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Abstract

:

We compared the effect on autumn (October, November, December) precipitation over Iran during two types of El Niño–Southern Oscillation (ENSO) phase transitions from the perspective of anomalies in wave activity flux and sea level pressure along the Atlantic–Mediterranean storm track, as well as precipitation. We used Oceanic Niño Index (ONI) to identify the transition phases of ENSO (El Niño to La Niña and also La Niña to El Niño, referred to as type 1 and type 2, respectively). Climate data during the period of 1950 to 2019 used in this study is derived from NCEP-NCAR reanalysis. In order to investigate the intensity and direction of Rossby wave trains in different ENSO transitions, we used the wave activity flux parameter, and to evaluate the statistical significance of values, we calculated Student’s t-test. The impact of the Atlantic storm track on the Mediterranean storm track was shown to be greater in type 2 transitions. Further, the existence of a stronger wave source region in the Mediterranean region during type 2 transitions was established. Results also showed the weakening of the Iceland low and Azores high pressure in type 1 transitions and the reinforcement of both in type 2, with the differences being significant at up to a 99% confidence level. Pressure values over Iran were at or below normal in type 1 years and below normal in type 2. Finally, the composite analysis of precipitation anomaly revealed that during ENSO type 1 transitions, most regions of Iran experienced low precipitation, while in type 2, the precipitation was more than average, statistically significant at 75% confidence level or higher over the northern half of the country.
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1. Introduction


Iran’s climate is relatively arid, marked by low rainfall and high evapotranspiration capacity. Precipitation varies greatly between different regions, but averages about 250 mm per year for the country. Most precipitation occurs from October to March [1].



The low amount of precipitation and high interannual variability over most of Iran lead to frequent droughts, with destructive effects in sectors such as agriculture, environment, and water resources. One factor that affects the climate of this area is El Niño–Southern Oscillation (ENSO), defined in terms of temperature and pressure patterns over the Equatorial Pacific Ocean. ENSO phase impacts precipitation, temperature, and risk of drought over Iran [2,3,4,5,6,7,8,9].



Nazemosadat and Cordery [7] demonstrated ENSO effects on autumn and winter rainfall, which accounts for about 80% of Iran’s water resources. In autumn, a strong relationship was found between the Southern Oscillation Index (SOI)—a measure of ENSO phase—and rainfall over northwestern Iran. Nazemosadat and Ghasemi [8] showed that, compared to neutral conditions, warm (El Niño) ENSO phases substantially reduce the occurrence probability and intensity of autumnal drought periods, particularly for southern districts of country, and increase that of wet periods, while cool (La Niña) ENSO phases have the opposite effects. Bahrami et al. [10] concluded that differences in mean precipitation between different ENSO phase transitions are statistically significant in major parts of the Middle East, including the center and east, while temperatures did not show a significant correlation with ENSO in most areas.



Precipitation over Iran and elsewhere in the Middle East occurs primarily during the cold season and involves the orographic capture of eastward-propagating mid-latitude cyclones from the Atlantic Ocean and Mediterranean Sea. The North Atlantic storm track greatly influences the weather activity in the Mediterranean region [11,12,13,14]. For the study of such impacts as they vary by ENSO phase, a formulation of wave activity flux may be appropriate to investigate the intensity and direction of Rossby wave trains to the region. The Mediterranean storm track is at the southern branch of the wave activity originating from the North Atlantic storm track [15,16,17]. Such transfer of activity can play a large part in cyclogenesis in the Mediterranean region via downstream development [18]. Orlanski and Chang [19] and Chang [20] show that because of its significant contribution to the eddy kinetic energy budget, the ageostrophic geopotential flux can be used for studying and tracking of the wave packets. Nasr-Esfahany et al. [21] compared composites of eddy kinetic energy between critical positive and negative months of the North Atlantic Oscillation (NAO), where criticality is measured by the deviation of the monthly index from its mean value. Among several conclusions, they found that the transfer of energy from the west of North Atlantic Ocean to the Mediterranean region is greater in the critical negative months than in the critical positive months. Rezaeian et al. [22] showed that the impact of the North Atlantic storm track on the Mediterranean storm track is noticeably greater under negative NAO.



The association between ENSO and meteorological parameters in different parts of the world is well documented. However, the statistical significance of these associations in the context of changes in the Mediterranean storm track during different ENSO phase transitions has not been previously determined. Moreover, the atmospheric circulation and precipitation during these ENSO transition periods is not well recognized. Only one study by Bahrami et al. [10] addressed this issue; however, the details of subtypes are not discussed by them, and they examined the whole Middle East and West Asia. In this current study, we considered subtypes of ENSO phase transitions and investigated the pressure pattern variations as well as Rossby wave source and wave propagation regions, breaking and transference of waves into the storm tracks. The impact on the Iran autumn precipitation anomaly for each of the eight subtypes of ENSO phase transition (detailed in next section) has been investigated.



The main aim of this study was to determine the association between ENSO phase transition (from El Niño to La Niña and vice versa) and the Mediterranean storm track during autumn, as well as with atmospheric circulation and precipitation over Iran.



The structure of the present study is as follows. First, we discuss the criteria for the different types of ENSO phase transition, as well as the meteorological data and analysis methods used in the paper. In the Results section, we show composite anomalies of autumn Northern Hemisphere wave activity flux, sea level pressure, and Iran’s precipitation over the selected cases, and compute the statistical significance of observed departures. Finally, we present the Discussion and Conclusions.




2. Data and Methodology


ENSO Transitions


There are different measures of ENSO phase, including Oceanic Niño Index (ONI), SOI, Multivariate ENSO Index (MEI), and Trans-Niño Index (TNI) [23,24]. Since ONI, developed by the United States National Oceanic and Atmospheric Administration Climate Prediction Center (CPC), is widely used as an indicator of ENSO teleconnections in different countries and regions [25], we adopted it here. ONI is based on the running three-month mean sea surface temperature anomaly for the Nino 3.4 region in the Equatorial Pacific. An El Niño (or alternately, La Niña) event is characterized by ONI that is above the threshold of 0.5 °C (or alternately, below −0.5 °C) for five consecutive months. Generally, substituting other indices such as SOI or MEI does not greatly affect the list of El Niño years [26].



Here, we studied circulation and weather patterns in Iran for autumns in 1950–2019 during the years in which ENSO transitioned from warm to cold or vice versa. These transition types are denoted as type 1 and type 2, respectively. On the basis of Iran’s climate seasonality, we considered October, November, and December (OND) as autumn season in this research. In Table 1, El Niño (alternately, La Niña) phases are considered as strong when ONI Index is above 1 (below −1), and conversely as weak if equal or below 1 (equal to or above −1). Therefore, eight different subtypes of transition phases (four subtypes of type 1 and four subtypes of type 2, listed in Table 1) were obtained.



Overall, out of the 70 years in 1950–2019, there were 10 that qualified as type 1 and 11 as type 2 transitions. The conditions and characteristics of each case were studied individually and also averaged across the four subtypes of each of the two types, as detailed in the next section.





3. Methodology


Two datasets used in this study. First, all available precipitation data for the periods of 1950 to 2019 were collected from the Iran Department of Meteorology to check the precipitation anomaly during ENSO phase transitions, relative to the 30-year climatology period 1981–2010. Second, monthly mean sea level pressure (SLP), wind components, geopotential height, and land-surface precipitation were obtained from the NCEP/NCAR reanalysis for 1950–2019 (https://www.esrl.noaa.gov/psd/data/gridded, accessed on 15 September 2020).



For the calculation of precipitation anomaly relative to the long-term mean, the equation below is used.


   P ¯  =  1  30     ∑   i = 1   30    p i  .  



(1)







In this equation, pi and P are ith year seasonal precipitation and mean seasonal precipitation for desired station, respectively; then, seasonal precipitation anomaly was calculated:


   (    p −  p ¯    p ¯    )  × 100 .  



(2)







Composites of SLP mean and anomalies and also precipitation around Iran were made according to the two types of ENSO transition. Each type was also divided into four subtypes according to Table 1. Wave activity and its flux were visualized by using the formulation introduced by Takaya and Nakamura [27], who treated waves as small-amplitude perturbations on a mean flow pattern. In accordance with their method, for small-amplitude perturbation superimposed on a basic flow, wave activity satisfies a conservation law is formulated as


    ∂ A   ∂ t   + ∇ ⋅ F = D ,  








where  A  is the density of wave activity and  F  its flux. The term  D  disappears if the wave and basic flow are both conservative. The divergence and convergence of  F  indicates wave packet emission and decay, respectively. Accordingly, in this study the formulation of Takaya and Nakamura [27] was used to investigate the storm track and its intensity over the North Atlantic Ocean, Mediterranean Sea, and Iran. Specifically, we mapped the horizontal components of the phase-independent flux of wave activity pseudomomentum, denoted as  W  in Takaya and Nakamura [27] and referred to here as wave activity flux (WAF), and its divergence. These were mapped at the 300 hPa pressure level, corresponding to the upper troposphere. As discussed in [27], this can help depict the source and propagation regions of atmospheric waves that modulate midlatitude winter precipitation.



Student’s t-test was used to evaluate the statistical significance of the values and compare the means. For this purpose, a two tailed test for null hypothesis with no differences between means applied to compare the composites of wave activity flux divergence, SLP, and precipitation between type 1 and type 2 of ENSO phase transition at the 99%, 95%, as well as 75% confidence level, either for one type 1 subtype compared to the corresponding type 2 subtype (Table 1), or between all type 1 and type 2 years without distinction of subtype.



The area between 44° to 64° east longitude and 22° to 42° north latitude was considered for studying the precipitation anomaly in and around Iran. A larger area was chosen for considering WAF and SLP anomalies in order to study circulations from the North Atlantic Ocean through the Mediterranean to Iran.




4. Results


4.1. Precipitation Responses over Iran from Station Data


Table 2 and Table 3 show the mean climatology and observed autumn precipitation data received from the Iran Department of Meteorology for all subtypes of ENSO phase transition type 1 and type 2, respectively. Differences between the annual precipitation in the studied years and the long-term mean can also be seen in the last columns. According to Table 2, during all 10 type 1 transition years, the mean precipitation was lower than the climatological average. The subtypes of SE-SL had the most negative anomalies, with an average seasonal rainfall reduction of −60.32 mm per year per station. Over all cases of phase transition type 1, total precipitation had an average anomaly of −44.189 mm per year per station compared to the 30-year climatology mean. By contrast, Table 3 reveals that most but not all (8 out of 11) type 2 transition years had more precipitation than climatology. The greatest increases in precipitation was related to the WL-WE subtype, which had a mean positive anomaly of 42.65 mm per year per station, while the case of WL-SE did not show any consistent changes (in 1997 the amount of rainfall increased, and in the other two years, especially in 1996, major decreases occurred). On average, over the years of type 2 transition, precipitation was 15.65 mm per year per station above the climatology. In order to provide a better sense of how consistent these patterns are spatially, we have provided interpolated maps of precipitation anomaly (yearly values minus long term values) for all ENSO transition years of both types in Figure 1 and Figure 2. We found that the type 1 transition years consistently featured below normal autumn precipitation over most of the country, while most but not all type 2 transition years featured mostly above normal precipitation.




4.2. Wave Activity Flux


We mapped WAF anomaly averaged over the different ENSO phase transition types and subtypes (Figure 3 and Figure 4). In these figures, arrows and contours show anomalies of horizontal WAF and its divergence, respectively. The solid (dashed) lines in the figures show positive (negative) values indicating flux divergence (convergence). As seen in the figures, the Atlantic Ocean is the location of anomalous wave convergence, which travels from North America into the region. The notable feature over the North Atlantic in all cases of ENSO phase transition type 1, in contrast with the situation of phase transition type 2, is the reception area over the center and southern part of the North Atlantic. This is a specific feature of the wave activity flux during transition phase type 1. In this regard, Figure 3a shows a pair of divergence/convergence centers over the Atlantic and northern Europe, centered between 10° W and 20° E. In this case, Europe and the center part of the Mediterranean Sea are the reception areas of the waves. All panels of Figure 3 also show a convergence center of waves over Mediterranean, known as an important region that transfers energy to North Africa and Middle East [21]. The other notable point for phase transition type 1 is that the Middle East and Iran are the location of convergence–divergence of the waves. Over all the type 1 transition years, we found enhanced WAF along a northwest–southeast axis from near Ireland to the vicinity of Iran, with increased WAF divergence at either end of this axis (Figure 3e).



In type 2 transitions, as Figure 4 shows, wave activity values were generally larger than type 1 over the Atlantic Ocean, but with a north to south flow pattern that does not generally reach the Middle East. According to this figure, the major wave transmission area showed a wide divergence region from the center and northern parts of the ocean to the east and northeast, which is totally in contrast with type 1. The divergence center at the west of the Atlantic therefore resides in a lower latitude position relative to its counterpart in the other type of phase transition. Moreover, we found an area of anomalous wave divergence over the eastern part of the Atlantic in type 2, centered on 30° N, while according to Figure 3, this region is more of a wave reception area for type 1. The solid line in Figure 4 represents divergence area over the Mediterranean Sea, which pairs with the wide convergence area over Middle East including Iran, creating the exclusive feature of the Mediterranean storm track in all cases of ENSO phase transition type 2 (which is in contrast with all cases of type 1). The other important point to note is the location of Iran at the border of a divergence–convergence area under type 2 transitions, which suggests this region receives the most Rossby waves.



To evaluate the significance of the obtained results, we used Student’s t-test (2-tailed) for each pair of subtypes (in effect by comparing Figure 3a and Figure 4a; Figure 3b and Figure 4b; Figure 3c and Figure 4c; Figure 3d and Figure 4d) and also for the two transition types overall (comparing Figure 3e and Figure 4e). The areas with differences in wave activity flux divergence overall across the two types of ENSO phase transition with statistical significance at the different confidence levels have been shown in Figure 9a–c (areas marked in green). For subtypes, due to the large number of analyses, the results are summarized in Table 4. As stated in this table, the most significant differences found for the SE (SL) to SL (SE) and for the SE (SL) to WL (WE) transitions, over Iran region and Atlantic Ocean at 95% and 75% confidence levels, respectively. The most notable point obtained is the statistically significant values over the southeast North Atlantic Ocean in all subtypes (see Table 4 for details). Overall, Figure 9a indicates that only a small part of the southeast North Atlantic Ocean was significant at 99% confidence level, while at 95% (Figure 9b), areas located over the North Atlantic near longitude 20° W were significant too. Generally, the divergence of Rossby wave activity parameter was statistically significant across much of the northern and southern North Atlantic at 75% confidence level or higher, while differences in middle latitudes were completely nonsignificant. Statistically significant differences at 75% confidence level were also found in a band over much of the Middle East, from northeast Egypt across central and southern Iran and into northern India (Figure 9).




4.3. Sea Level Pressure


We studied pressure anomalies in the study area, covering −50° to 100° E longitude and 10° to 70° N latitude. In particular, we investigated the variation in all permanent and semi-permanent pressure centers in different subtypes of ENSO transition phases as well as their potential impact on Iran (Figure 5). In Figure 5 and Figure 6, contours show mean value of sea level pressure (SLP), and blue (red) shaded areas show SLP positive (negative) anomalies. Accordingly, Figure 5a shows weakening of the Iceland low pressure center over north Atlantic, and also weakening of Siberian and Azores high pressure compared with long term mean in the case of ENSO phase changing from strong El Niño to strong La Niña. In this case, Iceland low pressure (or alternately, Azores high pressure) weakened to the southeast (east) of its location up to +8 (−4) hPa. Moreover, in this period at mid- and high latitudes, warm anomalies led, to which the Siberian high pressure weakened up to −4 hPa. For this transition subtype, the SLP indicated less than normal values over all parts of Iran, while effective pressure patterns on these regions (Iceland low, Azores and Siberian high) weakened from the long-term mean. For ENSO phase transition from strong El Niño to weak La Niña, Siberian high reached into the north and northeast Iran slightly, so that in these regions, pressure was about 2 hPa above average, while other parts of country saw no change. Moreover, the Azores high and especially the Iceland low weakened. As we can see in Figure 5b, Iceland low pressure weakened to the south and east in such a way that it stretched to the northern Mediterranean and Central Europe. Composite of SLP mean and anomalies for ENSO phase transition from weak El Niño to strong La Niña showed that the Iceland low (Azores high) pressure behaved as in the case of SE-WL and was sharply weakened by moving to east and south. Meanwhile, the Siberian anticyclone was strengthened by spreading to south and west of its permanent location. In all parts of Iran, pressure values were less than normal, such that the pressure anomaly varied from −2 hPa in the south to −8 hPa in the northeast (Figure 5c). Finally, in the case of change from weak El Niño to weak La Niña, the Siberian high affecting northeast Iran was stronger than average by about 2 hPa, and the pressure centers of Iceland low (Azores high) weakened by about −8 (8) hPa (Figure 5d).



In general, for ENSO phase transition type 1 autumn, all three pressure centers (Iceland, Azores, and Siberian) were weakened. However, the Iceland low pressure played a more effective role than the other two pressure centers by expanding eastward and weakening up to +8 hPa. Averaging across all four subtypes, the SLP anomaly pattern generally exhibited neutral or negative values over the all parts of Iran, while effective pressure patterns in the regions of the Iceland low and Azores and Siberian high weakened from the long-term mean Figure 5e).



As Figure 6 shows, strengthening of the Iceland low pressure to the south and east was the most remarkable feature in all cases of transition from La Niña to El Niño, which was more pronounced in the case of SL-WE. In this case, Iceland low tongues extended to the central Europe and Mediterranean Sea. The Mediterranean Sea low pressure deepened and experienced strong negative anomaly up to −8 hPa. With the exception of WL-WE, similar conditions were observed in all other subtypes. In the case of weak La Niña to weak El Niño transition, although the Iceland low spread eastward and to some extent south, it did not greatly affect the Mediterranean Sea. However, the Mediterranean Sea was then affected by expansion of Azores high pressure and experienced strong positive pressure anomaly. In the case of SL-WE, as in 1976, simultaneously with the reinforcement and displacement of Siberian anticyclone to the south and east, we found higher than normal values of pressure over eastern half of Iran. The most obvious point in the case of ENSO phase transition from weak La Niña to strong El Niño is the strong negative pressure anomaly from 50° W to 75° E and 20° to 45° N, including most parts of Atlantic, center of Europe, and North Africa, as well as the Mediterranean Sea, West Asia, and also Iran. In all parts of Iran, pressure anomaly was negative, varying from −2 hPa in the south to −10 hPa in the northwest (Figure 6c). According to Table 1, the year 2006 was the only case that ENSO phase changed from weak La Niña to weak El Niño. In this year, the pressure center of Azores high was shifted west and also strengthened (Figure 6d). Pressure over the Mediterranean Sea increased 8 hPa relative to long mean, while Siberian high weakened and Iceland low pressure was reinforced by moving to the south. The pressure anomaly over northwest/southwest parts was respectively positive/negative, with no change in other parts.



Figure 6e shows the composite and anomaly values of SLP in the average of all four subtypes of phase transition type 2. According to this figure the pressure centers over the north and south of the Atlantic Ocean were strengthened, while the Siberian high weakened. The most notable pattern for type 2 transition years was the positive correlation between Iceland low and Azores high and also negative correlation between them and Siberian high. The reinforcement of the Iceland low pressure with northwest–southeast axis along to the Mediterranean Sea up to −8 hPa with the strengthening of Azores high simultaneously with the southwestern weakening of Siberian high appear to be the most important synoptic factors potentially affecting the autumn rainfall over Iran during ENSO phase transition type 2 years.



In order to evaluate the statistical significance of the SLP variations shown in Figure 5 and Figure 6, we used Student’s t-test, for which results are summarized in Table 5 (significant regions are shaded green in Figure 9d–f).



According to Table 5, pressure changes over north and South Atlantic Ocean during all subtypes were significant, especially in the case of SE (SL) to SL (SE) at 95% confidence level. The most significant values in the case of WE (WL) to SL (SE) were related to the Mediterranean region and the center of the Atlantic Ocean. Moreover, the most significant values over Iran were found during the case of SE (SL) to SL (SE).



Generally, as Figure 9d–f shows over all subtypes, the highest statistical significance for difference in SLP was observed over the Iceland low pressure area at the 99% confidence level (shaded area in green). At the 95% confidence level, the Azores high pressure area further south in the Atlantic showed negative and also significant values, while the other areas under study did not show any significant values at this level. At 75% confidence level, we could also see significant differences over northern parts of Iran, west Mediterranean, and some parts of the Siberian high. Sea level pressure variations for other regions, including the southern half of Iran and the eastern Mediterranean, did not show significant values at 75% confidence level (Figure 9). Therefore, the pressure anomalies observed in the Azores high and Iceland low pressure and also east Mediterranean Sea, as well as the pressure variations in the northern parts of Iran, as expressed previously, all showed some significance for difference between type 1 and type 2 ENSO transition years.




4.4. Precipitation


Figure 7 shows the reanalysis precipitation anomalies for all cases of ENSO phase transition type 1 (listed in Table 1). Shaded areas indicate positive (negative) anomalies in blue (red). Rainfall in most parts of Iran decreased significantly in type 1 transition years compared to the long-term average, especially in the cases of SE-SL and SE-WL. During SE-SL case (Figure 7a), maximum negative anomalies of −80 mm/month were detected over the west, southwest, and north of Iran. Generally, precipitation anomaly in all parts of country was negative and varied from −10 mm in the southeast and central areas to −80 mm/month in western parts Figure 7b reveals the precipitation anomaly in the case of SE-WL. As the figure shows, almost the whole country experienced a negative precipitation anomaly of up to −60 mm/month. According to Table 1, in 1954, 1970, and 2007, ENSO phase changed from weak El Niño to strong La Niña, and in these years, precipitation in the center and southwest of Iran increased compared to the long-term mean by about 60 mm/month, while in other parts of country it decreased or showed no change (Figure 7c). In the case of WE-WL, precipitation in the southern half of country was substantially higher than the long-term mean, while on the contrary, precipitation was lower than normal in the west, northwest, and northeast, and was near normal in the central regions (Figure 7d). On average, during ENSO phase transition type 1 years, autumn precipitation in all of Iran was below or similar to average (Figure 7e).



The most remarkable point in precipitation anomaly during all cases of type 2 transitions is the considerable precipitation enhancement compared to climatology and especially compared to type 1. This enhancement was seen in particular for the two subtypes of WL-WE and SL-SE. As Figure 8a,d respectively shows, precipitation throughout the whole country enhanced by about 10 up to 80 mm/month. In the case of SL-WE, precipitation anomalies varied between different parts of Iran. Some areas in the south, north, northeast, and center had a positive anomaly up to 60 mm/month, while in other regions, precipitation was below normal, particularly in the west, where a  − 60 mm/month anomaly was found (Figure 8b). During transition from weak La Niña to strong El Niño, precipitation anomaly in nearly all regions was positive (Figure 8c). Generally, when ENSO phase changed from any type of La Niña to any type of El Niño, mean precipitation anomaly was positive in all regions of studied area, by 10 to 80 mm/month (Figure 8e). These results from the NCEP/NCAR reanalysis, which provided gridded precipitation estimates that covered the entire study period, were consistent with those found using the available station data, which were shown earlier.



Statistical significance of precipitation differences between the two types (ENSO phase transition type 1 and type 2) and also all eight subtypes was calculated at different confidence levels. Areas of different significance levels are given in Table 6 and Figure 9g–i. Significant values were found at 85% and 95% confidence level over the whole and northern part Iran, respectively, in the case of SE (SL) to SL (SE), and then during WE (WL) to WL (WE) almost over the whole country at 75% and 85%. The other important point obtained in this section is the statistically significant values over south and east of Iran during the WE (WL) to SL (SE) at 85% confidence level (Table 6).



The differences between Figure 7e and Figure 8e for two transition types across subtypes showed some areas of statistically significant differences between the averages Figure 9g–i). As Figure 9g shows, differences at 99% confidence level were statistically significant over areas located at 44° to 51° east longitude and 34° to 38.5° north latitude in the northwest and northeast of Iran. At the 95% confidence level (Figure 9h), in addition to areas of northwest and northeast, some regions in the west and east were also statistically significant. At the 75% confidence level, nearly all of Iran, with the exception of some of the center of the country, showed statistically significant precipitation differences (Figure 9i).



In general, the results show that there was significantly more autumn precipitation during type 2 as compared to type 1 ENSO phase transitions over nearly all parts of Iran, which could be a useful contributor for future seasonal forecasts.





5. Discussion


Synoptic–dynamic patterns affecting Iran’s autumn rainfall during different types of ENSO phase transitions were analyzed using NCEP-NCAR reanalysis data after first confirming the association of precipitation anomalies with ENSO transitions using station precipitation data. Our study showed that Iran’s climate was significantly affected by different phases of ENSO transition, which is broadly in agreement with previous findings on the general relationship of ENSO with Iran’s climate [7].



We also found that the Atlantic Ocean was a location of wave convergence that travels from North America into the region, in agreement with the previous findings by Rezaeian et al. [22]. That study examined the relation between the Mediterranean storm track and the North Atlantic Oscillation, finding an impact of the North Atlantic storm track on the Mediterranean storm track, especially under negative NAO conditions.



Over the center and some southern parts of the North Atlantic Ocean, a statistically significant relative reception area was found in all cases of ENSO transition type 1, in contrast with the situation of phase transition type 2 when this area acted as a relative wave sink. It could be concluded that these convergence centers over the Atlantic were special features of the wave activity status during transition phase type 1. The other important point for phase transition type 1 was that the Middle East and Iran were the location of convergence–divergence of the waves. Since the region of convergence–divergence (alternately, divergence–convergence) was the area that received minimum (maximum) wave packet, in the period of ENSO transition phase from all types of El Niño to all types of La Niña, no significant wave convergence zone was found in the area under study, which was in contrast with the type 2 cases. In type 2, wave activity values were greater than type 1 over the Atlantic Ocean, and the main wave emission area included a wide divergence region from the center and southern part of the ocean to the east and northeast, which was in contrast with type 1.



The composite analysis of SLP showed the significant weakening of the Iceland low and Azores high pressure up to 10 and −6 hPa, respectively, for ENSO transition type 1, especially for phase changes from SE to SL and WE to WL. In general, these changes showed a negative and positive correlation with the anomaly of pressure on Iran, respectively. Moreover, the two pressure centers strengthened more than −10 and 8 hPa, respectively, in type 2. In addition, we found that the Siberian high pressure in both types, but particularly in type 2, weakened to the southwest. Student’s t-test revealed that the most statistically significant pressure differences at 99% were related to the Iceland low pressure over the North Atlantic Ocean. Moreover, the pressure variations over the Azores high were significant at the 95% confidence level. Areas of northern Iran and also the eastern Mediterranean and south Siberian high had significant pressure differences at the 75% confidence level. As a summary, one of the most important results obtained in this study was the significance of pressure anomalies in Iceland–Azores and Siberian pressure centers at different statistical levels. Negative (positive) correlation of Iceland low pressure in transition phase type 1 (type 2), positive (negative) correlation of Azores high in type 1 (type 2), and also positive correlation of Siberian high pressure in both types with SLP anomalies over Iran were found, which is consistent with the results obtained in the study of Bahrami et al. (2018) [10] for the northern Middle East, including Iran. However, unlike the previous research, in this study, we also concluded that the southwest extension of the Siberian high pressure tongue towards the region was statistically significant at the 75% confidence level.



Analysis of precipitation anomaly showed significant negative values over the northwest of Iran during phase transition type 1. Maximum anomaly values belonged to the case of SE-SL and then SE-WL. In these two cases, the whole country had negative to normal precipitation values, while in the two other cases, some parts of center and south of Iran had above-average precipitation. The results obtained from the case of SE-SL are more consistent with the pervious study by Bahrami et al. [9], which found that when ENSO changes from strong El Niño to weak La Niña, autumn rainfall decreases strongly, up to 100%, for more than 70% of Iran’s synoptic stations. Moreover, for type 1 transitions, areas located at 44° to 51° east longitude and 34° to 38.5° north latitude in the northwest and northeast of Iran experienced a significant negative precipitation anomaly that was statistically significant at the 99% confidence level. During phase transition type 2 years, autumn precipitation was enhanced in most regions of Iran compared with long-term mean in phase transition type 2. The most positive precipitation anomaly in type 2 was related to the case of WL-WE, followed by SL-ST. Overall, during type 2 transition years, almost all regions of Iran had positive precipitation anomaly. The northwest parts had the maximum positive anomaly up to 60 mm/month, and also the most statistically significant departures from type 1. Perhaps because we focused on a subset of transition years, our results are in contrast with Ahmadi-Givi et al. [4], who studied ENSO’s effect on the seasonal precipitation of Iran and concluded that there is no certain relation between rainfall anomalies over Iran and the different phases of ENSO activity. Our results are more consistent with [28], which concluded that the ENSO impact on southwest and central Asia precipitation is greatest in the transition seasons of autumn and spring. In fact, it was already known that the El Niño (La Niña) events represent moist (dry) conditions over the Middle East region [29], but in this research, we quantified how rainfall fluctuations over Iran can be affected by the transition of ENSO phases.



Given that ENSO phase evolution is fairly predictable at least once a spring ‘predictability barrier’ is crossed [30,31], our research provides a basis for improved seasonal forecasting of precipitation anomalies over Iran. Such capabilities could potentially assist in water resources planning by providing warning of probable drought or flood conditions, as has been proposed and implemented elsewhere in South Asia [32,33,34,35].




6. Conclusions


The main purpose of this study was to investigate the behavior of wave activity flux as well as sea level pressure during different cases of ENSO phase transitions and their possible impact on Iran autumn precipitation.



Through the study of wave activity flux (WAF) pattern fluctuation during different phases of ENSO transition, we found that the WAF and its divergence on average leave different signals across transition types. In type 1 transitions, a significant wave propagation area was found over the northeastern part of the Atlantic, which was responsible for a remarkable value of wave activity flux sent eastward to northern Europe, while for type 2, the main divergence area was located on southern North Atlantic and affected the Mediterranean Sea, Central Europe, and North Africa through eastward and northeastward wave propagation. Thus, for type 1 transitions, the Mediterranean region acts as a wave receiver area, while for type 2, waves propagate from the Mediterranean Sea to the east toward the Middle East and Iran. Hence, in type 2/type 1 transitions, Iran tended to be located at the border of a divergence–convergence/convergence–divergence area, respectively, which suggests that this region then received more/fewer Rossby waves.



By study of the SLP variation, significant pressure anomalies over Iceland–Azores and Siberian pressure centers at different significance levels were found. Negative (alternately, positive) correlation between Iceland low pressure and Iran in transition phase type 1 (type 2) was detected. Moreover, positive (negative) correlation of Azores high in type 1 (type 2) as well as positive correlation of Siberian high pressure in both types with SLP anomalies over Iran was found.



Using the Student t-test, the most statistically significant SLP anomalies were observed over Iceland low and Azores high pressure at the 99% and 95% confidence levels, respectively. Over the northern parts of Iran, western Mediterranean, and some parts of the Siberian high region, SLP difference between transition types was significant at 75% confidence level.



Finally, the composite analysis of precipitation anomaly showed significant negative values over the northwest of Iran during ENSO phase transition type 1. During type 2, although in some sub-cases the precipitation did not show regular positive changes (which may have been due to the small number of years in some sub-cases), on average, almost all of Iran showed positive precipitation anomaly. The difference between the type 1 and type 2 precipitation averages was statistically significant at the 99% confidence level for the northern part of the country. Generally, using reanalysis data and confirmed by station observations, during ENSO phase transition type 1, the whole country experienced low precipitation, while in type 2, on average, most regions of Iran had above average precipitation, and the difference in mean precipitation between the two transition types was statistically significant at 75% confidence level or higher over most of the country. One of the most important results in this study was therefore the statistical significance of precipitation anomaly in different types of ENSO phase transition.



On the basis of our analysis, when ENSO changes from El Niño to La Niña (type 1)/from La Niña to El Niño (type 2), wave activity flux is significantly low (alternately, high) over the Atlantic Ocean and also is high (alternately, low) over the Mediterranean Sea, causing Iran to receive fewer/more Rossby waves. Thus, Iran is the location of divergence/convergence of waves during these periods, which is an effective factor in respectively reducing/increasing rainfall over the region. Moreover, pressure patterns showed completely different behavior between the transition types. Significant weakening/strengthening of the Iceland low pressure area in contrast to strengthening/weakening of Azores high pressure and consequently increasing/decreasing of pressure values over Iran compared to the long-term average are suggested as another important factor leading to a marked negative (positive) precipitation anomaly over Iran during nearly all cases of ENSO phase transition type 1 (type 2).



Finally, the most important finding of our work is the significant rainfall reduction during all years of four sub-cases of ENSO transition phase type 1, while some type 2 transition years experienced normal/less than normal values, which should be examined in more detail in future studies. Moreover, our study suggested that the autumn precipitation anomaly difference over Iran is statistically significant at a 99% confidence level, especially for the northern half of the country.
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Figure 1. Precipitation anomalies (yearly minus climatology) during all years of ENSO phase transition type 1. 
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Figure 2. Same as Figure 1, but for type 2 transition years. 
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Figure 3. Anomalies in autumn (OND) horizontal flux of wave activity (arrows) and its divergence (contours) for ENSO phase transition type 1 years. The first four panels (a–d) show patterns for different cases, while the final panel (e) shows the average over all the type 1 year. Units for the arrows are m2/s2 and for contours 106 m2/s. 
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[image: Climate 09 00106 g003a][image: Climate 09 00106 g003b]







[image: Climate 09 00106 g004 550] 





Figure 4. Same as Figure 3, but for type 2 transition years. 
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Figure 5. Autumn anomalies of sea level pressure for type 1 transitions. Positive (negative) anomalies are colored blue (red). Panels (a–d) show patterns for different cases, while panel (e) shows the average over all the type 1 cases. Units are hPa. 
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Figure 6. Same as Figure 5, but for type 2 transitions. 
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Figure 7. Autumn precipitation anomaly for type 1 transition years. Positive (or alternately, negative) anomaly is marked in blue (red). Panels (a–d) show patterns for different subtypes, while panel (e) shows the average over all the type 1 cases. 
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Figure 8. Same as Figure 7, but for type 2 transitions. 






Figure 8. Same as Figure 7, but for type 2 transitions.



[image: Climate 09 00106 g008]







[image: Climate 09 00106 g009 550] 





Figure 9. Distribution of statistically significant WAF (a–c). SLP (d–f) and autumn precipitation anomaly (g–i) at different confidence levels. 
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Table 1. Types, subtypes, and instances of type 1 and 2 ENSO transition years.
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Type 1




	
(SE-SL): Strong El Niño to Strong La Niña (1988, 1998, 2010)

	
(SE-WL): Strong El Niño to Weak La Niña (1964, 1983, 2016)

	
(WE-SL): Weak El Niño to Strong La Niña (1970, 2007)

	
(WE-WL): Weak El Niño to Weak La Niña (1995, 2005)




	
Type 2




	
(SL-SE): Strong La Niña to Strong El Niño (1950, 1957, 1972, 1985, 1986)

	
(SL-WE): Strong La Niña to Weak El Niño (1976)

	
(WL-SE): Weak La Niña to Strong El Niño (1965, 1996, 1997)

	
(WL-WE): Weak La Niña to Weak El Niño (2006, 2018)
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Table 2. Autumn precipitation values for all cases of ENSO transition type 1 years, averaged across the available meteorological stations for each year.
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	Subtype
	Year
	Number of Stations
	Mean Precipitation (mm)
	Climatology Precipitation
	Precipitation Anomaly (mm)





	SE-SL
	1988
	103
	85.13
	117.23
	−32.1



	SE-SL
	1998
	133
	44.79
	105.17
	−60.38



	SE-SL
	2010
	126
	22.52
	111.01
	−88.49



	SE-WL
	1964
	36
	83.27
	129.99
	−46.72



	SE-WL
	1983
	48
	90.86
	127.3
	−36.44



	SE-WL
	2016
	133
	54.95
	107.72
	−52.77



	WE-SL
	1970
	40
	93.14
	124.59
	−31.45



	WE-SL
	2007
	133
	61.77
	105.17
	−43.4



	WE-WL
	1995
	126
	80.88
	111.01
	−30.13



	WE-WL
	2005
	133
	85.16
	105.17
	−20.01
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Table 3. Autumn precipitation values for all cases of ENSO transition type 2 years.
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	Subtype
	Year
	Number of Stations
	Mean Precipitation (mm)
	Climatology Precipitation
	Precipitation Anomaly (mm)





	SL-SE
	1950
	16
	95.75
	147.8
	−52.05



	SL-SE
	1957
	16
	269.375
	147.8
	121.575



	SL-SE
	1972
	40
	148.2
	124.6
	23.6



	SL-SE
	1985
	65
	122.31
	117.4
	4.91



	SL-SE
	1986
	65
	165.73
	117.4
	48.33



	SL-WE
	1976
	41
	140.93
	124.18
	16.75



	WL-SE
	1965
	37
	94.84
	127.4
	−32.56



	WL-SE
	1996
	126
	58.79
	111.14
	−52.35



	WL-SE
	1997
	126
	121
	111.14
	9.86



	WL-WE
	2006
	126
	141.47
	111.14
	30.33



	WL-WE
	2018
	131
	163.68
	110.6
	53.8
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Table 4. Areas of statistically significant differences at different confidence levels/WAF.
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Significant Areas at Different Confidence Levels: Wave Activity Flux






	

	
75%

	
85%

	
95%

	
99%




	
SE-SL versus SL-SE

	
South and north Atlantic Ocean, North Africa, south Mediterranean sea, whole Iran and Siberia

	
South and north Atlantic Ocean, North Africa east, north of the Red Sea, whole of Iran and Siberia

	
South Atlantic Ocean, whole Iran

	
Small parts in South Atlantic Sea




	
SE-WL versus SL-WE

	
Northern half and some parts of Atlantic Ocean, north and central Europe, west Mediterranean Sea, whole of Iran, and most of the Middle East

	
North and some parts of the South Atlantic Ocean, western half of Europe, some areas of the Middle East including south and west Iran

	
Some parts over north and south of East Atlantic, Red Sea, Persian Gulf and Saudi Arabia

	
Very small parts over north and south of East Atlantic, Red Sea, and Saudi Arabia




	
WE-SL versus WL-SE

	
Some parts over north and south of East Atlantic, North Africa

	
Small parts over north and south of East Atlantic, and North Africa

	
Very small parts over southeast Atlantic

	
No significant area




	
WE-WL versus WL-WE

	
Some areas of east Atlantic Ocean, south Red Sea

	
Southeast Atlantic Ocean, some small area aver south Red Sea

	
Small part over East Atlantic Ocean

	
Very small part over East Atlantic Ocean
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Table 5. Areas of statistically significant differences in SLP at different confidence levels.
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Significant Areas at Different Confidence Levels-Sea Level Pressure






	

	
75%

	
85%

	
95%

	
99%




	
SE-SL versus SL-SE

	
Northern half of Iran, central Europe, North and south of Atlantic Ocean

	
North Iran, Central Europe, North and South of Atlantic Ocean

	
Some parts of northeast and south of Atlantic Ocean

	
Some parts of south Atlantic Ocean




	
SE-WL versus SL-WE

	
North Africa, west Mediterranean, Northeast Atlantic Ocean, northwest Iran

	
North Atlantic Center, northwest Iran, some parts of North Africa

	
Small part of north Atlantic center and west North Africa

	
Small part of west North Africa




	
WE-SLversus WL-SE

	
Center and north Atlantic Ocean, Central Europe and Mediterranean Sea

	
Center and north Atlantic Ocean, Central Europe and west and center of Mediterranean Sea

	
Some parts of central and north Atlantic Ocean, Central Europe and some parts of west Mediterranean Sea

	
Small part of east Atlantic Ocean




	
WE-WL versus WL-WE

	
North Atlantic, north Europe, small part of South Atlantic and Mediterranean center

	
Northeast of Atlantic Ocean, North Europe

	
Small area (20° W to 50° E and 52° to 60° N)

	
Small area (20° W to 50° E and 56° to 58° N)
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Table 6. Areas of statistically significant differences in precipitation at different confidence levels.
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Significant Areas at Different Confidence Levels- Precipitation






	

	
75%

	
85%

	
95%

	
99%




	
SE-SL versus SL-SE

	
Whole of Iran

	
Whole Iran except some areas in the southeast

	
Northern part of Iran and some areas in the southwest

	
Small parts of northwest and northeast of Iran




	
SE-WL versus SL-WE

	
Some areas in southeast, north, center, and northeast of the country

	
Some areas in the eastern half of the country

	
Small areas in the eastern half of Iran

	
Very small areas in the eastern half of the country




	
WE-SL versus WL-SE

	
South, west, east, and southeast of the country

	
South, east, southeast, and some parts of west Iran

	
East and southeast of the country

	
Very small parts in the southeast of Iran




	
WE-WL versus WL-WE

	
Whole country except north coast and south east

	
Center, west, northwest, southeast, and some parts of the northeast of Iran

	
Some areas in the western half

	
Some areas in the west
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