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Abstract

:

The current study looks at how the characteristics of Arabian Sea tropical cyclones (TCs) change over time. The results show that in the pre-monsoon (April–June) and the post-monsoon (October–December), the activity of TCs > 34 knots, including cyclonic storm (CS), severe cyclonic storm (SCS), very severe cyclonic storm (VSCS), extreme severe cyclonic storm (ESCS), and super cyclonic storm (Sup. CS), has significantly increased, while the tendency of TCs < 34 knots, depressions and deep depressions (Ds) over the Arabian Sea has only slightly increased. Most of the TC activity in the first two decades (1982–2001) over the Arabian Sea activated on the eastern side, while in the last two decades (2002–2021), there was an expansion toward the southwest region of the Arabian Sea, especially in the post-monsoon season. The composite analysis of environmental parameters over the Arabian Sea reveals that the negative anomalies of outgoing longwave radiation (OLR) and the positive anomalies of relative humidity at 500 hPa (RH–500 hPa) in the first decade (1982–1991) and the second decade (1992–2001) are more concentrated on the eastern side of the Arabian Sea, leading to increased activity for TCs. Decades three (2002–2011) and four (2012–2021) demonstrated a wide distribution of weak vertical wind shear (VWS) and strong convection (OLR and RH–500 hPa) over the Arabian Sea basin. This led to TCs occurring more frequently and stronger, especially in the post-monsoon season. SST over the Arabian Sea was sufficient for tropical storm activity (≥26.5 °C) for both typical seasons.
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1. Introduction


Tropical cyclones are weather systems defined by an enormous and revolving mass of moist air on a much greater scale that is generated over the warm ocean waters. References [1,2] asserts that tropical cyclones are catastrophic events that cause damage and destruction due to their huge energetic strength provided by the water. The intensive TCs cause rising in the sea level due to the low atmospheric pressure and strong winds leading to sudden flooding in the coastal region; this is called a storm surge [3]. Due to the energy derived from the open ocean, these systems eventually lead to the formation of enormous vortices that are characterized by whirling winds, dense clouds, and intense precipitation [4]. In recent years, the increasing number of intensive TCs over the Arabian Sea that make landfall on the coastal regions has increased the death rate and damage. Gonu killed 78 people and caused about USD 4 billion in damages [5], while cyclones Phet and Megh [6] killed 47 and 18 people, respectively. A brief review about storm surges and their modeling over the North Indian Ocean (NIO) was made by [7]. Several studies have been conducted to understand their behavior and the factors that contribute to their occurrence [8,9,10,11,12,13] The dynamics of TCs, particularly their origin and intensity, are difficult to completely explain. Moist convection and condensation influence large circulation indices, hence amplifying the cyclone disturbances, as noted in [14]. The global shallow-water model calculations used by [15] indicate that the vortex trapping increases with peak height, topographic length scale, and latitude (larger topographic β effect), whereas [16] shows that the instabilities of cyclone vortices are triggered by the beta-effect.



There are two primary basins that make up the NIO, the Arabian Sea and the Bay of Bengal. According to [8], it is one of the tropical regions that creates favorable conditions for the genesis of cyclones. Refs. [17,18] studied that around seven percent of all TCs across the world had their origins in the North Indian Ocean. Figure 1 depicts the Arabian Sea, which is the western basin of the North Indian Ocean. It is located between the longitudes of 50° and 80° East and the latitudes of 5° and 25° North. The impact of Arabian Sea TCs is enormous on communities, both socially and economically, despite the fact that they only account for three percent of all TCs [8,19]. Over the Arabian Sea, a notable proportion of TCs materialize in the vicinity of the Laccadive Islands, which are 11° North and 73° East [20]. The North Indian Ocean regularly experiences five to six systems that are severe enough to meet the criteria for the TC classification and have wind speeds of at least 34 knots [21]. From a climatological point of view, TCs activity in the Arabian Sea and the Bay of Bengal exhibits characteristics that are distinct from those observed in storms occur in other basins [22]. The annual pattern of TCs activity over these two basins exhibits a significant bimodal characteristic, exhibiting peaks during the transitional monsoon periods of April to June and October to December, while other basins experience a singular, dominant peak [8,23,24]. This underscores how the bimodality of these two basins sets them apart from other basins. The first peak of TCs activity occurs between the end of April and the beginning of June, and the second peak occurs between the end of September and the beginning of December [25,26].



Previous studies have revealed that TCs occurrence is changing and gaining strength over different geographic regions, including the North Pacific [27] and the North Atlantic [28]. The study [29] recorded a consistent augmentation in both quantity and proportion of TCs severity across all basins (1979–2004). Substantiated the escalation in the strength of most TCs globally throughout the satellite period (1981–2006) [30]. Most of the prior studies concentrated on the NIO in general by comparing the two basins or only concentrated on the Bay of Bengal since it has more TCs activity, while the studies focusing on the basin of the Arabian Sea individually are very limited. The frequency at which TCs are formed in the NIO region follows a different annual cycle compared to the North Tropical Atlantic, Western North Pacific, and Eastern North Pacific regions [31,32,33]. The North Tropical Atlantic, Western North Pacific, and Eastern North Pacific experience a single peak TC season, which occurs from July to October. Earlier research has also documented a remarkable variability in the occurrence and strength of TCs within the Bay of Bengal and Arabian Sea [26]. Refs. [34,35,36] demonstrated a notable increase in the occurrence of Very Severe Cyclonic Storms (VSCSs) over the NIO, spanning from 1981 to 2014. Also, a new study on the increasing of intensive TCs over NIO [37] reveals that the increase in Extremely Severe Cyclonic Storm (ESCS) is due to weakening summer monsoon circulation while [38] relates the change in TCs intensity over NIO to the eddies (warm and cold core). Conversely, ref. [39] observed no marked progression in the yearly incidence of Cyclonic Storm (CS) or Severe Cyclonic Storm (SCS) over the Arabian Sea (1996–2010). Refs. [40,41] reported that the frequency of the TC over the Arabian Sea exhibited a more rapid increase as compared to the Bay of Bengal. Ref. [19] found no statistically significant trend over the period 1891–2008 in the frequency of TCs over the Arabian Sea. However, from 1979 onwards, there has been an observable rise in TC activity in the Arabian Sea region [42,43,44]. Ref. [26], examined the connection between the environmental conditions of the Arabian Sea and TC activity from a climatological point of view. There are four main thermodynamic factors affecting TC activity over all tropical oceans, which are sea Surface temoerature (SST), relative humidity (RH)-500 hPa, outgoing longwave radiation (OLR), and vertical wind shear (VWS). The interplay of these factors is sufficient to characterize the primary drivers of cyclogenesis and TC intensity in the region. SST is critical because it provides the thermal energy required for TC formation and contributes to TC intensification [45,46,47]. Warmer ocean surfaces enhance evaporation and atmospheric moisture content, fueling the convection processes that lead to cyclogenesis, while mid-tropospheric moisture is essential for sustaining deep convection within a TC, and without enough moisture, the TC cannot form or intensify [48,49,50]. At this level, sufficient RH prevents dry air intrusion, which can weaken or inhibit TC development. OLR is another important factor. It serves as an indicator of convective activity and cloud-top temperatures. Lower OLR values correspond to stronger convection, which is a key component in TC formation and intensification. Also, the findings indicate that harmoniously structured extensive-scale circumstances can generate specific environments, particularly weak VWS, that are apt for tropical cyclogenesis in the favorable season periods. It is a significant dynamic factor for TCs activity [26,51,52,53].



Over the years, the classification of low-pressure systems used by the Indian Meteorological Department (IMD) has undergone several different modifications. These modifications have been based on observational networks, analytical tools, and procedures. The comprehensive examination of this classification has been discussed by [54]. The IMD (2008) states that up to 1974, there were essentially three different categories of TCs: depressions, CS, and SCS.



The year 1999 saw additional modifications to the classification criteria due to the utilization of microwave-based satellite products, meteorological buoys, high wind speed recorders, scatterometer-based sea surface wind observation, and an increase in confidence in intensity estimation based on Dvorak’s technique and radars [55,56]. For wind speeds ranging from 64 to 119 knots, the term “SCS” was changed to “VSCS”, and a new term, “super CS” (SuCS), was introduced for wind speeds beyond 120 knots. As seen in Table 1, the IMD has lately begun using the classification of TCs.



In this study, the authors are concerned with the characteristics of TCs over the Arabian Sea (frequency, intensity, and genesis) and relate them to the environmental condition by investigating different environmental parameters. By conducting an analysis of these characteristics over the Arabian Sea region, we aim to gain a thorough understanding of TCs characteristics in this complex region. In our next article, we will study more about TCs activity like track, energy metrics, and its duration and the relationship between the TCs activity and global circulation indices.



This paper has four sections. We describe our study’s data and methods in Section 2. Section 3 discusses the main findings, including TC activity in terms of frequency, intensity, and genesis. In Section 4, we summarize our findings.




2. Data and Methods


The Regional Specialized Meteorological Centre-India Meteorological Department (RSMC-IMD) has created a digitized dataset of tropical storms that occurred in the Arabian Sea between 1982 and 2021. This dataset was constructed based on the current categorization and criteria, which can be seen in Table 1. In order to determine the development of the various tropical storm categories beginning with D/DD and ending with SuCS over the Arabian Sea, the data on TCs from RSMC-IMD (1982–2021) has been gathered and evaluated. For analysis purposes, the D and DD forms of depression have been combined into a single category; from this point forward, they will simply be referred to as Ds. RSMC has provided the data with frequency, intensity, and genesis data (intensity, the name of the storm, its date and location of genesis, its peak wind speed, and its landfall position) of Ds, CS, SCS, and intensity storms [57,58]. Different types of tropical cyclones that make landfall along the coasts of the Arabian Sea region are gathered in order to analyze the landfall characteristics. Environmental parameters such as SST, RH-500 hPa, OLR-500 hPa, and VWS were obtained from the national centers for environmental prediction (NCEP), and by using the national oceanic and atmospheric administration (NOAA)Physical Sciences Laboratory (PSL), composites of these parameters were created in this investigation for the 1982 to 2021 period [59].



Each TC was ranked according to the months, seasons, and decadal trends, in addition to their frequency and intensity. The Arabian Sea surrounds a region ranging from 5°–25° N to 50°–80° E. For genesis investigation, it is divided into four distinct areas (A1–A4). Figure 2 depicts the geographical scope of these four areas. Usually, researchers use this method of area division to gain a deeper understanding of the characteristics of TCs, particularly in the genesis location [60,61]. This approach helps establish a direct relationship between the physical environment and TC activity.




3. Results and Discussion


3.1. Frequency and Intensity of TCs over the Arabian Sea


3.1.1. Monthly and Seasonally


According to the classification of TCs that is given in Table 1 by the IMD, two groups of TCs are now being investigated: (i) TCs that are less than 34 knots (Ds) and (ii) TCs greater than 34 knots which are classified as CS, SCS, VSCS, ESCS, and SuCS depending on the wind speed. Figure 3 illustrates the monthly distribution of TCs over the Arabian Sea. From this figure, we can see that the May, June, October, and November months have the strongest activity of TCs over the Arabian Sea, less activity in January, July, August, and September, and no activity in February and April. Also, June has the highest frequency of TCs over the Arabian Sea.



Figure 4 illustrates that the period from October to December, known as the post-monsoon season, experiences the highest level of TC activity. Between 1982 and 2021, 87 TC events were observed in the Arabian Sea. Out of the total of 87 TC events, 2 (2%) occurred during the winter, 33 (38%) during the pre-monsoon period, 50 (57.5%) during the post-monsoon period, and 2 (2%) during the monsoon period. In general, it is obvious that there is more TCs activity during the post-monsoon season for the categories of CS, SCS, VSCS, ESCS, and SuCS (Table 2). Since winter and monsoon seasons have less activity for TCs over the Arabian Sea, this study concentrates more on the other two seasons, which are the pre-monsoon and post-monsoon seasons.



Table 2 below presents the seasonal record of TCs in the Arabian Sea basin from 1982 to 2021. The analysis reveals a frequent and abundant occurrence of TCs during the two main seasons of peak activity. Tropical storms are infrequently formed over the Arabian Sea from July to August due to the presence of strong VWS in the North Indian Ocean region [62]. According to Table 2, 56% of TCs during the entire period originated in the post-monsoon season and 44% in the pre-monsoon season. Regarding CSs, the distribution was roughly comparable between the two seasons. However, the category of SCS accounted for 60% during the pre-monsoon and 40% in the post-monsoon; 75% of VSCS originated in the post-monsoon. In contrast to these two active seasons, there was a complete absence of action for TCs that are greater than 34 knots (CS, SCS, VSCS, ESCS, and SuCS) throughout the winter and the season that occurred between them (monsoon), spanning from July to the first half of September.





 





Table 2. The seasonal record of TCs which are greater than 34 knots in the Arabian Sea basin based on IMD severity classification (1982–2021).






Table 2. The seasonal record of TCs which are greater than 34 knots in the Arabian Sea basin based on IMD severity classification (1982–2021).





	Season
	CS
	SCS
	VSCS
	ESCS
	SuCS





	Winter
	0
	0
	0
	0
	0



	Pre-monsoon
	8
	4
	2
	5
	1



	Monsoon
	0
	0
	0
	0
	0



	Post-monsoon
	8
	6
	6
	4
	1









3.1.2. Annual and Decadal


The annual average frequency of TC activity over the Arabian Sea during 1982–2021 was 2.18. There were no recorded TCs in the Arabian Sea in the years 1987, 1991, 2000, and 2017.



A total of 42 Ds and 45 intensive TCs < 34 knots were reported in the Arabian Sea, corresponding to an annual frequency of 1.05 Ds and 1.13 for TCs < 34 knots between 1982 and 2021. Additionally, a large trend increases of the intensive TCs and a slightly increasing trend of Ds over the Arabian Sea. (Figure 5). During the first 10 years, the frequency of TCs > 34 knots was very low and there were only 2 events occurred in the first decade (1982–1991). Since 1992, there has been a significant increase with at least one event per year.



The following TCs, named Gonu (2007), Bandu (2010), Phet (2010), Keila (2011), Nilofar (2014), Ashoba (2015), Megh (2015), Sagar (2018), Mekuno (2018), Luban (2018), and Shaheen (2021), have occurred recently in the Arabian Sea. The TCs originate over the Arabian Sea and have made landfall on countries’ coasts. Table 3 presents the decadal distribution of TCs activity in the Arabian Sea region over the last four decades (DE1, 1982–1991; DE2, 1992–2001; DE3, 2002–2011; and DE4, 2012–2021). According to Table 3, the average frequency of TCs in the four decades was 1.3, 2, 2.4, and 3, respectively. Furthermore, it demonstrates that the frequency of TC activity has been gradually increasing over the last thirty years. Even though there were a large number of disturbances throughout the first decade (DE1), only two TCs greater than 34 knots formed out of the total of forty-five that occurred during the entire period. Over the remaining three decades, there was at least one TC greater than 34 knots that was extremely active each year. The DE4 (DE1) decade had the highest (lowest) number of intensive TCs recorded, respectively, which was 30 (13). Since 2014, which is within DE4, there has been a general pattern that indicates a significant increase in the quantity of intensive TC activity.





3.2. Genesis of TCs over the Arabian Sea


Table 4 divides the Arabian Sea into four distinct areas: A1 (15°–25° N and 51°–62.99° E), A2 (15°–25° N and 63°–80° E), A3 (05°–14.99° N and 51°–62.99° E), and A4 (05°–14.99° N and 63°–78° E). This table also provides information about the total number of genesis sites in each of the four selected areas for different time periods. There has been a total of 87 genesis points across the full-time span from 1982 to 2021 that have been identified as the origin of TCs. The highest number of occurrences have been seen in regions A4 (41) and A2 (32), respectively. While the lowest number of occurrences is observed in A1 (1) and A3 (13).



When considering the distribution of Ds and TCs > 34 knots during the two seasons over the Arabian Sea, it becomes evident from Figure 6 that more than two-thirds of pre-monsoon TCs were situated on the eastern side (A2 and A4). Moreover, during this season, all Ds originated above 15° N (A1 and A2), with a greater concentration on the eastern side (A2). For the strong categories of TCs which are greater than 34 knots, out of the 20 formed during this season, 16 were located on the right side of 63° E (A2 and A4), with a higher concentration over A4.



A considerable number of TCs are formed over the Arabian Sea below 15 degrees North (A3 and A4) during the post-monsoon season, which begins at the end of September and continues until the end of December. This season is characterized by the occurrence of TCs, as seen in Figure 7. Compared to the pre-monsoon season, an increase in the activity of TCs towards the southwest of the Arabian Sea basin (A3) is observed in the pre-monsoon season. In addition, with the exception of three instances, all the Ds that occurred during the post-monsoon season originated below 15 degrees north latitude (A3 and A4), and the eastern side (A4) indicated a higher concentration of TC activity. In terms of the intensive TCs, out of twenty-five that occurred, the twenty developed during this season were located on the eastern side of 63 degrees east (A2 and A4) and exhibited meridional variability.



According to Table 5, the majority of TCs originated in areas A2 and A4 in DE1 and DE2, with percentages of 97% and 95% of TCs that occurred, respectively. In DE3, A2 had the highest number of TCs, followed by A4 and A3 in that order. Within DE4, the formation of tropical storms primarily occurred in the southern regions (A3 and A4) of the Arabian Sea, accounting for 73% of all occurrences. The remaining storms formed in the northern regions (A1 and A2) of the basin.



When the two 20-year periods (1982–2001 and 2002–2021) are compared, it is possible to demonstrate that the frequency of TCs increased by approximately 64 percent in the second era in comparison to the first period (Table 5). According to the differences that are displayed in Table 5 between the four areas, A1 and A3 have the least number of TCs across all of these four areas during the first period of the 20-year period. On the other hand, there is a slight increase in the generation of TCs over A1 during the second period and a significant increase over A3 during the same period.



The locations where the genesis occurs have been observed to be the most prominent in the eastern region of the Arabian Sea (A2 and A4), as indicated in Table 5 and Figure 8. Also, there is an expansion of TC genesis distribution over the Arabian Sea towards the southwest of the basin (A3) in the second period of the 20-year period.




3.3. Influence of Environmental Factors on Tropical Cyclones Genesis and Intensity


A major distinction may be seen in the origin location, quantity, and intensity of TCs that occur over the Arabian Sea for seasons and decades, as demonstrated by the preview sections. The findings of this study are consistent with those of earlier research. References [8,26,63,64,65] found that the dynamical and thermodynamic factors SST, RH, OLR, and VWS are responsible for controlling the creation and intensification of TCs.



During the pre-monsoon season, SST gradually increased from one decade to the next, hence supplying TCs genesis with both moisture and energy [8,66,67]. The pre-monsoon SST reaches 30 °C and more in the center areas of the basin during DE3, and it has expanded significantly over the last decade in most of the basin area, this is one of the factors that has played a good role in increasing the TCs activity in the last two decades. A lower temperature in the western basin of the Arabian Sea compared to the eastern side causes fewer TCs to originate during this season. However, during the post-monsoon season, SST did not increase, but it is still sufficient around the threshold for TC activity (≥26.5 °C) to enhance the convection over the basin, which is necessary for TCs activity (Figure 9).



Both seasons maintain the SST at 26.5 °C, meeting the empirical criterion for the genesis of TC. However, there is a noticeable variation in TC activity throughout these two seasons each year. This suggests that other inhibiting elements, such as RH, VWS, and OLR, may potentially affect TC’s activity and it is important to confirm this.



Both the RH positive anomalies and the OLR negative anomalies have had a strong concentration on the eastern side of the Arabian Sea during the first two decades in both pre-monsoon and post-monsoon seasons, which has led to an increase in the number of TCs. However, in the most recent decades, it has expanded on the majority of the Arabian Sea area, causing an increase in the frequency and intensity of TCs, as shown in Figure 10 and Figure 11. Additionally, the increase in both OLR and RH over the Arabian Sea can be seen in both of the figures during the last two decades. VWS is an additional significant feature that contributes to the favourability of TCs due to its impact. It is essential to have a weak VWS in order to contribute to the genesis of TCs. According to [68], it is more advantageous to have low VWS while forming an upper-level warm core since it promotes the development of tropical disturbances. This occurs because a low VWS creates favorable conditions for tropical disturbance development. Figure 10 and Figure 11 also show that VWS is not the primary factor influencing the changes in TC characteristics during the pre-monsoon period in each decade. However, it still plays an important role in TCs activity.



For the first two decades (DE1 and DE2) of the post-monsoon season, there was a concentration of significantly higher than average levels of RH-500 hPa anomalies and significantly lower than average levels of OLR-500 hPa anomalies on the eastern side of the Arabian Sea. This resulted in more favorable conditions for the development of TCs. However, during DE3 and DE4, these anomalies steadily increased towards the west and southwest, causing more activity in the Arabian Sea.



Regarding VWS, its influence was extremely modest during the first two decades (DE1 and DE2), but in the most recent two decades, it has emerged as a substantial contributing element among RH and OLR in influencing the changes between seasons and decades in the characteristics of TCs. Thus, in terms of VWS, we can conclude that VWS is one of the primary contributing factors in TCs activity over the Arabian Sea and since it had higher values in the pre-monsoon compared to the post-monsoon, it caused less activity of TCs. During this season, there has been no significant increase or reduction in SST; hence, it is not possible to determine whether or not SST has had an effect on the characteristics of TCs over the past four decades.



Hence, changes in the rate at which the sea surface warms up, especially before the monsoon season, and the way the VWS is spread out over the basin during both peak seasons cause changes in the TCs activity (frequency, intensity, and genesis) over the Arabian Sea. The increased mid-relative humidity and decreased outgoing longwave radiation increased the atmospheric instability, resulting in a favorable condition for TCs activity. The results of this study can provide decision-makers with a better understanding of developing risk assessment strategies for the coastal areas in the Arabian Sea.





4. Conclusions


The current work utilizes both the RSMC-IMD dataset and the NCEP-NCAR reanalysis data to produce long-term climate science data on the Arabian Sea TCs, including their frequency, intensity, and origins, for the years 1982–2021. By analyzing SST, RH-500 hPa, VWS, and OLR over the Arabian Sea, this study also aimed to examine the interaction between the TCs and their large-scale conditions and environmental factors. It demonstrates that the combination of dynamic conditions and hydrothermal conditions leads to seasonal, yearly, and decadal variations in the TCs’ activity over the Arabian Sea. There was an asymmetry in the bimodal distribution of TCs over the Arabian Sea, with two peaks. The highest peak occurs during the post-monsoon season, and the other one occurs during the pre-monsoon season. The Arabian Sea created a total of 87 TCs, with an average of 2.18 per year. During the post-monsoon season, more frequent TCs are found than in the pre-monsoon season. According to the decadal trend of TCs activity across the Arabian Sea, the frequency has been increasing in DE3 and especially in DE4.



The results have demonstrated that the eastern side of the Arabian Sea (right to 63 degrees east) comprises the most favorable places for the genesis of the two active seasons in DE1 and DE2. This is due to increased convection on the eastern side of the basin. Over the last two decades, there has been a significant increase in the positive RH and negative OLR anomalies over the Arabian Sea (Figure 10 and Figure 11). This expansion has led to an increase in TC activity, particularly in DE4. The meridional distribution highlighted the difference between the two seasons. During the post-monsoon period, there was a discernible trend to originate below 15 degrees north latitude, particularly in the most recent decade (DE4). On the other hand, during the pre-monsoon period, the meridional distribution was approximately equal above and below 15 degrees north.



As a result of relatively high VWS and moderate OLR and RH, the composite analysis demonstrates that there were fewer TCs during the pre-monsoon season in comparison to the post-monsoon season. The third and fourth decades of the post-monsoon season show an increase in the number of tropical storms that developed in the south and southwest of the Arabian Sea as compared to the first twenty years. Strong OLR and RH, as well as declining VWS over the Arabian Sea, explain this. The SST does not appear to be a crucial factor in the changes observed in the activity of the TCs of two mean seasons and four decades across the basin. This is because the climatological mean SST over the Arabian Sea is quite high. This outcome is somewhat different from earlier results showing only one factor, such as RH or VWS, to be more significant [26,68]. This is mostly due to our focus on evaluating changes in TCs activity in the Arabian Sea and analyzing seasonal, yearly, and decadal characteristics. As a result, we acquired and highlighted joint initiatives based on critical environmental criteria. Furthermore, we demonstrated that the activity of TCs and related environmental variables varies throughout seasons, years, and decades and may have a relationship with global circulation indices. This is intriguing and warrants additional examination.
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Figure 1. The domain of the study area (Arabian Sea). 
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Figure 2. The Specified areas designated for the different regions over Arabian Sea: A1 (15°–25° N and 51°–62.9° E), A2 (15°–25° N and 63°–75° E), A3 (05°–14.9° N and 51°–62.99° E), and A4 (05°–14.9° N and 63°–78° E). (UAE on the map is United Arab Emirates). 
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Figure 3. Number of TCs (sum) according to IMD classification of TCs for each month in the year over the Arabian Sea (1982–2021). 
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Figure 4. Number of TCs (sum) according to IMD classification of TCs in each season over Arabian Sea during the study period. Winter (January–march), Pre-monsoon (April–June), Monsoon (July–September), and Post-monsoon (October–December). 
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Figure 5. Annual distribution of TCs number according to IMD classification of TCs for (a) Ds (TCs < 34 knots), and (b) TCs > 34 knots over the Arabian Sea basin (1982–2021) with their trend lines. 
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Figure 6. Geographical distribution of tropical cyclone genesis location (red dots) for pre-monsoon season in the four areas of Arabian Sea A1–A4. (a) all TCs categories according to IMD classification of TCs, (b) Ds genesis points, and (c) TCs genesis points (>34 knots). (UAE on the map is United Arab Emirates). 
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Figure 7. Geographical distribution of tropical cyclone genesis location (red dots) for post-monsoon season in the four areas of Arabian Sea A1–A4 (a) all TCs categories according to IMD classification of TCs, (b) Ds genesis points, and (c) TCs genesis points (>34 knots). (UAE on the map is United Arab Emirates). 
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Figure 8. The geographical distribution of tropical cyclone genesis location in the four areas of Arabian Sea A1–A4. (a) 1982–2001 and (b) 2002–2021. (UAE on the map is United Arab Emirates). 
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Figure 9. The composite means of SST (°C) over Arabian Sea for the four different decades (DE1, DE2, DE3, and DE4) for Pre-monsoon and post-monsoon seasons. 
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Figure 10. The composite anomalies of RH-500 hPa (%) and VWS (m/s) over Arabian Sea in four different decades (DE1, DE2, DE3, and DE4) for pre-monsoon and post-monsoon, black dots are the genesis locations of TCs. 
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Figure 11. The composite anomalies of OLR-500 hPa (W m−2) and VWS (m/s) over Arabian Sea in four different decades (DE1, DE2, DE3, and DE4) for pre-monsoon and post-monsoon, black dots are the genesis locations of TCs. 
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Table 1. Tropical cyclone classification according to IMD for North Indian Ocean.
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	System
	Wind Speed

in km/h
	Wind Speed

in Knots (m/s)





	Low-pressure area (L)
	Less than 31
	Less than 17 (09)



	Depression (D)
	31–49
	17–27 (9–14)



	Deep depression (DD)
	50–61
	28–33 (15–17)



	Cyclonic storm (CS)
	62–88
	33–47 (18–24)



	Severe cyclonic storm (SCS)
	89–118
	48–63 (25–32)



	Very severe cyclonic storm (VSCS)

Extreme severe cyclonic storm (ESCS)

Super cyclonic storm (Sup. CS)
	119–165

166–220

221 or more
	64–89 (33–46)

90–119 (47–61)

120 (62) or more







Note: 1 Knot = 0.514 m/s = 1.852 km/h.













 





Table 3. Decadal distribution of Tcs events in the Arabian Sea Basin based on severity.






Table 3. Decadal distribution of Tcs events in the Arabian Sea Basin based on severity.





	Decades (DEs)
	Ds
	CS
	SCS
	VSCS
	ESCS
	SUCS
	Tot





	1982–1991 (DE1)
	11
	1
	0
	0
	1
	0
	13



	1992–2001 (DE2)
	5
	6
	4
	2
	3
	0
	20



	2002–2011 (DE3)
	14
	4
	4
	1
	0
	1
	24



	2012–2021 (DE4)
	12
	5
	2
	4
	6
	1
	30










 





Table 4. Specified areas designated for the different regions and number of occurrences.
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	Area
	A1
	A2
	A3
	A4





	Latitude and longitude
	15°–25° N; 51°–62.9° E
	15°–25° N; 63°–75° E
	05°–14.9° N; 51°–62.9° E
	05°–14.9° N; 63°–78° E



	Number of occurrences
	1
	32
	13
	41










 





Table 5. Numbers of tropical cyclones distributed in the four specified regions over the Arabian Sea, during different periods.
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	Region
	1982–2001
	1982–1991
	1992–2001
	2002–2021
	2002–2011
	2012–2021





	A1
	0
	0
	0
	1
	0
	1



	A2
	13
	7
	6
	19
	12
	7



	A3
	1
	0
	1
	12
	4
	8



	A4
	19
	6
	13
	22
	8
	14



	Total
	33
	13
	20
	54
	24
	30
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file8.jpg
Number of TCs.
8 &

Winter

Premonsoon

Season

Monsoon

Post-mansoon






media/file13.png
30N

27N

24N 1

21N+

6N -

(a)

Saudi
Arabia

Somalia

4F 45E 48F SIE S4E S7E 60E 63 66E BOE 72E 75E TE

24N 1

24N -
21N -
18N 1

b
15N
12N 1
9N -

6N -

Saidi
Arabia

Somali

4F 45E 48F SIE 54E 57E 6OE 63E G6E 69F 72 75E 7E

Saudi
Arabia

4F 45E 48 SIE S4E S7F GOE G3E GGE BOE 72E 75E 78E






media/file12.jpg
T e T Sk O 0% W o B TR R T TS SR % 6 TR R

o

m;

;

w

(©

T W WS 9% 0 o oK 6 TR R TR






media/file18.jpg





media/file9.png
Number of TCs

10

Winter

Pre-monsoon

Season

Monsoon

Post-monsoon






media/file14.jpg
CE T EEET T

P

G T T T S & e R R

Somaig

T % S o B R 8RR R






media/file20.jpg





media/file23.png
30N

25N 1

20N

15N

Pre-monsoon Post-monsoon

20N %
15N -

TON 1

4

5N

7
60E

AR

0J

£






media/file5.png
30N

Iran mstan

27N -

24N -
21N 4 India
18N -
e
15N - -
L -

12N - o | v
A3 A4 | ;

ON - Somalia

6N - ;:;;7

42E 45E 48F 51E 54E 57E 60E 63E 66E 69E 72E 75E 78E






media/file15.png
30N

27N
24N 1
21N
18N 1

bo
15N 1
12N 1
IN 1

6N 1

()

Saudi
Arabia

Somalia

4F 456 48E SIE S4E S7E 60F 63F 66F

30N

()

9N 1

6N -

Somalia

[ ]
4 45E 48E S1E 54 57E 60E 63E 66F 69E 72E 75E 78E

27N 1

18N 1

| Saudi
| Arabia

Somalia

6N -

4F 45E 48F S1E S54E S57E GOE 63E 66F 6OF 72F 75E 78E






media/file19.png
Pre-monsoon

5N ) | I | | | | | |
40E 45E OS0E O5E 6OE 65E 70E 75E 8OE

Post-monsoon

SON-

20N -

20N -

1N~

SON -

20N -

20N~

1N+

10N~

5N'| 1 I [ | | I 1 ‘l | | | | ! | 1 1 1
40B 45E S0E 53t 60E 6OE 70E 75E 8OE 40E 43t S0E O0E 6OE 6SE 70E 75E 8OE






media/file2.jpg
°E

Syrie

Irag
Jogdan
Kuwgit

i Saudi Arabia

Bgt

Sudn

Britred Yemen

Dibouti

Exhiopia
Somal

Kenga

64
N ¢ oim
o
Qatar
vl
i
i
o
Arabian Sea
ks
s T e | e

1ex





nav.xhtml


  oceans-05-00048


  
    		
      oceans-05-00048
    


  




  





media/file11.png
a) Ds

o

S o N
s Jo Jaquinp

1
0

0¢0¢
810¢
910¢
v10¢
¢10¢
0T0¢
800¢
900¢
¥00¢
¢00¢
000¢
8661
9661
661
cé61
0661
8861
9861
861
¢861

b) TCs > 34 knots

-ﬂ"lln

n < o0 N
SJoW)| p