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Abstract

This study presents an advanced approach for forecasting tropical cyclone genesis, a critical component of disaster preparedness and
mitigation for coastal regions prone to extreme weather events. Unlike traditional Genesis Potential Indices (GPIs), which rely solely on at-
mospheric parameters, we propose a novel GPI framework that integrates both atmospheric (relative vorticity, relative humidity, vertical wind
shear, thermal instability) and oceanic variables (Upper Ocean Heat Content [UOHC], Sea Surface Height [SSH]) to enhance predictive skill
over the Bay of Bengal (BoB). Building on earlier works, we introduce improved indices GPIS and GPIS1 by incorporating oceanic parameters
and evaluate their performance against the existing atmospheric-only index GPIK for four post-monsoon cyclonic events (Kyant, Bulbul, Bruvi,
and Mandous) during 2016–2022. During Cyclone Bulbul the highest correlations (r = 0.94) were recorded between GPIS and GPIS1, and
between GPIK and GPIS, with the lowest RMSE (2.44) between GPIK and GPIS. For CycloneMandous, GPIK and GPIS1 showed the strongest
correlation (r = 0.96) and lowest RMSE (1.79), while GPIK-GPIS maintained a good correlation (r = 0.88) with an RMSE of 4.68. GPIS1
consistently outperformed the other indices, particularly when paired with GPIK, and detected developing low-pressure systems 3–4 days in
advance significantly earlier than the 1-day lead time of the India Meteorological Department’s operational GPI. These results highlight the
novelty and value of integrating atmospheric and oceanic parameters in GPIs, and underscore the benefits of multi-index analysis for capturing
storm-specific variability and improving early identification of cyclogenesis in the BoB during the post-monsoon season.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Tropical cyclones are among the most devastating natural
disasters, and the Indian subcontinent is particularly vulner-
able, facing these extreme weather events during two key
periods: April–May (pre-monsoon) and October–December
(post-monsoon). The primary driver of cyclone formation is
the ocean, which supplies essential heat, moisture, and mo-
mentum to fuel these systems. Numerous studies have

explored seasonal cyclone activity across various regions, such
as Australia (Nicholls, 1984; 1992) and the southern Pacific
(Revell and Goulter, 1986). In the North Indian Ocean (NIO),
Balachandran and Geetha (2012) developed a statistical model
to predict cyclone days, while Gray (1979) identified key
conditions for cyclone genesis, including warm sea surface
temperatures (≥26.5 ◦C to a depth of 50 m), an unstable at-
mosphere, a moist mid-troposphere, a pre-existing surface
disturbance, low vertical wind shear and a sufficient Coriolis
effect away from the equator. The Bay of Bengal (BoB) ex-
periences nearly four times more cyclones than the Arabian
Sea, making India’s eastern coastline highly susceptible to
cyclone-induced damage such as storm surges, heavy rainfall,
and flooding. Recent events, such as Super Cyclone Amphan
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(May 2020), have demonstrated the destructive potential of
such systems. Various Genesis Potential Index (GPI) studies
have attempted to model cyclogenesis (Emanuel, 1987; Roy
Bhowmik, 2003; Chu, 2004; Camargo, 2007; Pun et al.,
2013). Kotal et al. (2009) developed a GPI for the NIO,
which is currently used by the IMD and is primarily based on
atmospheric parameters such as relative vorticity, mid-
tropospheric humidity, vertical wind shear, and potential in-
tensity. Murakami and Wang (2010) enhanced this by
including vertical velocity as additional parameter.

Tropical cyclogenesis over the NIO, particularly in the
BoB, is strongly modulated by both atmospheric and oceanic
processes. While atmospheric parameters like low-level
vorticity, humidity, and vertical wind shear have long been
used to assess cyclone potential, recent studies emphasize the
importance of oceanic contributions such as Sea Surface
Temperature (SST), UOHC and SSH in accurately predicting
cyclone formation and intensity. Emmanuel et al. (2021)
demonstrated the influence of tropical waves on the genesis of
severe cyclonic storm Mora over the NIO. Similarly, Mohan
et al. (2022) showed that SST plays a critical role in deter-
mining the intensity of extremely severe cyclones such as Fani
and Amphan. The impact of ocean-atmosphere coupling and
surface roughness on cyclone simulations has also been stud-
ied using numerical models like WRF-OML (Nellipudi et al.,
2021; Ramakrishna et al., 2019), revealing sensitivity in
cyclone representation. Mohanty et al. (2019) further under-
scored the role of SST in modulating the lifecycle of cyclones
in the BoB. Complementary to these findings, Mohapatra et al.
(2012) classified cyclone-prone regions of India, aiding in risk
assessment and disaster planning. Furthermore, Rao et al.
(2019) highlighted the role of soil moisture and land surface
feedbacks in maintaining the post-landfall structure of cy-
clones. These region-specific studies underscore the signifi-
cance of integrating both atmospheric and oceanic parameters
into genesis diagnostics for a region like BoB which experi-
ences more cyclones over the NIO.

Despite strong evidence linking ocean conditions to cyclone
genesis and intensification (Shay et al., 2000; Wu et al., 2007;
Lin et al., 2009; Goni and Trinanes, 2009; Naresh Krishna
et al., 2013; Zhang et al., 2016; Ditchek et al., 2016) many
GPI formulations lack oceanic components. Recent studies
have emphasized the importance of ocean-atmosphere inter-
action. Mall et al. (2019) analyzed the spatial and temporal
variability of cyclone genesis over the BoB and reported that
variations in large-scale ocean-atmosphere interactions,
including SST and vertical wind shear, play a crucial role in
modulating cyclone formation particularly in the post-
monsoon season. In addition, Shay et al. (2011) highlighted
the role of upper ocean thermal structure such as SST fronts
and sea surface height anomalies (SSHAs) in the formation of
Cyclone Nargis, demonstrating that ocean subsurface condi-
tions can significantly influence the genesis and intensification
of tropical cyclones (TCs).

Tropical cyclone genesis forecasting is essential for disaster
preparedness and mitigation, particularly for coastal regions
prone to extreme weather events. Traditional GPIs have

primarily relied on atmospheric parameters to estimate the
potential for cyclone formation. Building on this foundation,
Suneeta and Sadhuram (2018) advanced the GPI framework
by incorporating oceanic variables, notably UOHC (kJ/cm− 2),
alongside key atmospheric factors. This integration improved
the representation of ocean-atmosphere interactions influ-
encing cyclone development. Suneeta and Ramakrishna (2021)
further extended the framework by introducing SSH (m) into
the GPI formulation for the first time in the (BoB) context.
This enhancement strengthened the index’s ability to capture
upper-ocean thermal variability, a critical factor in cyclone
formation and intensification. The modified indices demon-
strated strong correlations with cyclone activity during the
peak and post-monsoon seasons (r = 0.80 to 0.83), all statis-
tically significant at the 99 % confidence level.

The present study differs substantially in both scope and
methodology. In our earlier work, the relationship between
GPIs and the Total Number of Depressions and Cyclones
(TNDC) was explored in a broader statistical context without
cyclone-specific analysis. By contrast, the current study ap-
plies the newly developed GPI formulations to detailed case
studies of multiple post-monsoon cyclones over the BoB.
Specifically, we evaluate three distinct indices: (i) GPIK, the
original atmospheric-only index developed by Kotal et al.
(2009); (ii) GPIS, which incorporates UOHC as introduced
by Suneeta and Sadhuram (2018); and (iii) GPIS1, which in-
cludes a squared SSH term to capture nonlinear oceanic ef-
fects, as proposed by Suneeta and Ramakrishna (2021). For
clarity, the term “GPIs” in this study collectively refers to
these three indices and does not imply any combination of
GPIS and GPIS1.

Our work extends earlier research by systematically
comparing the performance of these indices for multiple
post-monsoon cyclones over the BoB using high-resolution
datasets, including ERA5 hourly reanalysis and 0.25◦

AVISO/CMEMS ocean data. We demonstrate that GPIS1,
which includes both UOHC and SSH, improves cyclone
genesis prediction lead time to 3–4 days significantly longer
than the 1-day lead time provided by the operational atmo-
spheric GPI used by the IMD. By integrating atmospheric
and oceanic variables within a multi-index framework, this
study offers a more comprehensive and operationally rele-
vant approach to cyclone genesis forecasting during the BoB
post-monsoon season. This improvement is crucial for
enhancing early warning systems, enabling better mitigation
planning and building resilience in vulnerable coastal
communities.

2. Data and methodology

The present study employed three distinct GPIs for fore-
casting tropical cyclone genesis over the BoB during the post-
monsoon season. The first GPI, referred to as GPIK is calcu-
lated following the methodology proposed by Kotal et al.
(2009) and is denoted as GPIK (‘K’ for Kotal) in this study
to clearly identify it as the version based solely on atmospheric
parameters. This index corresponds to the one currently used
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operationally by the India Meteorological Department (IMD).
The GPIK is computed using the following equation 1:

GPIK=
ξ850×M × I

S
if ξ850>0,M >0and I >0→

= 0 if ξ850 ≤ 0,M ≤ 0 or I ≤ 0
(1)

where
ξ850 = low -level relative vorticity (at 850 hPa) in

(10− 5 S− 1),
S= Vertical wind shear between 200 hPa and

850 hPa (m S− 1),
M =

[RH− 40]
30 = Middle troposphere relative humidity; RH is

the average relative humidity between 700 hPa and 500 hPa
(%),

I= (T850-T500) 0C = Middle tropospheric instability
(Temperature difference between 850 hPa and 500 hPa) (◦C).

The second GPI, referred to as GPIS (‘S’ for Sadhuram and
Suneeta), was proposed in an earlier study by Suneeta and
Sadhuram (2018) and modifies GPIK through the inclusion
of the upper ocean thermal structure via the UOHC, such that
the formulation becomes:

GPIS=GPIK*
(

UOHC
40

)

(2)

UOHC (kJ/cm2) in equation (2) is calculated using the
multiple regression equation proposed by Ali et al. (2012) as
given in Equation (2.1)

UOHC= − 245.256+D26*0.982+ SSHA*1.243
+ SST*8.417

(2.1)

where
D26 is the depth (m) of the 26 ◦C isotherm,
SST is the Sea Surface Temperature (◦C),
SSHA is the Sea Surface Height Anomaly (m).
The D26 parameter is estimated using the regression rela-

tionship of Sadhuram et al. (2006) as follows in equation (2.2).
D26 = 63.84 + 1.39*SSHA+0.044SSHA*SSHA (2.2)
D26 was estimated using the empirical relationship pro-

posed by Sadhuram et al. (2006) which demonstrated a strong
correlation (r = 0.76) between D26 and SSHA. Equation (2.2)
defines D26 as a function of both SSHA and SST (◦C).

The third GPI, referred to as GPIS1 (‘S’ for Suneeta and
SSVS Ramakrishna), was refined by Suneeta and Ramakrishna
(2021) and further modifies GPIS through the inclusion of
SSH, such that the formulation becomes:

GPIS1=GPIS X (SSH*SSH) (3)

In this formulation, SSH is squared to enhance the sensi-
tivity of the index to variations in upper ocean dynamic height,
which is often associated with increased oceanic heat content
key factor influencing cyclone intensification. The use of the
squared term was empirically derived from correlation anal-
ysis, which revealed that the nonlinear relationship between
SSH and cyclone genesis potential was better captured by
squaring SSH. This modification improved the skill of the
index in identifying favorable cyclogenesis environments.

Atmospheric variables for computing GPIK were extracted
from the ERA5 reanalysis dataset produced by the European
Centre for Medium-Range Weather Forecasts (ECMWF), with
a horizontal resolution of ~0.25◦ (~31 km) hourly temporal
resolution and multiple vertical levels. For oceanic parameters,
SST and SSHA were obtained from the AVISO datasets
distributed via the Copernicus Marine Environment Moni-
toring Service (CMEMS) at 0.25◦ × 0.25◦ resolution. Unlike
earlier works that utilized coarser-resolution atmospheric in-
puts (2.5◦ × 2.5◦), the present analysis employs high-
resolution atmospheric and oceanographic data to improve
the accuracy and consistency of GPI computations.

The analysis focused on severe to very severe cyclones that
occurred over the BoB between 2016 and 2022. Four post-
monsoon tropical cyclones were examined: Kyant (2016),
Bulbul (2019), Burevi (2020), and Mandous (2022). These
cases were selected for their diverse synoptic features, tracks
and intensities enabling a comprehensive evaluation of the
GPIs under varied environmental conditions. Each cyclone
was analyzed from its genesis date back to five days prior
defined as the spin-up period to assess the ability of the GPIs to
capture pre-genesis environmental signals. For instance,
Cyclone Kyant which formed as a deep depression on 21
October 2016 was tracked from 16 to 21 October. Cyclone
Bulbul a very severe cyclonic storm was analyzed from 1 to 5
November 2019; Cyclone Burevi from 25 to 30 November
2020; and Cyclone Mandous from 21 to 26 December 2022.
Using consistent five-day spin-up periods ensured compara-
bility in evaluating the predictive performance of the different
GPI formulations. To assess predictive skill, the Pearson cor-
relation coefficient (r) and RMSE were calculated between the
index values and observed cyclone genesis occurrences. These
statistics were computed for both spin-up and genesis periods.
A summary of each cyclone’s genesis date, track, intensity,
landfall characteristics and spin-up period is provided in Table
1, supporting the analysis of synoptic variability and GPI
responsiveness across events.

2.1. Basic information on cyclogenesis

To demonstrate the proposed GPIs four notable tropical
cyclones that occurred between 2016 and 2022 over the BoB
were selected as case studies. Cyclone Kyant, considered as
Case Study 1, originated as a deep depression over the BoB
and intensified into a cyclonic storm on October 21, 2016
with maximum sustained winds of approximately 65 km/h
and a central pressure near 1000 hPa. It remained relatively
weak and did not evolve into a severe cyclone gradually
weakening by October 27 without making significant landfall.
Case Study 2, Cyclone Bulbul developed in early November
2019 and intensified into a severe cyclonic storm reaching
peak winds of 115 knots (213 km/h) with a minimum central
pressure of 970 hPa. It made landfall near the West Bengal
Bangladesh border on November 9 with slightly reduced in-
tensity (70–75 knots) causing widespread impact. Cyclone
Burevi the focus of Case Study 3 formed in early December
2020 and made landfall on Sri Lanka’s northeastern coast

P. Suneeta, T.V.S. Udaya Bhaskar, E.P. Rama Rao et al. Tropical Cyclone Research and Review 14 (2025) 384–397

386



near Trincomalee on December 2 with sustained winds of
about 75 km/h. It triggered heavy rainfall and flooding
leading to the evacuation of over 75,000 people. After
crossing Sri Lanka, it entered the Gulf of Mannar and
weakened into a deep depression bringing moderate rainfall
and gusty winds to southern Tamil Nadu and Kerala. Case
Study 4, Cyclone Mandous formed in December 2022 and
intensified into a cyclonic storm over the BoB, making
landfall near Chennai on December 9 with peak winds around
45 knots (85 km/h). It caused heavy rainfall, strong winds,
uprooted trees, widespread power outages and significant
disruptions across Tamil Nadu and parts of Andhra Pradesh
particularly affecting agriculture and local infrastructure.

3. Results and discussion

3.1. Case study 1

The genesis period for Cyclone Kyant was identified as
16–21 October 2016. Daily GPIK distributions for this period
computed using atmospheric parameters in accordance with
Equation (1), are shown in Figure 1(a). The results reveal clear
signals of cyclogenesis two days prior to the event particularly
on 19–20 October, with the black dot indicating the genesis
location and the dotted line depicting the cyclone track.
Figure 1(b) and (c) illustrate that GPIS and GPIS1 derived
from Equations (2) and (3) and incorporating both atmospheric
and oceanic parameters provided earlier and stronger in-
dications of cyclogenesis compared to GPIK. Along the
cyclone track elevated GPI values were observed with an
overall range of 0–30 signifying favorable conditions for
cyclone development. Figure 2(a-d) presents the mean spatial
distributions of individual oceanic parameters during the
genesis period. SST values (Figure 2(a)) ranged from 27 ◦C to
31 ◦C with temperatures exceeding 28 ◦C along the cyclone
track, indicating thermally favorable conditions for cyclogen-
esis. SSH (Figure 2(b)) varied between 0.2 and 0.8 m, while
UOHC values ranged from 50 to 200 (kJ/cm2) with values
above 150 (kJ/cm2) observed along the track and at the genesis
location. As noted in previous studies (Maneesha, 2013;
Suneeta & Sadhuram, 2018) such elevated UOHC values are
conducive to tropical cyclone development. D26 depths
(Figure 2(d)) ranged from 50 to 175 m near the genesis region
and along the track with higher values indicating enhanced
subsurface heat content supportive of cyclogenesis.

During this period, the highest correlation (r = 0.74) was
observed between GPIK and GPIS1, accompanied by the
lowest RMSE (3.22) indicating the strongest agreement in
representing environmental conditions favorable for cyclo-
genesis. In contrast, the correlation between GPIK and GPIS
was relatively low (r = 0.44, RMSE = 4.50) while GPIS and
GPIS1 showed moderate correspondence (r = 0.53,
RMSE = 3.92). Although the correlation values among all
index pairs were not uniformly high (Table 2), GPIS1
demonstrated the greatest overall consistency particularly in its
alignment with GPIK. These findings emphasize the critical
role of oceanic parameters especially SST, SSH, UOHC and
D26 in modulating cyclone genesis during the five-day spin-up
phase preceding the event.

3.2. Case study 2

For Cyclone Bulbul Figure 3(a) displays GPIK values
ranging from 0 to 30 with higher values concentrated near the
cyclone track indicating favorable conditions for genesis. The
black dot marks the genesis location, while the dotted line
denotes the cyclone track. GPIK signalled the potential for
cyclogenesis approximately two days in advance specifically
from 3 to 4 November 2019. In contrast Figure 3(b) and (c)
show that GPIS and GPIS1 which incorporate oceanic pa-
rameters provided clearer indications of cyclogenesis 4–5 days
prior to the event. Among these GPIS1 exhibited the most
pronounced signal suggesting that indices integrating oceanic
variables outperform GPIK based solely on atmospheric pa-
rameters in identifying early cyclone formation signals.
Figure 4(a-d) presents the average spatial distributions of
key oceanic parameters SST, D26, UOHC and SSH during the
genesis period. SST ranged between 27 ◦C and 31 ◦C, SSH
varied from 0.5 to 2.0 m, UOHC ranged from 25 to 200 kJ/
cm− 2 and D26 extended from 60 to 160 m. Elevated values of
these parameters were observed in proximity to the cyclone
track reflecting thermodynamically favorable conditions for
cyclogenesis. These spatial patterns corroborate previous
studies linking higher SST, deeper D26 greater UOHC and
increased SSH with enhanced tropical cyclone development
potential.

During Cyclone Bulbul’s genesis period, strong in-
terrelationships were observed among all GPI indices. The
highest correlation (r = 0.94) was recorded between GPIS and
GPIS1, as well as between GPIK and GPIS, indicating sub-
stantial coherence among the indices. The lowest RMSE

Table 1
Year wise Cyclones information

Year Cyclone Name Genesis Date Genesis Period Maximum

Intensity (kt)

Coast of Landfall

2016 Kyant 21/10/2016 16/10/2016 to 21/10/2016 45 (kt) Andaman Islands, Myanmar, South India

2019 Bulbul 05/11/2019 01/11/2019 to 05/11/2019 115 (kt) Sundarbans region border of West Bengal, India,

and southwestern Bangladesh

2020 Burevi 30/11/2020 25/11/2020 to 30/11/2020 55 (kt)

Sri Lanka, Tamil Nadu, Kerala
2022 Mandous 26/12/2022 21/12/2022 to 26/12/2022 45 (kt) Tamil Nadu, Andhra Pradesh, Sri Lanka
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(2.44) was found between GPIK and GPIS followed by 3.85
between GPIS and GPIS1 (Table 3). These results highlight
strong internal consistency within the indices with the GPIS
and GPIS1 combination being particularly effective in

delineating cyclogenesis potential. Overall, this analysis un-
derscores the critical importance of incorporating oceanic
parameters to enhance the accuracy and lead time of tropical
cyclone genesis forecasts.

Figure 1. (a-c): Daily spatial distributions during cyclone Kyant from the period 16th to 21st October 2016. Black dot indicates the genesis location dotted line
indicates the track of the cyclone. (a) GPIK, (b) GPIS and (c) GPIS1 over BoB.

Figure 2. (a-d): Individual parameters average from 16th to 21st October 2016 in Kyant cyclone period.
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3.3. Case study 3

Figure 5(a) illustrates the genesis of Cyclone Burevi on 30
November 2020. The GPIK index provided an initial indica-
tion of cyclogenesis on 25 November; however, no significant
signals were detected on 26–27 November. A weak signal re-
emerged on 28 November but a clear indication from GPIK
was evident only two days prior to the actual genesis. In
contrast, Figure 5(b) and (c) presenting GPIS and GPIS1
computed using Equations (2) and (3) respectively exhibit
clearer and more consistent cyclogenesis signals from 25 to 30
November, particularly near the cyclone’s genesis location.
These observations suggest that GPIS and GPIS1 out-
performed GPIK in capturing early cyclone formation signals
for this event. Figure 6(a-d) displays the spatial distributions of
key oceanic parameters SST, SSH, D26, and UOHC during the
genesis period. SST ranged from 26 ◦C to 29.5 ◦C, SSH from
0.5 to 2.5 m, D26 from 65 to 82.5 m and UOHC from 50 to 90
kJ/cm− 2 with preeminent values observed near the genesis
location and along the cyclone track. These parameters indi-
cate thermodynamically favorable conditions for cyclone
development.

Statistical analysis of Cyclone Burevi revealed strong con-
sistency across all GPI formulations. The highest correlation
(r = 0.94) and lowest RMSE (2.36) were observed between
GPIK and GPIS1 as detailed in Table 4. An even stronger
correlation (r = 0.96) was found between GPIS and GPIS1
demonstrating a close relationship between these indices.
These findings reinforce the robustness of GPIS1 which
exhibited reliable and consistent performance in this case
counter to earlier assumptions of its limited skill. This analysis
underscores the strong agreement between the newly devel-
oped indices and observed cyclone development with elevated
oceanic parameters supporting favorable conditions for
cyclogenesis along Burevi’s track.

3.4. Case study 4

In Figure 7(a) the genesis location of Cyclone Mandous is
indicated by a dotted circle while its track is represented by a
dotted line. The GPIK index exhibited spatial variations from
21 to 26 December with cyclogenesis occurring on 26
December. However, during the five days preceding the event
(21–25 December), GPIK provided only limited indications of
impending cyclogenesis. In contrast, Figure 7(b) and (c)
depicting GPIS and GPIS1 respectively show considerably
stronger signals of cyclogenesis along the cyclone track with
elevated GPI values concentrated near the genesis location.
These indices integrating both atmospheric and oceanic pa-
rameters were more effective in capturing pre-genesis envi-
ronmental conditions. Figure 8(a-d) presents the average
spatial distributions of key oceanic parameters during Cyclone
Mandous’ genesis period. UOHC ranged from 50 to 250 kJ/
cm− 2 (Figure 8(a)) while D26 values varied between 50 and
175 m (Figure 8(b)). SST fluctuated between 20 ◦C and 30 ◦C

Table 2
GPIs Correlation and RMSE during Kyant cyclone period.

GPIs for KYANT
Cyclone

GPIK GPIS GPIS1

GPIK Corr: 1.00
RMSE: 0.00

Corr: 0.44
RMSE: 4.50

Corr: 0.74
RMSE: 3.22

GPIS Corr: 0.44
RMSE: 4.50

Corr: 1.00
RMSE: 0.00

Corr: 0.53
RMSE: 3.92

GPIS1 Corr: 0.74
RMSE: 3.22

Corr: 0.53
RMSE: 3.92

Corr: 1.00
RMSE: 0.00

Figure 3. (a-c): Daily spatial distributions during cyclone Bulbul from the period 1st to 5th November 2019.
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(Figure 8(c)) and SSH ranged from 0.6 to 1.6 m (Figure 8(d)).
Notably elevated UOHC, D26 and SST values were observed
along the cyclone track during the genesis phase indicating
favorable thermodynamic conditions for cyclone development.

Statistical analysis revealed a strong correlation (r = 0.96)
between GPIK and GPIS1 accompanied by the lowest RMSE
value of 1.79, reflecting a high degree of agreement between
these indices. The GPIK and GPIS pair also exhibited a good
correlation (r = 0.88) albeit with a higher RMSE of 4.68.
Despite variability in RMSE values GPIS1 maintained
consistent agreement with GPIK underscoring its reliability
and robustness in representing cyclone genesis potential (Table
5).

Figure 9(a-d) presents bar charts illustrating the mean daily
values of three Genesis Potential Indices GPIK, GPIS, and
GPIS1 during the five-day period preceding the genesis of four
cyclones: Kyant, Bulbul, Burevi, and Mandous. The x-axis
denotes the number of days prior to genesis (Day − 5 to Day 0)
while the y-axis represents the corresponding mean GPI
values. Blue bars correspond to GPIK, with orange and green
bars representing GPIS and GPIS1 respectively. Figure 9(a)

pertains to Cyclone Kyant (16–21 October 2016), Figure 9(b)
to Bulbul (1–5 November 2019), Figure 9(c) to Burevi (25–30
November 2020) and Figure 9(d) to Mandous (21–26
December 2022). Across all four cyclones GPIS and GPIS1
consistently exhibit higher mean values than GPIK on most
days leading up to genesis. This pattern suggests that the
modified indices which incorporate both atmospheric and
oceanic parameters provide a more robust indication of
favorable pre-genesis conditions than GPIK which relies solely
on atmospheric variables. Furthermore, GPIK generally dis-
plays lower and more variable values indicating reduced
sensitivity or predictability in capturing cyclogenesis potential
under certain conditions. In contrast, GPIS and GPIS1
demonstrate more stable and consistent patterns across the
cases reinforcing their effectiveness in identifying environ-
ments conducive to cyclone formation.

Figure 10(a-d) presents heat maps illustrating the correla-
tion matrices among the three Genesis Potential Indices GPIK,
GPIS, and GPIS1 for four cyclones: Kyant, Bulbul, Burevi, and
Mandous. These visualizations and accompanying statistics
provide insight into the consistency and reliability of the
indices across diverse cyclonic environments. In Figure 10(a)
(Cyclone Kyant) GPIK and GPIS1 exhibit a strong correlation
(r = 0.74, RMSE = 3.22) whereas GPIK and GPIS show a
lower correlation (r = 0.44, RMSE = 4.50) indicating that
GPIS1 aligns more closely with the traditional GPIK. The
moderate agreement between GPIS and GPIS1 (r = 0.53,
RMSE = 3.92) highlights the added value of oceanic param-
eters in GPIS1 for capturing genesis potential. Figure 10(b)
(Cyclone Bulbul ) reveals an exceptionally high correlation
between GPIS and GPIS1 (r = 0.99, RMSE = 0.42), con-
firming their tight coupling. GPIK shows slightly lower

Figure 4. (a-d): Individual parameters averages from 1st to 5th November 2019 in Bulbul cyclone period.

Table 3
GPIs Correlation and RMSE during Bulbul cyclone period.

GPIs for BULBUL
Cyclone

GPIK GPIS GPIS1

GPIK Corr: 1.00
RMSE: 0.00

Corr: 0.94
RMSE: 2.44

Corr: 0.91
RMSE: 4.26

GPIS Corr: 0.94
RMSE: 2.44

Corr: 1.00
RMSE: 0.00

Corr: 0.94
RMSE: 3.85

GPIS1 Corr: 0.91
RMSE: 4.26

Corr: 0.94
RMSE: 3.85

Corr: 1.00
RMSE: 0.00

P. Suneeta, T.V.S. Udaya Bhaskar, E.P. Rama Rao et al. Tropical Cyclone Research and Review 14 (2025) 384–397

390



correlations with GPIS (r = 0.87, RMSE = 5.14) and GPIS1
(r = 0.88, RMSE = 4.72) indicating moderate-to-strong
agreement and underscoring the sensitivity of the modified
indices to coupled ocean-atmosphere conditions. In Figure 10
(c) (Cyclone Burevi) all three GPIs demonstrate strong positive
correlations. The highest agreement is observed between GPIS

and GPIS1 (r = 0.96, RMSE = 2.31) followed closely by
GPIK and GPIS1 (r = 0.94, RMSE = 2.36) and GPIK and
GPIS (r = 0.93, RMSE = 3.45). These results indicate a high
degree of consistency among the indices during Cyclone
Burevi’s genesis phase demonstrating that both the original
and modified GPIs effectively captured the environmental

Figure 5. (a-c): Daily spatial distributions during cyclone Bruvi from the period 25th to 30th November 2020.

Figure 6. (a-d): Individual parameters averages from 25th to 30th November 2020 in cyclone Bruvi.
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Table 4
GPIs Correlation and RMSE during Bruvi cyclone period.

GPIs for BRUVI Cyclone GPIK GPIS GPIS1

GPIK Corr: 1.00
RMSE: 0.00

Corr: 0.93
RMSE: 3.45

Corr: 0.94
RMSE: 2.36

GPIS Corr: 0.93
RMSE: 3.45

Corr: 1.00
RMSE: 0.00

Corr: 0.96
RMSE: 2.31

GPIS1 Corr: 0.94
RMSE: 2.36

Corr: 0.96
RMSE: 2.31

Corr: 1.00
RMSE: 0.00

Figure 7. (a-c): Daily spatial distributions during cyclone Mandous from the period 21st to 26th December 2022.

Figure 8. (a-d): Individual parameters averages from 21st to 26th December 2022 in cyclone Mandous.

Table 5
GPIs Correlation and RMSE during Mandous cyclone period.

GPIs for MANDOUS Cyclone GPIK GPIS GPIS1

GPIK Corr: 1.00
RMSE: 0.00

Corr: 0.88
RMSE: 4.68

Corr: 0.96
RMSE: 1.79

GPIS Corr: 0.88
RMSE: 4.68

Corr: 1.00
RMSE: 0.00

Corr: 0.91
RMSE: 4.14

GPIS1 Corr: 0.96
RMSE: 1.79

Corr: 0.91
RMSE: 4.14

Corr: 1.00
RMSE: 0.00
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conditions favorable for cyclogenesis despite complex envi-
ronmental variability. Figure 10(d) (Cyclone Mandous) again
shows the highest correlation between GPIK and GPIS1
(r = 0.96, RMSE = 1.79). GPIS and GPIS1 are also strongly
correlated (r = 0.91, RMSE = 4.14), while GPIK and GPIS

show slightly lower alignment (r = 0.88, RMSE = 4.68). This
pattern further supports GPIS1’s consistent agreement with
both GPIK and GPIS, reinforcing its reliability across diverse
cyclonic scenarios. Overall, the correlation and RMSE ana-
lyses across all four cyclones confirm that GPIS1 not only

Figure 9. (a-d): Mean values bar diagram for Kyant, Bulbul, Bruvi and Mandous cyclones period.

Figure 10. (a-d): Correlation Heat Maps of GPIK, GPIS, and GPIS1 Indices for Kyant, Bulbul, Bruvi, and Mandous Cyclones.
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complements the traditional GPIK but also demonstrates
improved consistency particularly when both atmospheric and
oceanic conditions jointly influence cyclone genesis.

Figures 11(a-b) and 12(a-b) present the probability density
distributions of GPI values for four cyclones Kyant, Bulbul,
Burevi, and Mandous across multiple days leading up to their
genesis. Each row corresponds to a specific day within the
genesis period, with the probability density of each cyclone
plotted over the respective days. Different colors represent the
three indices: GPIK (blue), GPIS (orange) and GPIS1 (green).
Across all four cyclones GPIK distributions consistently
exhibit broader and less sharply defined peaks compared to
GPIS and GPIS1. For Cyclone Kyant, GPIS and GPIS1 display
sharper and more distinct peaks on 18 and 19 October closely
aligning with the actual genesis timeline whereas GPIK ex-
hibits a wider, less concentrated distribution (Figure 11(a)).
During Cyclone Bulbul’s genesis period (1–5 November)

GPIS and GPIS1 again demonstrate higher and more focused
peaks particularly on Days 2 and 3 indicating a clearer rep-
resentation of environmental conditions favorable for cyclone
development (Figure 11(b)). Similarly, for Cyclone Burevi
(25–30 November) GPIS and GPIS1 present more pronounced
and concentrated peaks than GPIK effectively capturing the
window of favorable genesis conditions (Figure 12(a)). For
Cyclone Mandous (21–26 December) GPIS and GPIS1
consistently exhibit higher probability densities throughout the
period reflecting stronger alignment with the cyclogenesis
window compared to GPIK (Figure 12(b)).

The consistently sharper and more focused peaks of GPIS
and GPIS1 across all cyclones imply that these modified
indices more effectively isolate periods of high genesis po-
tential. In contrast, the broader and lower peaks of GPIK
indicate reduced sensitivity to key environmental factors
limiting its predictive precision. These findings are consistent

Figure 11. (a-b): Probability density distributions for the different cyclone indices during Kyant and Bulbul Cyclone time.
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with previous studies: Ghetye and Nayak (2020) found that
GPIS slightly outperformed GPIK across 92 developing and 93
non-developing systems in the northern Indian Ocean, while
Singh et al. (2020) demonstrated that GPIS could identify
developing low-pressure systems 3–4 days in advance
compared to a 1-day lead time using GPIK. Overall, these
results indicate that GPIS and GPIS1 provide improved ac-
curacy and reliability in identifying favorable conditions for
cyclone genesis. The enhanced performance likely arises from
the inclusion of additional oceanic and atmospheric parameters
in these indices enabling a more precise characterization of the
cyclogenesis environment.

4. Conclusions

The comprehensive analysis of Cyclones Kyant, Bulbul,
Burevi, and Mandous highlights the critical importance of
integrating both oceanic and atmospheric parameters to enhance
tropical cyclone genesis prediction in the Bay of Bengal. The
findings consistently demonstrate that the modified Genesis
Potential Indices, GPIS and GPIS1 which incorporate both at-
mospheric and oceanic variables provide more accurate and

consistent signals for cyclogenesis than the conventional GPIK
which relies solely on atmospheric inputs. This improved per-
formance arises from the ability of GPIS and GPIS1 to capture
key environmental conditions strongly associated with cyclone
development. In contrast, GPIK exhibited varying levels of
correlation with GPIS and GPIS1 across different events: strong
for Cyclone Kyant, moderate for Bulbul and Mandous, and
lower for Burevi. This suggests that GPIK may lack sensitivity
to crucial oceanic factors influencing cyclone genesis. The
analysis further emphasizes GPIS1’s robust and consistent
performance particularly when paired with GPIK or GPIS. For
instance, in Cyclones Bulbul and Mandous, the GPIK - GPIS1
pair yielded the highest correlations (r = 0.96) and the lowest
RMSE values, confirming their strong agreement in represent-
ing the cyclogenesis environment. Similarly, for Kyant, GPIK -
GPIS1 outperformed other index pairs, while for Burevi, all
indices demonstrated strong agreement further highlighting
GPIS1’s reliability. These results underscore GPIS1’s potential
as a robust and adaptable index although its effectiveness may
vary depending on storm-specific dynamics and environmental
conditions highlighting the need for a multi-index adaptive GPI
framework to improve cyclone prediction in the Bay of Bengal.

Figure 12. (c-d): Probability density distributions for the different cyclone indices during Bruvi and Mandous Cyclone time.
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Correlation and RMSE analyses supported by heatmaps and
probability density plots reinforce the effectiveness of GPIS
and GPIS1. These indices consistently exhibited sharper dis-
tributions and higher probability density peaks indicating su-
perior sensitivity to the atmospheric–oceanic interactions that
govern cyclogenesis. In contrast, GPIK often displayed
broader and flatter distributions reflecting reduced respon-
siveness to dynamic pre-cyclone conditions. In conclusion, the
incorporation of oceanographic parameters into the GPI
framework through GPIS and GPIS1 represents a significant
advancement in cyclone genesis forecasting. The consistent
performance of these indices across multiple cyclones un-
derscores their superior capability in capturing favorable
conditions for cyclogenesis. Adoption of GPIS and GPIS1 in
operational forecasting models could markedly improve early-
warning systems, enhance disaster preparedness, and
strengthen risk management strategies for vulnerable coastal
populations throughout the Indian Ocean region.
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