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Abstract: The modulating influence of the Madden—Julian oscillation (MJO) on tropical cyclones (TCs)
has been examined globally, regionally, and subregionally, but its impact on the island scale remains
unclear. This study investigates how TC activity affecting the Tonga region is being modulated
by the MJO, using the Southwest Pacific Enhanced Archive of Tropical Cyclones (SPEArTC) and
the MJO index. In particular, this study investigates how the MJO modulates the frequency and
intensity of TCs affecting the Tonga region relative to the entire study period (1970-2019; hereafter
referred to as all years), as well as to different phases of the El Nifio southern oscillation (ENSO)
phenomenon. Results suggest that the MJO strongly modulates TC activity affecting the Tonga region.
The frequency and intensity of TCs is enhanced during the active phases (phases six to eight) in all
years, including El Nifio and ENSO-neutral years. The MJO also strongly influences the climatological
pattern of genesis of TCs affecting the Tonga region, where more (fewer) cyclones form in the active
(inactive) phases of the MJO and more genesis points are clustered (scattered) near (away from) the
Tonga region. There were three regression curves that best described the movement of TCs in the
region matching the dominant steering mechanisms in the Southwest Pacific region. The findings of
this study can provide climatological information for the Tonga Meteorological Service (TMS) and
disaster managers to better understand the TC risk associated with the impact of the MJO on TCs
affecting the Tonga region and support its TC early warning system.

Keywords: tropical cyclones; Madden-Julian oscillations; Tonga; ENSO; Southwest Pacific; island
scale

1. Introduction

The most hazardous and destructive meteorological phenomena that frequently strike
tropical areas are tropical cyclones (TCs). Their continual recurrence has hammered the
economic and social development of small island countries in the Southwest Pacific (SWP),
including Tonga (see [1-3]). Tonga is ranked third in the world in terms of vulnerability to
disasters [4], with expected damage valued at US $15.8 million per year (see [5]). Clima-
tologically, Tonga is affected by 2.6 TCs per year (see [6]) and lies in the latitudinal band
where TCs normally reach their maximum intensity (see [7]) and extreme TC-induced wave
height (see [8]). The number of intense TCs affecting Tonga has also been found to increase,
although not statistically significantly (see [6]). Notable TCs that affected Tonga in the
past were TC Isaac in 1982, TC Hina in 1997, TC Waka in 2001, TC Heta in 2004, TC Ian in
2014, TC Gita in 2018, and TC Harold in 2020. TC Gita, a category five cyclone, was the
most intense TC to ever affect the Tonga region historically, and inflicted damages were
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equivalent to around 38% of Tonga’s gross domestic product (GDP). Category five TC Ian
incurred damage equivalent to 11% of Tonga’s GDP (see [9]). Recently, TC Harold, another
category five cyclone, caused 23% of Tonga’s GDP (or US $111 million) worth of damage
(see [10]).

The El Nino Southern oscillation (ENSO) and the Madden-Julian oscillation (MJO) are
the two dominant modes of climate and intrasesonal variability modulating TC activity in
the SWP on interannual and intraseasonal time scales, respectively (see [1,11-15]). Recently,
Tu'uholoaki et al. [6] analysed the TC genesis climatology of TCs affecting the Tonga region
during ENSO and concluded that El Nifio events significantly impact TC genesis, frequency,
and location. The influence of the MJO on the frequency and intensity of TCs has also
been examined for the wider South Pacific and SWP [13-15] and specific regions of the
SWP [11]. However, there has been less emphasis on local-scale TC activity affected by the
MJO. Local-scale understanding of TC activity is important to strengthen risk knowledge,
inform disaster managers, and improve early warning systems (EWSs) for disaster risk
preparedness and mitigation. EWS has been proven to save lives and property and return
multiple times more benefits for every dollar invested in it [16].

Briefly, the MJO is a tropical disturbance originating in the Indian Ocean, propagating
eastward at 5 m s~ ! along the equatorial zone and taking between 30- to 60-day intervals
to complete a cycle [17,18]. The MJO peaks during austral summer and coincides with the
Southern Hemisphere TC seasons. During this time, the South Pacific Convergence zone
(SPCZ), the incubator for TC genesis, is also very active (see [12,15]).

The MJO often modulates both the frequency and intensity of TCs globally
(see [14,19-21]). For example, Chand and Walsh [11] showed that the frequency and
intensity (>category three) of TCs within the Fiji, Samoa, and Tonga (FST) regions are
greater during the active phases of the MJO (i.e., phases six, seven, and eight) when the
convective activity becomes enhanced over the region. Conversely, TC activity becomes
suppressed during the inactive phases of the MJO (phases two and three) over the FST
region. Ramsay et al. [13] showed that the combined phases six and seven and eight and
one (two and three and four and five) east of 170° E are associated with significantly more
(less) TC activity. Klotzbach [14] identified that TC activity is enhanced during the MJO
phases six to eight with favourable thermal and dynamical conditions, while Diamond
et al. [15] reported 36.7% (17%) during phases six to seven (phases two to three), which
accounts for the highest (lowest) proportion of TCs in SWP.

The MJO can also influence the movement of TCs. Chand and Walsh [22] categorised
TC genesis in the FST region into three clusters according to the characteristics of the
tracks. The first cluster encompassed straight-moving tracks oriented in a northwest-to-
southeast direction driven by the mid-level westerly steering winds that are dominant in
the SWP, especially east of New Zealand (see [23]). The second group comprised of TC
tracks that initially moved eastward before turning southeastward, reflecting TC travelling
over the mid-level westerly steering winds before being taken over by the subtropical
high-pressure systems to the south (see [1,11]). Lastly, their recurving tracks initially
moved southwestward shortly before progressively turning southeastward, indicating TCs
travelling around the periphery of the subtropical high to the south. When the steering
winds exerted by the subtropical high pressure to the south are weak, the Coriolis force
tends to influence the motion of TCs to be more poleward (see [1]).

The MJO not only modulates TCs but also interacts with other weather and cli-
mate phenomena such as the SPCZ, Intertropical Convergence Zone (ITCZ), monsoonal
troughs, equatorial waves, mid-latitude weather patterns, mesoscale convective systems
(see [21,24-26]), and ENSO (see [27-29]). For example, during phases four and five, the
convection enhances the atmospheric Rossby waves at mid-latitude, and the Rossby waves,
in turn, can enhance the lower-level winds near the surface at 180° E longitude (see [30]);
the latter affects TC genesis in the SWP. In addition, the diagonal section of the SPCZ is
also enhanced due to upper-level forcing (see [31]). These conditions are favourable for TC
genesis and intensification, respectively.
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Despite the influence of the MJO on the intensity and frequency of TCs at the regional
(3300 km by 10,450 km) and subregional scales (2200 km by 2200 km), the hazardous
weather associated with TC impact usually occurs at the local scale (1100 km by 1100 km).
Therefore it is worthwhile to explore if the MJO effect on TC at this scale is statistically
significant. Since Chand and Walsh [11] examined the large-scale weather patterns in the
FST region during MJO and Tu’uholoaki et al. [6] analysed the climatology of the genesis
of TCs affecting the Tonga region during ENSO, in the present study, we examine the
role of the MJO and how it interacts with the different phases of ENSO to modulate the
interannual variability in TC counts and intensities along the Tonga region.

2. Data and Methods
2.1. Track Data and Study Area

We used historical TC tracks from 1969/70 to 2018/19 seasons from the Southwest
Pacific Enhanced Archive of Tropical Cyclones dataset (SPEArTC; see [32]). Magee et al. [33]
compared three TC databases: the Joint Typhoon Warning Center (JTWC), the International
Best Track Archive for Climate Stewardship (IBTrACS), and the Southwest Pacific Enhanced
Archive of Tropical Cyclones (SPEArTC). They identified the SPEArTC database as being
most suitable for TC analysis in this region. The SPEArTC dataset mainly contains 6-hourly
track information comprising positions of the eye (latitudes and longitudes), maximum
10-min averaged winds (knots), and central pressures (hPa). Following Sharma et al. [34],
TC genesis is defined as the first track point in the SPEArTC dataset, and TCs are classi-
fied according to the combined SWP TC/Australia TC category classification system in
Tu’uholoaki et al. [6] (see Table 1). As the TC season in Tonga and the South Pacific regions
covers two calendar years (i.e., from November to December of the first calendar year and
January to April of the following year), the second year refers to a particular TC season.
Since TCs also occurred outside of the TC season, we defined the TC season from 1 July to
30 June the following year.

Table 1. Classification of the SWP TCs combined with the Australian TC category classification
system with 10-min averaged wind speed (adopted from Tu’uholoaki et al., [6]).

Classification of Weather Disturbances/Australian TC

Category Classification System Speed Range (Knots)

Tropical depressions <34
Tropical cyclones (Gale)/Category 1 34-47
Tropical cyclones (Storm)/Category 2 48-63
Severe Tropical cyclones (Hurricane)/Category 3 64-85
Severe Tropical cyclones (Hurricane)/Category 4 86-107

Following Tu’uholoaki et al. [6], we defined the Tonga region as a circle with a radius
of 5 degrees centred on Nuku'alofa, the capital of Tonga (Figure 1). The size is chosen given
the diameter of TC ranges from 200 to 1000 km (see [35]), and any TCs crossing the circle
are considered to have affected Tonga. Figure 1 also shows 128 TCs that affected the Tonga
region between 1970 and 2019, with 119 TCs having at least a gale category.
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Figure 1. A 5-degree radius circle centred on Nuku'alofa, referred to as the Tonga region, with 128 TC
tracks (in coloured plots) passing through the region between 1970-2019.

2.2. Real-Time Multivariate MJO (RMM) Index

The real-time multivariate MJO (RMM) index, developed by Wheeler and Hendon [36]
to measure the MJO cycle, is available at the Australian Bureau of Meteorology’s web-
site (http://www.bom.gov.au/climate/mjo/; accessed on 20 April 2020) from 1974 to
the present day. The RMM index is derived using the first 2 components of the princi-
pal component analysis (RMM1 and RMM?2) of the combined fields of near-equatorially
averaged 850 hPa zonal wind, 200 hPa zonal wind, and satellite-observed outgoing long-
wave radiation (OLR) data. For continuity of the study, we included the MJO index
between 1969 to 1974 from Oliver and Thompson [37], which reconstructed the MJO index
developed by Wheeler and Hendon [36] into the early 20th century using 20th century
reanalysis (see [38]). The reconstructed MJO index can be obtained online from this address:
https:/ /ecjoliver.weebly.com /mjo-reconstruction.html (accessed on 30 May 2020).

South Pacific, FST, and Tonga are favoured for TC activity when the MJO-enhanced
activity is located over the Western Pacific (phases 7 and 8) and Western Hemisphere (phase
8) [11,14]. To obtain the large-scale conditions in each MJO phase, following Klotzbach [14],
the large-scale environmental field data from November to April of the following year
were obtained from the European Centre for Medium-Range Weather Forecasts (ECMWEF)
ERADJ reanalysis single levels daily on a 1.0° by 1.0° grid. The data were downloaded using
the climate data store (CDS) application program interface (API) python script (see the
CDS website for more detail; https://cds.climate.copernicus.eu/api-how-to; accessed on
21 June 2023). They are the 200-hPa (U200)(m/s), zonal wind at 850-mb (U850)(m/s), sea
surface temperature (SST) (K), sea level pressure (SLP) (hPa), top net thermal radiation
(J/m?)) (equivalent to minus outgoing longwave radiation (OLR)), 300-hPa omega (Pa/s)),
850-hPa relative vorticity (RV850) (10°/s), and 700-hPa relative humidity (RH700) (%) in
the SWP (10° S-20 S, 135° E-210° E). Field values are calculated as deviations from the
MJO phase 1-8 average when the MJO index is greater than 1. Values that are significantly
different at the 95% level from the phase 1-8 average are highlighted in boldfaced type.
The unit in Kelvin was converted to Celsius, J/ m? to -W/m?, and Pa/s to hPa/ day to be
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consistent with units used in previous studies (e.g., [14]). The wind shear was derived by
removing the U850 winds from U200.

2.3. Oceanic Nifio Index (ONI)

We used the Oceanic Nifio Index (ONI), which is based on the sea surface temperature
(SST) anomalies in the Nifio 3.4 region (5° N-5° S, 170° W-120° W), to provide information
on the state of the ENSO. The ONI values are obtained by removing the running 3-month
average of SST anomalies over the Nifio 3.4 region from a 30-year SST anomaly-based
period (1986-2015). We classify El Nifio (La Nifia) years as when the ONI is >+0.5 °C
(£-0.5°C) for at least 5 consecutive months. In addition, ENSO-neutral years are defined
for the ONI values between these 2 thresholds. We obtained a total of 18, 19, and 13 El
Nifio, La Nifia, and ENSO-neutral years, respectively.

2.4. Bootstrap Method

Since there are only a few TCs (i.e., <30) occurring in each of the MJO phases, the
statistical significance of the frequency distribution of each cluster was tested by boot-
strapping them against the original sample (following Camargo et al. [39]). The method
randomly assigns a TC to each of the MJO phases for 10,000 trials to calculate the statistical
significance of the number of TCs for all years, El Nifio, La Nifia, and ENSO-neutral years.
The null hypothesis assumes that the mean of the number of TCs occurred in all 8 phases
and the mean of the number of TCs occurred in individual phase are the same.

The bootstrap method is also used to compute the statistical difference at the 95% level
between the average of all 8 phases and an individual phase of large-scale environmental
fields. The null hypothesis assumes that the difference between the average of all 8 phases
and an individual phase of large-scale environmental fields is equal to 0.

2.5. Track Clustering

TC tracks in the Tonga region were examined for relational behaviours in their track
types using the objective cyclone track clustering technique as per Gaffney [40]. The method
has been successfully used by Camargo et al. [39,41] to study TC tracks in the western
North Pacific basin and by Chand and Walsh [11], Sharma et al. [42], and Ramsay et al. [13]
for the FST region, the SWP, and the Southern Hemisphere, respectively. The toolbox is
available online at this address: http://www.datalab.uci.edu/resources/CCT/ (accessed
on 12 February 2021).

The technique builds a mixture of polynomial regression models based on the geo-
graphical shape and position of TC track trajectories (curves; see [39—41,43]). The rationale
is that each TC track can be assigned to a group or cluster of similar traits using these
underlying polynomial regression models.

Chand and Walsh [11] assessed the TC tracks in the FST region in terms of visual
inspection and ease of interpretation, and the best trade-off was a second-order polynomial
regression model. As per the method used by Gaffen [40], the optimal number of clusters
can be determined by assigning each cluster a log likelihood value, which is the probability
of the occurrence of each cluster. The corresponding number of clusters with the highest log
likelihood probability across a set of clusters is the optimal number. Chand and Walsh [11]
found that the optimal number, 3, gives clusters interpretable in the context of the steering
mechanisms in the FST region. Following Chand and Walsh [11], once again the best
trade-off for the 128 TCs is the second-order polynomial regression model and K = 3 best
characterises TC tracks in the Tonga region. This is not unexpected as the Tonga region lies
within and occupies about 50% of the FST region.
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3. Results and Discussions
3.1. MJO and Climatology of Large-Scale Environmental Fields

Following Klotzbach [14], Table 2 shows values obtained for the large-scale environ-
mental fields (200-850-hPa zonal wind shear, sea surface temperature, sea level pressure,
outgoing longwave radiation, 300-hPa omega, 850-hPa relative vorticity, and 700-hPa rela-
tive humidity) in the Southwest Pacific (10° S-20° S, 135° E-210° E) for each of the MJO
phases when the MJO index was equal to one or more. The bootstrap method is used to
compute the statistical difference at the 95% level between the average of all eight phases
and an individual phase and is displayed in bold-faced type.

Table 2. Large-scale environmental fields during (a) all years (including El Nifio, La Nifia, and
ENSO-neutral), (b) El Nifio, (c) La Nifia, and (d) ENSO-neutral years that influence TC genesis and
intensity in the Southwest Pacific (10°-20° S, 135° E-210° E) are shown below with corresponding
values for each of the MJO phases. These values were obtained by removing the MJO phase one to
eight average from the individual MJO phase when the RMM index is greater than one. Values that
are significantly different at the 95% level from the MJO phase one to eight average are highlighted in
boldfaced type.

(a) All Years (b) El Nifio

Phase  Usxpsso  SST SLP OLR g’fnle‘g: RVgsy  RHyo  Usgogso  SST SLP OLR %’&*e‘g 2 RViy  RHnp
1 —0.77 —0.10 1.21 0.34 6.77 0.05 —4.08 —0.29 —0.09 1.38 0.40 8.63 0.73 —4.14
2 1.14 —0.04 1.09 0.22 8.20 1.07 —2.00 25 —0.10 1.25 0.24 8.61 1.02 —2.29
3 364 002 038 0.19 9.63 163  —112 463 001 078 0.23 10.96 158  —1.70
4 403 001 007 0.6 6.14 1.34 0.91 397 004 006 003 2.55 117 0.98
5 2.09 006  —063 —017 235 0.75 2.81 2.01 005  —049 —o021 —3.66 1.33 2.58
6 “141 006 116 —037  —1261  —0.80 335  —244 008  —122 037  —1202 027 425
7 —473 003  —098 —034  —1430  —240 176  —6.66 006  —148 —035  —1442  —350 172
8 —400 001 o014 0.07 “151 166 163 372 005 013  0.09 066 205 139

(c) La Nifia (d) ENSO-Neutral

Phase  Usxosso  SST SLP OLR 3;’1‘1’1281’; RVgsy  RHyg  Usgogso  SST SLP OLR 3;’1‘1’1'2;3 RVgsy  RHyg
1 Z312 001 054 013 Z9.02 —136 005 059 —014 125 0.43 9.74 0160  —505
2 —047 0.08 0.740 0.18 6.14 0.28 —1.16 1.42 —0.06 1.15 0.24 8.90 1.32 —2.24
3 2.87 000 0100 0.6 9.31 101  —099 355 003 043 0.19 9.41 182 —1.01
4 311 008 004 023 10.68 114 059 447 000 009  0.04 6.39 1.53 1.26
5 435 005 0.0 0.19 10.59 150  —042 154 009  —077 —023 452 0.45 3.50
6 097  —008 —091 —0280 —1129  —073 223 181 011  —117 —040  —13.07  —100 345
7 383 004  —060 —031  —11.69  —076 145  —425 003  —094 —034  —1502  —267 186
8 388 007 037 004 472 “110 047 —432 001 015 0.06 “182 “161 185

Climatologically, Table 2 a shows wind shear, sea surface temperature, upper-level
divergence, mid-level humidity, and low-level vorticity during active phases six to eight de-
viated significantly at the 95% level from the phase one to eight average and are favourable
conditions for TC activity, except for the upper-level divergence in phase eight and SST in
phases seven and eight. In contrast, wind shear (phases two to five), sea surface tempera-
ture (phases one to two, five), OLR (phases one to four), upper-level divergence (phases one
to four), relative vorticity (phases two to five), and relative humidity (phases one to three)
during the MJO inactive phase deviated significantly at the 95% level and are unfavourable
conditions for TC activity. These results reinforce previous findings that large-scale envi-
ronmental conditions are favourable for TC genesis in the SWP during active phases and
suppressed during other phases (see [11,14]). In addition, generally, similar large-scale
conditions for the MJO active phase during El Nifio, La Nifia, and ENSO-neutral years
favouring TC activity in contrast to the MJO inactive phase with conditions unfavourable
for TC activity (see Table 2 b—d, respectively).
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A case study of the large-scale conditions that coincided with the genesis of six TCs that
affected Tonga during El Nifio, La Nifia, and ENSO-neutral years is shown in Table 3. Three
of those were severe TCs (TCs Ron, Gita, and Kina). The large-scale conditions observed
when they reached severe TC intensity are also shown. Regardless of the strengths of TCs,
MJO, and ENSO phases, favourable conditions for TC genesis, such as low-level vorticity
(negative), SST (positive), negative OLR, and upper divergence (negative), were observed.
However, relative humidity was slightly less during TC Urmil (category two) that occurred
during an ENSO-neutral year with the MJO phase equal to three. A decreasing wind shear
and an increasing upper-level divergence relative to previous days are ideal conditions for
TC intensification. TCs Ron, Gita, and Kina intensified into a category five, five, and four,
respectively. Relative to the conditions on the day of genesis, wind shear dropping was
4.76,0.9, and 7.1 m/s and upper-level divergence rising was 27.16, 14.64, and 0.45 hPa/day,
respectively, which explains the favourable conditions for their intensification.

Table 3. Similar to Table 2 but for large-scale environmental conditions for six TCs affecting Tonga,
two TCs are selected from each ENSO phase, with one being a severe TC. The red box represents EL
Nifo, blue for La Nifia, and green for ENSO-neutral.

TCs  Category Date  Mjophase Usxogso  SST SLP OLR 38?1;2;: RVssy  RHpy ~ Sao0
Lola 1 A 4 ~10.88 0.63 —4.10 —0.68 —6.48 ~3.01 10.42
1Jan
Ron 1 1dan 6 —497 0.09 —1.64 072 2709  —699 8.71
Ron 5 74 8 —9.73 —0.07 ~3.08 ~1.69 —7425 ~9.00 6.96
Elisa 2 7 6 —931 0.18 —154 149  —4317  —620 17.65 S
Gita 1 ggfg 7 —6.63 0.54 334 —0.94 2552 —9.8 13.87
Gita 5 15011?; 7 _753 032 —2.68 ~0.07 ~40.16 ~1.94 —6.74
Urmil 2 1230]6? 3 _1.67 037 042 ~056 —16.67 253 22
Kina 1 2%‘3;* 7 1.69 ~031 ~358 ~0.69 3539 487 047 I
. 1Jan
Kina 4 1928 7 —8.80 ~0.39 —429 108  -3584  —129 ~1.96

3.2. MJO and TC Frequency

TC genesis has been observed to occur in all phases of the MJO between 1970-2019
(Figure 2a) with about 8.8%, 8.0%, 5.6%, 10.8%, 7.5%, 18.2%, 19.5%, and 21.6% for MJO
phases one to eight, respectively. TC genesis in phases six to eight is about 60% higher than
those occurring in other phases. In particular, the peak number of TCs in phases seven and
eight are statistically significant at 95% and 99%, respectively (Figure 2a, all years). This
is not surprising, as shown in Table 2 and in previous studies, large-scale environmental
conditions are favourable for TC genesis in the SWP, whereas they are suppressed and
unfavourable during other phases. Figure 2a also shows that the MJO active phases six to
eight continue to be favourable over the Tonga region during El Nifio (72.1%; significant at
99% for phase eight) and ENSO-neutral years (56.8%; significant at 95% for phase seven)
but with a lesser impact during La Nifia (49.2%). The least number of TCs during La
Nifia in contrast to other phases is mainly due to fewer TCs formed during phase six
relative to other phases (see phase six in Figure 2b). This can be explained by enhanced
vertical wind shear and lower sea surface temperatures (statistically significant at 96%
level) in phase six compared to other phases (see Table 2 c), hence suppressed TC genesis
during La Nifia years. In addition, it can be seen during La Nifia years that only a few TC
geneses formed near 170° E compared to El Nifio and ENSO-neutral years (see Figure 5¢
in Tu'uholoaki et al. [6]) as the mean TC genesis shifts south and southwestward. On the
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contrary, a higher TC genesis near 170° E is observed during El Nifio years, coinciding with
the southeastward steering winds in phase six, which may explain the higher frequency
of TCs affecting the Tonga region during phase six of El Nifio years. This may be due to
the sea surface temperature, relative humidity, outgoing long wave radiation, and upper-
level divergence being enhanced in phase six during El Nifio (see Table 2 b; statistically
significance at 95% level). Consistent with Chand and Walsh [11], the genesis maxima for
phase six in the FST region lies around 170° E and is closely associated with El Nifio.
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Figure 2. (a) Number of TC geneses per day (%) during 1970 and 2019 for all years (in black), El Nifio
years (in red), La Nifia years (in blue), and ENSO-neutral years (in green). (b) The spatial distribution
of genesis points (El Nifio years (in red), La Nifia years (in blue), and ENSO-neutral years (in green))
and corresponding tracks for the eight MJO phases. Asterisk (*) and plus (+) signs in (a) indicate
statistical significance at 99% and 95% levels, respectively.
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In addition, the relatively larger west-to-east extension of the TC genesis spatial
distribution for the ENSO-warm phase and ENSO-neutral phase (see [6]) may mirror the
propagation of the MJO from phase six in the west to phase eight in the east of the tropical
Pacific. In contrast, during La Nifia, the spatial distribution of TC genesis is confined to a
relatively smaller area east of 173° E (see [6]), reflecting the dominance of phases seven and
eight over phase six (Figure 2). This explains why La Nifia exerts the least impact on TC
genesis compared with its counterparts during active phases of the MJO.

Consistent with previous findings (see [11]), TC genesis probability in the Tonga region
increases during the active phases (six to eight) compared to inactive phases (one to five)
regardless of ENSO state.

3.3. MJO and Spatial Distribution of TC Genesis

The spatial distribution of genesis points is scattered and further apart when there is
fewer TC genesis during inactive phases (one to five) in contrast to being more clustered
together and closer to Tonga during the active phases (six to eight) of the MJO (Figure 2b).
TC genesis points during El Nifio (La Nifia) are more equatorward (northwest-westward)
relative to the Tonga region due to the northeastward (southwestward) movement of the
SPCZ (see [6,12,15]). Additionally, it can be seen that most of the TCs affecting Tonga
formed outside and away to the far northwest of the region (Figure 2b), highlighting the
importance of the steering winds, which primarily influence TC movements (see [1]).

To obtain the dominant relational behaviour of TC movements affecting Tonga, we
assessed 128 TC tracks, and results indicate that the second-order polynomial regression
provides the best fit for the FST region, consistent with Chand and Walsh, [22]. Since
the number of clusters can be determined subjectively, various values of K = 1-5 were
inspected, and K = 3 provided the optimal results. Particularly, the three mean regression
curves obtained from K = 3 remained stable even with different iterations. However, when
the K values were increased to four, five, and six, the clusters appeared to split into smaller
but more refined clusters.

Following Chand and Walsh [11], TC tracks were grouped into three clusters using the
second-order regression model (Figure 3). Cluster one (Figure 3b) prevails with 58.6% of
the considered tracks, comprising TCs formed to the northwest and then tracked towards
the Tonga region by the mid-tropospheric westerly winds (see [1,7,11,23]). Figure 3c shows
cluster two (29.7% TC tracks) with TCs that were generally steered south towards Tonga
before abandoning the region as they curve around the periphery of the subtropical high
to the south. Cluster three (Figure 3d) has the least number of TCs with 11.7%, generally
tracking east-to-southeastward from the Coral Sea driven by the mid-level westerly winds
towards the Tonga region and then around the periphery of the subtropical high belt to the
south when leaving the area (see [1,11]).

In clusters one, two, and three, about 24.2%, 10.9%, and 3.1% occurred during El Nifio
compared to 20.3%, 10.2%, and 7.8% during La Nifia and 14.1%, 8.6%, and 0.8% during
ENSO-neutral years, respectively. More genesis points formed equatorward and closer to
the Tonga region can explain why clusters one and two slightly dominate during El Nifio
years, whereas cluster three dominates La Nifia years as TC genesis mean position shifts
more poleward and westward (see [6]). These findings reinforce previous studies in this
area. For example, a cluster with a straight-oriented northwest-to-southeast regression
track, similar to cluster one, was also obtained by Ramsay et al. [13] to represent all TC
tracks east of 170° E in the South Pacific. They found that this cluster is significantly more
frequent during El Nifio compared to La Nifia years. They also found that TC genesis
in this area is suppressed when the MJO is located over the Indian Ocean and maritime
continent (i.e., inactive phases). Sharma et al. [42] grouped SWP TC tracks into five clusters,
with their clusters two and four being similar to clusters one and two in the present study,
respectively. They are all associated with El Nifio and geographically originate from a
similar region. In addition, in the study by Sharma et al. [40], cluster one is similar to cluster
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three, with both clusters associated with La Nifia, geographically originating in the same
region, the Coral Sea, and possessing longer trajectories.
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Figure 3. The spatial distribution of TC genesis points (El Nifio in red, La Nifia in blue, and ENSO-
neutral in green) and the accompanied tracks corresponding with each of the clusters of TCs affecting
Tonga. Mean regression curves (thick black lines) are also shown.

Figure 3 illustrates the high sinuosity (deviation from straight lines) of the TC tracks
that characterise TCs in the South Pacific. Sharma et al. [42] classified tracks affecting
Tonga’s exclusive economic zone (EEZ) to be mostly straight and quasi-straight, and this
can be seen in clusters one and three. Cluster two is more recurving and sinuous. Sinuous
and recurving TC tracks are more threatening owing to their complex and convoluted
shapes and therefore increase the risk of multiple landfalls. This sinuosity contributes to
greater longevity and intensity (see [44]), which at most times poses forecasting challenges
due to their erratic movement and most often makes them reach full strength by the time
they reach Tonga (see [6]), which lies in the latitude band (~20° S) where TCs in the SWP
reach their maximum intensity (see [7]).

3.4. MJO and TC Intensity

The climatology of TC classification in each phase of the MJO (Figure 4) shows that
hurricane and gale categories are enhanced during active phases of the MJO (phases six
to eight), attributed to active convection as shown in Table 2 and reported by Chand and
Walsh [11] for the FST region. The number of TCs with gale, storm, or hurricane intensity
peaks significantly at phases six, seven, and eight, at 95%, 95%, and 99%, respectively.
In particular, the co-influence of El Nifio during active MJO tends to enhance TCs up to
hurricane intensity during phases six and eight, while hurricanes during phase seven are
enhanced during La Nifia—all significant at 95% (Figure 4b,c). This can be attributed to
vertical wind shear values favourable for intensification (i.e., wind shear less than 4 m/s;
see [45]) at phases six and eight (—2.44 and —3.72 m/s, respectively; see Table 2 b) during
El Nifio and favourable upper-level divergence and vertical wind shear at phase seven
during La Nifia (see Table 2 c). During ENSO-neutral years (Figure 4d), hurricane-level
TCs are common during phase eight of the MJO (significant at 99%). This can be attributed
to favourable wind shear being statistically significant at the 95% level in phase eight
compared to others (see Table 2 d). In addition, this result is consistent with earlier findings
that the Tonga region lies in the latitude band where TCs reach their maximum intensity
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(see [6,7]). Furthermore, TCs with storm intensity are enhanced during active phases
of the MJO, peaking at phase seven (statistically significant at the 95% level during El
Nifio years). Moreover, more gale intensity TCs occur during MJO active phases and
ENSO-warm-neutral years (phase six, significant at the 95% level during ENSO-neutral
years). Interestingly, during La Nifia years, more gale intensity TCs formed during inactive
phases than active phases, with the majority of these TCs forming within the vicinity of
the Tonga region (see phase four in Figure 2b). This may be due to the upper-level forcing
that enhanced low-level winds in the region near 180° E longitude during phases four and
five of the MJO (see [30]), which in turn favours low-level vorticity, one of the favourable
conditions for TC genesis (see [46]). Additionally, the presence of high vertical wind shear
during the inactive phase (see phases one to five in Table 2) may prevent these TCs from
reaching their maximum intensity, highlighting that more TCs does not necessarily mean
stronger TCs.
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Figure 4. Frequency by TC intensity during the different phases of the MJO for (a) all years, (b) El
Nifio years, (c) La Nifia years, and (d) ENSO-neutral years within the Tonga region between 1970-2019.
Asterisk (*) and plus (+) signs indicate statistical significance at the 99% and 95% level, respectively.

3.5. MJO and TC Trends

Tonga is affected by 2.6 TCs per year for all years as well as in La Nifa years, in-
creasing to 2.8 during El Nifio years [6]). In addition, the trend for the number of TCs
is decreasing at a rate of 0.0225/0.0002/0.0095/0.0128 TCs per year during all years/El
Nifio/La Nifia/ENSO-neutral years, though not statistically significant (null hypothesis
being that there is no trend).

The trend for the number of TCs occurring during the MJO active phase (phases
six to eight; see Figure 5) is —0.0286/0.0027 / —0.0108/—0.0085 TCs/year for all years/El
Nifio/La Nifia/ENSO-neutral years. All are not significant at the 95% level except for
the trend during El Nifio, which is not only statistically significant but also increasing.
This finding supports the claim by Chand et al. [47] that El Nifio-driven TC activity in the
central South Pacific, including Fiji and Tonga regions, is projected to increase in the future.
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Hence, this MJO active phase may plausibly play a role in and be considered as a subject
for further studies.

——All TCs/active phase

———TCs El Nino/active phase

=-=—TCs La Nina/active phase

——TCs Neutral/active phase

== =All TCs trend/active phase (-0.0286)

= ==TCs El Nino trend/active phase (0.0027) *
====1Cs El Nino trend/active phase (-0.0108)
===TCs El Nino trend/active phase (-0.0085)

1980 1985 1990 1995 2000 2005 2010 2015 2020

Years

Figure 5. Trends of frequency of TCs per MJO active phase (phases six to eight) for (a) all years
(black dashed line), (b) El Nifio years (red dashed line), (c) La Nifia years (blue dashed line), and
(d) ENSO-neutral years (green dashed line) within the Tonga region between 1970-2019. Asterisk (*)
sign indicates statistical significance at the 95% level, respectively.

4. Conclusions

This study investigates how TC activity is modulated by the MJO and ENSO com-
bined phases within the Tonga region, emphasising TC frequency and intensity using the
SPEArTC database, RMM index, and the ONI. A probabilistic clustering technique was
utilised to isolate TC tracks into distinct groups to evaluate the primary cyclone tracks
affecting the Tonga region. In addition, the study also examines the climatology (all years
and ENSO years) of the large-scale field data favourable for TC genesis and intensification
in the SWP.

Although forecasters at the Tonga Meteorological Service (TMS) may be well aware of
the relationship between the MJO and TCs that is being monitored by the Australian Bureau
of Meteorology and NOAA on a weekly basis and from previous research on the MJO-TC
relationship on the regional and subregional scale (Fiji, Samoa and Tonga), no quantitative
research has been undertaken to quantify the effect of the MJO on Tonga-region TCs at a
local scale. The MJO recurrence and predictability within 30-50 days is vital information
for preparation at least three weeks earlier during the TC season. Information about the
climatology and variability of the TC-MJO relationship will help the early warning system
of TMS.

Results suggest that the MJO strongly modulates TC activity affecting the Tonga region,
with more TCs during active phases and less during inactive phases. Similarly, during
warm and neutral phases of ENSO, more TCs occur, coinciding with the active phases.
On the contrary, lower TCs evolve during La Nifia due to the southward displacement
of TC genesis, missing the mean mid-level westerly winds steering TCs toward Tonga.
The frequency and intensity of gale and hurricane category TCs were enhanced during
the active phases (phases six to eight) of the MJO due to favourable large-scale conditions.
The MJO also strongly influences the climatological pattern of genesis of TCs affecting
the Tonga region, where more (fewer) cyclones form in the active (inactive) phases of the
MJO. The findings of this study can provide climatological information for the TMS and
decision makers to better understand how the TC risk is modulated by the MJO. These
findings greatly contribute to the development of more accurate and actionable TC seasonal
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outlooks in Tonga. Finally, this methodology could be applied to other local areas where
the MJO plays an important role in modulating TC activities.
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