet airflow and precipitation. A noteworthy point for these precipitation days indices is that most jet stream patterns expanded to the southern regions, but as soon as they were drawn over Iran, they had a meridional curvature, which can be due to the protrusion of the Iranian plateau forcing of these airflows to rise.



During the precipitation days in 2017 and 2018 (11th and 12th rows of Figure 7, respectively), at 300 hPa, a subtropical jet stream with a wide range and southwest to the northeast direction and passing via East Africa and Saudi Arabia, covered all of Iran’s territory. This expansion contributed to a more severe evacuation of hot and humid airflow and the formation of multiple cores of maximum precipitation over different parts of the country. At 500 hPa, the jet stream was located in the west of the country. The core of maximum precipitation on this day was in the western half of Iran.



The thirteenth row shows the maps for 7 December 2019. On this day, the subtropical jet stream was completely orbital and covered Iran from west to east. The formation of maximum precipitation cores in the central and northern regions of the country was in line with the jet stream position and the location of the maximum jet stream divergence.





4. Conclusions


Jet stream position was investigated at 300 and 500 hPa for 168 days of peak precipitation index from the beginning of autumn to the last day of summer, and the synoptic positioning patterns of effective jet stream cores were analyzed. By comparing these results, it turned out that the highest frequency of jet streams occurred in Iran and other countries in the region in winter. The trend of the gradual reduction in jet stream started in spring and reached a minimum in summer. Maps at 500 hPa and the positioning of troughs showed that an increase in the frequency of jet stream cores was in line with the deepening of troughs on the Red Sea. In our study, jet streams were located over the study area and, along with other factors leading to air rise, they caused days with heavy precipitation.



According to some studies, jet streams are more intense and integrated during the peak precipitation days at 300 hPa, especially in winter. Irregularity and lack of proper location of the jet stream were generally seen above 35 degrees latitude in summer. At 500 hPa during rainy days, the jet stream was observed much less frequently over the region or Iran’s territory. On other days, when a jet stream appeared, it had a core with a smaller velocity (less than 40 m per second) and an orbital curvature, and it covered a small area over Saudi Arabia and the Persian Gulf. Therefore, it can be said that the level 300 hPa had the highest impact on the overall precipitation in Iran. For most of the studied days, jet streams from the northern half of Africa, the northern Red Sea, and Saudi Arabia to Iraq were observed. The highest concentration of jet stream cores was recorded in northern Saudi Arabia and southern Iraq, which, due to the meridian curvature and elongation of the jet stream to low latitudes, was most likely related to the pattern of moisture evaporation from the Red Sea, Mediterranean, and Persian Gulf water bodies. In some cases, in which the jet stream and its core were located at higher latitudes and were integrated with the jet stream extending from Europe to the Mediterranean, it was also possible to study the contribution of the Mediterranean’s provision of the moisture on the precipitation. According to the obtained results, for 168 days of inclusive precipitation, the frequency and position of jet streams showed obvious correlations on a seasonal scale with the frequency and position of Iranian precipitation cores. This correlation was less obvious on a monthly scale and at 500 hPa.
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Figure 1. The whole studied area (left) and the location of ground stations in Iran (right). 
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Figure 2. Frequency of stations involved in 168 days of peak rainfall during 2006–2019. 
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Figure 3. Monthly spatial distribution of jet stream at 300 hPa for the days of peak rainfall during 2006–2019. 
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Figure 4. Distribution of 300 hPa jet streams for the peak rainfall days of the 2006–2019 statistical period. 
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Figure 5. Distribution of jet streams at 500 hPa for peak rainfall days in each month of the statistical period 2006–2019. 
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Figure 6. Distribution of jet stream at 500 hPa for peak rainy days of the statistical period 2006–2019. 
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Figure 7. Jet stream position at 300 hPa (left), 500 hPa (middle), and precipitation (right) for the most pervasive precipitation day in Iran in each of the statistical period 2006–2019. 
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