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ARTICLE INFO ABSTRACT
Keywords: Tropical Cyclones (TCs) are among the most destructive weather phenomena, causing substantial
Tropical cyclone damage to coastal regions and vulnerable communities along the Bay of Bengal. Predicting their

Genesis Potential Index
El-Nino-Southern Oscillation
Upper Ocean Heat Content
Sea surface Height Anomaly

formation remains a significant challenge due to the complex interactions between atmospheric
and oceanic processes. This study investigates the influence of the El Nino-Southern Oscillation
(ENSO) on the Genesis Potential Index (GPI) and the Total Number of Depressions and Cyclones
(TNDC) over the Bay of Bengal (5°-20°N, 80°~100°E) during the post-monsoon season (Octo-
ber-December) from 1995 to 2019. Cyclone activity associated with El Nino, La Nina, and Neutral
ENSO phases is examined using four GPI formulations based on key atmospheric and oceanic
parameters, including a newly developed index from our previous research. The results reveal
pronounced ENSO-dependent variations in vertical wind shear, Upper Ocean Heat Content
(UOHCQ), depth of the 26 °C isotherm (D26), Sea Surface Temperature (SST), Sea Surface Height
Anomaly (SSHA), latent heat flux, net longwave radiation, and low-level relative vorticity. During
La Nina years, reduced vertical wind shear, enhanced low-level cyclonic vorticity, deeper ther-
mocline, higher UOHC, and increased air-sea heat fluxes create a dynamically and thermody-
namically favorable environment for cyclone genesis, leading to GPI values nearly twice those
observed during El Nino and Neutral phases. These findings demonstrate the critical role of ENSO-
driven atmospheric-oceanic coupling in modulating cyclone genesis over the Bay of Bengal and
highlight the importance of incorporating ENSO-related variability into regional cyclone fore-
casting and disaster risk management strategies.

1. Introduction

Understanding the influence of large-scale environmental conditions on tropical cyclogenesis is imperative from scientific and
socioeconomic perspectives. The Bay of Bengal, particularly its southern region, serves as a primary genesis zone for a significant
portion of cyclones during the post-monsoon season (October-December). Generally, these TCs exhibit a westward or north-westward
trajectory before making landfall along the eastern coast of India. Some TCs deviate northward or northeastward, impacting the shores
of Bangladesh and Myanmar (Sadhuram et al., 2004, 2006). Previous studies have extensively examined the functional and structural
characteristics of TC vortices during intensification, highlighting symmetric features such as mesovortices, convective hot towers or
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bursts, and outflow jets (Emanuel, Noolan, 2004). Vertical wind shear, a critical factor impeding cyclone development, is commonly
assessed by comparing wind speed and direction at 850 and 200 mb geopotential heights (Yaukey, 2014). In the North Indian Ocean,
most TCs undergo formation and intensification during April and May (pre-monsoon season) and October and November (post--
monsoon season). This temporal pattern underscores the significance of understanding this regions dynamics and environmental
drivers governing cyclone genesis and intensification. Many previous studies have advanced our understanding of the relationship
between ENSO and TCs across different ocean basins. Early studies by Royer et al. (1998), Roy Bhowmik (2003) and While the
Emanuel, Noolan (2004) GPI, which includes MPI, is a widely used metric, the present study focuses on GPIZ1 and GPIS, which
incorporate oceanic parameters relevant to the Bay of Bengal post-monsoon season. Inclusion of MPI-based GPI will be considered in
future work to further assess its complementarity with the present indices. Wu et al. (2004) and Camargo et al. (2007) analyzed ENSO’s
influence on cyclone frequency and intensity, while DeMaria et al. (2001) introduced a genesis parameter for assessing cyclone for-
mation probability in the Atlantic region. Yumoto et al. (2001), Camargo, Sobel (2005), and Wada and Usui (2007) highlighted
disparities in cyclone characteristics across ENSO phases, and Lin et al. (2021) identified low-level absolute vorticity and mid-level
relative humidity as key factors influencing cyclone occurrence. Focusing on the Bay of Bengal, Girishkumar and Ravichandran
(2012) demonstrated that ENSO significantly affects cyclone frequency, genesis location, and intensity during the post-monsoon
season, with notable shifts in genesis sites under different ENSO phases. Despite these contributions, several gaps remain in under-
standing the detailed mechanisms through which ENSO modulates cyclone activity over the Bay of Bengal, motivating the present
study. In addition to ENSO, several other large-scale climate factors can modulate cyclone activity over the Bay of Bengal. Previous
studies have shown that the Indian Ocean Dipole (IOD) influences cyclone genesis by modifying regional sea surface temperature
gradients and atmospheric circulation patterns (Du et al., 2011). Arctic sea ice anomalies can also impact cyclone frequency in the
following season through teleconnections that alter large-scale atmospheric circulation and convection (Chen et al., 2023). Similarly,
SST anomalies in the northern tropical Atlantic have been found to affect tropical cyclogenesis over the western North Pacific by
influencing inter-basin circulation and vorticity patterns (Cao et al., 2016). Furthermore, regional Hadley circulation variations over
the western Pacific can modulate cyclone activity through changes in vertical motion and shear (Huang et al., 2024). Although our
study primarily focuses on ENSO, these additional climate drivers may interact with ENSO phases, further modulating GPI and cyclone
activity in the Bay of Bengal. A detailed assessment of these factors could be considered in future studies to provide a more
comprehensive understanding of cyclone genesis in this region. Many studies have focused on only one or two parameters; however,
the present study examines atmospheric and oceanic parameters, providing more accurate relationships and insights.

Several studies have examined the relationship between ENSO and cyclone activity over the North Indian Ocean (NIO), particularly
the Bay of Bengal (BoB). Chan et al., Chia and Ropelewski (2002), and Ta-Huu and Sato (2018) demonstrated that ENSO modulates
cyclone frequency, genesis location, and intensity in this region. Additional studies have reported ENSO-related variations in cyclone
activity through changes in large-scale circulation, vertical wind shear, and thermodynamic conditions (Singh et al., 2000; Goswami
et al., 2003; Sadhuram et al., 2012; Vissa et al., 2013; Mahala et al., 2015). Felton et al. (2013) further highlighted ENSO’s significant
influence on post-monsoon cyclone activity over the Bay of Bengal, although the underlying mechanisms remain uncertain. Obser-
vational and modeling studies have shown that ENSO modulates cyclone genesis potential by influencing coupled atmospher-
ic-oceanic processes (Tippet et al., 2011; Bruyere et al., 2012; Liu and Chan, 2013; Harla et al., 2013; Mishra et al., 2019; Brian et al.,
2020). Building on this framework, Zhang et al. (2016) introduced a Genesis Potential Parameter incorporating both atmospheric and
oceanic factors, while Suneeta and Sadhuram (2018) and Suneeta and Ramakrishna (2021) emphasized the critical role of oceanic
parameters in cyclone genesis and intensification over the NIO (Lin and Chan, 2015; Hu et al., 2018; Xu et al., 2020).

Despite these advances, the combined effects of atmospheric and oceanic parameters on cyclone genesis under varying ENSO
phases over the Bay of Bengal remain insufficiently understood. To address this gap, the present study investigates the impact of ENSO
on the Genesis Potential Indices (GPIs) and the TNDC during the post-monsoon season (October-December) for the period 1995-2019.
By employing four different GPI formulations, including one developed in our previous work, this study aims to provide a compre-
hensive understanding of the relative importance of key atmospheric and oceanic factors influencing cyclone genesis and intensifi-
cation in the Bay of Bengal. Previous studies have developed several Genesis Potential Indices (GPIs) to quantify the likelihood of
cyclone formation using atmospheric and oceanic parameters. For instance, Kotal et al. (2009) proposed a GPI formulation empha-
sizing the role of relative vorticity, thermal instability, and vertical wind shear over the North Indian Ocean, while Zhang et al. (2016)
integrated oceanic parameters such as the 26°C isotherm depth and heat fluxes to improve cyclone prediction over the northwestern
Pacific. Similarly, Suneeta and Sadhuram (2018) introduced a modified GPI that incorporates Upper Ocean Heat Content (UOHC), Sea
Surface Height Anomaly (SSHA), and Sea Surface Temperature (SST), highlighting the influence of oceanic conditions on cyclone
genesis. These studies collectively underscore the importance of combining atmospheric and oceanic variables to better understand the
mechanisms governing cyclone formation.

Felton et al. (2013) examined the ENSO - Cyclone relationship over the Bay of Bengal and provided detailed insights into the
mechanisms through which ENSO modulates post-monsoon cyclone activity in this region. However, despite the progress made in
these studies, a comprehensive understanding of how ENSO influences the spatial distribution and intensity of cyclone genesis po-
tential across different environmental parameters in the Bay of Bengal remains limited.

To address this gap, the present study investigates the spatial variability of multiple GPIs and their association with TNDC during
different ENSO phases El Nino, La Nina, and Neutral years over the Bay of Bengal. By integrating both atmospheric and oceanic
parameters, this research aims to provide an improved understanding of the environmental controls on cyclone genesis during the
post-monsoon season. The study seeks to clarify how variations in key parameters such as relative vorticity, vertical wind shear, SST,
and upper ocean heat content contribute to changes in cyclone activity under varying ENSO conditions. The findings are expected to
enhance the understanding of regional cyclone climatology and support more accurate prediction and mitigation strategies for coastal
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vulnerability in the Bay of Bengal region.
2. Data and methodology

The present study investigates the influence of oceanic and atmospheric parameters on cyclone genesis during different ENSO
phases over the BoB for the post-monsoon season (October-December). The GPI formulations were derived from both dynamic and
thermodynamic parameters to understand the variability of cyclone genesis during El Nino, La Nina, and Neutral conditions. This study
employed four distinct GPIs. The first GPI, referred to as GPIK, follows the methodology outlined by Kotal et al. (2009). This approach
aligns with the GPI currently utilized by the India Meteorological Department (IMD). The GPIK is computed using the following
equation:

GPIK = Mifgso > 0,M > OandI > 0—

(@))]
= 0iffgy < OLM<0o0rI< 0

Where

Easo =low -level relative vorticity (at 850 hPa) in 10> S7%;

S= vertical wind shear between 200 hPa and 850 hPa (m S™1);

M = W = Middle troposphere relative humidity;

Where RH is the average relative humidity between 700 hPa and 500 hPa;

I = (T850-T500)°C = middle tropospheric instability (Temperature difference between 850 hPa and 500 hPa).

For the western North Pacific Ocean, Zhang et al. (2016) developed an equation. In this analysis, GPI as given in Egs. 2 and 3 are
utilized. These are denoted as GPIZ1 and GPIZ2, respectively.
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Where n is the absolute vorticity at 1000 hPa, T is the average sea water temperature, F is the net long wave radiation (W/m2), and
D26 is the depth of the 26 °C isotherm. The coefficient p allows for the best least square fit between GPI ocean and observations with
p=7.4x%x1073
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Where 1 is absolute vorticity at 850 hPa; o is the vertical velocity at 500 hPa, LH denotes the latent heat flux with p = 1.5 x 1072,

Atmospheric variables such as relative vorticity, relative humidity, vertical velocity (2), and temperature were obtained from the
ERAS reanalysis dataset provided by the European Centre for Medium-Range Weather Forecasts (ECMWF) at a spatial resolution of
0.25° x 0.25°.

Monthly averaged SST, Thermal instability (I) and vertical wind shear (S) were derived from ERAS5 data. Thermal instability was
calculated as the temperature difference between 850 hPa and 500 hPa levels (T850 — T500), while vertical wind shear was computed
from the horizontal wind components at 850 hPa and 200 hPa levels. ERA5 offers high-resolution global data at 0.25° x 0.25° spatial
resolution with hourly estimates on 137 vertical levels from 1950 to the present (available at https://cds.climate.copernicus.eu/
datasets/reanalysis-era5-pressure-levels).

Following the formulation of the GPI proposed by Kotal et al. (2009), an extended version incorporating oceanic parameters was
introduced by Suneeta and Sadhuram (2018), referred to as the Genesis Potential Index with Oceanic Influence (GPIS). The GPIS is
expressed as:

UOHC
GPIS = GPIK* 4
(“%°) @
The upper ocean heat content (UOHC) is calculated using the multiple regression equation proposed by Ali et al. (2012)
UOHC= -245.256+D26%0.982-+SSHA*1.243+SST*8.417 4.1)

In this study, UOHC was estimated using the multiple regression formulation proposed by Ali et al. (2012), which provides reliable
estimates based on satellite-derived surface parameters. A comparison with the Suneeta and Sadhuram (2018) formulation indicated
that the difference in estimated UOHC values is within +5-8 kJ/cm? over the Bay of Bengal. Previous studies (Suneeta and Sadhuram,
2018; Suneeta and Ramakrishna, 2021) have also shown that the Ali et al. (2012) equation exhibits a better correlation with in situ
observations. Therefore, this approach was adopted for the present analysis to ensure consistency with reanalysis data and long-term
variability studies.

D26= 63.84+ 1.39*SSHA+ 0.044SSHA*SSHA 4.2)
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(Eq. 4.2 from Sadhuram et al. (2006)).

The estimated D26 from SSHA shows a strong correlation (r = 0.76) with measurements, indicating that SSHA is a reliable proxy.
SSHA data (m) were obtained from AVISO Copernicus Marine Services (CMEMS), which provides gridded data at 0.25° x 0.25°
resolution.

It is important to note that, unlike earlier studies using coarse-resolution (2.5° x 2.5°) data from IRI/LDEO, this study employed
high-resolution ERA-5 and CMEMS datasets to improve accuracy and consistency. A comprehensive dataset spanning 1995-2019 was
utilized to analyze ENSO variability, covering several El Nino, La Nina, and Neutral years. In addition, tropical cyclone track and
intensity data for the Bay of Bengal were obtained from the India Meteorological Department (IMD) Best Track Dataset (https://
rsmenewdelhi.imd.gov.in/), which provides reliable records of depressions and cyclonic storms over the North Indian Ocean,
including genesis location, duration, and intensity. To categorize the years into El Nino, La Nina, and Neutral phases, the Oceanic Nino
Index (ONI) provided by the NOAA Climate Prediction Center (https://www.cpc.ncep.noaa.gov/) was used. ONI is defined as the 3-
month running mean of sea surface temperature anomalies in the Nino 3.4 region (5°N-5°S, 170°-~120°W). Years were classified as El
Nino when the ONI > 40.5 °C for at least five consecutive overlapping 3-month seasons, La Nina when the ONI < -0.5 °C for the same
duration, and Neutral when the ONI remains between —0.5 °C and + 0.5 °C. This classification allows consistent identification of ENSO
phases and facilitates the computation of average composites of environmental parameters and GPIs over the Bay of Bengal during the
post-monsoon season (October-December) during which most tropical cyclone formations occur over the BoB. For each ENSO phase,
the average values of all parameters during October-December were calculated to derive GPI composites (GPIK, GPIZ1, GPIZ2, GPIS).
The spatial distribution of these composites was analyzed to identify key environmental factors influencing cyclone genesis over the
BoB.

3. Results and discussion
3.1. Relationship between the ENSO and GPIK

Lietal. (2013) emphasized that both atmospheric and oceanic conditions play a crucial role in modulating tropical cyclone activity
over the Bay of Bengal. Based on the average spatial distributions of all GPIs and their corresponding genesis locations during the
post-monsoon season, the variations in GPI and the TNDC across the Bay of Bengal were analysed for different ENSO phases. During the
study period, a total of 65 TCs formed over the Bay of Bengal, including 33 during La Nina events, 15 during El Nino events, and 17
during Neutral conditions (Table 1). The Total Number of Depressions and Cyclones (TNDC) that developed over the Bay of Bengal
during the post-monsoon season under different ENSO phases was analyzed (Table 1). During El Nino years, the number of TCs is
relatively lower, with an average of 1.67 TCs per year. La Nina years exhibit a significant increase in cyclone activity, with an average
of 3.00 TCs per year. In Neutral years, when ENSO conditions are neither El Nino nor La Nina, the average number of cyclone is 3.40
per year. This indicates moderate cyclone activity falling between the El-Nino and La-Nina years. These findings strongly underscore
the influence of ENSO variability on cyclone genesis within the Bay of Bengal region. However, a notable shift in cyclone activity
dynamics is observed when only developing depressions (i.e., cyclones with maximum speeds of 35 kt) are considered. From the results
obtained from the spatial distributions of GPIK (Eq. 1), it is observed that the relative vorticity ranges between 0 and 5 x 107° sec™!
during the ENSO period, as depicted in Fig. 1(a-c). Precisely, during the E1-Nifio period, this range shifts slightly upward to 0-6 x 107°,
as illustrated in Fig. 1(a), with minimal variation during the La-Nina period. Conversely, the Neutral period extends between 0 and
8 x 107, as shown in Fig. 1(b) and 1 (c), respectively. The relative humidity, as depicted in Fig. 2(a-c), remains within the range of
20-80 % throughout the El-Nino, La-Nina and Neutral periods. Thermal instabilities ranging from 20 to 24°C are illustrated in Fig. 3
(a-c). Vertical wind shear, ranging from 0 to 25 m/sec, is illustrated in Fig. 4(a-c). During the El-Nino period wind shear fluctuates
between 0 and 20 m/sec, while during the Neutral period, it varies between 0 and 25 m/sec. Notably, higher wind shear values are
observed during specific periods as depicted in Fig. 4(a & c). However, wind shear ranging between 0 and 12 m/sec was observed
during the La-Nina period. This indicates that lower-level vertical wind shear values are observed, presenting favorable conditions for
the genesis of TCs as shown in Fig. 4(b). The GPIK ranges from O to 30 x 10 %as Fig. 5(a-c) illustrates. TNDC in Table 2 represents the
average number of TCs that formed during the post-monsoon season (October to December) across the El-Nino, La-Nina and Neutral
phases of ENSO. This was determined by analyzing cyclone track data from the study period (1993-2019) and averaging the number of
TCs for each ENSO phase. The values for parameters such as relative vorticity, relative humidity, thermal instability, wind shear and
GPIK in Table 2 represent composite averages for each phase derived from ERA5 reanalysis data by averaging the respective values
over the corresponding time periods. The results indicate that La-Nina phases show the highest average number of TCs (4.5) coinciding
with higher GPIK values and more favorable atmospheric conditions, whereas El-Nino phases exhibit the lowest TNDC (3.3) and

Table 1
Variability of the Total Number of Depressions and Cyclones (TNDC) during the post-monsoon season (October-December) over the Bay of Bengal
during El Nino, La Nina, and Neutral composite years.

(ENSO) cycle (No. of Years) (No. of Tropical Cyclones) (Tropical cyclones per year)
El-Nifno 09 15 1.67
La-Nina 11 33 3.00
Neutral 05 17 3.40
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R

Fig. 1. (a-c): Spatial distribution of Relative Vorticity (RV) during Post monsoon season (October-December) under (a) El Nino (b) La Nina and (c)
Neutral years. Black stars indicate the genesis locations.
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Fig. 2. (a-c): Average relative humidity (%) in the middle troposphere (700-500 hPa) during the post- monsoon season (October-December) for (a)
El Nino, (b) La Nina, and (c) Neutral conditions. Black stars denote cyclone genesis points.

reflecting less favorable conditions. The GPIK values presented in Table 2, as well as the GPIs in Tables 3-5 were calculated using the
methodology outlined in the manuscript, which integrates atmospheric and oceanic parameters to estimate the genesis potential index.
Revealing that all parameters exhibit a stronger correlation with the TNDC formed during the La-Nina period compared to the El-Nino
and Neutral periods. Although the spatial composites in Fig. 4 show that the basin-wide vertical wind shear (200-850 hPa) appears
slightly lower during El Nino years compared to La Nina, the regional distribution reveals that the zones of reduced shear during El
Nino are mostly confined to the southeastern Bay and do not overlap with the main cyclogenesis regions. In contrast, during La Nina
years, weaker shear values (around 3-5 m s™) prevail directly over the central and northern Bay of Bengal, coinciding with areas of
enhanced low-level vorticity and moisture. This spatial alignment between low shear, high humidity, and positive vorticity provides a
more favorable dynamic environment for tropical cyclone formation. The lower shear values reported in Table 2 correspond to av-
erages calculated specifically over the primary genesis region (10°-20° N, 80°-95° E), which explains their smaller magnitudes
compared to the broader range (0-25 m s™!) shown in Fig. 4.

Based on the results, it is concluded that the La Nina period exhibits a strong relationship with both the GPI and TNDC, indicating
favourable conditions for the genesis and development of TCs. As shown in Table 2, the thermal stability is lower during La Nina years
compared to El Nino years, reflecting enhanced convective activity. Moreover, there is an increase in relative vorticity, relative hu-
midity, and GPIK during La Nina periods, while vertical wind shear remains relatively low (Fig. 4b). The spatial distribution analysis
further reveals that the genesis locations of cyclonic disturbances, marked by black stars, are predominantly concentrated in the central
Bay of Bengal. Overall, the higher values of vorticity, humidity, and GPIK along with reduced thermal stability and weaker shear
during La Nina conditions reaffirm that La Nina phases provide more favourable environmental conditions for both the formation and
intensification of cyclonic disturbances. The apparent contradiction arises from differences between basin-wide and genesis-region
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Fig. 3. (a-c): Thermal Instability (TI) middle tropospheric instability (Temperature difference between 850 hPa and 500 hPa for (a) El Nino, (b) La
Nina, and (c) Neutral conditions.
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Fig. 4. (a-c): Vertical Wind Shear (WS) between 200 hPa and 850 hPa for (a) El Nino, (b) La Nina, and (c) Neutral conditions.
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Fig. 5. (a—c): Spatial distribution of the Genesis Potential Index (GPIK) computed using all atmospheric parameters (a) El Nino, (b) La Nina, and
(c) Neutral conditions.
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Table 2

Average composites of Input parameters and GPIK over the Bay of Bengal (BOB) during the Post-monsoon season under El-Nino, La-Nina and Neutral.
Parameter El-Nino La-Nina Neutral
Relative Vorticity (x107° s™') at 850 hPa 0.1 2.39 1.49
Relative Humidity (averaged between 700 and 500 hPa) (%) 46.83 51.25 50.9
Thermal Instability temperature difference (Tsso — Tsoo) (°C) 21.6 21.35 21.48
Vertical Wind Shear 4.8 3.3 4.89

200 hPa and 850 hPa (m/s™)

GPIK 0.76 4.16 2.38
No. of Depressions 5 8 7
No. of Cyclones 10 25 10
TNDC 15 33 17

averages. Table 2 reports shear averaged over the primary genesis zone (10°-20°N, 80°~95°E), where La Nina composites exhibit lower
mean 200-850 hPa shear (~3-5 m s7!) than El Nifo composites (~4-5 m s™). Although Fig. 4 shows regions of elevated shear else-
where in the basin during La Nina, these high-shear areas do not spatially coincide with the vorticity and humidity maxima that define
the genesis locations. Therefore, the alignment of low shear with enhanced vorticity and moisture during La Nina provides the
dynamically favourable conditions that lead to the higher TNDC observed in Table 2. The intercomparison of mean values of the GPI
components between El Nino and La Nina years (Table 2) shows notable differences. Specifically, parameters such as mid-tropospheric
relative humidity and potential intensity exhibit statistically significant variations (p < 0.05), suggesting their dominant role in
modulating cyclonic disturbances during ENSO phases. In contrast, vertical wind shear and vorticity show comparatively weaker or
non-significant differences between the two phases, implying that their influence remains relatively stable across ENSO conditions.

3.2. Relationship between the ENSO and GPIZ1

In exploring the relationship between the ENSO and GPIZ1, the average spatial distribution method was employed, as given by Eq.
(2). This method incorporates parameters such as D26, SST, F and absolute vorticity (at 1000hPa) as Zhang et al. (2016) outlined.
Observations indicate minimal variation in absolute vorticity, ranging from 0 to 15 (x 10 sec™Y), as illustrated in Fig. 6(a-c). SST
varies between 26 and 30°C throughout the period with higher values concentrated over the central and Northern parts of the Bay of
Bengal during the La-Nina years, as illustrated in Fig. 7(b). Net longwave radiation (F) ranges from 50 to 75 w/m2 across the study
period, depicted in Fig. 8(a-c) while D26 varies between 50 and 110 m with the highest value observed during La-Nina and Neutral
periods as depicted in Fig. 9(b) and 9 (c) respectively. GPIZ1 computed from Eq. (2) ranges from 0 to 10 (x 10~2) with the highest
values observed during La-Nina years as illustrated in Fig. 10 (a-c). However, a comparative analysis of El-Nino, La-Nina and Neutral
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Fig. 6. (a-c): Spatial distribution of absolute vorticity at 1000 hpa during post monsoon season (October-December) under (a) El Nino (b) La Nina
and (c) Neutral years. Black stars indicates the genesis locations.
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Fig. 7. (a-c): Average Sea Water Temperature ( T) under (a) El Nifio (b) La Nina and (c) Neutral years. Black stars indicates the genesis locations.
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Fig. 8. (a-c): Net long wave radiation (F) under (a) El Nino (b) La Nina and (c) Neutral years. Black stars indicate the genesis locations.
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Fig. 9. (a-c): D26 (depth of 26 °C isotherm) under (a) El Nino (b) La Nina and (c) Neutral years. Black stars indicate the genesis locations.
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Fig. 10. (a-c): Spatial distribution of the Genesis Potential Index (GPIZ1) under (a) El Nino, (b) La Nina, and (c) Neutral conditions.

Table 3
Average composites of Input parameters and GPIZ1 over the Bay of Bengal (BOB) during the Post-monsoon season under
El-Nino, La-Nina and Neutral period.

Parameter El-Nino La-Nina Neutral
1 1000 (sec™ ) 2.82 291 2.56
SST (° C) 28.57 28.77 28.49

F (w/m?) 55.5 54.2 55

Dyg (m) 66.1 70.27 68
GPIZ1 3.3 3.5 3.2
TNDC 3.3 4.5 3.8

years suggests that La-Nina years are more conducive to the development of cyclone. This inference is further supported by the findings
from average composites where all parameters except 'F' exhibit higher values, as presented in Table 3. The observed increase in SST
and D26 during the La-Nina periods underscores their significance in the genesis and intensification of cyclonic disturbances, as
indicated by GPIZ1. Higher SSTs and a slightly deeper D26 during La Nina years indicates a thicker warm upper ocean layer, which can
supply additional oceanic heat content to developing cyclones. This enhanced heat reservoir may support cyclone genesis and
intensification, even when atmospheric parameters show only marginal variations contribute to higher GPI values indicating an
increased likelihood of cyclone genesis. However, it's essential to note that La-Nina conditions favour cyclone development. Most of the
environmental parameters (n 1000, SST, F, D26, GPIZ1) show only marginal differences between ENSO phases, indicating similar
large-scale conditions over the Bay of Bengal during the post-monsoon season. Nevertheless, TNDC exhibits a noticeable increase
during La Nina years, implying that subtle changes in environmental conditions, possibly along with other dynamical processes, may
enhance cyclone genesis during these years.

3.3. Relationship between the ENSO and GPIZ2

Eq. 3, developed by Zhang et al. (2016) and referred to as GPI by including atmosphere and ocean parameters, is indicated as
GPIZ2. The first term of GPIZ2 is absolute vorticity at 850 hPa, which exhibits a range of 0-15 (X 107°), as illustrated in Fig. 11 (a-c).
The highest values are observed during La-Nina and Neutral years, as depicted in Fig. 11 (b-c). The second term, representing vertical
velocity at 500 hPa, ranges from 3 to 0.5 (x 10”2 pa.sec-1), as shown in Fig. 12 (a-c).

Throughout the study period, latent heat flux remains consistently greater than 60 w/m? as illustrated in Fig. 13 (a-c), with the
highest value of 160 w/m? observed during La-Nifia and Neutral years. More cyclonic disturbances formed in the Bay of Bengal during
the La-Nina period, as depicted in Fig. 13 (b), compared to the Neutral period. Notably, the values of D26 and SST remain consistent for
both GPIZ1 and GPIZ2 from Egs. 2 and 3. GPIZ2 exhibits a range of 0-80 (x 101), as shown in Fig. 14 (a-c). The average composites
suggest an upward trend for all parameters from GPIZ2. Latent heat flux also demonstrates higher values during the La-Nina and
Neutral periods, though the average TNDC is higher during the La-Nina period. The results indicate that the La-Nina period is more
favorable for cyclone formation and intensification than the El-Nino and Neutral periods, as demonstrated in Table 4.
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Fig. 11. (a-c): Spatial distribution of absolute vorticity at 850 hpa during post monsoon season (October-December) (a) El Nino (b) La Nina and (c)
Neutral years. Black stars indicates the genesis locations.
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Fig. 13. (a-c): Latent Heat flux (LH) under (a) El Nino (b) La Nina and (c) Neutral years. Black stars indicates the genesis locations.
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Fig. 14. (a-c): Spatial distribution of the Genesis Potential Index (GPIZ2) under (a) El Nino, (b) La Nina, and (c) Neutral conditions.

Table 4
Average composites of input parameters and GPIZ2 over the Bay of Bengal (BOB) during the Post-monsoon season under
El-Nino, La Nina and Neutral.

Parameter El-Nino La-Nina Neutral
1 850 (sec™) 4.96 4.33 4.17
Q (pa.sec™!) 1.45 1.66 1.61
LH (w/m?) 113.2 116.4 118.6
GPIZ2 11.3 13.1 11.7
TNDC 3.3 45 3.8

3.4. Relationship between the ENSO and GPIS

The GPIS calculation is based on Eq. (4), which includes ocean parameters called UOHC, SST, and D26. These parameters are
analyzed for El-Nino, La-Nina, and Neutral composites. SSHA ranges from 0 to 20 cm as shown in Fig. 15 (a-c). The highest values are
observed along coastal and adjacent areas of the Bay of Bengal during the La-Nina and Neutral periods, as depicted in Fig. 15 (b) and
(c). According to a study by Maneesha et al. (2015) a UOHC threshold of 40 kJ/cm? is conducive to cyclone formation and intensi-
fication. During the study period, UOHC consistently exceeded 40 kJ/cm? across all three composites, ranging between 40 and
80 kJ/cm?, with peak values occurring during the La-Nifia and Neutral composites as shown in Fig. 16 (a-c). TCs predominantly

80
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50
5N 0

80°E 85°E WE 95°E 100°€ 80°E 85°E 0°E 95°E 100°E 80°E 85°E 90°E 95°E 100°E

Fig. 15. (a-c): Spatial distribution of TCHP during post monsoon season from under (a) El- Nino (b) La Nina and (c) Neutral years. Black stars
indicate the genesis locations.
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Fig. 16. (a-c): Spatial distribution of SSHA during post monsoon season from under (a) El Nino (b) La Nina and (c) Neutral years. Black stars
indicate the genesis locations.
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Fig. 17. (a-c): Spatial distribution of the Genesis Potential Index (GPIS) computed using oceanic parameters (a) El Nino, (b) La Nina, and (c)
Neutral conditions.

formed over the central BoB during La-Nina compared to El-Nino and Neutral composites, as demonstrated by Fig. 16 (b). The newly
developed GPIS index, which incorporates both atmospheric and oceanic parameters (such as UOHC, SSHA, and SST), exhibits values
ranging from 0 to 35 x 107°. This range reflects the relative potential for cyclone genesis, with higher values indicating more favorable
conditions. Fig. 17 (a-c) shows the highest values during the El-Nino period. However, tropical system genesis is lower compared to the
La-Nina period, as seen in the spatial distributions in Fig. 17 (b). On average, during GPIS calculation, all parameters showed an
upward trend during the La-Nina period with SST exhibiting slight changes compared to the El-Nino period. The results presented in
Table 5 provide a summary of the average composite values of the input parameters. Overall, the La-Nina phase was found to be more
conducive to cyclone formation during the ENSO period. Based on the GPIS results, Sea Surface Height Anomaly (SSHA) and Upper
Ocean Heat Content (UOHC) emerged as two key environmental parameters influencing cyclone genesis. Although most environ-
mental parameters (SST, D26, UOHC, SSHA) are slightly higher during La Nina years, the GPIS value is higher during El Nino years.

Table 5

Average composites of input parameters and GPIS over the Bay of Bengal (BOB) during the Post-monsoon season.
Parameter El-Nifno La-Nina Neutral
SSHA (m) 2.25 4.66 4.26
Dy (m) 68.04 71.7 70.68
SST (° C) 28.57 28.77 28.5
UOHC (kJ/Cm?) 66.6 71.5 69.3
GPIS 11.25 7.28 4.06
TNDC 3.3 4.5 3.8
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This is because GPIS is a nonlinear combination of atmospheric and oceanic parameters, where certain parameter interactions enhance
the index more strongly during El Nino. The difference between D26 in Tables 3 and 5 arises from the different GPI formulations
(GPIZ1 vs. GPIS) and associated spatial averaging. Statistical analysis confirms that the GPIS is significantly higher during El Nino
years, supporting the corrected interpretation.

3.5. Understanding the Role of ENSO and Environmental Conditions in Genesis Potential Index

Tan et al. (2019) exposed a comprehensive investigation into cyclone across various temporal scales to enhance our comprehension
of cyclone activity within the context of climate change. Similarly, Young-Min et al., (2021) underscored the pivotal role of mean SST
projections in selectively influencing different types of El-Nino events and their distant impacts on precipitation patterns. Beyond
external influences from regions such as northern Australia-Indonesia and the ENSO, the Madden—Julian Oscillation (MJO) also exerts
a significant influence on the genesis of cyclone in the North Indian Ocean, as highlighted by Kikuchi and Wang (2010), Yanase et al.
(2012), and Krishnamohan and Mohanakumar (2012). The number of significant hurricanes may be sensitive to climate change, as
indicated by previous studies (Chan, 2005; Emanuel, 2008; Zhao et al., 2011). In contrast to prior studies that primarily focused on SST
dynamics, this work adopted a unique approach by considering atmospheric and oceanic parameters. This analysis explicitly targets
the impacts of ENSO events and other pertinent environmental factors on the GPI. Visual examination of data illustrates a notable
increase in TNDC occurrences during the La-Nina phase, as depicted in Fig. 18 (a-c). In the total year considered in this study, 38
depressions and cyclones were recorded, as indicated in Fig. 18 (b). Moreover, during the El-Nino and Neutral years, TNDC frequencies
were notably lower with 17 and 15 occurrences respectively as indicated in Fig. 18 (b) and 18 (c).

During the La-Nina phase this study indicated a notable increase in relative vorticity, relative humidity, and thermal instability,
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Fig. 18. (a-c): Total Number of Depressions and cyclones (TNDC) during post monsoon season under (a) El Nino (b) La Nina and (c) Neutral years.
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Fig. 19. 7-Year Running Correlation of GPI Indices with TNDC over the Bay of Bengal (Post- Monsoon: Oct-Dec, 1995-2019).
Table 6
Mean 7-Year Running Correlation of GPI Indices with TNDC (1995-2019, Post-Monsoon Season).
PI Index Marker Mean Correlation Notes
GPIK ) 0.89 Strong positive correlation
GPIZ1 ] 0.91 Slightly better representation of TNDC
GPIZ2 A 0.89 Positive correlation with minor variability
GPIS '3 0.87 Positive correlation; slightly lower than others

low-level vertical wind shear, absolute vorticity at 1000 hPa, SST, net long-wave radiation and D26, with D26 notably high along the
Bay of Bengal coastline and elevated SST observed in the central and northern regions of the Bay of Bengal as shown in Fig. 7(b)
compared to El-Nino and Neutral years. Absolute vorticity at 850 hPa, vertical velocity at 500 hPa, and latent heat fluxes, with the
vertical velocity at 500 hPa, show an upward trend during La-Nina periods Fig. 13 (b). During La-Nina period LH values are higher, and
most cyclone genesis occurs in the central BoB. Vital environmental indicators such as D26, SST, UOHC, SSHA and LH (from Eqs. 3 and
4) are crucial. UOHC values are higher in La-Nina and Neutral years than in El-Nino years with most cyclone genesis occurring along
the BoB coast during La-Nina years. The Fig. 19 illustrates the 7-year running correlation between different Genesis Potential Indices
(GPIK, GPIZ1, GPIZ2, GPIS) and the TNDC over the Bay of Bengal during the post-monsoon season (October-December) from 1995 to
2019. All indices exhibit strong positive correlations, with slight inter-annual variability. Mean correlations, shown in the legend,
indicate that GPIK and GPIZ1 capture TNDC variations more effectively. The x-axis is positioned on top for clarity, with ticks evenly
spaced every five years. Overall, the results highlight the robust predictive capability of these GPIs in representing seasonal cyclone
activity. The Table 6 shows the mean correlations of GPIK, GPIZ1, GPIZ2, and GPIS with TNDC, highlighting strong positive re-
lationships. GPIK and GPIZ1 exhibit slightly higher correlations, indicating better representation of seasonal cyclone variability Ac-
cording to previous studies higher UOHC values are favourable for the genesis of cyclone (Maneesha, 2013; Suneeta and Sadhuram,
2018). Based on the results of this study it can be emphasized that during the La-Nina phase both the atmospheric and oceanic pa-
rameters have a crucial role in the genesis and intensification of cyclones.

4. Conclusions

The current study aimed to elucidate the influence of the ENSO and other environmental conditions on GPIs in the Bay of Bengal
during the post-monsoon season from 1995 to 2019. It provided detailed insights into the relationship between ENSO and various
environmental factors affecting cyclone activity. These findings contribute to a deeper understanding of the factors influencing cyclone
formation and intensification in the Bay of Bengal during the post-monsoon season. Using average composites from Eqs. (1—4) all GPIs
exhibited higher values during the La-Nina period. Specifically, the average values were 4.16 x 107 for GPIK as proposed by Kotal
etal. (2009) 3.5and 13.1 x 1072 for GPIZ1 and GPIZ2 as proposed by Zhang et al. (2016) and 7.28 x 107 for the GPS from Eq. 4 which
incorporates UOHC, SSHA, and D26 over the period from 1995 to 2019. This observation suggests a strong association between the
La-Nina phase and cyclone genesis. Most cyclonic disturbances formed during the La-Nina period, as indicated by average composites
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of GPIK and GPIS. During the La-Nina phases, parameters such as relative vorticity, UOHC, and SSHA exhibited an increasing trend.
This trend was also observed in other environmental elements, including net long-wave radiation, latent heat flux, D26, vertical
velocity, and SST. The study found that GPIs incorporating atmospheric and oceanic parameters yielded favorable results during the
La-Nina phases when compared to other phases of ENSO. Environmental variables such as relative vorticity, vertical wind shear,
UOHC, SSHA, SST, latent heat, net long-wave radiation and D26 demonstrated strong associations with TCs. Vertical wind shear
appeared to have more significant impact on cyclone intensity than local SST. The combined effects of vertical wind shear and SST is
found to be more important than their individual contributions. This study provides an initial exploration into the relationship between
GPIs and the TNDC in the Bay of Bengal during the post-monsoon season. The observed discrepancies may stem from various factors,
including the unique environmental conditions in the Bay of Bengal, the influence of sub-seasonal variability, or limitations in current
GPI formulations that may not fully capture all relevant dynamics. Acknowledging these complexities, future research will focus on
refining these GPI calculations, incorporating additional environmental variables and investigating smaller-scale processes that could
influence cyclone development. It is important to emphasize that this study is initial in terms of using the proposed GPIs and future
work will build upon these findings in a phased manner to better understand the key parameters influencing TNDC. Although spatial
gridded data was utilized to examine the variations, conducting partial correlation analysis presents challenges due to the limited
number of ENSO events within the study period. This will also be taken in to consideration in future studies by covering longer period
to include more number of cyclones. The study concludes that La-Nina periods are more conducive to cyclone formation and inten-
sification than El-Nino and Neutral periods. The present study focuses on the genesis phase of TCs. Although La Nina composites
indicate environmental conditions that could favor cyclone intensification, verifying this requires an analysis of observed maximum
intensity parameters (e.g., IMD best-track data), which will be addressed in future work by integrating intensity metrics with GPI-based
diagnostics. While La Nina years show a higher average number of developing cyclones (TNDC = 4.5) compared to El Nino years
(TNDC = 3.3), no formal trend analysis has been conducted. Thus, this observation reflects differences between ENSO phases rather
than a long-term temporal trend. Future research will explore mechanisms underlying climate change's role in distinguishing between
favorable and unfavorable conditions for cyclone genesis.
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