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Abstract The NCEP Climate Forecast System version 2

(CFSv2) provides important source of information about

the seasonal prediction of climate over the Indo-Pacific

oceans. In this study, the authors provide a comprehensive

assessment of the prediction of sea surface temperature

(SST) in the tropical Indian Ocean (IO). They also inves-

tigate the impact of tropical IO SST on the summer

anomalous anticyclonic circulation over the western North

Pacific (WNPAC), focusing on the relative contributions of

local SST and remote forcing of tropical IO SST to

WNPAC variations. The CFSv2 captures the two most

dominant modes of summer tropical IO SST: the IO basin

warming (IOBW) mode and the IO dipole (IOD) mode, as

well as their relationship with El Niño-Southern Oscillation

(ENSO). However, it produces a cold SST bias in IO,

which may be attributed to deeper-than-observed mixed

layer and smaller-than-observed total downward heat flux

in the tropical IO. It also overestimates the correlations of

ENSO with IOBW and IOD, but underestimates the mag-

nitude of IOD and summer IOBW. The CFSv2 captures the

climate anomalies related to IOBW but not those related to

IOD. It depicts the impact of summer IOBW on WNPAC

via the equatorial Kelvin wave, which contributes to the

maintenance of WNPAC in July and August. The WNPAC

in June is mostly forced by local cold SST, which is better

predicted by the CFSv2 compared to July and August. The

mechanism for WNPAC maintenance may vary with lead

time in the CFSv2.

Keywords Indian Ocean � Anticyclonic circulation

over the western North Pacific � NCEP Climate

Forecast System

1 Introduction

The Indian Ocean (IO) sea surface temperature (SST) is

significantly linked to the variability of local and remote

climate (Fasullo and Webster 2002; Yoo et al. 2006; Xie

et al. 2009; Ding et al. 2010; Li et al. 2010; Jiang and Li

2011; Yuan et al. 2012). The first two dominant modes of

tropical IO SST are the IO basin-wide warming (IOBW)

mode and the IO dipole (IOD) mode (Saji et al. 1999;

Webster et al. 1999). Particularly, the summer IOBW is

accompanied by anomalous anticyclonic circulation over

the western North Pacific (WNPAC) during El Niño

decaying summers, which affects the Mei-yu, Baiu, and

Changma over East Asia by modulating the western Pacific

subtropical high (WPSH; Chang et al. 2000; Li and Wang
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2005; Lau and Wang 2006; Yoo et al. 2006; Xie et al.

2009, 2010; Chowdary et al. 2010, 2011; Huang et al.

2010; Wu et al. 2010; Zheng et al. 2011; Yuan et al. 2012).

The WPSH and associated East Asian rainfall as well as the

tropical storms over the subtropical western North Pacific

(WNP) can be better predicted by a physically based

empirical model compared to dynamical models (Wu et al.

2009; Wang et al. 2013). The IOD, which sometimes fol-

lows El Niño-Southern Oscillation (ENSO), plays a role of

modulator for the Indian summer monsoon rainfall and

affects the correlation between the monsoon rainfall and

ENSO (Saji et al. 1999; Saji and Yamagata 2003; Ashok

et al. 2001; Behera et al. 2005). It also has a decayed

impact on the East Asia-western Pacific summer monsoon

(Kripalani et al. 2010).

ENSO and related teleconnection patterns are the basis

for the seasonal prediction in many regions (Shukla and

Paolina 1983; Webster et al. 1998; Jiang et al. 2013a, b).

Thus, the variability of tropical Pacific SST has received

more attentions compared to the variability of IO SST. In

spite of the success in ENSO prediction, there is also an

apparent bias in predicting ENSO-related climate anoma-

lies by dynamical models especially for those anomalies

outside the tropical central and eastern Pacific (e.g. Jiang

et al. 2013a, b). Previous studies have indicated that the IO

is important for the relationship of ENSO with climate over

the IO and the western Pacific (e.g. Yu and Lau 2004; Wu

and Kirtman 2004a; Xie et al. 2009). Moreover, variations

of the IO SST also exert a feedback on ENSO (e.g. Yu

et al. 2002; Wu and Kirtman 2004b; Kug and Kang 2006;

Yoo et al. 2010). Thus, there is an increasing interest in the

predictability of IO and its climate impact. The predict-

ability limit and forecast skill of tropical IO SST are gen-

erally lower than those of the tropical Pacific SST (e.g. Li

and Ding 2012; Shi et al. 2012). The SST in the east and

west portions of tropical IO can be predicted by

5–6 months and 6–9 months in advance, while the IOD can

only be predicted by 3–4 months ahead (e.g. Shi et al.

2012). However, the impact of tropical IOBW on western

North Pacific climate during El Niño decaying summer can

be well predicted by some coupled ocean–atmosphere

models (Chowdary et al. 2010).

The National Centers for Environmental Prediction

(NCEP) Climate Forecast System (CFS), a fully-coupled

forecast system, provides operational prediction of the

world climate (Saha et al. 2006). Previous studies have

reported that the CFS version 1 (CFSv1) has an apparent

bias in predicting IO SST, which may limit the prediction

skill of Asian summer monsoon (Yang et al. 2008; Pokhrel

et al. 2012). In March 2011, a new version of the CFS, CFS

version 2 (CFSv2), replaced the CFSv1. Compared to

CFSv1, the CFSv2 incorporates a number of new physical

packages for cloud-aerosol-radiation, land surface, ocean

and sea ice processes, and a new atmosphere–ocean–land

data assimilation system (Saha et al. 2010). Previous stu-

dies (e.g. Yuan et al. 2011; Jiang et al. 2013a) have shown

increased skill in predicting global land precipitation and

surface air temperature, as well as large-scale Asian sum-

mer monsoon, from CFSv1 to CFSv2. The CFSv2 also

shows higher skill in predicting IOD (Shi et al. 2012)

compared to the CFSv1. In spite of these advances, the

CFSv2 is worse in predicting the South Asian (or Indian)

summer monsoon compared to the CFSv1. Like CFSv1, the

CFSv2 has apparent biases in predicting the Asian summer

monsoon, with an exaggerated strong link of the monsoon

to ENSO, for example (Jiang et al. 2013a). Given the

important role of IO SST in the Indo-western Pacific cli-

mate, it is necessary to access how well the IO SST and its

climate impact are predicted by the CFSv2.

Typically, the WNPAC forms during the fall of El Niño

development years, reaches maximum intensity after El

Niño matures, and persists through the following spring and

summer (Wang et al. 2003). From the El Niño mature winter

to the subsequent spring, the maintenance of the WNPAC is

mainly attributed to a positive thermodynamic air-sea

feedback (Wang et al. 2000). However, during El Niño

decaying summer, it is ascribed to the remote forcing of

IOBW (Xie et al. 2009) although the local atmosphere–

ocean positive feedback may also prolong the El Nino’s

impact during this ENSO decaying phase (Wu et al. 2010;

Wang et al. 2013). Using an atmospheric general circulation

model (AGCM), Wu et al. (2010) reported that the main-

tenance mechanisms for the WNPAC during El Niño

decaying summer varied from June to July. The contribution

of local forcing of the negative SST anomalies (SSTA) in

the WNP gradually weakens from June to August, while the

contribution of remote forcing of IOBW gradually enhances

(Wu et al. 2010). However, this result has been obtained

from an AGCM simulation, which cannot realistically depict

the air-sea interaction and may have bias in predicting the

climate over the WNP (Wang et al. 2005; Jiang et al. 2013a).

In addition, sensitive experiments conducted by Xie et al.

(2009) indicate that the response of WNPAC to the forcing

of IOBW is weak in an AGCM. Thus, it is important to

investigate the relative contributions of the remote forcing of

IOBW and the local forcing of cold SSTA to the main-

tenance of the WNPAC from June to August in an ocean–

atmosphere coupled climate model.

The rest of this paper is organized as follows. Descrip-

tions of the CFSv2 hindcast and observations used to verify

CFSv2 output are given in Sect. 2. Prediction of IO SST by

the CFSv2 is provided in Sect. 3. In Sect. 4, we investigate

the prediction of the impact of IOBW on the WNPAC for

summer mean, June, July, and August, respectively. A

summary and further discussion of the results obtained are

provided in Sect. 5.
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2 Model, data and methods

The NCEP CFSv2 is a fully coupled dynamical prediction

system (Saha et al. 2010). It consists of the NCEP Global

Forecast System at T126 resolution, the Geophysical Fluid

Dynamics Laboratory Modular Ocean Model versions 4.0

at 0.25�–0.5� grid spacing coupled with a two-layer sea ice

model, and the four-layer Noah land surface model.

Output from the CFSv2 9-month hindcast is analyzed

over a 28-year period of 1983–2010. Beginning on 1 Jan-

uary, 9-month hindcast runs were initialized from every 5th

day and run from all 4 cycles of that day. The initial days

vary from one month to another. A detail about the initial

time can be found at http://cfs.ncep.noaa.gov/cfsv2.info/

(see file ‘‘Retrospective CFSv2 Forecast Data Informa-

tion’’). An ensemble seasonal mean of the monthly-mean

values of 24 members is used, with initial dates after the

7th of the particular month used as the ensemble member

for the next month. For JJA 0-month lead forecast, the

ensemble mean of the runs initialized from 5 June and 11,

16, 21, 26, and 31 May is used as the forecast. The longest

7-month lead forecast for JJA is an ensemble mean of the

runs initialized from 2 and 7 November and 8, 13, 18, 23,

and 28 October. Beside the seasonal forecast, monthly

mean forecast is also analyzed in this study. The ensemble

members of monthly forecast are the same as those of

seasonal forecast, but the longest lead of monthly mean

forecast is 9 months. For example, 0-month lead forecast

for June is the ensemble mean of runs initialized from 5

June and 11, 16, 21, 26, and 31 May, and the longest

9-month lead forecast is the ensemble mean of runs initi-

alized from 3 September and 9, 14, 19, 24, and 29 August

of the previous year.

The observations used for model verification include the

Climate Prediction Center Merged Analysis of Precipita-

tion (CMAP) (Xie and Arkin 1997), the winds, tempera-

ture, ocean mixed layer depth, and total downward heat

flux at the sea surface from the NCEP Climate Forecast

System Reanalysis (CFSR; Saha et al. 2010), and the SST

from the NOAA OISST analysis (Reynolds et al. 2007).

With first guess from a coupled atmosphere–ocean–sea

ice–land forecast system, the CFSR has improved the cli-

matological precipitation distribution over various regions

and the interannual precipitation correlation with obser-

vations over the IO, the Maritime Continent, and the

western Pacific compared to several previous reanalyses

(Wang et al. 2010).

In this study, the Niño3.4 index is defined by the SST

anomalies (SSTA) averaged over the Niño3.4 region (5�S–

5�N, 120�–170�W). The IOD index is defined as the SSTA

difference between the western (10�S–10�N, 50�–70�E)

and the eastern (10�S–0�, 90�–110�E) tropical IO (Saji

et al. 1999). We also define an IOBW index as the SSTA

averaged within 20�S–20�N, 40�–110�E to describe the

basin-wide SST mode over the tropical IO. We denote the

ENSO developing year as year 0 and the following year as

year 1. Thus, the summer [June–August (JJA)] of the

ENSO developing year is symbolized as JJA(0), while the

summer of the following years as JJA(1).

3 Prediction of IO SST

3.1 0-month lead prediction

Figure 1 shows the JJA mean SST and 850-hPa winds in

0-month lead hindcast and observation, along with their

differences. The Indo-western Pacific is featured by warm

SST in summer, which exceeds 28 �C in most of the

region. The summer monsoon flow has an apparent impact

on SST, as shown in the low SST in the tropical western IO

accompanying strong cross-equatorial flow. The SST is

highest in the equatorial central and eastern IO. Compar-

ison between Fig. 1a, b indicates that the hindcast captures

(a)

(b)

(c)

Fig. 1 Climatological JJA SST (�C; shading) and 850-hPa winds

(m s-1; vectors) for a observation, b 0-month lead hindcast, and

c difference between b and a. Values below the 95 % confidence

levels (t test) in c are omitted
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the general features observed, including the monsoon flow

and SST. However, the hindcast has a systematic cold bias

in the tropical IO, while a warm bias appears in the WNP.

The magnitude of cold bias in the northern IO is larger than

that in the southern IO. It is also noted that the cold bias in

the equatorial IO is smaller than that in the extra-equatorial

regions, resulting in a meridional SST gradient that is

favorable for enhancing convection over the equator. The

feature is consistent with the excessive precipitation over

the equatorial central and eastern IO (Jiang et al. 2013a).

To illustrate the possible causes of SST bias, we analyze

the difference in total downward heat flux at the sea surface

and ocean mixed layer depth between the 0-month lead

hindcast and observation (Fig. 2). The predicted total

downward heat flux is smaller than the observation in most

regions. On the other hand, the CFSv2 predicted a deeper-

than-observed mixed layer in most Indo-Pacific oceans,

while a shallower-than-observed mixed layer is located in

the WNP. The biases in total downward heat flux at sea

surface and mixed layer depth contribute to the cold SST

bias in the IO, except for part of the Bay of Bengal. In the

WNP, the shallower-than-observed mixed layer contributes

to the warm bias, while the heat flux bias favors a cold SST

bias. Comparison between Figs. 1 and 2 indicates that the

bias in mixed layer depth is similar to the bias in SST,

indicating that the SST bias may be mainly ascribed to the

bias in mixed layer depth. As shown in Fig. 1c, the

hindcast has a lower-tropospheric anomalous cyclone bias,

which weakens the climatological winds at the western

flank of the WPSH, contributing to the shallower-than-

observed mixed layer and the resultant warm SST.

Figure 3 shows the first two leading modes and corre-

sponding principal components (PCs) of an empirical

orthogonal function (EOF) analysis of the temporal cov-

ariance matrix of JJA SST over the tropical IO for obser-

vation and 0-month lead hindcast. They account for 50 %

(52 %) and 11 % (11 %) of the total variance of observa-

tion (0-month lead hindcast), respectively. The observed

first mode features a basin-wide warming, while the second

mode is characterized a dipole pattern, with warm SSTA in

most central and western IO and cold SSTA in the western

IO. It is also noted that the observed second mode has cold

SSTA in the western Arabian Sea and the southwestern

corner of the IO. The hindcast captures the uniform

warming in the IO of the first mode, although it does not

capture the warming center very well, with a pattern cor-

relation coefficient of 0.31 between the hindcast and the

observation. The dipole pattern of SST anomaly of the

second mode is predicted by the hindcast, with a pattern

correlation coefficient of 0.74 between the hindcast and

observation. There is a positive trend in the principal

component of the first mode (PC1), indicating an increase

in tropical IO SST from 1983 to 2010. PC1 also exhibits a

strong interannual variation. The hindcast captures the

positive trend and interannual variation of the observed

PC1, with a correlation coefficient of 0.93. The principal

component of the second mode (PC2) does not show

apparent long-term trend, but has a strong interannual

variation. The hindcast also obtains the variation of the

observed PC2, with a correlation coefficient of 0.60.

Figure 4a–c show the correlation of the observed

Niño3.4 index at ENSO peak phase [from December D (0)

to January–February JF (1), hereafter DJF (0/1)] with

monthly Niño3.4 index, IOBW index, and IOD index from

year (0) to year (1), respectively. Typically, ENSO first

appears in May, reaches peak in winter, and terminates in

the following summer. The hindcast captures the ENSO

cycle very well. ENSO is associated with significant IOBW

mode from December (0) to August (1), and significant

IOD mode in autumn of the ENSO developing year. The

hindcast captures the relationship of both IOBW and IOD

with ENSO, but it shows higher skill for the IOBW. A

longer-than-observed IOD event is also found in the

hindcast. Generally, the hindcast predicts ENSO and its

relationships with IOBW and IOD very well.

Figure 4d–f show the standard deviations of monthly

Niño3.4 index, IOBW index, and IOD index. All ENSO,

IOBW, and IOD indices exhibit apparent phase-lock fea-

tures. ENSO is strong in winter but weak in summer;

IOBW is strong in spring but weak in winter; and IOD is

(a)

(b)

Fig. 2 Differences in a total downward heat flux at the sea surface

and b ocean mixed layer depth between the 0-month lead hindcast and

the CFS reanalysis from June to August. Values below the 95 %

confidence levels (t test) are omitted
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strong in autumn but weak in winter and spring. The

hindcast realistically captures the magnitude of ENSO

during its decaying phase, but depicts stronger-than-

observed ENSO during the developing phase. The hindcast

produces a stronger-than-observed IOBW, overestimates

the IOD in August and September, and underestimates the

IOD in spring.

3.2 Predictions as a function of lead time

The hindcast has a cold bias in the tropical IO and a warm

bias in the WNP in summer for all time leads, but the

magnitude of the bias in the tropical IO decreases with lead

time. The feature is consistent with that the magnitude of

predicted deeper-than-observed mixed layer and smaller-

than-observed total downward heat flux in the tropical IO

generally decreases as lead time increases (figures not

shown). However, the predicted climatological summer

monsoon circulation does not vary with lead time appar-

ently (Jiang et al. 2013a). An EOF analysis of summer IO

SST indicates that the hindcast captures the first IOBW

mode for all time leads, especially the principal component

(figures not shown). The dipole mode is also predicted for

most time leads with an apparent spring predictability

Fig. 3 a Spatial patterns and

c principal components of the

first mode of an EOF analysis of

the temporal covariance matrix

of JJA averaged SST from the

OI SST (shadings for spatial

pattern and dash lines for

principal component) and from

0-month lead hindcast (contours

for spatial pattern and solid lines

for principal component). b and

d are the same as a and c, but

for the second mode

Fig. 4 Correlations of the

observed DJF(0/1) Niño3.4 SST

index with monthly a Niño3.4

SST index, b IOBW index, and

c IOD index during the ENSO

developing and decay years for

the OI SST (dash lines) and

0-month lead hindcast (solid

lines with open circles).

Standard deviations of monthly

d Niño3.4 SST index, e IOBW

index, and f IOD index. Straight

solid lines denote the 95 %

confidence level
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barrier. It is interesting to mention that the variance

explained by the first mode has a positive trend with lead

time (figure not shown).

Figure 5 shows the correlation of the observed DJF(0/1)

Niño3.4 SST index with monthly Niño3.4 SST, IOBW, and

IOD indices respectively from year (0) to year(1) for dif-

ferent time leads. The prediction skill for monthly Niño3.4

index generally decreases with lead time. The predicted

onset and decay of ENSO are later than the observed by

about 1–2 months for the long leads. The ENSO-related IO

warming is longer than observation when lead time is

beyond 1 month, about one season earlier (later) than the

observed onset (decay), respectively. The biases of 3- and

5-month lead predictions are larger than those of other time

leads. A stronger-than-observed relationship between IOD

and ENSO is found in most of the predictions from ENSO

developing summer to the following summer. Overall, the

hindcast has an apparent bias in simulating the response of

IO SST to ENSO, although it shows a high skill in simu-

lating ENSO cycle. Compared to the CFSv1 (see Fig. 3 in

Chowdary et al. 2013), it seems that the ENSO and IOBW

cycles are better represented by the CFSv2.

The predicted standard deviations of monthly Niño3.4,

IOBW, and IOD indices of different time leads are pre-

sented in Fig. 6. The hindcast generally depicts a stronger-

than-observed magnitude of ENSO, while it shows higher

skill for the ENSO decaying phase than for the developing

phase. The predicted magnitude of ENSO decreases during

its developing phase as lead time increases, and even

weaker than observation for the predictions of lead time

longer than 5 months. The hindcast generally simulates

stronger-than-observed IOBW during winter and spring,

which may be ascribed to the stronger-than-observed

ENSO prediction. However, it produces weaker-than-

observed IOBW from July to October and the magnitude

decreases with increase in lead time. A weaker-than-

observed IOD is found in the predictions of all time leads

and the magnitude decreases strongly from 1-month lead to

3-month lead.

In summary, the hindcast captures the phase and mag-

nitude of ENSO. It also depicts ENSO-related features of

IOBW and IOD, but with stronger-than-observed links of

IOBW and IOD to ENSO. The hindcast shows higher skill

in simulating ENSO decay than ENSO development. The

predicted summer IOBW and IOD are weaker than

observations.

4 Relationship between IO SST and the western North

Pacific anomalous anticyclone

4.1 Summer mean

As shown in Fig. 3c, the IOBW exhibits a strong warming

trend. However, a close relationship between the IOBW

and the WNPAC was found mostly in the ENSO decaying

summer (Xie et al. 2009, 2010). Here, we thus focus on

interannual variation of IOBW and its relationship with the

WNPAC. Figure 7 shows the correlations of the observed

detrended JJA IOBW index with JJA precipitation and

SST, as well as the regressions of JJA 850-hPa winds on

the observed detrended JJA IOBW. In observation, the

IOBW is accompanied by easterlies over the northern IO,

the WNPAC, and a cyclonic circulation over Northeast

Asia. It is positively correlated with precipitation over the

central Arabian Sea and northern Japan, but negatively

correlated with precipitation over the Philippine Sea and

the subtropical Northern Pacific. It has positive correlations

with SST over most of the IO and the South China Sea, but

negative correlation over the subtropical WNP (figure not

shown), which is partially overlapped with the areas of

negative correlation between IOBW and precipitation. The

wind and precipitation patterns related to IOBW over the

WNP and Japan are similar to the so-called Pacific-Japan

pattern (Fig. 7a; Nitta 1987), which is an atmospheric

manifestation of an air–sea coupled mode spanning the

Indo-NWP warm pool, important for prediction of the

WNP climate (Kosaka et al. 2013). The suppressed con-

vection over the WNP plays an important role in driving

the WNPAC (e.g. Xie et al. 2009; Wu et al. 2010; Wang

et al. 2013). Compared to observation, the predicted

850-hPa winds related to the IOBW are weaker over the

Fig. 5 Correlations of the observed DJF(0/1) Niño3.4 SST index

with monthly a Niño3.4 SST index, b IOBW index, and c IOD index

during the ENSO developing and decay years for the OI SST (black

solid lines) and hindcast of different time leads (color lines)

2204 X. Jiang et al.
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Indo-Pacific oceans. The hindcast captures the IOBW-

related precipitation over the Arabian Sea and the sub-

tropical WNP, but depicts a southward shift of heavy

precipitation from northern Japan to south of Japan. The

hindcast has an apparent bias: the relationships of the

IOBW with winds, precipitation, and SST over the tropical

Pacific strengthen with increase in lead time. This feature is

also found between the Asia summer monsoon and the

tropical Pacific climate in the CFSv2 (Jiang et al. 2013b).

The formation mechanisms of WNPAC may be different

between long- and short-lead predictions. The WNPAC can

be driven by the deficient precipitation and cold SSTA over

the subtropical North Pacific for long time leads. Jiang

et al. (2013a) reported that there might be a positive

feedback among the WNPAC, deficient precipitation, and

cold SST over the subtropical North Pacific during the

ENSO decaying summer.

Figure 8 shows the correlations of the observed JJA IOD

index with the observed and CFSv2 JJA precipitation, as

well as the regressions of the observed and CFSv2 JJA

850-hPa winds on the observed JJA IOD index. In obser-

vation, the IOD is associated with the dipole patterns of

SST and precipitation over the tropical IO, accompanied by

lower-tropospheric easterlies. It is also associated with

southwesterlies over southern India and is positively cor-

related with precipitation over Pakistan. The hindcast

captures only the IOD-related features over the tropical IO

for 0-month lead. It also simulates a stronger-than-

observed ENSO-like pattern over the equatorial Pacific.

The CFSv2’s inability in predicting the climate impact of

Fig. 6 Standard deviations of

monthly a Niño3.4 SST index,

b IOBW index, and c IOD index

for the OI SST (black solid

lines) and hindcast of different

time leads (color lines)

Fig. 7 Patterns of correlation of

the observed detrended IOBW

index with precipitation

(shading) and SST (contours,

with values of -0.7, -0.48,

-0.2, 0.2, 0.48, and 0.7),

respectively, and patterns of

regression of 850-hPa winds

(m s-1; vectors) against the

observed detrended IOBW

index. (a) is for the observed

precipitation and SST and

b–f are for hindcast

precipitation and SST of

0-month lead, 1-month lead,

3-month lead, 5-month lead, and

7-month lead, respectively.

Correlation coefficients of 0.32

and 0.48 correspond to the 90

and 99 % confidence levels (t

test), respectively. Wind vectors

with speed smaller than

0.2 m s-1 are omitted
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IOD is consistent with that it cannot simulate the SST

anomalies associated with the summer IOD index. Because

the CFSv2 fails to predict summer IOD and its related

features, we just discuss the features related to summer

IOBW in the rest of the paper.

How does the IOBW affect the summer WNPAC? Xie

et al. (2009, 2010) reported that the summer IOBW caused

tropospheric temperature (TT) to increase by a moist-

adiabatic adjustment, emanating a baroclinic Kelvin wave

into the Pacific. This equatorial Kelvin wave induces

northeasterly surface wind anomalies over the WNP, and

the resultant divergence in the subtropics triggers sup-

pressed convection and anomalous anticyclone. In addi-

tion, the IOBW strengthens the subtropical westerly jet

stream, which enhances atmospheric convection over the

Mei-yu rain band by advecting warm temperature from the

Tibetan Plateau (Chowdary et al. 2010; Sampe and Xie

2010). The enhanced Mei-yu convection induces a surface

wind divergence in the subtropics, resulting in depressed

convection. Because the interannual variability of IOBW is

Fig. 8 Same as Fig. 7, but the

observed detrended IOBW

index is placed by the observed

IOD index

Fig. 9 Patterns of correlation

between the observed DJF (0/1)

Niño3.4 SST index and JJA (1)

mean temperature of 500- and

300-hPa (shading) and

regression of JJA (1) 200-hPa

winds (m s-1; vectors) against

the observed DJF (0/1) Niño3.4

SST index for a the observed

temperature and winds and

hindcast temperature and winds

of b 0-month lead, c 1-month

lead, d 3-month lead, e 5-month

lead, and f 7-month lead.

Correlation coefficients of 0.32

and 0.48 are respectively

corresponding to the 90 and

99 % confidence levels for t

test. Wind vectors with speed

smaller than 0.2 m s-1 are

omitted
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mostly as a response to ENSO, we now discuss the rela-

tionship between ENSO and the WANPAC more directly.

We use the mean temperature of 500- and 300-hPa to

represent TT based on the availability of hindcast data.

Focusing on interannual variations, the linear trend of TT is

extracted. It should be noted that the detrended IOBW-

related patterns are similar to the patterns during ENSO

decaying summer.

Figure 9 shows the ENSO-related TT and 200-hPa

winds during ENSO decaying summer. As a response to

the IOBW, TT anomalies show a Matsuno-Gill pattern

(Matsuno 1966; Gill 1980). A warm Kelvin wave in TT

propagates into the equatorial western Pacific, which cau-

ses lower-tropospheric northeasterlies on the northern flank

of the Kelvin wave (Figs. 7a, 9a; Xie et al. 2009). The TT

warming also strengthens the subtropical westerly jet

stream over East Asia (Fig. 9a; Chowdary et al. 2010; Qu

and Huang 2012). Corresponding to the WNPAC at the

lower troposphere, there is a convergent wind pattern over

the WNP at the upper troposphere. There are also two

upper-tropospheric anticyclonic circulations over the cen-

tral Pacific, located on each side of the equator symme-

trically. The hindcast depicts the IOBW-related TT pattern

for all time leads, but just captures the upper-tropospheric

circulation for the short time leads. The IOBW-induced

subtropical westerlies are only well captured by the

0-month lead prediction. The skills in predicting the

IOBW-related TT patterns vary with lead time. The

correlation between ENSO and the TT over the Indo-

western Pacific for the long leads is higher than that

observed. However, the IOBW-induced northeasterlies

over the WNP are not evident in the predictions of lead

time longer than 2 months. There is also a bias of upper-

tropospheric cyclonic circulation in the predictions of lead

time longer than 2 months, consistent with the bias of cold

SSTA, deficient precipitation, and the lower-tropospheric

anticyclonic circulation over the central subtropical

Northern Pacific.

The above analysis indicates that the CFSv2 captures the

IOBW-related WNPAC, but the maintenance mechanism

for the WNPAC may be different. When lead time is

shorter than two months, the IOBW is associated with the

obvious TT anomalies over the Indo-western Pacific oceans

and the resultant northeasterlies, which contribute to the

maintenance of the WNPAC. However, the WNPAC may

be mainly driven by the bias of depressed convection over

the central subtropical North Pacific in the longer lead

predictions. The CFSv2 fails to capture the possible impact

of subtropical westerly jet stream over East Asia

strengthened by the IOBW on the WNPAC.

4.2 Sub-seasonal variation

In addition to the IOBW, the local cold SST over the WNP

may also be important for the summer WNPAC, especially

in the early summer (Wu et al. 2010). Here, we further

Fig. 10 a Observed patterns of

correlation between DJF (0/1)

Niño3.4 SST index and June (1)

precipitation (shading), and

regression of June (1) 850-hPa

winds (m s-1; vectors) against

DJF (0/1) Niño3.4 SST index,

d observed patterns of

correlation of DJF(0/1) Niño3.4

SST index with June (1) SST

and mean temperature of 500

and 300 hPa. b and e, c and f are

same as a and d, but for July (1)

and August (1), respectively.

Wind vectors with speed

smaller than 0.2 m s-1 are

omitted
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investigate the relative contribution of the local SST and

the IOBW to the maintenance of WNPAC. We focus on

sub-seasonal features.

Figure 10 shows the ENSO-related precipitation, SST,

and 850-hPa winds in ENSO decaying June, July, and

August, respectively. There is an obvious cold SSTA over

the WNP in June, accompanied by deficient precipitation.

The cold SSTA becomes weaker in July and almost dis-

appears in August. The precipitation deficiency, however,

intensifies from June to July. On the other hand, the

WNPAC is weak in June, strengthens and moves northward

in July, and reaches its peak in August covering the entire

WNP with an even further northward shift of the ridgeline.

The precipitation anomalies over East Asia are sensitive to

the positions of the WNPAC: the excessive precipitation to

the northern flank of the WNPAC moves northward from

June to August. The WPSH also shows an apparent

northward movement from June to July (figures not given).

Thus, the sub-seasonal variation of the WNPAC may

depend on the basic flow. It is interesting to note that the

WNPAC is not associated with significant precipitation

anomalies over the WNP in August, while ENSO has a

significant positive correlation with precipitation over the

western Arabian Peninsula, the central and eastern Arabian

Sea, and the equatorial eastern IO. The correlation of

ENSO with the IO SST decreases gradually from June to

August. The ENSO-related TT in June is zonally oriented,

but it shows a warm Kelvin wave propagating into the

equatorial western Pacific in July and August. Thus, it

seems that the IOBW may not affect the WNPAC in June

by the way proposed by Xie et al. (2009).

Figure 11 shows the ENSO-related SST, precipitation,

and 850-hPa winds in June predicted by the CFSv2 for

different time leads. Comparisons among Figs. 10a, d, and

11 indicate that the 0-month lead hindcast captures the

major features related to ENSO, although it overestimates

the response of SST and 850-hPa winds to ENSO. The

deficient precipitation is overlapped with the cold SSTA,

accompanied by the WNPAC to the northwest. The pre-

dicted SST, precipitation, and 850-hPa winds over the

WNP do not show apparent differences as lead time

increases. However, the correlations of ENSO with SST

and precipitation over the tropical central and eastern

Pacific strengthen with increase in lead time especially

when lead time is longer than 3 months, accompanied by

the bias of 850-hPa northerlies over the equatorial central

and eastern Pacific. The correlation between ENSO and

precipitation over the tropical IO is also overestimated

when lead time is longer than 3 months. While the CFSv2

captures the ENSO-related zonally oriented TT for most

time leads, it has a bias in predicting the warm Kelvin wave

propagating into the equatorial western Pacific in the 1- and

3-month lead predictions (figures not shown).

ENSO-related features in July predicted by the CFSv2

for different time leads are demonstrated in Fig. 12. The

0-month lead hindcast simulates a weaker-than-observed

Fig. 11 Patterns of correlation

of the observed DJF (0/1)

Niño3.4 SST index with June

(1) precipitation (shading) and

SST (contours; values of

contours are -0.7, -0.48, -0.2,

0.2, 0.48, and 0.7), and patterns

of regression of June (1)

850-hPa winds (m s-1; vectors)

against DJF (0/1) Niño3.4 SST

index. a–f are for hindcast of

0-month lead, 1-month lead,

3-month lead, 5-month lead,

7-month lead, and 9-month lead,

respectively. Correlation

coefficient of 0.32 and 0.48 are

respectively corresponding to

the 90 and 99 % confidence

levels for t test. Wind vectors

with speed smaller than

0.2 m s-1 are omitted
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WNPAC and captures the correlation between ENSO and

precipitation over the WNP especially the northern Phi-

lippine Sea. It also depicts a stronger-than-observed

negative correlation between ENSO and SST over the

WNP. However, the correlations of ENSO with precipita-

tion and SST over the WNP strengthen in the 1- and

3-month lead predictions, accompanied by a realistic

WNPAC. When lead time is longer than 3 months, the

hindcast shows stronger-than-observed correlation between

ENSO and the climate over the tropical Pacific. The

northern edge of ENSO-related precipitation and SST over

the WNP also moves southward, resulting in a weak

WNPAC and southward shift of its northern edge from

5-month lead prediction to 7-month lead prediction. The

CFSv2 predicts the observed warm Kelvin wave propa-

gating into the equatorial western Pacific for all time leads

(figures not shown). However, the related northeasterlies

are just well captured by the 1- and 3-month lead predic-

tions, consistent with the well-predicted precipitation and

anticyclonic circulation over the WNP. It is also noted that

the deficient precipitation is mostly overlapped with the

cold SSTA over the WNP except the western Philippine

Sea when northeasterlies prevail to its south.

Figure 13 shows ENSO-related SST, precipitation,

850-hPa winds in August predicted by the CFSv2 for dif-

ferent time leads. A weaker-than-observed WNPAC but

stronger-than-observed correlations of ENSO with pre-

cipitation and SST over WNP are found in the predictions

from 0-month lead to 3-month lead. The stronger-than-

observed correlation between ENSO and tropical Pacific

climate is also found in the long lead predictions for

August. The patterns of correlation between ENSO and

precipitation over the IO are captured by the CFSv2, but

the correlation between ENSO and precipitation over the

tropical eastern IO also strengthens with increase in lead

time. Although the observed WNPAC in August is not

accompanied by significant precipitation anomalies over

the WNP, the magnitude of WNPAC depends on the

magnitude of ENSO-related precipitation deficiency over

the WNP in the hindcast. The observed warm Kelvin wave

propagating into the equatorial western Pacific in August

can be predicted for all time leads (figures not shown).

However, the northeasterlies associated with the warm

Kelvin wave are only captured by the CFSv2 when lead

time is less than 5 months, which favors precipitation

deficiency over the southern Philippine Sea and equatorial

western Pacific, where no negative correlation between

ENSO and SST is found. The inability of long lead pre-

dictions in depicting the northeasterlies over the tropical

WNP may be ascribed to the bias of deficient precipitation

over the central North Pacific, which induces an antic-

yclonic circulation that causes southeasterlies over the

tropical WNP, weakening the northeasterlies caused by the

warm Kelvin wave.

Comparison among Figs. 10, 11, 12 and 13 indicates

that the hindcast shows higher skill in depicting the climate

Fig. 12 Same as Fig. 11, but

for July
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anomalies over the WNP in June than in July and August.

The CFSv2 tends to have weaker-than-observed pre-

cipitation anomalies and anticyclonic circulations over the

WNP in July and August for the 0-month lead prediction

compared to other time leads, in which deficient pre-

cipitation is overlapped by cold SSTA. The 1- and 3-month

lead predictions capture the IOBW-excited warm Kelvin

wave propagating into the equatorial western Pacific and

the resultant northesterlies over the tropical WNP, which

favor suppressed convection over the tropical WNP and

resultant WNPAC. There are apparent biases of cold SSTA

and deficient precipitation over the central and eastern

subtropical North Pacific, which contribute to the main-

tenance of WNPAC in long lead predictions. The CFSv2

captures the northward advance of the WNPAC from June

to August. The CFSv2 also simulates stronger-than-

observed correlation between ENSO and precipitation over

the IO in long lead predictions.

5 Summary and discussion

The NCEP CFSv2, which became operational in March

2011, provides important source of information about the

seasonal climate prediction over many regions of the

world. In this study, we have provided a comprehensive

assessment of the prediction of the tropical IO SST. We

have also investigated the impact of IO SST on Indo-

western Pacific summer climate in both observation and

CFSv2 hindcast, focusing on the relative contribution of

local SST and remote forcing to the anomalous antic-

yclonic circulation over the WNP, which plays an impor-

tant role in the variability of East Asian climate.

The CFSv2 captures the spatial pattern of tropical IO

SST in summer, but produces a systematic cold bias in the

tropical IO, which may be ascribed to the predicted deeper-

than-observed mixed layer and smaller-than-observed total

downward heat flux in the tropical IO. The first two leading

EOF modes of tropical IO SST are well predicted by the

CFSv2. The model captures the phase and magnitude of

ENSO, while predicts stronger-than-observed correlations

of ENSO with IOBW and IOD. It also underestimates the

magnitude of IOD and summer IOBW.

The CFSv2 captures the interannual variation of summer

IOBW and related climate anomalies over the IO-Pacific

oceans especially the WNPAC. However, it fails to predict

the possible climate impact of IOD. The model captures the

impact of summer IOBW on WNPAC by the way proposed

by Xie et al. (2009), while it fails to capture the possible

impact of the subtropical westerly jet over East Asia

strengthened by IOBW on the WNPAC (Chowdary et al.

2010; Sampe and Xie 2010). The CFSv2 has a strong cold

bias in the subtropical central and eastern North Pacific for

the prediction of long time leads, which causes deficient

Fig. 13 Same as Fig. 11, but

for August
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precipitation and the resultant anticyclonic circulation over

the WNP. This bias may impede that the CFSv2 simulates

the impact of IOBW on the WNPAC by changing the

feedback between convection and atmospheric circulation

over the subtropical WNP. Besides ENSO and the IO SST,

other factors such as the North Atlantic Oscillation and the

Tibetan Plateau snow cover can also affect the variations of

the WPSH (Wu et al. 2009, 2012a, b). Thus, the CFSv2’s

skill in predicting the WNPAC may not solely depend on

the ways explored in this study.

During the ENSO decaying phase, the climate anoma-

lies over the WNP exhibit apparent sub-seasonal variations.

The ENSO-related TT in June is zonally oriented, while it

shows a warm Kelvin wave propagating into the equatorial

western Pacific in July and August. It seems that the

WNPAC in June is mainly forced by the local cold SSTA,

consistent with the AMIP-type simulation of Wu et al.

(2010). The CFSv2 captures the major features of the sub-

seasonal variation of ENSO-related climate anomalies over

the WNP. It shows high skill in predicting the WNPAC in

June, because the deficient precipitation predicted is

mainly overlapped with the cold SSTA over the WNP. The

mechanisms for the maintenance of WNPAC in July and

August in the hindcast vary with lead time. Only the pre-

dictions of 1- and 3-month leads capture the impact of

IOBW on the WNPAC, resulting in decent predictions of

the WNPAC.

The CFSv2 shows low skill in predicting the IOD, which

is a dynamically coupled atmosphere–ocean mode and

exhibits a strong seasonality (e.g. Li et al. 2003), and its

possible climate impact. The low skill in predicting the

IOD is not limited to CFSv2 though. Shi et al. (2012)

reported that most operational climate prediction systems

cannot predict the mature IOD prior to about May. The low

predictability of IOD may be attributed to the seasonality

of IOD (Li et al. 2003), the mean state bias in the IO

(Fischer et al. 2005), and the bias in predicting the link of

IOD to ENSO (Shi et al. 2012). This study shows that the

CFSv2 has an apparent cold SST bias in the IO and it

overestimates the response of the IO SST to ENSO. Not

only the SST but also the atmospheric circulations over the

Indo-Pacific oceans show an exaggerated link to ENSO

(Jiang et al. 2013a, b). In addition, the CFSv2 has bias in

simulating the climatological features of the South Asian

summer monsoon (Jiang et al. 2013a, b). All these factors

may lead to the failure of IOD prediction by the CFSv2.

Further studies on this issue are undoubtedly necessary.
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