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Abstract

The impact of the Indian Ocean Dipole (I0OD) and El Nifio Southern Oscillation (ENSO) on tropical cyclone activities in
the North Indian Ocean (NIO) basin including the Bay of Bengal (BoB) and Arabian Sea (AS) are investigated using data
from 1891 to 2020 of the cyclone e-Atlas developed by India Meteorological Department, Nifio 3.4, and the Indian Ocean
Dipole mode indices (DMI). A total of 657 tropical cyclones are observed over the NIO basin with an annual frequency of
5.05 while the annual frequencies over BoB and AS are 4.03 and 1.02, respectively. The years from 1891 to 2020 have been
classified as years of ENSO [El Nifio (EN), La Nifia (LN), and neutral ENSO (nENSO)] and 10D [positive IOD (pIOD),
negative IOD (nIOD), and nolOD] years. The frequency is higher in EN (nIOD) followed by LN (nolOD) years in the NIO
basin. LN (EN) events and nIOD (pIOD) events favor tropical cyclone cases in the BoB (AS). Tropical cyclone genesis has
a peak density covering 10—15° N in the BoB and AS during ENSO and IOD years. Wavelet coherence (WTC) analysis
between the frequency of tropical cyclones over the NIO basin and the DMI/Nifio 3.4 index shows high coherence with DMI
and in-phase relationship for the period 2006-2020 while it shows higher coherence with Nifio 3.4 index and out-of-phase
relationship for the period 1991-2020. The WTC analysis is also performed separately for BoB and AS. Multiple linear
regression analysis of the frequency of tropical cyclones and Nifio 3.4 index/DMI shows a significant correlation between
the frequency and the DMI. A strong coherence between DMI and Nifio 3.4 index is also found for the period 1991-2001
over the NIO basin.

1 Introduction

Although the North Indian Ocean (NIO) is a less active
basin in terms of tropical disturbances, the basin produces
some of the deadliest cyclones in the globe. Since climate
projections show that the Indian Ocean will continue to
warm rapidly along with an increase in the intensity of
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cyclones in this basin, changes in ocean-cyclone interac-
tions that have recently emerged in response to this warming
need to be closely monitored (Singh and Roxy 2022). In
recent decades, sea surface temperatures (SSTs) contributing
to cyclogenesis in the Arabian Sea (AS) have been 1.2-1.4
°C higher than SSTs four decades ago. Rapid warming in
the NIO, caused by global warming, tends to increase heat
flow from the ocean to the atmosphere and favors cyclone
intensification. El Nifio-Southern Oscillation (ENSO) and
the Indian Ocean Dipole (IOD) are two prominent and sig-
nificant low-frequency climate phenomena in the tropical
ocean-atmosphere coupled system. ENSO and IOD have
far-reaching consequences that extend far beyond the basins
in which they form, the tropical Pacific and Indian Ocean,
respectively.

ENSO is one of the most important climate variabil-
ity phenomena in the world due to its ability to change
the global climate affecting the global temperature and
precipitation. A deeper thermocline and weaker-than-nor-
mal surface divergence, or convergence in the westerly
wind results in the warm extreme, called El Nifio, while
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a shallow thermocline and stronger-than-normal surface
divergence results in the cold extrema, called La Nifia
(McPhaden 2004).

In the northwest Pacific, ENSO is considered to be the
dominant factor controlling the interannual variability in
tropical cyclone activity (Chan 2007). Many researchers
have extensively studied the tropical cyclone activities in
the northwest Pacific in relation to ENSO (Camargo et al.
2007b, 2007c, 2007a; Camargo and Sobel 2005; Chia and
Ropelewski 2002; Wang and Chan 2002; Webster et al.
2005; Wu et al. 2004). The frequency of typhoons is higher
during warm ENSO periods over a majority of basins in
the northwest Pacific (Saunders et al. 2000). China experi-
ences the greatest number of landfalling tropical cyclones
during the late season of La Nifia (LN) years in the north-
west Pacific (Wu et al. 2004). The study by Bhardwaj et al.
(2019) shows that LN events characterize more frequent and
intense tropical cyclones than EN events. Their study period
was 1972-2015 and only for BoB post-monsoon season.

The IOD, is a mode of climate variability in the Indian
Ocean that evolves in spring (May—June), peaks in fall
(October—November), and terminates in early winter
(December) (Murtugudde et al. 2000; Saji et al. 1999;
Webster et al. 1999). Various past studies have investigated
the influence of IOD on various sectors in East Africa and
Indonesia (Saji et al.1999), the Asian (Ashok et al. 2001),
and Australian (Cai and Cowan 2008; Ummenhofer et al.
2009) summer monsoon regions. A positive IOD (pIOD)
is characterized by cooler than normal water in the eastern
tropical Indian Ocean and warmer than normal water in
the western tropical Indian Ocean (Saji et al. 1999) while
a reverse pattern characterizes a negative IOD (nIOD).

Classification of ENSO and IOD years has been studied
by many researchers/scientists using various methods for
different periods (Girishkumar and Ravichandran 2012;
Grimm et al. 2000; Lestari and Koh 2016; Liu and Chan
2003; Mahala et al. 2015; Meyers et al. 2007; Power et al.
2021; Yuan and Li 2008).There is a reduction in tropical
cyclone activity over BoB during severe cyclone months
of May and November during the warm phase of ENSO
(Singh et al. 2000). The study by Singh et al. (2001) shows
that the frequency of formation of monsoon depressions in
the BoB increases during warm ENSO phases. ENSO and
10D have impacted the Indian summer monsoon on local
and regional scales between 2015 and 2016. The study by
Sreelekha and Babu (2019) suggests that nIOD may cause
large scale variation in circulation patterns resulting a defi-
cit in Indian summer monsoon rainfall. The intensity and
phenomena of the Indian Ocean Dipole are measured by
the dipole mode index (DMI) (Saji et al. 1999). Both IOD
and El Nifio (EN) can be classified according to the zonal
distribution of the SST anomalies (SSTA) in the eastern
and central Pacific (Ashok et al. 2007; Capotondi et al.
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2015; Chen et al. 2015; Kao and Yu 2009) or by the time
of onset (Xu and Chan 2001).

The study by Yuan and Cao (2013) shows that during
negative IOD (nlOD) events, SSTA is positive east of 90°
E in the tropical southeast Indian Ocean and negative in
the west of 80° E in the tropical western Indian Ocean as
a result, the low-level cyclonic circulations are more sig-
nificant, which strengthen the convection over the BoB and
eastern AS, and generate a positive vorticity anomaly at low-
level. These factors are favorable for the increasing tropi-
cal cyclone genesis in the NIO. Zhou et al. (2019) studied
the impact of IOD on the interannual variability of tropical
cyclone activity in the northwest Pacific from 1961 to 2015.
Their study suggests that the number of tropical cyclones
making landfall in China is negatively correlated with DMI.
Roose et al. (2022) have studied the interannual variability
of low-latitude post-monsoon cyclones formed in the BoB
for the period 1979-2020 and their teleconnection with
ENSO and IOD. The study indicates that relative vorticity
is a vital parameter influencing the interannual variability of
low-latitude BoB cyclones.

The climate drivers ENSO and IOD are linked by the
Walker circulation connecting the Pacific and Indian Oceans,
such as EN-pIOD and LN-nIOD (McKenna et al. 2020).
The study by Ashok et al. (2003) suggests that the IOD is a
unique and independent climate mode in the Indian Ocean.
Previous studies (Du et al. 2013; Fan et al. 2017; Hong et al.
2008) show that an atmospheric bridge connecting ENSO
with the Indian Ocean can trigger an IOD event and modu-
late its evolution. In addition, the studies by Du et al. (2013)
and Sun et al. (2015) show that IOD is a combination of
internally forced and ENSO-driven phenomena. However,
the onset, peak, and decay of an IOD can vary to some extent
due to ENSO (Capotondi et al. 2015; Santoso et al. 2012).
Yuan and Cao (2013) used wavelet coherence (WTC) analy-
sis between the NIO tropical cyclone frequency and DMI for
the period 1981-2010. Their study showed a statistically sig-
nificant relationship between the frequency of NIO tropical
cyclones and IOD events. Wavelet analysis is increasingly
becoming an efficient tool for the trend analysis of various
time series (Grinsted et al. 2004; Ng and Chan 2012). Ng
and Chan (2012) used wavelet analysis to investigate the
impact of ENSO-IOD on tropical cyclone activity in the
northwest Pacific. Their study suggests that the combination
of DMI and ENSO Modoki index gives worse results for the
northwest Pacific. However, the possible linkages between
the ONI (or Nifio 3.4)/the DMI, and the tropical cyclone
frequency in the NIO basin are not reported so far.

Our goal is to understand and improve knowledge about
the impact of climate variability on tropical cyclone activity
in the NIO basin using climatology and digital tools. In the
present study, the ENSO and IOD years are classified from
1891 to 2020. Frequency, decadal variability, and genesis
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locations of tropical cyclones in the NIO basin, BoB, and
AS under different ENSO and IOD events are discussed.
An investigation using wavelet analysis of the ENSO-IOD-
related impact on the tropical cyclone activity over the NIO
basin is conducted. Section 2 explains the data source, the
basis for the classification of ENSO and IOD years, the
wavelet coherence method, and the multiple linear regres-
sion method. The results and discussion are presented in
Section 3 and the conclusion in Section 4.

2 Data sources and methodology
2.1 Datasources

The present work is a study examining the impact of ENSO
and IOD on tropical cyclone activities in the NIO basin. The
main data source is the cyclone e-Atlas (version 2.0/2011)
developed by India Meteorological Department (RSMC
2011) which is an electronic version based on updated and
digitized data for the period 1891-2022. The data from
1891 to 2020 are collected from the cyclone e-Atlas-IMD
(https://14.139.191.203/AboutEAtlas.aspx). The e-Atlas
provides detailed information on cyclonic disturbances such
as depression, cyclonic storms (CS), and severe cyclonic
storms or more (SCS). The classification of depression, CS,
and SCS has been made as per RSMC (2011). One of the
various ENSO indicators that are based on the SSTA is the
Nifio 3.4 index (https://psl.noaa.gov/gcos_wgsp/Timeseries/
Data/nino34.long.anom.data). EN and LN events are usu-
ally defined by the Nifio 3.4 and the Oceanic Nifio indices
(Mabhala et al. 2015; Trenberth and Stepaniak 2001). DMI
is used to classify the years 1891-2020 as pIOD, nlOD,
and nolOD years. DMI data were extracted from National
Oceanic and Atmospheric Administration (NOAA) Physical
Science Laboratory (https://psl.noaa.gov/gcos_wgsp/Times
eries/Data/dmi.had.long.data) for the analysis.

2.2 A basis for classification of the ENSO and 10D
years

Various methods and indicators have been applied previ-
ously to classify the ENSO events viz., SST-based indices
(Nifio 142, Nifio 3, Nifio 4, Nifio 3.4, Oceanic Niflo Index
(ONI), Trans-Nifio Index), and surface atmospheric pressure
indices (Southern Oscillation Index and Multivariate ENSO
Index) (Islam 2018). The Nifio 3.4 index and the ONI are
the most powerful indices used to categorize EN and LN
events. The details on the statistical classification of ENSO
years are available in the studies by Singh et al. (2011) and
Meyers et al. (2007). The strength of EN and LN events is
monitored by Nifio 3.4 index. Nifio 3.4 index is the average
SSTA for the region from latitude 5° S to 5° N and longitude

120°-170° W. This region exhibits colossal variability on
the EN timescale and is close to regions where local SST
changes are important to shift large areas of precipitation
mostly found in the far western Pacific. A year is categorized
as EN (LN) when the 5-month running mean of the Nifio 3.4
index goes beyond +0.4 (—0.4) °C for at least 6 months in
succession (https://climatedataguide.ucar.edu/climate-data/
nino-sst-indices-nino-12-3-34-4-oni-and-tni).

Nifio 3.4 index is used to classify the years from 1891 to
2020 as EN, LN, and neutral ENSO

(nENSO). Oceanic Nifio Index (ONI) data have been used
(https://origin.cpc.ncep.noaa.gov/products/analysis_monit
oring/ensostuff/ONI_v5.php) only to compare for classifica-
tion made in the study by Mahala et al. (2015).

There is an anomalous SST gradient or DMI between the
tropical western Indian Ocean (50°-70° E, 10° S—10° N)
and tropical southeastern Indian Ocean (90°—110° E, 10°
S—0°). DMI is used to identify the intensity of the IOD.
When the DMI is positive (negative), the phenomena are
referred to as plOD (nIOD). We used the DMI to classify the
year from 1891 to 2020 as pIOD, nIOD, and nolOD years.
Each year, the DMI’s arithmetic mean for the 6 months from
June to November is determined, and the estimated value is
assigned to that year as a DMI representative (Mahala et al.
2015). Furthermore, we have computed the mean and the
standard deviation (SD) of the DMI for the study period
(1891-2020). The year is classified as plIOD (nIOD) when
the mean DM is greater (less) than or equal to the mean +1
SD (-1 SD) (Fig. 1).

2.3 Wavelet coherence method

Predictable behavior in geographical time series such as
periodicity and trend are of great interest. Most mathemati-
cal models examine periodicities in the frequency domain.
However, wavelet transforms expand the time series into
time-frequency space and find localized intermittent perio-
dicities (Grinsted et al. 2004). The concept of wavelet is
applied in various fields where data on time series has a
crucial role. Wavelet analysis is a common technique for
analyzing localized fluctuations in a time series. The wave-
let transform is a generalized form of the Fourier transform
(FT) and windowed FT (WFT) (Gabor 1946). Many past
studies explained the wavelet transform with examples (Agu-
iar-Conraria and Soares 2014; Lau and Weng 1995; Maraun
and Kurths 2004; Torrence and Compo 1998). Wavelet
transform uses generalized local basis functions (wavelets)
that can be stretched and translated with frequency and time.
A flexible window can be adapted to the entire time-fre-
quency domain considered the wavelet domain (WD). WD
narrows (widens) when focusing on high-frequency (low-
frequency) signal backgrounds. Due to the “uncertainty
principle” (Chui 1992), the height and the width of the
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time-frequency window cannot be arbitrary. The following
discussion is based on the Morlet wavelet, and the mother
wavelet is defined as,

T(t) — 7[—1/461(00

with wjas the non-dimensional frequency, and ¢ denotes
time. Mathematically, the family of the Morlet wavelet
o, () can be generated by the time translation and scale
dilations such that

1 t—>b
w“*’:aml{l( a )

where a (> 0) denotes the scale (dilation) and b denotes
the position (translation) of the wavelet; w, ,(?) is called
“daughter wavelet” or “wavelet”.

In a time-series consisting of N number of points, the
convolution of the wavelet with the series value is computed
by the formula,

N-1 ' _ 5
W.(s) = Z 2, P lM]

n’=0 s

where, n' = index of time series z, n = localized time index
of normalized wavelet ¥, ¥ = complex conjugate of the
mother wavelet, s, and ¢, respectively, denote scale and time.

The cross-wavelet transform of two-time series, a(¢) and
b(t) was developed by Hudgins et al. (1993). The two-time
series A and B are compared through the “cross-wavelet
spectrum.” If Wlf(s) and Wf (s) are the wavelet transforms
of the series A and B, then the cross-wavelet spectrum is
given by:

WAB(s) = WA (s). WP (s)

with a power |WAB(s)|. Wavelet coherence is used to
analyze the cross-wavelet transform’s degree of coherence
over time-frequency space (Chang et al. 2019; Torrence and
Webster 1998). It helps to determine the dominant modes of
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variability and their variation with time besides quantifying
the relationship between climate forcings and the frequency
of tropical cyclones. Furthermore, it also shows whether
the parameters are correlated and if so, are they in-phase
or out-of-phase. A detailed study on WTC computation is
available in past studies by Grinsted et al. (2004) and Schulte
et al. (2016). In the present study, wavelet coherence is cal-
culated using the “biwavelet” package in “R-programming”
software.

2.4 Multiple linear regression

The objective of the current study is to find the plausible
linkage between tropical cyclone frequency and climate
modes, such as ENSO and IOD. Multiple linear regression
is a method (Mostafa 2020) for analyzing the connection
between one dependent variable and more than one inde-
pendent variable (climatic indices). The multiple linear
regression is given by,

Vi = g F ayXy QX e eee e e e e F X + €51 = 1,2,...... N

where, y; a dependent variable, Xjp an independent variable,
ay as intercept, ay, ay, ...... . Q, the x’s coefficient and ¢; is
a residual term that the model always keeps it contributing
as minimum as possible.

3 Results and discussion
3.1 Events of ENSO and 10D

In the impact analysis of ENSO and IOD, Nifio 3.4 data
for the period from 1891 to 2020 are used to classify the
years into EN, LN, and nENSO events. DMI data is also
used to classify the years of pIOD, nIOD, and nolOD. The
classification of years into EN, LN, nENSO, pIOD, nolOD,
and nIOD as well as their co-occurrence for the period
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1891-2020 are presented in Table 1. Different investigators
have used different methods for the classification of ENSO
and IOD years for different periods (Girishkumar and Ravi-
chandran 2012; Mahala et al. 2015; Meyers et al. 2007; Yuan
and Li 2008). In the period 1891-2020, 38 years are cat-
egorized as EN years, 42 LN years, and 50 nENSO years
while 23 as pIOD, 21 as nIOD, and 86 as nolOD years. The
classification of ENSO-IOD years for the period in the pre-
sent study matches exactly with the classification made by
Girishkumar and Ravichandran (2012), although they made
the analysis for a comparatively smaller period of 18 years
(1993-2010) only and Mahala et al. (2015) in which they
considered the period 1891-2007.

3.2 Frequency of tropical cyclones

Table 2 shows the statistics of the frequency of tropical
cyclones in the NIO basin, BoB, and AS under different
ENSO-IOD conditions. In 130 years of the study period
from 1891 to 2020, a total of 657 tropical cyclones have
occurred in the BoB and AS at 5.05 tropical cyclones per
year whereas the study by Mahala et al. (2015) shows 502
tropical cyclones for the period 1891-2007 over BoB, and
Mohanty et al. (2012) as 606 cyclonic disturbances (deep
depressions, CS, and SCS or more intensity) over BoB for
the period 1891 to 2010. In the NIO basin, a total of 195,
247, and 215 tropical cyclones are noted respectively in
EN, nENSO, and LN years, while it is 107, 120, and 430 in
pIOD, nIOD, and nolOD years. The average frequency of
tropical cyclones during EN, nENSO, and LN years is com-
puted as 5.13, 4.94, and 5.11, respectively, while it is 4.65,
5.0, and 5.71 during pIOD, nolOD, and nlOD years. Moreo-
ver, the frequency of tropical cyclones is computed as 5.28
for EN with pIOD and 6.15 for LN with nIOD. From the
analysis, it is observed that the tropical cyclone frequency
in the NIO basin is higher during EN (nIOD) years followed
by LN (nolOD) years.

During the period 1891-2020, the frequency of tropi-
cal cyclones in the BoB is 4.17 (3.89) in LN (EN) years

Table 2 Frequency of tropical cyclones over the NIO basin, BoB, and
AS in different ENSO and 10D events.

NIO basin BoB AS

1891-2020 657 (5.05) 524 (4.03) 133 (1.02)

EN 195 (5.131) 148 (3.89)) 047 (1.247)
LN 215 (5.111) 175 (4.171) 040 (0.95))
nENSO 247 (4.94)) 201 (4.02)) 046 (0.92))
plOD 107 (4.65)) 078 (3.39)) 029 (1.267)
nlOD 120 (5.711) 096 (4.577) 024 (1.147)
nolOD 430 (5.00}) 350 (4.071) 080 (0.93))

The figures inside the bracket represent the frequency. The up/down
arrows denote the increase/decrease in frequency from the climato-
logical mean

while it is 0.95 (1.24) in the AS. In nIOD (pIOD) years,
the frequency of tropical cyclones is 4.57 (3.39) over the
BoB, while it is 1.14 (1.26) in the AS. During the EN, LN,
and nIOD years, the frequency of tropical cyclones in the
NIO basin is more than the climatological mean, while it is
less in nNENSO, pIOD, and nolOD years. During LN, nIOD,
and nolOD years, the frequency of tropical cyclones in the
BoB is more than the climatological mean, while it is less
in EN, nENSO, and pIOD years. In the AS, the frequency
of tropical cyclones is more than the climatological mean
during EN, pIOD, and nIOD years, while it is less in LN,
nENSO, and nolOD years. The analysis indicates that LN
(EN) events of ENSO and nIOD (pIOD) events of the IOD
favor the tropical cyclone cases in the BoB (AS). The results
corroborate the study by Mahala et al. (2015). However,
the frequency of BoB tropical cyclones during the period
1951-2020 is 3.48 (3.25) in LN (EN) years while itis 1.13
(1.42) for the AS. Previous studies (Girishkumar and Ravi-
chandran 2012; Mahala et al. 2015) show the frequency of
tropical cyclones in the BoB is more in LN years. However,
the study period was for the BoB post-monsoon season of
1993-2010 by Girishkumar and Ravichandran (2012) and
the entire calendar year in the BoB for the period 1891-2007
by Mahala et al. (2015).

Table 1 Years of ENSO and IOD events from 1891 to 2020 (the numbers within the bracket indicate the total number of years)

LN (42)

1901 1917 1928 1958
1959 1960 1992 1996

1891 1895 1897 1907 1911 1912 1913
1915 1920 1921 1926 1927 1929 1931
1932 1935 1936 1937 1939 1943 1944
1946 1947 1948 1952 1953 1962 1966
1978 1979 1980 1981 1990 2001 2003
2005 2013 2016

EN (38) nENSO (50)
nIOD (21)
nolOD (86) 1896 1899 1900 1902 1904 1905 1914
1918 1919 1930 1940 1941 1951 1957
1965 1968 1969 1977 1986 1993 2002
2004 2009 2014
pIOD (23) 1923 1925 1963 1972 1976 1982 1987

1991 1994 1997 2006 2015 2018 2019

1961 1967 2008 2012

1892 1893 1898 1903 1906

1909 1910 1916 1933 1942 1954 1956
1964

1894 1908 1922 1924 1934 1938 1945
1949 1950 1955 1970 1971 1973
1974 1975 1984 1985 1988 1989
1995 1998 1999 2000 2010

1983 2007 2011 2017 2020
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A proper analysis of the climatology of tropical cyclones
including CS and SCS is indicative of the rapid intensifica-
tion of tropical cyclones (Kranthi et al. 2023). An investi-
gation has been made on the impact of ENSO and IOD on
tropical cyclones with different intensities over the BoB,
AS, and NIO basins for the period 1891-2020 (Table 3).
Considering the intensity of tropical cyclones with intensity
as SCS or more, it is observed that the maximum frequency
in the BoB is 1.98 (2.22) during LN (pIOD) years, while it is
2.36 (2.81) for nENSO (nIOD) years for the CS. In the AS,
the frequency of SCS is 0.87 (0.91) during EN (pIOD) years.
In the NIO basin, the frequency of SCS is 2.71 (3.13) dur-
ing EN (pIOD) years, while it is 2.8 (3.24) during nENSO
(nIOD) years for the CS. A close inspection of the data
shows that BoB experiences maximum frequency of SCS
during LN years. In the AS and NIO basin, the frequency
of SCS (CS) is more in EN (LN) years. The frequency of
SCS (CS) in the BoB and the NIO basin is more in pIOD
(nIOD) years. Looking at the frequency of tropical cyclones
with intensity SCS or more, it is clear that EN year shows
the most severe cyclonic storms in the NIO basin. However,
the study by Girishkumar and Ravichandran (2012) suggests

that the LN year shows more SCS during the post-monsoon
season of 1993-2010. The maximum frequency of SCS in
the NIO basin during EN years is due to more SCS cases
observed in the AS.

Furthermore, the total number of tropical cyclones in the
decades through 1891-2020 is computed to investigate the
decadal variability (Fig. 2). The decadal data over the AS,
BoB, and NIO basin suggests that the decade 2011-2020
shows a primary peak in the formation of tropical cyclones
over AS whereas it is 1921-1930 for both BoB and NIO
basin. Our results closely match the study by Mahala et al.
(2015). The decades from 1981 to 2020 showed an increas-
ing trend of tropical cyclones varying from 3 to 17 in the AS.

Table 4 depicts the statistics of tropical cyclones in the
decades through 1891-2020 in the BoB and AS for EN,
LN, pIOD, and nIOD years. The frequency of tropical
cyclones during the decades is also computed for the EN,
LN, pIOD, and nlOD years for the BoB and AS. The analy-
sis suggests that during EN years, the BoB experiences 7.00
tropical cyclones in the decade 1941-1950 while it remains
the same at 2.25 for the decades through 1991-2020. Dur-
ing LN years, the BoB experiences 7.00 tropical cyclones

Table 3 Statistics of CS and

: Basin— BoB AS NIO basin

SCS in the BoB, AS, and NIO

basin during ENSO-IOD events Intensity— CS SCS CS SCS CS SCS

from 1891 to 2020
Events|
EN 77 70 15 33 92 103
LN 92 83 17 23 109 106
nENSO 118 84 22 23 140 107
plOD 27 51 8 21 35 72
nlOD 59 37 9 15 68 52
nolOD 201 149 37 43 238 192

Fig.2 The decadal variability
of the tropical cyclones in the 70
BoB, AS, and NIO basin
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Tablg 4 Total number of Decades LN EN pIOD nIOD

tropical cyclones over the BoB

and AS during EN/LN-pIOD/ BoB AS BoB AS BoB AS BoB AS

nlOD years in the decades

through 1891-2020 1891-1900 25 4 13 1 - - 20 3
1901-1910 25 5 11 6 - - 22 5
1911-1920 7 1 14 1 - 8 3
1921-1930 11 1 19 2 11 0 7 0
1931-1940 14 3 2 - 7 1
1941-1950 13 0 1 - - 5 0
1951-1960 11 0 3 - - 16 5
1961-1970 8 5 21 4 12 5 4 3
1971-1980 19 8 16 4 12 3 -
1981-1990 18 1 10 1 12 1 - -
1991-2000 12 5 9 3 2 7 4
2001-2010 5 4 9 6 3 - -
2011-2020 7 3 9 13 16 15 - -
Total 175 40 148 47 78 29 96 24

in the decade 1911-1920, and there is a decreasing trend
in the tropical cyclone cases during the decades through
1971-2020. During pIOD years, BoB experiences a maxi-
mum frequency of 6.00 in the decade 1971-1980 and it fol-
lows a decreasing trend up to 2020, while the frequency is
7.00 each for the decades through 1921-1940 during nIOD
years.

During EN years, the AS experienced a maximum of 3.25
tropical cyclones in the decade 2011-2020 while it is 2.50
during the LN years of the decade 1961-1970. The maxi-
mum frequency of tropical cyclones in the pIOD events of
the decade 2011-2020 is noted as 2.14. The trend in the
frequency of tropical cyclones is increasing during the EN/
pIOD events of the decades from 1981 to 2020. The max-
imum frequency of tropical cyclones in the nIOD events
of the decade 1961-1970 is 3.00, followed by 2.00 dur-
ing 1991-2020. The study by Pathirana and Priyadarshani
(2022) suggests that there is a warming trend of SST vari-
ability and a positive trend of DMI in the western tropical
Indian Ocean favoring convective activity in the AS. The
impact of ENSO on SST variability is higher in the AS than
in the BoB. The higher frequency of tropical cyclones in the
AS during EN/pIOD years may be attributed to the warmer
SST variability and weakening of vertical wind shear.

3.3 Genesis of tropical cyclones

Genesis locations play an important role in the lifetime
and intensity of tropical cyclones (Camargo et al. 2007b).
The statistics on total number of the tropical cyclones in
the BoB and AS during different ENSO-IOD events are
presented in Table 5. A close inspection of the data reveals
that a total of 53 (68) tropical cyclones have occurred in
the BoB during the co-occurrence of the EN with pIOD

Table 5 Number of tropical cyclones over BoB (AS) in different ENSO-
IOD events

EN nENSO LN Total
nlOD 0(0) 28 (12) 68 (12) 96 (24)
nolOD 95 (26) 160 (31) 95 (23) 350 (80)
plOD 53 (21) 13 (3) 12 (5) 78 (29)
Total 148 (47) 201 (46) 175 (40) 524 (133)

The figures in the bracket denote the tropical cyclones over AS

(LN with nIOD) years. Similarly, a total of 21 (12) tropical
cyclones have occurred in the AS during the co-occurrence
of EN with pIOD (LN with nIOD) years. Concerning the
relocation of the intertropical convergence zone (ITCZ),
Mohanty (1994) claims that the genesis of cyclonic distur-
bances over the BoB can drastically vary in a latitudinal
direction from 5° N to 20° N. Based on this fact, the BoB
is equally divided into three regions: (i) southern (5-10°
N) (R)), (ii) central (10-15° N) (R,), and (iii) northern
(15-20° N) (R5). Figure 3 shows the genesis locations of
tropical cyclones in each region under different ENSO
and IOD events. During EN and LN years, the maximum
(minimum) number of tropical cyclones are formed in R,
(R;) while in nENSO years, the maximum (minimum)
number of tropical cyclones are formed in R, (R;). The
results indicate that the peak density in the genesis loca-
tions is observed in R, compared with other regions in
various ENSO regimes. Moreover, the genesis of tropical
cyclones in the IOD years shows that the maximum num-
ber of tropical cyclones is formed in both R, and R; dur-
ing nIOD years while it is R, during pIOD years. During
nolOD years, the maximum (minimum) number of tropical
cyclones is formed in R(R3).
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In addition, AS is divided into four specific regions: (i)
AS1 (5-10 °N), (ii) AS2 (10-15° N), (iii) AS3 (15-20°
N), (iv) AS4 (20-25° N). The genesis locations of
tropical cyclones over AS in each region are computed
and presented in Table 6. During the ENSO, pIOD,
and nolOD years, the maximum (minimum) number
of tropical cyclone cases is observed in the AS2 (AS4)
region. However, the AS2 and AS3 regions experience
maximum tropical cyclone cases during nIOD years. Our
results are in good agreement with the study by Pathirana
and Priyadarshani (2022). The analysis indicates that the
genesis locations of tropical cyclones over AS are the
highest in the AS2 region. In general, the magnitude of
surface winds in the AS and the BoB is strong in August
and February (Duan et al. 2021) which in turn induces
a cooling effect that leads to a bimodal seasonal cycle
of the SST. As a result, the SST in the region 5-15° N
(10-20° N) of the AS (BoB) exceeds 30 °C in May, and

28 °C in November. These provide a favorable oceanic
condition for tropical cyclone genesis in the region
10—-15° N. Also, both AS and BoB possess relatively
low vertical wind shear of around 10 m/s in May and
November in the region 5-20° N, which is conducive for
tropical cyclone genesis.

We have computed the genesis locations of tropical
cyclones in the regions 5-10° N, 10-15° N, 15-20° N
and 20-25° N in both the BoB and AS (Fig. 4). The analy-
sis indicates that the number of BoB tropical cyclones in
the region 10-15° N is more than in 5-10° N during the
decades through 1981-2010 and a reverse pattern in the
decade 2011-2020 (Fig. 4a). Similarly, the region 10-15°
N shows an increasing trend in the genesis of tropical
cyclones in the decades through 1971-2020 in the AS
(Fig. 4b). However, a variability in the genesis locations
of the BoB and AS tropical cyclones is distinctly observed
in the decades through 1891-2020.

Table 6 Genesis of tropical

. Region EN LN nENSO pIOD nlOD nolOD
cyclones over the AS during
different ENSO-IOD events AS1 (05-10° N) 12 8 8 7 5 16
AS2 (10-15° N) 24 22 22 15 9 44
AS3 (15-20° N) 10 14 6 9 17
AS4 (20-25° N) 1 2 1 3
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In addition, we have computed the number of tropi-
cal cyclones over the BoB and AS during the pre-monsoon
(Mar-Apr-May) and post-monsoon (Oct-Nov-Dec) seasons. It
is observed that the number of tropical cyclones in the post-
monsoon season is more than that of the pre-monsoon season,
accounting for 71.55% of the total number of tropical cyclones
formed in the pre- and post-monsoon seasons. The average life-
time (in days) of the BoB tropical cyclones in LN (EN) years is
5.03 (5.21) while it is 5.63 (6.72) for the AS tropical cyclones.
However, the study by Mahala et al. (2015) indicated that the
average lifetime of BoB tropical cyclones in the LN (EN) is
5.13 (4.89) and their study period is 1891-2007. The average
lifetime of tropical cyclones for the period 20082020 in the
BoB is computed as 6.40 (7.16) in LN (EN) years while it is
7.00 (9.21) for the AS. The analysis suggests that the average
lifetime of tropical cyclones in both the BoB and AS is increas-
ing during the EN/LN years after 2007.

3.4 Wavelet coherence between frequency
of tropical cyclones and climate forcings

WTC is a method for analyzing the phase lag and coherence
of two-time series as a function of frequency and time (Chang
and Glover 2010). This approach has proven to be the most
efficient way to reveal climate links between two independent
time series. The relationship between the frequency of tropi-
cal cyclones and climate forcings is studied using the WTC
method. The level of statistical significance of WTC is meas-
ured using the Monte Carlo method (Ng and Chan 2012).
The coherence ranges from O to 1. In this study, Monte Carlo
WTC analysis is used to quantify the linkage between tropical
cyclones frequency and climate forcings (ENSO/IOD) in the
NIO basin, BoB and AS. Figure 5 shows the WTC between

the frequency of tropical cyclones and DMI/ Nifio 3.4 indices.
Arrows in the regions of high WTC indicate the phase relation-
ship between the two parameters. Two cross-wavelet parameters
in the regions are in phase (not-in-phase) if the arrows point
right (left) region and the leading (lagging) is represented by
arrows pointing upwards (downwards). Vectors are drawn only
for regions where the squared coherence is either greater than
or equal to 0.5. A solid grey line is used to depict the cone of
influence (COI) in which the edge effect becomes significant
at different frequencies and the 95% significant region of con-
fidence level is delimited by a solid black line.

In the NIO basin, a strong WTC between tropical cyclone
frequency and DMI (Fig. 5a) is observed from 1951 to 1960
at the period band of 10-16 months followed by 1960 to
1964 over a period of about 16-32 months. During these
periods, both the parameters are not-in-phase and the fre-
quency of tropical cyclones leads. Moreover, the years from
2006 to 2020 at a period band of about 134 months show
high WTC, and arrows pointing right indicate a significant
relationship between the parameters. Considering the WTC
between the frequency of NIO tropical cyclones and Nifio
3.4 index (Fig. 5b), it is observed that the period from 1938
to 1946 shows that these two parameters are in-phase at a
period band of 40-52 months where Nifio 3.4 index leads.
The years from 1891 to 1896 show high WTC at a period
of the band of about 64 months, during which the param-
eters are not-in-phase. The period 2006-2020 shows high
WTC at a period band of about 160 months, during which
the parameters are not-in-phase and Nifio 3.4 index leads.
Moreover, a high WTC is observed in the period 1991-2020
at a period band of about 256-350 months, during which
the parameters are not-in-phase and the frequency leads for
a quarter of the ENSO cycle.
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Figure 5c shows the wavelet coherence between frequency
of BoB tropical cyclones and DMI. A high WTC is observed
between tropical cyclones frequency and DML, for the period
1951-1960 at a period band of 12—16 months, during which
both the parameters are not-in-phase and frequency leads.
The years from 1896 to 1904 show the high WTC, and the
parameters are in-phase at a period band of about 16-24
months, during which DMI leads. Also, the period from
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1891 to 1896 (1921-1973) delineates a high coherence at
the period band of about 60—66 (208) months, during which
the parameters are not-in-phase. The frequency of tropical
cyclones (DMI) leads in the period 1891-1896 (1921-1973).
The period from 1976 to 1991 at a period band of 1640
months shows a high coherence with the parameters in-
phase and DMI leads. During ENSO years, high coherence
is observed during 1926-1930 (1989-1994) at a period band
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of about 4-16 (16-24) months, during which both the param-
eters are not-in-phase and the frequency of tropical cyclones
leads (Fig. 5d). There is a phase lag of almost a quarter of a
cycle (6 to 21 months) between Nifio 3.4 index and the fre-
quency of tropical cyclones at a period band of around 256
months during 1956-1986 and 1991-2020.

In the AS, high WTC between DMI and frequency of
tropical cyclones is noted during 1953-1976 at a period
band of around 64 months, in which both the parameters
are not-in-phase (Fig. 5e). The effect is delayed by approxi-
mately half a cycle. Furthermore, the years from 2010 to
2020 at a period band of around 112 months show that both
parameters are in-phase with frequency leads. Also, Nifio
3.4 index and the frequency of tropical cyclones are in-phase
during 1891-1910 at a period band of 208 months, in which
the frequency of tropical cyclones leads (Fig. 5f).

The influence of DMI and Nifio 3.4 index on the fre-
quency of tropical cyclones for an interannual scale (16
months) seems weak as shown by various patch sizes of high
coherence in different years. Generally, some of the specific
years as discussed above may be associated with ENSO and
10D events in the tropical Indian Ocean (Ashok et al. 2003;
Nur’utami and Hidayat 2016; Saji et al. 1999). The analysis
indicates that AS tropical cyclones are influenced by DMI in
the decade 2011-2020. Furthermore, DMI provides a use-
ful indication of the post-monsoon tropical cyclone genesis
in advance, which could be a potential tool in forecasting
tropical cyclones in the years with DMI leads (Singh 2008).

Under certain circumstances, there may be a weak link
between the frequency of tropical cyclones and Nifio 3.4/
DMI. Therefore, the dependency and coherence between the
frequency of tropical cyclones and climate forcings have
been determined using multiple linear regression. For multi-
ple linear regression, the explanatory variables Nifio 3.4 and
DMI are utilized. The results of the multiple linear regres-
sion statistical analysis of the frequency of tropical cyclones
and the independent variables are displayed in Table 7. The
t-values and p-values are both important in multiple linear
regression to assess the statistical significance of the regres-
sion coefficients and determine whether the predictable vari-
able is associated with the outcome variable. The greater
the magnitude of ¢, the greater the evidence to reject the
null hypothesis. A p-value of more than 0.05 implies that

Table 7 The output of the multiple linear regression model in which
frequency of tropical cyclones is a dependent variable and Nifio 3.4,
DMI are independent variables

Variables Estimate  Std. Error f-value p-value Significance
DMI —0.12923 0.05215 -2478 0.0133 *
Nifio 3.4  —0.01187 0.02341 —0.507 0.6120

Significance code: 0 “**** 0.001 “*** 0.01 “** 0.05 *.” 0.1 “1

the null hypothesis is true. Conventionally, a p-value less
than 0.05 is referred to as statistically significant, and less
than 0.001 is highly significant (Chatterjee and Simonoff
2013). The results show a significant correlation (p-value
of 0.0133) between the frequency of tropical cyclones and
the DMI. The p-value (0.6120) of the Nifio 3.4 index shows
an insignificant association with the frequency of tropical
cyclones as it is much more than 0.05.

The teleconnection between climate forcings and the fre-
quency of tropical cyclones in the NIO basin seems to be sta-
tistically significant for the DMI while it is insignificant for the
Nifio 3.4 index. Our results are supported by the findings of the
study by Soulard et al. (2019) which claims the location of SSTA
related to ENSO and the mean zonal flow in the tropical Pacific
sets up Rossby-waves that propagate into mid-latitudes. Any
change associated with any of these conditions has the potential
to alter the teleconnection between ENSO and the extra-tropical
Northern Hemisphere. Also, the relative frequency of east Pacific
and the central Pacific events may change due to the warming of
global oceans as a result of which SST change will be patterned
and not uniform. Studies by Kao and Yu 2009, McPhaden 2012,
Hu et al. 2013, Liibbecke and Mcphaden 2014, Yeh et al. 2015,
and Guan and McPhaden 2016 suggest that SSTA location is
shifting towards the central Pacific, which further suggests that
central Pacific events should become more frequent. This would
result in a weak relationship between ENSO and the tropical
Northern Hemisphere events, while the ENSO-Pacific North
American relationship will be stronger.

3.5 Wavelet coherence between Nifo 3.4 index
and DMI

In this section, the WTC method is used to know the
possible teleconnection between ENSO and IOD for the
period 1891-2020. Figure 6 shows the coherence analysis
between Nifio 3.4 index and DMI. The arrows pointing to
the right indicate the parameters are in-phase suggesting
both Nifio 3.4 and DMI reach their maximum peaks during
certain periods. The analysis shows that the co-occurrence
of both events happen in the same calendar year and it is in
agreement with the study by Isa et al. (2020). It is also crucial
to observe that the time series shows a distinct appearance of
periods that are fewer than 13 months, with different phase
connections between the DMI and Nifio 3.4 index. A high
coherency between Nifio 3.4 and DMI is observed with an
interannual time scale of 16-64 months during the periods
1896-1910, 1916-1956, 1975-1986, and 1991-2015. The
study by Maruyama et al. (2011) suggests that before a
regime shift, there is a high coherence between Nifio 3.4 and
DMI, which is evident in the period 1976-1985 showing a
high coherency followed by a shift to the period 1986-2015.
During 1976-1985, the climate forcings are in-phase. Less
significant coherence between Nifio 3.4 and DMI for the
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Fig.6 Wavelet coherence

between Nifio 3.4 and DMI

during 1891-2020. The white -
transparent area indicates the
region inside the COI (cone of
influence) and the thick black
contour signifies a 95% confi-
dence level. The phase relation-
ship is represented by arrows.
The x-axis denotes years and the
y-axis denotes scale in months
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period 1958-1965 indicates that IOD and ENSO are not
related, which is consistent with the study by Ashok et al.
(2003). The years 1976 and 1997 show a strong EN with
pIOD event, during which a high coherence of more than 0.7
is noted. This may be attributed to the atmospheric bridge
connecting ENSO with the Indian Ocean during the evolution
of the pIOD. Apparently, for the period 1991-2001, high
coherence between Nifio 3.4 index and DMI can be attributed
to the interaction of Pacific events with the Indian Ocean
through the atmospheric bridge as reported by earlier studies
(Ashok et al. 2003; Ueda and Matsumoto 2000).

We have computed the frequency of tropical cyclones in the
NIO basin for the years 1896-1910, 1916-1956, 1975-1986,
and 1991-2015 for the EN, LN, pIOD, nIOD, the co-occur-
rences EN-pIOD, and LN-nIOD events. It is observed that the
period 1916-1956 shows the highest frequency of 6.5 in EN
events. In LN events, the period 1896—1910 shows the highest
frequency of 6, followed by 5 during the period 1975-1986.
In addition, the highest frequency of 5.67 is noted in the pIOD
(nIOD) events of 1975-1986 (1896—1910). In the period
1916-1956, the highest frequency of 5.5 is noted in the co-
occurrence of EN with pIOD, following a decreasing trend in
the subsequent years. Furthermore, during the co-occurrence
of LN with nIOD, the period 1896—1910 shows the highest
frequency, followed by 1916-1956. In addition, no cases are
recorded after 1975.

4 Conclusions
The study establishes the impacts of low-frequency climate

variabilities such as ENSO and IOD events on tropical
cyclone activities in the NIO basin consisting of both the
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BoB and the AS for the period 1891-2020. The climato-
logical mean for the frequency of tropical cyclones in the
NIO basin, BoB, and the AS are computed as 5.05, 4.03,
and 1.02, respectively, for the period 1891-2020. The study
suggests that the primary peak in the genesis of tropical
cyclones in the NIO basin is 1921-1930, and the frequency
is higher during EN years and nIOD years. In the BoB (AS),
the frequency is higher during LN (EN) and nIOD (pIOD)
years. The decade 1921-1930 (2011-2020) shows a pri-
mary peak for the genesis of tropical cyclones over the BoB
(AS). In the BoB, the decades through 1971-2020 show a
decreasing trend in the genesis of tropical cyclones during
LN years while the decades through 1981-2020 show a
decreasing trend during pIOD years. The higher frequency
of tropical cyclones in the AS during EN/pIOD years is
attributed to the warmer SST variability and weakening of
vertical wind shear.

The genesis locations of BoB and AS tropical cyclones
reveal that the peak density is observed in the belt 10-15°
N over BoB and AS during ENSO and IOD years while
the genesis is higher over the belt 15-20° N over AS dur-
ing nIOD years. Higher SST and lower vertical wind shear
over 10—15° N are attributed to the peak density. Tropical
cyclone over the BoB and AS has higher frequency during
pre-monsoon and post-monsoon seasons and accounts for
71.55% of the total tropical cyclones formed in the pre- and
post-monsoon seasons.

The average lifetime (in days) for the BoB tropical
cyclones in LN (EN) years is 5.03 (5.21) while it is 5.63
(6.72) for the AS tropical cyclones. However, the lifetime
of tropical cyclones from 2008 to 2020 shows an increas-
ing trend; 6.40 (7.16) during LN (EN) years over BoB and
7.00 (9.21) over AS.
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WTC of the frequency of tropical cyclones over the
NIO basin with DMI and Nifio 3.4 index indicates high
coherence and the in-phase relationship between DMI
and frequency for the period 2006-2020 while the out-
of-phase relationship with Nifio 3.4 index has high coher-
ence. However, WTC of frequency of tropical cyclones
with DMI over BoB (AS) separately shows higher coher-
ence during 1921-1973 (1953-1976) but out-of-phase
relationship. On the other hand, the periods 1956-1986
and 1991-2020 show high coherence with a phase lag of
around a quarter of a cycle between the frequency of tropi-
cal cyclones and the Nifio 3.4 index for the BoB, while it
is 1891-1910 for the AS.

The multiple linear regression analysis shows a signifi-
cant (insignificant) correlation between the frequency and
DMI (Nifio 3.4 index) of tropical cyclones over the NIO
basin. The years 1976 and 1997 having co-occurrence
of a strong EN with pIOD event show high coherence of
more than 0.7. This may be attributed to the atmospheric
bridge that connects ENSO with the Indian Ocean in the
evolution of the pIOD. In addition, during 1991-2001,
a high coherence between Nifio 3.4 index and DMI may
be attributed to the interaction of Pacific events with the
Indian Ocean through an atmospheric bridge.

Though the annual frequency of tropical cyclones in the
BoB is significantly higher than over AS, the increasing
trend in the frequency of tropical cyclones in the AS dur-
ing the decade 2011-2020 is a matter of concern and pro-
vides scope for future investigations on various influencing
factors on tropical cyclone genesis and track position. The
limitation of the present study is the use of the data prior
to the satellite era.
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