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Abstract The boreal summer intraseasonal oscillation
(BSISO) has two major activity centers, the northern Indian
Ocean and tropical Western North Pacific, which dominate
the monsoon intraseasonal variability over South Asia and
East Asia, respectively. The spatial-temporal structures of
BSISO over the Indian Ocean (10°S-30°N, 60°-105°E)
(IOISO) and Western Pacific (10°S-30°N, 105°-150°E)
(WPISO) are examined by corresponding the leading
modes of daily OLR and 850-hPa zonal wind (U850).
The IOISO features a northeastward propagation with a
30-45 days energy peak and the first principal component
(PC1) has maximum variance in May, while the WPISO
propagates northward with a broad spectral peak on
10-60 days and the PC1 has maximum variance in August.
Because of the large regional differences, two regional
indices, the IOISO index and WPISO index, are defined
by their corresponding first two leading PCs. The com-
bined IOISO-WPISO index captures about 30 % (10 %) of
U850 (OLR) daily variance over the entire IO-WP region
(10°S-30°N, 60°-150°E), which doubles that captured by
the Madden—Julian Oscillation (MJO) index (Wheeler and
Hendon 2004) and is 50 % higher than that captured by the
BSISO index (Lee et al. 2013). The combined index also
shows superior performance in representing biweekly and
pentad-mean variations in the Asian-Pacific summer mon-
soon region (north of 10°N). The predictability/prediction
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skill and simulated principal modes of two regional BSISO
indices are explored by using data derived from the Intra-
seasonal Variability Hindcast Experiment project. The
major regional modes are reasonably well captured, but the
forecasted fractional variances of the leading modes and
variability center’s locations exhibit significant deficien-
cies. The multi-model mean estimate of the predictability
is 40-45 days for the IOISO index, whereas 33-37 days for
the WPISO index. The less predictable WPISO is likely due
to the existence of its significant biweekly component. The
multi-model mean prediction skill is significantly higher
with large initial amplitude (~20 days for two indices) than
that with small initial amplitude (~11 days), suggesting that
the prediction for development of BSISO is much more dif-
ficult than the prediction for mature BSISO disturbances’
propagation.

Keywords Boreal summer intraseasonal oscillation -
Regional ISO - Indian Ocean intraseasonal oscillation -
Western Pacific intraseasonal oscillation - Predictability -
Prediction skill - Intraseasonal Variability Hindcast
Experiment (ISVHE)

1 Introduction

The Indian Ocean (IO) and Western Pacific (WP) are major
intraseasonal convective activity centers during boreal
summer (e.g. Wang and Rui 1990; Zhu and Wang 1993;
Kim et al. 2008) and play a critical role in initiation and
propagation of boreal summer intraseasonal oscillation
(BSISO) (Kemball-Cook and Wang 2001). Over the IO and
WP, the intraseasonal variation of precipitation contrib-
utes more than 25 % to the pentad precipitation variance
whereas in the central and eastern Pacific the intraseasonal
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variance accounts for only a small percentage (<10 %)
(Pegion and Kirtman 2008). In addition, ISO activity in the
IO and WP can modulate the formation and development
of tropical cyclones (e.g. Liebmann et al. 1994; Maloney
and Hartmann 2001; Goswami et al. 2003) and is signifi-
cantly linked to the extratropical circulation anomalies in
the Northern Hemisphere (Moon et al. 2013). These results
indicate the importance of understanding the regional
BSISO in the 10 (I0ISO) and WP (WPISO).

Many previous studies have documented the BSISO’s
features such as spatial-temporal evolutions, periodicity,
and linkage with the mean state, focusing on the dominant
ISO modes over the entire Asian summer monsoon (ASM)
region including both the IO and WP (e.g. Wang and Rui
1990; Zhu and Wang 1993; Kemball-Cook and Wang 2001;
Lawrence and Webster 2002; Jiang et al. 2004; Lee et al.
2013, hereafter ‘L13’; Suhas et al. 2013; Shukla 2014).
Recently, to better monitor and predict BSISO, L13 has
proposed the BSISO indices based on the leading empiri-
cal orthogonal function (EOF) modes of ISO over the tar-
geted region (also, Suhas et al. 2013; Shukla 2014). These
BSISO indices capture more fractional variance over the
ASM region than that captured by the real-time multivari-
ate Madden—Julian Oscillation (MJO) index (RMM index,
Wheeler and Hendon 2004). However, due to regional dif-
ferences between the IO and WP, a uniform BSISO index
remains deficient in capturing the total daily variance over
the ASM region. This motivated the present study in which
we attempt to raise the fractional variances represented by
the leading EOF modes in order to facilitate monitoring
and predicting of ISO.

On intraseasonal time scale, the maximum OLR vari-
ance is found over the 10 in May and June while it moves
to the WP during late summer (Kemball-Cook and Wang
2001; Bellenger and Duvel 2007), indicating different
seasonal cycle of ISO over the IO and WP during boreal
summer. The IOISO and WPISO are influenced by differ-
ent mean climatology, thus they may behave differently
in addition to their commonality and linkage because the
mean climate has strong influence on the behavior of the
equatorial waves (Wang and Xie 1996, 1997). Thus far,
the IOISO and WPISO have not been systematically com-
pared based on the well-designed metrics. Chou and Hsueh
(2010) compared the ISO in the IO and Western North
Pacific, but only focused on the northward propagating
mechanism.

Meanwhile, the dynamical simulation and prediction
of the regional ISO in the state-of-the-art climate models
have remained a challenging task (e.g. Waliser et al. 2003;
Kim et al. 2008). It was found that the climate models tend
to considerably underestimate the large intraseasonal vari-
ances over the IO and WP (Waliser et al. 2003; Kim and
Kang 2008; Kim et al. 2008). To understand deficiencies in
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simulating the ISO phenomena, analysis of models’ intrin-
sic intraseasonal variability (ISV) will be helpful. In addi-
tion, study on the predictability of regional BSISO over
Indo-Pacific regions has been rare. Using a hybrid atmos-
phere—ocean coupled model, Fu et al. (2007) showed that
the ISO predictability is generally higher over the 10 than
that over the WP with a maximum of 35 days in the east-
ern equatorial 10. Better understanding of the regional
ISO predictability is important because it can potentially
improve the regional ISO prediction skills. Therefore, in
the present study, we will use longer hindcast data from
multi-models to study the present day prediction skill and
predictability based on the regional leading modes of the
I0ISO and WPISO.

This study aims to compare the observed basic features
of the IOISO and WPISO measured by an identical frame-
work. Such a comparison will enhance our understanding
of the regional ISO predictability and contribute to find
its predictability sources. Furthermore, using current cou-
pled models’ experimental data, the principal modes of two
regional BSISOs and their predictability and prediction
skills will be assessed. Since the models’ ISV is closely
related to the seasonal monsoon variability and predict-
ability (Waliser et al. 2003), the estimation of predictability
and prediction skill of ISO is important for studies of the
seasonal mean variability as well as ISO.

The observation data and two experimental datasets of
IntraSeasonal Variability Hindcast Experiment (ISVHE)
used in this study are described in Sect. 2. In Sect. 3, the
observed principal modes of the IOISO and WPISO are
identified, and capability of the combined IOISO-WPISO
modes to capture total daily and ISO variances over the
targeted region is explored. Moreover, the IOISO are con-
trasted with the WPISO in terms of the periodicity, sea-
sonal distribution of variances, and life cycle. The simu-
lated major modes of two regional BSISOs are described
in Sect. 4, and the predictability and prediction skill of the
IOISO and WPISO are estimated in Sect. 5. Section 6 sum-
marizes the major findings of this study.

2 Data
2.1 Observation

For the multivariate EOF (MV-EOF) analysis (Wang 1992),
the daily zonal wind at 850-hPa (U850) obtained from
National Centers for Environmental Prediction (NCEP)/
Department of Energy (DOE) Reanalysis II (Kanamitsu
et al. 2002) and daily averaged OLR data from NOAA
polar orbiting series of satellites (Liebmann and Smith
1996) were used. After removing the slow annual cycle
(annual mean and first three harmonics of climatological
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annual variation) and the interannual variability (running
mean of the preceding 120 days) (L13), the anomalous
fields of OLR and U850 were utilized to isolate the major
IOISO and WPISO modes.

2.2 Two experimental datasets of ISVHE

The ISVHE project has been accomplished to better under-
stand the physical basis of ISV and determine its predict-
ability. The ISVHE includes two sets of experiments, a
long-term free coupled run and a 20-year long hindcast
experiment. In the present study, to reveal the features of
models’ intrinsic ISV, the long-term free run data from four
models (ECMWE, JMAC, CMCC, CFS2) were used. The
method to obtain OLR and U850 anomalies is same as that
adopted in observation. Furthermore, the hindcast data of
six coupled models (ABOM1, ABOM2, ECMWF, IMAC,
CMCC, CFS2) were analyzed to estimate the predict-
ability and assess current prediction skill of the IOISO and
WPISO. Daily anomalies of OLR and U850 were obtained
by subtracting model climatology and interannual variabil-
ity. We used hindcast data for summer from May to Octo-
ber. For further details of the ISVHE project, participating
models, and experimental data, the readers are referred to
Zhang et al. (2013), Neena et al. (2014b) and Lee et al.
(2015).

3 TIOISO versus WPISO in observation
3.1 Principal modes of the IOISO and WPISO

Recently, L13 showed the major BSISO modes from the
MV-EOF analysis of daily OLR and U850 anomalies dur-
ing boreal summer (from May to October) over the ASM
region (10°S—40°N, 40°-160°E), and defined the BSISO
index using its leading PCs. If not otherwise specifically
defined, hereafter, the BSISO mode and BSISO index
refer to the results of L13. To document the evolution of
the regional BSISO over the 10 and WP, i.e. the IOISO and
WPISO, we adopted the same procedure employed by L13
using daily OLR and U850 anomalies but over two separate
domains upon the consideration of the ISV center of con-
vective anomaly (Moon et al. 2013) and regional monsoon
domains (Yim et al. 2014): the IO domain (10°S-30°N,
60°-105°E) and WP domain (10°S-30°N, 105°-150°E). In
the present study, we mainly focused on the first (EOF1)
and second (EOF2) MV-EOF modes.

Figure 1a—c show spatial structures and samples of prin-
cipal components (PCs) of the first two MV-EOF modes
over the 10 region. Following L 13, the 850-hPa meridional
wind was obtained by regressing onto each PC in order to
show full horizontal wind field. The spatial structure of

the IOISO EOF1 exhibits a large loading over the equato-
rial IO (Fig. 1a), and it explains about 13 % of total com-
bined daily variance of OLR and U850 anomalies. This
spatial distribution strongly resembles the spatial pattern of
the BSISO EOF1 over the corresponding region (Fig. 1g)
and the EOF1 of pentad-mean OLR over the South Asian
monsoon region (Shukla 2014). The spatial pattern of the
IOISO EOF2 is characterized by dominant variability over
the Bay of Bengal (Fig. 1b). The overall spatial pattern is
similar to that of BSISO EOF2 mode (Fig. 1h), but the pos-
itive anomaly center of convection is located west of cor-
responding center of the BSISO EOF2.

The spatial structures and PC time series of the first
two MV-EOF modes over the WP domain are presented
in Fig. 1d—f. For both leading modes, the dominant vari-
abilities related to the WPISO are confined to the north of
the equator compared with the major modes of the IOISO.
The WPISO EOFI mode, which shows a large loading in
the vicinity of northern Philippines (Fig. 1d), is very simi-
lar to the spatial distribution of the BSISO EOF1 over the
corresponding region. The EOF2 of WPISO exhibits the
north—south oriented dipole over the WP (Fig. le) and this
dipole pattern is also found in the BSISO EOF2 mode over
the WP region (Fig. 1h) and the EOF2 mode over South
Asia domain (Shukla 2014). The northwest to southeast
(NW-=SE) slope is one of features of BSISO EOF2 (L13),
but the distinct NW-SE tilted structure is not observed in
the WPISO EOF2.

The maximum lag-correlation between the IOISO PC1
and WPISO PC1 is 0.41 at 0-day lag. This significant cor-
relation coefficient indicates out-of-phase variations of con-
vection between the IO and WP regions, which is consist-
ent with the BSISO EOF1 mode (Fig. 1g and L.13) and the
previous findings from the total ISO anomalies (Zhu and
Wang 1993). This convection seesaw between the 10 and
WP is significantly related to the active-break monsoon
cycles over those two regions (Zhu and Wang 1993).

3.2 Frictional variance explained by the IOISO
and WPISO

Do the regional BSISO indices that are derived from
the leading PCs of the IOISO and WPISO better repre-
sent daily and ISO variations over the entire ASM region
(10°S—40°N, 40°-160°E) than the BSISO index? To
address this question, we compared the fractional variances
of daily OLR and U850 anomalies explained by the first
two leading EOF modes of the IOISO, WPISO, BSISO,
and MJO. For clarity and simplicity, here we define indices
for the IOISO and WPISO by the same way for the MJO
(RMM) index of Wheeler and Hendon (2004) and BSISO
index of L13, i.e., these indices are all defined by using
their corresponding PC1 and PC2. Each of these indices
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Fig. 1 First two leading MV-EOF modes of daily OLR (shad-
ing) and 850-hPa zonal wind (U850) anomalies (MJJASO for the
30 years of 1981-2010). a, b Spatial structures and ¢ PC time
series of the first two leading MV-EOF modes over the IO region
(10°S-30°N, 60°-105°E). d—f Same as a—c except for the WP region

serves as a specific metric to describe the corresponding
reconstructed evolution. In particular, to show the fractional
variance captured by the IOISO and WPISO together, the
combined IOISO-WPISO index is defined by the combina-
tion of the IOISO index and WPISO index. The fractional
variance explained by the combined IOISO-WPISO index
in the region over 10°S—40°N, 40°—160°E indicates that in
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(10°S-30°N, 105°-150°E). g-i Same as a—c except for the ASM
region (10°S—40°N, 40°-160°E). To display the full horizontal wind
vector, the associated 850-hPa meridional wind (V850) was obtained
by regressing V850 anomaly against each PC

the region west of 105°E (inclusive), the two leading PCs
of the IOISO are used for calculation of the fractional vari-
ance while in the region east of 105°E, the two leading PCs
of the WPISO are used.

Figure 2 presents the daily variances of OLR and U850
anomalies for summer (from May to October) explained
by the combined IOISO-WPISO index, BSISO index, and
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Fractional variance of daily OLR and U850 anomalies
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Fig. 2 Spatial distribution of fractional variance of daily OLR (left
panels) and U850 (right panels) anomalies that captured by the a,
d combined IOISO-WPISO index, b, e BSISO index, and ¢, f MJO
(RMM) index. The combined IOISO-WPISO index is defined by
the combination of the IOISO index and WPISO index. For the daily

MIJO (RMM) index. It is noted that the combined IOISO-
WPISO index captures a considerably larger fraction of
daily variances of OLR and U850 in the ASM region
compared with the BSISO and MJO (RMM) indices. The
combined IOISO-WPISO modes can capture higher than
20 % of OLR daily variance over the eastern 10 (Eq-20°N,
80°—~100°E) and vicinity of Philippines (10°-20°N, 110°—
140°E) (Fig. 2a), but both the BSISO and MJO (RMM)
modes account for less than 20 % of OLR daily variance
over most of the ASM region. In addition, the combined
index can explain higher than 50 % of U850 daily variance
over the eastern IO and vicinity of Philippines (Fig. 2d).

30 40 S50 60 70

OLR and U850 anomalies, the slow annual cycle (annual mean and
first three harmonics of climatological annual variation) and effect of
interannual variability were removed. The red dotted and solid con-
tours represent fractional variance at 20 and 50 %, respectively. The
vertical gray line indicates 105°E

Meanwhile, the 10-70 days variance has large portion of
daily variance over the IO and WP, particularly higher than
60 % over the Indian Subcontinent and vicinity of Philip-
pines in U850 (figure not shown). This indicates that daily
variance of U850 can be better captured by the ISO index
compared with that of OLR, therefore the fractional vari-
ances of daily U850 accounted for by the three ISO indices
are always higher than those of OLR.

Furthermore, the longitudinally averaged (60°-150°E,
covering the IO and WP domains) fractional variances
explained by the three types of ISO indices were compared
as a function of latitude (Fig. 3). Daily, 25-70, 10-25 days,
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Fig. 3 Longitudinally averaged
(60°-150°E) fractional variance
of OLR and U850 anomalies
explained by the combined
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and pentad-mean variances of OLR and U850 anomalies
were analyzed for the detailed comparison. Figure 3 reveals
that for all cases the combined IOISO-WPISO index is
effective in explaining the variances of OLR and U850
over the IO-WP region. For daily variance (Fig. 3a, e), the
combined IOISO-WPISO index captures about 10 % for
OLR and 30 % for U850 variance over the IO-WP region
(10°S-30°N, 60°-150°E). These values are double that
captured by the MJO (RMM) index and are 50 % higher
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than that captured by the BSISO index. The fractional vari-
ance captured by the MJO (RMM) index is confined to the
region from the equator to 10°N, thus main differences
of fractional variances explained by the three ISO indi-
ces are found north of 10°N. In particular, the combined
IOISO-WPISO modes show definite advantages in repre-
senting biweekly and pentad-mean variations in the north
of 10°N. It can capture about 60 % of pentad-mean vari-
ance of U850 at 10°-12.5°N and this value is much greater
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than that captured by the MJO index, which is about 30 %
in the corresponding latitudes. In addition, the combined
regional modes can represent about 10 % of biweekly vari-
ation for U850 (Fig. 3g) and this might be due to the multi-
time scale variability of the WPISO (Fig. 4c, d, discussed
later). Three ISO indices show similar ability to capture the
25-70 days variance. Consequently, results obtained from
Figs. 2 and 3 demonstrate an obvious advantage of using
regional BSISO indices to represent the total daily and ISO
variations over the entire IO—WP region.

3.3 Comparison of the characteristics of regional ISO
over the 10 and WP

In this subsection, we compared the regional BSISO behav-
iors between the I0 and WP in terms of the periodicity,
seasonality, and life cycle with the seasonal preference of
its occurrence.

Figure 4 compares the power spectra of the first two PCs
for the IOISO and WPISO. The PC1 of the IOISO shows a
salient 30-45 days periodicity (Fig. 4a) while the PC1 of
the WPISO presents a broad spectral peak ranging from 10
to 60 days (Fig. 4c). This indicates that the dominant ISO
modes over the IO and WP have distinguished periodicity.

Frequency (cycles/day)

For ISO over the 10, Krishnamurthy and Shukla (2008)
showed two oscillatory modes of 45 and 28 days and these
variabilities are related to the Rossby wave (Sengupta et al.
2001), which is emanated from the Sumatra Island and
plays an important role in ISO over the IO (Wang and Xie
1997; Kemball-Cook and Wang 2001; Lawrence and Web-
ster 2002). On the other hand, the multi-time scale variabil-
ity including biweekly, 30 and 60 days is an important fea-
ture of the WPISO (Fig. 4c, d). It was found that westward
propagating biweekly disturbances are particularly active
over the WP (Kikuchi and Wang 2009). The spectra of the
WPISO PC3 and PC4 as well as the IOISO PC4 also show
biweekly oscillation peaks, but no significant periodicity is
observed in the IOISO PC3 (not shown).

Figure 5a presents the seasonal distribution of the four
leading PCs’ variances of the IOISO and WPISO. For the
months of the year outside of May to October, the PC data
were obtained by projecting OLR and U850 anomalies
onto the corresponding EOF structures (L13). The pro-
nounced difference between the IOISO PC1 and WPISO
PC1 is that the maximum variance occurs in May for the
IOISO whereas in August for the WPISO, reflecting a sea-
sonal shift of ISO activity from the IO to WP as shown by
Kemball-Cook and Wang (2001). Therefore, the BSISO
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Fig.5 a The seasonal distribution of the first four PCs’ variance
of the IOISO and WPISO for the 30 years (1981-2010). The inter-
annual variability of PC1 variance of the IOISO and WPISO in b
May and ¢ August. In (a), 31-day running mean was applied. For
the interannual variability of the IOISO PCI, the blue and red solid
lines indicate the mean of IOISO PC1 variance for the 10 years of
1981-1990 and 2001-2010, respectively, and the difference of means

PC1 over the entire ASM region shows two peaks in May
and August (L13). The PC2 and PC3 of the IOISO have
distinct double peaks at May—June and October—Novem-
ber, and these double peaks are reflected in the monthly
mean ISV of convection over the 10 as documented by Bel-
lenger and Duvel (2007). In contrast, the WPISO PC2 and
PC3 exhibit the single peak in August and August—Septem-
ber, respectively.

Furthermore, we examined the interannual variability of
each PC’s monthly variance to see whether there is an inter-
decadal trend in the leading PC’s variance. It is noted that
the mean variances of the IOISO PC1 in May and August
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between two periods (blue and red lines) is significant at the 95 %
confidence level. For the interannual variability of the WPISO PCI,
the black dotted lines indicate the mean of WPISO PC1 variance for
the 10 years of 1981-1990 and 2001-2010, respectively, and the dif-
ference of means between two periods (two black dotted lines) is not
significant at the 95 % confidence level

during 2001-2010 are significantly larger than those dur-
ing 1981-1990 (Fig. 5b, ¢), indicating that strong anoma-
lous structures associated with the IOISO EOF1 (Fig. 1a)
frequently occur in May and August during the 2000s
compared with the 1980s. By contrast, no significant dif-
ferences between the periods of 2001-2010 and 1981-1990
are found in the first four PCs’ variances of the WPISO.

To obtain further insight into the features of the IOISO
and WPISO, composite life cycles of OLR and low-level
circulation were compared (Figs. 6, 7). L13 showed the
BSISO life cycle constructed by the BSISO EOF1 and
EOF2 modes. The same method was applied to define 8
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Fig. 6 a The life cycle compos-
ite (phases 1-8) of OLR (shad-
ing) and 850-hPa wind (vector)
anomalies reconstructed based
on the IOISO PC1 and PC2
[(PCI1% + PC2%)'? > 1.50]. b
Number of occurrence for each
phase with large amplitude
during 1981-2010. Composite
maps shown in (a) are masked
to exhibit only anomalies that
exceed a two tailed Normal-z
test at the 95 % confidence
level. The purple rectangle

in (a) indicates the MV-EOF
domain for the IOISO

(a) Composite life cycle

(b) Number of occurrence

.
3

140E  160E

90+

60 1

30

P1

MAY

JUN

JUL  AUG SEP  OCT

60 1

30

60E 80E  100E  120E  140E  160E MAY JUN JUL AUG SEP  OCT
MAY JUN JUL  AUG SEP  OCT

— . I ety B 0
60E 80E  100E  120E  140E  160E MAY JUN JUL AUG SEP  OCT

—_—

-30 -24 -1B -12 -6 6 12 1B 24 X0 6

@ Springer



2222

S. Lee, B. Wang

Fig. 7 Same as Fig. 6 except
for the WPISO
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phases of the IOISO (WPISO) and make its related com-
posite fields based on the magnitudes and signs of the PC1
and PC2 of the IOISO (WPISO). The composite life cycles
with large amplitude [(PC1% 4+ PC2%)'? > 1.50] were pre-
sented (Figs. 6a, 7a) and these composite life cycles may be
simply called IOISO and WPISO life cycle, respectively. In
addition, we explored the occurrence number of each phase
to see whether the frequency of any phase’s occurrence is
distinctly higher or lower than that of other phases at a spe-
cific time.

The differences in life cycles between the IOISO
(Fig. 6a) and WPISO (Fig. 7a) are found in the propaga-
tion direction. A convective anomaly associated with the
IOISO commences in the equatorial Western IO at phase
1 and it propagates northeastward. The strong convection
anomaly is found in the equatorial IO at phases 2 and 3.
At phases 5 and 6, the convection anomaly reaches the Bay
of Bengal and the NW-SE tilted convection anomaly is
developed from the Bay of Bengal to Philippine Sea. These
phases resemble the active phase documented by Suhas
et al. (2013), which shows positive rainfall anomalies over
the India landmass. The features of the IOISO’s life cycle
are similar to those of the BSISO shown in L13.

Figure 6b shows the occurrence number of 8 phases with
large amplitudes [(PC1?% + PC2%)'? > 1.50] as a function of
month. Overall, strong events related to the IOISO occur
frequently in May and June, particularly for phases 3, 4,
7 and 8, which has monotonic convection anomaly in the
I0. The high frequency of strong events in May and June
may be related to the high variances of the IOISO PC1 and
PC2 in corresponding months (Fig. 5a). Moreover, sev-
eral phases show a noticeable seasonal preference for their
occurrences. The strong events of phase 1 occur 74 cases in
October, which is about 34 % of total strong cases of phase
1 (219 cases), but 21 cases occur in June, which is about
10 % of total strong events. For the strong events of phase
2, most of its occurrence is found in July, which accounts
for about 41 %, but only about 5 % occurs in June. For
phase 7, June is the most favorable (about 28 %) and Octo-
ber is the least favorable (about 6 %), which is opposite
to that of phase 1. The occurrence difference between the
most favorable and least favorable months is less than 20 %
for other phases.

On the other hand, for the WPISO life cycle (Fig. 7a),
anomalous convection center features a northward move-
ment. The weak convection anomaly over the maritime
continent at phases 1 and 2 is originated by eastward prop-
agation of the ISO from the IO. The convective anomaly
then migrates northward and is intensified, reaching the
maximum over the WP at phases 5 and 6. Obviously, this
northward propagation is dominated by 30-60 days oscil-
lation because the biweekly component moves westward
(Kikuchi and Wang 2009). The WP is one of sectors that

shows independent northward propagation of ISO (Wang
and Rui 1990) and this is closely related to the decay of the
equatorial ISO convective activity near the dateline and the
impacts of the northern summer monsoon circulation and
basic-state moist static energy distribution (Wang and Xie
1997). The composite WPISO fields exhibit more evident
seesaw oscillation of convection between the IO and WP.

Unlike the IOISO, most phases’ strong WPISO events
show high frequency of occurrence in August and Sep-
tember and low frequency in May and June, except for
the phase 7 (Fig. 7b). In particular, phases 2 and 3 of the
WPISO exhibit a strong seasonal preference. For phase
2, May is the least favorable month (about 2 %) whereas
August is the most favorable month (about 29 %). For
phase 3, only about 3 % of strong cases occurs in May,
but about 46 % of strong cases occurs in September. The
seasonal preference of each phase and its possible reasons
need further analysis.

4 Intrinsic ISO modes over the I0 and WP
in the ISVHE models

To assess models’ intrinsic ISV features, we examined the
simulated major modes of the IOISO and WPISO using
available four (ECMWF, JMAC, CMCC, CFS2) mod-
els’ free coupled run data. The procedures to obtain OLR
and U850 anomalies and the leading ISO modes over the
10 and WP are same as those adopted in observation, and
10 years (ECMWF) or 20 years JMAC, CMCC, CFS2)
data were analyzed.

Figure 8 shows the first two leading modes of the IOISO/
WPISO derived from the ECMWF and CMCC as an exam-
ple. In the ECMWE, the first two EOF modes of the IOISO
and WPISO account for about 25 and 22 % of total combined
daily variance of OLR and U850 over the individual region,
respectively, and these values are comparable to the obser-
vation. The first two leading modes of other models show
similar percent variance as the observation, which is about
22-25 %, except for the IOISO EOF1 and EOF2 in the IMAC
(explain 17 % of total daily variance) (not shown). It is noted
that the principal modes of the IOISO and WPISO are rea-
sonably well simulated in the four models, but models have
some shortcomings. For example, for the IOISO, the EOF1 in
the ECMWF resembles more closely observed EOF2 mode
(pattern correlation coefficient ‘PCC’ of OLR is 0.81) than
observed EOF1 (PCC of OLR is —0.60). The PCC of OLR
between the ECMWF EOF2 and observed EOF1 is 0.84.
Meanwhile, for the WPISO, the PCC of OLR between the
ECMWEF and observation is 0.93 for the EOF1 and 0.87 for
the EOF2, indicating that ECMWF can capture the spatial dis-
tributions related to the WPISO. However, the CMCC has dif-
ficulty in simulating the leading modes of the WPISO (PCC of
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Fig. 8 a, b Spatial structures and ¢ PC time series of the first two
leading MV-EOF modes of daily OLR (shading) and 850-hPa zonal
wind (U850) anomalies over the 10 region (10°S-30°N, 60°-105°E)
obtained from the ECMWEF free run data (MJJASO for the 10 years).
d-f Same as a—c except for the WP region (10°S-30°N, 105°-

OLR is 0.45 for the EOF1 and 0.65 for the EOF2). Our results
can help identify models’ deficiencies and suggest ways to
improve models’ ability to represent the regional BSISO.

5 Predictability and prediction skill of the IOISO
and WPISO

Using six models’ hindcast data of ISVHE project, Lee
et al. (2015) estimated the predictability and prediction
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150°E). g—i and j-1 Same as (a—c) and (d—f), respectively, except for
the CMCC free run data (MJJASO for the 20 years). To display the
full horizontal wind vector, the associated 850-hPa meridional wind
(V850) was obtained by regressing V850 anomaly against each PC

skill of the BSISO index. They showed that the multi-
model mean predictability and prediction skill of the
BSISO index with large initial amplitude are about 45
and 22 days, respectively. Similarly, in the present study,
we examined the predictability and prediction skill of the
IOISO and WPISO utilizing same hindcast data. To deter-
mine the predictability and prediction skill, we applied the
‘ensemble-mean method’” with the perfect model assump-
tion (Neena et al. 2014b; Lee et al. 2015) using the IOISO
and WPISO indices in the observation and hindcast. The
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Predictability and prediction skill (ensemble—mean method)
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Fig. 9 The predictability (+5 days range) and prediction skill of the
IO0ISO and WPISO indices with a, ¢ large initial amplitude and b, d
small initial amplitude. e Multi-model mean predictability and pre-

hindcast IOISO (WPISO) index was obtained by project-
ing the two combined anomalous fields (OLR and U850) of
hindcast onto the observed first two IOISO (WPISO) EOF
modes.

In the ensemble-mean approach for estimation of the
predictability, the signal was obtained from the mean
amplitude of hindcast IOISO/WPISO index (a single
ensemble member designated as ‘control’) within a slid-
ing window (sliding window is set to 51 day in the pre-
sent study). The error growth was estimated by the differ-
ence between the single ensemble member (‘control’) and
the ensemble mean of all other ensemble members that
are designated as ‘perturbations’. For the prediction skill
estimation, the signal was obtained from the observed
IOISO/WPISO index (‘control’) and the forecast error
was measured by the difference between the observa-
tion and the ensemble mean (averaged over all ensemble
members) forecast (‘perturbation’). The predictability
and prediction skill are defined as the forecast lead day
when the signal and forecast error intersect. Details of
equations and their explanations of the ensemble-mean

.ABOM1 ABOM2 ECMWF JMAC CMCC CFS2 g
(d) Small WPISO initial amp. 2] .
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diction skill for the IOISO and WPISO indices with large and small
initial amplitudes. The error bars of predictability and prediction skill
in e represent the 95 % confidence interval

approach are given in Neena et al. (2014b) and Lee et al.
(2015).

In order to evaluate the initial amplitude effect on the
predictability and prediction skill, we divided the hind-
cast of individual model into two groups based on the
observed initial amplitude. The strong and weak I0ISO
(WPISO) initial conditions are defined as the observed
IOISO (WPISO) index’s amplitude at O-day of the hindcast
is greater than 1.50 [(PC1? + PC2%)"2 > 1.50] and less than
0.80 [(PC1? 4+ PC2%)'? < 0.80], respectively.

Figure 9 shows the resultant predictability and prediction
skill estimates of the IOISO and WPISO indices using six
climate models’ hindcast data. For the strong IOISO initial
condition, in the CFS2, the signal and error do not intersect
within its integrations days (44 days) (not shown), and thus
the predictability in the CFS2 was not estimated. For the
estimation of six models’ mean predictability, we assumed
that the predictability in the CFS2 is 45 days. The multi-
model mean predictability of the IOISO index with large
IOISO initial amplitude is about 45 days (ranging from 37
to 60 days) and the corresponding predictability with small
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Fig. 10 Correlation coefficient
skill for the first two PCs of
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IOISO initial amplitude is about 40 days (ranging from 21
to 60 days). These values are comparable with the BSISO
predictability estimated by the BSISO index with same
criteria for large and small initial amplitudes, which show
about 44 days in both initial conditions (not shown). For
the predictability of the WPISO index, the multi-model
mean estimates are about 37 days in large WPISO initial
amplitude and 33 days in small WPISO initial amplitude. It
is noted that the predictability of the WPISO index is about
8 days lower than that of the IOISO index, indicating that
the WPISO is less predictable than the IOISO. Fu et al.
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(2007) suggested two reasons for the lower predictability
of the WPISO. First, the ISO variability in this region may
be underestimated. Second, the forecast errors tend to grow
faster in the WP. Additionally, the less predictable WPISO
could be partially due to the strong interannual variabil-
ity of ISO over the WP (Teng and Wang 2003; Kim et al.
2008). We speculate that the lower predictability in the
WP may be due to the existence of the biweekly compo-
nent of the WPISO (Fig. 4c, d) which has shorter period.
More work is needed to further understand the reasons
for the lower predictability of WPISO. When we consider
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Fig. 11 Correlation coefficient
skill for the PC1 of the IOISO
and WPISO with different ini-
tial conditions in a, d ABOM2,

Correlation coefficient skill for PC1 of I0ISO and WPISO
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the multi-model mean estimates, result of Fig. 9e reveals
that there is no significant difference of the predictability
between large and small initial amplitudes for both the
IOISO and WPISO.

From a prediction skill perspective, comparing Fig. 9a, c
with Fig. 9b, d indicates that the prediction skill with large
initial amplitude is always higher than corresponding skill
with small initial amplitude in all six models. Figure 9e
shows that the multi-model mean prediction skill of the
IOISO index with large IOISO initial amplitude is about
20 days and this is significantly higher than corresponding

Forecast lead day

skill with the small IOISO initial amplitude, which is about
11 days. For the WPISO index, the multi-model mean
prediction skills are estimated about 21 days with large
WPISO initial amplitude and 12 days with small WPISO
initial amplitude. The significant difference of prediction
skills between large and small initial amplitudes indicates
that the prediction for development process of the regional
BSISO is much more difficult than the prediction for
mature BSISO disturbances’ propagation. It also supports
the notion that improved initial condition is important for
ISO prediction skills (Fu et al. 2009, 2011; Lee et al. 2015).
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Furthermore, we examined the dependency of predic-
tion skill on the initial season by comparing the correla-
tion coefficients of ensemble mean with observation. Three
models (ABOM2, ECMWF, CMCC) that are initialized
from the Ist day of every month for 19-20 year hindcast
period were selected for this comparison. The prediction
skill is estimated by the forecast lead day when the cor-
relation dropped below a threshold of 0.6 (Suhas et al.
2013). If all summer initial conditions (from May to Octo-
ber) are considered, three models’ prediction skills are
around 9-17 days for the IOISO PCI1 and 8-10 days for
the WPISO PC1 (Fig. 10). The ECMWF exhibits the best
skill for both the IOISO PC1 and WPISO PCI1. Suhas et al.
(2013) showed that the prediction skills of their monsoon
ISO index 1 and 2 are about 13 and 9 days, respectively.
The bivariate correlation skills obtained from both the PC1
and PC2 (Lin et al. 2008) are 8—14 days for the IOISO and
7-11 days for the WPISO.

When we consider the different initial season, it is found
that the correlation skills of the IOISO and WPISO vary
considerably with the initial season (Fig. 11). Interestingly,
all three models show the best skills for the IOISO PC1
with May 1st and June 1st initial conditions, and this may
be related to the high variance of the IOISO PCI in early
summer (Fig. 5a). For the WPISO, two models tend to
show higher skills with July 1st and August 1st initial con-
ditions and lower skills when it is initiated from September
Ist and October 1st. This result indicates that the prediction
skills of the IOISO and WPISO tend to be dependent on
the initial season and it might be associated with its season-
dependent variance distribution.

6 Summary

The purpose of this study is to compare the regional BSISO
features over the IO and WP based on the identical met-
rics and to estimate their predictability and prediction skill
in the current climate models. An important motivation is
to see whether the regional ISO modes can capture a more
significant portion of total variance over the targeted region
than the BSISO’s leading modes, so that the prediction of
regional ISO may improve sub-seasonal prediction.

The MV-EOF analysis was applied using daily OLR
and U850 anomalies for boreal summer over the regions of
[10°S-30°N, 60°-105°E] and [10°S-30°N, 105°-150°E],
respectively, in order to obtain the major spatial-temporal
structures of the IOISO and WPISO. To better represent
the fractional variance over the ASM region (10°S—40°N,
40°-160°E), we considered the combined ISO modes
derived from the first two PCs of the IOISO and WPISO.
The individual daily variance of OLR and U850 over the
ASM region can be better explained by the combined
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IOISO-WPISO index compared with the MJO (RMM)
index and BSISO index (Fig. 2). In particular, the com-
bined IOISO-WPISO index captures about 10 % for OLR
and 30 % for U850 daily variance over the IO—WP region
(10°S-30°N, 60°-150°E), and these values double those
captured by the MJO (RMM) index and are 50 % higher
than those captured by the BSISO index. It is noteworthy
that the combined index is very useful to represent the
biweekly and ISO variances in the regions north of 10°N.

From the comparison of the leading modes of the IOISO
and WPISO, it is noted that the IOISO and WPISO dis-
tinguish from each other by the periodicity (30—45 days
periodicity vs. multi-time scale variability of 10-60 days)
(Fig. 4), seasonal distribution of the PCs’ variances (PCl1
peak in May, double peaks of PC2 and PC3 in May—June
and October—November vs. PC1 peak in August) (Fig. 5a),
and propagating features (northeastward vs. northward)
(Figs. 6a, 7a). In particular, the IOISO PC1 variance in
May and August shows the significant interdecadal trend,
indicating that in May and August the strong enhanced con-
vection over the equatorial IO with suppressed convection
over the Bay of Bengal (and vice versa) occurs frequently
during recent years (the period of 2001-2010) compared
with the 1980s. Moreover, we found that several phases of
the IOISO and WPISO have the distinct seasonal prefer-
ence of their occurrences. These results may have impor-
tant implications for mining predictability sources of the
IOISO and WPISO.

By analysis of two experimental datasets of the ISVHE
project, current models’ ability to represent the regional
BSISO variability was explored. The principal modes of
the IOISO and WPISO are reasonably well simulated, but
models have shortcomings in presenting detailed spatial
structures of regional BSISO (Fig. 8). From the predict-
ability perspective, the multi-model mean estimate of the
IOISO index is about 40-45 days for both large and small
initial amplitudes, and this is about 8 days higher than the
predictability of the WPISO index (33-37 days) (Fig. 9).
The less predictable WPISO is likely due to its significant
biweekly component. Comparison of the predictability
between large and small initial amplitudes confirms that the
initial amplitude does not significantly affect the estima-
tion of predictability of the IOISO/WPISO, similar to the
BSISO (Lee et al. 2015).

Different from the predictability, the initial amplitude
and initial season may play a role in determining the pre-
diction capability of the IOISO and WPISO (Figs. 9, 11),
indicating that prediction for the development process of
the regional BSISO is difficult and improvement of initial
condition is important for the success of ISO’s predic-
tions (Fu et al. 2009, 2011; Lee et al. 2015). Current lev-
els of prediction skills for the IOISO and WPISO indices
with large initial amplitude are around 20 days and these
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are 9 days higher compared with corresponding skills with
small initial amplitude. The prediction skills of the IOISO
and WPISO with large initial amplitude are comparable
with corresponding skill of the MJO index (Neena et al.
2014b) and higher than the Eastern Pacific ISO prediction
skill which shows 10-14 days (Neena et al. 2014a). Finally,
it is noted that there is still wide discrepancy of the pre-
diction skill as well as the predictability estimates between
current climate models. This deserves future studies for
developing optimal strategy of multi-model ensemble.
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