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Abstract: Tropical cyclones (TC) are one of the deadliest natural meteorological hazards and the most frequent 

cause of natural disasters. The El-Niño Southern Oscillation (ENSO), a tropical ocean-atmosphere interaction, 

is known to significantly impact cyclonic systems over global ocean basins. This study investigates the 

variability of TC activity in presence of ENSO over the North Indian Ocean (NIO), comprising of the Arabian 

Sea (ARB) and the Bay of Bengal (BOB) basins during the pre- and post-monsoon season, using accumulated 

cyclone energy (ACE) over the last 26 years. Our analysis reveals a significant rise in cyclone intensity over the 

past two decades, with eight of the ten most active years occurring since the 2000s. Total ACE over the NIO is 

found to be higher in La-Niña. Higher ACE observed over ARB is strongly associated with a combination of 

elevated sea surface height (SSH) anomaly and low vertical wind shear during the El-Niño episodes, with 

higher sea surface temperatures (SST) during the post-monsoon season. Whereas in the BOB, El Niño not only 

reduces ACE but also decreases basin-wide variability, and more pronounced effect during the post-monsoon 

season, coinciding with warmer SST and higher SSH along the coast during La-Niña. 

Keywords: tropical cyclone; ENSO; ACE; SST; SSH 

 

1. Introduction 

Tropical cyclones (TCs) are among the most devastating tropical weather phenomena with huge 

loss of lives and damage to property. Around 7% of global tropical cyclones occur in the north Indian 

Ocean (NIO). The number of cyclones occurring over Bay of Bengal (BOB) is greater than the Arabian 

Sea (ARB), approximately four times higher [1]. Identification of the trends in their frequency and 

intensity over the NIO are very important for the coastal regions as 5-6 tropical cyclones form over 

this basin every year on an average [2]. Generally, more TCs occur in the NIO in the post-monsoon 

season (primary TC peak season) and pre-monsoon season (secondary TC peak season). A few 

cyclones develop during monsoon months as well. The atmospheric and oceanic conditions and the 

variation in TC activity in the BOB have been studied extensively earlier [3–7]. A relationship between 

Madden-Julian Oscillation (MJO) and tropical cyclones over Indian Ocean and western Pacific has 

also been identified [8]. The El-Niño Southern Oscillations (ENSO) have significant impact on the 

cyclonic activity over different ocean basins [9–11]. During ENSO, sea surface temperatures (SST) has 

been observed to change over the tropical eastern Pacific which affects the atmospheric circulation in 

the equatorial Pacific and at the same time the Walker Circulation also changes which greatly 

influences the oceanic and atmospheric conditions globally [12,13]. The ENSO events have a 

substantial influence on TCs by modulating large-scale circulation [14–17]. Earlier studies have 

investigated the relationship between ENSO and seasonal TC activity in different tropical basins 

[18,19]. In a study the impact of ENSO and MJO on TC activity over the south Indian Ocean has been 

analyzed as well [20]. Trends in TC activity in relation to ENSO in the Sothern hemisphere have also 

been investigated [21]. ENSO events also have significant impacts on the locations of the tropical 
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cyclogenesis and hurricane intensity [22–24]. In the Atlantic basin during the El-Niño (La-Niña) years, 

less (more) cyclones have been observed. The El-Niño phase of ENSO suppresses the formation of 

TCs in the north Atlantic basin. Intensity forecasts of tropical cyclones have been a major focus of the 

NIO region. Chaudhuri et al. 2015 estimated the predictability of severe tropical cyclones over the NIO 

by observing features of cyclonic depression with a condition-decision support system of rough set 

theory [19]. Artificial Neural Networks have also been developed for medium-range forecasts of 

cyclogenesis [25]. Comparatively, less research has been conducted over the NIO in relation to ENSO 

and TC activity. Past research shows a decline in TC activity over BOB in the months of May and 

November during the warm phases of ENSO and it was observed that the TC frequency in the NIO 

has a prominent ENSO cycle (2–5 years) during May-November. Albert et al. 2022 has shown that TCs 

are relatively more pronounced over the BOB during La-Niña and negative IOD (Indian Ocean 

Dipole) years [10,26,27]. TC activity has been studied using different metrics which includes annual 

storm counts, hurricane categories, power dissipation index (PDI) and the accumulated cyclone 

energy (ACE) index [28–30]. The ACE metric is similar to the PDI and includes intensity and duration 

information for each individual TC [31]. Some research indicates that changes in PDI correlate with 

increased sea surface temperatures (SST) in the Atlantic [3,32]. While some studies have suggested a 

decline in ACE, others have reported an increase, particularly in the context of global warming 

scenarios [6,31,33,34]. 

The purpose of this study is to investigate the connection between the El Niño Southern 

Oscillation (ENSO) signals to TC activity in the basins of NIO and identify the possible oceanic and 

atmospheric processes that modulate them using the ACE index. By conducting separate analyses for 

the ARB and BOB regions, we aim to enhance our understanding of TC variability in this complex, 

climate-sensitive zone. 

This research paper has four sections. In Section 2, we describe the datasets and the methods 

used. Section 3 discusses the main findings, including the statistics of TC activity and ACE and 

provides an analysis of the impacts of ENSO on TCs. In Section 4, we discuss the implications and 

the summarize our findings. 

2. Data and Methods 

2.1. Data 

Different types of satellites and ocean analysis products have been used in this study. The best 

track data for cyclonic disturbances over the north Indian Ocean, generated by the Regional 

Specialised Meteorological Centre (RSMC), IMD, India 

http://www.rsmcnewdelhi.imd.gov.in/index.php are used. The period of study is 1990 -2018. The 

daily sea surface temperature (SST) is used from NOAA [35]. GODAS Sea Surface Height (SSH) data 

is also used from NOAA. 

2.2. Methodology 

The cyclonic systems have been classified with respect to wind speed according to IMD (India 

Meteorological Department) criteria as follows; Depression (D) (17–27 kt), Deep Depression (DD) 

(28–33 kt), Cyclonic Storm (CS) (34–47 kt), Severe Cyclonic Storm (SCS) (48–63 kt), Very Severe 

Cyclonic Storm (VSCS) (64–119 kt) and Super Cyclonic Storm (SUCS) (>120 kt). In this study, the focus 

is only on the TCs of CS and higher categories. The definition of El-Niño and La-Niña events are 

based on the analysis of the Oceanic Niño Index (ONI) according to world meteorological 

organization (WMO). The El-Niño years are defined when ONI is above 0.5°C for a minimum of 5 

consecutive months and the La-Niña years are defined when ONI is below - 0.5 °C for minimum of 5 

consecutive months according to WMO. The same criterion has been used in this study to categorize 

El-Niño and La-Niña years. The present investigation focuses on the variability of ACE index with 

respect to El-Niño and La-Niña during the pre-(March-May) and post- monsoon (Oct-Dec) season in 

order to understand the TC activity over NIO and its link with the El-Niño and La-Niña events. 

Values of ACE for the pre- and post-monsoon season are obtained by computing the sum of the 
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squares of the estimated 6 hourly maximum sustained wind speed (kt2) over the lifetime of a TC as it 

reaches to CS and higher category and subsequently adding them for all TCs over the entire season 

under consideration. The annual ACE values are also computed by summing the values of ACE for 

all the TCs occurring in a year. The unit of ACE is 104 kt2, and for use as an index the unit is assumed. 

The values of ACE used in the present study are computed as:  

ACE = 10-4 Σv2max (1)

where vmax is estimated sustained wind speed of the system in knots. 

3. Results 

3.1. ACE Variability Across the North Indian Ocean, Arabian Sea, and Bay of Bengal Basins 

The duration of different categories of cyclonic systems forming over BOB and ARB has been 

estimated for both pre-monsoon and post monsoon season during El-Niño and La-Niña years (Table 

1). It is observed that during the pre-monsoon season the duration of the CS category of cyclones is 

maximum over BOB and ARB in the El-Niño years. However, in the La-Niña years the duration of D 

category of cyclones is more over BOB followed by the CS categories while the duration of ESCS 

category is more over ARB.  

Table 1. Duration in Hours for Cyclonic Systems Occurring During Pre-Monsoon and Post-Monsoon 

Seasons in El Niño and La-Niña Years (1990-2018) over BOB and ARB. 

 

The observation suggests that either the occurrence of CS categories of cyclones have increased, 

or the lifetime of such cyclones has become more over BOB. Conversely, during the post-monsoon 

season the duration of CS category of cyclones is observed to be more in the El-Niño years and the 

duration of DD category of cyclones is more in the La-Niña years. It is observed that during the pre-

monsoon season in the El-Niño years the cyclones of higher categories than CS are more over BOB. 

However, during the post-monsoon season in the El-Niño years the maximum cyclones over BOB are 

of CS category whereas cyclones of CS and higher categories are more over ARB. Likewise, the 

number of cyclones occurring in the La-Niña years during pre- and post-monsoon season is estimated 

(Table 2). It is observed that the cyclones of CS category are more and just one case of SCS category 

prevails during the pre-monsoon season over BOB while one case each of CS and ESCS categories is 

observed over ARB. During the post-monsoon season the cyclones of CS and higher categories are 

more over BOB in the La-Niña years. 
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Table 2. Number of TC Cases During Pre-Monsoon and Post-Monsoon Seasons in El Niño and La-

Niña Years (1990-2018) over BOB and ARB. 

 

The total ACE values during El-Niño and La-Niña years are estimated (Figure 1). It is observed 

that during the El-Niño years the ACE of ARB and BOB is comparable while for La-Niña years BOB 

has higher ACE than ARB. Nevertheless, during El-Niño the ACE values of the BOB basins and NIO 

is less than the La-Niña years. The result further shows that the ACE increases during the cold regime, 

emphasizing the correlation between ENSO and TC activity in the NIO. 

 

Figure 1. Total ACE values for (a) El-Niño and (b) La-Niña years over the ARB Sea, BOB and North 

Indian Ocean. 

During El Niño, ACE is 129.06 x 104 knots2, while in La-Niña, it jumps to 195.28 x 104 knots2. 

Notably, the ACE increase is more pronounced over the Bay of Bengal than the Arabian Sea during 

the transition from El Niño to La-Niña. This distinctive ACE fluctuation is profoundly shaped by the 

unique physio-chemical attributes intrinsic to each ocean basin. This, in turn, affects ACE through 

changes in the strength of winds. 

Figure 2 illustrates the average ACE values for the pre-monsoon and post-monsoon seasons 

during El-Niño and La-Niña phases. The data covers the years 1990-2015 and is segmented for both 

for the Bay of Bengal (BOB) and Arabian Sea (ARB). This depiction provides a comprehensive view 

of how ACE behaves in response to El-Niño and La-Niña events across these specific regions during 

different seasons. The blue bars represent La-Niña, and the red bars represent El-Niño. Notably, the 

average maximum ACE is higher (15.88) over the Arabian Sea during El-Niño, specifically during 

post-monsoon months. Conversely, over the Bay of Bengal, the maximum ACE is observed during 

La-Niña’s post-monsoon phase. Figure 2 effectively showcases how El Niño and La-Niña events not 

only impact the North Indian Ocean but also exhibit detectable differences in their basin-wide effects. 

These climatic phases influence seasonal ACE variations distinctively, not only across ocean basins 

but also within them. Remarkably, the basin-wide cyclonic energy pattern undergoes a reversal 

during El-Niño and La-Niña phases, emphasizing their complex influence. 
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Figure 2. Average ACE values for the pre-monsoon and post-monsoon season during El-Niño and 

La-Niña phase respectively during the period 1990-2018. 

A comprehensive box-whisker plot of Accumulated Cyclone Energy (ACE) for all years is 

presented (Figure 3), specifically differentiating between El-Niño and La-Niña years. The analysis 

focuses on post-monsoon, monsoon, pre-monsoon, and annual periods across the Arabian Sea (ARB), 

Bay of Bengal (BOB), and the entire North Indian Ocean (NIO) region. Figure 3 employs a color 

scheme where blue designates the Arabian Sea, orange corresponds to the North Indian Ocean, and 

green is utilized for the Bay of Bengal. Importantly, we observe that the average and range of ACE 

values tend to be higher across all years, compared to only El-Niño years. Conversely, during La-

Niña years, ACE’s variability and average are notably higher across all years, and this distinction is 

more pronounced during both El-Niño and La-Niña occurrences. 

 

Figure 3. Box-Whisker Plots Over 1982-2020: Post-Monsoon, Monsoon, Pre-Monsoon, and Annual 

Analysis of Accumulated Cyclone Energy (ACE) Across Arabian Sea, Bay of Bengal, and North Indian 

Ocean for all years (a), El-Niño (b) and La-Niña (c) years. 
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The ACE index for the Arabian Sea (ARB) and the Bay of Bengal (BOB) from 1990 to 2018 

indicates an increasing trend in both basins, with a more pronounced increase observed in the ARB. 

ACE values in the BOB exhibit less variability, while the ARB shows significant fluctuations, with 

some years experiencing notably higher or negligible ACE values. Moreover, ACE values in the BOB 

are consistently higher than those in the ARB (Figure. 4). 

 

Figure 4. ACE and SST over ARB and BOB from 1990 – 2015. 

Regarding sea surface temperature (SST), both the ARB and BOB show rising trends over the 

study period, aligning with global tropical cyclone trends associated with increasing temperatures. 

The ARB experiences a more substantial SST increase compared to the BOB. The observed R2 values 

for SST trends are 0.409 (ARB) and 0.349 (BOB) (Figure 4). 

3.2. Spatio-Temporal Variability of Atmospheric and Oceanic Modulation During ENSO Phases 

SST is an important parameter which plays an important role in the development of tropical 

cyclones. The SST anomaly during the post monsoon and pre-monsoon season of El-Niño and La-

Niña years is depicted (Figure 7). In panels corresponding to El-Niño conditions, SST anomalies are 

observed to exhibit distinctive patterns during both the post-monsoon and pre-monsoon seasons. In 

panels (b) and (d), representing La-Niña phases, the SST anomalies portray contrasting characteristics 

in the two respective seasons. These variations highlight the pronounced influence of El-Niño and 

La-Niña events on regional sea surface temperature dynamics, accentuated across different temporal 

segments. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 12 October 2023                   doi:10.20944/preprints202310.0749.v1

https://doi.org/10.20944/preprints202310.0749.v1


 7 

 

 

Figure 5. Sea Surface Temperature (SST) anomaly for (a, c) El-Niño and (b, d) La-Niña phase during 

(a, b) post-monsoon season and (c, d) pre-monsoon season. 

 

Figure 6. Vertical wind shear between 200hPa and 850 hPa for the (a) post-monsoon season and (b) 

pre-monsoon during El-Niño, normal, and La-Niña events. 

ARB BOB 
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For the post monsoon season during El-Niño years the SST shows positive anomaly for both 

ARB and BOB with higher values over the ARB. For the La-Niña years negative anomaly is observed 

for both ARB and BOB. The positive anomalies in SST over ARB and BOB in post monsoon season is 

observed to be directly correlated with El-Niño which aids in warming the water of the ocean. For 

the pre-monsoon season, the BOB has negative and greater SST anomaly while ARB has less SST 

anomaly during El-Niño years. During La-Niña years ARB has positive SST anomaly and positive 

anomaly is observed in the upper BOB and negative SST anomaly is observed in the lower regions of 

BOB, however, ARB has higher positive anomaly. From the above results it can be inferred that the 

effect of ENSO is greater during post-monsoon season as the peak of ENSO phenomena occurs 

around November-January [36]. Furthermore, the effect of ENSO during post-monsoon and pre-

monsoon seasons is contradictory.  

Weak vertical shear of horizontal wind between lower (850 hPa) and upper troposphere (200 

hPa) also assists in the formation of cyclones [7]. The average vertical wind shear for post-monsoon 

and pre-monsoon seasons during El-Niño, neutral and La-Niña years has been estimated (Figure 6). 

It is evident that the wind shear over both ARB and BOB is low and almost same in both El-Niño and 

La-Niña years for the pre monsoon period as it is in the normal case, and it is lowest in southern 

portions of ARB. The wind shear for post monsoon season in the La-Niña years is slightly greater in 

the BOB than ARB whereas for El-Niño years and normal years the wind shear is low and similar in 

BOB and ARB. Figure 7 displays Sea Surface Height (SSH) anomalies distinctly portray divergent 

oceanic characteristics corresponding to these phases. Significantly, the magnitudes exhibit 

substantial variability across the two seasons. Notably, the anomalies exhibit a strengthening trend 

during La-Niña’s pre-monsoon to post-monsoon transition. Furthermore, the SSH gradient between 

the Arabian Sea and the Bay of Bengal becomes pronounced.  

 

Figure 7. Sea Surface Height (SSH) anomaly for (a, c) El-Niño and (b, d) La-Niña phase during (a, b) 

post-monsoon season and (c, d) pre-monsoon season. 
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4. Conclusions 

ENSO and its relation to TC activity in the ARB and BOB during the pre-monsoon and post-

monsoon season are studied for the period of 1990-2018. This study shows that ENSO significantly 

and differently affects the tropical cyclone activity over BOB and ARB during the El-Niño and La-

Niña years. During La-Niña (El-Niño) phases, the TC activity is observed to be relatively more (less) 

pronounced in the NIO. The ACE values for El-Niño years for ARB and BOB do not show any 

significant difference and for La-Niña years ACE is greater for BOB than ARB. ACE in the La-Niña 

phase. Higher SST is observed in the post-monsoon season which along with high SSH and low wind 

shear leads to higher ACE values in ARB during El-Niño years. In the La-Niña phase ACE is more in 

BOB in post monsoon season but SST is not higher in BOB. So, SST may not be a factor for higher 

ACE values in BOB. SSH is greater in the post-monsoon season in BOB which along with low wind 

shear may be responsible for greater ACE values in BOB. The result shows that during the post-

monsoon season tropical cyclone activity measured in terms of ACE is more over ARB during El-

Niño phase while ACE is more over BOB during the La-Niña phase. 

During La-Niña, sea surface temperatures in the central and eastern equatorial Pacific Ocean are 

cooler than average. However, the impact of La-Niña on tropical cyclone activity is more complex 

than simply cooler waters. Here’s why La-Niña can lead to higher Accumulated Cyclone Energy 

(ACE) over the North Indian Ocean. La-Niña is associated with changes in atmospheric circulation 

patterns. These shifts can lead to favorable conditions for tropical cyclone development in certain 

regions, including the North Indian Ocean. While La-Niña brings cooler waters to the equatorial 

Pacific, it can lead to warmer-than-average sea surface temperatures in other areas, such as the 

western Indian Ocean, which can support cyclone formation. La-Niña tends to reduce wind shear in 

the North Indian Ocean. Wind shear, which is the change in wind speed and direction with altitude, 

can inhibit cyclone development. When wind shear is low, it allows cyclones to form and intensify 

more easily, contributing to higher ACE values. La-Niña can enhance atmospheric instability, which 

is a key factor for cyclone development. The presence of unstable air encourages the rising motion 

necessary for cyclone formation. This increased instability can lead to more frequent and stronger 

cyclones during La-Niña. La-Niña or El-Niño doesn’t act in isolation; it interacts with other climate 

patterns such as the Indian Ocean Dipole (IOD). A positive IOD phase, which often coincides with 

La-Niña, can lead to warmer waters in the western Indian Ocean, further supporting cyclone 

development. While La-Niña does bring cooler waters to some regions, its impact on cyclone activity 

is influenced by a combination of factors including atmospheric circulation changes, wind shear, 

atmospheric instability, and interactions with other climate patterns. These factors can create 

conditions conducive to increased cyclone activity and higher ACE values in the North Indian Ocean 

despite the cooling effect of La-Niña in the Pacific. 

Given the distinct behavior of cyclonic activity in different ocean basins, treating them separately 

rather than using a larger geographical domain like the North Indian Ocean can indeed lead to better 

predictability of tropical cyclone activity. In summary, a basin-specific approach, rather than a 

broader geographical domain, can enhance the precision and reliability of tropical cyclone 

predictions, ultimately contributing to better preparedness and response strategies for vulnerable 

regions. 
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