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Abstract
Most tropical cyclones (TCs) generated over the eastern North Pacific (ENP) do not make landfall. Consequently, TCs in this 
basin have received less attention, especially those that occur away from the mainland. Furthermore, there have been few 
studies of the climatic effects of ENP TCs. This study explores the feedback relationship between ENP TCs and the intensity 
of the El Niño–Southern Oscillation (ENSO), including El Niño and La Niña events, from the perspective of accumulated 
cyclone energy (ACE). Observational and modeling results indicate that the ENP ACE 3 months earlier can still affect the 
intensity of El Niño and La Niña events, although the SST persistence is main contributor. Thereinto, the impact of ENP TCs 
on El Niño appears to be approximately equal to that on La Niña. Moreover, this impact is independent of the persistence of 
the sea surface temperature (SST) in the Niño 3.4 region and the Madden–Julian Oscillation. Generally, the greater the ENP 
ACE, the stronger the El Niño, and the smaller the ENP ACE, the stronger the La Niña; this is especially the case for those 
TCs that develop over the July‒September period. In addition, results show that the ENP TCs modulate ENSO intensity 
by changing anomalous zonal wind at the low-level atmospheric layer. And the joint impacts of the low-level zonal wind 
anomalies on the Walker circulation and the east–west thermocline gradient lead to the time characteristics that ENP TCs 
lead ENSO intensity by about 3 months.
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1  Introduction

El Niño and La Niña events, the warm and cool phases of 
the El Niño–Southern Oscillation (ENSO, all abbrevia-
tions occurred in the text or figures have been shown in the 
Appendix I), have a tremendous impact on global synoptic 
and climatic systems (Alexander et al. 2002; Kug et al. 2009; 
Feng and Li 2011; Wang et al. 2016, 2019b; Xie et al. 2020). 
As the second most active ocean basin with respect to tropi-
cal cyclones (TCs), the eastern North Pacific (ENP) experi-
ences ~ 17% of all TCs worldwide (Li et al. 2016). As in the 
other basins (Camargo and Sobel 2005; Chand et al. 2013; 
Wang et al. 2013; Zhan et al. 2017; Guo and Tan 2018; Yang 
and Oh 2018; Kim et al. 2020), ENSO has a significant influ-
ence on TC activity over the ENP, and especially on those 

TCs that develop in the western portions of the ENP (Chu 
and Wang 1997; Irwin and Davis 1999; Chu 2004; Camargo 
et al. 2008; Gutzler et al. 2013; Jin et al. 2014; Jien et al. 
2015; Balaguru et al. 2020). Compared with La Niña events, 
during El Niño events, the number of westward-moving TCs 
increases, and the average genesis location of the ENP TCs 
is more westward. These TCs also have greater intensity and 
longer lifespans. Hence, during these periods, most TCs are 
away from the North American coastline, and the incidence 
of TCs in the vicinity of Hawaii increases.

In addition to the modulation of TC activity by ENSO, 
observational and modeling studies have shown that TCs 
can also affect the sea surface temperature (SST) in the ENP 
(Keen 1982; Fedorov et al. 2010; Lian et al. 2019; Wang 
et al. 2019b). Some studies of TC cases have suggested that 
this influence might result from the modulation by TCs of 
westerly wind bursts and the propagation of equatorial oce-
anic waves (Sriver et al. 2013; Lian et al. 2018). On interan-
nual timescales, Camargo and Sobel (2005) found firstly that 
accumulated cyclone energy (ACE; Bell et al. 2000) over 
the western North Pacific leads Niño indices. Furthermore, 
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Wang et  al. (2019b) showed that ACE is a key bridge 
between TCs and climatic events, and they demonstrated 
systematically that TCs over the western North Pacific can 
affect El Niño intensity by modulating the Walker circula-
tion and equatorial oceanic kelvin waves. In addition, recent 
study has demonstrated that TCs over the western North 
Pacific can affect the spatial pattern of ENSO (Wang and 
Li 2022a, b, c).

To sum up, previous studies have demonstrated that TCs 
play an important role in climatic events, but studies of the 
climatic effect of TCs on ENSO have focused mainly on 
TCs over the western North Pacific. Furthermore, because 
most TCs over the ENP do not make landfall, the TCs that 
develop in this basin have received less attention. Conse-
quently, the primary purpose of this study is to investigate 
whether a feedback relationship exists between ENP TCs 
and ENSO intensity. In the remainder of the paper, Sect. 2 
describes the data and methods used in our analysis, Sect. 3 
provides evidence to verify the influence of the preceding 
(3 months earlier) TCs over the ENP on El Niño and La Niña 
intensity, and discusses the role of SST persistence in this 
influence, and Sect. 4 explores the role of the Madden–Julian 
Oscillation (MJO) with respect to the modulation of ENSO 
intensity by ENP TCs, Sect. 5 shows the possible mecha-
nisms how the ENP TCs affect ENSO intensity. Finally, in 
Sect. 6, we present a summary of our key findings and our 
conclusions.

2 � Data and methods

2.1 � Data

The 6-h maximum sustained surface wind speeds and 
the locations of all recorded ENP TCs over the period 
1970–2020 were obtained from the International Best Track 
Archive for Climate Stewardship (IBTrACS) maintained 
by the National Oceanic and Atmospheric Administration 
(NOAA); The daily SST data for the period 1979–2020 were 
obtained from the ERA5 dataset of European Centre for 
Medium-Range Weather Forecasts (ECMWF). We also used 
NOAA’s interpolated outgoing longwave radiation (OLR) 
data for the period 1979–2020 (Liebmann and Smith 1996). 
The monthly wind dataset for the period 1970–2020, with a 
horizontal resolution of 2.5° × 2.5°, was obtained from the 
National Centers for Environmental Prediction–National 
Center for Atmospheric Research (NCEP–NCAR) reanaly-
sis dataset (Kalnay et al. 1996). The monthly SST data were 
obtained from the Extended Reconstructed Sea Surface 
Temperature (ERSST) V5 dataset, with a horizontal resolu-
tion of 2° × 2° (Huang et al. 2017). Ocean variables are taken 
from the Simple Ocean Data Assimilation product (Carton 
and Giese 2008) for the period 1970–2010, with a horizontal 

resolution of 0.5° × 0.5°. All monthly data were smoothed 
using a 3-month running mean.

2.2 � Selection of ENSO events

According to the de-facto standard developed by NOAA, 
the Niño 3.4 index is defined as the running 3-month mean 
of the SST anomaly for the Niño 3.4 region (5°S‒5°N, 
120‒170°W). 5 consecutive overlapping 3-month periods 
at or above the + 0.5° anomaly (at or below the − 0.5° anom-
aly) defines the El Niño (La Niña) events; and the threshold 
of the moderate events changes to ± 1.0° to ± 1.4° anomaly 
(https://​ggwea​ther.​com/​enso/​oni.​htm). For this study, we 
used above-moderate (including moderate) ENSO events. 
Consequently, the selected El Niño events were from the 
years 1972 − 1973, 1982 − 1983, 1986 − 1987, 1991 − 1992, 
1994 − 1995, 1997 − 1998, 2002 − 2003, 2009 − 2010, and 
2015 − 2016, and the selected La Niña events were from 
1970 − 1971, 1973 − 1974, 1975 − 1976, 1988 − 1989, 
1995 − 1996, 1998 − 1999, 1999 − 2000, 2007 − 2008, 
2010 − 2011, 2011 − 2012, and 2020 − 2021. The maximums 
of the Niño 3.4 index for all of the events selected in this 
study occurred from October to January, therefore the El 
Niño event of 1987 − 1988 was excluded. The year in which 
the El Niño (La Niña) event developed from weak to strong 
(January − December) was used to classify the El Niño (La 
Niña) developing year, and the year in which the El Niño (La 
Niña) event decayed from strong to weak to classify the El 
Niño (La Niña) decaying year.

2.3 � ACE

The ACE (Bell et al. 2000; Wang et al. 2019b; Wang and Li 
2022a) in a single 2° latitude × 2° longitude grid cell (x, y) 
was calculated as follows:

where x and y are latitude and longitude, respectively, i is 
the ith TC in the grid cell (x, y), and Vmax is the recorded 
maximum sustained surface wind speed (in knots) every 
6 h. Thus, the ACE index in the key domain of the ENP 
(5°‒25°N, 125°W‒180°) is defined as the anomaly of the 
sum of the ACE for all grid cells in this region. Figure 1 
shows how the key domain of the ENP ACE was identified.

2.4 � MJO index and events

The MJO is one of the dominant modes of variability in 
the tropical atmosphere over intraseasonal timescales (Mad-
den and Julian 1972, 1994; Madden 1986). The two lead-
ing principal components (PCs) of the empirical orthogonal 

(1)ACE(x, y) =
∑

i

Vmax(x, y)
2

i
,

https://ggweather.com/enso/oni.htm
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functions of OLR with a 30‒60 days band-pass filtering are 
PC1 and PC2 (Wheeler and Hendon 2004), and the daily 
MJO index is calculated from PC12 + PC2

2. MJO events 
are defined as occurring when 

√

PC1
2 + PC2

2
≥ 1 , and 

non-MJO events as occurring when 
√

PC1
2 + PC2

2 < 1 . 
MJO events can be divided into two types based on their 
eight phases; i.e., active and inactive MJO events. Generally, 
phases 4–7 represent the active MJO events, and phases 1–3 
and 8 represent the inactive MJO events.

2.5 � Explained percentage

To quantify the contributions from the different impact fac-
tors, Wang et al. (2019b) defined the concept of explained 
percentage, which is calculated using regression analysis 
as follows.

Step 1. Obtain that part of Y associated with X ( ỸX):

where a0 and a1 are the regression coefficient and a constant, 
respectively.

Step 2. The explained percentage (EPX) of ỸX for Y is:

(2)ỸX = a0X + a1,

In addition, we can obtain the X-independent Y ( Y∗
X
 ; that 

is, the remainder of Y after removing the signal of X or the 
signal of X is removed from the Y) after obtaining ỸX:

In this study, all of regression analyses (i.e., Eq. 2) are 
based on the monthly datasets in the period 1970‒2020 
(1970‒2010 for thermocline dataset) except for MJO. For 
MJO, the first step to obtain MJO-independent Niño 3.4 
index is to remove the MJO signal from the daily SST data 
during 1979‒2020. Then the processed daily SST data is 
transformed into monthly data. Thus, MJO-independent 
Niño 3.4 index can be obtained. It should also be noted 
that this study involves removing the autocorrelation of the 
Niño 3.4 index, which means removing the influence of the 
Niño 3.4 index on itself three months earlier. Therefore, the 
impact factor ( X ) is the Niño 3.4 index three months earlier.

After passing the significance test of regression analy-
sis, the results during ENSO developing year are selected 
to composite. Then, take a statistical significance test for 
composite analysis, that is, to examine whether there is a 
significant difference between the ENSO developing year 
and all years, if it’s true, it means that the composite result is 
significant. Thus, we can obtain the corresponding explained 
percentages.

2.6 � Effective number of degrees of freedom

The effective number of degrees of freedom (Neff) is used 
to calculate the statistical significance of the correlation 
between two autocorrelated time series and was assessed 
using a two-tailed Student’s t test (Pyper and Peterman 1998; 
Xie et al. 2014; Sun et al. 2015; Wang et al. 2019a):

where N is the sample size and �S1(j) and �S2(j) are the 
autocorrelations of the two sampled time series S1 and 
S2, respectively, at time lag j. In this study, the effective 
number of degrees of freedom is applied to calculate the 
statistical significance of the lead-lag correlations between 
S1 and S2, including ACE and Niño 3.4 index, ACE and 
Walker circulation index, and ACE and the east–west 
thermocline gradient index, via the Student t test. There-
into, Walker circulation index = U200‒U850, where U200 
and U850 are the mean zonal wind anomalies (5°S‒5°N, 
120°W‒120°E) at the 200- and 850- hPa levels, respectively. 

(3)EPX =
ỸX

Y
× 100%

(4)Y∗
X
= Y − ỸX

(5)
1

Neff
≈

1

N
+

2

N

N
∑

j=1

N − j

N
�S1(j)�S2(j),

Fig. 1   Composite of the ENP ACE anomalies (shading, knot2) dur-
ing the developing years of a El Niño and b La Niña from 1970 to 
2020. The black rectangle denotes the key domain of ACE (5°–25°N, 
125°W–180°). The stippled regions indicate significance above the 
95% confidence level, based on Student’s t-test
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And the east–west thermocline gradient index = 20  °C 
isotherm depth[5°S–5°N, 120°W–170°W]–20  °C isotherm 
depth[5°S–5°N, 120°E–170°E]. Unless otherwise stated, all datasets 
are the monthly data in the period 1970‒2020 (1970‒2010 
for thermocline dataset).

2.7 � Model and design of experiments

In the part which the relative contributions of the differ-
ent impact factors are discussed, an intermediate-complex-
ity coupled ocean–atmosphere model (Zebiak and Cane 
1987; Chen et al. 2000, 2004; Gao et al. 2020), LDEO5, is 
employed to verify the role of ENP ACE in affecting ENSO 
intensity. LDEO5 model includes two modules: atmospheric 
and oceanic modules. And atmospheric dynamics are driven 
by steady state and linear shallow-water equations (Gill 
1980), which can simulate the response of anomalous wind 
field to surface heat flux. The atmospheric module is on 
the grid resolution of 2°(latitude) × 5.625°(longitude), with 
the domain of 29°S − 29°N, 101.25° − 286.875°E; The oce-
anic dynamics are governed by a reduced-gravity model, 
which can simulate the response of upper ocean to anoma-
lous wind field. The oceanic module is on the grid reso-
lution of 2°(latitude) × 0.5°(longitude), with the domain of 
28.75°S − 28.75°N, 124° − 280°E. More details of LDEO5 
have been reported in the previous study (Chen et al. 2004). 
This model has been widely applied to study the response 
of ENSO to the different external forces (Wang et al. 2019b; 
Gao et al. 2020). In this study, eight experiments are set up, 
details can be found in the Appendix II.

3 � The feedback relationship between ENP 
ACE and ENSO events

3.1 � Timeseries characteristics

As shown in Fig. 1, the change in the mean ACE anomalies 
is evident to the west of 125°W during the ENSO develop-
ing years. Furthermore, during the El Niño developing years 
(Fig. 1a), the ACE anomalies are greater than those seen in 
the climatology, which might be associated with the west-
ward shift of the TC genesis location and tracks (Chu and 
Wang 1997; Chu 2004; Camargo et al. 2008). The opposite 
situation occurs during the La Niña developing years; i.e., 
the ACE anomalies are less than those seen in the climatol-
ogy (Fig. 1b). Based on this distribution, the ACE in the 
key domain (5° − 25°N, 125°W − 180°; hereafter ENP ACE) 
was selected for further study. The results of the lead‒lag 
correlation analysis (Fig. 2a) indicate that ENP ACE leads 
the Niño 3.4 index by about 3 months reaching its maximum 
(correlation coefficient is ~ 0.32). Meanwhile, the simultane-
ous correlation coefficient between ENP ACE and Niño 3.4 

index reaches ~ 0.23, and this correlation coefficient is also 
significant although it’s weak. These relationships imply that 
the strong autocorrelation of SST in the Niño 3.4 region 
(i.e., SST persistence) might be the main reason why ENP 
ACE leads the Niño 3.4 index. As shown in Fig. 2a, differing 
from the Niño 3.4 index, the autocorrelation of ENP ACE 
with its value 3 months earlier is not significant. The whole 
variation of the autocorrelation of ENP ACE also differs 
from that of the Niño 3.4 index (Fig. 2a). Moreover, when 
the preceding Niño 3.4 index is removed from ENP ACE, 
ENP ACE still leads the Niño 3.4 index (Fig. 2b). Even after 
removing the autocorrelation of the Niño 3.4 index with its 
value 3 months earlier, this lead relationship is still evident 
(Fig. 2b). Of course, there is another problem, when the ENP 
ACE leads the Niño 3.4 index by about 3 months, the cor-
relation coefficient between them is ~ 0.32. It seems a little 
weak. Actually, it results from the few TCs in non-ENSO 
year. The result from the lead-lag correlation between the 
ENP ACE and Niño 3.4 index during the ENSO developing 
year further verifies this point, the correlation coefficient 
can reach up to ~ 0.48 when ACE leads Niño 3.4 index by 
3 months (Fig. 2c); when the preceding Niño 3.4 index is 
removed from ENP ACE, ENP ACE still leads the Niño 3.4 
index (Fig. 2d), and the correlation coefficient changes a 
little before and after the removal of the preceding Niño 3.4 
index. Even after removing the autocorrelation of the Niño 
3.4 index with its value 3 months earlier, this lead relation-
ship is still evident (Fig. 2d). All of these features imply that 
the influence of the preceding ENP ACE on the Niño 3.4 
index does not result entirely from the persistence of SST in 
the Niño 3.4 region.

However, aforementioned correlativity analysis is not 
enough to demonstrate the extent of effects of the preced-
ing Niño 3.4 index on the feedback relationship between 
the preceding ENP ACE and SST in the Niño 3.4 region. 
As shown in Fig. 3a, when the preceding Niño 3.4 index is 
removed, the intensity of the preceding ENP ACE changes 
very little, but the intensity of Niño 3.4 index related to the 
preceding ACE is weakened (Fig. 3b). This result verifies 
that the change in the preceding Niño 3.4 index is important 
to the intensity of the Niño 3.4 index. When ENP ACE is 
removed, the intensity of the Niño 3.4 index seems to change 
little (Fig. 3c), as does the related Niño 3.4 index 3 months 
later (Fig. 3d). That is, the persistence of SST in the Niño 3.4 
region seems to be relatively unaffected by ENP ACE. Actu-
ally, after removing the preceding ENP ACE, the change 
in persistence of SST in the Niño 3.4 region is significant 
during El Niño and La Niña developing years (Figs. 3c‒d), 
and Tables 1 and 2 show the more details. During El Niño 
(Table 1) and La Niña (Table 2) developing years, the persis-
tence of SST in the Niño 3.4 region after removing the pre-
ceding ENP ACE changes noticeably. During ENSO devel-
oping years, the greater the absolute value of the ENP ACE 
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anomalies, the larger the change in the persistence of SST 
in the Niño 3.4 region before and after the removal of ENP 
ACE. This feature means the correlation between the Niño 
3.4 index and its value 3 months earlier is closely linked to 
ENP ACE 3 months earlier during ENSO developing years. 
Generally, the greater the preceding ENP ACE, the stronger 
the El Niño, and the smaller the preceding ENP ACE, the 
stronger the La Niña.

To further explore this relationship among the Niño 3.4 
index, the preceding ENP ACE, and the preceding Niño 3.4 
index, the composites of the Niño 3.4 index during El Niño 
(Fig. 4a‒f) and La Niña (Fig. 4g‒l) events are shown in 
Fig. 4. We see that the contribution from the preceding Niño 
3.4 index to the Niño 3.4 index decreases after removing the 
preceding ACE (Fig. 4a, b and g, h). Also, in accordance 
with the relationship between the Niño 3.4 index and the 

preceding ACE, the contribution of the preceding ACE to 
the Niño 3.4 index decreases after removing the preceding 
Niño 3.4 index (Fig. 4c, d and i, j). The joint contribution of 
the preceding ACE and Niño 3.4 index to the Niño 3.4 index 
is greater than that of either factor alone (Fig. 4e and k), and 
the similar results are obtained when the joint contribution 
of the preceding Niño 3.4 index-independent ACE and Niño 
3.4 index is checked (Fig. 4f and l). Moreover, both the joint 
contributions of the preceding ACE and ACE-independent 
Niño 3.4 index, and the preceding Niño 3.4 index-independ-
ent ACE and ACE-independent Niño 3.4 index are still simi-
lar to the joint contribution of the preceding ACE and Niño 
3.4 index (Figures are not shown). These features mean that 
ENP ACE and SST persistence both play the roles in the 
development of the ENSO intensity in deed, and the con-
tributions of ENP ACE and SST persistence are not simple 

Fig. 2   Lead–lag correlations between the ENP ACE anomalies (5°–
25°N, 125°W–180°) and the Niño 3.4 index together with their auto-
correlations for the period 1970–2020. In a, red, turquoise and blue 
solid lines indicate the correlations between the Niño 3.4 index and 
ENP ACE, and the autocorrelations of the Niño 3.4 index and ENP 
ACE, respectively. Red, turquoise and blue dashed lines indicate the 
corresponding significance at the 99% confidence level based on Stu-
dent’s t-test using the effective number of degrees of freedom. In b, 
some series of the Niño 3.4 index and ACE are processed. The details 

are as follows, N3.4 indicates the original series; N3.4_dN3.40 and 
ACE_dN3.40 denote the Niño 3.4 index and ENP ACE, respectively, 
which the preceding (3  months earlier) Niño 3.4 index is removed. 
Red, blue solid lines indicate the lead–lag correlations between N3.4 
and ACE_dN3.40, N3.4_dN3.40 and ACE_dN3.40, respectively. 
Dashed lines are the corresponding significance at the 99% confi-
dence level. c, d are same as a and b, but for the Niño 3.4 index and 
ACE anomalies during the ENSO developing year
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linear superposition. Previous studies have demonstrated 
that the intermediate-complexity coupled ocean–atmosphere 
model, LDEO5, can capture well the variations of the Niño 
3.4 index (Zebiak and Cane 1987; Chen et al. 2004; Wang 
et al. 2019b). Consequently, we used this model to further 
examine the above results (Fig. 5). The model results were 
similar to the observations. It should be clarified that the 
error between the observations and modeling with respect 
to the Niño 3.4 index is greater during La Niña events than 
El Niño events, particularly during the decaying ENSO year, 
but the modeling results can still be useful for comparing the 
relative contributions of the different factors. These features 

imply that the preceding ENP ACE can affect ENSO inten-
sity, particularly for TCs over the July‒September (J–A–S) 
period.

We also calculated the explained percentages of the dif-
ferent factors (including the Niño 3.4 index, ACE, ACE-
independent Niño 3.4 index, Niño 3.4 index-independent 
ACE, the factor consists of ENP ACE and Niño 3.4 index, 
and the factor consists of Niño 3.4 index-independent ACE 
and Niño 3.4 index) for the J–A–S period. For El Niño 
events (Fig. 6a), the mean explained percentages of the Niño 
3.4 index and ENP ACE during J–A–S relative to the Niño 
3.4 index in October‒December (O–N–D) are around 51% 

Fig. 3   Time series of the a ENP 
ACE anomalies (knot2) and 
b–d Niño 3.4 index (°C). In (a), 
ACE0 denotes the preceding 
ENP ACE anomalies. ACE0

* 
indicates the preceding ENP 
ACE anomalies after remov-
ing the preceding Niño 3.4 
index. In b, N3.4(ACE0) and 
N3.4(ACE0

*) indicate the Niño 
3.4 indices associated with 
ACE0 and ACE0

*, respec-
tively. In c, N3.40 denotes the 
preceding Niño 3.4 index, and 
N3.40

* indicates the preceding 
Niño 3.4 index after removing 
the preceding ENP ACE. In d, 
N3.4(N3.40) and N3.4(N3.40

*) 
indicate the Niño 3.4 indices 
associated with N3.40 and 
N3.40

*, respectively. r is cor-
relation coefficient. Statistical 
significance of regression and 
correlation analyses are both 
above the 95% confidence level
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Table 1   ENP ACE anomalies 
from May to September (knot2, 
black) and the difference 
between N3.4(N3.40) and 
N3.4(N3.40

*) (°C, black italic) 
from August to December 
during El Niño developing 
years. N3.40 denotes the 
preceding Niño 3.4 index. 
N3.40

* indicates the preceding 
Niño 3.4 index after removing 
the preceding ENP ACE. And 
N3.4(N3.40) and N3.4(N3.40

*) 
indicate the Niño 3.4 indices 
are associated with N3.40 and 
N3.40

*, respectively

Italic represents diff values
Diff = N3.4(N3.40) −  N3.4(N3.40*), and the numbers 5–12 in the first row represent May–December, 
respectively

El Niño 5  (8) 6  (9) 7 (10) 8 (11) 9 (12)

1972 ACE − 9.95 − 143.38 406.57 355.89 443.27
Diff 0.01 − 0.10 0.39 0.35 0.43

1982 ACE − 9.95 96.50 254.73 293.24 164.58
Diff 0.01 0.11 0.25 0.29 0.19

1986 ACE − 9.95 144.54 45.38 59.70 − 147.53
Diff − 0.02 0.12 0.04 0.06 − 0.11

1991 ACE 110.41 − 23.02 − 51.97 − 197.77 126.43
Diff 0.11 0.00 − 0.02 − 0.15 0.14

1994 ACE 8.39 677.04 547.70 633.57 − 66.58
Diff 0.02 0.60 0.49 0.57 − 0.03

1997 ACE − 7.72 101.68 188.54 128.80 − 20.78
Diff 0.02 0.13 0.22 0.18 0.06

2002 ACE − 4.17 − 114.48 − 166.17 − 260.24 − 158.60
Diff 0.01 − 0.07 − 0.11 − 0.19 − 0.10

2009 ACE − 9.95 − 53.41 245.44 239.61 384.82
Diff 0.00 − 0.03 0.23 0.23 0.36

2015 ACE 14.49 30.28 683.45 880.77 1387.80
Diff 0.05 0.07 0.65 0.83 1.29

Table 2   As in Table 1, but for 
La Niña developing years

Italic represents diff values
Diff = N3.4(N3.40)-N3.4(N3.40*), and the numbers 5–12 in the first row represent May–December, respec-
tively

La Niña 5 (8) 6 (9) 7 (10) 8 (11) 9 (12)

1970 ACE 0.56 − 132.87 − 180.69 − 285.63 − 177.65
Diff − 0.01 − 0.13 − 0.19 − 0.28 − 0.19

1973 ACE 26.12 151.53 5.11 − 125.39 − 250.39
Diff 0.00 0.09 − 0.04 − 0.16 − 0.28

1975 ACE − 9.95 − 132.28 − 277.69 − 358.49 − 280.96
Diff − 0.04 − 0.16 − 0.29 − 0.36 − 0.30

1988 ACE − 9.95 − 48.65 39.31 − 19.62 − 33.66
Diff − 0.04 − 0.09 − 0.01 − 0.06 − 0.07

1995 ACE − 9.95 − 12.19 − 189.11 − 279.59 − 330.09
Diff 0.00 − 0.01 − 0.17 − 0.26 − 0.31

1998 ACE − 0.81 2.69 − 68.82 − 172.39 − 228.63
Diff 0.02 0.00 − 0.09 − 0.19 − 0.24

1999 ACE − 9.95 − 46.12 − 41.26 − 135.69 − 152.26
Diff − 0.04 − 0.07 − 0.07 − 0.15 − 0.17

2007 ACE − 4.26 − 75.67 38.03 − 47.00 − 28.34
Diff − 0.01 − 0.08 0.02 − 0.06 − 0.06

2010 ACE − 4.08 − 137.52 − 317.48 − 417.77 − 337.09
Diff 0.00 − 0.14 − 0.31 − 0.41 − 0.34

2011 ACE − 9.95 − 143.38 − 245.27 − 339.71 − 255.90
Diff − 0.02 − 0.13 − 0.22 − 0.31 − 0.25

2020 ACE − 9.95 − 143.38 − 323.34 − 417.77 − 337.09
Diff − 0.01 − 0.13 − 0.29 − 0.38 − 0.01
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(which is the same as the result in Wang et al. 2019b) and 
22%, respectively. The mean explained percentages of the 
ACE-independent Niño 3.4 index and Niño 3.4 index-inde-
pendent ACE during J–A–S relative to the Niño 3.4 index 
during O–N–D are approximately 36% and 8%, respectively. 
Both the joint explained percentages of the ENP ACE and 
Niño 3.4 index, and Niño 3.4 index-independent ACE and 
Niño 3.4 index during J–A–S are ~ 58%, which are greater 
than that of either factor alone (~ 7% more than the Niño 3.4 
index and ~ 36% more than ENP ACE). The model generated 
similar results (Fig. 6b): the mean explained percentages of 
the Niño 3.4 index and ENP ACE during J–A–S relative to 
the Niño 3.4 index during O–N–D are approximately ~ 46% 
(also the same as Wang et al. 2019b) and ~ 16%, respectively. 
The mean explained percentages of the ACE-independent 
Niño 3.4 index and Niño 3.4 index-independent ACE dur-
ing J–A–S relative to the Niño 3.4 index during O–N–D are 
approximately 34% and 6%, respectively. The joint explained 
percentages of the ENP ACE and Niño 3.4 index, and Niño 
3.4 index-independent ACE and Niño 3.4 index during 
J–A–S are ~ 51%, which are also greater than that of either 
factor alone (~ 5% more than the Niño 3.4 index and ~ 35% 
more than ENP ACE). For La Niña events (Fig. 6c), the 
mean explained percentages of the Niño 3.4 index and ENP 
ACE during J–A–S relative to the Niño 3.4 index during 
O–N–D are approximately 59% and 19%, respectively. The 
mean explained percentages of the ACE-independent Niño 

3.4 index and Niño 3.4 index-independent ACE during 
J–A–S relative to the Niño 3.4 index during O–N–D are 
about 46% and 6%, respectively. Both the joint explained 
percentages of the ENP ACE and Niño 3.4 index, and Niño 
3.4 index-independent ACE and Niño 3.4 index during 
J–A–S are ~ 66%, which are greater than that of either factor 
alone (~ 7% more than the Niño 3.4 index and ~ 47% more 
than ENP ACE). As for the El Niño events, the model also 
generated similar results for the La Niña events (Fig. 6d): 
the mean explained percentages of the Niño 3.4 index and 
ENP ACE during J–A–S relative to the Niño 3.4 index dur-
ing O–N–D are approximately 43% and 16%, respectively. 
The mean explained percentage of the ACE-independent 
Niño 3.4 index and Niño 3.4 index-independent ACE dur-
ing J–A–S relative to the Niño 3.4 index during O–N–D are 
about 34% and 5%, respectively. The joint explained per-
centages of the ENP ACE and Niño 3.4 index, and Niño 3.4 
index-independent ACE and Niño 3.4 index during J–A–S 
are both ~ 47%, which are greater than that of either factor 
alone (~ 4% more than the Niño 3.4 index and ~ 31% than 
ENP ACE).

Overall, our analysis of both the observations and model 
simulations demonstrates that the impact of the preceding 
ENP ACE on the Niño 3.4 index might be smaller than that 
of the preceding Niño 3.4 index (i.e., SST persistence), 
regardless of El Niño or La Niña events, but still cannot 
be ignored. Modulated extent of the J–A–S ENP TCs to 
the O–N–D Niño 3.4 index could reach ~ 7%–22% during El 
Niño, and ~ 6%–19% for La Niña. Here, it needs to be clari-
fied that the minimum contributions are identified when the 
preceding Niño 3.4 index is supposed to be not affected by 
the preceding ACE at all. Actually, aforementioned analysis 
manifests the observed explained percentage of Niño 3.4 
index decreases evidently after removing the influence of 
the preceding ACE (from 51 to 36% for El Niño, 59% to 
46% for La Niña), i.e., the preceding ACE actually plays an 
important role in the preceding SST.

3.2 � Spatial characteristics

More evidence of the modulation of ENSO intensity by the 
preceding ENP ACE can be found in the spatial distribu-
tion of SST anomalies related to ENP ACE. According to 
the results described above, ENP ACE during J–A–S has a 
significant influence on SST in the Niño 3.4 region 3 months 
later. Hence, we carried out further analysis regarding the 
spatial characteristics during these months.

For El Niño events (Fig. 7a‒c), the O–N–D Niño 3.4 SST 
anomalies associated with the J–A–S ENP ACE capture well 
the spatial pattern of El Niño (Fig. 7a), and the intensity of 
the Niño 3.4 SST anomalies is strong. However, in contrast, 
the Niño 3.4 SST anomalies associated with the simultane-
ous ACE (Fig. 7b, c) are noticeably weaker. Furthermore, 

Fig. 4   Time series of the Niño 3.4 index (lines, °C) for above-mod-
erate El Niño and La Niña events (including moderate events), as 
well as the difference (bars, °C) between the original (solid lines) 
Niño 3.4 indices and preceding-contributor-independent events 
(dashed line) during the developing years (all months) of a–f El Niño 
and g–l La Niña. N3.40 denotes the preceding Niño 3.4 index, and 
N3.40

* indicates the preceding Niño 3.4 index after removing the pre-
ceding ENP ACE. N3.4(N3.40) and N3.4(N3.40

*) indicate the Niño 
3.4 indices associated with N3.40 and N3.40

*, respectively. ACE0 
denotes the preceding ENP ACE anomalies. ACE0

* indicates the pre-
ceding ENP ACE anomalies after removing the preceding Niño 3.4 
index. N3.4(ACE0) and N3.4(ACE0

*) indicate the Niño 3.4 indices 
associated with ACE0 and ACE0

*, respectively. ACE0 + N3.40 rep-
resents the joint contribution of the preceding ENP ACE and Niño 
3.4 index, N3.4(ACE0 + N3.40) is the Niño 3.4 index associated with 
ACE0 + N3.40. ACE0

* + N3.40 represents the joint contribution of the 
preceding ACE0

* and Niño 3.4 index, N3.4(ACE0
* + N3.40) is the 

Niño 3.4 index associated with ACE0
* + N3.40. Red (blue) bars repre-

sent the positive (negative) differences between the original Niño 3.4 
indices and preceding-contributor-independent events, whitesmoke 
bars indicate that the signals of the original Niño 3.4 indices are 
opposite to those from the preceding-contributor-independent events. 
Jan.–1 and Jan.0 represent the January in the developing and the 
decaying year of ENSO events, respectively. In g‒l, the 2020–2021 
La Niña event is not included because of the incomplete data from 
2021. It must be pointed out that a is almost the same as Supplemen-
tary Fig.  4a in Wang et  al. (2019b). Although the research period 
changed from 1970‒2016 to 1970‒2020, the number of El Niño 
events remained the same. Hence, it is necessary to mention this pre-
vious study here

◂
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if the impact of ENP ACE on the Niño 3.4 SST anomalies 
is caused by SST itself, according to the SST development 
associated with El Niño events, the O–N–D Niño 3.4 SST 
anomalies associated with the O–N–D ENP ACE should be 
stronger than the J–A–S Niño 3.4 SST anomalies associ-
ated with the J–A–S ENP ACE. However, the observations 
show the opposite, which is consistent with the strength of 
ENP ACE, and the mean of the ENP ACE anomalies during 
J–A–S (~ 237.06 knot2) is greater than that during O–N–D 
(~ 57.52 knot2). For La Niña events (Fig. 7d‒f), the nega-
tive value of the Niño 3.4 SST anomalies associated with 
the simultaneous ACE (Fig. 7e, f) is evidently greater than 
the O–N–D Niño 3.4 SST anomalies associated with the 
J–A–S ENP ACE (Fig. 7d). That is, the intensity of the La 
Niña associated with the simultaneous ACE is weaker than 
that associated with the preceding ACE. Also, the intensity 
of the La Niña associated with the simultaneous ENP ACE 
during J–A–S is stronger than that during O–N–D, which 
is consistent with the comparison of the intensity of ENP 
ACE between J–A–S and O–N–D (~ ‒199.16 vs. ~ ‒65.52 

knot2). Hence, these results further support the interpreta-
tion that the J–A–S ACE can significantly affect the O–N–D 
Niño 3.4 SST anomalies during El Niño and La Niña events. 
Therefore, the role of ENP ACE in the development of El 
Niño and La Niña events cannot be ignored.

4 � Impact of the MJO on the modulation 
of ENSO intensity by ENP TCs

The MJO is known to be another main factor with respect 
to the development of ENSO and ENP TCs (Maloney and 
Hartmann 2000; Jiang et al. 2012; Boucharel et al. 2016; Puy 
et al. 2016). This study further explores the role of the MJO 
in the modulation of ENSO intensity by ENP TCs. Figure 8 
shows the lead–lag correlation between the monthly Niño 
3.4 index and ENP ACE. Firstly, when the SST data from 
the ERA5 dataset is used (in Fig. 2, the monthly SST is 
from NOAA’s ERSST V5), the strong correlation between 
ENP ACE and the Niño 3.4 index 3 months later is robust 
(Fig. 8a). Secondly, as can be seen from Fig. 8b, the rela-
tionship between ENP ACE and the Niño 3.4 index is hardly 
affected when the MJO signal is removed, and the amplitude 
of the correlation coefficient changes only slightly. That is, 
the MJO signal might not affect the modulation of ENSO 
intensity by ENP TCs over interannual timescales.

Fig. 5   As Fig. 4, but for the results from the model. Here, a is almost 
the same as Supplementary Fig. 4f in Wang et al. (2019b). Although 
the research period changed from 1970‒2016 to 1970‒2020, the 
number of El Niño events remained the same. Hence, it is necessary 
to mention this previous study here

◂

Fig. 6   Explained percentage (%) of the Niño 3.4 index from October–
December obtained using the J–A–S different contributors during (a, 
b) El Niño and (c, d) La Niña developing years (1970 − 2020). N3.40, 
N3.40

*, ACE0, ACE0
*, ACE0 + N3.40 and ACE0

* + N3.40 are the Niño 
3.4 index, the ACE-independent Niño 3.4 index, the ENP ACE, the 

Niño 3.4 index-independent ACE, the factor consists of ENP ACE 
and Niño 3.4 index, and the factor consists of ENP ACE0

* and Niño 
3.4 index in J–A–S, respectively. a and c are observations, b and d 
are the modeling results. Statistical significance of regression and 
composite analyses are both above the 95% confidence level
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It is not sufficient to check only the role of the MJO in 
the lead–lag relationship between ENP ACE and the Niño 
3.4 index. The phases and events of the MJO might have 
more important impacts. The results in the Sect. 3 indicate 
that the J–A–S ENP TCs can significantly affect ENSO 
intensity during O–N–D. Hence, we first explored the rela-
tionship between the daily ENP TC activity and the MJO 
phases during J–A–S. For El Niño events, a previous study 
(Wang et al. 2019b) found that the occurrence frequency of 

the eight MJO phases during J–A–S shows no significant 
difference, and this is also true for the occurrence frequency 
of the active MJO, inactive MJO, and non-MJO events. We 
used the same analysis for the La Niña events (Fig. 9), and 
the results also indicate that there are no evident differences 
in the occurrence frequency of the eight MJO phases during 
J–A–S. In addition, the differences among the occurrence 
proportions of the active and inactive MJO are not signifi-
cant (Fig. 10): the mean occurrence proportion of active 

Fig. 7   Composite of SST anomalies (shading, °C) associated with the 
ENP ACE during the developing year of El Niño and La Niña events 
over the period 1970–2020. a The O–N–D SST anomalies associ-
ated with the J–A–S ENP ACE during the El Niño developing years. 
b The J–A–S SST anomalies associated with the J–A–S ENP ACE 
during the El Niño developing years. c The O–N–D SST anomalies 

associated with O–N–D ENP ACE during the El Niño developing 
years. The black rectangle denotes the Niño 3.4 region (5°S–5°N, 
120°–170°W). Stippled regions denote the statistical significance of 
regression and composite analyses are both above the 95% confidence 
levels. d–f are same as a–c, but for La Niña events

Fig. 8   a As Fig. 2a, but for the 
ERA5 dataset. b As a, but for 
the Niño 3.4 index and ENP 
ACE after removing the MJO 
index
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Fig. 9   Phase distribution of the daily MJO indices in a July, b 
August, and c September during La Niña developing years over the 
period 1979–2020. Large dots indicate the first day of each month, 

small dots are the remaining days in each month, and lines denote 
each La Niña developing year
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Fig. 10   Occurrence proportion (%) of active MJO (orange bars), inac-
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during La Niña developing years
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and inactive MJO events during J–A–S are ~ 22% and ~ 19%, 
respectively. The non-MJO events occur most frequently 
(~ 59%). These results indicate that the feedback relation-
ship between ENP TCs and ENSO intensity over interan-
nual timescales might be independent of the MJO events. In 
addition, the hit rates between ENP ACE and MJO events 
(i.e., the ratio of days in which the ACE anomaly correctly 
matches the phase of the MJO event: positive ACE anomaly 
is for the active MJO event and negative ACE anomaly for 
the inactive MJO event) during J–A–S El Niño and La Niña 
events were explored further. As can be seen from Fig. 11, 

for El Niño events, the hit rates for J–A–S are around 25%, 
19%, and 15%, respectively. For La Niña events, the hit 
rates for J–A–S are around 16%, 22% and 27%, respectively. 
Overall, the hit rates remain low regardless of El Niño or 
La Niña events. All of this evidence supports the conclu-
sion that the MJO might play a small role in the feedback 
relationship between ENP TCs and ENSO intensity over 
interannual timescales.

5 � Possible mechanisms how ENP TCs affect 
ENSO intensity

Previous study (Wang et al. 2019b) showed that the possible 
pathways that TC over the western North Pacific modulates 
the ENSO are by changing the Walker circulation and the 
thermocline. Here, the possible mechanisms how ENP TCs 
affect ENSO intensity are further explored based on these 
two pathways.

Firstly, the characteristics of daily TCs are checked. The 
years of 2015 and 1973 are the typical El Niño and La Niña 
years, respectively. Here, taking the relationship between 
the daily zonal wind anomalies at the 850-hPa atmospheric 
level and TC activities during 2015 and 1973 as examples 
(Fig. 12), similar to the TCs over the western North Pacific 
(Wang et al. 2019b), there are obviously anomalous west-
erlies at the southern flank of TCs. Meanwhile, the centers 
of anomalous westerlies shift to north with the northward 

Fig. 12   Latitude–time Hov-
möller diagram (along 125°W–
180°) of zonal wind anomalies 
(shading, m s–1) in the years of 
2015 (El Niño year) and 1973 
(La Niña year). Black contours 
indicate the 1 knot2 isoline of 
the ENP ACE, representing the 
TC activities

Fig. 13   Average zonal wind anomalies with/without the ENP ACE in 
the region of 0°–25°N, 125°W–180° from May to December in the 
period of 1970–2020, and the corresponding ENSO and Non-ENSO 
years
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movements of TCs. What’s more important, during TC 
season (May − December), the intensification of the ENP 
TCs to the anomalous westerlies always exits whether the 
ENSO happens or not (Fig. 13), which means it is the inher-
ent attribute of TCs over the ENP.

Previous studies (Keen 1982; Wang et al. 2019b) have 
proved that the influence of TCs on their surrounding 
environment could last for a while; And the accumulated 
effects of TCs on the wind fields works by the tropical 

semi-geostrophic adjustment on the interannual timescale. 
During El Niño event, the mean ENP ACE anomaly in 
J–A–S is about 237.06 knot2, which leads to the negative 
anomalies of the 850-hPa geopotential height gradient in 
J–A–S, especially the southern flank of the key domain of 
ACE (Fig. 14a). Thus, there are the evidently anomalous 
westerlies at 850-hPa in this region (Fig. 14b). And the 
area of the anomalous zonal wind is consistence with the 
composite result of daily TC activity in the Fig. 12. The 

Fig. 14   J–A–S geopotential height gradient (gpm m−1, a and c) and 
zonal wind (m s.–1, b and d) anomalies at the 850-hPa level related 
to the J–A–S ACE during El Niño (a and b) and La Niña (c and 
d) events in the period 1970–2020. In a and c, the stippled regions 
denote the statistical significance of regression and composite analy-

ses are both above the 95% confidence level. In b and d, shading indi-
cates the statistical significance of regression and composite analyses 
are both above the 95% confidence level. The black rectangles denote 
the key domain of ACE (5°–25°N, 125°W–180°) and Niño 3.4 region 
(5°S–5°N, 120°–170°W)

Fig. 15   J–A–S wind (vectors) 
and the vertical p-velocity 
(shading, Pa s–1) anomalies in 
the vertical–zonal plane over 
5°S–5°N related to the J–A–S 
ACE in the period 1970–2020 
during El Niño (a) and La Niña 
(b) events. Vectors are obtained 
by the zonal wind anoma-
lies and magnified vertical 
p-velocity (× (–200)). Shading 
and black vectors indicate the 
statistical significance of regres-
sion and composite analyses are 
both above the 95% confidence 
level
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anomalous zonal winds near the equator would change the 
Walker circulation. Hence, there is a reversed Walker cir-
culation anomaly under the action of these ENP ACE in 
J–A–S (Fig. 15a). This feature will enhance the eastward 
transport of warm sea water over the western Pacific Ocean, 
thus the intensity of El Niño event is strengthened. Dur-
ing La Niña events, the mean ENP ACE anomaly in J–A–S 
is about ‒199.16 knot2, on the condition of lack of TCs, 
there are the positive geopotential height gradient anomalies 

at the 850-hPa level (Fig. 14c), which further leading to 
the anomalous easterlies on the southern flank of the key 
domain of ACE (Fig. 14d). Thus, there is a Walker circula-
tion anomaly (Fig. 15b), which supports westward transport 
of cold sea water over the eastern Pacific Ocean, further 
intensifying the development of the La Niña event. Other-
wise, more evidences are provided in the time relationship 
among the anomalous zonal winds, Walker circulation and 
ACE indices: as shown in Figs. 16a–b, in general, there is a 

Fig. 16   Lead–lag correlations between the Walker circulation index 
and regionally zonal wind anomalies (0°–15°N, 125°W–180°, at the 
850-hPa level), and the ENP ACE index (5°–25°N, 125°W–180°) 
and Walker circulation index in the period of 1970–2020. a Lead–
lag correlations between the Walker circulation index and regionally 
zonal wind anomalies, Walker and U indicate the original series of 
the Walker circulation index and the regionally zonal wind anomalies, 
respectively; ACE indicate the original series of the ENP ACE index; 
U(ACE) denote the regionally zonal wind anomalies related to the 
ENP ACE. Solid lines indicate the lead–lag correlation coefficients, 

and dashed lines indicate the corresponding significance at the 99% 
confidence level based on Student’s t test using the effective number 
of degrees of freedom. b As in a, but for the timeseries during the 
ENSO developing years. c As in a, but for the ENP ACE index and 
the Walker circulation index. ACE_dWalker0 and Walker_dWalker0 
denote the ENP ACE index and the Walker circulation index, respec-
tively, which the preceding (3  months earlier) Walker circulation 
index is removed. d As in c but for the timeseries during the ENSO 
developing years
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simultaneous change between the anomalous Walker circula-
tion and the low-level zonal wind (0°–15°N, 125°W–180°, 
the key area which TCs affect anomalous zonal wind in the 
Fig. 14). However, the change of the low-level zonal wind 
anomaly related to the ENP ACE leads Walker circulation 
anomaly about 2 months. And the modulation of the ENP 
ACE on the anomalous Walker circulation reaches its peak 
after 2–3 months (Fig. 16c), and this lead relationship still 
exists after even removing the autocorrelation of the Walker 
circulation with its value 3 months earlier and the effects 
of the preceding Walker circulation on the ENP ACE. It 
needs to be noted that the simultaneous correlation between 
the Walker circulation after removing the preceding its own 
signal and the ACE index after removing the signal of the 
preceding Walker circulation is maximum, while the lead 
signal of ACE relative to Walker circulation is evident dur-
ing the ENSO developing year (Fig. 16d). This might result 
from the ENP ACE in the non-ENSO year. In the non-ENSO 
year, there are small ENP ACE anomalies. Meanwhile, the 
atmospheric response is quick. Therefore, the cumulative 
effect of these ACE anomalies might be not enough to main-
tain the continuous change of the Walker circulation. Of 
course, this feature needs to be further study.

For thermocline, during El Niño event, there is a positive 
anomaly in the thermocline over the region south of key 
domain of ENP ACE under the action of ENP ACE in J-A-S, 

which means the thermocline here is deepened (Fig. 17a); 
and the east–west thermocline gradient decreases. On the 
contrary, during La Niña, the lack of TCs leads that the 
thermocline over the region south of key domain of ENP 
ACE is shallowed in J–A–S, and the east–west thermocline 
gradient increases (Fig. 17b). Time relationship between the 
thermocline and thermocline gradient gives more evidence 
(Figs. 18a,  b): the change of eastern thermocline leads the 
change of east–west thermocline gradient by ~ 1 month. 
And the change of eastern thermocline related to the ENP 
ACE brings this leading feature to ~ 3 months, which fur-
ther verify the important role of ENP ACE in the change of 
thermocline. Furthermore, results indicate that the change of 
the east–west thermocline gradient related to the ENP ACE 
results essentially from the low-level zonal wind anoma-
lies caused by the ENP TCs (Fig. 19). The modulation of 
the anomalously zonal wind at 850-hPa on the thermocline 
gradient further helps to the eastward (westward) transport 
of warm (cold) sea water during El Niño (La Niña) events. 
Overall, the oceanic response is slow relative to atmospheric 
response, the modulation of the ENP ACE on the anoma-
lous east–west thermocline gradient reaches its peak after 
3–4 months (Figs. 18c,  d). And this lead relationship is inde-
pendent with the autocorrelation of the east–west thermo-
cline gradient with its value 3 months earlier and the effects 
of the preceding east–west thermocline gradient on the ENP 
ACE. Combined the lead times of ENP ACE to the anoma-
lous Walker circulation (2–3 months), the ENP ACE leads 

Fig. 17   As in Fig. 14, but for 
the depth of the 20 °C isotherm 
anomalies (shading, m) in the 
period 1970–2010. The stippled 
regions denote the statistical 
significance of regression and 
composite analyses are both 
above the 95% confidence level. 
The black rectangles denote 
the key ENP ACE regions 
(5°–25°N, 125°W–180°)
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SST anomalies reaches its peak after 3 months during ENSO 
events, which is consistent with results shown in Fig. 2.

6 � Summary and discussion

This study investigates the possible feedback of ENP TCs on 
the ENSO intensity. The observed and model results indi-
cate that ENP TCs can significantly affect ENSO intensity 
3 months later by way of ACE, and especially those TCs that 
develop during the J–A–S period. Generally, the greater the 
preceding ENP ACE, the stronger the El Niño; and the smaller 
the preceding ENP ACE, the stronger the La Niña. This feed-
back is independent from the persistence of the SST in the 
Niño 3.4 region and MJO. The impact of ENP TCs on El Niño 

might be about equal to their impact on La Niña, but is smaller 
than the effect of SST persistence. MJO does little to change 
this impact. The modulated extent of the ENP TCs during 
J–A–S to Niño 3.4 index during O–N–D could reach ~ 7–22% 
during El Niño, and ~ 6–19% for La Niña. This feedback of 
ENP TCs on ENSO intensity is caused by the modulation 
of ENP TCs on the anomalous zonal wind at the low-level 
atmospheric layer, the joint impacts of the low-level zonal 
wind anomalies on the Walker circulation and the east–west 
thermocline gradient lead to the time characteristics that ENP 
TCs lead ENSO intensity by about 3 months.

Most ENP TCs do not make landfall; therefore, they 
have received less attention, particularly those TCs that 
develop away from the mainland. The results from this study 
remind us that these TCs are worthy of further study, and 

Fig. 18   As in Fig. 16, but for the eastern thermocline (5°S–5°N, 90°–
170°W) and the east–west thermocline gradient index (a and b), and 
ENP ACE index and the east–west thermocline gradient index (c and 
d) in the period of 1970–2010. THC-E, THCG and ACE indicate the 
original series of the eastern thermocline, the east–west thermocline 

gradient and ENP ACE indices, respectively; THC-E(ACE) denotes 
the eastern thermocline related to the ENP ACE; ACE_dTHCG0 and 
THCG_dTHCG0 denote the ENP ACE and the east–west thermocline 
gradient indices, respectively, which the preceding (3 months earlier) 
east–west thermocline gradient index is removed
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the climatic effect caused by them should not be neglected. 
Sometimes, their climate effect might exceed their direct 
influence, although they do not make landfall. Here, it 
should be noted that this study just removes the linear influ-
ences of SST persistence and MJO on the feedback of ENP 
TCs on ENSO intensity. The influence of ENP ACE and 
other factors on ENSO intensity could not be separated com-
pletely because of the limitations of the current models (Hu 
et al. 2019; Wang et al. 2019b; Ren et al. 2020; Fang and 
Zheng 2021; Vidale et al. 2021). Much research is necessary. 
In addition, by considering the previous study of (Wang et al. 

2019b), we can conclude that the impact of ENP TCs on ENSO 
is smaller than that of TCs over the western North Pacific, and 
the pathway that ENP TCs affect ENSO is simper. This might 
be related to the differences in the magnitude of ACE between 
the two basins. Also, it is easy to see that there might be some 
similarities between TCs over the western and eastern North 
Pacific. For example, TCs in these two basins both lead the Niño 
3.4 index by about 3 months. This implies that the TCs over the 
western North Pacific and ENP might jointly contribute to the 
intensity of ENSO events; however, of course, this requires 
further study.

Fig. 19   Spatial evolution of zonally (along 5°S–5°N) anomalous 
depth of the 20  °C isotherm (i.e., thermocline, shading, m) during 
ENSO events in the period 1970‒2010. a Zonal thermocline depth 
anomalies during El Niño. DJF–1 and DJF0 represent the December‒
February of the previous year and the year when the peak of El Niño 

occurs, respectively. b As in a, but for the zonal thermocline depth 
anomalies removing the effect of the preceding ENP ACE anomalies. 
c, As in b but for the zonal thermocline depth anomalies removing 
the effect of the preceding zonal wind anomalies related to the ENP 
ACE. d‒f, As in a‒c, but for La Niña events
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Appendix I : Abbreviations occurred 
in the text or figures

Abbreviations Illustrations Related figures

ENSO El Niño–Southern Oscillation –
SST Sea surface temperature
TC Tropical cyclone
ENP Eastern North Pacific
ACE Accumulated cyclone energy
MJO Madden–Julian Oscillation
J-A-S July, August and September
O-N-D October, November and December
N3.4 Niño 3.4 index Figures 2, 3, 4, 5, 6
N3.40 Preceding (three months earlier) Niño 3.4 index
N3.4_dN3.40 Niño 3.4 index after removing the preceding 

Niño 3.4 index
Figure 2

ACE_dN3.40 ENP ACE index after removing the preceding 
Niño 3.4 index

N3.4(N3.40) Niño 3.4 indices associated with N3.40 Figures 3, 4, 5, 6
N3.40

* Preceding Niño 3.4 index after removing the 
preceding ENP ACE, i.e., ACE-independent 
Niño 3.4 index

N3.4(N3.40
*) Niño 3.4 indices associated with N3.40

*

ACE0 Preceding ENP ACE anomalies
N3.4(ACE0) Niño 3.4 indices associated with ACE0

ACE0
* Preceding ENP ACE anomalies after removing 

the preceding Niño 3.4 index, i.e., Niño 3.4 
index-independent ACE

N3.4(ACE0
*) Niño 3.4 indices associated with ACE0

*

ACE0 + N3.40 Factor consists of the preceding ENP ACE and 
Niño 3.4 index

Figures 4, 5, 6

N3.4(ACE0 + N3.40) Niño 3.4 index associated with ACE0 + N3.40.,
ACE0

* + N3.40 Factor consists of the preceding ACE0
* and Niño 

3.4 index
N3.4(ACE0

* + N3.40) Niño 3.4 index associated with ACE0
* + N3.40

U Regionally zonal wind anomalies (0°–15°N, 
125°W–180°)

Figure 16

Walker Walker circulation index
U(ACE) Regionally zonal wind anomalies related to the 

ENP ACE
ACE_dWalker0 ENP ACE index which the preceding Walker 

circulation index is removed
Walker_dWalker0 Walker circulation index which the preceding 

Walker circulation index is removed
THC-E Eastern thermocline (5°S–5°N, 90°–170°W) Figure 18
THC-E(ACE) Eastern thermocline related to the ENP ACE
THCG East–west thermocline gradient index
ACE_dTHCG0 ENP ACE which the preceding east–west ther-

mocline gradient index is removed
THCG_dTHCG0 East–west thermocline gradient which the pre-

ceding east–west thermocline gradient index is 
removed
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Appendix II: Details of experimental set‑up

Firstly, because of the limitations of the current models, 
it’s still a great challenge to examine the effect of TC on 
ENSO directly using TC/ACE as the initial forcing (Hu 
et al. 2019; Wang et al. 2019b; Ren et al. 2020; Fang and 
Zheng 2021; Vidale et al. 2021). Secondly, previous stud-
ies (Wang et al. 2019b; Wang and Li 2022a, b, c) have 

shown that TCs can affect ENSO by modulating wind 
field. Thirdly, LDEO5 can simulate the response of SST to 
anomalous wind field, and forecast subsequent SST during 
ENSO events (Chen et al. 2004; Wang et al. 2019b; Gao 
et al. 2020). Hence, the experiments applied the surface 
horizontal wind anomalies related to the different impact 
factors (based on the simultaneous regression) as initial 
forcing.

Experiments Details Illustrations

Experiment I Step 1, the surface horizontal wind anomalies 
related to Niño 3.4 index from 1970 to 2020, 
as an initial forcing, are added to simulate 
Niño 3.4 index;

Step 2, the discrepancy between the observed 
and simulated Niño 3.4 indices is corrected

Ensure a better simulation of LDEO5 on Niño 
3.4 index

Step 3, the simulated Niño 3.4 index after 
correction are employed to predict Niño 3.4 
index three months later in LDEO5

The role of SST-persistence in the SST three 
months later

Step 4, Select the forecasting Niño 3.4 index 
during ENSO developing year

Obtain the Fig. 5a, g

Experiment II Step 1, the surface horizontal wind anomalies 
related to Niño 3.4 index after removing 
the signal of simultaneous ENP ACE (i.e. 
ACE-independent Niño 3.4 index) from 
1970 to 2020, as an initial forcing, are added 
to simulate Niño 3.4 index;

Step 2, the discrepancy between the observed 
and simulated Niño 3.4 indices is corrected 
using the correction coefficient obtained by 
the experiment I 

Same correction coefficient as Experiment I 
can ensure obtained the relative contribution 
of SST persistence and SST persistence after 
removing the influence of ENP ACE

Step 3, the simulated Niño 3.4 index after 
correction are employed to predict Niño 3.4 
index three months later in LDEO5

Step 4, Select the forecasting Niño 3.4 index 
during ENSO developing year

Obtain the Fig. 5b, h

Experiment III Step 1, the surface horizontal wind anomalies 
related to the ENP ACE from 1970 to 2020, 
as an initial forcing, are added to simulate 
Niño 3.4 index;

Step 2, the discrepancy between the observed 
and simulated Niño 3.4 indices is corrected 
using the correction coefficient obtained by 
the experiment I

Same correction coefficient as Experiment I can 
ensure obtained the relative contribution of 
ACE and the aforementioned factors

Step 3, the simulated Niño 3.4 index after 
correction are employed to predict Niño 3.4 
index three months later in LDEO5

Step 4, Select the forecasting Niño 3.4 index 
during ENSO developing year

Obtain the Fig. 5c, i
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Experiments Details Illustrations

Experiment IV Step 1, the surface horizontal wind anomalies 
related to the ENP ACE after removing the 
signal of simultaneous Niño 3.4 index (Niño 
3.4 index-independent ACE) from 1970 
to 2020, as an initial forcing, are added to 
simulate Niño 3.4 index;

Step 2, the discrepancy between the observed 
and simulated Niño 3.4 indices is corrected 
using the correction coefficient obtained by 
the experiment I

Same correction coefficient as Experiment I can 
ensure obtained the relative contribution of 
ACE after removing the signal of simultane-
ous Niño 3.4 SST and the aforementioned 
factorsStep 3, the simulated Niño 3.4 index after 

correction are employed to predict Niño 3.4 
index three months later in LDEO5

Step 4, Select the forecasting Niño 3.4 index 
during ENSO developing year

Obtain the Fig. 5d, j

Experiment V Step 1, the surface horizontal wind anomalies 
related to the Niño 3.4 index and ENP ACE 
from 1970 to 2020, as an initial forcing, are 
added to simulate Niño 3.4 index;

Step 2, the discrepancy between the observed 
and simulated Niño 3.4 indices is corrected 
using the correction coefficient obtained by 
the experiment I

Same correction coefficient as Experiment I can 
ensure obtained the relative contribution of 
joint factor (Niño 3.4 index and ENP ACE) 
and the aforementioned factors

Step 3, the simulated Niño 3.4 index after 
correction are employed to predict Niño 3.4 
index three months later in LDEO5

Step 4, Select the forecasting Niño 3.4 index 
during ENSO developing year

Obtain the Fig. 5e, k

Experiment VI Step 1, the surface horizontal wind anomalies 
related to ACE-independent Niño 3.4 index 
and ENP ACE from 1970 to 2020, as an 
initial forcing, are added to simulate Niño 
3.4 index;

Step 2, the discrepancy between the observed 
and simulated Niño 3.4 indices is corrected 
using the correction coefficient obtained by 
the experiment I

Same correction coefficient as Experiment I 
can ensure obtained the relative contribution 
of joint factor (ACE-independent Niño 3.4 
index and ENP ACE) and the aforementioned 
factors

Step 3, the simulated Niño 3.4 index after 
correction are employed to predict Niño 3.4 
index three months later in LDEO5

Step 4, Select the forecasting Niño 3.4 index 
during ENSO developing year

Obtain the Fig. 5f, l

Experiments VII and VIII are similar to VI, but for the joint factors consist of ACE and Niño 3.4 index-independent ACE, and ACE-independ-
ent Niño 3.4 index and Niño 3.4 index-independent ACE, respectively
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