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Abstract A significant interdecadal climate shift of inter-

annual variability and predictability of two types of the El

Niño-Southern Oscillation (ENSO), namely the canonical or

eastern Pacific (EP)-type and Modoki or central Pacific (CP)

type, are investigated. Using the retrospective forecasts of

six-state-of-the-art coupled models and their multi-model

ensemble (MME) for December–January–February during

the period of 1972–2005 along with corresponding observed

and reanalyzed data, we examine the climate regime shift

that occurred in the winter of 1988/1989 and how the shift

affected interannual variability and predictability of two

types of ENSO for the two periods of 1972–1988 (hereafter

PRE) and 1989–2005 (hereafter POST). The result first

shows substantial interdecadal changes of observed sea

surface temperature (SST) in mean state and variability over

the western and central Pacific attributable to the significant

warming trend in the POST period. In the POST period, the

SST variability increased (decreased) significantly over the

western (eastern) Pacific. The MME realistically reproduces

the observed interdecadal changes with 1- and 4-month

forecast lead time. It is found that the CP-type ENSO was

more prominent and predictable during the POST than the

PRE period while there was no apparent difference in the

variability and predictability of the EP-type ENSO between

two periods. Note that the second empirical orthogonal

function mode of the Pacific SST during the POST period

represents the CP-type ENSO but that during the PRE period

captures the ENSO transition phase. The MME better pre-

dicts the former than the latter. We also investigate distinc-

tive regional impacts associated with the two types of ENSO

during the two periods.

Keywords El Niño and Southern Oscillation (ENSO) �
Climate regime shift � Decadal variability � Seasonal

predictability and prediction � Multi-model ensemble

(MME) � Teleconnection

1 Introduction

Evidence has been emerging that a shift in the North Pacific

basic climate occurred during the winter of 1988/1989 (Hare

and Mantua 2000; Hollowed et al. 2001; Yasunaka and

Hanawa 2003) in addition to the well-known climate shift in

the tropical Pacific sea surface temperature (SST) together

with other climate fields around the late 1970s (Nitta and

Yamada 1989; Trenberth and Hurrell 1994; Graham 1992,

1994). Although the 1988/1989 climate regime shift was not

as prominent as the one in the late 1970s, it was associated

with significant changes in the atmosphere and ocean espe-

cially in the upper ocean including biology (Hare and
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Mantua 2000). In particular, considerable changes were

noted in the northern Pacific SST (Yeh et al. 2011b; Wa-

tanabe and Nitta 1999; Overland and Wang 2005; Maslanik

et al. 1996; Walsh et al. 1996) during the winter of

1988/1989.

The late 1970s climate shift has received much attention,

especially with regard to how the characteristics of ENSO

changed (Gu and Philander 1997; Wang and Wang 1996;

Wallace et al. 1998; Jia et al. 2012; Yu and Kao 2007).

According to An and Wang (2000), the decade of 1962–1973

was characterized by high-frequency ENSO variability,

while low-frequency variability was dominant for the decade

of 1981–1992. Wu and Hsieh (2003) found greater nonlin-

earity of the ENSO cycle during 1981–1999 than during

1961–1975. An (2004) showed that the eastward propagation

of SST anomaly (SSTA) at the onset of ENSO has been

dominant since the late 1970s; while westward propagation

was dominant before the 1970s. Tang et al. (2008) analyzed

the prediction skill of three models, which showed a very

consistent interdecadal variation, with high skill for the late

twentieth century, and low skill for the period from 1900 to

1960. Furthermore, substantial changes in ENSO telecon-

nection patterns occurred after the regime shift in the late

1970s. Kodera (2010) revealed that the ENSO teleconnec-

tion pattern was characterized by a wave-train-like structure

over the Pacific-American sector and propagates into the

stratosphere for the pre-1978 period. However, for the post-

1978, the ENSO teleconnection pattern was characterized by

changes in the tropospheric subtropical jet.

Watanabe and Nitta (1999) investigated the decadal-scale

climate changes in the mid- and high latitudes of the Northern

Hemisphere in winter of 1988/1989 by using various obser-

vational data. They found a dipole pattern of height anomalies

between midlatitude (warming) and Polar Region (cooling)

was associated with reduction of the subtropical jet stream. As

it is, the tropical Pacific decadal changes need not be associ-

ated with Pacific Decadal Oscillation (PDO) (Ashok et al.

2007), but various other potential factor exist (Yeh et al. 2009,

2011b). Yeh et al. (2011b) reexamined the 1988/1989 climate

transition compared with 1976/1977 by highlighting charac-

teristic changes in the SST variability. They found that the

PDO-like SST variability played a dominant role in the

1976/1977 climate transition, while both the North Pacific

Gyre Oscillation (NPGO)-like and PDO-like SST variability

contributed to the 1988/1989 climate transition. From analysis

of the Tropical Ocean and Global Atmosphere (TOGA)

experiments, they suggested that the changes in the North

Pacific atmosphere in the 1976/1977 climate transition were

mostly driven by the tropics, whereas those in the 1988/1989

climate transition were not.

Recent studies have reported frequent occurrence of a

different type of ENSO from the canonical one, namely

ENSO Modoki or Central Pacific (CP)-type ENSO which has

the location of maximum SST anomalies shifted to central

equatorial Pacific compared to the canonical or eastern

Pacific (EP)-type one (Larkin and Harrison 2005; Ashok

et al. 2007; Kug et al. 2009; Kao and Yu 2009; McPhaden

et al. 2011). Climate impacts of the EP- and CP-type (or

Modoki) ENSO are also distinctly different from each other

especially over East Asia, Australia, and North America

(Ashok et al. 2007; Weng et al. 2007; Wang and Hendon

2007; Ashok et al. 2009; Cai and Cowan 2009; Taschetto and

England 2009; Lim et al. 2009; Weng et al. 2009; Jeong et al.

2012). Furthermore, there are evidences of increase in

intensity as well as occurrence frequency of the CP-type

ENSO since the 1990s (Lee and McPhaden 2010; Yeh et al.

2011a) attributable to either global warming (Yeh et al.

2009) or natural variability (Yeh et al. 2011a; Kim et al.

2012). Several studies also suggested that the frequency of

the CP-type ENSO might increase in a warmer climate (e.g.,

Yeh et al. 2009; Kim and Yu 2012) in addition to changes in

mean and variability of Tropical SST under anthropogenic

global warming (e.g., Guilyardi et al. 2012; Stevenson et al.

2012; Lee and Wang 2014; Lee et al. 2014).

Understanding of the recent decadal change should be

prerequisite to the study of future climate changes. Thus,

the present study aims to understand how the interdecadal

shift occurred in 1988/1989 modulated interannual vari-

ability and predictability of the two types of ENSO and

their impact on regional climate. We focus on analyzing

and predicting the two types of ENSO and their climate

impact during boreal winter in the period of 1972–1988

(hereafter ‘‘PRE’’) and 1989–2005 (hereafter ‘‘POST’’).

Specific questions to be addressed also include: (1) how

well do current coupled models capture the observed

interdecadal shift in mean climate and ENSO variability?

and (2) How well do the current models forecast the

interannual variability of the two types of ENSO and their

different impact on regional climate in PRE and POST?

Section 2 gives a brief description of the multimodel

forecast data and the multi-model ensemble (MME)

methodology. In Sects. 3 and 4, we examine the ability of

the MME to predict the decadal changes of two different

types of ENSO events and report the prediction skill related

to the regional impacts of the two types of ENSO changes

in the Asia–Pacific. The last section comprises of a dis-

cussion and summary of this study.

2 Data and methodology

2.1 Hindcast and verification data

Retrospective seasonal forecasts (hindcasts) output from

six coupled atmosphere–ocean climate models. The six

coupled models are the POAMA2 model as contributed to
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the Asia–Pacific Economic Cooperation Climate Center/

Climate Prediction and its Application to Society (APCC/

CliPAS) (Wang et al. 2009; Lee et al. 2010) and from the

CMCC-INGV, ECMWF, IFM-GEOMAR, MF, and

UKMO seasonal forecasts models as contributed to the

ENSEMBLE-based predictions of climate changes and

their impactS (ENSEMBLES) project (Weisheimer et al.

2009; Alessandri et al. 2011). None of the coupled models

has flux adjustment. A brief description of the models and

their references are provided in Table 1. We note that all

models are initialized from observed atmosphere and ocean

initial conditions and use ensemble forecasts to reduce

uncertainties related to initial condition. For this study we

use seasonal forecasts for the boreal winter (December-

February) that are initialized on 1 November (e.g., 1 month

lead) and 1 August (e.g., 4 months lead).

We form the MME using the simple composite method

(Peng et al. 2002; Kang et al. 2009; Lee et al. 2008, 2011a,

2013). With this technique, equal weights are assigned to

the ensemble mean predictions of each model, with the

assumption that each model is independent. The mean bias

from each model is removed by forming anomalies with

respect to the each model’s own seasonal climatology. We

focus on the period of 1972–2005.

The observed and reanalyzed datasets used for hindcast

verification are the NOAA’s PRECipitation REConstruc-

tion dataset (PREC, Chen et al. 2002), the National Centers

for Environmental Prediction (NCEP)-National Center for

Atmospheric Research (NCAR) reanalysis 1 data (Kalnay

et al. 1996) for atmospheric variables, and the Extended

Reconstructed Sea Surface Temperature (ERSST.v3b)

analyses (Smith et al. 2008).

2.2 Methodology

We compare the climatological mean differences of SST

for 17 years in the two periods of PRE (1972–1988) and

POST (1989–2005). We also examine the variance changes

for SST and rainfall variability for the two periods. We

then carry out an Empirical Orthogonal Function (EOF)

analysis to identify the observed dominant spatial patterns

of SST anomalies in the tropical Pacific. The teleconnec-

tion patterns are then extracted using a linear regression

analysis of observed rainfall on the principal components

of the top two EOF modes, which represent the canonical

and Modoki ENSO (e.g., Ashok et al. 2007). In order to

examine the skill in predicting these observed features, we

carry out similar analyses on the hindcasts of the MME.

Pattern correlations are then employed to investigate the

relationship between the observations and the coupled

MME predictions for rainfall, in various regions sur-

rounding the Pacific.

3 The observed and predicted decadal changes

3.1 Mean and variance

We investigate (1) whether mean and variance of SST and

precipitation changed significantly in late 1980s and (2)

how the coupled models and their MME capture the

observed changes. Basically, the coupled models and their

MME are able to reproduce the spatial distribution of

observed mean SST although they still tend to have cold

SST bias over the equatorial eastern Pacific and these are

given in ‘‘Appendix’’.

The differences of climatological winter (December

through February, hereinafter DJF) mean between the

POST and PRE for observed and predicted SSTs and their

significance test for the climatological differences are

presented in Fig. 1. There is a noticeable warming in the

POST period, especially in the Indian, north Atlantic, and

west Pacific Oceans, and the ocean in the vicinity of Korea

and Japan (Fig. 1a). The MME successfully captures the

warming over most regions in the Northern Hemisphere;

however, there are significant warm biases over the Arctic

Ocean in comparison with the observation. In addition, the

1-month MME fails to maintain the warm trend in the

Table 1 Description of the coupled atmosphere–ocean climate models used

Institutes

(model name)

AGCM (resolution) OGCM (resolution) Ensemble

member

References

ECMWF (ECMF) IFSCY31R1 (T159L62) HOPE (0.3� 9 1.4� L29) 9 Stockdale et al. (2011),

Balmaseda et al. (2008)

UKMO (EGRR) HadGEM2-A (N96L38) HadGEM2-O (0.33�lat 9 1�lon L20) 9 Collins et al. 2008

MF (LFPW) ARPEGE4.6 (T63L31) OPA8.2 (2�lat 9 2�lon L31) 9 Daget et al. (2009),

Salas-Mélia (2002)

IFM/GEOMAR (IFMK) ECHAM5 (T63L31) MPI-OMI (1.5�lat 9 1.5�lon L40) 9 Keenlyside et al. (2005)

CMCC-INGV (INGV) ECHAM5 (T63L19) OPA8.2 (2�lat 9 2�lon L31) 9 Alessandri et al. (2010)

BoM (P24A) BAMv3.0d (T47L17) ACOM2 (0.5�-1.5�lat 9 2�lon L25) 11 Lim et al. (2012)
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tropical Indian Ocean. However, interestingly, we can find

that this warming trend occurs at 4-month lead time.

Analysis of variance is a useful technique to understand

the climate variability. To check changes in variability for

the two periods, we present the variance of ensemble mean

(signal), average of variances calculated from each

ensemble member (total), and their ratio (signal to total) of

observed and predicted SST and rainfall in Figs. 2 and 3,

respectively. For the SST variability, there is maximum

variability over the central to eastern Pacific and subtrop-

ical basin area (Fig. 2a) in observation. For the variance

changes between two periods (Fig. 2b), the POST period

shows significantly increased variability over the western

Pacific including part of North Pacific and the North

Atlantic Ocean and decreased variability in the south

eastern Pacific.

The 1-month lead MME prediction well captures the

area of maximum SST variability over the equatorial

eastern Pacific (Fig. 2c), but variability is too weak off the

coast of South America, which is a common coupled model

bias. Outside of the eastern Pacific, the MME tends to

underestimate variance. There is lots of noise outside of the

tropical Pacific, especially in North and South Pacific

Ocean, southern part of Indian Ocean, and east coast of

North America (Fig. 2e). In the ratios between the vari-

ances of the two periods (Fig. 2d, f), the MME successfully

captures the area of major increase over the North Atlantic

Ocean in the POST period. The MME also captures the

increase/decrease in the equatorial west/central Pacific

(Fig. 2d), but the pattern of changed variance is shifted to

the west of the observed, again probably reflecting the

typical bias in the representation of ENSO variability in

coupled models (variability extends too far west; e.g.,

Hendon et al. 2009).

We estimate potential predictability in the forecasts of

SST by the ratio of variance of the ensemble mean (signal)

to average of variances calculated from each ensemble

members (total variance) at Fig. 2g. The results indicate

relatively high signal-to-total variance ratio in the tropical

Pacific, which reflects the strong predictability arising from

ENSO. Predictable signal is also found over the western

Indian Ocean and tropical Atlantic Ocean, which probably

reflect the strong teleconnections of the predictable ENSO

signal in the Pacific to these basins (Shinoda et al. 2004;

Shi et al. 2012). There is low potential predictability in the

eastern tropical Indian Ocean indicating the Indian Ocean

Dipole is less predictable than ENSO (e.g., Shi et al. 2012).

Relatively low predictability is also seen in middle and

high latitudes in both hemispheres. Interestingly, Fig. 2h

shows that the signal is increased in POST compared to

PRE over some parts of subtropics and middle latitudes and

particularly in the far western Pacific in line with where the

variability increases in the POST period (Fig. 2d).

The 4-month lead MME prediction successfully repre-

sents the maximum SST variability over the eastern trop-

ical Pacific but there are some limitations in predicting the

changes of variance between two periods over the North

Atlantic Ocean and tropical Pacific. Over the western

Pacific Ocean, the MME cannot reproduce the increasing

variability but having decreasing variability for the more

recent period (figures not shown).

Figure 3 represents the observed and predicted rainfall

variance for the POST period and the variance ratio

between the POST and PRE periods. In observation, the

maximum variability of rainfall is shown over the warm

pool area in SST mean field, where interannual variations

are dominated by ENSO signals (Fig. 3a). We repeated the

variance analysis with the Global Precipitation Climatol-

ogy Project (GPCP) data (Adler et al. 2003) for the com-

mon POST period (1989–2005), and the results are well in

agreement with that of NOAA PREC. The averaged vari-

ance calculated from each ensemble member (Fig. 3e)

Fig. 1 a DJF climatological difference between 1989–2005 (POST)

and 1972–1988 (PRE) of observed SST (�C) and b one-month lead

MME prediction. The slanted line areas indicate statistical significant

difference at the 95 % confidence level from student’s t test
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overestimates variability over the western tropical Pacific

and some part of Indian Ocean compared to observation.

However, the MME prediction (Fig. 3c) at 1-month lead

successfully simulates the variability of rainfall for the

POST period over the western tropical Pacific. On the other

hand, the MME prediction has limitations in predicting

rainfall variability precisely over land areas, and shows low

variability over tropical South America (including Brazil),

Northern Australia, and southeastern Africa (Fig. 3c)

attributable to the models’ deficiencies in parameterization

of deep convection and representation of land process.

Similar to the 1-month lead forecasts, the rainfall

Fig. 2 Variance of SSTAs (�C2) in a observation and c MME

predictions at 1-month lead, e average of each model member’s

variances, and g ratio of c–e for the period of POST (1989–2005).

Right columns (from b to h) represent the ratio of POST (1989–2005)

to PRE (1972–1988) period in respect of left columns (from a to g).

The stippled areas represent significant variance ratio at the 95 %

confidence level from F test
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variability of the 4-month-lead MME predictions is

underestimated over land area, mainly due to cancellation

of considerable noises over land area (figures not shown).

In the observed variance ratio of rainfall between POST

and PRE periods (Fig. 3b), the POST period shows sig-

nificantly larger variance in the North Pacific Ocean

including equatorial eastern Pacific, most area of Indian

Ocean including eastern part of Africa and Western Aus-

tralia, and the eastern coast of North America. The rainfall

variability is significantly reduced over eastern Australia in

the POST period which is consistent with a decline of

ENSO variability in the equatorial Pacific (Fig. 2b). The

MME prediction at 1-month lead successfully captures the

positive change in the rainfall variance over the eastern

tropical Pacific, some part of Indian Ocean and North

Atlantic Ocean, while it simulate significantly decreased

variability over Western Australia and some part of the

North Pacific Ocean (Fig. 3d). Except for the eastern

tropical Pacific, there are no significant changes in total

variability for two periods (Fig. 3f). The 4-month lead

Fig. 3 Same as Fig. 2, except for rainfall (unit: mm2/day2)
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MME prediction captures the positive variance over the

equatorial eastern Pacific, but the magnitude is much

reduced as compared with that of 1-month lead MME

prediction. Interestingly, the potential predictability as the

ratio of signal to total variance at the 4-month lead is

increased over equatorial eastern Pacific (figures not

shown).

To sum up, the main features of 1988/1989 climate

transition are the warming trend over most of the surface

oceans, especially the western and central Pacific. The

MME prediction successfully captures the warming trend

over the most regions. It is also noted that SST variability

is increased over the western Pacific but decreased over the

eastern Pacific. However, the rainfall variability is much

increased in the eastern tropical Pacific especially its

eastern part. The coupled MME prediction also shows the

similar level to observed changes over the tropics, although

it tends to over or underestimate the observed features.

3.2 Prediction of the two major type of ENSO

We examine performance of the coupled MME in pre-

dicting the two types of ENSO at 1- and 4-month lead. In

this study, the EP-type ENSO is represented by Niño3 SST

index and CP-type ENSO by the EMI2 index. Tables 2 and

3 show the anomaly correlation coefficients between

observations and MME predictions for Niño31 and EMI2 at

1- and 4-month lead, respectively, for the three different

periods (total, PRE and POST periods). Considering the

total period (1972–2005), the MME well predicts Niño3

and EMI at both 1- and 4-month lead time. The skill of

EMI at 4-month lead even reaches above 0.7 and this

correlation coefficient is exceeding significant value at

99 % confidence level from two-tailed Student’s t test. The

skill of Niño3 is robust despite of dividing into PRE and

POST periods. On the other hand, the skill of EMI is better

predicted during the POST than the PRE period especially

at 4-month lead time.

3.3 The first EOF mode of tropical SSTA variability

We also assess predictability of two types of ENSO by

analyzing leading EOF modes of SST variability in

observation and MME prediction during the two periods.

The leading modes of the observed DJF SSTA over the

tropical Pacific region (30�S–30�N, 120�E–60�W) for the

two periods are presented in Fig. 4. The observed spatial

patterns of the first EOF (EOF1) represent the well-known

canonical EP-type ENSO pattern with the SSTA retaining

the same sign throughout the equatorial eastern Pacific and

with the maximum at about 155�W–115�W during both

periods (Fig. 4a, b). The EOF1 explains 67.9 % (56.9 %)

of the total variability for the PRE (POST) period. The

percentage variance is reduced for the POST period by

about 11 % in comparison with the PRE period, consistent

with the overall drop in SST variability in the central and

east Pacific during the POST period seen in Fig. 2b.

However, the maximum SSTA over the equatorial eastern

Pacific, at around 155�W–115�W, is strengthened during

the POST period.

The ability of the MME to capture the EP-type ENSO

mode is assessed by performing a similar EOF analysis on

the MME hindcasts at 1- and 4-month lead times. The

MME succeeds in capturing the spatial patterns of the first

EOF modes at 1-month lead time, with high fidelity

(Fig. 4c, d). The spatial correlations between the observed

and predicted eigenvectors are 0.94 for the PRE and POST

period. However, the variances explained by the EOF1 for

the MME are 79.4 and 72.9 % (PRE and POST periods,

respectively), indicating that the MME prediction explains

a significantly larger amount of the variance than its

observed counterpart. To check the amplitude of canonical

ENSO for the two periods, we calculated the standard

deviation of observed and predicted Nino3 at Table 4.

Similar to the variances explained by the EOF1, the stan-

dard deviation of observed Nino3 during POST is little bit

reduced compared to the PRE. Both MME predictions well

match with that of observation. At 4-month lead time, the

MME prediction also retains high fidelity in capturing the

Table 2 Anomaly correlation coefficient between observation and

MME predictions for Niño3 index at 1- and 4-month lead time

ACC of

Niño3

Total periods

(1972–2005)

PRE

(1972–1988)

POST

(1989–2005)

1-M lead

MME

0.97 0.97 0.98

4-M lead

MME

0.92 0.91 0.93

Table 3 Same as Table 2, except for ENSO Modoki Index (EMI)

ACC of

EMI

Total periods

(1972–2005)

PRE

(1972–1988)

POST

(1989–2005)

1-M lead

MME

0.85 0.81 0.91

4-M lead

MME

0.75 0.69 0.82

1 The Niño3 index is an area-average of the sea surface temperature

in the region of 150�W–90�W and 5�S–5�N.
2 The El Niño Modoki index or EMI is defined as [SSTA]C–

0.5[SSTA]E–0.5[SSTA]W, where the square bracket with a subscript

represents the area-mean SSTA, averaged over one of the three

regions specified as the central (C:165�E–140�W, 10�S–10�N),

eastern (E: 110�W–70�W, 15�S–5�N), and western (W: 125�E–

145�E, 10�S–20�N).
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spatial pattern of the EOF1 (Fig. 4e, f). The spatial pattern

correlation between the observed and predicted eigenvec-

tors is 0.94 and 0.93 for the two periods, slightly less than

the corresponding value at a 1-month lead for the POST

period (Fig. 4f). The 4-month lead MME predictions have

further increased the explained variance for the two

periods.

The time series of the corresponding normalized PC1 for

both the 1- and 4-month lead times during the two periods

are presented in Fig. 4g, h. The PC1 from observations is

well correlated at 0.97 (0.96) with that of the 1-month lead

MME hindcasts for the PRE (POST) period. In general, at

1-month lead time, the persistence skill is slightly better

than that of coupled prediction (Jin et al. 2008; Jeong et al.

2012). However, we found that the persistence skills at

1-month lead time are the same as MME prediction for the

PRE and POST periods showing 0.97 and 0.96,

respectively.

Even at 4-month lead, the correlation of the PC1 is 0.92

for both periods. These are very highly correlated

Fig. 4 Spatial patterns of the first EOF mode for a, b observed

SSTAs over the tropical Pacific (30�S–30�N, 120�E–60�W) during

the period of PRE (1972–1988) and POST (1989–2005). c–f are same

as a and b, except for the MME predicted SSTAs at 1 and 4-month

lead time. Pattern correlations between the observed and MME

predicted spatial patterns of each EOF mode are given. g, h Principal

component (PC) time series of the first EOF mode for observed (black

solid line) and MME predicted SSTAs at 1-month (red solid line) and

4-month (blue solid line) lead time during the period of PRE

(1972–1988) and POST (1989–2005). Dashed lines are persistence

skill of 1-month (red) and 4-month (blue) lead time. Time series are

normalized by their respective standard deviation. Temporal corre-

lations between observed and MME predicted PC1 time series are

given and their persistence skills are presented in parenthesis

Table 4 Standard deviation of Niño3 index for observation, 1- and

4-month lead MME predictions

STD of Nino3 PRE (1972–1988) POST (1989–2005)

Observation 1.01 0.95

1-M lead MME 1.01 0.96

4-M lead MME 0.92 0.91
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compared to persistence skill of 0.73 (0.76) for the PRE

(POST). The correlations at 4-month lead are also statis-

tically significant at 99 % confidence level from the two-

tailed Student’s t test. It can be discerned that the MME

successfully predicts both the spatial structure and the

temporal behavior of the first EOF of SST at 1- and

4-month lead during PRE and POST periods.

3.4 The second EOF mode of tropical SSTA variability

It is interesting to note that there are distinct changes in the

second EOF (EOF2) of observed SSTA between the two

periods shown in Fig. 5a, b. The EOF2 in the POST period

(Fig. 5b) shows the maximum variability near the dateline,

and is flanked by opposite signed anomalies in the far

eastern and far western Pacific similar to the Modoki or

CP-type ENSO (Ashok et al. 2007; Hendon et al. 2009).

The EOF2 pattern shows that there is strong connection

with the Northeast Pacific (Fig. 5b). Actually, there are

some evidences for connection between CP-type ENSO (or

Modoki) and North Pacific behaviors. Yu et al. (2012a)

also identified that there is relationship between tropical

central Pacific SST variability and the extratropical atmo-

sphere around 1990. They concluded that the North Pacific

Oscillation (NPO) mode of extratropical SLP variations has

exerted a strong influence on SST variations in the tropical

central Pacific since 1990.

On the other hand, in the PRE period, the EOF2 does not

show any clear maximum variance in the central tropical

Pacific, and bears a visible resemblance to the features of

ENSO transition. Though the ENSO transition usually

occurs at spring and summer season, we found two cases of

83/84 and 85/86 winter season (DJF) as ENSO transition

time during the PRE period.

Ashok et al. (2007) compared the tropical SSTA vari-

ability before and after 1979 and claim that the ENSO

Fig. 5 Same as Fig. 4, except for the second EOF mode
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Modoki mode is not represented in the second EOF mode

before 1979. Further, they claim that the ENSO Modoki

mode only appears after 1979. Their conclusion is consis-

tent with the increase of explained variance by EOF2 from

9.1 % in PRE to 16.9 % in POST period. It is also found

that the standard deviation of observed EMI has been much

increased at the POST compared to the PRE (see Table 5).

The MME at 1-month lead successfully captures the

second EOF mode, showing a high spatial pattern corre-

lation of 0.83(0.88) for the PRE (POST) period. The var-

iance explained by the MME hindcasts also increases

during the POST period compared to PRE. However, the

MME tends to underestimate the amplitude of ENSO

Modoki with respect to observations. This is also found

that MME prediction underestimates the standard deviation

of EMI compared to the observation for the POST (see

Table 5).

At 4-month lead, the spatial pattern correlations between

the observed and predicted eigenvectors are 0.81 and 0.77

for PRE and POST, respectively, thus, slightly decreasing

compared with the corresponding values in the 1-month

lead. The spatial pattern of the EOF2 for the POST period

indicates a strengthened central tropical Pacific and a

weakened eastern equatorial Pacific variability, compared

with that of the observation. The variance explained by the

EOF2 from the 4-month lead MME forecasts has further

reduced to 6.3 and 7.7 % for the PRE and POST periods,

respectively.

It is noted that the MME for the EOF2 during the POST

period has better skill than that during PRE. PC2 from

observations is correlated at 0.73 (0.65) with PC2 from the

MME at 1- (4-month) lead time for the PRE period. For the

POST period, the temporal correlation of PC2 increases to

0.90 (0.80) at 1- and 4-month lead time. Interestingly, the

Table 5 Same as Table 4, except for ENSO Modoki Index (EMI)

STD of EMI PRE (1972–1988) POST (1989–2005)

Observation 0.39 0.58

1-M lead MME 0.48 0.46

4-M lead MME 0.39 0.36

Fig. 6 Scatter diagram between

the spatial pattern correlation

coefficients (PCC) of

eigenvectors and temporal

correlation coefficients (TCC)

of principal components for the

first (red) and second (blue)

EOF modes of SSTAs over the

tropical Pacific (30�S–30�N,

120�E–60�W) during the period

of PRE (1972–1988) and POST

(1989–2005). The top and

bottom panels are at 1 and

4-month lead time
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persistence skills are also much improved during the POST

period at both lead times. Even at 4-month lead time, the

correlations are statistically significant at 99 % confidence

level from two-tailed Student’s t test.

3.5 Performance of individual models for tropical

SSTA variability

We examine performance of individual models in pre-

dicting the dominant spatial patterns and temporal behavior

of the first two leading EOF modes of the SSTAs at 1- and

4-month lead time for the two periods, and compare the

results with those of the MME predictions (Fig. 6). The

prediction skills of some individual models are slightly

higher than that of the MME (especially, temporal corre-

lations of PC2 in Fig. 6a, b). However, it can be seen that

the overall skill of the MME is superior to those of indi-

vidual models in the spatial (temporal) correlation of the

EOF2 pattern (PC2 time series) of SSTAs at 1- and

4-month lead. Also, the MME’s skill is better than the

averaged skill of individual models and the persistence

skills. It is interesting to note that the individual models

and their MME skill for the EOF2 at both 1- and 4-month

lead have higher skill in capturing both spatial and tem-

poral variation during the POST period than the PRE

period, while they have similar skill for the EOF1 during

the two periods.

Some improvement of the forecasts skill for the recent

climate might be because of an increasingly improved

observing system from past to recent years for both the ocean

and atmosphere from which initial conditions for the fore-

casts are derived. According to Behringer and Xue (2004),

the ocean observing instruments have increased dramatically

since the early 1990s. Recently, Jia et al. (2014) examined

the impact of the initial condition of coupled GCM on the

interdecadal change of seasonal predictability. They have

shown some increase of the seasonal forecast skill at the

recent period compared to the older one. However, it appears

that the key cause of the change in predictability is due to the

commensurate change in variability.

Fig. 7 Regression patterns of a, b observed rainfall anomalies (unit:

mm day-1) based on PC time series (see Fig. 4) of the first EOF mode

for observed SSTA during the period of PRE (1972–1988) and POST

(1989–2005). c–f are same as a and b, except for the MME prediction

at a 1 and 4-month lead time, respectively. The stippled areas

represent significant regression coefficients at the 95 % confidence

level from student’s t test
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4 Regional impact by the changes in the major modes

As shown in the previous section, the MME prediction at 1-

and 4-month lead is able to capture the first two leading

modes of tropical Pacific SSTA variability. In this section,

we briefly revisit the distinctive impacts of the two types of

ENSO around the Pacific Rim, and examine how the

coupled MME performs in predicting the observed impacts

during the two periods.

4.1 First mode of EOF

To find the linear relationships between rainfall (500 hPa

geopotential height) and tropical SST variability, we

examine regression map of rainfall (500 hPa geopotential

height) anomalies onto the standardized PC1 (Fig. 4g, h)

calculated from EOF analysis in Figs. 7 and 8.

In association with the EP-type ENSO (Fig. 7a, b),

positive rainfall anomalies are observed over the

Intertropical Convergence Zone (ITCZ) in the eastern and

central Pacific, flanked to the west by a broad horse-shoe

shaped negative rainfall anomaly centered in the western

tropical Pacific that extends eastward into the northern and

southern Pacific. Anomalously dry conditions are seen in

the South Pacific Convergence Zone (SPCZ), Maritime

continent, western tropical Pacific and the Philippines (in

agreement with Weng et al. 2009). Dry conditions also

exist over tropical South America. Such below normal

rainfall conditions are shown in both the PRE and POST

periods, and this feature is well documented in earlier

studies (Ropelewski and Halpert 1987, 1989; Diaz et al.

2001; Saji and Yamagata 2003; Ashok et al. 2007). An

anomalous dry condition is seen over most of Australia in

the PRE period, and is more significant in eastern and

northern Australia. However, during the POST period, the

anomalous dry condition over Australia is weakened and

contracts to the west, while wet (but not significant)

anomalies occur over eastern Australia. During the POST

Fig. 8 Same as Fig. 7 except for normalized 500-hPa geopotential height anomalies. Contour interval is 1
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period, there is also an anomalously strong and intensified

winter monsoon rain band over the southern part of North

America, into the North Atlantic Ocean and over most of

the Indian Ocean (Fig. 7b).

We assess now how well the MME can predict these

rainfall features associated with SST EOF1. The regression

pattern of the hindcast rainfall onto PC1 at 1- and 4-month

lead time for the two periods is shown in Fig. 7c–f,

respectively. In general, the MME prediction replicates the

observed features well. For example, the anomalously

strong monsoon rainfall in East Asia and the anomalously

wet (dry) conditions over North (tropical South) America

are well represented for the two periods (PCC is 0.84 (0.85)

for the PRE (POST) period). However, wet conditions in

the equatorial Pacific extend further to the west into the

Maritime continents, which we attribute to a systematic

model bias in the representation of the canonical El Niño

(e.g., Jeong et al. 2012). At 4-month lead time, the

regression patterns of rainfall are very similar to those of

1-month lead time. The dipole mode that shows wet and

dry conditions over the Indian Ocean is a predominant

feature, and the whole of Australia shows anomalously dry

conditions but the significant signal does not extend far

enough south during the PRE period (PCC is 0.79 (0.78)

for the PRE (POST) period). The MME predictions at 1-

and 4-month lead successfully capture the intensified

rainfall anomalies over the southern part of North America

for the POST period.

To investigate the decadal change of teleconnection

pattern at the middle latitudes, we present the standardized

regression coefficients of 500 hPa geopotential height

anomalies onto PC1 (Fig. 8). The observed pattern of

anomalous 500 hPa geopotential height shows the pole-

ward wave train pattern (in agreement with Yu et al.

2012b) from equatorial Pacific to northern part of North

America for both periods (Fig. 8a, b). However, for the

POST period, the regression coefficients over tropics are

much reduced compared to the PRE period. The MME

predictions are well matched with poleward wave train

pattern from equatorial Pacific to North America at 1- and

4-month lead time during the PRE and POST period

However, there are some limitations in predicting signifi-

cantly the anomalous geopotential height pattern over the

Eurasian continent. Surprisingly, the MME predictions

well represent the weakened regression pattern over tropics

for the POST period similarly to the observation.

Fig. 9 Same as Fig. 7, except for PC time series of the second EOF mode

Interdecadal change of interannual variability and predictability

123



4.2 Second mode of EOF

To investigate the linear relationships between rainfall

(500 hPa geopotential height) and tropical SST variability,

we also examine regression map of rainfall (500 hPa

geopotential height) anomalies on to the standardized PC2

calculated from EOF analysis (Fig. 5g, h) in Figs. 9 and 10.

It is noted that there are significant changes in the regional

impact of the EOF2 from PRE to POST.

During the PRE period, positive rainfall anomalies over

the western tropical Pacific including the Maritime conti-

nents, Western Australia and the Philippines are observed.

Similarly, other positive rainfall anomalies are over the

ocean adjoining Polynesia at around 150�W, 20�S. Dry

conditions exist over the Indian Ocean, but these are not

significant. In contrast, the POST period reveals anoma-

lously wet (dry) conditions to the west of the dateline

(equatorial eastern Pacific). It is noteworthy that the signs

between the PRE and POST period are completely differ-

ent over the Indian Ocean, western Pacific including

Maritime continents, and Australian continent. During the

POST period (ENSO Modoki), the winter monsoon in

central eastern China is anomalously weak, whereas it is

quite strong during canonical El Niño (Fig. 7b). The

anomalous rainfall associated with the two tropical Pacific

phenomena during the POST period is also opposite to one

another in East Asia. These findings are in agreement with

Weng et al. (2009).

The observed tripole mode associated with the second

EOF mode over the equatorial Pacific is well predicted

respectively by the 1- and 4-month lead predictions in the

POST period showing the pattern correlation coefficients of

0.78 and 0.66 (Fig. 9b, d, f). Moreover, the MME predic-

tions at both lead times successfully predict the

Fig. 10 Same as Fig. 8, except for PC time series of the second EOF mode
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anomalously weakened winter monsoon from Sumatra to

southern Japan. However, the observed anomalously wet

conditions over SPCZ are not correctly simulated. During

the PRE period, the observed dipole over the equatorial

western and central Pacific is not well represented in 1- and

4-month lead MME predictions. There are further limita-

tions in predicting the rainfall anomalies over the Indian

Ocean, showing the dipole mode at both lead times (PCC is

0.49 (0.54) at 1- (4-month) lead time).

In terms of teleconnection pattern of 500 hPa geopoten-

tial height anomalies related with the second EOF mode of

SST variability in the middle latitudes, there are significant

decadal changes over the northern hemisphere. During the

PRE period, there are some significantly negative anomalies

around the North Pacific (180�, 40�N). They propagate to the

North America consisting of a positive anomaly center

extended from Alaska to western US and a negative anomaly

center over eastern US (Fig. 10a).

On the other hand, in the POST period, the regression

pattern of geopotential height anomalies is totally different

from the PRE period showing the Pacific North America

pattern (Wallace and Gutzler 1981; Yu et al. 2012b). US

and southern part of Canada experiences warm-cold (warm)

conditions during the PRE (POST) period. Besides on this,

during the POST period, Eurasia continents and northern

part of North America experiences opposite climate com-

pared to PRE period. Unfortunately, the MME forecasts fail

to predict the teleconnection pattern for the PRE period at 1-

and 4-month lead time showing the pattern correlation of

0.23 and 0.19, respectively. Even at 1-month lead time,

there are few signals in MME prediction. However, at the

POST period, the MME prediction has some skill in pre-

dicting the main features of PNA pattern over the Pacific

and North America at both lead times.

4.3 Forecast skills for regional impacts: MME

versus individual models

Previous studies have demonstrated that the ENSO is the

major predictability source for regional climate forecasts

b Fig. 11 Scatter diagram of the pattern correlation coefficients

between regressed patterns of observed and simulated rainfall

anomalies on each time series of the first two EOF modes for

observed and predicted SSTAs at 1-month (red) and 4-month (blue)

lead time over the five regions of the Tropics (30�S–30�N, 0–360�E),

Australasia (45�S–10�S, 110�E–180�E), East Asia (20�N–60�N,

90�E–150�E), North America (20�N–60�N, 140�W–50�W), and

tropical South America (15�S–10�N, 80�W–35�W). The left panels

represent for the PRE (1972–1988) period and the right panels

represent for the POST (1989–2005) period
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(Wang et al. 2008a, b, 2009; Lee et al. 2010, 2011b, c, and

many others). Thus, it is important that coupled models are

able to capture the regional impacts of ENSO. In order to

quantify the skills of the MME in predicting the impacts of

the two types of ENSO at 1- and 4-month lead time, we

present the prediction skills of the MME and six individual

models for the regional impact, especially for regressed

rainfall, in Fig. 11. These are based on the first two leading

EOF modes of the observed and predicted SSTA at 1- and

4-month lead time over the five different regions, namely

the Tropics (30�S–30�N, 0–360�E), Australasia (45�S–

10�S, 110�E–180�E), East Asia (20�N–60�N, 90�E–

150�E), North America (20�N–60�N, 140�W–50�W), and

tropical South America (15�S–10�N, 80�W–35�W). The

mean of the prediction skills of the individual models and

the persistence skills are also calculated. As indicated in

Fig. 11, at 1-month lead time the predictive skill of the

MME is significantly better in predicting the EP-type

ENSO-associated impacts, compared with the impacts of

the CP-type ENSO, (except for East Asia). Specifically, the

pattern correlation coefficient for rainfall associated with

the canonical ENSO reaches approximately 0.6 for these

four regions during the two periods. In contrast, in East

Asia, a CP-type ENSO-associated impact is better pre-

dicted at a 4-month lead. In general, the 4-month lead

MME prediction for rainfall anomaly exhibits a poorer

performance than the 1-month lead MME predictions.

However, in this study, the skills for the 4-month lead

MME predictions are comparable to those of the 1-month

MME predictions for the five above-mentioned regions. As

shown in Fig. 11, better prediction skills are evident in the

POST period than in the PRE period. Interestingly, the

persistence skills associated with the canonical ENSO are

nearly perfect for the PRE and POST periods at both lead

times. For the skills associated with the CP-type ENSO, in

general, MME prediction beats the persistent forecast.

5 Summary and conclusions

The main purpose of this study is to understand the impacts

of the decadal shift that occurred during 1988/1989 on

tropical SST variability and predictability associated with

ENSO. To investigate the predictability of tropical SST, we

used reforecast data from the ENSEMBLES and POAMA

forecast systems for the boreal winter season (DJF) during

the period of 1972–2005.

Our main conclusions are as follows:

b Fig. 12 DJF difference between observed mean SST and one-month

lead MME prediction (a) and individual models (b–g) for 1972–2005.

Pattern correlation coefficients between the observed and model

predicted mean SST are also given at the top of each figures
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• The main feature of 1988/1989 climate transition is the

warming trend over the western and central Pacific

Ocean. Commensurate with this shift, SST variance

increased over the western Pacific and decreased over

the eastern Pacific Ocean. However, rainfall variability

intensified in the central Pacific for the recent epoch.

The coupled MME predictions well reproduce these

observed changes.

• Examining the performance of two types of ENSO for

the two periods, it is found that the coupled MME well

predicts the Niño3 and ENSO Modoki index (EMI),

which are representative indices for the canonical El

Niño and ENSO Modoki, respectively. During the

POST period improved predictability of the EMI is

consistent with an increase of SST variance in the

western Pacific.

• The spatial and temporal behavior of the second EOF of

SST during the POST period is more predictable than

those during the PRE period. In addition, the telecon-

nection related with the PC2 is also better captured,

which are consistent with the emergence of ENSO

Modoki during the POST period. In other words, these

results show that the capability of the MME prediction

for the tele connection related to ENSO Modoki may

contribute to the enhancement of forecasts performance

in the POST period.

Even though we did not discuss in this study, we also

considered and analyzed another climate regime shift such

as before and after the late 1970s. There is no special

change on rainfall anomalies associated with the first mode

of SST variability between the late 1970s and the late

1980s as two climate regime shifts. However, as compared

with the second mode of SST variability, the intensity of

the rainfall anomaly pattern shows more apparently for

climate before the late 1980s (PRE period in this study)

than before the late 1970s over Maritime continents

including Philippine and equatorial central Pacific.

Our analysis focused on the tropical Pacific SST vari-

ability and their teleconnections. Actually, according to

Yeh et al. (2011b), the climate regime shift during the late

1980s occurred over North Pacific rather than over the

tropical Pacific. The decadal variability and predictability

related with changes in the SST variability of the North

Pacific need to be analyzed in the future study.
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Appendix

The DJF differences between observed and predicted mean

SST are shown in Fig. 12. Most of individual models and

MME prediction have a cold bias over the equatorial

eastern Pacific. On the other hands, the coupled models and

their MME well reproduce the spatial distribution of

observed mean SST showing higher skill of pattern

correlations.
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