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Abstract

This study investigates the interannual relationship between El Nifio-Southern
Oscillation (ENSO) and tropical cyclone (TC) genesis potential (measured by
the Dynamic Genesis Potential Index or DGPI) over the Southwest Indian
Ocean (SWIO) and its modulation by the Interdecadal Pacific Oscillation
(IPO) during 1959-2020 based on observation and reanalysis. Results show that
DGPI can well capture the spatial distribution and seasonal cycle of TC genesis
over the SWIO. A positive correlation is found between ENSO and the SWIO-
DGPI on interannual timescales, with higher (lower) DGPI and increased (de-
creased) TC occurrence frequency during El Nifio (La Nifia) years, indicating
an important role of ENSO in modulating TC activity in the SWIO. Further
analyses show that ENSO favors the SWIO TC genesis primarily through mod-
ulating vertical wind shear and upward motion. Furthermore, the interannual
relationship between ENSO and the SWIO DGPI also exhibits remarkable in-
terdecadal variations that are likely modulated by the IPO with strong (weak)
correlation in positive (negative) IPO phases. This is because the ENSO-driven
anomalies of vertical wind shear, upward motion, and low-level vorticity are
larger under positive IPO phases than its negative phases, which favor the sen-
sitivity of the SWIO TC genesis to ENSO and thus promote a higher correlation
between the two. These findings highlight the importance of considering inter-
decadal variability when assessing the ENSO-TC relationship over the SWIO
and contribute to improving seasonal prediction of TCs in the region.
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1. Introduction

Tropical cyclones (TCs) are considered the most destructive natural hazards within
seven basins, with a mean of 86 TCs every year (Wang & Murakami, 2020). Par-
ticularly, in the Southwest Indian Ocean (SWIO), around 9 to 11 TCs occur every
season from November to April (Muthige et al., 2018), significantly impacting
lives, properties, and infrastructures. Thus, understanding the controls on the for-
mation of the SWIO TCs is very important for improving predictive models and
preparedness strategies in the region.

The climatology of tropical cyclone activity in the global oceans is commonly
explained by the genesis potential indices (GPIs) from several large-scale environ-
mental parameters (Camargo & Wing, 2016). They have been widely utilized to
understand observed mean state climatology of tropical cyclogenesis (Camargo et
al., 2007) and climatological variability induced by modes of climate variability on
seasonal timescales (Camargo et al., 2007; Gray, 1979). The dynamic and thermo-
dynamic components of most GPIs can capture the known physics required for
the development and maintenance of a tropical cyclone (Murakami & Wang,
2022). The dynamic component represents background rotation, which is com-
monly defined by the lower-tropospheric (e.g., 850 hPa) absolute vorticity. The
maximum potential intensity commonly represents the energetic potential of the
atmosphere to support a tropical cyclone, which is the thermodynamic compo-
nent of GPI (Bister & Emanuel, 2002). Additionally, the mid-tropospheric vertical
velocity is also a factor that measures seed activity (Hsieh et al., 2023). In the
Southern Hemisphere, Camargo et al. (2007) have further identified vertical wind
shear and mid-tropospheric relative humidity as the key factors influencing trop-
ical cyclone activity.

It is suggested that El Niflo-Southern Oscillation (ENSO) may play a role in
regulating the TC genesis and frequency over different oceanic basins, including
the SWIO. ENSO is among the large-scale interactions of the atmosphere with the
ocean that influence global atmospheric circulation. Many researchers have ex-
amined the effects of ENSO on tropical storm activity in oceanic basins. For ex-
ample, the TC genesis frequency tends to increase over the southeastern part of
the western North Pacific but decreases over the northwestern part during the
development of the El Nifio phase (Wang & Chan, 2002). In the Atlantic Ocean,
there are fewer TCs during El Nifio years, while the opposite occurs in La Nifia
years (Camargo et al., 2007). In particular, the TC genesis increased in the western
of 75°E and decreased to the east, compared to La Nina years, over the SWIO
during El Nino years (Ho et al., 2006). Kuleshov et al. (2009) suggested that the

TC genesis decreased in the western South Indian Ocean but increased in the east,
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and they found that sharp wind-shear gradients in tropical cyclone regions intro-
duce some complexity to the analysis of ENSO’s impact on tropical cyclone activ-
ity.

On the other hand, the TC genesis can also be modulated by climate variability
at lower frequencies. Pacific Decadal Variability (PDV) refers to a long-term var-
iation in SST and atmospheric patterns in the Pacific Ocean, typically over dec-
ades. Pacific Decadal Oscillation (PDO) is a part of PDV with alternating warm
and cold phases that last 20 - 30 years. The warm phase has heightened SSTs in
the eastern and central Pacific, which impacts atmospheric circulation. The Inter-
decadal Pacific Oscillation (IPO) has a longer time scale than the PDO and incor-
porates more variability in the entire Pacific Ocean, including the tropics and
Southern Hemisphere (Lorenzo et al., 2025). The Atlantic Multidecadal Oscilla-
tion (AMO) refers to the multidecadal variability in the Atlantic Ocean, charac-
terized by slow changes in SST for approximately 60 - 80 years (Moore et al., 2017).
PDV, particularly including PDO or the associated IPO, and the AMO have been
implicated in periods of acceleration and slowdown in the rate of global warming
at the surface in the post-industrial period (Crowley et al., 2014; England et al.,
2014; Fyfe et al., 2016; Kosaka & Xie, 2013, 2016; Maher et al., 2014). These pat-
terns are also responsible for coherent and persistent hydroclimatic impacts glob-
ally (Henley, 2017). For example, during the positive IPO phase, TC genesis tends
to increase over the Northern Atlantic and reduce over the eastern North Atlantic,
likely due to the changes in vertical wind shear and thus genesis potential (Li et
al,, 2015). On the other hand, these low-frequency oscillations (e.g., IPO and PDO)
also play a key role in modulating ENSO activities and thus their associated tele-
connections (Gershunov & Barnett, 1998; Livezey & Smith, 1999), which should
further affect the ENSO’s impacts on remote climates, such as Australian precip-
itation (Power et al., 1999). However, it remains unclear whether and how the IPO
can modulate the interannual relationship between ENSO and TC genesis over
different oceanic basins, particularly the SWIO.

In this study, we intend to explore the interannual relationship between ENSO
and TC genesis (as measured by a dynamical GPI or DGPI shown below) over the
SWIO, with a special focus on its modulation by the IPO. The study seeks to ex-
amine the mechanisms underlying the ENSO-DGPI relationship over the SWIO
and the significant role of the IPO in modulating this interannual relationship.
The remainder of the paper is organized as follows. Section 2 describes the data
and methodology. The climatology of DGPI over SWIO is described in Section 3.
Section 4 provides an analysis of the interannual relationship between ENSO and
DGPI over the SWIO and the possible mechanism. Section 5 explores the modu-
lation effect of the IPO on the interannual relation between the two. The conclu-

sion is drawn in Section 6.

2. Data and Methodology

We used the monthly atmospheric and oceanic fields from the fifth generation of
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the European Centre for Medium-range Weather Forecasts (ECMWF) reanalysis
(ERA5; Hersbach et al., 2023) on a 0.25°grid from 1959 to 2022, including hori-
zontal wind vectors, relative vorticity, and vertical velocity at different vertical lev-
els, and sea surface temperature (SST). We also used the TC best track data from
the International Best Track Archive for Climate Stewardship (IBTrACS Version
4.0; Knapp et al., 2010). The IBTrACS dataset consists of the TC data compiled by
multiple organizations, in our study we will utilize data from the RSMC La Réu-
nion. TCs from 1980 to 2022 with tropical storm intensity (i.e. surface wind speeds
of 35 kt) or above over the SWIO basin (as shown in Figure 1(b)) are considered
in this study.

In this study, we employed a new dynamic genesis potential index (DGPI;
Wang & Murakami, 2020) for the recognition of TC genesis potential in global
oceans. DGPI includes an additional dynamical dependence on the meridional
shear of the zonal wind specifically in the Southern Hemisphere and no explicit
dependency on potential intensity or SST slightly deviates from other GPI. The
skill of DGPI has been compared to measure the climatological mean distribution
and the relationship between TC genesis and ENSO, which is more skilled than
other GPIs in the western North Pacific Ocean, Pacific Ocean, and the South and
North Indian Ocean, similar to North Atlantic Ocean, but less skillful in the east-
ern North Pacific Ocean for representing the year-to-year variations of basin total
GPI numbers (Wang & Murakami, 2020). According to Wang and Murakami
(2020) DGPI is defined as follows:

DGPI =V, 'U}w’Cle” 1.0 (1)
where V,, {;, w, and U, are vertical wind shear between 200 hPa to 850 hPa, abso-

lute vorticity at 850 hPa, vertical velocity, and meridional gradient of zonal wind
at 500 hPa, which are defined as follows:

V, =2.0+0.1x|wsy, — wsgs,| (2)

®=5.0-20x 0y, 3)

Gy =5.5+|(Gaso + ) x10°] (4)
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Note that DGPI is set to zero over the grids where SST is lower than 26°C and
latitude within 5° around the equator.

We also used the Niflo 3.4 index to measure ENSO and thus its associated
anomaly composites. The Niflo 3.4 index is calculated by the average SST anomaly
in the region of 5°S - 5°N and 170°W - 120°W. The El Nifio (La Nifia) years are
defined when NDJ-mean SST anomalies averaged over this region are greater
(smaller) than +0.5 (-0.5)°C, as shown in Table 1. Besides, the IPO index is de-

fined as the difference between the SST anomalies averaged over the central equa-
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torial Pacific and the northwest and southwest Pacific (Henley et al., 2015). Note
that all the anomaly fields and the relevant indices are linearly detrended before

further analysis.

Table 1. El Nifio and La Nifa years are defined in this study.

ENSO type Years

1965/1966, 1968/1969, 1972/1973, 1982/1983, 1986/1987, 1987/1988,
ElNifio  1991/1992, 1994/1995, 1997/1998, 2002/2003, 2006/2007, 2009/2010,

2015/2016.
La Ni 1971/1971, 1973/1974, 1975/1976, 1984/1985, 1988/1989, 1998/1999,
a Nifia
1999/2000, 2007/2008, 2010/2011, 2011/2012, 2020/2021.

3. DGPI Climatology over the SWIO

Figure 1(a) shows the global distribution of DGPI in the hemispheric season with
strong TC activity. In the global context, all well-known tropical cyclone-prone
regions show maximum DGPI, such as the western Pacific, North Atlantic, South
Pacific, and Indian Ocean basins with higher DGPI and active TC development,
which agrees with previous studies (Camargo et al., 2007; Wang & Murakami,
2020). Meanwhile, low DGPI regions are associated with unfavorable conditions
of TC genesis; for example, the equatorial zone with a low Coriolis force. Clearly,
such a distribution may be determined by the dynamic (e.g., vorticity and wind
shear) and thermodynamic (e.g., SST) factors in the TC formation. In particular,
the SWIO region is one of the most important basins for TC activity over the In-
dian Ocean. The DGPI over the SWIO shows remarkable spatial variations with
the higher DGPI along 10°S to 20°S that extends eastward from the African coast-
line toward around 90°E (Figure 1(b)). This spatial heterogeneity underlines the
interaction of regional or global scale drivers (Duan et al., 2021), such as the warm
SSTs of the Mozambique Channel (Mavume et al., 2010).

The higher DGPI over this region reflects a higher possibility of TC genesis,
especially during the austral summer with favorable conditions. Accordingly, a
distinct band of high TC frequency is observed between 10°S and 20°S, covering
the Mozambique Channel and extending eastward toward the central SWIO basin
(Figure 1(c)), which is consistent with the high DGPI in this region (Figure 1(b)).
In addition, we also compare the annual cycle of DGPI and observed TC fre-
quency over the SWIO (Figure 1(d)). It is found that DGPI and TC activity in-
creases markedly during the austral summer months from January to March, with
the most favorable conditions for cyclogenesis (Camargo et al., 2007), while both
GPI and TC show a rapid decline over the SWIO region from May through Sep-
tember (i.e., the winter season). The correlation coefficient (r) of their seasonal
cycle reaches 0.93, indicating a very good agreement between the DGPI and actual
cyclone occurrences over the SWIO. These results suggest that DGPI can be used
as a proxy to measure TC genesis over the SWIO and to investigate the ENSO-
DGPI relationship below.
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Figure 1. (a) Spatial distribution of the climatological mean DGPI (unitless) from May through October in the
Northern Hemisphere and from November to April in the Southern Hemisphere; (b) Same as (a), but for the
climatological mean DGPI from November to April in the Southern West Indian Ocean (SWIO); (c) Spatial
distribution of observed tropical cyclone (TC) frequency (number) over the SWIO from November to April
during 1980-2022 based on IBTrACS. (d) Monthly climatology of the DGPI (unitless, red line) and the TC
number (number per month, blue bars) over the same region.

4. Interannual Relationship between ENSO and DGPI and the
Possible Mechanism

To depict the interannual relationship between ENSO and DGPI, Figure 2(a)
shows the spatial pattern of the correlation coefficient between the SWIO DGPI
and SST anomalies over the globe. Apparently, there exists a strong positive cor-
relation (with r above 0.5) between the SWIO DGPI and anomaly SST over the
central to eastern tropical Pacific. Their close relationship indicates that ENSO
may play a crucial role in the TC genesis over the SWIO during November to April
when ENSO usually develops; specifically, there would be higher (lower) DGPI
and thus more (less) TCs over the SWIO during the El Nifio (La Nifia) years. In
addition, we also found a moderate positive correlation over the Indian Ocean,
with the strongest correlation over the SWIO, while the DGPI is slightly anti-cor-
related with SST anomalies in the southeastern Indian Ocean. This relationship
between DGPI and SST anomalies over the SWIO is expected as warmer local SST
would favor higher DGPI and thus more TCs. As our goal is to reveal the remote
relationship between ENSO and the SWIO DGPI, we also show the detrended
time series of the Nifi03.4 index and the SWIO DGPI in Figure 2(b). Clearly, the

SWIO DGPI exhibits remarkable interannual variations, which is closely corre-

DOI: 10.4236/gep.2025.133002

34 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2025.133002

D.S. Semgomba et al.

lated with the Nifio3.4 index (with r= 0.5). This further confirms that the SWIO
DGPI can be remotely regulated by ENSO events.
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Figure 2. (a) The spatial distribution of the correlation between the SWIO DGPI and anomalous SST over
the globe averaged over November to January during 1959-2022 based on ERAS reanalysis. The stippling
indicates the correlation coefficients are statistically significant at the 95% confidence level based on Stu-
dent’s t-fest; (b) The detrended time series of the SWIO DGPI (unitless, blue line) and the Nifio3.4 index
(in °C, red line) averaged over November to April during 1959-2022 in ERA5.

Several studies have reported that El Nifio events tend to favor TC genesis over
the SWIO (e.g., Ho et al., 2006; Kuleshov et al., 2009). Thus, to further explore the
relationship between ENSO and DGPI over the SWIO, Figure 3 also shows the
composite of anomalous DGPI and TC frequency over the SWIO from November
to April (i.e., the period of strong TC activity there) during El Nifio and La Nifia
events. As shown in Figure 3(a), during El Nifio, DGP1 is significantly higher over
the SWIO, suggesting the increased likelihood of TC genesis during these events.
This increased DGPI agrees well with an increased frequency of tropical cyclones
(Figure 3(d)) over the SWIO during El Nifio years. In contrast, the SWIO DGPI
is remarkably reduced during La Nifa years (Figure 3(b)), together with a rela-

tively low occurrence frequency of TCs in the region (Figure 3(e)). Figure 3(c)
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and Figure 3(f) indicate contrasting spatial patterns of DGPI and TC frequency
under different ENSO years. The difference patterns further show that DGPI is
much higher over the SWIO during El Nifio years relative to that during La Nifla
years (Figure 3(c)), which is consistent with the higher occurrence frequency of
TCs in the SWIO (Figure 3(f)).

In summary, our analysis suggests that the DGPI over the SWIO is closely cor-
related with ENSO; that is, there would be a conducive environment for TC gen-
esis over the SWIO region during El Niflo years with higher occurrence frequen-

cies of TCs under higher DGPI, while the opposite is seen during La Niiia years.

a) DGP1 | El Nifio b) DGPI | La Nina ¢) Difference [a - b]
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Figure 3. Spatial distribution of DGPI from November to April during (a) El Nifio and (b) La Nifa years and (c) their difference
(i.e., E1 Nifo years minus La Nifia years) during 1959-2022 based on ERA5. (d)-(f) Same as (a)-(c), but for TC frequency based on
IBTrACS. The stippling indicates the difference is statistically significant at the 95% confidence level.

To further investigate how ENSO can modulate the TC genesis potential over
the SWIO, Figure 4 shows the differences of several controlling factors related to
TC genesis potential (referring to the DGPI definition in Section 2) between El
Niflo and La Nifia years, including vertical wind shear, low-level vorticity, the me-
ridional gradient of zonal wind, and vertical velocity. Our analyses have shown
that vertical wind shear is significantly reduced over the northern SWIO during
the El Nifio years compared to the La Nifia years (Figure 4(a)); however, it is
largely enhanced in the southern part. Clearly, the reduced vertical wind shear is
collocated with the enhanced DGPI in the north (Figure 3(c)), thus providing
favorable environmental conditions for TC development. Accordingly, the verti-
cal wind shear term is lower over the SWIO north of about 15°S during El Nifio
years relative to La Nifia years, which would favor a higher DGPI and thus higher

TC genesis and frequency in the region.
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Figure 4. Differences of (a) vertical wind shear (WSz00 - WSss0, m/s), (b) low-level vorticity (§sso, s~!) and 850 hPa
wind vectors, (c) meridional gradient of zonal wind (-dUse/dy, s™) contours represents 500 hPa zonal wind (u),
and (d) vertical velocity (wso, Pa/s) over the SWIO from November to April between El Nifio and La Nifla years
during 1960-2022 from ERAS. The stippling indicates the difference is statistically significant at the 95% confi-
dence level.

As shown in Figure 4(b), a large part of the SWIO is dominated by large posi-
tive absolute vorticity anomalies, especially over the northeastern part of the
SWIO and the Mozambique channel during the El Niflo years relative to the La
Nifa years. Concurrently, there exits anomalous anticyclonic circulation at the
low level in these SWIO regions. This implies that the low-level vorticity anoma-
lies over the SWIO under the El Nifio condition play a negative role, which is
unfavorable for the spin and convergence required for TC genesis. Meanwhile, we
also found some small negative absolute vorticity with cyclonic circulation anom-
aly in the southern part of the SWIO, which is conducive to initial spin and inten-
sification of disturbances there. Overall, the change of low-level vorticity is not
responsible for the increased DGPI and thus TC frequency over the SWIO during
the El Niflo years.

The meridional gradient of the zonal wind at 500 hPa is another important dy-
namic parameter in determining mid-level wind shear and resultant instabilities.
During the El Nifo years (Figure 4(c)), positive gradient anomalies are dominant

over the SWIO north of about 15°S, indicating a positive (i.e., anticyclonic) mid-
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tropospheric vorticity anomaly that could suppress TC genesis potential over the
northern SWIO. Meanwhile, there are small negative gradient anomalies in the
south that would are favorable for convective organization and thus TC genesis
there.

Figure 4(d) shows the difference of 500-hPa vertical pressure velocity over the
SWIO between El Nifio and La Nifia years. Compared to La Nifla years, there exits
significant anomalous upward motions during El Nifio years over most regions of
the SWIO, which would favor enhanced convection activities and thus increased
potential for tropical cyclone genesis. This spatial heterogeneity of vertical motion
differences reveals how ENSO modulates the atmospheric dynamics over SWIO.
For instance, the enhanced upward motion during El Nifio years can be distinctly
located over the eastern basin, collocating with the regions of frequent tropical
cyclone genesis, while the anomalous subsidence during El Nifio years is pro-
nounced along the western margins, including the Mozambique channel, that
would suppress convection activity and inhibit tropical cyclogenesis.

In summary, ENSO can modulate the DGPI and thus TC genesis and frequency
over the SWIO mainly through altering vertical motion and vertical wind shear.
Specifically, during El Nifio years, enhanced upward motion and reduced vertical
wind shear would favor tropical cyclogenesis mainly over the northern SWIO ba-
sin and also part of the east African coast, while stronger vorticity at both lower
and middle levels and enhanced upward motion favor TC genesis development,
particularly in the southeast part of the SWIO basin. These factors jointly increase
DGPI over most areas of the SWIO basin and also shift the TC genesis region
equatorward during El Nifio years, although discrepancies with the actual TC fre-
quency underline the role of mesoscale processes and variability. Our results are
consistent with previous findings in Kuleshov et al. (2009) that there is a reduction
of TC genesis in the western part of the South Indian Ocean basin and an increase
in the east, as well as an equatorward displacement of the area favorable for TC

genesis during El Nifio events compared to La Nifia events.

5. Interdecadal Variation of the ENSO-DGPI Relationship and
the Role of IPO

The above results show that the SWIO DGPI is closely related to ENSO (with r=
0.5) during the period of 1960 to 2022. However, we further found that this inter-
annual relationship varies over time. Figure 5 shows the 21-year moving correla-
tion between the SWIO DGPI and the ENSO (blue line). Here, a higher (lower)
positive correlation indicates that the SWIO DGPI is strongly (weakly) correlated
with ENSO events. This means that the DGPI index tends to increase more (less)
during El Nifio years under high (low) correlation periods. Clearly, the correlation
between the SWIO DGPI and ENSO relationship experiences notable interdecadal
fluctuations, indicative of an unstable relationship between the two. Specifically,
their interannual correlation is relatively high (with rabove ~0.65) from the late

1970s to the early 1980s and during the early 1990s, while it is relatively low (with
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rbelow ~0.45) during the early 1970s, the middle 1980s, and the early 2000s.
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Figure 5. The 21-year moving correlation (blue line) between ENSO and DGPI over the SWIO, and the time series of the Interde-

cadal Pacific Oscillation (IPO) index (gray bars) during 1959-2022 based on ERAS5. The correlation coefficient (r) between the two
is given in the top-right corner.
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Figure 6. The regression map of the 21-year low-filtered SST anomalies onto the 21-year running cor-
relation between ENSO and the SWIO DGPI (referring to the blue curve in Figure 5) from November
to April during 1959 to 2022 based on ERA5. The stippling indicates the regression coefficient is sta-
tistically significant at the 95% confidence level.

Thus, one may wonder the reason why the interannual relationship between
ENSO and the SWIO DGPI shows such interdecadal variations. Typically, the pre-
dominant interdecadal variations globally mainly come from low-frequency oce-
anic oscillations, including IPO and AMO. Given this, Figure 6 shows the regres-
sion map of the DGPI-ENSO relationship and SST anomalies over the globe. It is
found that there exists a significant positive relationship between the DGPI-ENSO
relationship and SST anomalies over the eastern tropical Pacific. Conversely, a
significant negative relationship occurs over the northern North Pacific (along

~45°N) and southern Pacific. In addition, we also found a negative relationship
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a) DGPI | +IPO

over the southeast of the Indian Ocean, this may suppress the TC genesis over this
region. Overall, the SST regression pattern over the Pacific resembles the SST
anomaly pattern associated with IPO, implying that IPO may play a role in mod-
ulating the relationship of the SWIO DGPI with ENSO events. To further confirm
this point, we also show the IPO index in Figure 5 (gray bars). Clearly, the IPO
index is positively correlated to the moving correlation between DGPI and ENSO,
with a temporal correlation coefficient of 0.64, implying a close relationship be-
tween them. For instance, in the 1970’s and early 1980’s, the positive IPO phase
similarly corresponds with stronger positive correlations between DGPI and
ENSO. Conversely, in the late 1990s and early 2000s, which are characterized by
negative IPO phases, there is a weaker and more variable correlation, with some
years displaying near-neutral to negative correlations. In summary, these results
indicate that the IPO likely modulates the interdecadal variation of the DGPI and
ENSO relationship and thus TC genesis over the SWIO. This means that DGPI
tends to be higher during El Niflo years under positive IPO phases than under
negative IPO phases.

b) DGPI | -IPO ¢) Difference [a - b]

30°E 45°E 60°E

90°E 30°E 45°E 60°E 75°E 90°E 30°E 45°E 60°E 75°E 90°E

— . " " —— ]
-9 -6 -3 0 3 6 9 12 -16-12-8 -4 0 4 8 12 16
d) Tropical Cyclone Frequency | +IPO e) Tropical Cyclone Frequency | -IPO f) Difference [d - e]

=l 10°s 10°s :
% O v . .. - “
20°S 20°S : -4
L ‘ b
30°s 30°s ’
< E  60°F

30°E 45°E 60°E 90°E 30°E 45°E 60°E 75°E 90°E 30°E 45° 75°E 90°E
[ I . . T —
0 5 10 20 25 30 35 40 45 -24-18-12 -6 0 6 12 18 24

Figure 7. Spatial distribution of DGPI from November to April during (a) positive and (b) negative IPO phases and (c) their differ-
ence (i.e., positive phases minus negative phases) during 1959-2022 based on ERA5. (d)-(f) Same as (a)-(c), but for TC frequency
based on IBTrACS. The stippling indicates the difference is statistically significant at the 95% confidence level.

To investigate the interdecadal variations of the ENSO-DGPI relationship and
the role of IPO over the SWIO, we first analyze the composite of anomalous DGPI
and TC frequency over the SWIO from November to April during positive and
negative phases of IPO. Figure 7(a) reveals enhanced TC genesis potential in the
central and northern coast of Mozambique. This increased DGPI corresponds
with the increased TC frequency (Figure 7(d)) over the region during a positive

IPO phase. In contrast, there is a noticeable reduction in TC genesis over central
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but increased over the western SWIO (Figure 7(b)), consistent with the increased
TC frequency over the Mozambique channel and the western SWIO (Figure 7(e)).
As a result, the higher DGPI and TC frequency over the SWIO is observed during
the positive IPO phase compared to the negative IPO phase (Figure 7(c), Figure
7(£)). Thus, the positive IPO phase acts to enhance both the TC genesis and the
frequency of tropical cyclones over the central-eastern SWIO, which would thus
favor more TCs during El Nifio years. Conversely, the negative IPO phase appears
to suppress both TC genesis and TC frequency there, leading to fewer TCs during
El Nifio years in this phase.

To further explore the role of IPO on the interdecadal variation of the ENSO-
DGPI relationship over the SWIO, Figure 8 and Figure 9 compare several con-
trolling factors related to TC genesis potential between El Niflo and La Nifa years
under positive and negative IPO phases, respectively, including vertical wind
shear, low-level vorticity, the meridional gradient of zonal wind, and vertical ve-
locity. The above analyses have shown that vertical wind shear is significantly re-
duced over the northern SWIO during the El Nifio years relative to the La Nina
years for the whole selected period (Figure 4). This can also be seen under both
IPO phases (Figure 8(a) and Figure 9(a)). However, the reduction of the vertical
wind shear appears to be larger under the positive IPO phase (Figure 8(a)), com-
pared to the negative IPO phase (Figure 9(a)), although it is largely enhanced in
the central-to-southern SWIO. This largely reduced vertical wind shear is in ac-
cordance with the enhanced DGPI in the north during El Nifio years under posi-
tive IPO phases (Figure 7(c)), thus providing favorable environmental conditions
for TC development and TC frequency (Figure 7(e)).

As shown in Figure 8(b), significant positive absolute vorticity anomalies occur
over the northwestern and southern SWIO during the El Niflo years under posi-
tive IPO phases, while this anomalous anticyclonic vorticity is much stronger dur-
ing the El Niflo years under negative IPO phases (Figure 9(b)). This means that
El Niflo events would further decrease DGPI in this region when IPO is in its
negative phases, which is not favorable for TC genesis. Furthermore, there also
exits relatively strong negative absolute vorticity anomalies in the low level with
cyclonic circulation anomaly in the central-eastern SWIO region during El Nifio
years under positive IPO phases (Figure 8(b)), whereas little vorticity anomalies
occur there during El Nifio years under negative IPO phases (Figure 9(b)). This
implies that the low-level vorticity anomalies over the SWIO in the El Nifio con-
dition under positive IPO phases would be more favorable for the spin and con-
vergence required for TC genesis, compared to that under negative IPO phases.
Overall, the anomalous low-level vorticity condition related to ENSO events is
more favorable for the interannual variability of DGPI over the SWIO (i.e., a high
correlation between the two) under positive IPO phases, although the vorticity
factor mainly acts to suppress TC genesis.

During the El Niflo years, negative anomalies of 500-hPa zonal wind gradient

are larger over the SWIO south of 15°S under positive IPO phase (Figure 8(c))
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than those under negative IPO phases (Figure 9(c)). This indicates a negative (i.e.,

cyclonic) mid-tropospheric vorticity anomaly that could enhance TC genesis po-

tential over the southern SWIO during the El Nifio years under positive IPO

phases. Meanwhile, there are positive gradient anomalies in the north of 15°S that

would lead to a more stable atmosphere and reduced TC genesis there, but with a

broader meridional range under negative IPO phases (Figure 9(c)) than under

positive IPO phases (Figure 8(c)). This means that this factor would suppress TC

genesis potential more and thus lead to a lower ENSO-DGPI correlation under

negative IPO phases, relative to positive IPO phases.
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under positive IPO phases during 1960-2022 from ERA5. The stippling indicates the difference is statistically sig-

nificant at the 95% confidence level.

As shown in Figure 8(d), most areas of the SWIO are dominated by the signif-

icant anomalous upward motions over the central to southeastern part and some

parts of the northern basin during the El Nifio years under positive IPO phases.

This condition would favor enhanced convection activities and thus increase the

potential for tropical cyclone genesis over the area. Meanwhile, during the El Nifio

years under the negative IPO phases (Figure 9(d)), the significant anomalous up-
ward motions shift northward of the SWIO and to the northeast coast of Mada-
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gascar island. This can be supported by Figure 7(b) in that there is higher DGPI
and TC occurrence frequency over the northern part of SWIO under negative IPO
phases. Besides, the anomalous subsidence in the Mozambique channel during the
El Nifo years under the negative IPO phase would suppress the conducive envi-

ronment for convective activities and inhibit tropical cyclogenesis over the area.
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Figure 9. Same as Figure 8, but under negative IPO phases.

In summary, the IPO was found to play a critical role in shaping environmental
factors that influence TC genesis and frequency over the SWIO and their relation-
ship with ENSO. From the above analysis, it has been found that during El Nifio
years under positive IPO phases, reduced vertical wind shear in the northern
SWIO creates favorable conditions for TC formation, while enhanced wind shear
in the central of the SWIO presents mixed effects. Low-level vorticity decreases
with enhanced anomalous cyclonic circulation in positive IPO phases, which
would lead to TC genesis formation over the area, while the absolute vorticity is
further increased with enhanced anomalous anticyclonic circulation in negative
IPO phases that suppresses TC development and its relation with ENSO. The 500-
hPa meridional gradient of zonal wind shows larger negative anomalies in the
southern SWIO during El Nifio years under positive IPO phases, thus favoring
enhanced TC genesis and its relation with ENSO. Vertical velocity patterns indi-
cate anomalous upward motion in the eastern SWIO during positive IPO phases,
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supporting stronger convection and TC development. As a result, both ENSO-
related anomalies of these controlling factors are more favorable for TC genesis
and occurrence under positive IPO phases than negative IPO phases, which ulti-

mately promotes higher ENSO-DGPI correlations.

6. Conclusion

In this study, we investigate the interannual relationship between ENSO and TC
genesis potential over the Southwest Indian Ocean (SWIO) from November to
April based on the Dynamic Genesis Potential Index (DGPI) and further explore
the modulation of this relationship by the Interdecadal Pacific Oscillation (IPO)
using ERAS5 reanalysis during 1959-2022. The main results are as follows:

1) The DGPI can effectively portray TC genesis potential over the SWIO, with
strong spatial and temporal correlations with observed TC activity. A distinct sea-
sonality in DGPI aligns with the peak TC season (November-April), highlighting
its utility as a proxy for tropical cyclogenesis.

2) The TC genesis (as measured by DGPI) is positively correlated with ENSO
events, implying a crucial role of ENSO in impacting TC genesis over the SWIO.
Specifically, the DGPI increases (decreases) remarkably with enhanced (sup-
pressed) TC genesis and higher (lower) TC frequency over the SWIO during FEl
Nifio (La Nifo) years. This interannual relationship is primarily contributed by
reduced vertical wind shear and enhanced upward motion in the SWIO during El
Nifio years.

3) The interannual ENSO-DGPI relationship exhibits notable interdecadal var-
iations, which is closely related to IPO; that is, their interannual correlation is rel-
atively strong (weak) under positive (negative) IPO phases. Compared to the neg-
ative IPO phases, the positive IPO phase favors TC genesis over the SWIO through
reinforcing ENSO-driven reduction in vertical wind shear and anomalous upward
motion, together with low-level cyclonic vorticity over the central SWIO.

Opverall, our results suggest that ENSO and IPO are both decisive factors in por-
traying the TC genesis potential over the SWIO. The findings contribute to a
deeper understanding of the interannual and interdecadal variability of TC activ-
ity in the region, offering valuable insights for improving seasonal forecasting and

long-term TC risk assessment.
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