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Abstract
The El Niño-Southern Oscillation (ENSO) events of recent decades have been divided into the two different types based on 
their spatial patterns, the Eastern Pacific (EP) type and Central Pacific (CP) type. Their most significant difference is the 
distinguished zonal center locations of sea surface temperature (SST) anomalies in the equatorial Pacific. In this study, based 
on six operational climate models, we evaluate predictability of the two types of ENSO events in winter to examine whether 
dynamical predictions can distinguish between the two spatial patterns at lead time of 1 month and tell us more than simply 
whether an event is on the way. We show that winter EP and CP El Niño and La Niña events can only be distinguished in a 
minority of these models at 1-month lead, and the EP type tends to has a more realistic zonal positions of SST pattern cent-
ers than the CP type. Compared to the SST patterns, the differences between the two types are less apparent in precipitation 
especially for the two La Niña types in the models. Examinations of the extratropical teleconnections to the two ENSO types 
show that some of the models can reproduce the differences between EP and CP teleconnections. Evaluations of model 
predictions show that the EP El Niño event has the same level hit rate with the CP El Niño and the CP La Niña event has 
much higher hit rate than the EP La Niña. While the multi-model ensemble increases Niño index prediction skill, it does not 
help to improve forecast skill of center longitude index of the SST patterns and distinguish the two types of ENSO events. 
Although ENSO skill is very high at this lead time, the rapid loss of the initialized information on the different ENSO types 
in most of the models severely limits the predictability of the two types of winter ENSO events and more research is needed 
to improve the performance of climate models in forecasting the two ENSO types.
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1 Introduction

The El Niño Southern Oscillation (ENSO) phenomenon has 
been well known to play a key role in influencing global 
climate (e.g., Rasmusson and Carpenter 1982; Mason and 
Goddard 2001; Davey et al. 2014; Zhang et al. 1996). Now, 
the ENSO events in recent decades are often divided into 
two different types in terms of their spatial patterns. One 
is the canonical type of ENSO which has its sea surface 
temperature (SST) anomaly center over the equatorial East-
ern Pacific (EP). The other one is a non-canonical type of 
ENSO, in additional to the canonical type, which has its 
major SST anomalies centered over the central Pacific (CP) 
regions. This non-canonical type is becoming more frequent 
since the late 1970s (Larkin and Harrison 2005a, b; Ashok 
et al. 2007; Kao and Yu 2009; Kug et al. 2009; Ren et al. 
2013) and may become more frequent under a warming 
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climate (Yeh et al. 2009). For this non-canonical type, there 
have been various nomenclatures and definitions in the lit-
erature, including the dateline El Niño (Larkin and Harri-
son 2005a, b), El Niño Modoki (Ashok et al. 2007), central 
Pacific ENSO (Kao and Yu 2009; Yeh et al. 2009; Yu et al. 
2011), and WP El Niño/ENSO (Kug et al. 2009; Ren and Jin 
2011, 2013). In this study, we will adopt the terminology of 
the EP and CP ENSO for describing the two types.

Many previous studies revealed that the CP type of El 
Niño has significantly different global climate impacts from 
the EP El Niño through tropical-extratropical teleconnec-
tions (e.g., Weng et al. 2007, 2009; Kim et al. 2009; Feng 
et al. 2010; Feng and Li 2011; Zhang et al. 2011, 2012; Yuan 
and Yang 2012) as these two types of El Niño are accom-
panied with distinct tropical atmospheric circulations. La 
Niña events, the negative phase of ENSO events, are usually 
less distinguishable in terms of the two types (Kug and Ham 
2011). However, they were also divided into the two types 
in some studies (Ashok and Yamagata 2009; Yuan and Yan 
2013), particularly if the decadal background is eliminated 
since 1980 (Ren et al. 2013). Indeed, the value of distin-
guishing the two types for either El Niño or La Niña events 
is clearest from their distinct global and regional climate 
impacts rather than their different SST patterns (Zhang et al. 
2015). From this point of view, both types of El Niño and La 
Niña events will be focused on in this study.

Due to the significant impacts of ENSO on global cli-
mate, in recent 30 years, many international efforts were 
made towards ENSO prediction, and progress were made 
in improving skill levels of ENSO prediction (Latif et al. 
1998; Jin et al. 2008; Barnston et al. 2012). A great many 
approaches were developed to predict ENSO, including sta-
tistical models, simplified air-sea coupled models, and fully 
coupled global climate models (GCMs) (e.g., Cane et al. 
1986; Zebiak and Cane 1987; Chen et al. 1995, 2004; Kang 
and Kug 2000; Kirtman 2003; Luo et al. 2005, 2008; Zheng 
et al. 2006; Ham et al. 2009; Cheng et al. 2010; Izumo 
et al. 2010; Zhu et al. 2012, 2017; Ren et al. 2014; Liu and 
Ren 2017). Dynamical prediction based on fully coupled 
ocean–atmosphere GCMs has become a powerful tool for 
ENSO prediction as a result of large improvements in under-
standing ENSO, climate modeling, and ocean data assimila-
tion. Here we test whether predicting the two ENSO types 
using the dynamical coupled GCMs is now possible given 
that they have already been shown to predict the canonical 
ENSO.

Previous studies have shown that most current coupled 
GCMs still have difficulty in reproducing the distinct SST 
anomaly patterns of two ENSO types due to model biases and 
other deficiencies (Yu and Kim 2010; Ham and Kug 2012). 
This presents a challenge to the dynamical prediction of the 
two ENSO types based on current GCMs. In comparison with 
the studies on prediction of the canonical ENSO, relatively 

little effort has been made to assess skill of the dynamical 
models in predicting the two types. In recent years, a few 
studies have used initialized hindcasts of some operational 
GCMs to do this. Hendon et al. (2009) and Lim et al. (2009) 
first attempted to predict differences between autumn modoki 
and canonical El Niños in the POAMA coupled seasonal 
forecast model of Australian Bureau of Meteorology (BoM) 
but the predictive lead time is limited to less than one sea-
son. Along this line, Jeong et al. (2012) found the lead time 
could be extended to 4 months for winter in the multi-model 
ensemble (MME) mean sense utilizing the hindcast data of 
the MME suite in the Asia–Pacific Economic Cooperation 
Climate Center (APCC), and Jeong et al. (2015) showed the 
predictability was subject to an apparent inter-decadal change. 
Yang and Jiang (2014) further showed the seasonal depend-
ence of prediction skill of the two ENSO types for related SST 
anomalies and climate impacts in the Climate Forecast System 
version 2 (CFSv2) of National Centers for Environmental Pre-
diction (NCEP). Zhu et al. (2015) examined prediction skill 
of the two types in the ECMWF prediction systems and found 
that the EP ENSO has higher skill than the CP. It has also 
been suggested that CP events may be more difficult to predict 
due to their smaller amplitude (Imada et al. 2015) and hence 
smaller signal to noise ratio. These studies overall indicate bet-
ter performance for the EP ENSO than CP ENSO predictions 
though they are to some degree dependent on the principal 
components of tropical Pacific SST anomalies and the associ-
ated indices based on empirical orthogonal functions (EOFs) 
analysis, which are also unable to discriminate the asymmetry 
between El Niño and La Niña.

In this study, we will further examine the model predict-
ability of these two types of ENSO by directly focusing on 
the El Niño and La Niña events that are well defined in the 
literature, based on initialized hindcasts from a group of cur-
rent operational seasonal forecast systems. We aim to carry 
out a comprehensive event-based ENSO prediction evaluation 
and reveal whether dynamical predictions can distinguish the 
spatial differences between the two types of events and their 
teleconnections at seasonal lead times. This paper is organ-
ized as follows. Data and method are described in Sect. 2. 
Comparisons of prediction skill and patterns of SST anoma-
lies, precipitation responses, and teleconnections are given in 
Sects. 3, 4, and 5, respectively. We show event-based skill of 
predictions of different ENSO types in Sect. 6 and attempts 
using the MME method in Sect. 7. Summary and discussion 
are given in Sect. 8.
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2  Data and method

2.1  Hindcast datasets from six operational seasonal 
forecast systems

In this study, we use hindcast data of wintertime (Decem-
ber-January-February, DJF) initialized in November, col-
lected from six operational prediction systems referred to 
as CFSv2, BCCv2, P24A, ECMWF4, G5GC2, and DPS3, 
respectively, and defined below. All of the models are fully 
coupled climate models that provide real-time operational 
predictions accompanying with hindcast datasets to evalu-
ate and then calibrate these models.

CFSv2 is the Climate Forecast System version 2 from 
the NCEP, which is the upgraded version of CFSv1 (Saha 
et al. 2006) and has been used in operation since 2011. In 
CFSv2, there are substantial changes made from CFSv1, 
showing some significant advances in operational pre-
dictions (Saha et al. 2014). CFSv2 hindcast is a set of 
9-month reforecasts initialized from every fifth day with 
four times of that day as totally 24 ensemble members, 
spanning the period of 1982‒2010. To elongate the data-
set, the real-time forecasts of 2011 are added. Initial condi-
tions for the atmospheric and oceanic models are from the 
NCEP CFS Reanalysis (Saha et al. 2010).

BCCv2 is the second generation of climate forecast-
ing system in Beijing Climate Center of China Meteoro-
logical Administration (BCC/CMA), a operational system 
from 2016. BCCv2 is based on the BCC Climate System 
Model version 1.1 m (BCC_CSM1.1 m) (Wu et al. 2013). 
Its atmospheric component is the BCC AGCM2.2 with a 
T106 horizontal resolution and 26 vertical levels (Wu et al. 
2010), and its land component is the BCC Atmosphere 
and Vegetation Interaction Model version 1.0. The ocean 
component of BCCv2 is the Geophysical Fluid Dynam-
ics Laboratory Modular Ocean Model version 4 and the 
sea ice component is the Sea Ice Simulator. BCCv2 hind-
cast is initiated from the 1st day of each month during 
1991‒2014 with a 13-mon integration. The atmospheric 
initial values are initialized from the four-time daily NCEP 
Reanalysis I and the oceanic initial values from variables 
of the NCEP Global Oceanic Data Assimilation System, 
using a nudging scheme of 3-D atmospheric fields and 
ocean temperature. Each hindcast includes 24 ensemble 
members by combining different atmospheric and oceanic 
initial conditions.

P24A is the operational seasonal prediction model in 
BoM (P24A) including BAMv3.0d (T47L17) and ACOM2 
(0.5º–1.5ºlat × 2ºlon L25) (Lim et al. 2012), participating 
in the Asia–Pacific Economic Cooperation Climate Center/
Climate Prediction and its Application to Society (APCC/
CliPAS) (Wang et al. 2009; Lee et al. 2010). POAMA 

stands for Predictive Ocean Atmosphere Model for Aus-
tralia. POAMA is the Bureau of Meteorology’s dynami-
cal (physics based) climate model used for multi-week to 
seasonal through to inter-annual climate outlooks. It is a 
state of the art long-range forecast system using ocean, 
atmosphere, ice, and land data observations to initiate out-
looks up to 9 months ahead. The P24A hindcast we use 
here is initialized on the 1st day of every month from 1981 
to 2010, 30 years in total.

ECMWF4 is the European Centre for Medium-Range 
Weather Forecasts (ECMWF) System 4. ECMWF4 utilizes 
the ECMWF atmosphere model, with a higher resolution 
and a higher atmosphere top, and more ensemble mem-
bers than the previous system (Molteni et al. 2011). The 
ECMWF4 hindcast is a set of 7-month seasonal reforecasts 
including 15 member ensembles, initialized on the 1st day 
of every month during 1981‒2010, 30 years in total. More 
details of this system can be referred to http://www.ecmwf 
.int/produ cts/forec asts/seaso nal/docum entat ion/syste m4.

G5GC2 is the Met Office global seasonal forecast system 
5 (GloSea5) (MacLachlan et al. 2015). Its hindcasts used 
here were run in research mode over 1992–2011, using a 24 
member ensemble. DPS3 is the Met Office decadal climate 
prediction system 3 (DePreSys3) (Dunstone et al. 2016). 
The DPS3 hindcasts used in this paper cover the period 
1981–2014. DPS3 and G5GC2 use the same climate model 
but differ in the way in which they are initialized. G5GC2 
is initialized directly from atmospheric fields of ECMWF 
ERA-Interim reanalysis data and its forced hindcast ocean 
reanalysis (GloSea5 Ocean and Sea Ice Analysis) that are 
coupled together on the first forecast time step (see MacLa-
chlan et al. 2015 for details). Whereas DPS3 is via weakly 
coupled data assimilation, where analyzed monthly ocean 
temperature, salinity, and sea-ice concentration and reanaly-
sis winds and temperatures are continuously nudged into the 
coupled model (see Smith et al. 2007; Knight et al. 2014, 
and Dunstone et al. 2016 for details). Forecasts are then 
branched off this assimilation run. In both G5GC2 and DPS3 
the underpinning climate model is the Met Office global 
coupled model 2.0 (GC2). In this configuration the verti-
cal resolution is 85 levels in the atmosphere (with a top at 
85 km) and 75 levels in the ocean (with a 1 m top level). The 
ocean horizontal resolution is 0.25° on a tri-polar grid and 
in the atmosphere a horizontal resolution of N216 (60 km in 
mid-latitudes) is used. This model has been shown to have 
good representation of the modes of climate variability, 
including ENSO (Williams et al. 2015). Both G5GC2 and 
DPS3 use random seeds to drive a stochastic physics scheme 
in order to generate forecast ensemble members. We put the 
brief description of all the models into Table 1.

Anomalies of all hindcast variables are obtained by 
removing their own climate mean of the whole period 
of hindcast data used here. Winter means are used 

http://www.ecmwf.int/products/forecasts/seasonal/documentation/system4
http://www.ecmwf.int/products/forecasts/seasonal/documentation/system4
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throughout the paper and constructed by averaging data 
for December–January–February (DJF).

2.2  Observational reanalyses

In this study, to verify the model hindcasts, we use the 
following observations: for SST we use HadISST (Rayner 
et al. 2003), for mean sea level pressure (MSLP) we use 
HadSLP2 (Allan and Ansell 2006), and for precipita-
tion we use the Global Precipitation Climatology Pro-
ject (GPCP) version 2.2 (Adler et al. 2003). Although 
the GPCP is limited to the satellite era (1979-onwards), 
it provides global coverage over the oceans which gauge-
based datasets cannot provide. Observational anomalies 
in this paper are calculated from the climatology defined 
by the data during the period of 1981–2010.

Traditional Niño3.4, Niño3 and Niño4 indices of SST 
anomalies are used, which are defined as SST anomaly 
averages over the Niño3.4 region (5˚S–5˚N, 170˚–120˚W), 
Niño3 region (5˚S–5˚N, 150˚–90˚W), and Niño4 region 
(5˚S–5˚N, 160˚E–150˚W), respectively. To quantify the 
two types of ENSO, we choose the Niño Warm-Pool index 
(denoted as WPI) and Niño Cold-Tongue index (denoted 
as CTI) that were proposed by Ren and Jin (2011) for rep-
resenting the CP and EP ENSO types, respectively, based 
on a nonlinear transformation of Niño3 and Niño4 indices; 
i.e., WPI = Niño4 − αNiño3 and CTI = Niño3 − αNiño4, 
where α = 0.4 when Niño3*Niño4 > 0; otherwise, α = 0.

2.3  Evaluation methods

In this study, we carry out an evaluation through the event-
based method. That is, we focus on the patterns of the two 
ENSO types based on composites of historical events. To 
define the El Niño or La Niña events, we refer to the defi-
nition of Yeh et al. (2009), namely contrasting differences 
between Niño3 and Niño4 indices either exceeding 0.5 °C. 
We identify historical events which are mainly consistent 
with the literature (e.g., Kao and Yu 2009; Kim et al. 2009; 
Kug et al. 2009; McPhaden et al. 2011; Xiang et al. 2013) 
that has been well recognized. Note that the classification for 
La Niña events is still controversial. Here we directly refer 
to the previous study (Zhang et al. 2015). The winters for 
the different types of winter-mean ENSO indices are listed 
in Table 2.

Composite patterns for observation are calculated by 
averaging the anomalous fields that correspond to the dif-
ferent types of events. For the model hindcasts, composite 
patterns are calculated in terms of the observed events for 
the different types, where the predicted ENSO events can be 
identified using ensemble means of these models with the 
available data periods for the same years as in the observa-
tions. In this study, we remove the linear trend from all of 
the data before doing analyses.

3  Comparisons of patterns of SST anomalies

First of all, as a reference, Fig. 1 presents skill of ENSO 
prediction based on winter Niño indices in the models. It is 
clearly seen that Niño3.4 index has the highest skill score 

Table 1  Description of the six models

System short names Institutes (model names) AGCM (resolution) OGCM (resolution) Ensem-
ble 
number

Data periods

CFSv2 NCEP (NCEP CFSv2) GFS (T126L64) MOM4 (1/4° Eq. L40) 24 1982–2011
BCCv2 BCC (BCC_CSM1.1 m) BCC_AGCM2.2 (T106L26) MOM4 (1/3º–1ºlat × 1ºlon L40) 24 1991–2014
P24A BoM (POAMA) BAMv3.0d (T47L17) ACOM2 (0.5º–1.5ºlat × 2ºlon L25) 10 1981–2010
ECMWF4 ECMWF (ECMWF System4) IFS cycle 36r4 (T255L91) NEMO (1/3°–1º L42) 15 1981–2010
G5GC2 Met Office (HadGEM3-GC2) MetUM-GA3(N216L85) NEMO-GO3 (0.25° L75) 24 1992–2011
DPS3 Met Office (HadGEM3-GC2) MetUM-GA3(N216L85) NEMO-GO3 (0.25° L75) 40 1981–2014

Table 2  Events of two types 
of El Niño and La Niña from 
1981/82 to 2014/15 winters

Types Winters Numbers

EP El Niño 1982/83, 1986/87, 1991/92, 1997/98, 2006/07 5
CP El Niño 1987/88, 1994/95, 2002/03, 2004/05, 2009/10, 2014/15 6
EP La Niña 1984/85, 1995/96, 1999/00, 2005/06, 2007/08 5
CP La Niña 1983/84, 1988/89, 1998/99, 2000/01, 2008/09, 2010/11, 2011/12 7
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Fig. 1  Scatter maps of the HadISST (x-axis) and model predictions (y-axis) for DJF-mean Niño3.4 index, Niño3 index, Niño4 index, CTI, and 
WPI. Each symbol denotes one DJF mean. CORs are correlation coefficients for all of value pairs and colors are for different models
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with a correlation coefficient of 0.94 between observations 
and predictions at 1 month lead. All the model forecasts are 
highly consistent with the observed El Niño, Neutral, and 
La Niña phases, and a similar situation is found for the EP 
cases, with slightly reduced correlations of 0.93 and 0.90 
for Niño3 index and CTI, respectively. As a comparison, 
the skill score in WPI for the CP type is relatively lower 
(correlation is 0.81) and the spread across models is clearly 
larger. Meanwhile, Niño4 index is also highly predictable 
(correlation is 0.91), which is sometimes used to represent 
the CP type. These results confirm previous studies in which 
the indices for representing the two types are usually well 
predicted, particularly within a few months lead. The com-
posite spatial patterns of SST anomalies of the EP and CP 
El Niño events (Table 2) over the equatorial Pacific in obser-
vations and the six different models are shown in Fig. 2. A 
distinct difference between the EP and CP events is shown in 
the observations. The EP events are stronger, with the largest 
anomalies occurring between 160°W and the eastern bound-
ary, and extending southwards along the Peruvian coastline. 
In contrast, the CP events show the centers of equatorial 
SST anomalies between 170 and 150°W. The EP-CP differ-
ence plot shows the EP events have greater warming in the 
south-east but are generally cooler north of the equator and 
in the west.

All of the models assessed show stronger EP than CP 
events, agreeing well with the observations, where the pat-
tern correlation coefficients (PCCs) are generally above 0.9 
and 0.80 for the EP and CP types, respectively, as shown 
in Fig. 2. However, some do not show as much separation 
between the two types as several of the model composites 
for the CP type show maximum SST anomalies to the east 
of the observed maximum. In the models the CP events also 
tend to show overestimated warming along the Peruvian 
coast although we note that the modeled EP events remain 
stronger in this region. The differences between EP and 
CP events in the western Pacific are also generally poorly 
represented in the models, with several showing underesti-
mated relative cooling, presumably due to the well-known 
westward extension bias of ENSO anomalies (e.g., Ham and 
Kug 2015). Among the models, DPS3 best represents the 
observed differences of the two ENSO types, CFSv2 also 
performs well but shifts CP events too far east, and G5GC2 
overstates the differences with greater anomalies during EP 
events although this may be due to relatively smaller sample 
size of its hindcast still including the large 1997/98 event.

Figure 3 shows the La Niña composite SST anomalies. In 
observations the difference between the two event types is less 
distinct than that for El Niño events. The CP events are slightly 
stronger in the central Pacific, and weaker in the eastern equa-
torial Pacific, also showing a greater cooling anomaly than EP 
events in the southeast tropical Pacific. The difference between 
the EP and CP events is also less distinct in the models, com-
pared to the two El Niño types. As seen in Fig. 3, although the 
PCCs are still above 0.9 and 0.80 for the two types, those for 
the EP-CP differences are all below 0.70. Meanwhile, although 
a majority of the models correctly show stronger CP La Niña 
events, two of the models, BCCv2 and G5GC2, do not. Two 
models, CFSv2 and DPS3, show the cooling anomaly extend-
ing into the southeast tropical Pacific in CP events, as seen in 
observations. As with the El Niño composites, several of the 
models have maximum anomalies in the CP events eastward 
of the observed position.

Generally, the models predict the differences between EP 
and CP events in El Niño better than in La Niña. The observa-
tions show smaller anomaly differences between the EP and 
CP La Nina events than in El Niño conditions. DPS3 best 
simulates the observed differences between the EP and CP 
events, though all models capture some of the characteristics. 
Figure 4 collectively contrasts the central positions of the 
SST anomaly patterns shown in Figs. 2 and 3 for the EP and 
CP event composites by directly identifying the center longi-
tude index (CLI) that is defined as the center longitude where 
the amplitude of equatorial-mean (5°S‒5°N) SST anomaly 
reaches maximum. In observations the SST centers of the CP 
ENSO types are steadily located west of 160ºW and those of 
the EP types are east of 145ºW. The longitudinal separation 
of the two types of La Niña events is evidently less than that 
between the two types of El Niño events.

In Fig. 4, almost all of the models have relatively realistic 
longitudinal center positions for the EP type in both El Niño 
and La Niña conditions except that P24A shows a strong west-
ward shift. However, for the CP type only DPS3 and P24A 
have positions close to those observed, with the other models 
showing a clear eastward displacement, where DPS3 does 
the best job. This conclusion would be much clearer in Fig. 5 
when we extract the main longitudinal center positions of the 
two types. It is quite clearly seen in Fig. 5 that the canonical 
center longitudes of EP and CP El Niño events can only be 
distinguished by 2‒3 models, and this is slightly less true for 
La Niña events where four out of six models are unable to dis-
tinguish the canonical center positions between the two types 
of La Niña events.

Fig. 2  Composite patterns of SST anomalies (unit: ºC) for the EP-
type (left panels) and CP-type (middle panels) El Niño events as well 
as their differences (right panels) based on the observation (top three 
panels) and model hindcasts (below panels). Black numbers in pan-
els are pattern correlation coefficients (PCCs) between the model pat-
terns and the corresponding observation pattern. Yellow dots denote 
the t-test significance at the 95% confidence level

◂
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Fig. 3  The same to Fig. 2, but for the two types of La Niña events
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4  Patterns of precipitation responses

Figure 6 shows precipitation anomalies for the composites 
of EP and CP El Niño events for observations and model 

hindcasts. The observations show during EP events the 
precipitation is enhanced along the equatorial region from 
160°E to 80°W, with the SPCZ displaced to the north and 
east of its climatological position and the ITCZ, which lies 
to the north of the equator, displaced strongly southward, 

(a) (b)

(c) (d)

Fig. 4  Equatorial mean (5°S‒5°N) of SST composite patterns of observation and predictions for different ENSO types (a–d), where Obs80 and 
Obs90 denote the HadISST results of 1980–2014 and 1990–2014 periods, respectively

(a) (b)

Fig. 5  Scatter maps between SST anomaly center longitudes (viz. LPIs shown in Fig. 4) of two types of El Niño (a) and La Niña (b). Colored 
dots denote the model results. Black circles are for the HadISST results during 1980–2014 period. Unit of the two axes is ºE
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resulting in a largely zonal feature along the equator. Pre-
cipitation tends to be weaker than normal over northern 
Australia, maritime Southeast Asia, and the Philippines. 
The pattern during CP events has a quite different spatial 
structure. That is, enhanced precipitation largely occurs 
between 160°E and 160°W, with anomalies of less than 
1 mm/day to the east of 160°W, and the SPCZ and ITCZ 
are distinct features with the SPCZ extending southwest-
wards from the equator and shifted less strongly to the 
east and the ITCZ displaced less strongly southward. This 
leads to a difference map showing stronger precipitation 
along the equatorial region in EP events, with weaker 
bands either side.

Many of the models show the rainfall differences 
between the EP and CP events well (Fig. 6, lower pan-
els). The precipitation anomalies are generally greater in 
the models than seen in observations except BCCv2. The 
plots of the differences between EP and CP events show 
stronger equatorial precipitation anomalies in EP events 
with a band of weaker precipitation to the north. P24A 
most clearly shows less precipitation to the south in EP 
events although there are traces of this in other models. 
DPS3 is less successful at capturing the zonal nature of the 
EP pattern in the eastern Pacific than some other models, 
with the enhanced precipitation lying mainly to the north 
of the equator. This bias is also apparent, to a lesser extent 
in G5GC2 and CFSv2.

As was shown for SSTs, for La Niña conditions the differ-
ence between precipitation patterns of the EP and CP events 
is not as clear as for El Niño conditions. Figure 7 shows 
maps of the spatial precipitation patterns. The observations 
show very similar patterns in EP and CP events with nega-
tive precipitation anomalies around the equator and posi-
tive anomalies on the western coasts. The CP events show 
greater decreases of precipitation east of 150ºE. The inter-
model spread is large in capturing the precipitation response 
to the two La Niña types. P24A shows larger anomalies than 
observed, but BCCv2 shows weaker anomalies. In DPS3 
and G5GC2 the negative anomalies extend too far east north 
of the equator, and in BCCv2 the anomalies do not extend 
far enough east. Despite these differences in the anomaly 
patterns, the differences between the EP and CP events are 
similar between the models, showing a greater decrease in 
precipitation in the CP events in agreement with observa-
tions. Clearly, the models have a less capability of reproduc-
ing the difference between the two La Niña types than that 

between the two El Niño ones, as shown by the PCCs in the 
right panels of Figs. 6 and 7.

Further, Fig. 8 collectedly shows contrast of the center 
positions of the precipitation anomaly patterns shown in 
Figs. 6 and 7 for the EP and CP event composites by identi-
fying their center longitude index (CLI), same as to that of 
the SST anomaly but with the equatorial-mean (5°S‒5°N) 
precipitation anomaly reaching its maximum. The observed 
rainfall centers of the CP El Niño types are steadily located 
west of around 180 and around east of 160ºW for the EP 
types, whereas those of the EP and CP La Niña types are 
almost undistinguishable in terms of their longitudinal posi-
tions. The ability of the models to distinguish the canonical 
rainfall pattern centers between the two types is significantly 
lower than that in distinguishing the SST pattern centers.

5  Patterns of teleconnections

ENSO teleconnections provide a potential predictability 
source of extratropical climate prediction skill on seasonal 
(e.g., Jia et al. 2012; Jeong et al. 2012; Lee and Ha 2015; 
Scaife et al. 2017a) and perhaps longer interannual time-
scales. However, it is difficult from observational records 
to decide whether these influences are variable from one 
event to another (e.g., Greatbatch et al. 2004; Toniazzo and 
Scaife 2006), or simply the same in all events but masked in 
some cases by other climate variability so that long records 
are required to extract stable teleconnections (Brönnimann 
et al. 2007). Ensemble hindcasts used in this study provide 
the opportunity to decide between these two possibilities and 
potentially identify robust teleconnection patterns by using 
the ensembles to minimize unpredictable internal variability.

Figure 9 shows teleconnections to EP and CP El Niño 
events in observational analysis and a number of hindcast 
sets. All models successfully generate the Pacific telecon-
nection pattern during EP events with high pressure in the 
tropical west Pacific and low pressure over the Aleutians in 
North Pacific. Similar signatures to the observed pattern are 
also reproduced in the southern hemisphere with a sequence 
of high–low–high pressure features terminating off the tip 
of South America. Atlantic patterns are weaker but DPS3 
and G5GC2 show high pressure close to northwest Europe 
in a pattern similar to that identified in the strongest El Niño 
events (Toniazzo and Scaife 2006) and which occurs when 
stratospheric polar vortex is undisturbed (Bell et al. 2009; 
Ineson and Scaife 2009).

In CP events the Pacific teleconnections are similar in 
pattern but weaker in amplitude, as expected given the 
generally lower amplitude of CP events (Fig. 2). However, 
the Atlantic response is much clearer in CP events with a 
negative NAO like response in the observational compos-
ite. This pattern dominates the overall Atlantic response to 

Fig. 6  Composite patterns of precipitation anomalies (unit: mm/day) 
for the EP-type (left panels) and CP-type (middle panels) El Niño 
events as well as their differences (right panels) based on the obser-
vation (top three panels) and model hindcasts (below panels). Black 
numbers in panels are PCCs between the model patterns and the cor-
responding observation pattern. Yellow dots denote the t-test signifi-
cance at the 95% confidence level

◂
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Fig. 7  The same to Fig. 5, but for the two types of La Niña events
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ENSO as has been noted in many studies (e.g., Brönnimann 
2007; Fereday et al. 2008; Cagnazzo and Manzini 2009; 
Butler et al. 2016). Observational studies have also found 
that this negative NAO response comes mainly from the 
moderate ENSO events (Toniazzo and Scaife 2006), but 
studies during the reanalysis period have obtained contro-
versial results regarding whether this response is associated 
more closely with CP (Graf and Zanchettin 2012) or EP 
(Sung et al. 2014) events, highlighting the problems of sam-
pling relatively short records. A recent paper examining the 
response in CMIP5 models supports the association of CP 
events with the negative NAO response (Calvo et al. 2015). 
Some of our models shown here simulate a similar negative 
NAO response to our observed composite (BCCv2, G5GC2, 
DPS3) while others produce part of the response (P24A, 
CFSv2). The ECMWF model does not appear to reproduce 
the observed response to CP events and this model also has 
the weakest teleconnection over the North Pacific.

Figure 10 shows the SLP composites from La Niña events 
for the observations and model hindcasts. As was seen in the 
SST and precipitation composites (Fig. 2, 3, 6, and 7) the 
difference between EP and CP events is less pronounced in 
La Niña events than El Niño events. This is particularly true 
in the tropics where there is little difference between the SLP 
responses in EP and CP La Niña events. In the extratropics 
there are some distinct differences consistent between the 
EP and CP events. The Aleutian Low weakens in both event 

types, but the weakening is greater in CP events. Although 
this also occurs in observations it appears more pronounced 
in the models. The location of the Aleutian Low shifts con-
sistently in the models with CP showing greater increase in 
SLP further to the west.

In the observations the North Atlantic shows strong dif-
ferences between the EP and CP La Niña events, with CP 
events again showing a strong (positive) NAO signal. Only 
BCCv2 simulate this positive NAO pattern well, whereas 
P24A shows a more positive NAO signal in EP events. 
CFSv2 and G5GC2 show much weaker differences between 
the event types over the North Atlantic than observed, while 
DPS3 does better. In the southern hemisphere the models 
capture the observed differences between the event types 
well. The CP events show stronger anomalies, with a strong 
negative center in the southeast Pacific. All the models show 
this negative anomaly, although P24A shows a stronger 
anomaly in EP events. In addition, the North Pacific shows 
only weak differences between the two event types in spite of 
the differences in the intensity and geophysical positions of 
the main circulation centers. Still, over the North Pacific the 
models tend to capture the EP associated circulation patterns 
better than the CP ones and the EP-CP differences and the 
fact that differences are small in the Pacific but large over 
the Atlantic is consistent with a tropical Atlantic pathway for 
the teleconnections to the north Atlantic (e.g. Toniazzo and 
Scaife 2006; Scaife et al. 2017a).

(a) (b)

(c) (d)

Fig. 8  The same to Fig. 4, but for the equatorial-mean precipitation composites, where Obs80 and Obs90 denote the GPCP results of 1980–2014 
and 1990–2014 periods, respectively



3882 H.-L. Ren et al.

1 3



3883Seasonal predictability of winter ENSO types in operational dynamical model predictions  

1 3

In this Section, we can see that the model hindcasts have 
helped us identify the robust teleconnection patterns by 
using the ensemble data at the shortest lead. Our examina-
tion of the extratropical teleconnections to the two ENSO 
types show that some of the models can reproduce the dif-
ferences between EP and CP teleconnections. Therefore, 
through this study we can find out that the ENSO telecon-
nection is definitely variable with the different ENSO types 
and phases changing, which provides a good reference for 
climate prediction.

6  Prediction skill of different types of ENSO 
events

To simply illustrate the main information of evaluation of 
the event-based canonical patterns, we collect all the PCC 
skill scores between the observed and forecasted patterns of 
SST, precipitation, and SLP anomalies, into Fig. 11. It can 
be clearly seen that, if PCC can measure to some degree the 
capability of the models in predicting the two types of ENSO 
events, these models overall give slightly higher skill for the 
EP than the CP SST patterns for both El Niño and La Niña 
events, and this is less true for the precipitation patterns. 
However, such high PCCs do not definitely bring us the high 
skill that the models distinguish the two types in terms of the 
EP‒CP differences in their canonical SST patterns. It is also 
clearly seen that the global teleconnection patterns for the 
CP La Niña and EP La Niña are not always well represented 
by the models, and that particularly the EP‒CP differences 
are difficult to represent, though some regional circulation 
patterns can be predicted in different sectors.

We now investigate the prediction skill of the forecast 
systems in predicting the two types of ENSO events during 
winter and test whether the year-to-year forecast categories 
match those observed. Table 3 lists the observed frequencies 
when the forecast is for either an EP or CP target event for 
El Niño and La Niña. Here the predicted ENSO events are 
identified by the same standard as observed using ensem-
ble means of each model and the observed frequencies have 
been accumulated for all the model forecasts.

As seen in Table 3, importantly, when an El Niño or La 
Niña event is forecast to occur, there are no incidences of 
the opposite event occurring (the lower-left and upper-right 
corners of Table 3 are blank). The skill of differentiating 
between the sub-types (EP or CP) is more of a challenge for 

the dynamical model systems, even from this relatively short 
lead time. Indeed, only half probability can be observed 
when any given type of El Niño event is forecasted, as shown 
by the highest numbers along the diagonal of Table 3. Neu-
tral events are particularly well forecast (successful in ~ 70% 
of cases), with a small tendency for the models to misclas-
sify CP La Niña events as neutral.

The most successful predictions are apparent for the CP 
La Niña type with over 90% of those forecasts correctly 
predicted. However, as discussed in the previouspart, the 
models tend to under represent the frequency of CP La Niña 
events and hence there are only eleven such events predicted 
to occur. This lower sample size means that our models are 
less confident about the skill of this CP La Niña category, 
but also suggests that when the model does forecast a CP 
La Niña, the dynamical conditions are such that it is very 
likely to be observed, compared to Table 2. An opposite 
situation could be used to partially explain why the EP 
La Niña type has the lowest hit rate with a highest sample 
size. Possible reason is worthy of being further examined. 
While many of the differences between the prediction skill 
of different ENSO types are unlikely to be significant, we 
conclude that the models can discriminate between ENSO 
types to a reasonable degree at this lead time as the most 
likely type occurs more often than any other type in all five 
phases. Given the different extratropical teleconnections 
noted above, this could also be useful in real time predic-
tions where the details of the ENSO type can be important 
(e.g., Scaife et al. 2017b).

7  MME prediction of detailed SST patterns

Based on the analyses of the predictability of the canoni-
cal patterns and the observed events, we further extend the 
verification of the prediction for the two ENSO types from 
the traditional domain-averaged SST anomaly indices to the 
identified zonal positions of the SST anomaly center of those 
observed events. With the datasets used in Table 3, we can 
generate the center longitude indices (CLIs) for the observed 
and predicted events in terms of the types. Figure 12a first 
shows the results of verifications of the CLI forecasts by all 
the models. The EP ENSO events have higher prediction skill 
than the CP events at 1 month lead. The MME mean forecasts 
of either all the models or the two “best” models (P24A and 
DPS3 that generally discriminate the CP type from EP type of 
canonical patterns) have similar skills, as shown in Fig. 12b, c, 
and more skillful compared to Fig. 12a, which are likely due to 
the much smaller sample size. Further, we show the forecast of 
only DPS3 in Fig. 12d, e, which has relatively satisfactory skill 
in spite of the apparent errors occurring during the first four 
events after 2000. As we can see, although the MME mean 
method does improve prediction skills of their Niño indices to 

Fig. 9  Composite patterns of SLP anomalies (Unit: hPa) for the EP-
type (left panels) and CP-type (middle panels) El Niño events as well 
as their differences (right panels) based on the observation (top three 
panels) and model hindcasts (below panels). Black numbers in panels 
are PCCs between the model patterns and the corresponding observa-
tion pattern. Green dots denote the t-test significance at the 95% con-
fidence level

◂



3884 H.-L. Ren et al.

1 3

Fig. 10  The same to Fig. 9, but for the two types of La Niña events
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some degree (not shown here, but demonstrated in many previ-
ous literatures), distinguishing the center positions of the SST 
anomaly patterns for the two types would not been expected 
to realize by the MME mean because most of the models are 
still difficult to identify the separated centers between the two 
types. Thus, the MME method has no evident contributions to 
distinguishing the two types in terms of their center positions, 
compared to the better models.

8  Summary and discussions

Different types of ENSO events coexist under the current 
climate conditions and have significantly distinct remote 
effects. A few previous studies have focused on the pre-
diction assessments for the two ENSO types using single 
models (e.g., Hendon et al. 2009; Yang and Jiang 2014; 
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Fig. 11  PCCs between the observed patterns and model forecasted 
patterns for the EP type (blue), CP type (red), and their differences 
(green), which are collected from a El Niño SST anomaly patterns in 
Fig. 2, b La Niña SST anomaly patterns in Fig. 3, c El Niño precipi-

tation anomaly patterns in Fig.  6, d La Niña precipitation anomaly 
patterns in Fig. 7, e El Niño SLP anomaly patterns in Fig. 9, and f La 
Niña SLP anomaly patterns in Fig. 10, respectively
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Imada et al. 2015). The current study provides a multi-
model evaluation for the two types of ENSO events for 
the SST anomalies, rainfall patterns, and teleconnections, 
based on six coupled GCMs from different operational 

centers. Compared to the EOF/indices-based studies 
(Jeong et al. 2012, 2015), we presented an event-based 
1-month-lead predictability evaluation for the two types of 
ENSO in terms of the El Niño and La Niña events.

It is suggested that a comprehensive evaluation of ENSO 
predictability for the two types should be based on both con-
tinuous and event-based approaches. Our results show that 
EP and CP El Niño events during winter can be distinguished 
only in 2‒3 of our 6 models even at this short lead time, and 
this is slightly less true for La Niña events, and the EP type 
tends to has a more realistic zonal positions of SST pattern 
centers than the CP type. Compared to the SST patterns, the 
precipitation patterns have smaller differences between the 
two types especially for La Niña events. The models can 
reproduce the separation of events for precipitation in some 
cases, but often show off-equatorial maxima. For telecon-
nections in the extratropics to the two ENSO types, we can 
find out that they are definitely variable with the different 
ENSO types and phases changing. We confirmed that our 
EP events, which sample several strong El Niño events, can 
drive strong Atlantic wave-trains while our composite of CP 
events produce a negative NAO response, consistent with 

Table 3  Contingency table showing the skill of the seasonal forecast 
systems in predicting the correct type of ENSO

All the models
Predicted ENSO types

EP El 
Niño (39)

CP El 
Niño (16)

Neutral
(48)

EP La 
Niña (48)

CP La 
Niña (11)

O
bs

er
va

tio
n

ty
pe

s

EP El Niño 49% 31%

CP El Niño 41% 50% 8%

Neutral 10% 19% 69% 17%

EP La Niña 8% 46% 9%

CP La Niña 15% 37% 91%

Tabulated are the percentage of events that are observed to occur 
given the model forecast of a particular EP or CP type for both El 
Niño and La Niña. The number of forecasts for each type made by all 
the models is quoted in brackets

(a) (b) (c)

(d) (e)

Fig. 12  Scatter plots of the observed CLIs (HadISST, x-axis) and the 
model forecasted CLIs (y-axis) of a all models, b MME mean of all 
models, c MME mean of the P24A and DPS3, d the DPS3 and e the 

bar (HadISST)–dot (DPS3) plot in which the symbols and bars are for 
the events of the EP El Niño (red), CP El Niño (yellow), EP La Niña 
(blue), and CP La Niña (green)



3887Seasonal predictability of winter ENSO types in operational dynamical model predictions  

1 3

the observed CP composite in this study. However, why the 
extratropical teleconnections show such large differences 
from quite similar tropical precipitation patterns between 
the two La Niña types, is still an open question. Our results 
show that some of the models can reproduce the differences 
between the observed canonical teleconnections patterns at 
1-month lead.

This study examined predictability of the two ENSO 
types in dynamical predictions near their peak in the win-
tertime, at seasonal lead time. It would be interesting in 
future work to determine the longest lead time that the 
main differences between the two types of ENSO events 
can be reasonably predicted as shown for some single 
models (e.g., Hendon et al. 2009; Yang and Jiang 2014). 
Our results also showed that EP ENSO indices are overall 
better predicted than CP ENSO indices in the six models, 
which is consistent with previous studies (e.g., Yang and 
Jiang 2014; Imada et al. 2015). Further, the event-based 
evaluations of model predictions show that the EP El Niño 
event has the same level hit rate with the CP El Niño and 
the CP La Niña event has much higher hit rate than the 
EP La Niña. Explanation of this interesting result will 
require further study but may well be related to ampli-
tude. However, this result is still controversial as Kim 
et al. (2009) concluded that EP events are less predictable 
than CP events based on analysis of relative persistence 
of the traditional SST indices, and Ren et al. (2016) found 
that the CP type has a much weaker and more delayed 

persistence barrier than the EP type. Moreover, it would 
also be interesting to examine the dynamical processes and 
mechanisms for the generation and maintenance of the two 
ENSO types in the models.

We found that the MME mean of the models is not able to 
improve forecast skill of center longitude index of the SST 
patterns and distinguish the two ENSO types, though predic-
tion skill of the Niño indices can be increased. In this case, 
we should note that the MME mean has no evident contri-
bution to prediction of the zonal positions of SST anomaly 
centers between the two ENSO types. This is because only 
a few coupled GCMs in the model group are able to distin-
guish the longitudinal differences between the two types of 
events. Moreover, La Niña events are less well separated 
in terms of the two types in both the observation and most 
model predictions. Nevertheless, we note here that at least 
some dynamical models are able to predict more than the 
average ENSO spatial pattern, at least at short lead time. 
Recent studies showed that the analogue-based correction of 
the CFSv2 and BCCv2 can significantly improve the dynam-
ical ENSO predictions in terms of the two types (Ren et al. 
2017; Liu and Ren 2017), providing an alternative way to 
make prediction of the two ENSO types better than original 
dynamical model predictions.

Finally, we come back to a key question why the majority 
of these operational models have difficulty in predicting the 
center positions of winter SST anomaly patterns between 
the different ENSO types only at one month lead? Fig. 13 

(a) (b)

(c) (d)

Fig. 13  Evolutions of the composite center longitudes of the HadISST (1980–2014) and the initialized (Nov) and forecasted (Dec–Jan–Feb) SST 
anomaly patterns (solid lines) using the events of the EP El Niño (a), EP La Niña (b), CP El Niño (c), and CP La Niña (d)
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presents the evolution of the center positions of the com-
posite SST patterns of different models with lead time for 
each ENSO type. Although the maximum SSTs are initially 
anchored near to the observations as a result of initialization 
of the models, this information is quickly lost during the fol-
lowing few months in most of the models. Particularly, such 
a quick dissipation of initial distinctions generally occurs 
more in the CP types of El Niño and La Niña than the EP 
ones. For example, G5GC2 almost has the best initialized 
center positions of the SST anomaly patterns in the different 
types but are visible to usually evolve into quite different 
ways compared to the observations. On one hand, this sug-
gests that the initialization processes of subsurface ocean 
rather than the SST only could be quite important for the 
models to capture the initial signals of the ENSO types. On 
the other hand, this result indicates that, except the model 
initialization, model performance including drift and the 
ability to represent ENSO types may be the key aspect that 
limit the predictability of the winter two types of ENSO 
events. Therefore, more efforts are required to improve the 
performance of the climate models in distinguishing the two 
types of ENSO and additional investigation of thermocline 
and current anomalies may provide important information 
in explaining why some models fails to predict the ENSO 
types.
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