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1 Introduction

The El Niño-Southern Oscillation (ENSO) phenomenon 
represents the most prominent interannual signal of ocean-
atmosphere oscillation in the tropical Pacific Ocean, result-
ing from a combination of the El Niño phenomenon in 
the ocean and the Southern Oscillation phenomenon in 
the atmosphere (Bjerknes 1969; Rasmusson and Wallace 
1983; Ropelewski and Halpert 1987). Its two phases, warm 
and cold, are known as El Niño and La Niña, respectively. 
Although ENSO occurs in the tropical Pacific, its global 
impact cannot be underestimated, as it can trigger extreme 
weather events, and even disasters, on a global scale (Chou 
and Lo 2007; Grimm and Tedeschi 2009; Zhang et al. 2011; 
Davey et al. 2014; Cao et al. 2017). Therefore, accurate pre-
diction of ENSO is very important.

While significant progress has been made in understand-
ing the dynamic mechanisms behind the ENSO phenomenon, 
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Abstract
Predictability barriers (PBs) significantly limit the prediction skill of the El Niño-Southern Oscillation (ENSO). The EP-El 
Niño predictions often encounter the impact of the spring PB, while the CP-El Niño predictions usually have PB phenom-
enon in summer. Using a data analysis approach for predictability dynamics and the pre-industrial control runs from the 
CCSM4 model outputs, the study explores the PB mechanism for EP- and CP-El Niño by tracing the evolution of initial 
errors. It is found that the significant spring PB for EP-El Niño and the notable summer PB for CP-El Niño often occur 
during the transition period from warm to cold phase of the initial sea surface temperature (SST) error evolution in the 
east-central tropical Pacific; however, there still exist respective initial errors that have specific spatial patterns leading to 
summer PB for EP-El Niño and spring PB for CP-El Niño. A comparison is made among the initial errors causing PBs 
for the two types of El Niño, and the results show that the initial errors resulting in the summer PB of CP-El Niño events 
tend to have more positive SST errors than those causing the spring PB for EP-El Niño in both the tropics and the Vic-
toria mode (VM) region in the Northeast Pacific. These particular positive characteristics of the initial errors causing the 
summer PB pose a role that hinders the dissipation of the tropical Pacific positive SST errors and thus delay the spring 
transition phase of SST error, consequently triggering the occurrence of the summer PB for CP-El Niño. The role of the 
VM mode on SST in the tropical Pacific is inextricably linked to CP-El Niño formation and also sheds light on why the 
CP-El Niño tends to occur PB in summer. These findings provide a theoretical basis for advancing forecasting skills of 
El Niño diversity.
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the real-time prediction skill of ENSO has not consistently 
improved (Neelin 1991; Levine and Jin 2010; Tang et al. 
2018; Wang 2018; Ren et al. 2019). At the beginning of this 
century, the real-time prediction skill of ENSO was lower 
than in the 1980s and 1990s (Barnston et al. 2012; Tang 
et al. 2018). In a comparison of 30-year hindcasts between 
1981 and 2010, the average correlation skill decreased from 
0.65 to 0.42 with a lead time of 6 months (Barnston et al. 
2012). Notably, the expected 2014 El Niño event did not 
occur, although most models predicted it would. In contrast, 
the 2015 El Niño, one of the strongest El Niño events on 
record, was not predicted by most models until a year before 
it occurred (McPhaden 2015). These examples illustrate the 
considerable uncertainty of real-time ENSO predictions.

The frequent occurrence of the new type of El Niño 
events since the 1990s poses new challenges for ENSO pre-
diction (Masuda et al. 2015; Sohn et al. 2016). The tradi-
tional El Niño event is the eastern Pacific (EP-) El Niño, 
with its largest sea surface temperature (SST) anomaly in 
the EP. The new type of El Niño with its largest SST anom-
aly (SSTA) located near the dateline is known as central 
Pacific(CP-) El Niño (Yu and Kao 2007; Kao and Yu 2009; 
Kug et al. 2009). Previous studies have revealed that the 
CP-El Niño has different global climate impacts from the 
EP-El Niño (Zhang et al. 2011, 2012, 2016; Cai et al. 2020; 
Wang et al. 2021; Ge and Luo 2023). Therefore, it is neces-
sary to distinguish the type of El Niño event in advance in 
the real-time predictions. However, many studies assessing 
the ability of prediction models to identify ENSO diversity 
obtained unsatisfactory results. Jeong et al. (2012) show that 
the APEC Climate Center’s multi-model ensemble seasonal 
forecast system can distinguish between EP and CP-El Niño 
events within four months ahead. Lee et al. (2018) pointed 
out that many coupled general circulation models lose skills 
in predicting the El Niño type in advance for more than 
three months. Ren et al. (2019) emphasized that the EP- 
and CP-El Niño events can only be distinguished in some 
coupled models at a lead time of one month, even during 
boreal winter. Encouragingly, in a recent study, Zheng et 
al. (2023) embedded an ensemble nonlinear forcing singu-
lar vector-data assimilation (EnNFSV-DA) approach in the 
Zebiak-Cane model and used it for ENSO prediction, allow-
ing the model to recognize the warm signal in the equato-
rial central Pacific eight months ahead (also see Yao et al. 
2021). However, there is still significant uncertainty in the 
large coupled model in predicting and distinguishing ENSO 
types. It is urgently necessary to improve the prediction skill 
of El Niño diversity.

The season-dependent predictability barriers (PBs) sig-
nificantly affect ENSO predictions, manifested as a sharp 
decrease in the prediction skill of models when predicting 
ENSO events during spring or summer (Webster and Yang 

1992; Webster 1995; Zheng and Zhu 2010). Numerous stud-
ies have demonstrated that EP-El Niño predictions often 
suffer from spring PB (Yu et al. 2009; Duan and Wei 2013; 
Duan and Hu 2016; Qi et al. 2017). Recent studies have 
shown that the season-dependent PBs also affect CP-El Niño 
predictions but with different characteristics from the spring 
PBs in EP-El Niño predictions. Ren et al. (2016) indicated 
that the persistence barrier in two types of ENSO-related 
SSTA occurs in different seasons. The Niño3 SSTA has a 
spring persistence barrier, and the Niño4 SSTA has a sum-
mer persistence barrier. The season when the persistence 
barrier occurs is essentially associated with the occurrence 
of PB. To take a step further, Hou et al. (2019) examined the 
predictability of the two types of El Niño events separately 
by using multiple coupled model outputs. They revealed that 
summer PB often occurs in CP-El Niño predictions, while 
EP-El Niño predictions are mainly affected by spring PB.

The cause of PB has been investigated for many years. 
It is widely acknowledged that spring PB results from the 
combined effects of the annual climatological cycles, the 
structure of El Niño events, and particular initial error pat-
terns (Mu et al. 2007a, b). This indicates that a particular 
initial error pattern can excite a PB for ENSO events. There-
fore, the ENSO prediction skill can be improved by elimi-
nating the initial uncertainty in key areas. To investigate the 
initial error patterns that have the most significant negative 
impact on the two types of El Niño, Tian and Duan (2016) 
tracked the evolution of nonlinear optimal perturbations 
(CNOP) in the Zebiak-Cane model. They concluded that the 
initial SST errors significantly impacting ENSO prediction 
are concentrated in the central and eastern tropical Pacific, 
highlighting the importance of tropical Pacific initial SST 
accuracy in distinguishing between El Niño types. More-
over, recent studies on the predictability of two types of El 
Niño have expanded the research region to the entire Pacific 
Ocean according to the ENSO mechanism associated with 
the extratropical factors. Vimont et al. (2014) indicated that 
the optimal initial conditions for CP ENSO events include 
warm SSTA in the northern subtropical Pacific area, while 
the optimal initial conditions for EP ENSO events include 
SSTA in the southern subtropical Pacific area. Hou et al. 
(2019) demonstrated that uncertainties in the North and 
Southeast Pacific are essential for predicting the structure 
and strength of different types of El Niño. Tseng et al. (2022) 
improved CP- and EP-El Niño predictability by incorporat-
ing extratropical precursors in the northern and southern 
hemispheres into models with existing tropical predictors, 
respectively.

As reviewed above, the two types of El Niño predictions 
are often limited by season-dependent PBs. CP-El Niño pre-
dictions are often influenced by the summer PB, while the 
spring PB is frequently found in EP-El Niño predictions. 
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Besides, not all CP(EP)-El Niño predictions tend to experi-
ence summer (spring) PBs. Some predictions of CP(EP)-El 
Niño also suffer from spring (summer) PBs. To the best of 
our knowledge, the research on the reason why two types 
of El Niño predictions tend to suffer from PB in different 
seasons is lacking. In addition, given the fact that specific 
initial errors from the Pacific can result in the occurrence of 
PBs in ENSO predictions, a question naturally arises: What 
kinds of initial errors lead to the varying season-dependent 
PBs in the two types of El Niño predictions? As such, in this 
paper, we manage to identify the initial errors most likely to 
lead to PBs occurring in different seasons for the two types 
of El Niño predictions and answer the following questions: 
(1) What are the differences in initial uncertainty from the 
tropical and extratropical Pacific Ocean trigger the sum-
mer PB for CP-El Niño but the spring PB for EP-El Niño? 
(2) How do these differences affect the seasonal variation 
of PBs for the two types of El Niño predictions? (3) Why 
does ENSO diversity make such a difference in the initial 
errors of the two types of El Niño predictions? These issues 
involve the dynamics of error growth. A novel approach to 
data analysis for ENSO predictability by using model out-
put datasets proposed by Hou et al. (2019) is utilized. The 
details of the approach will be introduced in the following 
section.

The remainder of this paper is organized as follows. Sec-
tion 2 presents the coupled model data outputs and intro-
duces the methodology for ENSO predictability research in 
this study. In Sect. 3, we analyze the error evolution behav-
ior and the phenomenon of seasonal-dependent PB for both 
types of El Niño. Section 4 compares the initial errors and 
their evolution leading to common season PB for both types 
of El Niño events. Section 5 analyses the effect of the initial 
error on the seasonal variation of PB for different El Niño 
separately and its plausibility. Finally, Sect. 6 includes a 
summary and discussion of the findings.

2 Data and an approach to data analysis for 
ENSO predictability

The CCSM4 model includes atmosphere, land, ocean, and 
sea ice components. The output of this model not only owns 
a good simulation of the real ocean, including the ability 
to simulate the spatial distribution and phase-locked behav-
ior of ENSO(Ham and Kug 2014; Liu et al. 2021) ;Most 
importantly, the output of the CCSM4 model also can cap-
ture and distinguish the spatial modes of the two types of 
El Niño very well that it can simulate the El Niño diversity 
(Capotondi 2013; Feng et al. 2020; Freund et al. 2020). The 
ocean component of CCSM4 has a horizontal resolution 
of latitude/longitude with 320 × 384 points and 60 vertical 

levels, while the atmospheric component has a horizontal 
resolution of latitude/longitude with 288 × 192 points and 
28 vertical levels. Further information about CCSM4 can be 
found in Gent et al. (2011).

A novel method proposed by Hou et al. (2019) is applied, 
which can investigate climate system predictability dynam-
ics from the initial error perspective only using model offline 
data. The mathematical proof of the method is introduced as 
follows. A state vector:

U (X , t) = [U1 (X , t) , U2 (X , t) . . . Un (X , t)] , (X , t) ∈ Ω× [0, T ]

where T denotes time, T < +∞ , X = (x1, x2, . . . , xn), and 
its governing equations can be written as
{

dU
dt

= F(U, t) + f

U|t=0 = U0
, in Ω× [0, T ] (1)

.f is the external forcing factor that is unchanged in the pi-
Control runs, U0 is the beginning state, and F is a nonlinear 
operator. For a specific time,ta  to tb ta < tb ≤ T ), the inte-
gral form of Eq. (1) is

∫ tb

ta

dU −
∫ tb

ta

F (U , t)dt +

∫ tb

ta

f dt

=

∫ tb

ta

F (U , t)dt + f (tb − ta)

 (2)

.In this way, for the moment tb , the corresponding state U tb

can be written as

Utb = Uta +

∫ tb

ta

F(U, t) d t + f (tb − ta) (3)

Similarly, two equations of the states U t1 and U t2can be 
derived if we use two other time segments [t01, t1]  and 
[t02, t2]  with the same length.

Ut1 =

∫ t1

t01

F d t +Ut01 + f (t1 − t01)  (4)

Ut2 =

∫ t2

t02

F d t +Ut02 + f (t2 − t02)  (5)

Because the two time periods have the same time span, the 
difference between these two final states can be written as

Ut2 −Ut1 = Ut02 −Ut01 +

(∫ t2

t02

F d t−
∫ t1

t01

F d t

)
 (6)
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have interannual periodic variations, are explored. Addi-
tionally, t01  and t02  correspond to January in different years, 
while t1  and t2  correspond to December in different years.

Based on the above considerations, 13 typical EP-El 
Niño years and 13 typical CP-El Niño years are selected 
from the 500-year integral of CCSM4 model output data 
and are regarded as “observation” years.The criteria for 
selecting EP-(CP-) El Niño is following Kug et al.(2010), 
we use Niño3 and Niño4 SSTA [i.e., the SST anomaly aver-
aged over the Niño3 area (150°E–90°W, 5°S–5°N) and that 
over the Niño4 area (150°E–90°W, 5°S–5°N)] to measure 
the intensities of EP and CP-El Niño, respectively. Gener-
ally, it is regarded as a typical EP- (CP-) El Niño when the 
related Niño3 (Niño4) SSTA greater than 0.5 persists at least 
6 months and peaks in the boreal winter (NDJ). These typi-
cal El Niño events have good phase-locking, which turns 
warm in the early boreal spring and peaks at the end of the 
year (Fig. 2). For each one-year “observation”, the corre-
sponding 40 one-year segments around this certain year are 
selected to fabricate 40 “predictions” for this “observation” 
with a 12-month lead time. In this way, 520 predictions in 
total for these CP and EP-El Niño events are obtained. Then, 
the prediction error E(t) can be expressed as follows.

E(t) =

√√√√ 1

N

∑

(i,j)

[
T p
(i,j)(t)− T o

(i,j)(t)
]2

 (8)

.The above Eq. (6) can be rewritten in the same form as 
Eqs. (4) and (5):

Ut2 −Ut1 = Ut02 −Ut01 +

∫

Σ

[Ft02 − Ft01] d t  (7)

Herein, Ft02isFin Eq. (5), Ft01is Fin Eq. (4), and ∫
Σ [Ft02 − Ft01] d t  represents the difference between the 

integral of Ft02over [t02, t2]  and the integral of Ft01over 
[t01, t1] . Equation (7) implies that the difference between 
Ut1 and Ut2 is only a matter of the initial difference of 
Ut02 −Ut01. That is, the difference between Ut1 and Ut2 
can be thought of as being derived by the model Eq. (3) with 
the initial difference Ut02 −Ut01 (see Fig. 1). If we assume 
the integration in the time segment [t01, t1]  to be an observa-
tion and the other one in the time segment [t02, t2]  to be a 
prediction of that observation, the difference between the 
initial states of these two time segments is the initial error 
and that between the final states of these two time segments 
is the prediction error. Therefore, Eq. (7) indicates that the 
prediction error is only caused by the initial error. Emphasis 
should be placed on the fact that this data-analysis method 
can only be used in analyzing climate or weather variability 
associated with a climatological cycle, namely the annual 
cycle or diurnal cycle. In addition, t01  and t02  should be at 
the same corresponding moments in different cycles. In this 
study, the predictability dynamics of El Niño events, which 

Fig. 1 Schematic diagram of the approach to data analysis for predict-
ability. The black solid curve denotes the time-dependent pi-Control 
run of SST. Two one-year time periods are picked, as denoted by the 
green and red curves. The SST time series during the time period 
[t02, t2]  is moved to [t02, t2]fit that during. If the former SST time 

series is regarded as an “observation”, the latter SST time series can be 
thought of as a “prediction” of that “observation”. The corresponding 
initial error and prediction error are represented by the SST difference 
between t02 and t01 and between t2 and t1, which are marked by the 
two navy blue lines. From Fig. 1 in Hou et al. (2019)
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reasonably simulates and distinguishes the seasonal depen-
dence of error growth in the predictions of the two types of 
El Niño events. The monthly prediction error growth rates 
of the Niño3 SSTA reach their maximum value from May 
to June for most EP-El Niño predictions. In contrast, the 
monthly prediction errors of the Niño4 SSTA increase more 
rapidly in June-September for most CP-El Niño predictions. 
These findings suggest that most CP-El Niño predictions are 
affected by summer PB, while EP-El Niño predictions are 
primarily affected by spring PB.

It is worth noting that not all 520 EP(CP)-El Niño pre-
dictions exhibit PB solely during spring (summer). In some 
cases, PB occurs during other seasons but is less common. 
Figure 4 depicts the error evolution of the related Niño 
SSTA in EP- and CP-El Niño predictions with spring and 
summer PB. Errors in all these predictions show general 
trends of decrease in the first period followed by significant 
increases in a particular season. Therefore, the PB occurs 
during the season when the corresponding errors grow rap-
idly. Besides, summer PB can occur in certain predictions 
of EP-El Niño. However, it is evident that the initial errors 
triggering spring PB tend to cause larger prediction errors 
in December compared to the one causing summer PB, on 
average (Fig. 4a). This implies that spring PB is more likely 
to happen and have a more significant effect on EP-El Niño 
predictions. Likewise, although some CP-El Niño predic-
tions may suffer from spring PB, the initial error that causes 
summer PB tends to result in larger initial errors in Decem-
ber (Fig. 4b). Therefore, summer PB has a more consider-
able impact on CP-El Niño predictions than spring PB.

As illustrated in the previous section, the prediction error 
is only determined by the initial error. The difference when 
PB occurs also comes from the difference in the initial error. 
What differences in the initial errors affect the varying sea-
son-dependent PB in the two types of El Niño predictions? 

,
where TP  stands for “prediction”, T o  stands for “observa-
tion”, (i, j)stands for grid points, and N stands for the total 
number of grid points in the Niño4/ Niño3 region for CP-El 
Niño/EP-El Niño predictions.

The PBs for the two types of El Niño is distinguished 
by measuring the prediction error growth trend proposed by 
Mu et al. (2007a). Since we use the monthly data derived 
from the model outputs, the prediction error growth trend 
can be expressed as the slope κ  of the curve E(t), which 
can be approximated asκ ≈ E(t0+∆t)−E(t0)

∆t
, with ∆t  being 

1 month. The positive (negative) value of κ  represents the 
trend of increasing (decreasing) prediction error for the 
month. The larger the absolute value of κ , the faster the rate 
of increasing or decreasing of the prediction error. Then the 
prediction error growth rate for a season can be expressed 
as the sum of three successive months in that season. A sig-
nificant maximum value of κ  for a particular season implies 
the fastest growth of prediction error occurs, indicating the 
occurrence of PB in that season.

3 Error evolution behavior and seasonal-
dependent PBs phenomenon for two types 
of El Niño events

As previously mentioned, we acquired 520 predictions for 
the 13 CP-El Niño and 13 EP-El Niño events individu-
ally by using CCSM4 data outputs. To investigate the dis-
tinct characteristics of the seasonal-dependent PBs for two 
types of El Niño predictions, the error growth behavior is 
explored for each type individually. Figure 3 displays the 
monthly growth rates of the prediction errors in Niño3 
(Fig. 3a) and Niño4 (Fig. 3b) SSTA components for the 
520 predictions of EP- and CP-El Niño. The CCSM4 model 

Fig. 2 Niño3 index (a unit: °C) for the 13 selected EP-El Niño events and Niño4 index (b, unit: °C) for the 13 selected CP-El Niño events over time
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pattern of error evolution. All EP-El Niño predictions that 
trigger spring PB and all CP-El Niño predictions that trig-
ger summer PB are selected and denoted as EP-spring-PB-
predictions and CP-summer-PB-predictions individually, 
the numbers of which are presented in Fig. 4. An Empirical 
Orthogonal Function (EOF) analysis is conducted on the 
initial errors in the two types of predictions over the Pacific 
region [66.5°S–66.5°N, 120°E–70°W]. The first EOF mode 
of EP-spring-PB-predictions accounts for approximately 
22.6% of the total variance of the initial errors, and that 
of CP-summer-PB-predictions accounts for approximately 
28.3% of the total variance of the initial errors, which is 
well dominant that 2nd (11.7% and 8.8%) and 3rd (10.5% 

In addition, how do these initial errors evolve and affect PB 
occurrence?

4 Initial errors resulting in spring PB for EP- 
El Niño and Summer PB for CP- El Niño and 
their evolutionary mechanism

The conclusion drawn from the previous section is that EP-El 
Niño is more susceptible to spring PBs, whereas CP-El 
Niño is mainly affected by summer PBs. To investigate the 
initial errors that are most likely to result in spring PB for 
EP-El Niño and summer PB for CP- El Niño, as well as the 

Fig. 4 SSTA Error evolution of 520 predictions in Niño3 (a) and Niño4 
(b) region over time. The blue (pink) shaded region represents the 
error evolution of spring (summer) PB cases. The blue line (red line) 
represents the ensemble average of the individual errors for PB occur-

rences in spring (summer). The inset in the upper left corner denotes 
“n1” (“n2”), which represents the number of cases of spring (summer) 
PB in the predictions for two types of El Niño

 

Fig. 3 Monthly prediction error growth rates for 520 Niño3 (a) and 
Niño4 (b) SST predictions. The horizontal axes denote the sample of 
prediction, and the vertical axes represent the calendar month. Red 

(blue) shading indicates that the prediction has a positive (negative) 
error growth rate in that month, with an increasing (decreasing) trend
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meridional mode (SPMM-like mode) proposed by Bond et 
al. (2003) and Min et al. (2017).

Figure 5c shows the differences in initial errors between 
EP-spring-type and CP-summer-type, highlighting that the 
two types of initial errors are primarily characterized by 
differences in intensity of error anomaly. The largest differ-
ence zone is in the tropical Pacific, where CP-summer-type 
exhibits stronger positive error anomalies of initial error 
from the surface to a depth of 135 m in the equatorial east-
ern Pacific and stronger negative anomalies of initial error in 
the subsurface layer of the equatorial western Pacific com-
pared to the EP-spring-type errors. Additionally, slightly 
stronger positive anomalies of the VM-like mode error are 
observed for CP-summer-type than EP-spring-type error in 
the extratropical Pacific. Overall, these differences in initial 
error patterns may contribute to the seasonal variation in PB 
occurrence in EP- and CP-El Niño predictions. Then, how 
does this difference affect the evolution of the two types of 
initial errors, ultimately leading to the PB in the EP-El Niño 
predictions occurring during the spring and the PB in the 
CP-El Niño predictions occurring during the summer?

By tracing the evolution of EP-spring-type and CP-
summer-type initial errors (Figs. 6 and 7), it is found that 
these two types of initial errors exhibit similar evolutionary 
behaviors. They initially exhibit an El Niño-like decaying 
trend, which then transitions to the growth phase of a canon-
ical La Niña-like event, ultimately resulting in a cold bias 
of the SST with a cold center in the tropical central-eastern 
Pacific by December. From a physical perspective, posi-
tive SST errors over the middle-eastern equatorial Pacific 
in EP-spring-type and CP-summer-type errors induce strong 
westward winds over the middle-eastern equatorial Pacific, 
resulting in the westward propagation of Rossby waves. 
Upwelling Kelvin waves are induced once the Rossby waves 
reach the western ocean boundary, propagating eastward 
and upward. The strong lower-level negative anomalies in 
the equatorial western Pacific lift towards the surface layer 
of the tropical eastern Pacific, causing the positive anoma-
lies in the surface layer of the tropical eastern Pacific to off-
set gradually. Once the positive SST errors in the equatorial 
eastern Pacific disappear and negative SST errors appear, 
eastward wind anomalies will be generated, and the cool-
ing process gradually expands westward under the Bjerknes 
positive feedback mechanism, resulting in a cold error bias 
over the tropical Pacific Ocean in December.

The primary difference in error evolution between 
the two types of errors lies in the season of the positive-
to-negative phase transitions of SST anomalies over the 
tropical central-east Pacific. EP-spring-type initial errors 
undergo this transition around March-April (spring), while 
CP-summer-type initial errors undergo it around May-June 
(summer). The correspondence between the seasons of the 

and 7.5%) mode. These two first modes can reflect the pri-
mary spatial structural characteristics of these initial errors. 
Using the first EOF mode as a basis, the initial errors highly 
correlated with the first EOF modes are selected. Specifi-
cally, if the projection coefficient (PC) value is greater than 
the mean of the positive PC values for all initial errors, the 
corresponding initial error can be regarded as highly posi-
tively correlated with this EOF mode. On the contrary, the 
PC value lower than the mean of negative PC values for all 
initial errors is regarded as highly negatively correlated with 
this mode. For initial errors leading to spring PB in EP-El 
Niño predictions and summer PB in CP-El Niño predictions 
two groups denoted as EOF1 + and EOF1- are divided based 
on the sign of the correlation coefficient with the first EOF 
mode. We discovered that for both spring and summer PB-
related initial errors, the initial errors in the EOF1- group 
resulted in more pronounced PB phenomena and stronger 
prediction errors than the EOF1 + group. Therefore, we 
concluded that the initial errors in the EOF1- group have 
a greater impact on both spring PB for EP-El Niño predic-
tions and summer PB for CP- El Niño predictions. For ease 
of explanation, we refer to the initial errors in the EOF1- 
groups that lead to spring PB for EP-El Niño and summer 
PB for CP-El Niño as EP-spring-type initial errors and CP-
summer-type errors respectively, which are obtained after 
synthetic averaging of the EOF1-group errors, and are not 
specific to a particular individual case. These errors include 
the ocean temperature and horizontal wind components.

Figure 5a and b show the spatial structures of EP-spring-
type and CP-summer-type initial errors. To compare their 
differences more intuitively, the distinct distributions of 
CP-summer-type minus EP-spring-type are also presented 
in Fig. 5c. The overall distribution of the two types of errors 
has a similar structure. The SST error shows a negative-
positive-negative-positive error characteristic along the 
direction of the northwest Pacific-tropical eastern Pacific-
southeastern Pacific. Both EP-spring-type and CP-summer-
type errors over the tropics display a dipole pattern, with 
negative error anomalies in the western sub-surface Pacific 
primarily concentrated between 95 and 135 m and positive 
error anomalies in the upper layer of the eastern tropical 
Pacific. In the northeast Pacific, two types of errors show 
strong anomalies above 55 m, with negative anomalies near 
the northwest of Midway Island and positive anomalies 
around the Gulf of Alaska. This North Pacific error pattern 
resembles the Victoria Mode (VM-like mode) proposed by 
Chiang and Vimont (2004) and Ding et al. (2015). Over 
the southeastern Pacific, EP-spring-type and CP-summer-
type errors have dipole sea surface temperature (SST) with 
negative error anomalies in the southwest and positive error 
anomalies in the northeast, resembling the South Pacific 
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intensifies in the westward direction, resulting in a period of 
rapid growth in the SST error in the Niño3/4 region (Fig. 4), 
which means that PB is beginning to occur. Therefore, the 
positive and negative phase transition of the SST error over 
the central-eastern tropical Pacific corresponds to the shift 
of the error in the Niño3/4 region bottoming out and then 
rebounding in Fig. 4. It can be concluded that the onset 
of PB occurrences often occurs during the transition from 
positive to negative of the initial error evolution in the east-
central tropical Pacific.

The amplitude difference of positive SST error between 
EP-spring-type and CP-summer-type initial errors over the 
North Pacific VM region and the east-central tropical Pacific 

positive-to-negative transitions phase of SST error over the 
tropical central-east Pacific and the season of PB occurrence 
gives reason to speculate about the link between these two 
phenomena. So further, we find that the evolution of EP-
spring-type /CP-summer-type initial errors explains well 
the trend of decreasing and then increasing the error in the 
Niño3/4 region for the EP/CP-El Niño predictions in Fig. 4. 
During the pre-El Niño-like recession period, the positive 
SST error in the tropical central-east Pacific undergoes a 
continuous decrease to complete disappearance due to the 
neutralizing effect, which aligns with the observed decline 
to their lowest points in the SST error in the Niño3/4 region 
(Fig. 4). Subsequently, the negative error expands and 

Fig. 5 EP-spring-type(column a) and CP-summer-type (column b) ini-
tial errors in Pacific ocean temperatures and surface winds, and their 
difference from each other (CP-summer-type minus EP-spring-type, 

column c). Rows 1–4 indicate different ocean depths: 0 m, 55 m, 95 m, 
135 m. The initial error of the dotted area in the figure passes the 95% 
significant t-test
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Fig. 7 As in Fig. 6, but for CP-summer-type error

 

Fig. 6 EP-spring-type sea temperature (unit: °C) and sea surface wind 
field (unit: m/s) initial error in (a) January, (b) March, (c) June, (d) 
September, (e) December. Each row represents an ocean depth of 0 m, 

55 m, 95 m, and 135 m from top to bottom. The dotted area in the 
figure passed the 95% significant t-test
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Based on the above results, it can be concluded that the 
onset of PB often occurs during the phase transition from 
positive to negative of the initial error evolution in the cen-
tral eastern tropical Pacific. In addition, the CP-summer 
type initial errors exhibit stronger positive error anomalies 
in the tropical Pacific and VM region in the northeastern 
extratropical Pacific compared to the EP-spring-type. These 
stronger positive initial errors evolve to postpone the phase 
transition of the error in the central eastern tropical Pacific 
from positive to negative, thus triggering the occurrence of 
the summer PB for CP-El Niño, rather than the common 
spring PB for EP-El Niño.

5 Analysis of the initial errors affect the PB 
seasonal variation for CP- and EP- El Niño

Section 4 has elucidated and compared the initial errors that 
most likely trigger the common occurrence of spring PB for 
EP El Niño and summer PB for CP El Niño predictions indi-
vidually. Besides, it has been found in Sect. 3 that summer 
PB and spring PB also occur in some EP-El Niño and CP-El 
Niño prediction cases, although they cause weaker predic-
tion errors in December and are less common. Therefore, 
we naturally wonder whether the unique characteristics in 
initial errors causing the spring PB for EP-El Niño and the 
summer PB for CP-El Niño in Sect. 4 also appear in the 
seasonal variation of PB occurring in the same type of El 
Niño predictions. Specifically, it is the stronger positive ini-
tial errors in the tropical Pacific and the VM region in the 
northeastern extratropical Pacific that hold back the phase 
transition of the error in the central-eastern tropical Pacific, 

has a notable influence on the error evolution, as illustrated 
in Fig. 8. In comparison to the initial EP-spring-type error, 
the initial CP-summer-type error exhibits much stronger 
positive SST error anomalies over the equatorial eastern 
Pacific, resulting in negative error anomalies from the sub-
surface of the western equatorial Pacific taking much longer 
to fully neutralize to eliminate the positive error anomalies. 
Thus negative error are not observed until June (early sum-
mer) for CP-summer-type initial errors, while EP-spring-
type errors produce negative SST anomalies as early as April 
(early spring). This phenomenon suggests that stronger ini-
tial SST error over the equatorial eastern Pacific will delay 
the onset of PB in the predictions. Regarding the impact of 
initial errors over the extratropical ocean, CP-summer-type 
initial errors in the northeastern Pacific from January to June 
show slightly stronger positive VM-like errors compared to 
EP-spring-type initial errors, although not as significant as 
in the equatorial Pacific, which have a particularly strong 
influence on the tropics through wind-evaporation-SST 
(WES) feedback(Xie and Philander 1994). This implies that 
a positive SST error along the Gulf of Alaska can cause a 
local convective anomaly. This, in turn, triggers an oblique 
pressure response in the atmosphere, resulting in anoma-
lous southwesterly winds over the positive SST anomaly. 
As a result, the prevailing northeasterly trade winds in the 
background field weaken, and latent heat release reduces. 
The anomalous wind will direct the positive SST anomaly 
to lower latitudes, thus suppressing the formation of cold 
anomalies in the equatorial Pacific. Therefore, the positive-
to-negative phase transitions of the tropical SST anomaly 
are delayed during the evolution of the CP-summer-type 
initial error, and the PB appears later.

Fig. 8 EP-spring-type (first row) and CP-summer-type (second row) 
error evolution of SST (unit: °C) and sea surface wind field (unit: m/s) 
in (a) January, (b) March, (c) June, (d) September, (e) December, and 

difference between (CP-summer-type minus EP-spring-type, third 
row). The dotted area in the figure passed the 95% significant t-test
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magnitude of the initial positive SST errors in the tropical 
Pacific does not have the differences described in the com-
parison of the EP-spring-type and CP-summer-type errors 
in Sect. 4.

The most significant difference between the two types 
of initial errors is over the northern Pacific. Unlike the sig-
nificant VM-like mode error of the CP-summer-type initial 
errors, the CP-spring-type error does not show any signifi-
cant structure in the northern Pacific. This characteristic is 
quite similar to the EP-spring-types (Fig. 5a). That means 
neither type of error that gives rise to spring PB has a sig-
nificant positive error in the northeastern Pacific. Further-
more, it implies that the seasonal variation of PB occurring 
in CP-El Niño prediction is sensitive to the initial errors 
in the North Pacific by comparing the CP-spring-type and 
CP-summer-type errors. Then, is this difference between 
CP-spring-type and CP-summer-type initial errors in the 
northern Pacific responsible for the PB seasonal variation in 
CP-El Niño predictions?

By tracing the evolution of CP-spring-type (Fig. 10) 
and CP-summer-type (Fig. 7) initial errors, it is found that 
these two types of initial errors exhibit similar evolution-
ary behaviors. They first experience a decaying period of 
El Niño, and then a transition to a central La Niña-like 
mode in April-May-June. This transition triggered a cold 
bias of predictions in the central-eastern equatorial Pacific 
in December. The physical mechanism behind this is that 
the positive errors in the central and eastern Pacific pro-
mote strong westerly winds in the equatorial Pacific, which 
generate westward-propagating Rossby waves. Once these 
Rossby waves reach the western boundary, they trigger 
eastward-propagating Kelvin waves of upwelling. These 
Kelvin waves gradually bring the negative anomalies in the 
lower western equatorial Pacific upward and eastward to the 
sea surface, offsetting the positive sea surface temperature 
anomalies in the central and eastern Pacific. This dissipa-
tion process of the positive error anomalies corresponds to 
the pre-declining trend of the error in the Niño4 region in 
Fig. 4b. The appearance of negative SST error in the east-
ern Pacific forms a Bjerknes positive feedback mechanism, 
which extends the negative SST error westward, thus pro-
ducing a large cold bias in the upper east-central Pacific 
Ocean in December. The continued expansion of the nega-
tive error explains the trend of rapid growth of error in the 
later stages in Fig. 4b and implies that PB is in progress.

As shown in Fig. 11, the initial positive SST errors over 
the central-eastern equatorial Pacific are significantly faster 
to dissipate during the evolution of the CP-spring-type 
errors than the CP-summer-type errors. The key to the dif-
ferent rates of error evolution is the difference in two types 
of initial errors over the northern Pacific Ocean for CP-El 
Niño predictions. Compared to the CP-spring-type error, the 

triggering summer PB for CP-El Niño when comparing the 
evolution of the EP-spring-type and CP-summer-type initial 
errors. Is it the same situation when comparing the initial 
errors causing spring PB and summer PB for one single type 
of El Niño prediction?

We first explore what initial errors can cause spring PB 
for CP-El Niño (denoted as CP-spring-type initial errors) 
and compare it with CP-summer-type and EP-spring-type 
initial errors. The study aims to figure out whether is it still 
the initial error in the central-eastern tropical Pacific and 
VM region in the northern Pacific that affects the seasonal 
variation of PB occurrence for CP-El Niño. As the initial 
errors that both trigger springs PBs, are there any common 
features between CP-spring-type and EP-spring-type initial 
errors? To investigate the initial errors that are most likely 
to result in spring PBs in CP-El Niño predictions, all predic-
tions for CP-El Niño that trigger spring PB are selected and 
denoted as CP-spring-PB-predictions, the number of which 
are presented in Fig. 4b. Similar to the pathway for obtain-
ing CP-summer-type initial errors. An EOF analysis is con-
ducted on the initial errors in the CP-spring-PB-predictions 
over the Pacific region [66.5°S–66.5°N, 120°E–70°W]. 
The first EOF mode of CP-spring-PB-predictions accounts 
for approximately 25.3% of the total variance of the ini-
tial errors. Using the first EOF mode as a basis, the ini-
tial errors highly correlated with the first EOF modes are 
selected. Its selection criteria were consistent with those in 
Sect. 4 based on the sign of the correlation coefficient with 
the first EOF mode classifying it into two groups that are 
highly positively and negatively correlated with this mode, 
the EOF + and EOF- groups respectively. We discovered 
that for CP-spring-related initial errors, the initial errors in 
the EOF1- group resulted in more pronounced PB phenom-
ena and stronger prediction errors than the EOF1 + group. 
Therefore, we concluded that the initial errors in the EOF1- 
group have a greater impact on spring PB for CP-El Niño 
predictions, we call the initial error of the EOF1-group lead-
ing to the spring PB of CP-El Niño the CP-spring-type ini-
tial error. These errors include the ocean temperature and 
horizontal wind components.

Figure 9a and b show the spatial structures of CP-spring-
type and CP-summer-type initial errors. To compare their 
differences more intuitively, the distinct distributions of CP-
summer-type minus CP-spring-type are also presented in 
Fig. 9c. CP-spring-type and CP-summer-type share similar 
pattern in the equatorial and South Pacific, both exhibit a 
subsurface temperature dipolar structure with positive error 
in the central-eastern equatorial Pacific and negative error 
in the lower layers of the western equatorial Pacific, as well 
as SPMM-like initial errors in the south Pacific. In addi-
tion to the similarity of the error patterns in the tropical and 
South Pacific, their error strengths are comparable, and the 
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persisting much longer than those no VM-like mode error. 
These prolonged positive SST errors delay the transition 
from positive to negative SST error in the tropical Pacific, 
and the negative SST error in the equatorial Pacific naturally 
emerges much later, thus leading to a delay in PB as well. 
In summary, the VM-like modes in initial error over the 
northern Pacific are the major reason influencing the occur-
rence of summer PB rather than spring PB for CP-El Niño. 
This conclusion reiterates the point raised in Sect. 4 about 
the importance of VM regional errors in influencing sea-
sonal variation of PB and is consistent with the points drawn 
by many studies that NPO-forced VM mode is closely 

CP-summer-type exhibits a stronger positive VM-like error 
over the northeast Pacific from January to June, which has 
a particularly strong influence on the deep tropics through 
WES feedback. That is, the VM-like warm error component 
located in the upper layers of the northeast Pacific Ocean can 
induce the atmosphere to generate diagonal pressure effects. 
This leads to the formation of southwesterly wind anomalies 
that move in the opposite direction of the northeasterly trade 
winds of the background field. Consequently, the latent heat 
fluxes get suppressed, preventing heat release, and causing 
the positive SST error anomalies of the northeast Pacific 
Ocean to propagate towards lower latitudes, which leads to 
the positive SST error in the central-eastern tropical Pacific 

Fig. 9 CP-spring-type (column a) and CP-summer-type (column b) 
initial errors in Pacific ocean temperatures and surface winds, and their 
difference from each other (CP-summer-type minus CP-spring-type, 

column c). Rows 1–4 indicate different ocean depths: 0 m, 55 m, 95 m, 
135 m. The initial error of the dotted area in the figure passes the 95% 
significant t-test
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VM region influences the seasonal variation of PB in EP-El 
Niño, we obtain the EP-summer-type error through a similar 
pathway for identifying EP-spring-type error. It is shown 
that the EP-summer-type initial errors (Fig. 12b) share a 
structural resemblance with EP-spring-type initial errors 
(Fig. 12a), which have been described in Sect. 4. Although 

associated with the CP El Niño based on observation and 
model results (Yeh et al. 2015; Wang et al. 2019b).

For the EP-El Niño, it is mentioned in Sect. 3 that most 
predictions interfere with spring PB, and some certain cases 
are suffering from summer PB. To investigate whether the 
initial error in the central-eastern Pacific and North Pacific 

Fig. 11 CP-spring-type (first row) and CP-summer-type (second row) 
error evolution of SST (unit: °C) and sea surface wind field (unit: m/s) 
in (a) January, (b) March, (c) June, (d) September, (e) December, and 

difference between (CP-summer-type minus CP-spring-type, third 
row). The dotted area in the figure passed the 95% significant t-test

 

Fig. 10 CP-spring-type sea temperature (unit: °C) and sea surface 
wind field (unit: m/s) initial error in (a) January, (b) March, (c) June, 
(d) September, (e) December. Each row represents an ocean depth of 

0 m, 55 m, 95 m, and 135 m from top to bottom. The dotted area in the 
figure passed the 95% significant t-test
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cold phase in the east-central equatorial Pacific, eventu-
ally triggering a cold bias in December (13e). As explained 
above, the occurrence time of PB is also decided by the 
early or late onset of the SST phase transition in the tropi-
cal Pacific. By comparing the evolution of EP-summer and 
spring-type errors across months (Fig. 14), the role of the 
aforementioned error regions in influencing the rate of error 
evolution for EP-El Niño is identified. Compared to the EP-
spring-type initial error, the EP-summer-type initial error 
exhibits much greater amplitudes of the positive SST error 
in the central-eastern Pacific, leading to a slower dissipa-
tion of positive error and a later show-up of negative error 

the amplitude of positive errors is comparable in the north-
east Pacific for the two types of initial error, there are still 
differences in the strength of the errors in some regions. (As 
shown in Fig. 12c). The most important region to be focused 
on is the central-eastern tropical Pacific, where EP-summer-
type exhibits stronger positive error from the surface to a 
depth of 135 m in the eastern tropical Pacific and stronger 
negative error in the subsurface layer of the western tropical 
pacific compared to the EP-spring-type errors.

Figure 13 shows that EP-summer-type errors evolve 
similarly to EP-spring-type errors (Fig. 9). Specifically, the 
initial warm bias of the errors gradually transitions into a 

Fig. 12 EP-spring-type (column a) and EP-summer-type (column b) 
initial error of sea surface temperatures and surface winds that lead 
to significant spring PB and summer PB in EP-El Niño, and the dif-
ference distribution between (EP-summer-type minus EP-spring-type, 

column c). Lines 1–4 indicate different ocean depths: 0 m, 55 m, 95 m, 
135 m. The initial error in the dotted part of the figure passes the 95% 
significant t-test
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variation of the PB for CP- and EP- El Niño. It is found that, 
for CP-El Niño, based on comparable SST strengths in the 
tropical Pacific, the VM-like mode error in the North Pacific 
determines the rate of error evolutions and the season of 
SST signal transition. On the other hand, for the EP-El Niño, 
with comparable error amplitudes in the North Pacific, it 
is the initial SST error in the tropical Pacific background 

during evolution. The results analyzed above also coincide 
with many studies that have argued that variabilities from 
the tropical Pacific as precursor signals for ENSO predict-
ability, especially for EP- El Niño (Bjerknes 1969; Wang et 
al. 2019a, b; Cai et al. 2020).

In the above study, we investigate whether the initial error 
in the VM region and tropical Pacific affects the seasonal 

Fig. 14 The difference between EP-summer-type and EP-spring-type 
SST (unit: °C) and sea surface wind field (in m/s) error evolution in (a) 
January, (b) March, (c) June, (d) September, and (e) December (EP-

summer-type minus EP-spring-type). The dotted areas in the graphs 
pass the 95% significance t-test

 

Fig. 13 EP-summer-type sea temperature (unit: °C) and sea surface 
wind field (unit: m/s) initial error in (a) January, (b) March, (c) June, 
(d) September, (e) December. Each row represents an ocean depth of 

0 m, 55 m, 95 m, and 135 m from top to bottom. The dotted area in the 
figure passed the 95% significant t-test
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In addition, it is found that the onset of significant PB 
occurs during the positive-to-negative transition phase of 
the SST error in the central-eastern Pacific. By comparing 
the two types of initial error, the results show that the CP-
summer-type initial error exhibits a more significant positive 
error in the equatorial central-eastern Pacific and a stronger 
VM-like mode than the EP-spring-type initial error. In the 
evolution process of the CP-summer-type initial errors, the 
stronger positive initial error than EP-spring-type in the 
central-eastern equatorial Pacific costs more time to fully 
dissipate, resulting in a later appearance of the negative SST 
error. Additionally, the more pronounced positive error in 
the VM region for the CP-summer-type initial error hinders 
the dissipation of the tropical Pacific positive SST errors 
through the WES mechanism. Both above mechanisms lead 
to the delayed emergence of the positive-to-negative phase 
transitions of the SST errors in the tropical Pacific. There-
fore, the CP-summer-type prediction experiences a summer 
PB, rather than a spring PB for the EP-spring-type predic-
tion (see Fig. 15).

Besides, it has been found that seasonal variation of the 
PB occurrence also appears in the same type of El Niño 
predictions. Specifically, not all CP(EP)-El Niño predic-
tions interfere with summer (spring) PB. Some CP(EP)-El 
Niño predictions tend to experience spring (summer) PB. 
To explore what kind of initial error causes spring PB for 
CP-El Niño, we analyzed the spatial distribution and evolu-
tion of the CP-spring-type error and compared it with the 
CP-summer-type. The structure and intensity distributions 
of CP-spring-type are quite similar to CP-summer-type 
error in the tropics and South Pacific but differ in the VM 
region of the North Pacific. During the evolution of the CP-
spring-type error, the equatorial Pacific SST also undergoes 
a positive-to-negative phase transition. However, the lack 
of VM-like positive error in the CP-spring-type error allows 
the faster dissipation of positive SST errors in the equato-
rial central-eastern Pacific and earlier transition in spring 
during the error evolution, thus leading to spring PB for 
CP-spring-type predictions, instead of summer PB for CP-
summer-type predictions. A similar comparison occurs for 
EP-summer-type and EP-spring-type errors. The two errors 
do not differ significantly in the extra-equatorial Pacific but 
bear the most notable difference in the magnitude of the ini-
tial positive error in the eastern tropical Pacific. Exhibiting 
stronger positive error in the eastern tropical Pacific, the EP-
summer-type error evolves similar to an El Niño decay and 
then a La Niña development, but with slower dissipation 
of the positive error and later shift for the SST error signal, 
delaying the PB until summer.

Based on our results, it is inferred that the season of the 
PBs is primarily determined by the SST error transition-
ing from positive to negative in the central-eastern tropical 

field that decisively regulates the process. Therefore, it is 
necessary to consider the influence of the initial error from 
extratropics and tropical simultaneously when it comes to 
PB seasonal variation resulting from ENSO diversity.

Why do the initial errors in the CP-El Niño predictions 
tend to have greater amplitude positive initial error in the 
North VM region and central-eastern tropical Pacific? 
Firstly, the VM mode anomaly as the NPO-forced SST sea-
sonal footprint has been mentioned in studies as a possible 
reason for the onset of CP-El Niño occurrence and a precur-
sor for predicting ENSO diversity(Yu and Kao 2007; Yeh et 
al. 2015; Wang et al. 2019b; Ding et al. 2022). Meanwhile, 
Shi et al. (2022; 2023) proposed that the SSTA signal of 
CP-El Niño transit later than EP-El Niño, with both exhibit-
ing positive VM events, while the evolution is slower during 
a stronger VM. Therefore, the initial error of CP-El Niño 
predictions is naturally more strongly correlated with the 
great amplitude of positive error in the tropical Pacific and 
strong positive VM-like mode error, which makes the error 
evolve slower and the error signal transits later. In contrast, 
EP predictions are more likely to have the opposite charac-
teristics. It explains why the CP-summer-type has a positive 
error advantage over the EP-spring-type initial error in the 
tropical Pacific and North Pacific VM regions, allowing for 
later evolution of the SST error from positive to negative in 
the eastern Pacific, whereby the PB of CP predictions occurs 
in summer, PB of EP predictions occurs in spring.

6 Summary and discussion

This study employs a novel predictability data analysis 
method developed by Hou et al. (2019) to investigate the 
error growth dynamics associated with summer and spring 
PB in CP- and EP-El Niño predictions, utilizing monthly pi-
control data from the CCSM4 model in CMIP5. By tracking 
error evolution, our findings indicate that summer PB is pre-
dominantly observed in CP-El Niño predictions, whereas 
spring PB is primarily observed in EP-El Niño predictions.

To take a step further, the two types of initial errors most 
likely to lead to spring PB for EP-El Niño and summer PB 
for CP-El Niño are selected and denoted as EP-spring-type 
and CP-summer-type errors, respectively. The two types 
of errors are very similar in pattern, presenting SST errors 
in the North Pacific with a VM-like structure, a dipolar 
structure of surface-subsurface temperatures in the equato-
rial Pacific, with positive error in the upper central-eastern 
Pacific and negative error in the subsurface of the equatorial 
western Pacific, and SST errors with a SPMM-like structure 
in the extratropical southeast Pacific. Both types of initial 
errors evolve like an El Niño-like decaying pattern and then 
rapidly shift to a growth phase similar to a La Niña event.
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on the positive VM mode triggering the initial warming in 
the central tropical Pacific, the rate of SSTA transition in 
the tropical Pacific determines the ENSO diversity, which is 
mainly demonstrated by the fact that a slow SSTA transition 
rate triggers the CP-El Niño, and vice versa for the EP-El 
Niño. Whereas, shi et al. (2022) have demonstrated that the 
positive VM event, which is strongly associated with the 
formation of CP, contributes to the SSTA persistence and 
delays the SSTA transition. The previous findings support 
the conclusion of this study that CP-El Niño prediction 
exhibits PB to occur in the summertime due to the initial 
positive SST error dominance in the VM region and tropical 
Pacific, while EP-El Niño predictions experience a spring 
PB due to its lack of such a dominance.

In addition, the charging oscillator model of ENSO 
proposed by Jin (1997a, b) describes the ENSO dynamics 
as an interaction between the eastern tropical Pacific SST 
and subsurface heat content (thermocline depth; h). How-
ever, our study focuses more on the variables that SST and 
sea temperature at different depths (thetao), the latter also 
reflects the magnitude of subsurface heat content, thus it can 
be used to some extent as a substitute for thermocline depth 
to explore the predictability of ENSO, as has been done in 
many past studies (Hou et al. 2019; Tao et al. 2020; Qi et al. 
2024). Moreover, the classical ENSO dynamical theory does 
not take into account the effects of extratropical regions, but 
the scope of our study includes not only the tropics but also 
extratropic, so it is not as effective as considering depth h in 
extratropical regions as SST.

The approach to data analysis of ENSO predictability 
used in this study is clear in principle and allows the analy-
sis of error dynamics without the need to run the numerical 

Pacific. In addition, the large initial error centers in the 
northeast Pacific and the tropical Pacific play important 
roles in determining the occurrence season of PB for two 
types of El Niño predictions. Precisely, both the VM-like 
initial error and the initial error in the central-eastern Pacific 
with dipolar structure determines the transition time, thus 
leading to distinct PB prevail in different types of El Niño 
predictions, namely the spring PB for EP-El Niño predic-
tions and the summer PB for CP-El Niño. Besides, when it 
comes to seasonal variation of PB occurrence in the same 
type of El Niño predictions, it is found that PB seasonal 
variations in CP-El Niño predictions are more sensitive to 
the North Pacific VM error amplitude, whereas EP predic-
tions are more sensitive to the initial error amplitude of the 
tropical Pacific background. The above implications sug-
gest that when discussing the predictability of ENSO diver-
sity, it is necessary to consider the effects of regions in the 
whole Pacific comprehensively rather than discussing the 
different parts separately, which is in line with Shi et al. 
(2022). These findings also stress the important role of the 
VM mode on SST in the tropical Pacific, which sheds light 
on why the CP-El Niño tends to occur PB in summer.

Previous research about PB occurrence concentrated on 
the annual cycle and the ENSO itself. This study, however, 
primarily focused on the impact of initial error on the occur-
rence of PB in El Niño predictions. The initial errors that 
are most likely to lead to different seasonal PBs for two 
types of El Niño are identified and compared with each 
other. Why CP- and EP-El Niño predictions tend to have 
characteristics like CP-summer-type and EP-spring-type 
errors was also illustrated. Shi et al. (2023), through ana-
lyzing observational and model data, pointed out that based 

Fig. 15 Diagrams of how different initial errors evolve and propagate, and their impact on the seasons of PBs
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model. Useful conclusions were obtained that can provide a 
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Further investigations could be launched to focus on the 
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