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Abstract
Observations indicate that two types of El Niño events exist: one is the EP-El Niño with a warming center in the eastern 
tropical Pacific, and the other is the CP-El Niño with large positive SST anomalies in the central tropical Pacific. Most current 
numerical models are not able to accurately identify the different types of El Niño. The present study examines the dynamic 
properties of the ENSO forecast system NFSV-ICM which combines an intermediate-complexity ENSO model (ICM) with 
a nonlinear forcing singular vector (NFSV)-based tendency perturbation forecast model. This system is able to distinguish 
the different types of El Niño in predictions. Hindcasts show that the NFSV-ICM system is able to capture the horizontal 
distribution of the SST anomalies and their amplitudes in the mature phase of not only EP-El Niño events but also CP-El 
Niño events. The NFSV-ICM is also able to describe the evolution of SST anomalies associated with the two types of El 
Niño up to at least two-season lead times, while the corresponding forecasts with the ICM are limited to, at most, one-season 
lead times. These improvements are associated with the modifications of the atmospheric and ocean processes described by 
the ICM through the NFSV-based tendency perturbations. In particular, the thermocline and zonal advection feedback are 
strongly modified, and the conditions of the emergence of both EP- and CP-El Niño events are improved. The NFSV-ICM 
therefore provides a useful platform for studying ENSO dynamics and predictability associated with El Niño diversities.

1 Introduction

The prediction and its predictability of ENSO have been 
studied for decades since the first coupled ENSO model 
was developed (Zebiak and Cane 1987). To date, more than 
twenty models have been used to routinely predict the air-
sea state of the tropical Pacific Ocean (see https ://iri.colum 
bia.edu/our-exper tise/clima te/forec asts/enso/curre nt/). These 
models range from intermediate-complexity models (ICMs) 
to fully coupled models and, on average, have a suitable 
forecast accuracy with a 6-month lead time; it is very dif-
ficult to rank the models overall in terms of both complexity 

and forecast skill. Nevertheless, it is also clear that almost 
all models are hardly able or unable to identify the observed 
El Niño types, i.e., the eastern Pacific El Niño (EP-El Niño) 
and central Pacific El Niño (CP-El Niño) (Ashok et al. 2007; 
Yang and Jiang 2014; Zheng and Yu 2017; Ren et al. 2018b). 
The former has a warm SST centered in the eastern Pacific 
and the latter shows a warm SST centered in the central 
Pacific near the dateline. These two types of El Niño events 
have different climate effects, and it is important to identify 
them in ENSO predictions (Ashok et al. 2007; Lee et al. 
2018). Hendon et al. (2009) used an ENSO model from 
the Australian Bureau of Meteorology and found that the 
model skills deteriorated in distinguishing El Niño patterns 
after one-season lead time. Jeong et al. (2012) investigated 
the performance of a multi-model ensemble seasonal fore-
cast system from the Asia-Pacific Economic Cooperation 
(APEC) Climate Center and showed that the model can dis-
cern the main difference between EP-and CP-El Niño events 
less than four months ahead. Even Ren et al. (2018a) empha-
sized that the mature phase of EP- and CP-El Niño events 
can only be identified in some models at a one-month lead 
time. It is clear that the prediction towards El Niño diversi-
ties is a substantial challenges.
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To increase the ENSO prediction skills, one alternative 
method is to improve the initial conditions by adding obser-
vations and applying an advanced assimilation scheme. The 
“spring predictability barrier” (SPB)—the common phe-
nomenon in which prediction skills usually decline rapidly 
when the predictions bestride spring—is known to be mainly 
related to the presence of initial errors (Moore and Kleeman 
1996; Zhang et al. 2005; Yu et al. 2009; Jin et al. 2008; Duan 
and Hu 2016; Tao et al. 2017). Therefore, reducing initial 
errors can weaken the SPB phenomenon and improve the 
ENSO prediction skill (Duan and Wei 2013; Tao and Duan 
2019; Hu and Duan 2016; Tao et al. 2018). Tian and Duan 
(2016) explored the predictability of two types of El Niño 
within a perfect model scenario and demonstrated that ini-
tial errors can cause a less significant error growth during 
CP-El Niño prediction than during EP-El Niño prediction 
as well as for the SPB, which indicates that the CP-El Niño 
prediction tends to be more predictable than the EP-El Niño 
in the absence of model errors. Ren et al. (2016) also show 
similar findings. However, in realistic forecasts, EP-El Niño 
displays better predictibility than CP-El Niño. It is therefore 
expected that model errors are the main limiting factors on 
predictions of CP-El Niño, and therefore on predictions of 
El Niño diversities. The identification to the distinct impacts 
of model errors on the prediction of the development of El 
Niño events with various patterns is therefore a key to the 
improvement in their prediction skills.

Current climate models face several important difficulties 
in simulating El Niño diversity. Yu and Kim (2010) evalu-
ated the performance of models from the World Climate 
Research Programme’s Coupled Model Intercomparison 
Project Phase 3 (CMIP3) and reported that most CMIP3 
models can only simulate a single type of El Niño event 
(Ham and Kug 2012). Even with the CMIP5, although some 
models can describe El Niño diversity, the model biases are 
still notable, e.g., the simulated interannual variability in the 
SST is shifted far more westward than the observations in 
the tropical Pacific (Kug et al. 2010; Choi et al. 2011; Capo-
tondi 2013). As a result, the modeled CP-El Niño events are 
unrealistic and centered far more to the west than the obser-
vations; this modeling error has been found to be driven 
by the unrealistically strong trade winds (Taschetto et al. 
2014). In addition, Kim et al. (2012) demonstrated that the 
extratropical forcing to the central Pacific SST is relatively 
weaker than that observed, thus causing the amplitude of 
the simulated CP-El Niño to be weaker than that observed.

Since model uncertainties are the main factor that strongly 
influences the El Niño diversity prediction, it is necessary 
to improve the model to reduce the impact of the model 
error on El Niño diversity prediction. However, the potential 
sources of model errors are broad (e.g., the uncertainties 
occurring in model parameters, parameterizations, physi-
cal processes, etc.) and their respective impacts are hardly 

distinguishable (e.g., Vannitsem and Toth 2002; Barkmeijer 
et al. 2003; Nicolis et al. 2009). Thus, some studies only 
focus on the model output and introduce many methods to 
correct the model results, such as model output statistics 
(MOS) correction (Ji et al. 1996) and the state-dependent 
correction (Chen et al. 2000). Recently, Duan et al. (2014) 
contributed model errors with various sources to the model 
tendency and proposed the idea of using nonlinear forcing 
singular vector (NFSV) approach (Duan and Zhou 2013) as 
a tool to incorporate the impact of model errors on the ten-
dency perturbation of the SST equation. With such NFSV-
based tendency perturbations, they successfully reproduced 
the El Niño diversities using the Zebiak-Cane model (Zebiak 
and Cane 1987) as well as the relevant air-sea states. Tao 
and Duan (2019) further referred to such approach as the 
NFSV-assimilation approach, in which the observations are 
assimilated and the tendency equation is optimized to ensure 
that the simulation is as close as possible to the observation. 
This approach does not consider the details of model error 
sources but macroscopically considers the combined effect 
of all kinds of model errors. This effectively simplifies the 
overall problem. Based further on the NFSV-assimilation 
approach, Tao and Duan (2019) developed a model error 
forecast model (i.e., the NFSV-based tendency perturbation 
forecast model), which is embedded into an ICM developed 
by Zhang et al. (2003) to formulate a new ENSO forecast 
system (referred to as NFSV-ICM). They found that the 
NFSV-ICM made much better predictions of the Nino3.4 
index associated with ENSO than the ICM. In particular, 
the NFSV-ICM has a much higher skill in predicting the 
SST anomaly in the central tropical Pacific than that in the 
eastern tropical Pacific. This naturally raises the question on 
the ability of the NFSV-ICM system to distinguish the type 
of El Niño during forecasts. Despite the fact that Tao and 
Duan (2019) already realized this point, they did not explore 
in detail to what extent the NFSV-ICM can predict/identify 
the types of El Niño. More specifically, they did not inves-
tigate how the NFSV-ICM improves the prediction skill on 
different ENSO types in terms of their dynamics and phys-
ics. Undoubtedly, addressing this question will allow for a 
better understanding of the occurrence of El Niño diversities 
and improve the forecast skill of different types of ENSO.

The remainder of the paper is organized as follows. 
In Sect. 2, the NFSV-ICM and related observations are 
described, and in Sect. 3 the prediction skills of the NFSV-
ICM for two types of El Niño events are evaluated. To 
address why the NFSV-ICM provides superior model per-
formance in identifying different types of El Niño in pre-
dictions, Sect. 4 analyzes the dynamics and physics of the 
NFSV-based tendency perturbation in correcting bias in pre-
dicting the two types of El Niño events. Finally, a summary 
and a discussion are provided in Sect. 5.
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2  NFSV‑ICM and observations

The NFSV-ICM includes two components. One component 
is the ICM ENSO model, which was developed by Zhang 
et al. (2003). This model is a air-sea coupled model cover-
ing the tropical Pacific that includes a wind stress model, a 
dynamic ocean model and a nonlinear SST model; the other 
component is the model perturbation forecast model derived 
via the NFSV-assimilation approach. Since the ICM captures 
the main dynamics of ENSO evolution, such as the large-
scale air-sea coupling and the thermocline effect on SST, it 
properly simulates the interannual variability of the tropical 
Pacific (Zhang et al. 2005; Gao and Zhang 2017; Zhang and 
Gao 2017; Mu et al. 2019), together with useful skill for 
ENSO predictions (Zhang and Gao 2016a). Note that there 
are still large uncertainties in the ENSO predictions, espe-
cially for the different types of El Niño; many efforts have 
been made to reduce the uncertainties in this model (Zheng 
and Zhu 2016; Gao and Zhng 2017; Goa et al. 2018; Zhang 
et al. 2018). In contrast to previous correction methods, in 
the NFSV-ICM, the NFSV-based tendency perturbation 
forecast model is constructed to deal with the model errors.

The NFSV-based tendency perturbation forecast model 
is derived by applying the NFSV-assimilation approach to 
the historical simulation of realistic ENSO events made 
by the ICM. Let us assume that the ICM can be written as 
x = G(x, t) ; then, the NFSV-ICM is

where �
t
 is determined by minimizing

where y(t) represents the observation, H and R are the obser-
vation operator and observation error covariance, respec-
tively, and x(� , t) is the solution to Eq. (1). After NFSV-
assimilation, the optimized forcing vector f* describes the 
perturbation that offsets the combined impacts of model 
errors from various sources. More specifically, for the ICM, 
the forcing vector f is set to be added to the tendency equa-
tion of the SST model to make the SST simulation x

(

�
∗, t

)

 
closest to the observations y(t) . In addition, f is constant 
within one month since a high frequency of f may destroy 
the adjustment in the air-sea coupling (Duan et al. 2014). 
For example, when the 1-year observations are assimilated 
using the NFSV-based assimilation (Eq. 2), we can obtain 
12 corresponding NFSV-based perturbations. Then, by 
assimilating the historical observed monthly SST during the 
period from 1960 to 1996, a set of corresponding monthly 
NFSV-based tendency perturbations can be obtained dur-
ing 1960–1996 [in total, 37 × 12 NFSV-based tendency per-
turbations; details are provided in Tao and Duan (2019)]. 

(1)x = G(x, t) + �
t
,

(2)J(� ) =
∑

t

(�x(� , t) − y(t))T�−1(�x(� , t) − y(t)),

During the prediction period, only the initial observation can 
be obtained; therefore the corresponding NFSV-based ten-
dency perturbations that depend on the observations during 
the prediction period are not accessible. Nevertheless, the 
NFSV-based tendency perturbations depend on the initial 
states of observed events and can therefore be estimated in 
advance. Tao and Duan (2019) constructed the NFSV-based 
tendency perturbation forecast model by using a singular 
vector decomposition (SVD) approach, which builds the sta-
tistical relationship between the NFSV-based tendency per-
turbation and the SST field. The NFSV-ICM is thus obtained 
by embedding the NFSV-based tendency perturbation fore-
cast model into the ICM.

Reanalysis data sets of the SST and wind stress are used 
in the present work to evaluate the forecast quality of the 
NFSV-ICM. The SST data are derived from the Extended 
Reconstructed SSTv3b of the National Oceanic and Atmos-
pheric Administration (NOAA) (Smith et al. 2008), and the 
wind stress data are obtained from the reanalysis data of 
the National Centers for Environmental Prediction–National 
Center for Atmospheric Research (NCEP/NCAR, Kalnay 
et al. 1996).

3  Hindcast experiments using the NFSV‑ICM

As mentioned in Tao and Duan (2019), the NFSV-ICM out-
performs the ICM in predicting the Nino3.4 index associated 
with ENSO. In this section, we will further study its skills in 
identifying the different types of El Niño events in predic-
tions. Note that there are quite a few approaches to defining 
the types of El Niño events (Ashok et al. 2007; Kao and 
Yu 2009; Kug et al. 2009; Ren and Jin 2011); as a result, 
there exist differences in the El Niño group members asso-
ciated with the EP- and CP-El Niño events in observations. 
To avoid this inconvenience, we determined the types of El 
Niño events based on a consensus result derived from the 
different approaches, similar to the work of Zheng and Yu 
(2017). Hence, there are a total of eight EP-El Niño events 
and ten CP-El Niño events identified from the SST data from 
1960–2016 (see Table 1).

3.1  Niño3.4 index

The hindcast experiments were performed with 1-, 2-, 3-, 
..., and 12-month lead times from the first day of each 
calendar month during the period of 1960–2016 for both 
the ICM and NFSV-ICM. The anomaly correlations and 
root mean square errors (RMSEs) between the observed 
and predicted Niño3.4 index are calculated in terms of the 
CP-El Niño or EP-El Niño period, as shown in Fig. 1. The 
NFSV-ICM has better skills than the ICM in predicting 
SST anomalies, with the former presenting lower RMSEs 
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and higher correlation coefficients. Such improvement is 
dependent on the type of El Niño. Figure 1 indicates that 
the NFSV-ICM has a notably improved ability in predict-
ing CP-El Niño-related SST anomalies. In particular, the 
correlation coefficient is increased from 0.1 with the ICM 
predictions to near 0.5 with the NFSV-ICM predictions at 
12-month lead times. Thus, although both the ICM and 
NFSV-ICM are better at predicting EP-El Niño events than 
CP-El Niño events, the skill difference between the EP-El 
Niño and CP-El Niño predictions is significantly reduced 
in the NFSV-ICM forecasting system. This suggests that 
the high performance of the NFSV-ICM predictions of the 
Niño3.4 index is mainly attributable to the improved skill 
of the NFSV-ICM in predicting CP-El Niño–related SST 
anomalies. If an anomaly correlation coefficient of greater 
than 0.6 between the observation and the prediction indi-
cates a skillful prediction, the lead time for an accurate 
prediction of the CP-El Niño event-related Niño3.4 index 

can be increased from 4 months using the ICM to 7 months 
using the NFSV-ICM.

Although the prediction accuracy of the NFSV-ICM for 
the Niño3.4 index is significantly improved compared with 
that of the ICM, the source of its high ENSO prediction 
abilities is worth investigating. To address this issue, we now 
focus on examining the horizontal distributions and evolu-
tions of SST anomalies during EP- and CP-El Niño events 
in the following sections.

3.2  Mature phases of EP‑ and CP‑El Niño events

Figure  2 shows the composite SST anomalies for the 
observed and predicted CP-El Niño events in winter 
(November-December-January, i.e., the mature phase). 
Both the ICM and NFSV-ICM are able to identify the main 
features of the CP-El Niño events with warming centers in 
the central tropical Pacific with short lead times. However, 
with increasing lead times, the SST anomalies predicted 

Table 1  The observed EP- 
and CP-El Niño events from 
1960–2016

El Niño type Year Number 
of events

EP-El Niño 1969/70, 1972/73, 1976/77, 1982/83, 1986/87, 1997/98, 2006/07, 2015/16 8
CP-El Niño 1963/64, 1965/66, 1968/69, 1977/78, 1987/88, 1991/92, 1994/95, 2002/03, 

2004/05, 2009/10
10

Fig. 1  a Anomaly correlations 
and b RMSEs between the 
observed and predicted SST 
anomalies in the Niño3.4 area 
as a function of lead times. 
Hindcasting was conducted for 
the SST anomalies in the period 
from 1960 to 2016. The results 
derived from the NFSV-ICM 
(solid curves) and ICM (dashed 
curves) are shown separately 
for the different ENSO events. 
The black curves are predic-
tion skills for the Niño3.4 
index from 1960 to 2016, the 
blue curves are for all El Niño 
event-related SST anomalies, 
and the red and pink curves 
are for the EP- and CP-El Niño 
event-related SST anomalies, 
respectively
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by the ICM tend to be weaker, and the warm center is 
displaced eastward. As a result, the ICM may generate a 
false positive prediction for a weak EP-El Niño event or a 
normal year when initialized in the early year. In contrast, 
the NFSV-ICM is able to predict a realistic central tropical 
Pacific warming event at a long lead time when the tropi-
cal Pacific experiences the CP-El Niño event. The major 
differences between the SST anomalies predicted by the 
ICM and NFSV-ICM occur in the central equatorial Pacific 
(see Fig. 2d), especially with a 4-month lead time. To visu-
alize their CP-El Niño prediction skills in detail, some 
forecasts at 4-month lead times for CP-El Niño events are 
plotted individually in Fig. 3. It can be seen that the ICM 
tends to lose its skill in CP-El Niño predictions beyond a 
one-season lead time and is likely to predict a CP-El Niño 
into a La Niña year or a normal year. Although there exist 
CP-El Niño events that are captured in the ICM predic-
tions (e.g., the 1991–1992 CP-El Niño), their intensities 
are usually underestimated. When using the NFSV-ICM, 
the predicted SST anomalies are quite close to those in 
the observations in terms of both the warming center and 
the amplitude (Fig. 3c), and the spatial correlation coef-
ficients between the observed SST anomalies and their 
predictions can be higher than 0.7, even approaching to 1 
for the 4-month lead time predictions.

Composites of the observed EP-El Niño events are dis-
played in Fig. 4, as well as the corresponding predictions 
using the NFSV-ICM and ICM. Comparing Figs. 2 and 4, it 
can be seen that the prediction accuracy for the horizontal 
distribution of the SST anomalies for EP-El Niño events 
is often higher than for the horizontal distribution of the 
SST anomalies for CP-El Niño events. Both the ICM and 
NFSV-ICM predictions present a relatively realistic warm-
ing center position for EP-El Niño events, but the former 
tends to predict a weaker-than-observed El Niño event as 
lead time increases. Although the improvement in the pre-
diction of the EP-El Niño-related SST anomalies is not as 
significant as that for the CP-El Niño along the equator (see 
Fig. 4d), substantial differences between the NFSV-ICM and 
ICM predictions are presented off the equator. The ICM pre-
diction tends to produce a much cooler ocean state off the 
equator while the NFSV-ICM reduces such cold bias and 
yields much better large-scale SST anomalies in the whole 
tropical Pacific.

In addition, by evaluating the prediction results in Figs. 2 
and 4, it is clear that the main differences between the two 
types of El Niño are discernable by both the ICM and NFSV-
ICM at short lead times. However, beyond a 4-month lead 
time, the ICM predictions only show similar patterns for 
both EP- or CP-El Niño events, with a warming center in 

(a) (b) (c) (d)

Fig. 2  Composite SST anomalies for the mature phase (November-
December-January) of the CP-El Niño events derived from the a 
observations, predictions by b the ICM and c the NFSV-ICM, as well 

as d the differences between the NFSV-ICM and ICM. From top to 
bottom, the predictions are generated at 2-, 4-, 6- and 8-month lead 
times. The contour interval is 0.5 °C
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the central and eastern Pacific. Using the NFSV-ICM, the 
predicted CP-El Niño event still features a warming ocean 
in the central tropical Pacific at long lead times and the pre-
dicted EP-El Niño event shows a large warming area in the 
eastern Pacific.

3.3  Evolution of EP‑ and CP‑El Niño events

Not only are the SST anomalies regarding the two types 
of El Niño events in the mature phase improved using the 
NFSV-ICM but their evolutions and corresponding atmos-
pheric states are also improved. Figure 5 shows the evolution 
of the observed CP-El Niño as well as the hindcasts with a 
4-month lead time by the ICM and NFSV-ICM. In the obser-
vations, there exist two ways to produce the SST anomalies 
in the central tropical Pacific. One way is related to the initial 
warming near the dateline that has been documented to be 
generated from anomalous warming in the northern equa-
torial countercurrent (Zhang and Gao 2016b). Such weak 
warming gradually develops due to the triggered wester-
lies in the western Pacific in turn driving the warm water 
eastward. The other way is related to the westerly anomaly 

in the subtropical Pacific. As the trade wind weakens, the 
surface heat flux is reduced causing a positive heat flux into 
the ocean. A meridional SST dipole mode coupled with 
the local westerly wind, known as the Pacific meridional 
mode (PMM) (Chiang and Vimont 2004), then develops in 
April (0). This mode is sustained and gradually amplified 
through wind-evaporation-SST (WES) feedback (Xie and 
Philander 1994). In addition, winds converge in the central 
tropical Pacific, which further enhances the SST anomalies. 
However, in the hindcast experiments, both the ICM and 
NFSV-ICM failed to capture the westerly anomaly in the 
subtropical Pacific. This implies that the effect of PMM on 
the central Pacific is hardly captured with the models. As a 
result, the predicted SST anomalies are smaller than those 
observed in July (0); nevertheless, the ICM predictions are 
worse, and the related warming signal almost disappears in 
July (0). In addition, during the decay phase of the CP-El 
Niño event, the ICM predictions show a weaker-than-
observed cross-equator wind in the eastern Pacific, which 
induces a propagation of SST anomalies eastward and an 
EP-like El Niño event in April (1); note that in the observa-
tions, it is only weak central tropical Pacific warming). Such 

(a) (b) (c)

Fig. 3  The winter SST patterns of CP-El Niño in the a observations, b ICM predictions and c NFSV-ICM predictions, where the lead time is 
four months. PCC is the pattern correlation coefficient between the observation and prediction. The contour interval is 0.5 °C
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discrepancies are significantly reduced in the NFSV-ICM. 
The NFSV-ICM can well capture the local evolution charac-
teristics of CP-El Niño events. Specifically, the NFSV-ICM 
shows weak initial warming in the central Pacific and strong 
convection in the central Pacific during the mature phase of 
the El Niño. Then, the SST anomalies are disrupted due to 
the strong cross-equator wind that pushes cold water to the 
central Pacific (Xie et al. 2018). Overall the NFSV-ICM is 
useful for predicting the development and the decay of the 
CP-El Niño.

Figure 6 displays the horizontal distributions of the evo-
lutions of the EP-El Niño events, including observations 
and hindcasts with a 4-month lead time. Both the ICM and 
NFSV-ICM are able to predict the onset and the evolution 
of EP-El Niño events during spring and summer well. How-
ever, in October (0), the prediction using the ICM shows 
a cooler-than-observed ocean away from the equator, thus 
yielding an unrealistically high meridional gradient of the 
SST anomalies. Moreover, cyclonic anomalies prevail off 
the equator, thereby pumping the ocean and further cooling 
the surface ocean in the subtropical Pacific. Such an unre-
alistic meridional triple mode, presenting strong negative 
SST anomalies away from the equator and positive anoma-
lies along the equator, is strengthened by air-sea interac-
tions. Thus, the ICM predicts an El Niño event flanked by 
stronger-than-observed negative SST anomalies in January 

(1). Although the ICM has skills in predicting the SST 
anomalies along the equator for EP-El Niño events, the sub-
tropical SST evolution, as well as the surface wind, are not 
well predicted. In contrast, when using the NFSV-ICM, the 
unrealistic meridional triple mode is largely reduced, and 
the predictions regarding the development of EP-El Niño are 
closer to the observations including the SST anomalies and 
the surface winds. Neither the ICM nor the NFSV-ICM per-
form well in predicting the decay phase of the EP-El Niño 
events; the decay behavior of the El Niño is predicted to be 
slower than that in the observations. More precisely, the SST 
anomalies in the spring following the El Niño year generally 
disappear in the observations, while the warm anomalies in 
the eastern tropical Pacific still persist in both the ICM and 
NFSV-ICM. Especially in the ICM predictions, the notable 
SST anomalies that are larger than 1.5 °C last from winter 
to the next spring (Fig. 5b). Comparing Figs. 5b and 6b, it 
is clear that the ICM loses its skills in distinguishing the dif-
ferences between the decay phases of EP- and CP-El Niño 
events and predicts quite similar behavior in April (1) in the 
EP- and CP-El Niño predictions, always showing significant 
SST anomalies in the eastern tropical Pacific. In contrast, 
as revealed in Figs. 5c and 6c, the decay phases of EP- and 
CP-El Niño events are distinguishable using the NFSV-ICM.

In summary, the NFSV-ICM outperforms the ICM in the 
context of identifying the differences in El Niño types and 

(a) (b) (c) (d)

Fig. 4  As in Fig. 2, but for the EP-El Niño events
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dynamics in predictions. At the same time, the predictions 
of the evolution of the El Niño events with different types 
are also improved using the NFSV-ICM.

4  The mechanisms leading to El Niño 
diversity

As shown in the last section, the NFSV-based tendency per-
turbation plays a vital role in identifying El Niño diversity 
in predictions. In this section, we will try to explain how and 
why the NFSV-based tendency perturbation can improve the 
prediction skills of El Niño diversity.

Since model errors in the ICM are found to be case-
dependent, the NFSV-based tendency perturbations that 
describe the combined effect of model errors with various 
sources are also case-dependent [see Tao and Duan (2019)]. 
The diversity of the NFSV-based tendency perturbations 
that correct the ENSO predictions are directly related to the 
diversity of the El Niño in the NFSV-ICM predictions. To 
clarify this, the different spatial distributions of the predicted 
air-sea fields as well as the different ocean processes in the 
NFSV-ICM and ICM are explored.

4.1  Distinct NFSV‑based tendency perturbations 
for two types of El Niño

Figure 7a shows the time-dependent NFSV-based tendency 
perturbations along the equator for CP-El Niño predictions 
at 4-month lead times. The NFSV-based tendency perturba-
tion is negative in the eastern tropical Pacific during the 
onset of El Niño. This indicates that the ICM has a positive 
tendency error for the SST anomalies in the eastern equa-
torial Pacific when predicting the onset stage of El Niño, 
which is offset by the NFSV-based tendency perturbation. 
When the CP-El Niño approaches the mature phase, the 
NFSV-based tendency perturbation experiences a change 
of phase leading to a warming effect in the central-eastern 
tropical Pacific, which indicates that the ICM tends to have 
negative tendency errors of SST anomalies in these regions 
when predicting the mature phase of El Niño. By examining 
the total effect of the NFSV-based tendency perturbations 
during CP-El Niño development, a net warming effect on 
the SST tendency is found over the central tropical Pacific 
(Fig. 8a), enhancing the development of positive SST anom-
alies in the central tropical Pacific. This net warming effect 

forces the model to yield a central Pacific warming event. 
After the event peak, the NFSV-based tendency perturba-
tions feature negative anomalies with high values in the 
central-eastern tropical Pacific [Fig. 7a, after January (1)], 
which induces a quick dampening of the SST anomalies and 
helps to terminate these events.

The NFSV-based tendency perturbations for the EP-El 
Niño predictions are different from those for the CP-El Niño 
predictions. To illustrate them, we show a composite of the 
NFSV-based tendency perturbations in Fig. 8b in the dif-
ferent months of the year when the EP-El Niño reaches its 
mature phase. The NFSV-based tendency perturbations are 
positive in the subtropical Pacific, inducing ocean warming 
of the ocean and reducing the cooling bias off the equator in 
the ICM. In addition, the NFSV-based tendency perturba-
tions characterized by negative anomalies over the central 
Pacific and positive anomalies over the eastern Pacific tend 
to shift the predicted SST anomalies substantially eastward 
(Fig. 9a). For the decay phase predictions, the NFSV-based 
tendency perturbations are negative, offsetting the positive 
tendency errors in the SST and helping to terminate the El 
Niño events within a realistic time.

4.2  The physics of the NFSV‑based tendency 
perturbation modulating CP‑ and EP‑El Niño 
formulation by coupling processes

The modulation of the SST evolution by the NFSV-based 
tendency perturbation influences the air-sea interactions. 
The differences between the ICM and NFSV-ICM predic-
tions in the air-sea coupling conditions of the CP-El Niño 
events are displayed in Fig. 7. As a response to the cooling 
effect of the negative NFSV-based tendency perturbation 
occurring in the central-eastern tropical Pacific (Fig. 7a), 
an anomalous easterly wind occurs in the western tropical 
Pacific (Fig. 7b). This weakens the westerly wind anomaly 
near the dateline during the onset of the CP-El Niño event 
and favors the release of ocean heat in the mixed layer [see 
Fig. 7c, in Feb (0)]. This anomalous easterly wind moves 
eastward over time and enhances the cross-equator wind 
in the eastern tropical Pacific in July; see Fig. 5b and c. 
In the meantime, the positive NFSV-based tendency per-
turbations emerging in the central Pacific tend to induce 
anomalous westerly winds in the western tropical Pacific 
in August (Fig. 7a, b). These anomalous easterly winds in 
the eastern tropical Pacific and anomalous westerly winds 
in the western tropical Pacific induced by NFSV-based 
tendency perturbations affect the ocean and can result in 
warm water accumulation in the central tropical Pacific, 
as indicated by the positive sea level (SL) anomalies and 
subsurface temperature (Te) (Fig. 7c, d). In addition, the 
strongly positive NFSV-based tendency perturbations 
occurring in the central-eastern tropical Pacific result in 

Fig. 5  Composite of the evolution of the wind stress and SST anoma-
lies for the CP-El Niño events derived from the a observations and 
the b ICM and c NFSV-ICM predictions with a 4-month lead time, 
where “0” and “1” next to the calendar month denote the year when 
the El Niño event peaked and the following year, respectively. The 
contoured line represents 0.5 °C

◂
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(a) (b) (c)

Fig. 6  As in Fig. 5, but for the EP-El Niño events
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westerly wind anomalies associated with a significantly 
amplified CP-El Niño after October (0), which enhances 
the strength of the warming effect and offsets the discrep-
ancy in the intensity of the El Niño event in the ICM. As 
a result, the NFSV-ICM provides a more realistic CP-El 
Niño event than the ICM in terms of its amplitude and hor-
izontal structure (Fig. 2). For the termination of the CP-El 
Niño events, the NFSV-based estimation of the negative 
tendency perturbations occurring in the central-eastern 
tropical Pacific during the following spring [e.g., February 
(1)–June (1) in Fig. 7a] induces stronger trade winds and 
offsets the discrepancy in trade winds in the ICM, induc-
ing a quickly dampened CP-El Niño with a more realistic 
termination [see Fig. 5 in July (1)]. Clearly, in terms of the 

air-sea coupling, the NFSV-based tendency perturbations 
exert positive influences both in the atmosphere and the 
ocean for the improvement of the CP-El Niño predictions.

For the EP-El Niño events, the differences in the related 
air-sea coupling states between the ICM and NFSV-ICM 
predictions are presented in Fig. 9. Clearly, the westerly 
wind anomaly in the NFSV-ICM, compared to that in the 
ICM, is much weaker in the western tropical Pacific due 
to the cooling effect of the negative NFSV-based tendency 
perturbations in the eastern tropical Pacific during the onset 
of El Niño. The weakened westerly anomalies reduce the 
thermocline effect on SST and induce a cooling effect on 
the eastern tropical Pacific SST, as indicated by the negative 
SL anomalies in the eastern tropical Pacific (Fig. 9c). This 

(a)

(c) (d)

(b)

Fig. 7  The longitude-time section of a the NFSV-based tendency per-
turbation (unit:  10− 6 °C/s), b the differences in the equatorial zonal 
wind stress (unit: dyn  cm− 2) in the CP-El Niño predictions with a 

4-month lead time between the NFSV-ICM and ICM, and the related 
horizontal differences in the c sea level (SL; unit: cm) and d subsur-
face temperature (Te; unit: °C)
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air-sea cooling effect is unrealistically strong. Even if the 
positive NFSV-based tendency perturbations occurring in 
the eastern tropical Pacific induced warming effects on SST 
in winter, they would not fully eliminate the deviation of 
such cooling effects on the eastern tropical Pacific. Conse-
quently, the predictions for EP-El Niño made by the NFSV-
ICM are only slightly improved (Fig. 4). During the decay 
phase of the EP-El Niño, the westerly wind is enhanced in 
the western Pacific as a response to the warming effect of the 
NFSV-based tendency perturbations in the western tropical 
Pacific (Fig. 9b). The anomalous westerlies force the ocean 
and deepen the thermocline with a warming effect on the 
ocean surface counteracting the termination of EP-El Niño 
events [Fig. 9c, d in April (1)]. Thus, even though a strong 
cooling trend is induced by the negative NFSV-based ten-
dency perturbations (Fig. 9a), termination is delayed by the 
air-sea coupling-induced warming effect. From the above, 
the NFSV-based tendency perturbation-induced air-sea mod-
ulation tends to weaken the direct effect of the NFSV-based 
tendency perturbations on EP-El Niño predictions. There-
fore, the prediction of the EP-El Niño evolution is slightly 
improved when using the NFSV-ICM.

(b)

(a)

Fig. 8  Composites of the NFSV-based tendency perturbations for the 
growth phase [from January (0) to December (0)] of a CP-El Niño 
and b EP-El Niño events. The contour interval is 0.5 × 10− 6 °C/s

Fig. 9  As in Fig. 7, but for the 
EP-El Niño events

(c) (d)

(a) (b)
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4.3  The role of ocean heat transport in formulating 
CP‑ and EP‑El Niño in predictions

The adjustment in air-sea coupling due to NFSV-based ten-
dency perturbations is also reflected in ocean processes. To 
quantify the effects of the NFSV-based tendency perturba-
tions on the dynamics of the tropical ocean, heat budget 
analyses are implemented by taking the differences in the 
advection terms of the SST equation between the NFSV-
ICM and ICM. Focusing on the development of El Niño 
events, related calculations were conducted in the Niño3.4 
region during the El Niño period, from October (0) to 
December (0).

The differences in the heat budget between the NFSV-
ICM and ICM for the CP-El Niño predictions are listed in 
Table 2. Three terms are found to dominate the warming 
tendency in the central tropical Pacific, i.e., the meridional 
advection by the mean current of the anomalous SST 
( −

−
v

�T
’

�y
 ), zonal advection by the anomalous current of the 

mean SST ( −u’ �
−

T

�x
 ), and zonal advection by the mean current 

of the anomalous SST ( −
−
u

�T
’

�x
 ). The term −

−
v

�T
’

�y
 plays a 

role in adjusting the poleward extension of SST anomalies. 
This term has a positive value, indicating that the ICM pre-
dictions display a relatively narrow meridional extent of the 
SST anomaly while the NFSV-ICM predictions present a 
CP-El Niño event with a realistic meridional extent (Fig. 2b, 
c). The term −u’ �

−

T

�x
 , known as the zonal advection feedback, 

also shows a positive value; this implies that the ICM exhib-
its much weaker zonal advection feedback while the NFSV-
ICM presents stronger feedback. This term plays an impor-
tant role in the formation of CP-El Niño (Kug et al. 2009; 
Yu et al. 2010; Duan et al. 2014). Therefore, the strong zonal 
advection feedback in the NFSV-ICM may explain why the 
NFSV-ICM can capture the main characteristics of the 
CP-El Niño events. At the same time the NFSV-ICM 

possesses a much weaker vertical advection of the anoma-
lous SST ( −

−
w

�T
’

�z
 ) when predicting the CP-El Niño, which 

indicates that the NFSV-ICM displays a weaker thermocline 
feedback on the SST during the CP-El Niño prediction. This 
emphasizes the secondary role of thermocline feedback in 
the formation of the CP-El Niño and agrees with the results 
shown in Yu et al. (2010) and Duan et al. (2014).

It is of interest to realize that the NFSV-based tendency 
perturbation-induced changes in the ocean processes for 
EP-El Niño events are almost opposite to those for CP-El 
Niño events. As shown in Table 3, the effect of the vertical 
advection by the mean upwelling of the anomalous SST 
( −

−
w

�T
’

�z
 ) is enhanced in the NFSV-ICM, while the effects 

of the zonal advections indicated by −u’ �
−

T

�x
 and −

−
v

�T
’

�y
 are 

reduced. These results indicate that the NFSV-ICM tends to 
enhance the thermocline feedback and weaken the zonal 
advection feedback. In fact, previous studies have demon-
strated that thermocline feedback dominates the process of 
EP-El Niño formation (Kug et al. 2009, 2010). This suggests 
that the strengthening of the thermocline feedback is most 
likely the reason why the NFSV-ICM provides a much more 
realistic EP-El Niño than the ICM.

5  Conclusion and discussion

Tao and Duan (2019) used the NFSV-assimilation approach 
to correct the ICM ENSO model and reformulated an NFSV-
ICM ENSO forecast system. They showed that the NFSV-
ICM possesses much higher forecast skill of Niño3.4 index 
associated with ENSO events than the ICM. The present 
study further explores the ability of the NFSV-ICM to 
identify different El Niño types in predictions and identi-
fies the origin of these improvements as well as the role of 
the NFSV-based tendency perturbations. The results show 
that the predictions by the NFSV-ICM capture the warm-
ing center position and strength of the CP-El Niño event 
well, while the ICM describes a weaker-than-observed El 
Niño event with a warming center located in the tropical 
east Pacific rather than in the central Pacific. For EP-El Niño 
events, the NFSV-ICM reduces the cold bias in the subtropi-
cal Pacific presented in the ICM so that the large-scale char-
acteristics of EP-El Niño events can be suitably predicted 

Table 2  Differences in the heat budget (unit: °C/month) in the Niño-
3.4 area during the period from October (0) to December (0) for the 
CP-El Niño events

The composite values are calculated for the 4-month hindcasts using 
the NFSV-ICM and ICM. The linear advection terms are terms 1 and 
2, which represent the advection by the mean current of the anoma-
lous SST (i.e., −

−
u

�T
’

�x
 , −

−
v

�T
’

�y
 and −

−
w

�T
’

�z
 ) and the advection by the 

anomalous current of the mean SST (i.e., −u’ �
−

T

�x
 , −v’ �

−

T

�y
 and −w’ �

−

T

�z
 ), 

respectively; term 3 is the nonlinear advection term (i.e., −u’ �T
’

�x
 , 

−v’
�T

’

�y
 and −w’ �T

’

�z
)

Term 1 Term 2 Term 3 Total

Zonal advection 1.40 3.17 − 1.32 3.25
Meridional advection 5.09 0.19 0.01 5.10
Vertical advection − 10.56 0.13 − 0.11 − 10.54
dT/dt 9.5 Table 3  As in Table 2, but for the EP-El Niño events

Term 1 Term 2 Term 3 Total

Zonal advection 1.25 − 2.67 0.80 − 0.61
Meridional advection − 5.50 − 0.20 3.04 − 2.75
Vertical advection 1.81 0.03 − 0.17 1.61
dT/dt − 2.60
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using the NFSV-ICM. In terms of the types of El Niño, the 
NFSV-ICM is able to distinguish the main characteristics of 
the two types of El Niño with a two-season lead time, while 
the ICM tends to output a single pattern of El Niño (i.e., the 
EP-El Niño) beyond a one-season lead time.

The NFSV-based tendency perturbation corrects for 
atmospheric, oceanic, and its own interactions in the ICM 
and makes the reformulated NFSV-ICM able to capture the 
characteristics of El Niño diversities. In particular, due to 
the NFSV-based tendency perturbations, the wind conver-
gence in the central Pacific is enhanced in the NFSV-ICM 
during predictions of CP-El Niño events, while the westerly 
anomalies are shifted eastward during predictions of the 
EP-El Niño events. Thus, the wind anomaly-induced SST 
anomaly positions are properly captured for both types of 
El Niño in the NFSV-ICM. On the other hand, the associ-
ated ocean processes are also corrected depending on the 
El Niño type in the NFSV-ICM. In EP-El Niño predictions, 
the NFSV-ICM generates a stronger thermocline feedback 
and a weaker zonal advection feedback than the ICM. Con-
versely, the NFSV-ICM produces a stronger zonal advection 
feedback and a weak thermocline feedback for CP-El Niño 
predictions. The dominant role of thermocline feedback and 
zonal advection feedback in formulating EP- and CP-El Niño 
events, is well documented (Kug et al. 2009, 2010; Yu et al. 
2010; Duan et al. 2014), and NFSV-based tendency pertur-
bations correct these two feedback processes in the ICM so 
that the NFSV-ICM has ability to identify CP- and EP-El 
Niño events in forecasts.

Since the NFSV-based tendency perturbation represents 
the combined effect of model errors from different sources, 
it can be viewed as a climate forcing missing in the ICM 
model. For instance, the ICM only reproduces the tropical 
Pacific and not the extratropical forcing effect; now it is 
corrected by the NFSV-based tendency perturbation in the 
NFSV-ICM. This supports the results of Yu and Kim (2011) 
and Hou et al. (2019) who show that the North Pacific vari-
ability dominates the development of the CP-El Niño. The 
NFSV-based tendency perturbations therefore include the 
impact of the extratropical forcing on El Niño diversities. 
This also suggests that more focus is needed on the simula-
tion of extratropical climate variability in order to appropri-
ately reproduce the state of the tropical Pacific state.

The NFSV-ICM dose have limitations. The NFSV-based 
tendency perturbation is dependent on the optimization peri-
ods and models as well as on the statistical method building 
the relationship between SST and NFSV-based tendency 
perturbations. That is, the NFSV-based tendency perturba-
tion derived from the ICM cannot be used used in other 
models. Especially for a fully coupled model, the NFSV-
based tendency perturbation model could be established and 
coupled not only to ocean component but also to atmos-
pheric component due to the effect of the different scales 

in the atmosphere and ocean. This issue needs to be paid 
attention and resolved in the future. The present study pro-
vides guidance for the application of the NFSV-assimilation 
to more sophisticated coupled models and a useful platform 
for studying the essential features of ENSO diversity and its 
predictability.
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