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Abstract

:

The main objective of this study was to investigate the variability in annual counts and the northern extent of cyclones in the North Atlantic in the years 1970–2019. Cyclones were divided into tropical cyclones (TCs), called hurricanes in the Atlantic, and extratropical cyclones (ETCs), transformed from TCs. Linear regression methods and Pearson’s correlation coefficient were applied. The trend in numbers is upward for both types of cyclones. The maximum annual northern extent of TCs shows a decreasing trend, while that of ETCs is clearly increasing. Hurricane numbers show a moderate positive correlation (correlation coefficient 0.31) with the annual Southern Oscillation Index (SOI) and a negative correlation (−0.34) with the annual North Atlantic Oscillation (NAO) index. For the SOI in the months of the second half of the year, there is a strong correlation (up to 0.51) with the number of TCs in September–October. The highest correlation (0.65) is observed between the number of TCs and the annual Atlantic Multi-decadal Index (AMO). The number of TCs have been shown to correlate positively with the water temperature of the North Atlantic and western Pacific, and negatively with the eastern Pacific Ocean. A significant relationship has also been recorded between SST and the maximum annual extent of extratropical cyclones to the north and east (correlation coefficient of 0.4 to 0.6).






Keywords:


hurricanes; extratropical cyclones; North Atlantic; NAO; ENSO; sea surface temperature












1. Introduction


A growing body of research points to the role of climate change in increasing the dynamics of tropical cyclones, including hurricanes in the Atlantic Ocean [1,2,3]. They are likely to do more damage than in a stable climate, exposing countries in America to mounting costs, as exemplified by Hurricane Sandy in 2012 [4], Hurricanes Harvey [5,6,7] and Maria [8] in 2017, and Hurricane Florence in 2018 [9]. The location where a hurricane reaches maximum intensity is moving farther and farther north [10]. Climate projections and simulations assume an increase in the frequency of hurricanes of magnitude 4 or 5 on the Saffir–Simpson scale if anthropogenic greenhouse gas emissions increase or continue their trend and the associated positive feedbacks amplify the Earth’s warming [11,12,13,14]. Computer modelling shows that the damage caused by hurricanes does and will continue to increase as the accompanying winds grow stronger and the flood waves become higher [15,16,17]. The strength of hurricanes is somewhat reduced by the aerosol cooling effect, but further warming of the climate, including a rise in sea temperatures, is likely to lead to this effect being cancelled out [18].



Gray [19] has shown that hurricane activity is highly dependent on the variability of factors, such as vertical wind shear, vorticity at low atmospheric levels, humidity at different altitudes (usually in the low and middle troposphere), and sea surface temperature (SST). Understanding single factors allows constructing and analyzing more complex variables, such as the potential intensity of the cyclone [20], convective available potential energy [21], or maximum possible intensity [22]. Macroscale circulation types play a large role in hurricane intensity. The African East Wave, which initiates the formation of a tropical depression that later develops into a tropical storm and finally into a hurricane, can be significant for hurricane activity and spread [23]. However, the various parameters associated with the intensity of North Atlantic cyclones correlate with the ENSO (El Niño-Southern Oscillation)—during the cooler phase (La Niña), their numbers are higher than average, and during the warmer phase (El Niño), lower [24]. However, the latitude and longitude at which landfall is made in the North Atlantic is higher during El Niño and lower during La Niña [25]. There is also a moderate relationship between North Atlantic Oscillation (NAO) and TC activity. A greater number of TCs is recorded during a negative phase than during a positive one. [26]. There are also significant connections between the positive phase of Atlantic Multi-decadal Oscillation (AMO) and hurricane activity [27,28]. AMO is also responsible for regional variation in hurricanes’ rainfall intensity [29].



A hurricane can weaken and move north–east, becoming a mid-latitude cyclone. Initially, knowledge of the latter was based on the mechanisms of temperature gradients and wind shear, which intensified the cyclone up to the point of occlusion [30]. It was not until Charney and Eliassen [31] that the importance of water temperature in the formation and maintenance of mid-latitude cyclones was demonstrated. Many years later, it was established how much of a role the baroclinic atmosphere plays in the existence of such structures [32]. As we became better acquainted with climate change and the phenomenon of global warming, it became apparent that rising water temperatures could have a measurable impact on the damage caused not only by hurricanes, but also by extratropical cyclones [33]. Interest in extratropical cyclones then grew considerably, and their impact on European weather appeared to be greater than previously thought. Consequently, a precise classification of such cyclones was created, with an emphasis on its use in synoptic meteorology and climatology [34]. A parameter called potential vorticity has been shown to be important for the northern migration of extratropical cyclones [35]. The exact evolution of a hurricane and the timing of its transition into an extratropical cyclone has also been studied [36,37,38]. Predictions created with climate models show that this type of cyclone will move farther and farther north as climate change proceeds [39].



The main objective of this study is to determine the trend of changes in the annual number and maximum extent of tropical cyclones (TCs) and extratropical cyclones (ETCs) in the Atlantic Ocean over the recent period spanning modern climate change (1970–2019), and to investigate initially the potential causes of this variability. The research hypothesis is that global warming, and the associated increase in ocean temperature, may influence the number of cyclones (both tropical and extratropical), as well as their expansion. Furthermore, this variability may also be modified by other factors of both atmospheric and oceanic origin, including the macrocirculation, conditioning the occurrence of a given El Niño–Southern Oscillation (ENSO), North Atlantic Oscillation (NAO), or Atlantic Multi-decadal Oscillation (AMO) phase. The additional aim of the study is to make a review of literature concerning recent changes in tropical and extra-tropical cyclones climatology, particularly pertaining to the objectives of this research, i.e., the number and extent of both cyclone types and their hydro-climatological conditions.




2. Materials and Methods


The HURDAT2 data available from the National Hurricane Center resources (an organ of NOAA—National Oceanic and Atmospheric Administration) were used to meet the research objective of the study. The data from the period 1970–2019, containing information on geographic coordinates and cyclone parameters at a temporal resolution of 6 h periods, were used in this study. Data indicating the annual and monthly North Atlantic Oscillation (NAO), Atlantic Multi-decadal Oscillation (AMO), and Southern Oscillation Index (SOI) representing the ENSO phase were also downloaded from the resources of the National Center for Atmospheric Research. The former are calculated using the Hurrell method [40], and values of the second one are based on the Trenberth and Shea method [41], while the third are based on measurements of pressure fluctuations in Darwin (Australia). Data indicating sea surface temperature (SST) at a temporal resolution of one month and dimensions of 1 degree latitude by 1 degree longitude were downloaded to reanalyze [42].



The achievement of the objective of the study is associated with the application of the following statistical analysis methods: (1) presenting the long-term variability of the phenomena under study and determining the trend by means of linear regression, and (2) establishing a potential causal relationship between the phenomena analyzed by means of Pearson’s correlation coefficient, taking into account statistical significance.



First, it was calculated how many of each type of cyclone (TC and ETC, separately) there were in each year of the time interval adopted (1970–2019). The seasonal variability of their occurrence was analyzed by computing the mean number of cases in each month. It was analyzed in which months the cyclones occurred, as well as the number of cyclones. Furthermore, the mean maximum northern extent of TCs and ETCs was determined with the month of their occurrences. It was then checked in which month the maximum northward extent was reached. A trend line was used for the multi-year abundance patterns, to which the equation of the linear function and the coefficient of determination were fitted.



For each year, the maximum latitude reached by TCs and ETCs, with the furthest extent of them in each season, was determined, and for ETCs only, the maximum eastern extent was determined. These annual records were also analyzed for multi-year trends. Similarly, analysis of the seasonal averages of the northern (TC and ETC) and eastern (TECETC) extents was also carried out. In the next step, correlation relationships between the abundance seasonal number and the maximum extent of cyclones and NAO and ENSO circulation types were reviewed, using monthly and annual NAO and SOI indices. Furthermore, an analysis of the relationship between the seasonal number and the maximum abundance and magnitude of the northern/eastern cyclone expansion and SST was conducted. A spatial correlation matrix was created, showing the relationship between Atlantic cyclones’ abundance/extent, and their maximum annual extent and SST at each point in the World Ocean.



The period 1970–2019 was chosen for the analysis, as the longer period covering earlier years could obscure the potential impact of climate change on cyclone development and would be prone to misinterpretations due to heterogeneous cyclone observation methods over a long time span [43,44]. In addition, the results of correlations with variables, such as SST, would have a lower range of reliability, as the reconstruction of such parameters prior to the satellite monitoring era is difficult and error-prone [45].




3. Results


3.1. Temporal Variability and Trends in Occurrence of TC and ETC


Between 1970 and 2019, 311 hurricanes (TCs) and 281 extratropical cyclones (ETCs) were observed in the North Atlantic, or a total of 592 such structures. The month with the highest number of them was September (Figure 1), when 238 TCs and ETCs occurred, accounting for about 40% of all observations. There were 141 such occurrences in October and 91 in August. Unlike in August, ETCs were more frequently observed than TCs in October. A similar number of surveyed cyclones occurred in July and November (39 and 42 cases). In June, 21 cyclones were recorded, most of which were ETCs. Sporadically, cyclones were recorded in January, April, May, and December. In February and March, none of these structures were observed.



Hurricane abundance in the North Atlantic between 1970 and 2019 ranged from 2 per year (1982 and 2013) to 15 per year (Figure 2). The average was 6.22/year. The record value occurred in 2005. At that time, 15 TCs were observed in different months: 5 in September, 4 in October, 3 between May and July, 2 in August, and 1 in the winter months. Quite a few TCs were also recorded in 2010 and 1995 (12 and 11, respectively). An increasing trend in the annual number of TCs in the Atlantic over the analyzed time interval is observed, amounting to 0.64 per 10 years (a statistically significant result at the significance level α < 0.05). Almost every year, there was at least one hurricane in September (the exception was 1994). In 37 years, there was at least 1 observation of a hurricane in October, the same as in August. In three seasons, as many as four TCs were recorded in October (1990, 2005 and 2010), and in the case of August, this occurred only in 2004. In nearly 40% of the years analyzed, hurricanes were observed in May–July (3 times in 2005) and November–January (3 times in 2001).



A total of 281 extratropical cyclones were recorded in the analyzed multiyear period, giving an average of 5.6 per year. The only year without an ETC was 1994. Only 1 year later, however, as many as 9 such cyclones were recorded for the first time, while the maximum number was reached in 2004 and 2005, when 12 ETCs per year were observed. It was still close to equaling this record in 2019, when 11 ETCs were recorded. The linear trend is upwards of 0.86 per 10 years. This means that, on average, 1 new cyclone is observed every 10 years. The trend has a higher statistical significance than that for hurricanes (at a significance level of α < 0.001). In 41 years out of 50, at least 1 ETC occurred in September, while in 80% of the years analyzed, ETCs occurred in October. In 36 seasons, at least 1 cyclone of this type was recorded in the July–January period. Apart from 1994, when ETCs did not appear at all, only in 2013 was the phenomenon not recorded in the period from July to October, while usually the four months mentioned had the largest share of the total annual number of these cyclones. The phenomenon, although also occurring quite regularly from April to June and from November to January, is not characterized by a very high average annual abundance in these months.



Figure 3 shows only a single, year-record indication of the latitude at which a TC was observed. Subsequently, it transformed into an ETC, turned towards lower latitudes, or died out. A decreasing trend of the maximum TC extent so depicted is observed. The directional coefficient of the trend line is −0.12, while the coefficient of determination is 0.11. The result is statistically significant (α < 0.05). It should be noted that the nature of the regression is strongly influenced by two outliers on the two opposite sides of the time series. In October 1973, a hurricane was observed at 58°N. By contrast, in September 2013, the farthest TC recorded reached just 23°N. Most TCs ended their lives between 40 and 50 degrees north latitude. Maximum extents were reached by hurricanes at different times of the year. The most common periods were August, September, and October; however, twice the furthest northward extent was reached by a cyclone from the May–July period, and once from the November–January season.



An increasing trend of the maximum northern latitude reached by ETCs in a given year is observed. According to the linear regression model, the rate of northward shift of ETCs of extreme extent in a given season is 2 degrees per 10 years. The result is statistically significant (α < 0.01). Roughly since 1995, more and more ETCs have been observed at latitudes above 60° N. In 2000, an ETC went above 70° N, which is the only such case in the time period analyzed. It is noteworthy that this took place in the period before the hurricane season, namely between July and August. However, most of the annual maximum northward migration happened in September and October. The two September indications were close to reaching 70° N. ETCs from the April–June and November–January periods entered the polar circle region (one in case each).



The maximum annual eastern extent of ETCs was also examined. Again, the trend is increasing and statistically significant at the α < 0.01 level (Figure 4). In some years, ETCs even moved into the eastern hemisphere (four times, the last time in October 2017). In 2004, the September ETC reached a record 13.5° E. ETCs reached their annual maximum longitude in different months of the year. Most often, this occurred in September (21 times) and October (11 times).




3.2. Relationship between Macroscale Circulation Patterns (ENSO/NAO) and TC/ETC Occurrence


A high correlation is observed between the annual number of TCs and the annual AMO index (Table 1), equaling 0.65. Positive AMO is connected with higher water temperature in the northern part of the Atlantic Ocean. There is a moderate relationship between the annual number of hurricanes and the annual SOI and NAO indices. In the former case, a high annual number of hurricanes co-occurs with the La Niña phenomenon (cool phase of the ocean), in which there is a strong push of warm Pacific surface waters westwards (from the coast of South America to Australia) by the trade winds. The correlation coefficient between the seasonal number of hurricanes and the SOI (a measure of ENSO) is 0.31. There is a tendency for the NAO to increase the number of TCs in the negative phase of the oscillation. It consists in a weakening of the zonal west–to–east air flow in the temperate zone (from the coast of North America towards Central and Northern Europe). The correlation coefficient in this case is −0.34. However, there is no significant correlation between the maximum annual extent reached by TCs and the macroscale circulation types described here. In the case of extratropical cyclones, a correlation between their annual number and AMO, ENSO, or the NAO circulation index is observed to be lower than in the case of hurricanes. However, the correlation with the AMO index is still quite high (0.60). For ENSO, there is no significant correlation for both the number and extent of ETCs. As far as the NAO is concerned, there is a negative correlation with regard to their number. Thus, in the negative phase of the NAO in the Atlantic, an increased number of ETCs converted from hurricanes is observed. There is, in addition, a significant correlation between the northern extent of ETCs and the annual AMO index.



Monthly AMO indices are positively correlated with TC and ETC abundance in September–October (Table 2). The correlation coefficient for AMO indices measured in August/September and the number of TCs in the season equals 0.64. The highest correlation between AMO and ETC seasonal abundance is noted in August (0.56). Quite high correlation coefficients are also observed for AMO indices in other months of the year. Some monthly SOI indices show a significant correlation with TC abundance during the season of their occurrence (September–October) (Table 2). The strongest relationship occurs at the end of the year (0.51 in October, 0.39 in November, and 0.48 in December). Statistically significant results were also obtained for the July and September indices. The correlation with the number of hurricanes in September–October is moderate and negative for the NAO indices from two months: March (−0.35) and May (−0.30). For ETCs, the moderate correlations are both positive and negative. Higher SOIs in December seem to slightly coincide with higher numbers of ETCs during this period (correlation 0.28). In contrast, higher SOIs in June and February show an inverse relationship (correlations of −0.31 and −0.27, respectively). The correlation with the May NAO index is negative (−0.36) and with the September index positive (0.33).




3.3. Influence of Global SST on TC/ETC Occurrence


The field of correlation between CT abundance and annual mean SST at grid points (1 × 1 resolution) (Figure 5) is characterized by the presence of 2 areas of elevated index values exceeding 0.4, and locally even 0.6, in the North Atlantic. The first of these fields extends roughly from the 40° N to 60° N parallel, reaching the waters of the Arctic Archipelago. The second field is located north of the equator, between Africa and South America. They are bisected by a belt of weak correlation, north of the Tropic of Cancer. A fairly high positive correlation also applies to the Pacific, especially the part in the eastern hemisphere. In the area of this ocean in the western hemisphere, however, wedges of positive correlation are noted between parallels 10 and 30° S (a strongly extended wedge, with values as high as 0.6) and 20 and 50° N (the wedge is more extended, with correlation values lower). In contrast, a strongly negative correlation is noted in the eastern Pacific along the equator (−0.6 and higher). This band of correlation extends towards the coasts of the Americas. In the Pacific, the correlation picture corresponds to conditions occurring during the cool phase of ENSO, which is associated with increased TC abundance (see previous subsection). A smaller area of strongly negative correlations is registered in the Atlantic between the coasts of South America and Africa, roughly along the Tropic of Capricorn. An inverse relationship between water temperature and the number of hurricanes also applies to the coastal waters of the eastern United States. In contrast, a band of negative correlations is evident at latitude 50° S, but not as significant as in the other cases discussed. In the Indian Ocean, the correlations are rather neutral, with isolated small areas of slightly positive and slightly negative correlations.



The high number of ETCs is strongly favored by the warmer, rather than the usual, waters of the North Atlantic. The correlation is positive from the northern parts of the ocean to areas near the Equator (Figure 6) and exceeds 0.6 between Greenland and the Labrador Peninsula. A clear correlation can also be seen with the temperature of the waters of the Arctic Archipelago and eastern Hudson Bay. Positive correlation coefficient values are also observed in the Pacific Ocean, especially in the intertropical belt in its western part. This relationship is well demonstrated in the waters surrounding the Malay Archipelago. There, the coefficients exceed 0.4, and locally even 0.6. A strong negative correlation (−0.6) is, in turn, recorded along the 50° S parallel to the west of South America. Moreover, a rather high negative correlation coefficient is recorded along the Florida Peninsula. Such an area of negative (but already lower) correlation still surrounds the North American coastline in a north–easterly direction. In contrast, areas of neutral correlation dominate in the Indian Ocean. It is worth noting, however, the transition zone between this ocean and the Pacific, where quite high correlation coefficients are again recorded.



In a further step, the correlation of sea surface temperature with the maximum annual TC range was examined (Figure 7). In the northern hemisphere, the correlation is negative in most areas. In the Atlantic, the coefficient reaches < −0.4 in the region west of the European continent. A negative correlation is also found between the temperature of the waters north of Europe, up to the extremity of the waters bordering Novaya Zemlya. A similar area can be seen in the Caribbean Sea and around Alaska. A significant area of positive correlation is noted around the southern part of South America, with a fairly high correlation coefficient within the Drake Strait. In addition to this area, patches of positive correlation with fairly irregular shapes are also observed in the southern parts of all oceans. The correlation generally increases towards the coast of Antarctica.



The correlation between the maximum northern extent of ETCs and sea surface temperature is positive in the North Atlantic Ocean (Figure 8). The coefficient values exceed 0.4 in most grids and are higher than 0.6 in some grids. The belt of very high correlation extends from the Labrador Sea to the Baffin Sea, between Baffin Island and western Greenland to the Norwegian Sea. The area of high correlation extends south to 30° N. Lower correlation values persist, even up to the Tropic of Capricorn. In the coastal part, the correlation values are lower, and off the east coast of the United States, the correlation is even negative, which indicates an inverse relationship between the expansion of extratropical cyclones and water temperature in this part of the World Ocean. However, high correlation values are found in the Pacific (as in the case of the correlation with the number of cyclones, in the eastern hemisphere), especially northeast of New Guinea. A negative correlation (starting at −0.2) is recorded in the Pacific in the western hemisphere along the Equator. On the edges of the area, already at higher latitudes, there are bands of positive correlation. However, a significant correlation, albeit more spatially limited (covering smaller areas of the North Atlantic and Western Pacific), is seen for the maximum extent of the eastern ETC (Figure 9).





4. Discussion and Conclusions


The results confirm that North Atlantic hurricanes occur most frequently in September and October. This agrees with theoretical considerations indicating that in September, the most favorable conditions for their formation occur. The strong solar radiation flux during the summer and early autumn warms the surface layer of the ocean (up to 50 meters) to at least 26.5 °C, the critical point above which hurricanes can form [46]. Hurricanes occur as early as August or even July. There have also been times when tropical cyclones have formed over the North Atlantic Ocean after the season, usually in November. The occurrence of TCs outside the September–October period is associated with the positive thermal anomaly of ocean waters over the intertropical waters during the summer and late autumn months. The abundance of ETCs analyzed in this study in the following months presents a similar pattern, as their formation is determined by the development and transformation of hurricanes [36,37]. The average annual number of TCs for the analyzed period was 6.22 per year, with a trend of 0.64 per decade (statistically significant for p < 0.05). These results support the hypothesis provided by previous studies [47,48] that in a warmer climate (i.e., later years), the abundance of TCs will be higher. The annual abundance for the 1970–2019 period is larger than for earlier periods; for example, in 1944–1995, it was 5.7 hurricanes per year [49]. The abundance is similar to the one from the 1966–2009 period (exactly 6.14/year) and the 1971–2020 period (6.4/year) found in other research [50,51]. Some of the previous studies, such as [10], indicate that the northern range of maximum TCs intensity is increasing, whereas we examined the maximum annual extent of TCs, which shows that it is decreasing. It can be assumed that this is related to the intensification of TCs and their rapid dissipation. It is also worth noting that in recent years, there has been a rapid increase in the number of ETCs (increase of more than 0.8 per decade; average annual number of more than 5), which can be a major threat in temperate latitudes. The average annual number of ETCs for the analyzed period is 5.6/year, which is slightly greater than the number (5.0/year) found for the period 1979–2005 in other research [39]. In contrast to the TCs, their maximum annual northern range is clearly increasing. The maximum eastern range was also studied, which is getting farther, too.



A positive SOI, which corresponds to the occurrence of the La Niña phenomenon, often co-occurs with a high TC abundance. This explains why a high negative correlation of eastern Pacific SST and TC abundance is also noted—during a positive ENSO phase, there is strong, intense upwelling in this part of the ocean. It must be assumed that both phenomena (the emergence of La Niña and the higher TC abundance) have a similar macrocirculatory basis. The development of the La Niña phenomenon itself is gradual and at times slow, and the SOI is a reflection of changes that were already taking place in the atmospheric pressure field much earlier. The course of the ENSO phase in the final months of the year is determined by, among other things, their weakening or strengthening, which can be initiated even a few months earlier. Therefore, the phenomena determining the La Niña phase at the end of the year appear to influence both hurricane abundance and the reversal of typical atmospheric circulation patterns in the Pacific, where atmospheric pressure measurements are made for the SOI, resulting in the existence of a higher correlation in the last months of the year. Furthermore, if a particular circulation phase occurs in September, for example, it will usually persist until the end of the year (and even be amplified), which also explains the correlation coefficients obtained. Similar results have been found in other studies on the relationship between ENSO and cyclone activity [24,25,52,53]. It has also been pointed out that a reverse phase, i.e., El Niño in June, may impact more extratropical cyclone activity in September–October. During this phase, the trade winds weaken, and the resulting hurricanes do not move as much to the west, reducing the likelihood of rapid landfall (in the Caribbean region) and whole cyclone extinction [54]. Fewer hurricanes are then formed, but they show a greater likelihood of turning into an extratropical cyclone. Weaker correlation coefficients are observed between the abundance of TCs and the NAO Index. Moreover, the correlation with the number of ETCs is even lower. Negative values are observed in two spring months (March and May). A negative NAO phase is usually associated with a slightly warmer Atlantic in the tropics, but some areas farther north may be cooler, which could explain the uncertain relationship. In addition, NAO is a periodic circulation—its effects are best seen in winter and spring [40]—in months when TCs are unlikely to be observed. The correlation with the negative NAO phase has been seen in other research too [26,55]. The strongest correlation can be seen between the AMO index and the number of TCs and ETCs. During the positive phase of this oscillation, the North Atlantic becomes much warmer [56], which is clearly conducive to the birth of new hurricanes. High correlation coefficients have been found also in other research [27,28,57]. The correlation is also significant between the AMO and the northern migration of ETCs, confirming the importance of warmer ocean waters for the expansiveness of these structures. The highest correlation coefficients are observed in August and September, i.e., at a time similar to the highest TC and ETC activity in the year. AMO turns out to be a good predictor of the abundance of both structures, because the correlation—although lower—is significant in each month of the year, unlike with SOI.



There are moderate to strong spatial correlations between ocean water temperatures and the abundance of hurricanes and extratropical cyclones. This may be due to climate change driving an increase in the mean sea surface temperature. This would explain the increasing trends in TC and ETC abundance over the analyzed multi-year period. The change in SST is stronger at higher latitudes, which could explain the stronger trend in the change in the abundance of extratropical cyclones [58]. In the case of an increase in the maximum annual extent of hurricanes, an inverse relationship is observed. This may be due to a strong intensification at lower latitudes and early landfall, or to a faster transformation into an extratropical cyclone due to a rapid loss of energy [59,60]. Extratropical cyclones, on the other hand, are characterized by an increasing northward and eastward migration, which has been shown to have a strong correlation with increasing SST at high latitudes. Such cyclones, moving far to the northeast, contribute to the occurrence of anomalous weather events in temperate latitudes [61], the increased frequency of which has already been reported in earlier studies [62]. It is important to note that some of the correlations observed in the maps may be coincidental (especially correlation fields with a small area and high degree of isolation) or lack a good theoretical explanation.



We presented, in a synthetic way, some factors that are responsible for the variability of selected parameters associated with tropical and extratropical cyclones in the Atlantic. This is a preliminary study, in which we analyze the available data and compare it to existing research results. It is significant, because it combines both direct and indirect causes of the variable abundance and expansiveness of cyclones in the Atlantic. In addition to the systematizing function of the article, it also contains its own analysis of various data sets in the years that the authors considered significant in terms of the progress of climate change. To this factor, we added an analysis of the macrocirculation situation, thanks to which we received comprehensive statistics on the development of these structures.



The study of tropical and extratropical cyclones is important because of the ecological and socioeconomic threats these structures pose. They occur almost every year, with the most negative impact on the Caribbean region and the North American continent. Extratropical cyclones are increasingly migrating towards Europe, leading to weather anomalies in the region. Cyclones are subject to natural temporal oscillations, which is to some extent connected with the same mechanisms that lead to changes in atmospheric circulation, as described by ENSO and NAO. Their activity is also conditioned by rising ocean temperatures as a result of modern climate change. In the case of extratropical cyclones, there is an increase in both the abundance and the maximum northward extent. This study aims to allow a better understanding of some of the mechanisms determining cyclone activity in order to be able to predict their behavior more efficiently—both that caused by macrocirculation and by thermodynamic factors. However, apart from the SST and atmospheric circulation analyzed in this paper, there are many other factors influencing the occurrence, strength, lifespan, and geographical outreach of tropical and extratropical cyclones, which should be considered in further research.
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Figure 1. Total monthly abundance of hurricanes (TCs) and extratropical cyclones (ETCs) in the years 1970–2019. 
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Figure 2. Total annual abundance of TCs (top graph) and ETCs (bottom graph) and proportion of their occurrence by month (1970–2019). 
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Figure 3. Multiannual changes in the maximum latitude reached in a given year by a TC (top graph) and an ETC (bottom graph) of the furthest northern extent in the North Atlantic for the 1970–2019 period, with months taken into account. 
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Figure 4. Multiannual changes in the maximum longitude reached in a given year by the easternmost ETC in the North Atlantic over the 1970–2019 period, with months taken into account. 
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Figure 5. Spatial distribution of the correlation coefficient between the annual number of TCs and the annual average SST. 
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Figure 6. Spatial correlation between the annual number of ETCs and the annual mean SST. 
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Figure 7. Spatial correlation between maximum annual northern TC extent and annual mean SST. 
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Figure 8. Spatial correlation between the annual maximum northern extent of ETCs and the annual mean SST. 
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Figure 9. Spatial correlation between the annual maximum eastern extent of ETCs and the annual mean SST. 
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Table 1. Correlation coefficients between the annual number and maximum annual extent of TC and ETC and the SOI, NAO and AMO index values. In bold, statistically significant results at the significance level α < 0.05 are shown.
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Variable

	
Index

	
Correlation Coefficient






	
Number of TC

	
SOI

	
0.31




	
NAO

AMO

	
−0.34

0.65




	
Extent (northern) of TC

	
SOI

	
0.18




	
NAO

AMO

	
−0.17

−0.14




	
Number of ETC

	
SOI

	
0.10




	
NAO

AMO

	
−0.27

0.60




	
Extent (northern) of ETC

	
SOI

	
0.18




	
NAO

AMO

	
−0.10

0.46
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Table 2. Correlation coefficients between monthly SOI and NAO indices and TC or ETC abundance in September–October. In bold, statistically significant results at the significance level of α < 0.05 (one asterisk), α < 0.01 (two asterisks), α < 0.001 (three asterisks) are shown.






Table 2. Correlation coefficients between monthly SOI and NAO indices and TC or ETC abundance in September–October. In bold, statistically significant results at the significance level of α < 0.05 (one asterisk), α < 0.01 (two asterisks), α < 0.001 (three asterisks) are shown.





	
Month of Index Measurement

	
Index

	
Correlation with TC

	
Correlation with ETC




	
January

	
SOI

	
0.11

	
−0.06




	
NAO

AMO

	
−0.07

0.42 **

	
−0.13

0.30 *




	
February

	
SOI

	
−0.20

	
−0.27 *




	
NAO

AMO

	
−0.04

0.50 ***

	
0.01

0.36 **




	
March

	
SOI

	
0.14

	
0.00




	
NAO

AMO

	
−0.35 **

0.51 ***

	
−0.19

0.35 **




	
April

	
SOI

	
0.06

	
−0.09




	
NAO

AMO

	
−0.08

0.57 ***

	
−0.09

0.37 **




	
May

	
SOI

	
0.13

	
−0.13




	
NAO

AMO

	
−0.30 *

0.56 ***

	
−0.36 **

0.38 **




	
June

	
SOI

	
−0.05

	
−0.31 *




	
NAO

AMO

	
−0.11

0.63 ***

	
−0.11

0.42 **




	
July

	
SOI

	
0.36 **

	
0.09




	
NAO

AMO

	
0.20

0.55 ***

	
0.06

0.44 ***




	
August

	
SOI

	
0.24

	
0.01




	
NAO

AMO

	
−0.03

0.64 ***

	
−0.20

0.56 ***




	
September

	
SOI

	
0.30 *

	
−0.06




	
NAO

AMO

	
0.22

0.64 ***

	
0.33 *

0.46 ***




	
October

	
SOI

	
0.51 ***

	
0.20




	
NAO

AMO

	
0.08

0.51 ***

	
0.00

0.30 *




	
November

	
SOI

	
0.39 **

	
0.03




	
NAO

AMO

	
−0.20

0.58 ***

	
−0.02

0.34 *




	
December

	
SOI

	
0.48 ***

	
0.28 *




	
NAO

AMO

	
−0.23

0.58 ***

	
−0.08

0.38 **
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