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Abstract

This study examines the climatology, variability, and trends of tropical

cyclones (TCs) affecting the Solomon Islands (SI) territory, in the wider south-

west Pacific (SWP), using the South Pacific Enhanced Archive for Tropical

Cyclones (SPEArTC) database. During the period 1969/1970–2018/2019,
168 TCs were recorded in the SI territory. A cluster analysis is used to objec-

tively partition these tracks into three clusters of similar TC trajectories to

obtain better insights into the effects of natural climate variability, particularly

due to the El Niño–Southern Oscillation (ENSO) phenomenon, which other-

wise is not very apparent for TCs when considered collectively in the SI region.

We find that TCs in clusters 1 and 3 show enhanced activity during El Niño

phase, whereas TCs in cluster 2 are enhanced during La Niña and neutral

phases. In addition to being modulated by ENSO, TCs in clusters 2 and 3 show

statistically significant modulation at an intraseasonal timescale due to the

Madden–Julian Oscillation (MJO) phenomenon. There are also some indica-

tions through sophisticated Bayesian modelling that TCs in clusters 2 and

3 are slightly influenced by the Interdecadal Pacific Oscillation (IPO). These

results can have substantial implications for cluster-specific development of

TC prediction schemes for the SI region.
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1 | INTRODUCTION

The influence of the El Niño–Southern Oscillation
(ENSO)—a major driver of interannual climate variability—
on tropical cyclone (TC) activity in the wider southwest
Pacific (SWP) region (0–35�S, 135�E–120�W; Figure 1a) has
been the subject of a widespread investigations in the past
(Hastings, 1990; Kuleshov et al., 2009; Dowdy et al., 2012;
Chand et al., 2020). During El Niño events, TC activity is
enhanced around the east of 165�E, extending to the Cook

Islands and French Polynesia, while simultaneously low TC
occurrence dominates the western part of the Pacific
around the Coral Sea and Australian regions (Basher
and Zheng, 1995; Chand et al., 2019). In contrast, the
reverse happens during La Niña years when TC activity
is displaced westward into the Coral Sea and Australian
regions with relatively low TC activity occurs over the
east of �165�E (Dowdy et al., 2012; Ramsay
et al., 2014). However, the ENSO–TC relationship in
the subregion 5�–15�S and 155�–170�E of the broader
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SWP, spanning the Solomon Islands (SI) where the spa-
tial phase change of ENSO occurs (i.e., around �165�–
170�E; Figure 1b), is poorly defined. Consequently, this
can have considerable repercussions on cyclone predict-
ability around the SI territories. Indeed, the present-day
statistical models utilized by the Solomon Islands Mete-
orological Service (SIMS) for seasonal prediction of TC
activity over the region suffer from substantial limita-
tions (Director of SIMS, 2018, personal communica-
tion). These models use ENSO indices as the key
predictors of TCs when clearly, for example, the overall
seasonal TC numbers in the SI territory are not well
correlated with ENSO indices (Figure 1c). To isolate the
predictable aspects of TCs impacting that region, the
probabilistic behaviour of TC trajectories needs to be
better understood. In this paper, our main emphasis is
to objectively separate TC tracks over the SI territory
into specific clusters (or “regimes”) of similar spatial
characteristics and then examine the influence of vari-
ous climate drivers on each cluster separately, with the

emphasis on ENSO. Past studies have revealed that
understanding TC behaviour in terms of specific
regimes can have implications on local-scale risk
assessments and improved seasonal predictability of
TCs (Hess et al., 1995; Camargo et al., 2007a; Choi
et al., 2016; Magee et al., 2020).

A well-known climatic feature in the SWP, which
spans the SI territory, is the South Pacific Convergence
Zone (SPCZ) where TCs are frequently spawned
(e.g., Chand et al., 2020). The SPCZ is characterized by an
intense convective precipitation, band of high cloudiness,
and low-level convergence stretching northwest–south-
east, diagonally from near the SI (0�, 150�E) towards
French Polynesia (30�S, 120�W). The western tropical
portion of the climate feature lies over the West Pacific
Warm Pool, which is a region of relatively warmer sea sur-
face temperature (SST) while the eastern portion under-
takes regular mid-latitude interactions that contribute to
its diagonal orientation (e.g., Vincent, 1994). The SPCZ is
well defined during the months of December–February,

FIGURE 1 (a) Map of

Southwest Pacific region, showing

Solomon Islands territory (dashed

rectangular region), (b) average

number of TCs making longitudinal

crossing during various ENSO phases

at every 5�, and (c) correlation

between total number of observed

TCs in SI territory with the Extended

Reconstructed Sea Surface

Temperature, Version 5 (ERSSTv5)

during the months November–April
from 1969/1970 to 2018/2019 [Colour

figure can be viewed at

wileyonlinelibrary.com]
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and so is responsible for significant convective activities
during these months; it is weaker and less defined in
June–August (Vincent, 1994). Moreover, the interannual
variability of the SPCZ is strongly influenced by the
impact of ENSO such that the mean position of the SPCZ
moves northeastward during El Niño and southwestward
during La Niña events (Vincent, 1994; Vincent
et al., 2011; Widlansky et al., 2011). Consequently, TC
numbers in the broader South Pacific (SP) are also influ-
enced by the associated shifts in the mean location of the
SPCZ. For example, a southwestward shift in the SPCZ
location during La Niña creates more favourable large-
scale environmental conditions (such as reduced envi-
ronmental vertical wind shear, increased cyclonic
relative vorticity, etc.) for TC genesis in the far western
SP region. On the contrary, a northeastward shift in
the SPCZ during El Niño events corresponds to more
TCs forming around the central and eastern part of
the SP region (e.g., Kuleshov et al., 2009; Dowdy
et al., 2012). Additionally, it is worth noting that TC
activity in the SWP also appears to have connections
with SST variability in regions outside of the SWP such
as with the Indian Ocean SST variability (Magee and
Verdon-Kidd, 2018).

Elsewhere around the globe, extensive work has been
done over the past several decades to understand the effect
of ENSO on TC activity (e.g., Felton et al., 2013; Jien
et al., 2015; Patricola et al., 2018; Lin et al., 2020). ENSO
significantly alters the large-scale environmental condi-
tions globally, thus profoundly influencing global TC activ-
ity (Ramsay, 2017). For example, over the western North
Pacific, long-lived TCs are more prominent during El Niño
years as more TCs tend to form near the International
Dateline (IDL) and track northwestward, as opposed to La
Niña years when TCs tend to form more towards the
Asian coast (e.g., the South China Sea region) with a sig-
nificant role played by both dynamical and thermodynam-
ical large-scale factors (Chan, 1985; Liu et al., 2019).
Similarly, in the central eastern North Pacific, El Niño
shifts TCs away from the Mexican coast and towards the
IDL (e.g., Camargo et al., 2008; Jien et al., 2015; Krishna-
murthy et al., 2016). Over the North Atlantic, TC activity
is significantly suppressed during El Niño years, with a
reduction of landfall along the U.S. coastline, while TC
activity and U.S. landfall likelihood are increased during
La Niña (e.g., Krishnamurthy et al., 2016). In the South
Indian Ocean, TC activity is enhanced west of 75�E,
extending westward as far as the African east coast in El
Niño years. The opposite happens during La Niña years
when TC activity is enhanced east of 75�E, extending into
the Australian region (Kuleshov et al., 2009).

Another type of El Niño (referred to as the “El Niño
Modoki”) is observed over the recent decades. Unlike the

traditional El Niño, El Niño Modoki is confined more to
the central tropical Pacific region (e.g., Ashok
et al., 2007). This “flavour” of ENSO has also been found
to influence TC activity globally (e.g., Kim et al., 2009;
Chen and Tam, 2010; Chen, 2011; Hong et al., 2011) and
in the SWP region (e.g., Chand et al., 2013a; Ramsay
et al., 2014; Magee et al., 2017). For the SWP region,
Chand et al. (2013a, 2013b) identified four ENSO regimes
with different impacts on cyclone genesis positions and
frequency. Two of these regimes were linked with the
conventional El Niño and La Niña events while the rest,
which they termed “positive-neutral” and “negative-
neutral,” demonstrated Modoki-type patterns. Magee
et al. (2017) reported latitudinal shifts in the mean loca-
tion of the SWP TC genesis positions, with a northward
displacement during El Niño Modoki and a southward
displacement during La Niña Modoki phase. Addition-
ally, TC activity in the SWP also shows a substantial
“ENSO-like” variability but at interdecadal timescale
linked to the Interdecadal Pacific Oscillation (IPO)
(e.g., Magee et al., 2017; Sharma et al., 2020). IPO is often
described as having a related climate variability pattern
as ENSO in the tropical Pacific but at the decadal time-
scale (Mantua et al., 1997; Zhang et al., 1997; Newman
et al., 2016). Indeed, Salinger et al. (2001) has reported
that IPO has a significant influence on the SWP climate
trends on decadal timescale and its association with
ENSO teleconnections. For example, the sudden shift
from negative to positive IPO during mid-1970s was con-
nected with a shift to an El Niño dominated years
whereas the shift to a negative IPO after around the year
2000 was connected with La Niña dominated years.
Magee et al. (2017) has indicated that the synergetic
match of positive IPO and El Niño would enhance the
northeast shift of TC genesis locations in the SWP,
whereas the opposite phases (i.e., negative IPO and La
Niña) would enhance the southwest shift.

At the intraseasonal timescale, the Madden–Julian
Oscillation (MJO) phenomenon has a substantial influ-
ence on regional TC activity in the SWP (Kiladis
et al., 2005; Zhang, 2013). The MJO is a meteorological
occurrence that has 30–90 days of unstable atmospheric
conditions (e.g., rainfall, convective clouds, and winds)
that propagates eastwards across the Tropics, and hence
can substantially affect weather patterns over the wider
tropical South Pacific Ocean (SPO), extending farther east
to �80�W (Hendon and Salby, 1994). The MJO phases
can be divided into two general groups, namely the
enhanced convective group (comprises active phases of
the MJO or wetter weather conditions) and a suppressed
convective group (inactive phases or drier weather condi-
tions) (Zhang, 2005). Diamond and Renwick (2015)
showed that TC frequency in the SP region is suppressed
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by �17% during inactive phases of the MJO in the region
(i.e., phases 2–3) while TC activity is enhanced by
�36.7% during the active phases (i.e., phases 6–8). For
example, TC genesis is enhanced in the SP when the
MJO is active over the western Pacific and is suppressed
when the MJO is over the Maritime continent reflecting
the effects of active and inactive MJO phases (Ramsay
et al., 2012). In a localized study over the Fiji, Samoa and
Tonga regions, the MJO was found to have a significant
influence on TC frequency, with five times more TCs
likely during the active phase compared with the inactive
phase (Chand and Walsh, 2010). Chand and Walsh
(2009) found that in addition to TC frequency modula-
tion, the MJO also accounts for more severe TCs during
its active phase and that TC activity gets further
enhanced if the active MJO phase occurs in the El Niño
years. Moreover, effects of the MJO on TC tracks is also
well documented for the Southern Hemisphere basins
(e.g., Chand and Walsh, 2010; Ramsay et al., 2012). For
example, in the South Pacific basin, TC tracks that origi-
nate from the Coral Sea tend to be steered southeastward
into the Fiji and Tongan regions during MJO phases 1, 6,
and 7, whereas recurved TC tracks appears more during
MJO phase 8 (Chand and Walsh, 2010).

Our emphasis in this study is on TCs affecting the SI
territory where the ENSO–TC relationship is not well
elucidated as highlighted earlier. Better understanding of
such relationship can greatly help develop strategies for
preparedness and planning purposes, particularly when
it comes to seasonal prediction of TCs in the region using
ENSO as the main predictor (Director of SIMS, 2018, per-
sonal communication). The SI community is prone to
devastating TC impacts, which often have significant
socio-economic repercussions such as damages to proper-
ties and infrastructure and loss of lives (Britton, 1987).
For example, prolonged torrential rainfall and flooding
associated with TC Ita (in April 2014) had triggered a
total loss of US$107.8 million, which was approximately
9.2% of the country's gross domestic product (GDP)
(Solomon Islands Government, 2014). Here we examine
TC characteristics over SI using a structured framework
so that local-scale impacts can be better elucidated. We
first objectively separate the total number of TCs
observed in the SI territory over the past 50-year period
into specific clusters and then explore the influence of
various modes of climate variability (such as ENSO, IPO,
and the MJO) on each cluster. We then develop state-
of-the-art statistical models to better understand the
synergistic relationship between these modes of climate
variability and SI-region TC clusters. The remainder of
this study is organized as follows: section 2 describes the
data and methods, followed by the results and discussion
in section 3. Section 4 summarizes the findings.

2 | DATA AND METHODS

2.1 | TC data and definitions

TC data are obtained from the Southwest Pacific
Enhanced Archive for Tropical Cyclone (SPEArTC)
online database. SPEArTC is developed using the Inter-
national Best Track Archive for Climate Stewardship
(IBTrACS) data primarily for the SWP region (5�–15�S,
135�E–120�W) (Diamond et al., 2012). Hence, it essen-
tially has all the qualities ascribed to IBTrACs, but with
the major enhancement of the exclusion of duplicate
records from various sources and the addition of tracks
that were not recorded for the SPO but were archived at
the Pacific Islands National Meteorological and Hydro-
logical Services (PINMSs) (Diamond et al., 2012).
SPEArTC is being proven as a credible database for TC
studies in the SP region (Magee et al., 2016; Sharma
et al., 2019; Tauvale and Tsuboki, 2019). It has a 6-hourly
track record since the 1840s until 2019 with a 10-min
wind average as recommended by the World Meteorolog-
ical Organization (WMO) (Harper et al., 2008a). In this
study, we only considered observations from the
1969/1970 period to coincide with the satellite era and
higher-quality count data (Landsea et al., 2006; Kuleshov
et al., 2010). We analyse seasons up to and including
2018/2019. Also, only those TCs that have achieved at
least sustained wind speed of 34 knots (or �63 km�hr−1)
and have entered the SI territory (5�–15�S, 155�–170�E;
Figure 1a) are considered. Using these criteria, a total of
168 TCs were recorded for the SI territory over the study
period. An additional step is taken here to verify all
168 TCs with an additional data source from the
Australian Bureau of Meteorology TC Data Portal
(Kuleshov et al., 2010; Australian Bureau of
Meteorology, 2021) to ensure our records do not contain
any missing or repeated tracks. Note a TC season is
defined from July 1st to June 30th in the subsequent year
to comply with the WMO definition for the SH which
encompasses the peak cyclone season from November 1st
through April 30th (e.g., Harper et al., 2008a). The second
calendar year is used to refer to a particular season
(e.g., 1970 TC season is from July 1, 1969 to June
30, 1970).

2.2 | TC track clustering technique

The cluster technique pioneered by Gaffney (2004) was
employed to assemble TC tracks into groups of similar
traits. This technique comprises a mixture of polynomial
regression models which can approximate each observed
cyclone track into specified track regimes or “clusters”

596 HARUHIRU ET AL.
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based on TC genesis location and track shape
(Gaffney, 2004). This method was effectively applied in
the North Atlantic basin (Gaffney et al., 2007), the east-
ern North Pacific basin (Camargo et al., 2007a; 2007b), in
the entire SH (Ramsay et al., 2012; 2018; Sharma
et al., 2020), and the Fiji, Samoa, and Tongan region
(Chand and Walsh, 2009). While methods such as
K-means (e.g., Elsner, 2003) can also be applied in clus-
tering of TC tracks, we prefer the model developed by
Gaffney (2004) because of its ability to cluster TCs with
various shapes and locations, and can handle trajectories
with different lengths. A detailed explanation of the
model performance and clustering technique can be
found in Gaffney (2004). The underlying clustering proce-
dures used in this study are summarized below.

Chand and Walsh (2009) showed that the second order
polynomial regression model effectively described cyclone
tracks in the SWP region. Here, after initial exploration of
the 168 TC tracks, the second order regression function
also appeared to be an ideal selection especially for
goodness-of-fit over the SI region. Next, the optimal num-
ber of clusters was determined using a method developed
by Gaffney (2004). This clustering method designated each
cluster a log-likelihood value, which is the log-probability
of occurrence of different clusters. If the probability is
highest across a candidate set of clusters, then the corre-
sponding number of clusters is selected as optimal. We
found that three clusters (i.e., k = 3) were sufficient to cap-
ture the general characteristics of TC tracks in the SI terri-
tory (e.g., Figures 2 and 3). Because the selection of
clusters can be subjective, we further explored the feasibil-
ity of k = 2, 4, 5, and 6 clusters. We found that clusters
appear to split with the choice of higher order of clusters
k = 4, 5, and 6, as was also reported by Chand and Walsh
(2009). Consistent with other studies in the SWP
(e.g., Chand and Walsh, 2009; Ramsay et al., 2012), our
choice of k = 3 was found to be very stable as the results
were reproducible with several different iterations.

2.3 | TC genesis position and KDE

We used the Kernel Density Estimate (KDE) (Bowman
and Azzalini, 1997) to objectively determine the spatial
distribution of cyclone genesis positions in the SI terri-
tory. KDE is a nonparametric method by which a density
function or kernel is applied to construct a smooth proba-
bility density estimate of the observations. The con-
structed density estimate can then be used as a statistical
representation of a larger population distribution
(Figure 2). For ease of interpretation, we only showed the
contours enclosing the 25, 50, and 75% of the genesis
positions (Ramsay et al., 2012). In our study, TC genesis
is defined as the first track point of each of the 168 TCs.

2.4 | ENSO modulation of SI region TCs

In this study, standardized values of the November–April
Niño3.4 region (5�–5�S, 120�–170�W; e.g., Trenberth, 1997)
sea surface temperature anomalies (SSTA) are utilized to
define El Niño, La Niña, and the neutral years over the
period 1969/1970 to 2018/2019, using 1981–2010 as the base
period. El Niño and La Niña years were defined using
thresholds of SSTA values of +0.5�C and above, and −0.5�C
and below, respectively, in the Niño3.4 region for the dura-
tion of the TC season. Values that fall between these two
thresholds were marked as ENSO neutral years. Monthly
values of the Niño3.4 index are freely available at the
NOAA website (NOAA/PSL, 2020). Over the 50-year
period, there were 17 seasons each for El Niño and La Niña,
while 16 seasons were classified as neutral phase.

We then investigated the influence of ENSO on TC
frequency for the entire SI-territory (labelled “ALL”) and
for each of the clusters (labelled “C1,” “C2,” and “C3”)
(e.g., Figure 4). This was done by first binning each Tcy-
clone into their respective ENSO phases, and then calcu-
lating descriptive statistics associated with each cluster.

FIGURE 2 Map displaying TC

genesis positions of the 168 TCs

under consideration in this study.

Squares, dots, and * denote genesis

locations in clusters 1, 2, and

3, respectively. The grey trajectories

are the observed tracks, and the

contour lines represent the kernel

density estimation (KDE) of all

168 genesis points at 75, 50, and 25%,

respectively
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The conventional statistical Student's t test was used to
establish the statistical differences in the mean TC num-
bers between different ENSO phases per cluster (e.g., von
Storch and Zwiers, 1999).

2.5 | The MJO modulation of SI
region TCs

We used the Real-Time Multivariate MJO (RMM) index
that was developed by Wheeler and Hendon (2004) to
investigate the MJO modulation of TC genesis in the SI
territory. The index comprises a pair of empirical orthog-
onal functions (EOFs) derived from the 850- and 250-hPa
zonal wind fields and outgoing long-wave radiation
(OLR) around the equatorial region (Wheeler and
Hendon, 2004). In short, the evolution of MJO across the
equatorial region is described using the coefficient time
series of the two EOFs known as Real-Time Multivariate
MJO 1 (RMM1) and Real-Time Multivariate MJO
2 (RMM2) (Wheeler and Hendon, 2004). The index has
eight MJO phases plus a weak phase (i.e., when the mag-
nitude of RMM1 and RMM2 is less than 1). All TC ana-
lyses that involved the MJO modulations were
considered only for the period 1974/1975 to 2018/2019 to
coincide with the time when the MJO index became first
available.

To understand the degree of the MJO modulation
on TC numbers, each SI-territory TC was first stratified
into one of the eight MJO phases (and the weak phase)
(Figure 5a and Table 1) based on the time of TC gene-
sis. The daily genesis rate (DGR) was then calculated
for each MJO phase by dividing the total number of
TCs (NTCs) in that phase with the respective total
number of the MJO days (N); results are expressed in
percentages. Then we further examined the MJO influ-
ence on TCs in each of the clusters (Figure 5b and
Table 2). Note as individual bins have very few TCs, we
have merged the MJO phases together into phases
2 + 3, 4 + 5, 6 + 7, 8 + 1 (and a weak phase) for ease-
of-interpretation, following the categorisation by Ramsay
et al. (2012).

The significance of TC occurrence between different
MJO phases was determined using the z-statistical test at
α = .05 significance levels following the method applied
by Hall et al. (2001) such that

z=
bp−peffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

pe 1−peð Þ=Np , ð1Þ

where z is the statistical test statistic, while bp and pe are
the observed and expected daily genesis rate (DGR),
respectively. N represents the MJO days in each phase.

FIGURE 3 (a) ALL the 168 tracks in SI territory, and as objectively produced by the clustering approach: (b) cluster 1, (c) cluster

2, (d) cluster 3 cyclone tracks. For each panel, “TC count” signifies the total number of TCs impacting the SI region, “TC inside” represents
TCs with genesis positions (dots) within the study area, and “TC outside” represents TCs that formed outside (+) and later drifted into the SI

territory. The solid black curves show the mean polynomial regression trajectories for each cluster [Colour figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 4 Modulation of TC

counts by the three ENSO phases

over the SI territory for ALL, C1, C2,

and C3, respectively. Grey, black,

and white bars represent modulation

by El Niño, La Niña, and neutral

phases, respectively

TABLE 1 Summary statistics for the MJO phases with the respective daily genesis rate (DGR) of observed TCs during the 1974/1975 to

2018/2019 season

MJO phases No. of TCs in MJO phase No. of MJO days Daily genesis rate (%)

1 5 1,091 0.46*

2 10 1,048 0.95

3 8 883 0.91

4 10 869 1.15

5 11 1,062 1.04

6 19 947 2.01*

7 26 907 2.87*

8 12 885 1.36

Weak 46 5,645 0.81*

Total 147 13,337 1.10

Note: MJO phases that are statistically significant at 95% confidence level are indicated with asterisks (*).

FIGURE 5 MJO modulation on

TC genesis for (a) ALL TCs and

(b) TCs in each cluster during 1974–
2019 period in SI territory. For the

later, MJO phases 2 + 3, 4 + 5, 6 + 7,

8 + 1 are combined, apart from the

weak phase. Asterisk (*) indicates

MJO phases that are statistically

significant at the 95% confidence

levels. Dashed black lines represent

the expected DGR for (a) at 1.1%, and

(b) at 0.5 and 0.4% for C2 and C1/C3,

respectively

HARUHIRU ET AL. 599

 10970088, 2023, 1, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/joc.7797 by Federation U
niversity of A

ustralia, W
iley O

nline L
ibrary on [12/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



The critical value of z at the 95% confidence levels is
±1.96 using a two-tailed test; the z-value greater (less)
than the critical value of +1.96 (−1.96) is indicative of sig-
nificantly enhanced (suppressed) DGR.

2.6 | TC trends analysis

We also investigated potential trends in various TC
characteristics—such as seasonal TC frequency, TC days,
translational speed, and accumulated cyclone energy
(ACE)—over the study area. Note that because there are

limited TC numbers in each of the clusters per season,
the entire SI-territory observation was considered to
obtain better statistical representations of these TC char-
acteristics (Figure 6a). Here, TC frequency refers to the
seasonal counts of TCs in the SI territories. We calculated
TC days by first determining the lifetime of individual
TCs (in days) and then accumulating them for all TCs over
the season under consideration (Figure 6b). Following
Kossin (2018) and Kim et al. (2020), the seasonal-mean
translational speed is calculated by first accumulating
total distances (in kilometres) between neighbouring
positions along each 6-hourly TC tracks and then

TABLE 2 Summary statistics for

the MJO phases with the respective

DGR for each of the clusters of observed

TCs during the 1974/1975 to 2018/2019

season

MJO Cluster 1 Cluster 2 Cluster 3

Phase N NTCs DGR NTCs DGR NTC DGR

2 + 3 1,931 6 0.31 13 0.67 3 0.16

4 + 5 1,931 7 0.36 11 0.57 3 0.16

6 + 7 1,854 6 0.32 21 1.13* 13 0.70*

8 + 1 1,976 8 0.40 8 0.40 5 0.25

Weak 5,645 9 0.16 18 0.32* 16 0.28

Total 13,337 36 71 40

Note: N is the number of the MJO days and NTCs is the number of cyclones. MJO phases that are
statistically significant at 95% confidence level are indicated with asterisks (*).

FIGURE 6 Time series for the

total number of TCs (a) and ACE

(b) values for the SI region from 1970

to 2019. The black line in (a)

represents the linear regression fit in

TC frequency. The black bars in

(b) represent total ACE for each TCs

lifetimes, and grey indicates fraction

of ACE values only calculated over

the SI region
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dividing the accumulated distance by the TC lifetime
(in hours) for the season under consideration (Figure 7a).
Furthermore, we have computed the total seasonal ACE
values for all TCs that have entered the SI territory at any
point of their lifetime, as well as only for the time spent
over the SI territory (e.g., Tauvale and Tsuboki, 2019)
(Figure 7b). Conventionally, the annual values of ACE
are obtained by computing the sum of the squares of all
the estimated 6-hourly sustained wind speeds (knots)
over the lifetime of a TC and finally summing the values
per season such that

ACE=
XN
i=1

Xtf
ti

v tð Þ2, ð2Þ

where v(t) is all the sustained wind speeds in knots at
6-hourly time t, ti and tf are the respective times of the
genesis and dissipation points for each of the TC tracks,
and N is the total number of TCs considered here.

2.7 | Large-scale environmental
parameters and ENSO phases

Apart from modulations by the modes of natural climate
variability, the connection between cyclone genesis and
large-scale environmental factors is also examined for the
peak months of observed TCs over the SI territory
(i.e., November–April) for different ENSO phases. We
used the atmospheric data from the National Centres for
Environmental Protection–National Centre for Atmo-
spheric Research (NCEP-NCAR) reanalysis model
(Kalnay et al., 1996). The NCEP-NCAR dataset has the
horizontal resolution of 2.5� × 2.5� and is available at the

NOAA Climate Prediction Centre. In the work pioneered
by Gray (1979), there are pre-existing dynamical
(i.e., vertical wind shear, low-level relative vorticity, and
upper-level divergence) and thermodynamical (mid-level
relative humidity and equivalent potential temperature)
factors that are necessary for TC formation. Subsequent
studies in the SWP region have revealed the significant
roles played by these parameters in modulating spatial
distribution of TC genesis during different ENSO
(e.g., Dowdy et al., 2012; Ramsay et al., 2012) and the
MJO phases (e.g., Camargo et al., 2009; Chand and
Walsh, 2010). In this study, the monthly data from
1969/1970 to 2018/2019 were extracted over the region
30�N–30�S, 60�E–60�W and utilized for computation of
the most relevant factors: SST, environmental vertical
wind shear (EVWS) and mid-tropospheric relative
humidity (Rhum) at 700 hPa (Figures 8–10). The EVWS
is defined as the magnitude of the vector difference in
winds between the 200 and 850 hPa. We constructed the
composites for the months of November–April for differ-
ent ENSO phases to explore the spatial relationship
between these factors and TC genesis positions.

2.8 | Bayesian model formulation

Finally, we developed Poisson and probit regression
models using the Bayesian fitting to evaluate relation-
ships between TC counts in each cluster and various
drivers of natural climate variability that modulate them
(refer to Data S1, Supporting Information for details). For
the purpose of our study, the primary emphasis is the
two key drivers that operate on interannual-to-decadal
timescales, based on previous research findings
(e.g., Mantua and Hare, 2002; Dowdy et al., 2012): ENSO

FIGURE 7 Time series for

(a) TC days (black bars) with an

increasing trend (black dashed line),

and for (b) translational speed (grey

solid line) and dashed grey line

represents a decreasing trend for the

SI territory during the period

1970–2019
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and the IPO where the Niño3.4 index is used as a proxy of
the conventional eastern Pacific ENSO and the Pacific
Decadal Oscillation (PDO) index is used as a proxy of the
IPO. Note an additional El Niño Modoki index (Ashok
et al., 2007) is utilized to elucidate the effects of central
Pacific-type El Niño events from that of conventional ENSO
on SI-territory TCs (e.g., Chand et al., 2013a; 2013b). We
used the standardized values of IPO and the Niño3.4
anomalies available from the NOAA website (NOAA/
PSL, 2020). The EMI index is obtained from the
Japanese Agency for Marine Earth Science and Technol-
ogy website (JAMSTEC, 2020). Given that most of the
observed TC events in the SWP and the SI territory
occur from November to April (e.g., Maru et al., 2018;
Chand et al., 2020), we only considered the mean values
of these climate indices (i.e., Niño3.4, EMI, and IPO)
over these 6 months period from 1970 to 2019 seasons.
We developed only probit models for TCs in “C1” and
“C3” because the majority of the seasons have “zeros”
and “ones.” The procedure is outlined in Chand and

Walsh (2011a). Here, “zero” means there are no TCs,
while “ones” represent if there is any (e.g., 1 or 2) TC in
the cluster. For TCs in “ALL” and “C2” groups, we
developed Poisson regression models following the
approach by Chand et al. (2010) as the majority of the
seasons have more than one TCs. The models take the
following structures.

For the Poisson models, from equation (1) in Data S1,

yi � Poisson λið Þ, ð3Þ

Xi � Ni~no3:4i, IPOi,Modokiif g; i=1,2…,N , ð4Þ

β� βNi~no3:4,βIPO,βModokif g,

In λið Þ=β0+Xiβ: ð5Þ

And for the probit models, from equation (3) in
Data S1,

FIGURE 8 Composites of November–April SSTs (contours) and associated anomalies (shadings) over the period 1969/1970 to 2018/

2019 for climatology and different ENSO phases: (a) climatology, (b) El Niño, (c) La Niña, and (d) neutral phase. Shadings in (a) represent

relative SSTs defined as the difference between climatology and the tropical SST mean. SI territory is indicated with black dashed box

[Colour figure can be viewed at wileyonlinelibrary.com]
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Zi=Xiβ+εi,εi �N 0,1ð Þ; i=1,…,N ,

Xi � 1,Ni~no3:4i, IPOi,Modokiif g; i=1,2…,N , ð6Þ

β� β0,βNi~no3:4,βIPO,βModokif g, ð7Þ

where yi represents the TC count per season, Zi is an
independent normally distributed latent variable vector,
and εi is a noise vector assumed to be normally distrib-
uted with a mean of 0 and a variance of 1, Xi is the
parameter vector of the related coefficient vector β and N
is the total number of seasons (see Data S1 for details of
the model formulation).

It is important to note that when applying the
Bayesian approach, prior distributions must be speci-
fied for these model parameters. As such, we adopted
the noninformative priors applied by Chu and Zhao
(2007), which are the mean of 0 and the variance of
106. Because this sizeable variance represents a very
little precision, it adds less information about the
cyclone data.

In this study, posterior distributions of the model
parameters were acquired for a total of 10,000 iterations.
The WinBUGS software (Spiegelhalter et al., 2002) is uti-
lized here as it has an in-built Gibbs sampling capabilities
(see Data S1 for details). To ensure the stability of the
models, the initial 3,000 iterations were discarded as a
“burn-in” and the subsequent 7,000 iterations were used
to acquire the posterior distributions for the regression
parameters. The model convergence during the first 3,000
iterations was examined through repeated sampling with
different values of initial conditions. The posterior distri-
bution of each parameter is relatively consistent for sev-
eral initial conditions, indicating that the model
converges to a posterior value of interest within the ini-
tial 3,000 simulations.

The posterior density distribution of the parameter
coefficients related to the model is acquired using the
7,000 updates of the Gibbs sampler (see Figures 11 and
12 for the posterior density plots). The density distri-
bution on either side of the zero mark for each param-
eter indicates the relative contributions of that
parameter to the regression model. Any distribution

FIGURE 9 Same as Figure 8 but for environmental vertical wind shear (EVWS) between 800- and 200-hPa levels [Colour figure can be

viewed at wileyonlinelibrary.com]
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where the 95% credible intervals (e.g., −0.61 and
−0.21) lie outside the zero line implies that parameter
significantly contributes to the model performance,
whereas those that enclose the zero line have relatively
low contribution towards the regression model. The
autocorrelation values corresponding to the respective
parameters reach zero quickly (Figure 11), signifying
that the output produced by the Gibbs sampler is inde-
pendently derived from their combined posterior
distribution.

Using the parameters generated by the Bayesian
models for each cluster, we constructed three probability
matrices that can be used to make inferences when vari-
ous climate variability modes co-exist. Here, we only con-
sidered the synergistic effect of Niño3.4 and IPO indices,
assuming that EMI does not modulate TC formation in
the SI territory as evident in Figure 13.

3 | RESULTS AND DISCUSSIONS

Research findings and discussions are organized into four
parts. First part contains discussions around TC track
clusters and the influence of natural climate variability

on each cluster. Second part shows trends in various TC
characteristics, followed by the role played by large-scale
environmental factors. The final part presents the results
of the Bayesian model for the SI region.

3.1 | Clustering and natural climate
variability

3.1.1 | TC genesis positions

Figure 2 shows TC genesis positions of all TCs that either
formed or entered the SI region over the period 1970–
2019. Out of the 168 TCs under consideration, about 56%
(95 TCs) formed and then drifted away or dissipated
inside the study area (5�–15�S, 155�–175�E), while 44%
(73 TCs) formed outside and then entered the SI territory
at some point in their lifetime. Overall, the KDE contours
indicate that 75% of all TCs that affected the SI region are
formed between 5�–16�S and 150�–175�E, with the maxi-
mum density region (enclosed by the 25% KDE contour)
between 8�–15�S and 157�–168�E. These results are con-
sistent with that of Maru et al. (2018). Climatologically,
some of the most severe TCs that formed in the SH since

FIGURE 10 Same as Figure 8 but for mid-tropospheric relative humidity at 700-hPa levels [Colour figure can be viewed at

wileyonlinelibrary.com]

604 HARUHIRU ET AL.

 10970088, 2023, 1, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/joc.7797 by Federation U
niversity of A

ustralia, W
iley O

nline L
ibrary on [12/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


the official records commenced had originated in this
domain. For example, severe TC Winston (February
2016), originated near 6�S and 174�E and, was the most
intense on record and the strongest system in the SH to
make a landfall. TC Pam (March 2015, point of origin:
�9�S and 169�E), the second most intense cyclone
recorded, resulted in the worst natural disaster in the his-
tory of Vanuatu. Severe TC Yasi (January 2011) was the
biggest storm in the Queensland's history; it also tracked
over the study area. Based on the observations, the SI
region can be considered as a TC “hot spot” for TC devel-
opment in the Pacific.

3.1.2 | TC track clusters

Figure 3a demonstrates the three regimes of cyclone
tracks for the SI territory. Cluster 1 (C1) has a total of 47
TCs, which is �28% of the total observation in the SI
region (Figure 3b). Some tracks within C1 are very
erratic during initial periods of their lifetime and appear
to take arbitrary directions, as also previously

documented (e.g., Holland and Gray, 1983; Terry and
Gienko, 2011). In this cluster, TC formation locations
are displaced equatorward to around 10�S and 170�E
(Figure 3b). TCs here move southwestward initially and
then “recurve” southeastward towards the Vanuatu
region. The highest number of TCs belongs to cluster
2 (C2), which is about 46% (78 TCs) of the total TC
observations (Figure 3c). Forty-seven of these tracks
originated within the study region, then moved gener-
ally southeastward with a slight recurving trajectory
into Vanuatu and Fiji territories. We note that majority
of TCs that formed in the SI territory, and ultimately
crossed the date line, belong to this cluster. Finally, our
cluster 3 (C3) contains �26% (43 TCs) of cyclones that
recorded in the study area, mainly around 150�–169�E
(Figure 3d). Unlike C1 and C2, the majority of TCs in
C3 drifted westwards into the Australian region. Of all
those TCs that formed outside of the SI territory
(e.g., see Figure 2), the majority originated around the
IDL and are associated with C1 (Figure 3b) where clima-
tologically, as discussed later, El Niño plays a
dominant role.

FIGURE 11 The left column

presents the posterior density plots

produced by the Bayesian model for

each parameter (a) model intercept,

(b) Niño3.4, (b) EMI, and (c) IPO for

ALL TCs. The right column displays

the corresponding autocorrelation

plots per parameters. The vertical

lines are the reference points

marking “zero” positions of the
distributions. The stars (*) represents

the 95% credible interval [Colour

figure can be viewed at

wileyonlinelibrary.com]
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3.1.3 | Cluster-specific ENSO influences

When considering all TCs over the study area, there is a
slightly higher mean annual number of TCs during El
Niño and ENSO-neutral phases compared with La Niña,
but these numbers are not statistically different at the
95% significance level (Figure 4, ALL). Overall, an aver-
age of �3.6 TCs (62 TCs), �2.5 TCs (43 TCs), and �3.9
(63 TCs) are noted in the SI territory during El Niño, La
Niña, and neutral years, respectively. Climatologically,
the low variability in TC numbers seen between ENSO
phases is potentially because SI region is located where
the ENSO phase change occurs. This demonstrates our
earlier assertion (e.g., Figure 1) that the predictability of
TCs in SI territory can be challenging, as opposed to TCs
formed eastward towards the IDL where the ENSO influ-
ence can be more significant (Chand and Walsh, 2011b;
Dowdy et al., 2012).

However, much clearer patterns of the ENSO–TC
relationship begin to emerge when we look at each

cluster separately. For C1, (i.e., which comprises TCs
with recurving tracks that moved southwest initially and
then drifted southeastward towards to Vanuatu region),
the mean TC count is significantly higher at the 95% sig-
nificance level during El Niño (�1.6 TCs per year) than
during La Niña (�0.4 TCs per year) or neutral years
(�0.9 TCs per year) (Figure 4, cluster 1). In contrast, for
C2 (Figure 4, cluster 2), mean TC count in neutral and
La Niña phases (i.e., �1.9 and �1.6 TCs per year, respec-
tively) are significantly higher than the El Niño phase
which has �1.1 TCs per year. Interestingly, in C3 (Fig-
ure 4, cluster 3), El Niño appears to be a more prevalent
phase in the regime compared with the counterpart La
Niña phase. The Student's t test indicates that this modu-
lation of enhanced TC activity in El Niño and neutral
phases (with �0.9 TCs and �1.1 TCs per year, respec-
tively) are statistically higher than those in La Niña (�0.5
TCs per year). While this finding somewhat supports the
conclusion that the average annual number of cyclones
in the SPO (135�E–120�W) is higher during El Niño than

FIGURE 12 Posterior distribution plots generated by the probit models for clusters 1 and 3 (left and right columns) and Poisson model

for cluster 2 (middle column). The rows denote the density plots for the y-intercept, Niño3.4, EMI, and IPO, respectively. The vertical lines

are the reference point at “zero” position of the distributions. The stars (*) represents the 95% credible interval [Colour figure can be viewed

at wileyonlinelibrary.com]
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other ENSO phases (Kuleshov et al., 2020), it is also at
odds with previous findings that cyclone frequency in the
western section of the SWP (i.e., towards the Australia
region) is greater in La Niña years when compared with
El Niño years (Basher and Zheng, 1995; Chand
et al., 2019). However, we find here that C3 also com-
prises TCs that move eastward from as far as the IDL and
beyond where TC formations are more prominent during
El Niño than La Niña years, consistent with the finding
of Dowdy et al. (2012). Such changes in TC numbers and
genesis locations due to ENSO are linked to various
large-scale environmental factors (e.g., vertical wind
shear, relative humidity, and relative vorticity) that are
known to influence TC occurrences in the wider SWP

(Dowdy et al., 2012; Ramsay et al., 2012) and the SI
region (Maru et al., 2018).

3.1.4 | Effects of the MJO modulation

In this section, we examine effects of the MJO on TC
numbers in each cluster. Figure 5a shows the daily gene-
sis rate (DGR) of all TCs over the SI region in different
MJO phases, based on the classification by Wheeler and
Hendon (2004). Note that the total TCs considered is
147, as opposed to 168, as our MJO data are only from
1974 onwards to coincide with the period when the MJO
index became available. Over the study period, there are

FIGURE 13 Probability

distribution matrix for tropical

cyclone occurrences in (a) C1, (b) C2,

(c) C3 under co-existence of ENSO

and IPO for the SI region [Colour

figure can be viewed at

wileyonlinelibrary.com]

HARUHIRU ET AL. 607

 10970088, 2023, 1, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/joc.7797 by Federation U
niversity of A

ustralia, W
iley O

nline L
ibrary on [12/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://wileyonlinelibrary.com


a total of 13,337 MJO days altogether, but only 147 of
these days are associated with TC development. Climato-
logically, phase 7 shows the maximum DGR of �2.9%,
followed by the MJO phase 6 at �2.0%. Other phases,
including the weak phase, show relatively lower values of
DGR (i.e., <1.5%). The two-tailed z test at the 95% signifi-
cance levels indicate that TC genesis in the MJO phases
1, 6, and 7 (as well as in the weak phase) are statistically
different from the climatological rate (�1.1 TCs per day)
that assumes no modulation (Figure 5a and Table 1). In
particular, this finding is consistent with other studies in
the broader South Pacific basin (e.g., Chand and
Walsh, 2010; Ramsay et al., 2012; Maru et al., 2018; Deo
et al., 2021), DGR is significantly enhanced in phases
6 and 7, which correspond to the active MJO phases over
the SI region. Conversely, during inactive phases (and
the weak phase), DGRs are generally lower overall, but
TCs in only phase 1 and the weak phase get suppressed
significantly. Climatologically, TCs are suppressed during
inactive MJO phases due to less convective activity or dry
weather patterns compared with active MJO phases
when more convective systems often favour TC genesis
(Wheeler and Hendon, 2004).

Moreover, the MJO modulations of TCs at cluster
level show distinct patterns (Figure 5b and Table 2).
Clearly, DGR in C2 and C3—where substantially more
TCs are formed within the study area than those entering
the region from the outside (e.g., Figure 3)—are signifi-
cantly enhanced during the combined active MJO phases
(i.e., Phase 6 + 7). The DGR in cluster 2 (cluster 3) during
this active MJO phase is �1.3 TCs per day (�0.7), as
opposed to �0.5 TCs per day (�0.3) when no modulation
is assumed. TCs in other phases of the MJO are appar-
ently not being modulated, except for the weak phase
where C2 TCs are significantly suppressed. Unlike C2
and C3, we find that TCs in C1 are not being modulated
at all, even during the active phases of the MJO. The rea-
son for this is not clear, but we suspect that the MJO
modulation on this El Niño-dominated cluster
(e.g., Figure 4)—where more TCs enter the SI region
from the east than those that form within it
(e.g., Figure 3)—shifts TC genesis further northeast of the
study area (e.g., Chand and Walsh, 2010), consequently,
lowering TC numbers that enter the SI region.

3.2 | TC trend characteristics

Since cluster-specific TC numbers for each year are
very low, statistical representation of trends can be
problematic. Therefore, a decision was made to
examine trend characteristics for all TCs over the
entire SI region.

3.2.1 | TC frequency and ACE

The annual number of TCs in the SI region shows large
year-to-year variability (Figure 6a). However, as discussed
earlier, there is no clear link between the annual number
of TCs in the SI region and ENSO. For example, the peak
TC counts are observed for the 1972, 1997, and 1998 sea-
sons which were a strong La Niña, a neutral, and a strong
El Niño year, respectively, noting the second year is used
to refer to a cyclone season. The same is true for the years
of suppressed TC activity in the SI region. For example,
zero TCs are noted for the seasons 2005 and 2009, which
were El Niño and La Niña years, respectively. One poten-
tial reason for this is that large scale climate patterns are
often not very different in any given ENSO phase over the
SI region (as discussed later in section 3.3). This further
strengthens the need for cluster-specific assessment of TCs
in the SI region, as done in this study. Overall, we note a
decreasing trend in annual TC counts for the 50-year
period under consideration. This decreasing trend is con-
sistent with other previous studies at regional and country
levels (e.g., Ramsay et al., 2012; Maru et al., 2018; Tauvale
and Tsuboki, 2019). However, it is not clear at this stage
whether this trend is due to anthropogenic-induced global
warming or part of long-term natural variability (Knutson
et al., 2020).

For the time series of ACE, we only considered the
data from 1980 onwards as TC intensity estimates prior to
this period can have large inconsistencies (e.g., Harper
et al., 2008b; Chand et al., 2019). Like TC counts, annual
values of ACE—computed for both, the entire TC lifetime
and only for the time spent within the SI region—show a
large year-to-year variability (Figure 6b), suggesting no
clear trend over the study area. High annual values of
ACE, such as in 1997 and 1998, expectedly coincide with
the seasons of peak TC frequency. However, unlike TC
counts, we find no apparent trend in the annual values of
ACE over the period under consideration.

3.2.2 | TC days and translational speed

The annual number of TCs and their lifetime can be
expressed using a single parameter called the TC days.
This parameter can also be affected by the rate at which a
TC moves (i.e., the TC translational speed). Here we
examine both these parameters to get a better under-
standing of the time TCs spend over the SI region
each year.

Overall, the annual values of TC days show a large
year-to-year variability (Figure 7a). For example, the
obvious peaks occur in the 1972, 1994, and 2015 seasons,
coinciding with the periods of above-average TC numbers
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whereas the low annual values coincide with the below-
average TC numbers. Similarly, the time series for the
mean TC translational speed show a large year-to-year
variability in the SI region (Figure 7b). We note that the
seasons with low TC translational speed generally coin-
cide with the above-average TC days, indicating that
slow-moving TCs also contribute to higher TC days, in
addition to TC frequency.

There appears to be a slight (statistically insignificant)
increasing trend in TC days per season over the SI region,
which is somewhat inconsistent with the general conclu-
sion of Tauvale and Tsuboki (2019) when analysing
observed TCs in the greater southwest Pacific basin. We
also find a weak declining trend in TC translation speed
for the SI region, consistent with the findings of Kossin
(2018) at the global and regional scales. Our results sug-
gest that even though TC numbers have declined over
the period 1970–2019, TC days have increased slightly
over the same period, potentially linked to slower moving
TCs observed in the recent years.

3.3 | Effects of large-scale environmental
conditions

We assess the role of the three primary large-scale environ-
mental factors, namely the SST (both absolute and rela-
tive), environmental vertical wind shear (EVWS), and
relative humidity (Rhum) to explain the physical mecha-
nisms that modulate TC genesis distribution in the SI
region using composite analysis (Figures 8–10). Climato-
logically, the summertime SST in the SI region—as well as
in the greater SWP from where TCs often track into the SI
region—is >27�C (Figure 8a), which is well above empiri-
cal observations associated with TC formation
(e.g., Gray, 1968; Tory and Dare, 2015). Figure 8a also
shows the relative SST values (�2.8–4.3�C) over the SI
region and its vicinity, compared to the wider surrounding
areas of the SWP. During El Niño, the region of higher SST
(e.g., 27�C isotherm) is expectedly pushed farther north-
east of the IDL, causing lower SST anomalies (±0.2�C) to
dominate the SI region (Figure 8b). This suggests less con-
ducive environment for TC formation in the SI region dur-
ing El Niño than, for example, east of �170�E where SST
anomalies are higher (>0.4�C). As a result, more TC tracks
enter the SI region from northeast during El Niño com-
pared with other ENSO phases (as demonstrated in C1).
Conversely, during La Niña, the SST pattern reverses
(Figure 8c). That is, more positive SST anomalies domi-
nate the region west �170�E and the southern parts of the
SI, whereas negative SST anomalies dominate the eastern
region. Consequently, more cyclones form in the SI region
during La Niña than El Niño events (as demonstrated in

C2 and C3). The spatial distribution of SST during the neu-
tral phase appears to be the same as for the climatology,
with positive anomalies pushed north of SI around the
equator (Figure 8d). Interestingly, average local SST over
the SI region remains uniformly high around 29�C during
all the ENSO phases than elsewhere in the wider south-
west Pacific basin.

On average, the values of EVWS over the study area
range from 3 to 6 m�s−1 (Figure 9a). Around the adjacent
regions extending to the IDL, EVWS values are between
7 and 8 m�s−1. Eastwards of �160�W, as well as poleward
of �15�S, EVWS values tend to increase substantially, and
so TCs generally do not form in those regions. We found
similar spatial patterns of EVWS over the SI region, and
the wider SWP region, during all ENSO phases
(Figure 9b–d). However, we do see relatively lower values
of EVWS (hence, negative anomalies) in the region north-
east of the SI region, extending farther east, during El Niño
than La Niña years (Figure 9b,c). During neutral years,
negative anomalies of EVWS generally dominate the SI
region (Figure 9d). EVWS values from 2 to 4 m�s−1 are
noted as conducive environment for TC formation in the
Southern Hemisphere (Pillay and Fitchett, 2021). This
may explain why more TCs move into the SI region from
the northeast during El Niño compared with La Niña years
as noted in cluster 1 (see also Figures 2 and 3).

Moreover, we found that the values of relative humidity
are generally around 55% (Figure 10a) over the SI region,
and these values do not change considerably for any of the
ENSO phases (Figure 10b,c). However, during El Niño
years, anomalously higher values of relative humidity are
present east of�170�E with lower values over the SI region
and west of�170�E (Figure 10b). The reverse occurs during
La Niña (Figure 10c), suggesting less conducive environ-
ment for TC formation in the SI region during El Niño than
during La Niña years. However, as discussed earlier, it is
important to note that more TCs forming east of �170�E
years can account for more cyclones entering the SI region
from northeast during El Niño than other ENSO phases
(as demonstrated in C1). The spatial distribution of relative
humidity during the neutral phase appears to be the same
as for the climatology, with positive anomalies pushed
north of SI around the equator (Figure 10d).

3.4 | Bayesian models and TC
predictability

3.4.1 | Posterior distribution of model
parameters

We developed probit and Poisson regression models
using Bayesian fittings to explain the synergistic effects of
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ENSO and IPO as the key climate drivers of the annual
number of TCs in the SI region. Such models can be used
to assess probabilities of TC formation for cases when,
one or more climatic drivers are favourable in any year.
Note probit models are utilized only for clusters 1 and
3 as annual TC numbers in those clusters are very low,
whereas Poisson models are used for all TCs in the SI
region (labelled “ALL”) and for TCs in cluster 2.

Figures 11 and 12 illustrate the posterior distribution
of the model parameters associated with TCs in the entire
SI region (i.e., ALL TCs) and in different clusters, respec-
tively. Note the autocorrelations of each posterior distri-
bution (e.g., for ALL TCs in Figure 11) reach zero fairly
quickly, indicating that our time series of TC numbers
are free from rapid and slowly varying changes and peri-
odicities (i.e., stationarity assumptions are satisfied). The
posterior density distributions on either side of the zero
line provide insights into the relative modulation of each
parameter on the annual TC numbers. For example, in
cluster 1, a large proportion of the distribution of model
parameters associated with “Niño 3.4” lie on the right
side of the zero line (and outside the 95% credible inter-
val), indicating that TC activity in cluster 1 is signifi-
cantly enhanced during the El Niño phase (as discussed
earlier, e.g., Figure 4). Similarly, in cluster 2, a large pro-
portion of the distribution of model parameters associ-
ated “Niño3.4” lie on the left side of the zero line,
indicating that TC activity in cluster 2 gets enhanced dur-
ing the La Niña phase. Note for “ALL” TCs (Figure 11),
such ENSO-related distribution is not very clear, hence
the need for cluster-specific assessment of TCs as
highlighted earlier. Unlike traditional ENSO, the Modoki
ENSO seems to have no apparent effects on TCs in the SI
region (as evident from the posterior distributions associ-
ated with “EMI”), except for cluster 3 where we see some
indication of an enhanced TC activity during El Niño
Modoki years. Similarly, we note that the effect of IPO is
also not well elucidated for the SI region TCs, potentially
due to the limited quantity of long-term data utilized in
this study, though there is some indication that TCs in
cluster 2 (cluster 3) may be enhanced during the positive
(negative) phase of the IPO.

3.4.2 | Predictability of TC occurrences

TC formations in different clusters are objectively assessed
using the respective probability matrix that presents the
expected TC occurrences when different phases of ENSO
and IPO co-exist, assuming that there is no modulation by
El Niño Modoki (Figure 13). In cluster 1, we find that the
probability of any TC forming is significantly enhanced
(>70%) during El Niño years, as opposed to La Niña years

where the probability of TC occurrence is significantly sup-
pressed (i.e., <10%) (Figure 13a). The IPO seems to have no
apparent effects on TCs in cluster 1, as discussed earlier.
Similarly, we find that the chance of any TC forming in
cluster 3 is predominantly enhanced (>�60%) during the El
Niño and the negative phase of the IPO (Figure 13c). In con-
trast, we find that the probability of the above-average TCs
forming in cluster 2 is enhanced by �70–90% during the La
Niña and the positive values of IPO. These results are con-
sistent with our earlier findings that El Niño (La Niña) pre-
dominantly modulates TCs in C1 and C3 (C2) and the IPO
seems to have moderate influence on TCs in C2 and C3.

4 | SUMMARY

We present climatological analyses of TCs affecting the SI
region (i.e., 5�–15�S, 135�E–120�W) during the period
1969/1970 to 2018/2019. Altogether, 168 TCs are observed
to have either formed or entered the SI region over these
past five decades. Historically, the overall TC numbers in
the SI region do not show any distinct pattern of variabil-
ity in relation to the ENSO phenomenon. However, when
objectively isolated into three specific clusters, clear pat-
terns of the ENSO–TC relationship emerge.

TCs in clusters 1 and 3 show enhanced activity during
El Niño phase, whereas TCs in cluster 2 are enhanced
during La Niña and neutral phases. Cluster 1 primarily
comprises cyclone tracks that move southwestward ini-
tially and then “recurve” southeastward towards the
Vanuatu region. The highest number of TCs belongs to
cluster 2, where the majority of tracks originated within
the SI region, then moved generally southeastward with
a slight recurving trajectory into Vanuatu and Fiji terri-
tories. Cluster 3 contains TCs that developed mainly
around 150�–169�E, and unlike clusters 1 and 2, the
majority of TCs in cluster 3 drifted westwards into the
Australian region. In addition to being modulated by
ENSO, TCs in clusters 2 and 3 show statistically signifi-
cant modulation at the intraseasonal timescale due to the
MJO phenomenon. During active phases of the MJO
(i.e., phases 6 and 7), the daily genesis rate is significantly
enhanced in these clusters, whereas the genesis rate is
suppressed in the weak and inactive phases. Such intra-
seasonal variability is not apparent for TCs in cluster 1.

Over the 50-year study period, declining trends in TC
frequency and mean translational speed were found,
whereas TC days tends to increase over time. However,
unlike TC frequency, we find no apparent trend in the
annual values of ACE over the period under consideration.
All these metrics demonstrate large year-to-year variabil-
ity, and so it is not clear at this stage whether these trends
are due to anthropogenic-induced global warming or part
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of long-term natural variability. It is anticipated that as
more long-term data becomes available in the future, such
attributions due to global warming may be feasible.

We also developed cluster-specific regression models
using the Bayesian approach to explain potential synergistic
effects of ENSO and IPO on TC occurrences in the SI terri-
tory. Results indicate that while the effect of IPO is not very
clear in cluster 1, TCs in clusters 2 and 3 seem to be slightly
influenced by the positive and negative phases of the IPO,
respectively, in addition to the substantial modulation by
ENSO. These results can have substantial implications for
cluster-specific development of TC prediction schemes for
the SI region, which will be the focus of our subsequent
study. Additionally, this study provides useful climate infor-
mation for informing appropriate decision makings in the
TC preparedness strategies for the SI community.
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