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Abstract

A 41-year dataset from 1982 to 2022 analyzed climatic patterns influencing cyclone formation in the Bay of Bengal (BoB).
Results showed a significant increase in sea surface temperature (SST) and a warming trend over the past four decades.
Specific humidity increased while wind shear decreased. The moisture budget showed increased precipitation and evapo-
ration rates, possibly due to more warming scenarios. Tropical Cyclones (TC) experienced significant increases in SST
anomalies. These anomalies were higher during cyclonic than non-cyclonic years, except for 2015, due to El Nifio condi-
tions. Tropical Cyclone Heat Potential (TCHP) values increased in cyclonic years, while specific humidity (SH) anoma-
lies increased 10—15 days before cyclone formation. Moist static energy (MSE) values increased across the BoB region,
with TCs Amphan, Yaas, and Asani exhibiting significant positive relative vorticity (RV) anomalies. The Madden-Julian
Oscillation (MJO) plays a crucial role in TC initiation and intensification, with recent TC demonstrating this. In general,
the Empirical Orthogonal Function (EOF) analysis of SST, upper-level moisture, and low wind shear for May over the
BoB reveals more conducive conditions for TC intensification. Furthermore, it is also found that the negative phase of
the Indian Ocean Dipole (NIOD) associated pre-monsoon month of May has produced more intense TCs in recent years
over BoB. The findings of this study will facilitate augmenting existing knowledge and understanding about the genesis
and intensification of pre-monsoon TCs over BoB.

1 Introduction

Tropical cyclones (TCs) are devastating in nature and have
direct effects such as strong winds, heavy rain, storm surges,
and loss of lives, as well as indirect effects such as damage
to coral reefs, spread of disease, and economic disruption.
Low wind shear, warm sea surface temperature, ocean heat
content, and high specific humidity are major conductive
parameters for TC formation, creating a cyclonic vortex that
can span hundreds of miles in diameter (Rai et al. 2016;
Chakraborty et al. 2022). Furthermore, the genesis and pro-
gression of tropical cyclones can be subject to the effects
of various other factors, including the spatial positioning of
the Intertropical Convergence Zone (ITCZ), the existence
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of upper-level outflow, and the amount of moisture in the
atmosphere. (Berry and Reeder 2014; Vishwakarma and
Pattnaik 2022).

In the 21st century, extreme weather events, including
tropical cyclones, have become more frequent and severe
worldwide due to climate change. As projected global tem-
peratures rise by 2 °C due to human activities, we expect
significant impacts on tropical cyclone (TC) activity. This
analysis reveals a strong link between rising sea levels and
increased storm flooding. Global TC precipitation rates will
likely rise by approximately 14%, and lifetime maximum
surface wind speeds are projected to increase by a median of
5%. This suggests that TCs will become more intense in the
future. Projections also indicate a 13% increase in the global
proportion of TCs reaching highly intense levels, specifi-
cally category 4 to 5 storms (Knutson et al. 2020; Balaguru
etal. 2016).

The Bay of Bengal (BoB) basin is the most active and
significant tropical cyclone-prone region and is susceptible
to the formation of tropical cyclones. It has two primary
cyclone seasons: pre-monsoon (April to June) and post-
monsoon (October to December). Recently, every year in the
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pre-monsoon month (particularly May), ferocious cyclones
are brewing and making landfall, causing catastrophic
deaths and devastation in the region (i.e., India, Bangladesh,
Myanmar, and Sri Lanka). The basin witnesses a wide range
of cyclone intensities, from relatively weak tropical storms
to extremely powerful cyclonic storms (super cyclone)
(Priya et al. 2022; Mondal et al. 2022). This cyclone basin
has a long history of the deadliest TCs on record, such as
the 1970 Bhola Cyclone, the 1991 Bangladesh Cyclone,
and the 1999 Odisha Cyclone, which occurred in this basin,
resulting in catastrophic loss of life and property (Hossain
2017; Chowdhury et al. 1993; Fanchiotti et al. 2020). Storm
surges, heavy rainfall, and flooding are common, causing
significant humanitarian and economic crises (Mishra and
Malakar 2020).

Pre-monsoon tropical cyclones are a significant hazard to
the coastal communities of the BoB. These cyclones typi-
cally form in April and May, before the onset of the mon-
soon season. The BOB is a semi-enclosed basin, which
means that it is surrounded by land on three sides. This can
trap cyclones and prevent them from moving away from the
coast (WMO Technical Document 2008). The BoB is also
home to a large population, which makes it more vulnerable
to the impacts of cyclones. The most intense pre-monsoon
cyclone in the last 10 years was Cyclone Amphan, which
made landfall in West Bengal and Bangladesh in May 2020.
Amphan was a Category 5 equivalent cyclone with sus-
tained winds of 240 km/h. In the last 4-5 years, every year,
intensified cyclones (>89 km/h) have been formed over
BoB in the pre-monsoon season (Vishwakarma et al. 2022).
Recent advancements have improved the accuracy of TC
track predictions. However, accurately forecasting TC inten-
sity and direction still poses challenges (Wang et al. 2022).
Enhancing predictive precision is crucial for regional disas-
ter management, enabling proactive mitigation strategies.
Extensive research combining observations and simulations
has shed light on TC characteristics. Yet, a comprehensive
understanding of TC behavior remains incomplete, leading
to uncertainties in longer-term predictions.

This research paper aims to examine the changes in local
and large-scale meteorological conditions during recent pre-
monsoon years that have contributed to the development
of consecutive intensified cyclonic events over BoB. The
data used and the methodology implemented are outlined in
Sect. 2. Subsequently, the results are meticulously presented
in Sect. 3. Finally, a concise summary of the results is pro-
vided in Sect. 4.
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2 Data and methodology

Various data sets were utilized to investigate atmospheric
conditions over 41 years (1982-2022). These data sets
included upper-level specific humidity (200-500 hPa),
lower-level specific humidity (600—1000 hPa), meridional
and zonal components of wind (200 and 850 hPa), precipita-
tion rate, evaporation rate, total column water vapour, verti-
cally integrated moisture divergence, and geopotential. The
data was obtained from ERAS, a widely used atmospheric
reanalysis dataset, at a horizontal resolution of 0.25° x 0.25°
(Hersbach et al. 2023). The study aimed to assess long-term
trends in these atmospheric variables and also examine the
conditions 15 days before the development of cyclonic
storms.

To examine the ocean surface conditions in the Bay of
Bengal, we use daily sea surface temperature (SST) data
obtained from the Optimum Interpolation Sea Surface Tem-
perature (OISST) at 0.25° horizontal resolution (Huang
et al. 2021). Monthly ocean heat content from the surface
down to 300 m depth (OHC300) at 0.25° horizontal reso-
lution is taken from Ocean Reanalysis System 5 (ORASS)
(available from https://cds.climate.copernicus.eu/cdsapp#!/
dataset/reanalysis-oras5). Tropical Cyclone Heat Potential
(TCHP) daily data from 1993 to 2022 is collected from the
Bhuvan portal (available from https://bhuvan-app3.nrsc.
gov.in/data/download/index.php).

This study aims to assess the significance of the vari-
ous components of the moisture conservation equation; the
atmospheric moisture budget can be expressed as (Banacos
et al. 2005).

P—E=—dPW + MFC (1)

MFC = —V.(qV}) = —V,.Nq— qV.V}, 2)

MFC = —udq/0x — v 0q/0y — q (0u/dx + Ov/0x)

Advection term

3)

Convergence term

where the variables P, E, MFC, PW, q, V), u, and v represent
precipitation, surface evaporation, the convergence of verti-
cally integrated horizontal water vapour flux, total column
water vapour or precipitable water, specific humidity, hori-
zontal velocity vector, zonal velocity, and meridional veloc-
ity, respectively.

Moist static energy (MSE) is the sum of internal energy,
potential energy, and latent energy (Neelin and Held 1987;
Back and Bretherton 2006).

MSE = ¢,T + gz +l,q 4)
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where dry air’s specific heat capacity at constant pressure is
¢,=1.005 kJ kg 'K~!, where T is temperature, g=9.8 ms™>
is gravity acceleration, z is height, L, = 2256 kJ kg™ is the
latent heat of condensation. MSE is computed by taking the
average over the vertical column (1000 —200 hPa levels).

Data from the Australian Bureau of Meteorology (http://
www.bom.gov.au/climate/mjo/) is utilized to assess the
Madden-Julian Oscillation’s (MJO) phase and amplitude
impact on cyclone formation. The Real-time Multivariate
(RMM) index employs the first two empirical orthogonal
functions (EOFs), RMM1 and RMM2, over the 15°S—15°N
region for OLR, 850 hPa, and 200 hPa wind data (Wheeler
and Hendson, 2004). Empirical Orthogonal Functions
(EOF) analysis decomposes geophysical field variations,
identifying orthogonal spatial patterns combined with their
principal components (PC) linearly (Lorenz 1956). The
analysis spans May from 1982 to 2022 and examines sea
surface temperature (SST), wind shear, and specific humid-
ity. Positive and negative Indian Ocean Dipole (IOD) events
are obtained from the Japan Meteorological Agency (https://
ds.data.jma.go.jp/tcc/tec/products/elnino/iodevents.html).

For this study, recent 4 land falling cyclones (severe
cyclonic storm or above category) over BoB are selected
from the last decade (i.e. 2011-2022). These are Fani (2019),
Amphan (2020), Yaas (2021), and Asani (2022). In addition,
three cases of non-cyclonic pre-monsoon years 2011, 2012,
and 2015 over the BoB are also considered for compari-
son purpose within the same decade. The objective of this
investigation is to gain a comprehensive understanding of
the underlying phenomena associated with the formation of
these recent intense pre-monsoon cyclones. The duration of
the study spanned over 15 days preceding the onset of the
cyclonic storm (CS) phase, and for non-cyclonic years, it is
nearly common 15 days coherent with the cyclonic years
dates in May (i.e., 8 to 22 May).

3 Results and discussion
3.1 Long-term trends

To perform a thorough analysis of the persistent climatic
patterns influencing the formation of cyclones in the BoB in
May, we undertook a detailed investigation of a time series
dataset spanning 41 years, from 1982 to 2022. The scope
of our analysis includes various essential meteorological
variables, each of which plays a pivotal role in shaping the
behavior and intensity of cyclones in this region. Primar-
ily, examination of SST patterns demonstrates a prominent
increasing trend (Fig. 1a). It indicates a steady pattern until
2004, after which subsequent findings reveal a significant
and enduring trend of warming during the most recent

decades. Over the past four decades, there has been a nota-
ble increase in SST, amounting to approximately 0.5 °C.
Concurrently with SST, OHC trends closely mirror those of
SST, demonstrating an enduring pattern of increase over the
study period. Noteworthy observations include the lowest
OHC recorded in 2018 and the highest in 2016, aligning
seamlessly with the SST trends observed in the past decade.

The specific humidity at both the upper and lower levels
is shown in Fig. 1b. There has been a noticeable upward
trend in both upper and lower-level SH, but the lower level
exhibits a rather modest rise. In recent decades, both lower
and upper SH have seen a similar trend. Figure 1c illustrates
the wind shear, wherein a noticeable decrease in wind shear
of around 1 m/s is noted during four decades. Also illustrated
in Fig. 1d is a marginal upward trend in upper-level wind
divergence and lower-level relative vorticity particularly
in the last decade. The analysis done shows a clear indica-
tion of favourable conditions for the formation of tropical
cyclones. However, it is crucial to recognize the significant
annual fluctuations observed in these climatic factors. These
fluctuations underscore the dynamic nature of the Bay of
Bengal’s climatic system. To better understand the factors
contributing to the recent occurrence of intense cyclones, a
more detailed analysis of daily conditions is necessary.

To further understand the moisture budget over the past
decades, an analysis has been done on different terms of
the budget equation. Figure 2a shows the precipitation and
evaporation rate; it shows that both precipitation and evap-
oration have increased during the decades. The precipita-
tion rate increased by 1 mm/day, while the evaporation rate
increased by 0.5 mm/day. Figure 2b shows the dPW and
moisture flux divergence. It shows that the dPW term is very
small and hasn’t changed over the years, but there has been
a slight increase in moisture convergence. The whole mois-
ture budget suggests that increasing evaporation rate has
contributed to more precipitation, while there has also been
an observed rise in moisture convergence. The increase in
evaporation rate may be due to more warming scenarios.

3.2 Conditioning before TC formation

Figure 3a, b, ¢, d shows SST anomalies 15 days prior to the
formation of the CS phase of Fani (2019), Amphan (2020),
Yaas (2021), and Asani (2022), respectively. It is clear that
the SST was 1 to 1.2 °C higher, majorly in 5 to 10°N as CS
started to form near 5°N. In the case of Amphan and Yaas,
the SST anomaly reached 2°C, and in the case of Asani, it
reached a maximum of 1.9 °C. All these years have higher
SST anomaly when compared to non-stormy years 2011,
2012, and 2015 (Fig. 3e, f,g), where these anomalies were
negative except for the case of 2015, where SST anomaly
reached up to 1.2 °C. 2015 has been seen as an exception
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Fig. 1 Time series of (a) SST (°C) on the left axis and on the right axis
OHC300 (kJ/em?), (b) SH (kg/kg) for upper level (200-500 hPa) on
the left axis and for lower level (600—1000 hPa) on the right axis, (c)
Wind shear (m/s), (d) Lower level (600-900 hPa) relative vorticity

case as SST is been higher because 2015-16 was the stron-
gest El Niflo years in the last three decades (Iskandar et al.
2018). TCHP represents the amount of heat stored in the
upper ocean layers (up to 26 °C isotherm) that can poten-
tially be transferred to the atmosphere. This heat serves
as the primary energy source for tropical cyclones. As the
storm moves over warm ocean waters with high TCHP,
it can extract heat energy from the ocean, which fuels the
cyclone’s convective processes and strengthens the storm.
It plays an important role in TC development and intensi-
fication (Wada and Usui 2007). TCHP in Fig. 4 shows the
same signatures as SST with a 70-100 kJ/cm? increase in
TCHP values before CS formation and these values are
mostly negative in non-stormy years with the exception of
year 2015.

Specific humidity, a measure of the absolute amount
of water vapour present in the air, plays a crucial role in
the formation, intensification, and behaviour of tropical
cyclones. Specific humidity is directly related to the amount
of latent heat energy available in the atmosphere. As warm,
moist air rises from the ocean’s surface, it cools and releases
latent heat as water vapour condenses into liquid water.
This released heat provides the primary source of energy
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for tropical cyclones, driving their convective processes
and intensification. Higher specific humidity means more
moisture available for condensation, leading to stronger
and more powerful storms. TC requires a constant supply
of warm, moist air to sustain itself. Areas with high specific
humidity provide a steady source of moisture that can be
drawn into the storm’s circulation.

Figures 5 and 6 show the specific humidity anomaly hov-
moller (averaged over 5-25 N) at upper and lower levels,
respectively. In the case of Fani, from 10 days before the
development of the CS phase, SH started to increase; during
Amphan, it started increasing similarly 10 days prior, cover-
ing the whole BoB nearly 5 days before. In the case of Yaas,
the increase was nearly 5 days before negative anomalies
were seen, and in Asani, it was nearly 7 days. The rise in
all the Stormy years is about 0.4x 1073 —0.45x 107> kg/
kg. In the non-stormy years 2011 and 2012, anomalies were
negative, showing unfavorable conditions for the TC devel-
opment. Surprisingly, there is an increase in SH anomalies
of about 0.45x 10 -3 kg/kg seen in 2015, which creates an
inducive condition of TC, but still, no TC was developed
at that time. One of the reasons for high SH may be the
El Nino conditions, which contributed to more warming
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and more evaporation. Figure 6 shows in the case of Fani,
13 days prior, SH at a lower level started increasing; in the
case of Amphan, it was 10 days, and in Yaas, it is from 15
days, while in the case of Asani, it was nearly 7 days prior.
Similarly, like upper level and lower level for non-stormy
years 2011 and 2012, SH anomalies were negative about
1x 1073 kg/kg, and for the year 2015, it was higher. An

Years

divergence (VIMFD). The dashed line shows the trend line of the
respective parameters

overall analysis of SH shows that upper-level SH started
increasing 6 to 10 before CS development, while for lower
level, it is 7 to 13 days before.

MSE is a thermodynamic quantity that combines the
effects of both temperature and moisture content in the
atmosphere. As moist air rises from the ocean’s surface,
it cools and condenses, releasing latent heat. This latent
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Fig. 3 Time average plot for 15 days prior to CS formation of SST anomalies for the year (a) 2019, (b) 2020, (c) 2021, (d) 2022, (e) 2011, (f) 2012

and (g) 2015
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Fig.4 Same as Fig. 3 but for TCHP anomalies

heat release is a key component of MSE and provides the
energy needed to sustain and intensify the storm. As shown
in Fig. 7, MSE started increasing nearly 15 days before the
development of the CS phase for all the cyclones over the
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whole BoB region. Its magnitude increased to 5500 kJ/
kg in the case of Amphan and Yaas, and for non-cyclonic
years 2011 and 2012, it was negative with the exception of
the year 2015, when MSE was high. Upper-level moisture
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Fig. 6 Same as Fig. 5 but for lower-level specific humidity anomaly

divergence represents the horizontal dispersion or diver-  of latent heat energy. This latent heat release serves to
gence of air masses at elevated altitudes within the Earth’s  intensify the convective activity within cyclonic systems.
atmosphere. As air parcels diverge horizontally, they ascend ~ Importantly, the horizontal divergence of air at upper lev-
and undergo cooling. This cooling process leads to the  els generates a spatial “void”. This void acts as a catalyst,
condensation of water vapour, accompanied by the release  drawing air up from lower atmospheric layers to ascend and
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Fig. 8 Same as Fig. 3 but for upper-level moisture divergence anomalies

occupy the void, thereby instigating vertical air movement
and the formation of low-pressure systems at the Earth’s
surface. While analyzing upper-level moisture divergence
anomaly (Fig. 8), it is found that in the case of Fani, it is
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been nearly 2 s~ ! near the central BoB region 15 days prior
cyclone, was below 5°N, while in the case of Amphan, a
clear and distinct increase of approximately 6 s~! moisture
divergence was observed in the southeast sector of BoB.
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Yaas showed a moisture divergence of approximately 4 s~
in the central BoB region, while Asani showed a moisture
divergence of around 5 s~! in the southeastern BoB. Dur-
ing the years 2011 and 2012, which were characterized by
non-stormy conditions, the moisture divergence in the BoB
remained consistently negative, ranging from —2 to —2.5
s~!. However, in 2015, there was an exceptional occurrence
where the moisture divergence in the BoB was notably high.

Once TC has formed, the positive relative vorticity (RV)
helps to keep the storm organized and intense. However,
if the relative vorticity decreases, the storm can weaken or
dissipate. Figure 9 shows the positive RV anomaly; in the
case of Fani (Fig. 9a), RV signatures were not seen. One
reason may be that the cyclone was below 5°N, so the sig-
natures were not prominent at that time in BoB. In the case
of Amphan (Fig. 9b), positive RV was high (~40x 10-6 s-1)
near the southeastern region, helping in the intensification
of the cyclone. For Yaas (Fig. 9c), positive RV was high
(~12%10-6 s-1) near the central BoB, and in the case of
Asani (Fig. 9d), it was nearly 16x107¢ s~! in the south-
eastern region. For the non-stormy cases, no significant sig-
natures of positive RV were observed, which can help in
cyclone formation. In 2015, though the other meteorological
parameters were very high, the cyclone didn’t form, show-
ing that this parameter plays an important role in cyclone
formation and intensification but is not sufficient. So, we
will further analyze the role of the largest intraseasonal

2020

(a) 2019 (b)

oscillation, Madden—Julian oscillation (MJO), on cyclone
formation and development.

3.3 Madden-Julian Oscillation

The MJO is a large-scale atmospheric disturbance that trav-
els eastward through the tropical oceans every 30—60 days
(Madden and Julian 1972, 1994). It is characterized by a
cycle of enhanced and suppressed convection (Madden and
Julian 1971; Zhou and Chan 2005). The MJO can influ-
ence tropical cyclone development by creating a favourable
environment for their formation. When the MJO is in an
active phase, it increases upward air motion and moisture,
necessary for cyclone development (Bhardwaj et al. 2019).
The RMM index is a widely used measure of the MJO. An
amplitude value greater than 1.0 indicates an active phase
of the MJO. For the Indian Ocean, MJO phases 2 and 3 are
most favourable for tropical cyclone development.

Figure 10 shows the amplitude and phase characteristics
of the MJO within the context of tropical cyclone devel-
opment in the Bay of Bengal. In the specific instances of
Cyclones Fani, Amphan, Yaas, and Asani, we observed
intriguing MJO behaviour that influenced their cyclonic
intensification. For Cyclone Fani, MJO entered its sec-
ond phase 12 days prior to the onset of the convective CS
phase. Subsequently, it transitioned into the third phase
with an amplitude exceeding 1. This amplification of MJO
activity significantly contributed to the intensification

(c) 2021 (d) 2022

25

Positive RV anomaly (x10¢ s!)

Fig. 9 Same as Fig. 3 but for positive relative vorticity anomalies at 850 hPa
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Fig. 10 MJO amplitude (left axis) and phase (right axis) are plotted for (a) Fani, (b) Amphan, (c) Yaas, (d) Asani, (e) 2011, (f) 2012 and (g) 2015

and fortification of Cyclone Fani. In the case of Cyclone In contrast, during non-stormy years, MJO remained
Amphan, MJO entered its second phase merely 4 days ahead  predominantly absent from the second or third phases.
of the CS phase, accompanied by an amplitude of approxi-  This absence underscores the significance of MJO during

mately (1) This relatively subdued MJO presence suggests  the pre-monsoon season in the context of tropical cyclone
a less significant role in Cyclone Amphan’s development.  development. Notably, in 2015, despite conducive environ-
Cyclone Yaas experienced MJO entering its third phase a  mental conditions for cyclone formation, cyclonic develop-
substantial 13 days in advance, followed by transitions into ~ ment was not witnessed due to the lack of MJO activity.
the second and third phases with amplitudes peaking at (2)  This highlights the pivotal role played by the Madden-
This sequence of events indicates a pronounced MJO influ-  Julian Oscillation in both the initiation and intensification
ence on the development of Cyclone Yaas. Cyclone Asani  of tropical cyclones in the Bay of Bengal during the pre-
also benefited from MJO dynamics, with MJO entering its ~ monsoon period. These findings underscore the need for
second phase with a notable amplitude just 3 days before the = further research and monitoring of MJO patterns to enhance
CS phase. This timely and vigorous MJO presence aided in ~ our understanding of cyclone dynamics in this region.

the initiation of the cyclonic phase for Cyclone Asani.

@ Springer
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3.4 EOF analysis

The analysis of SST for the month of May, using the EOF
method, is presented in Fig. 11a. The results indicate that
mode 1 is the most prominent, accounting for a significant
61.8% of the overall variance. The present analysis high-
lights the increased spatial variability of SST in the BoB,
specifically focusing on the central-eastern area. The tem-
poral progression of PC1 shows a prolonged duration of
heightened variability that starts from the year 2013. Sig-
nificantly, current patterns suggest an observable increase in
temperature, indicating a widespread and consistent warm-
ing occurrence across the Bay of Bengal in recent years. The
SST changes observed in this context seem to be influenced
by the El Nifio-Southern Oscillation (ENSO). The study
conducted by Chanda et al. 2018, provides supporting infor-
mation that establishes a positive association between El
Nifio phases and sea surface temperature (SST) anomalies.
Figure 11b also matches the spatial pattern of SST vari-
ability with mode 1 of 61.4%, showing that the southwest-
ern part of BoB has high variability. The temporal variance

Mode 1 (61.8%)

25 (@)

also shows the increased variability in recent decades. The
upper-level moisture is increasing, as observed in the trend
plot (Fig. 1b), suggesting the variability shows the upper-
level moisture increase in the recent decade. Figure 1lc
shows the first mode accounting for 44.7% of the total vari-
ance in wind shear. The analysis reveals a significant dispar-
ity between the northern and southern BoB, with negative
variance observed in the northern region and positive vari-
ance in the southern region. The diminished variance in
the northern BoB signifies reduced wind shear, a condition
conducive to cyclone intensification. The temporal evolu-
tion of PC1 highlights a recent decrease in wind shear, with
intermittent positive variance observed in 2021 and 2022.
The IOD is a mode of climatic variability over the Indian
Ocean, which is identified by the difference between the
Western and Eastern equatorial Indian Oceans in terms of
atmospheric pressure and sea surface temperatures. During
the positive phase of the IOD, the eastern part of the equa-
torial Indian Ocean warms, and the western part becomes
cooler than usual (PIOD). Conversely, during a negative
phase of the IOD (NIOD), the temperature gradient weakens
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Fig. 11 Spatial EOFs (first mode) and their corresponding PC time
series are shown for the (a) SST, (b) upper-level moisture and (¢) wind
shear. The cyclone frequencies are superimposed on the PC time series,

with the right axis of the PC pane showing cyclone frequency and the
left axis showing amplitude. The vertical blue dashed line shows posi-
tive IOD years, and the red dashed line shows negative IOD years
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Fig. 12 Spatial EOFs (first mode) are shown for the (a) SST, (b) upper-level moisture, and (¢) wind shear for the positive IOD (PIOD) and the same

for negative IOD (NIOD) in (d), (e) and (f) respectively

or reverses (Saji et al. 1999). To understand the effect of
IOD on the intensification of TCs, EOF analysis is done
for PIOD (Fig. 12a, b,c) and NIOD (Fig. 12d, e,f). During
PIOD, an inverse variability of 53.6% is observed over cen-
tral to southern BoB, showing that during PIOD, SST condi-
tions are not that favourable for intensification. Contrary to
this, during NIOD, a strong positive SST variability of 80%
is observed in favour of cyclone intensification. Upper-level
moisture in both cases shows positive variability (Fig. 12b);
in the case of NIOD, it is more towards southern BoB but
not very distinct (Fig. 12e), which indicates that in general,
the IOD phase does not have much significant influence on
the upper level of moisture during the pre-monsoon month
of May. The wind shear showed a high negative variabil-
ity of 62.7% for NIOD over central to the southern bay,
showing more conducive conditions for TC intensification,
whereas, during PIOD, the variability is negative but more
towards the northern BoB.

The overall EOF analysis for all 41 years of these mete-
orological variables and cyclone frequency reveals a con-
sistent and interconnected depiction. In recent years, more
favourable conditions for cyclone intensification in the BoB
have been witnessed in the month of May. These condi-
tions encompass elevated SST, likely influenced by ENSO,
heightened upper-level moisture content, and reduced wind

@ Springer

shear in the northern BoB. More specifically, it has been
noted that NIOD has a significant impact on the genesis
of highly intensified TCs during IOD events. Recent years
have seen a strong relationship between NIOD events and
pre-monsoon TC, as well as peak variability of SST and
upper-level moisture particularly over BoB (Fig. 11). These
findings provide support to the hypothesis that NIOD is one
of the important contributors to intensification, although
pre-monsoon TC Fani formed in 2019 during a PIOD event.
This, however, is a general pattern that necessitates further
investigation.

4 Conclusions

A 41-year dataset (1982-2022) examined BoB cyclone for-
mation patterns, uncovering significant trends. SST shows
a pronounced, sustained warming trend over four decades.
Both upper and lower-level specific humidity rose, while
wind shear declined, indicating favourable tropical cyclone
conditions. However, recognizing annual fluctuations in
these factors remains crucial. The moisture budget shows
increased precipitation and evaporation, likely driven
by warming scenarios, with slight moisture convergence
growth. SST anomalies, vital for cyclone formation, showed
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substantial rises in the 15 days preceding events. Fani saw
1-1.2 °C increases, with the most significant warming near
the 5°N cyclone formation region. Cyclones Amphan and
Yaas experienced even higher SST anomalies, up to 2 °C,
while Cyclone Asani peaked at 1.9 °C. Cyclonic years
generally featured higher SST anomalies, excluding 2015
due to El Nifio conditions. TCHP consistently increased by
70-100 kJ/cm? before cyclone formation, contrasting non-
stormy years with negative TCHP values (except 2015). SH
anomalies began rising 10-15 days before cyclone forma-
tion during cyclonic years, both at upper and lower levels.
Non-stormy years typically showed negative SH anoma-
lies, except in 2015, which displayed unusually high SH.
MSE increased approximately 15 days pre-cyclone for-
mation across the Bay of Bengal, reaching 5500 kJ/kg for
Cyclones Amphan and Yaas. Non-cyclonic years, exclud-
ing 2015, featured negative MSE anomalies. Cyclones
displayed distinctive moisture divergence patterns in devel-
opment regions, with non-stormy years consistently nega-
tive, except in 2015, which had notably high divergence.
Cyclones Amphan, Yaas, and Asani exhibited significant
positive RV anomalies in development regions, which non-
stormy years did not show.

The MJO played a pivotal role in the BoB cyclone ini-
tiation and intensification during the pre-monsoon season.
Active MJO phases over the Bay of Bengal favoured cyclo-
genesis and intensification, as observed in recent cyclones
Fani, Amphan, Yaas, and Asani. In contrast, non-stormy
years lacked MJO activity in phases 2 and 3, underscoring
its importance in cyclone development. Notably, despite
favourable conditions, 2015 did not witness cyclone forma-
tion due to the absence of MJO activity. EOF analysis for
May in the Bay of Bengal indicated increasingly favour-
able conditions for cyclone intensification in recent years,
and during NIOD, SST and wind shear conditions are much
more favourable for intensification. However, not much
influence on the moisture variability is found in either phase
of the IOD. Furthermore, in recent years conducive condi-
tions for TC intensification are distinct during the month of
May and are associated with NIOD. The study highlights
the Bay of Bengal’s evolving climatic patterns influencing
cyclone formation. Warming SST, rising specific humidity,
reduced wind shear, and increasing moisture convergence
create conducive conditions. SST anomalies, TCHP, SH,
MSE, and MJO activity play pivotal roles in cyclone devel-
opment. Understanding these factors is vital for enhancing
cyclone prediction and preparedness in the region.
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