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A B S T R A C T

Tropical cyclones (TCs) in the western North Pacific (WNP) can modulate the intensity of ENSO by weakening 
the Walker circulation and exciting or enhancing the eastward oceanic Kelvin waves. We find that WNP TCs have 
played an increasingly important role in the development of El Niño over the past 40 years, and that TCs 
contribute more to atmospheric circulation, SST and thermocline depth anomalies. The accumulated cyclone 
energy (ACE) in the WNP shows an enhanced explanatory capability for the Niño 3.4 index. TCs excite oceanic 
Kelvin waves with greater amplitudes compared to the past. Through diagnostic analysis of the temperature 
tendency equation, it is also found that TCs contribute more strongly to thermocline feedback and zonal 
advection feedback three months later. Consequently, it can be concluded that TCs play an increasingly signif
icant positive feedback role in ENSO dynamics in the current climate context.

1. Introduction

The El Niño-Southern Oscillation (ENSO) represents the most robust 
interannual ocean–atmosphere coupling mode, exerting profound im
pacts on global weather and climate (Bjerknes, 1969; Chia and Rope
lewski, 2002; Jin, 1996, 1997; Jin and An, 1999; Jin et al., 2003; Wang 
and Chan, 2002; Yeh et al., 2009). Tropical cyclones (TCs) are deep 
cyclonic vortices that generate from warm ocean surfaces, their genesis 
position, lifetime and intensity are significantly affected by ENSO (Chia 
and Ropelewski, 2002; Wang and Chan, 2002; Wang et al., 2013). The 
Western North Pacific (WNP) is among the most active regions globally 
for TC genesis, accounting for approximately 30 % of all TCs worldwide. 
These TCs are integral to the Earth’s climate system, influencing tem
perature and precipitation patterns and modulating ocean circulation. 
During El Niño years, TC activity in the WNP typically intensifies due to 
enhanced cyclogenesis (Camargo and Sobel, 2005).

Recent studies, however, have increasingly identified a bidirectional 
relationship, wherein TCs also influence ENSO events. Observational 
and numerical experiments have demonstrated that TCs affect ENSO 
evolution (Li et al., 2023; Lian et al., 2019; Sriver et al., 2013; Wang and 
Li, 2022a, 2022b; Wang et al., 2019; Wang and Tan, 2023). Research has 

shown that high-frequency wind stress can trigger or boost El Niño 
events. Intraseasonal oscillations in the Indian Ocean generate eastward 
Kelvin waves, affecting sea surface temperature and enhancing El Niño 
(McPhaden and Yu, 1999). Similarly, West Wind Bursts (WWBs) can 
intensify El Niño through ocean-atmosphere interactions (Fedorov, 
2002; Fedorov et al., 2015). These interactions can shift the tropical 
Pacific from a neutral to an El Niño state. A strong link exists between 
frequent westerly wind stress and El Niño occurrences near the equator. 
Improving the representation of WWBs in forecast models will greatly 
improve ENSO prediction capabilities (Lopez and Kirtman, 2014).

TCs are associated with approximately 69 % of WWBs, displaying a 
remarkably similar wind field structure (Harrison and Giese, 1991; Lian 
et al., 2018; Lian et al., 2019; Liang and Fedorov, 2021). Such winds 
contribute to the warming of SST in the tropical Pacific (Fedorov et al., 
2010), and the effects of TCs on oceanic and atmospheric conditions can 
persist for extended periods (Hart et al., 2007). Consequently, TCs 
significantly influence El Niño intensity by generating westerly winds 
near the equator, directly affecting El Niño’s development. This rela
tionship has led to the development of an empirical ENSO forecast 
model based on WNP Accumulated Cyclone Energy (ACE; Wang et al., 
2019). Additionally, WNP TCs have been shown to influence the 
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diversity of El Niño events through coupled atmospheric and oceanic 
linkages (Wang and Li, 2022a, 2022b).

In the context of a warming climate, the intensity, frequency, and 
translation speed of TCs have changed significantly. Similarly, the fre
quency, amplitude, diversity, and contribution of external forcings to El 
Niño events have also evolved (Cai et al., 2014; Elsner, 2020; Gan et al., 
2023; Kang and Elsner, 2015, 2016; Yamaguchi et al., 2020; Yang et al., 
2018; Yeh et al., 2009). However, it remains uncertain how the modu
lation of TCs on El Niño intensity may change in a warming climate. This 
study investigates changes in the explained variance between WNP ACE 
and N3.4 SST anomalies over the past 40 years. Results reveal a signif
icant increase in the explained variance, with enhanced circulation 
anomalies and thermocline depth variations linked to WNP TCs. 
Notably, eastward-propagating downwelling oceanic Kelvin waves 
associated with TCs have become more prominent. The corresponding 
thermocline feedback and zonal advection feedback terms, which lag 
TCs by three months, show significant interdecadal enhancement.

2. Data and methods

2.1. Accumulated cyclone energy and TC days

The accumulated cyclone energy (ACE) used in this study is defined 
by Bell et al. (2000): 

ACE =
∑

n
v2

n (1) 

In Eq. (1) n is the nth TC in each 2◦ × 2◦ latitude and longitude grid 
cell in TC key region, and v2

n is the square of the maximum sustained 
wind speed over 6 h. The TC key region is defined as 5◦–20◦N, 
135◦–170◦E, which is the spatial range of ACE calculated in this paper. 
6-hourly maximum sustained wind speed and TCs best-track dataset are 
obtained from the International Best Track Archive for Climate Stew
ardship [IBTrACS, (Knapp et al., 2010)]. TC wind is obtained from 
hourly reanalysis of wind field data [ERA5 (Hersbach et al., 2020), 
NCEP-NCAR (Kalnay et al., 1996) and NCEP-DOE (Kanamitsu et al., 
2002)]. The TC days is defined as the date of TCs in the key region, and 
TC genesis (t0) is the time when each TC was first recorded in TC key 
region, t− 1 is 10 days before the TC genesis, and t+1 is 10 days after the 
TC genesis.

2.2. El Niño intensity and developing years

The El Niño intensity index used in this study is Niño3.4 index (N3.4) 
by NOAA. An El Niño event is defined as the 5 consecutive running 3- 
month mean of N3.4 above +0.5 ◦C. A moderate or above intensity El 
Niño event with N3.4 above +1.0 ◦C was selected. The definition of El 
Niño developing year is a year in which the equatorial Pacific develops 
from a neutral or La Niña state to an El Niño state, and an El Niño 
decaying year is defined as a year in which the El Niño changes from 
strong to weak. Based on the above conditions, this study selected 9 El 
Niño events of moderate or above intensity during 1981–2023 
(1982–1983, 1986–1987, 1991–1992, 1994–1995, 1997–1998, 
2002–2003, 2009–2010, 2015–2016 and 2023–2024) and we mainly 
focus on 9 developing years (1982, 1986, 1991, 1994, 1997, 2002, 2009, 
2015 and 2023). The past 40 years were divided into two periods, P1 
(1981–2000) and P2 (2001− 2023). In addition, the oceanic niño index 
(ONI) is used in the supporting document. Monthly ONI index is avail
able from NOAA. This study used the regression and composite of ERA5 
monthly zonal and meridional wind to analyze the circulation anomaly 
contributed by TCs in El Niño development years and TC wind is ob
tained from hourly zonal and meridional wind.

2.3. Circulation index and intraseasonal oscillation index

The circulation index was calculated in this study to quantify cir

culation anomalies caused by TCs. The zonal and meridional circulation 
indices are defined as follows: 

Ix = − (U200 − U850) (2) 

Iy = − (V200 − V850) (3) 

In Eqs. (2) and (3), zonal circulation index Ix is calculated by zonal 
wind at 200 hPa and 850 hPa (U200 and U850) in 15◦N − 10◦S, 
130◦E− 140◦W, and the meridional circulation index Iy is calculated by 
meridional wind at 200 hPa and 850 hPa (V200 and V850) in 10◦N − 10◦S, 
130◦E− 170◦E. The calculation regions of the meridional and zonal cir
culation indices are selected from the regions of the wind fields that pass 
the Student’s t-test with a significance level of 0.05.

The Madden-Julian Oscillation (MJO) represents the intraseasonal 
oscillation of the tropical atmosphere. To remove its influence, the MJO 
index is used. During the boreal summer, intraseasonal variations 
exhibit a more complex spatio-temporal structure compared to the MJO. 
To account for these, the Boreal Summer Intraseasonal Oscillation 
(BSISO) index is utilized to remove the impact of intraseasonal oscilla
tions (ISO) in summer. The MJO and BSISO indices are provided by the 
International Pacific Research Center (IPRC). These indices are derived 
by projecting band-pass filtered outgoing longwave radiation (OLR) 
data onto daily spatial empirical orthogonal function (EOF) patterns. 
Specifically, the MJO index uses 30–96 days band-pass filtering for the 
D-J-F period, while the BSISO index applies 10–90 days band-pass 
filtering for the J-J-A period, both over the 15◦S-15◦N latitude range. 
MJO or BSISO index IM or B can be calculated from the first two principal 
components (PC1 and PC2) of the EOF in Eq. (4): 

IM or B =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
PC12 + PC22

√
(4) 

2.4. TC in El Niño dynamics and ocean reanalysis data

In this study, linear regression was used to obtain the explained 
percentage, the linearly dependent component, and the linearly inde
pendent component, using binary regression of standardized variable 
x*, y* on z* we obtain the linearly independent part of z*: 

ẑ*
x,y = β1x* + β2y* (5) 

In Eq. (5), ẑ*
x,y is the part of z* that is linearly dependent on x*, y*. 

z* − ẑ*
x,y is the residual or linearly independent component of z*. β1and 

β2 are regression coefficients. Explained percentage Px,y, Px and Py are 
calculated in Eq. (6–8): 

Px,y =
ẑ*

x,y

z* ×100% (6) 

Px =
β1x*

z* ×100% (7) 

Py =
β2y*

z* ×100% (8) 

The thermocline depth and heat budget analysis of the ocean were 
calculated using 5-day ocean reanalysis data from Simple Ocean Data 
Assimilation (SODA), including variables such as meridional, zonal and 
vertical ocean currents and seawater potential temperature. The 
spatiotemporal coordinates of the oceanic Kelvin wave are defined as 
the coordinates where the depth anomalies of thermocline, after being 
filtered by a 20–90 days bandpass filter, exceeds the 90th percentile.

3. Results

3.1. Enhanced explained percentage of TCs

During El Niño developing years, positive ACE anomalies are 
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observed in the southeast quadrant of the WNP. This study focuses on 
the key region of WNP ACE (5◦–20◦N, 135◦–170◦E) (Fig. S1), which 
corresponds to the region of positive ACE anomalies during these years. 
The WNP ACE leading the N3.4 index by three months demonstrates the 
most significant lead-lag correlation between TCs and El Niño intensity 
in the tropical Pacific. Previous studies reported that WNP J-A-S ACE 
explained approximately 51 % of O-N-D N3.4 variations from 1970 to 
2016 (Wang et al., 2019).

Our calculations show a significant increase in the explained per
centage of N3.4 by WNP ACE over the past 40 years (Figs. 1a and S4). 
Specifically, the percentage of explanation for O-N-D N3.4 by J-A-S ACE 
exhibits the fastest growth, at approximately +11.2 % per decade 
(Fig. 1a). Similar results are obtained when using the ONI index 
(Fig. S2). Even in ACE+N3.4 binary regression analyses, the explanatory 
power of J-A-S ACE for N3.4 lagged by three months is steadily 
increasing. While the lead-lag relationship between WNP ACE and N3.4 
remains unchanged, the correlation coefficient has increased over time 
(Fig. 1b). After removing intraseasonal variability, the trend remains 
consistent (Fig. S3a), further emphasizing the growing role of TCs in 
ENSO forecasting systems. Even after accounting for simultaneous N3.4 
influences, J-A-S ACE retains significant explanatory power with an 
upward trend (Fig. 1a), underscoring the importance of TCs in ENSO 
dynamics. Consequently, empirical forecasting models based on the 
correlation between J-A-S ACE and O-N-D N3.4 are expected to 
demonstrate enhanced forecasting skill.

Over the past 40 years, both standardized N3.4 and WNP ACE have 
exhibited increasing trends during El Niño events, though the growth 
rate of ACE exceeds that of N3.4 (Fig. 1c). After removing the mutual 
influences between J-A-S ACE and O-N-D N3.4, contrasting trends 
become evident (Fig. 1d). The linearly independent component of J-A-S 
ACE increases, while the independent component of O-N-D N3.4 

decreases. This indicates that the faster growth of ACE during El Niño 
developing years explains the increased percentage of N3.4 variability 
attributed to WNP ACE. In a warming climate, TCs generated during El 
Niño events have become more intense, even though ACE does not show 
a significant increase across all years (including La Niña and neutral 
phases). Favorable conditions during El Niño years continue to drive the 
growth of ACE, even after removing ENSO-related trends (Fig. 1d). The 
consistency of results after removing intraseasonal signals indicates that 
such signals have minimal impact on TCs and ENSO dynamics (Fig. S3).

3.2. Enhanced impact of TCs on El Niño by atmospheric bridges

TCs modulate El Niño intensity through oceanic and atmospheric 
bridges (Wang et al., 2019; Wang and Tan, 2023). The TC wind field, 
derived from hourly reanalysis 10-m wind data, reveals strong westerly 
anomalies south of the key region, extending to the equator (Fig. 2a and 
b). The relationship between TCs and WWBs is well-documented (Lian 
et al., 2018), with westerly winds on the southern flank of TCs signifi
cantly affecting equatorial regions for extended periods (Hart et al., 
2007). Recently, TCs have generated more pronounced westerly 
anomalies near the equator (Fig. 2c), corresponding to the increasing 
trend of ACE during El Niño developing years from P1 to P2. Different 
reanalysis data show almost the same TC wind (Fig. 2d–2i). More intense 
storms now exert stronger equatorial wind stress (Fig. S5).

At 850 hPa, large-scale westerly wind anomalies are observed south 
of the TC key region, driven by low-pressure systems through semi- 
geostrophic adjustment (Fig. 3a and b). Similarly, at 200 hPa, easterly 
wind anomalies are generated due to increased geopotential height 
caused by TC-induced convection (Fig. 3d and e). Persistent low-level 
westerly winds near the equator are generated by low-latitude TCs, 
while upper-level convection raises geopotential height and induces 

Fig. 1. (a) Explained percentage of leading ACE for O-N-D N3.4. The black and blue solid (dash-dot) lines represent the explained percentage for the leading ACE in 
the binary regression. The red and magenta solid (dash-dot) lines represent the explained percentage for the leading ACE in the simple regression. The text in the 
corresponding colors represents the growth rate and 95 % confidence interval. ACE* represents ACE after removing simultaneous N3.4. (b) The lead-lag correlation 
and autocorrelation of ACE and N3.4 in P1 (1981–2000) and P2 (2001–2023). The thin dashed lines of corresponding colors represent the correlation coefficients of 
Student’s t-test at a 95 % confidence level calculated using effective degrees of freedom. (c) Scatterplot of the standardized time series of WNP J-A-S ACE. The black 
and red solid lines represent the linear fits of ACE and N3.4, and the black and red shading represents confidence interval of 95 % in regression. (d) Similar to (c), but 
after removing lead-lag signals. ACEN3.4

1 represents ACE with 3-month lag N3.4 influence removed, and N3.4ACE
0 represents N3.4 with 3-month lead ACE influence 

removed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Annual average accumulated zonal TC wind in TC’s third and fourth quadrants in P1 (1981–2000) (a) and P2 (2001–2023) (b) base on ERA5 reanalysis. 10-m 
wind anomalies (vectors) and zonal wind energy (shading) are represented in this figure. Black rectangles represent the calculated regions for TCs. (c) Similar to (a) 
and (b) but for the difference between P1 and P2. (d)-(f), (g)-(i) are same to (a)-(c), but for NCEP/NCAR reanalysis and NCEP/DOE reanalysis II.

Fig. 3. (a)–(c) Composite of wind anomalies (vectors) and zonal wind anomalies (shading) at 850 hPa associated with WNP J-A-S ACE during El Niño developing 
years. Only zonal wind anomalies passing the α = 0.05 Student’s t-test are shown in the figure. Black, red and blue rectangles represent the calculated regions for 
ACE, circulation index and N3.4, respectively. (d)–(e) Similar to (a)–(c), but at 200 hPa. (g)–(i) Similar to (a)–(c), but at vertical–meridional plane, and the magnitude 
of the vertical p-velocity (shading) has been multiplied by − 200. Only vertical p-velocity passing the α = 0.05 Student’s t-test are shown in the figure. Here P1 
represents 1981 to 2000, and P2 represents 2001 to 2023. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)
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easterly anomalies, forming an inverse Walker circulation. This inverse 
circulation further amplifies El Niño intensity, demonstrating the 
mechanism by which TCs influence ENSO via atmospheric bridges.

Comparing wind field anomalies between P1 and P2 reveals signif
icantly stronger meridional and zonal circulations associated with ACE 
during P2 (Fig. 3c, f, and i). The corresponding circulation index shows a 
linear increase of approximately +1.1 m•s− 1 per decade (Fig. S7). 
Stronger westerly (easterly) anomalies at 850 hPa (200 hPa), along with 
intensified convection, further weaken the Walker circulation, ampli
fying El Niño events. Correlation coefficients between the J-A-S merid
ional and zonal circulation indices and J-A-S ACE are approximately 
0.96, indicating a robust link between TCs and simultaneous wind 
anomalies. These conclusions remain consistent after removing intra
seasonal variability (Fig. S6).

3.3. Enhanced impact of TCs on El Niño by oceanic bridges

Another mechanism through which TCs modulate El Niño intensity is 
the oceanic bridge. Unlike the atmospheric bridge, the oceanic bridge 
operates by deepening (in the eastern Pacific) and shallowing (in the 
western Pacific) the thermocline through eastward-propagating down
welling oceanic Kelvin waves excited or enhanced by TCs. Thermocline 
fluctuation signals before and after TC genesis were calculated and are 
presented in Fig. 4. Ten days prior to TC genesis, thermocline depth 
anomalies were negligible. However, post-genesis, the thermocline in 
the key region became shallower, while a deepening signal appeared to 
the east. This deepening signal propagates eastward as a Kelvin wave, 
reaching the eastern equatorial Pacific within approximately two to 

three months (Fig. 5). These observations strongly support the role of 
atmospheric stochastic wind stress forcing in shaping ocean thermal 
structures.

These powerful storms reinforce a distinctive zonal dipole pattern of 
seawater potential temperature anomalies (Fig. 6a and b), highlighting 
their contribution to the accumulation of ocean heat content in the 
equatorial eastern Pacific. TCs induce a shallower thermocline in the 
western Pacific and a deeper thermocline in the eastern Pacific (Figs. 4 
and 6d). This pattern not only underscores the pivotal role of TCs in 
reshaping the oceanic thermal structure but also offers valuable insights 
into the intricate atmosphere-ocean interactions. WNP ACE leads N3.4 
by approximately three months, with the eastward Kelvin wave propa
gating at a velocity of ~2 m⋅s− 1, delivering the warm signal to the 
eastern equatorial Pacific within 2–3 months (Figs. 4 and 5). These 
findings suggest that TCs during the TC season exert a more significant 
impact on ENSO intensity than previously anticipated. Over the past 40 
years, associated thermocline depth and potential temperature anoma
lies from WNP TCs have intensified, contributing to a more pronounced 
zonal thermal structure and a greater influence on El Niño intensity 
(Fig. 6c and d). Furthermore, intraseasonal signals were found to have 
minimal impact on these results (Fig. S8). Recent studies have suggested 
that the contribution of external forcing to ENSO SST anomalies has 
increased significantly since 1980, surpassing internal variability (Gan 
et al., 2023). This finding aligns with the observed increased contribu
tion of TCs to El Niño.

Over the past 40 years, WNP TC ACE during El Niño developing years 
has shown a marked increase, with active TCs generating stronger 
westerly anomalies near the equator (Fig. 2c). The correspondence 

Fig. 4. Composite of thermocline depth anomalies after each TC genesis in key region from 1981 to 2023. The red solid lines represent the thermocline depth 
anomalies at depth–zonal plane between 5◦S − 5◦N. The red shading and solid circle represent TC key region and trough. 0 day is defined as the date when each TC 
was first recorded. Black spots denote anomalies passing the α = 0.05 Student’s t-test. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.)
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between TC activity and eastward Kelvin waves has become increasingly 
evident, as shown by the Hovmöller diagram of thermocline depth 
anomalies (Fig. 5). TCs are frequently accompanied by eastward- 
propagating deepening thermocline signals (Fig. 7e), and this relation
ship has grown stronger over time. We analyzed equatorial thermocline 
depth anomalies before and after each TC genesis and examined the 
relationship between annual TC days and Kelvin wave activity days. 
Composite analyses reveal that significant eastward-propagating 
downwelling waves are generated after TCs (Fig. 4). Moreover, the 
impact of TC-induced wind fields on the thermocline has intensified, 
with storms producing waves of greater amplitude, thereby regulating El 
Niño more effectively (Fig. 7c and d).

In order to further study the contribution of TCs to El Niño dynamics 
and oceanic heat budget, we refer to Jin et al. (2003) and Li et al. (2023), 
and use the temperature tendency equation as follows: 

∂Tʹ

∂t
= − uʹ∂T

∂x
− v́

∂T
∂y

− ωʹ∂T
∂z

− u
∂Tʹ

∂x
− v

∂Tʹ

∂y
− ω∂Tʹ

∂z
− uʹ∂Tʹ

∂x
− v́

∂Tʹ

∂y
− ωʹ∂Tʹ

∂z
+R

(9) 

TCs can activate and enhance the eastward downwelling Kelvin 
waves and also cause widespread westerly winds near the equator, so we 
focus on the thermocline feedback term ( − ω∂Tʹ

∂z ) and the zonal advection 
feedback term ( − uʹ∂T

∂x) of Eq. (9) (Jin, 1997; Jin and An, 1999; Li et al., 
2023), as they are the primary mechanisms by which TCs modulate El 
Niño intensity. Since WNP ACE leads N3.4 by approximately months, we 
calculated the thermocline anomalies caused by TCs 3 months later. The 
composite evolution of thermocline depth anomalies associated with 
ACE is presented in Fig. 8a and b. The results demonstrate that TCs 
significantly contribute to the deepening (in the eastern Pacific) and 
shallowing (in the western Pacific) of the thermocline three months 
post-TC genesis during both analyzed periods. Furthermore, the ampli
tude of thermocline depth anomalies associated with ACE has increased 

Fig. 5. (a)–(i) Hovmöller diagram of thermocline depth anomalies between 5◦S − 5◦N during developing years. The depth of the thermocline is calculated as the 
depth of the isothermal depth of 20 ◦C and filtered by a bandpass filter for 20–90 days. The green circles represent TC days and their corresponding longitudes. The 
green shade indicates the intraseasonal variation of WNP ACE. Intraseasonal signal has been removed. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)
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during the P2 period, indicating that the oceanic impacts of TCs have 
become more pronounced.

The impacts of atmospheric random westerly stress forcings and 
their induced oceanic waves in the climate system are remarkable. These 
forcings contribute to positive SST anomalies, which in turn have sig
nificant implications for the intensity and frequency of TCs. In recent 

years, the intensity of TCs has increased significantly, a phenomenon 
that has been observed globally and is consistent with the projected 
impacts of climate change. This rise in TC intensity is evident during El 
Niño developing years (Fig. 1c and d). During El Niño developing years, 
the warming of the equatorial eastern Pacific Ocean leads to changes in 
atmospheric circulation, including enhanced westerly wind bursts. TCs 

Fig. 6. (a)–(c) Composite of O-N-D potential temperature anomalies associated with ACE0 at depth–zonal plane between 5◦S − 5◦N during El Niño developing years. 
Black contours represent the absolute value of anomalies greater than 1.0 or 0.5 ◦C. Only potential temperature anomalies passing the α = 0.05 Student’s t-test are 
shown in the figure. (d) Composite of O-N-D thermocline depth anomalies between 5◦S − 5◦N during El Niño developing years. The depth of the thermocline is 
calculated as the depth of the isothermal depth of 20 ◦C. The red solid and dashed lines represent the composite of depth anomalies in the two periods during El Niño 
developing years. Black is similar to red, but indicates the portion explained by ACE0. Thicker lines pass the α = 0.05 Student’s t-test. ACE0 represents leading WNP 
ACE. Here P1 represents 1981 to 2000, and P2 represents 2001 to 2023. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)

Fig. 7. (a)–(d) Composite of thermocline depth anomalies after and before TC genesis in developing years. The red (blue and black) solid lines represent the 
thermocline depth anomalies at depth–zonal plane between 5◦S − 5◦N during El Niño developing years after (before and when) TC genesis. The red shading rep
resents TC key region. And t0 (t− 1 and t+1) is defined as the date (10 days ago and later) when each TC was first recorded. (e) TC and Kelvin wave days in developing 
years of P1 (1981–2000) and P2 (2001–2023). The black and red bars (error bar) represent the (standard deviation of) percentage of days in P1 and P2, respectively. 
Where A/B denotes percentage of the number of days when A occurs to the number of days when B occurs. Associated anomalies denote the percentage of the 
anomalies associated with TCs in total anomalies. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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provide positive feedback to ENSO development by enhancing ACE 
during El Niño years, which further amplifies El Niño intensity. 
Neglecting the influence of TCs could significantly reduce the accuracy 
of ENSO forecasting systems (Li et al., 2023; Lian et al., 2019; Wang 
et al., 2019).

This positive feedback mechanism has strengthened in recent years, 
highlighting the increasing significance of TC-related thermocline and 
zonal advection feedbacks (Figs. 8c–8h). These feedback terms show no 
significant changes in ENSO development between the two periods 
analyzed (Fig. S9), except for the components directly linked to ACE 
(Fig. 8). Among these, vertical convection of temperature anomalies 
stands out as the dominant factor. This process leads to subsurface 
warming in the eastern Pacific, which contributes to El Niño SST 
anomalies under the influence of the average vertical ocean current 
(Fig. 8c and d). The evolution of thermocline feedback closely mirrors 
the evolution of thermocline depth anomalies (Figs. 8a–8d), both 
peaking during O-N-D and lagging the TC season by approximately three 
months. Zonal advection feedback also shows an increasing trend, 
although its magnitude is lower than that of thermocline feedback. Its 
evolution pattern differs from thermocline feedback (Fig. 8e and f). TCs 

generate advection feedback that contributes to warming in the central 
and eastern equatorial Pacific, consistent with results from numerical 
experiments (Li et al., 2023).

4. Conclusions and disscussion

Numerous studies have shown that TCs enhance the intensity of El 
Niño, but how this effect may evolve under changing climate conditions 
remains unclear. In this study, we examined the contribution of TCs to El 
Niño intensity over the past 40 years. Our results indicate that TCs play 
an increasingly important role in providing positive feedback to El Niño 
development. During El Niño developing years, favorable cyclonic 
conditions strengthen WNP ACE, which subsequently amplifies N3.4 
three months later. This feedback arises from coupled atmosphere-ocean 
processes.

Low-latitude TC activity is now producing longer-lasting and stron
ger westerly winds near the equator. The relationship between TCs and 
WWBs has also become increasingly evident (Lian et al., 2018). As a 
result, TCs intensify El Niño far more than previously anticipated. Over 
the past 40 years, significant increases in WNP ACE have been observed 

Fig. 8. (a), (b) Composite of Hovmöller diagram of thermocline depth anomalies associated with leading WNP ACE between 5◦S − 5◦N during P1 and P2. The depth 
of the thermocline is calculated as the depth of the isothermal depth of 20 ◦C. (c), (d) Composite of Hovmöller diagram of thermocline feedback term ( − ω∂Tʹ

∂z ) 

contributed by leading WNP ACE between 5◦S − 5◦N during P1 and P2. (e), (f) Similar to (c), (d), but for zonal advection feedback term ( − uʹ∂T
∂x ). (g), (h) Similar to 

(c), (d), but for total temperature tendency (∂Tʹ
∂t ). Only anomalies passing the α = 0.05 Student’s t-test are shown in the figure. Here P1 represents 1981 to 2000, and 

P2 represents 2001 to 2023. Intraseasonal signal has been removed.
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during moderate or stronger El Niño events. The percentage of N3.4 
variability explained by WNP ACE has increased at a rate of approxi
mately +11.2 % per decade. In a warming climate, as atmospheric and 
oceanic energy increases, TCs are expected to contribute more signifi
cantly to El Niño intensity. Even after removing the influence of N3.4, 
WNP ACE shows a steady growth trend. This suggests that the mutually 
reinforcing relationship between J-A-S ACE and O-N-D N3.4 has become 
more robust.

TCs modulate ENSO intensity through both oceanic and atmospheric 
bridges, with their importance in both mechanisms increasing over time. 
WNP TCs are associated with enhanced wind and circulation anomalies, 
particularly stronger equatorial westerly winds. These winds exert 
greater stress near the equator, effectively strengthening or triggering 
eastward-propagating Kelvin waves. Similarly, TCs have an increasing 
influence on potential temperature and thermocline depth evolution, 
contributing to El Niño dynamics through thermocline feedback and 
zonal advection feedback. Analyses of El Niño events over the past 40 
years reveal a closer relationship between TC activity and Kelvin waves. 
The amplitude of Kelvin waves generated by TCs has increased, a finding 
further supported by composite analyses of two periods. In addition, 
intraseasonal variability plays a negligible role in the interaction be
tween TCs and ENSO.

In this study, WNP ACE acts as a bridge between synoptic-scale and 
interannual-scale systems, quantifying the cumulative contribution of 
TCs. We propose incorporating the influence of TCs into ENSO fore
casting systems. Further investigation is needed to determine whether 
the intensified impact of TCs over the past 40 years is driven by global 
warming or decadal variability. Although this study focused on the 
impact of TCs during El Niño events, the role of WNP ACE during La 
Niña phases, where it is significantly suppressed, warrants further 
exploration. Reanalysis datasets have inherent limitations in accurately 
capturing the intensity and wind structure of TCs. Notably, these data
sets tend to underestimate TC wind speeds, a shortcoming that cannot be 
overlooked. In reality, the westerly winds generated by TCs near the 
equator are likely stronger than represented, and their significant 
contribution to El Niño intensity needs to be given greater attention.

Open research

The TCs best-track dataset and ACE calculated in this study are 
publicly available from the International Best Track Archive for Climate 
Stewardship (IBTrACS) (https://www.ncei.noaa.gov/products/internat 
ional-best-track-archive). The monthly ONI index is available from 
NOAA (https://origin.cpc.ncep.noaa.gov/products/analysis_monitori 
ng/ensostuff/ONI_v5.php). The daily MJO and BSISO index are avail
able from IPRC (https://iprc.soest.hawaii.edu/users/kazuyosh/Bimodal 
_ISO.html). The monthly SST data with resolution of 2◦ × 2◦ from 1981 
to 2023 are collected from the Extended Reconstructed Sea Surface 
Temperature (ERSST) V5 dataset (https://psl.noaa.gov/data/gridded/ 
data.noaa.ersst.v5.html). The hourly wind fields on pressure levels 
with resolution of 0.25◦ × 0.25◦ from 1981 to 2023 are used from 
ECMWF Reanalysis v5 (ERA5) (https://cds.climate.copernicus.eu 
/datasets/reanalysis-era5-pressure-levels?tab=download), the National 
Centers for Environmental Prediction-National Center for Atmospheric 
Research (NCEP-NCAR) and the Department of Energy (NCEP-DOE) 
reanalysis dataset. (https://psl.noaa.gov/data/gridded/data.ncep.rean 
alysis.html and https://psl.noaa.gov/data/gridded/data.ncep.reanaly 
sis2.html). And 5-day potential temperature and current at various 
depths with resolution of 0.5◦ × 0.5◦ from 1981 to 2023 are used by the 
Simple Ocean Data Assimilation (SODA 3.15.2) (https://dsrs.atmos. 
umd.edu/DATA/soda3.15.2/REGRIDED/ocean/).
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