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Abstract The boreal summer intraseasonal oscillation
(BSISO) of the Asian summer monsoon (ASM) is one of the
most prominent sources of short-term climate variability in
the global monsoon system. Compared with the related
Madden-Julian Oscillation (MJO) it is more complex in
nature, with prominent northward propagation and vari-
ability extending much further from the equator. In order to
facilitate detection, monitoring and prediction of the BSISO
we suggest two real-time indices: BSISO1 and BSISO2,
based on multivariate empirical orthogonal function
(MV-EOF) analysis of daily anomalies of outgoing long-
wave radiation (OLR) and zonal wind at 850 hPa (U850) in
the region 10°S—40°N, 40°-160°E, for the extended boreal
summer (May—October) season over the 30-year period
1981-2010. BSISO1 is defined by the first two principal
components (PCs) of the MV-EOF analysis, which together
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represent the canonical northward propagating variability
that often occurs in conjunction with the eastward MJO with
quasi-oscillating periods of 30-60 days. BSISO?2 is defined
by the third and fourth PCs, which together mainly capture
the northward/northwestward propagating variability with
periods of 10-30 days during primarily the pre-monsoon
and monsoon-onset season. The BSISO1 circulation cells
are more Rossby wave like with a northwest to southeast
slope, whereas the circulation associated with BSISO2 is
more elongated and front-like with a southwest to northeast
slope. BSISO2 is shown to modulate the timing of the onset
of Indian and South China Sea monsoons. Together, the two
BSISO indices are capable of describing a large fraction of
the total intraseasonal variability in the ASM region, and
better represent the northward and northwestward propa-
gation than the real-time multivariate MJO (RMM) index of
Wheeler and Hendon.

Keywords Boreal summer intraseasonal oscillation -
Madden-Julian Oscillation - Real-time multivariate index -
Northward propagation - Asian summer monsoon -
Monsoon onset

1 Introduction

It has been well recognized that the tropical intraseasonal
oscillation (ISO) exhibits prominent seasonal variation
(Madden 1986, Wang and Rui 1990; Salby and Hendon
1994; Zhang and Dong 2004; CLIVAR Madden-Julian
Oscillation (MJO) working group 2009; Kikuchi et al.
2012). Compared to boreal winter, during boreal summer
the main centers of convective variability associated with
the ISO are shifted away from the equator to 10-20°N,
and the propagation patterns are considerably more
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complicated. While the boreal winter ISO (also known as
the MJO) shows predominantly eastward propagation, the
boreal summer ISO (BSISO) also exhibits northward/
northeastward propagation over the Indian summer mon-
soon (ISM) region (Yasunari 1979, 1980; Krishnamurti and
Subramanian 1982; Lau and Chan 1986; Wang et al. 2005;
Annamalai and Sperber 2005), and northward/northwest-
ward propagation over the Western North Pacific-East
Asian (WNP-EA) region (Murakami 1984, Chen and Chen
1993; Kemball-Cook and Wang 2001; Kajikawa and
Yasunari 2005; Yun et al. 2009, 2010), often in conjunction
with MJO-like propagation along the equator (Lawrence
and Webster 2002). Whereas the MJO has been regarded as
applicable in all seasons, albeit with generally weaker
variability in boreal summer (Madden and Julian 1972,
1994; Wheeler and Hendon 2004; Zhang 2005), the BSISO
has been regarded as a specific mode of the tropical ISO that
prevails in boreal summer (Wang and Xie 1997). Thus, for
many applications it is instructive to consider the tropical
ISO as described by two modes, the MJO and BSISO. The
MJO dominates during boreal winter (December—April) and
the BSISO dominates during boreal summer (June—October)
with May and November being transitional months during
which either mode may prevail (Kikuchi et al. 2012).

Importantly, the BSISO is the dominant source of short-
term climate variability in the Asian summer monsoon
(Webster et al. 1998) and global monsoon (Wang and Ding
2008). It is known to affect summer monsoon onsets (Wang
and Xie 1997; Kang et al. 1999), the active/break phases of
the monsoon (Annamalai and Slingo 2001; Goswami 2005;
Hoyos and Webster 2007; Ding and Wang 2009), and the
monsoon seasonal mean (Krishnamurthy and Shukla 2007,
2008). It is also a possible source of seasonal climate pre-
dictability for precipitation (Wang et al. 2009a; Lee et al.
2010) and extratropical atmospheric circulation (Ding and
Wang 2005; Lee et al. 2011; Wang et al. 2012). Two different
periodicities of the BSISO have been identified: periods of
30-60 days (e.g., Wang et al. 2005) and 10-20 days (e.g.,
Kikuchi and Wang 2010). The wet and dry spells of the
BSISO strongly influence extreme hydro-meteorological
events, major driving forces of natural disasters, and thus the
socio-economic activities in the World’s most populous
monsoon region (Lau and Waliser 2005).

Given the extreme importance of the BSISO, having
real-time indices of it can assist immensely in monitoring
and forecasting applications. For the MJO, the Real-time
Multivariate MJO (RMM) index developed by Wheeler and
Hendon (2004) is the most widely used for such applica-
tions (e.g. Leroy and Wheeler 2008; Wheeler et al. 2009;
Gottschalck et al. 2010; Rashid et al. 2011). It is defined by
the first two principal component time series of the multi-
variate empirical orthogonal function (MV-EOF) modes of
the equatorial mean (between 15°S and 15°N) outgoing
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longwave radiation (OLR; a good proxy for convection),
and zonal winds at 850 (U850) and 200 hPa (U200). The
equatorial symmetric nature of the RMM index makes it an
excellent measure of the equatorial eastward propagating
mode, the MJO. However, since the RMM index is designed
to depict all year round MJO activity, it is not expected to
fully represent the seasonality of the ISO, especially during
the peak of the boreal summer when ISO activity is furthest
from the equator. Figure 1 shows the variance of pentad
mean OLR after removing the climatological slow annual
cycle (LinHo and Wang 2002) and interannual variability,
separately for boreal winter (November to April) and
summer (May to October), together with the fractional
variance of the anomaly explained by the two-component
RMM index during the two seasons. It is noted that the
RMM index is capable of capturing a large fraction of the
intraseasonal OLR variance during boreal winter over
the major convective regions except over the South Pacific
convergence zone. During boreal summer, on the other
hand, the variance that is captured by the RMM is primarily
confined between 5°S and 18°N, and does not reach as far
north into the Asian summer monsoon (ASM) region as has
been documented for the BSISO. Improving upon the RMM
index for real-time monitoring and prediction of the BSISO
is the goal of the work presented in this paper.

There have been several attempts to define indices for
the BSISO mainly using Eigen techniques (Lau and Chan
1986; Waliser et al. 2004; Annamalai and Sperber 2005;
Kikuchi et al. 2012 and others). Most recently, Kikuchi
et al. (2012) reviewed existing approaches and proposed a
bimodal ISO index that includes a BSISO mode with
prominent northward propagation and large variability in
off-equatorial monsoon trough regions, and a MJO mode
with predominant eastward propagation along the equato-
rial zone. Their index successfully identifies the summer
and winter component of the tropical ISO, but still has
some limitations to capture the BSISO particularly over the
Bay of Bengal and WNP-EA region (Fig. 6 in Kikuchi
et al. 2012). In addition, as the Kikuchi et al. (2012) index
was defined using 25- to 90-day filtered data, complications
arise when trying to apply it in real time and to the output
of global numerical forecast models. Ideally we would like
an index or indices of the BSISO that involve no time
filtering, and thus no smearing of information across dif-
ferent observation days or different forecast lead times.

Section 2 describes the method to define the BSISO
indices proposed in this study. Basic characteristics of the
BSISO captured by the indices are presented in Sect. 3.
Section 4 describes the composite life cycle of the BSISO
modes and fractional variance of OLR and U850 anomalies
captured by the indices. How to apply the indices for real-
time monitoring is discussed in Sect. 5. Summary and
discussion are given in Sect. 6.
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Fig. 1 a Variance of pentad mean OLR anomaly (W> m™*) after
removing climatological annual cycle and interannual variability
during November to April (NDJFMA) and May to October
(MJJASO), respectively. b Fractional variance (%) of 5-day mean

2 Definition of BSISO indices
2.1 Data

The data used include the daily Advanced Very High
Resolution Radiometer (AVHRR) OLR with 2.5° hori-
zontal resolution from the National Oceanic and Atmo-
spheric Administration (NOAA) polar orbiting satellites
(Liebmann and Smith 1996) and daily horizontal wind at
850 and 200 hPa from NCEP/Department of Energy
(DOE) Reanalysis II (Kanamitsu et al. 2002) with 2.5°
horizontal resolution.

2.2 Process to define BSISO indices

The BSISO indices proposed in this study were designed to
better represent fractional variance and the observed north-
ward propagating ISO over the entire ASM region than the
RMM index. After considerable sensitivity tests, our chosen
method to define the new BSISO indices uses MV-EOF
analysis of daily mean OLR and 850-hPa zonal wind (U850)
anomalies over the ASM region (10°S—40°N, 40°-160°E)
from 1st May to 31st October for the 30 years 1981-2010.
The OLR and U850 anomalies were obtained by removing
the slow annual cycle (mean and first three harmonics of
climatological annual variation) as well as the effect of

OLR anomaly accounted by the two-component RMM index. Blue
dashed line in right-hand side of a indicates the Asian summer
monsoon (ASM) domain. Red contour in b represents OLR variability
center with variance larger than 800 W? m™* shown in a

interannual variability by subtracting the running mean of
the last 120 days as in Wheeler and Hendon (2004). We do
not apply any other time filtering. After that, the two anomaly
fields were each normalized by their area averaged temporal
standard deviation over the ASM region. The normalization
factor used is 33.04 W m~2 for OLR and 4.01 m s~ for
U850. After applying the MV-EOF on the normalized OLR
and U850 anomalies, we identified the first four MV-EOF
modes as important for representing the BSISO over the
ASM region. The percentage variance accounted for by each
mode is 7.2, 4.9, 3.8, and 3.5 % respectively (Figs. 2, 3).
Thus, the first four modes can account for 19.4 % of total
daily variance of the combined OLR and U850 anomalies
over the ASM region. Although the percentage variance for
each mode is small, they are statistically distinguishable
from each other and from higher modes according to the rule
of North et al. (1982) (not shown) with an effective number
of degrees of freedom of 1,520 among the total sample size of
5,520 estimated following Livezey and Chen (1983). Itis the
principal component time series, or projection coefficients
(PCs), of the leading four modes that are used to define the
BSISO indices.

Our reasons for using an MV-EOF of OLR and U850 in
this analysis are based on both theoretical and practical
considerations. From a theoretical point of view, we
include both U850 and OLR since interaction between
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low-level atmospheric circulation and the major monsoon
convective heat sources has been suggested as the main
mechanism for the northward propagation of the BSISO
(Wang and Xie 1997; Kemball-Cook and Wang 2001; Hsu
and Weng 2001; Jiang et al. 2004; Annamalai and Sperber
2005). From a practical point of view, sensitivity tests indi-
cate that a combination of OLR and U850 performs better
than other variable combinations for defining the BSISO.
Table 1 summarizes results from these sensitivity tests,
focusing on the explained variance and spectral properties of
the PCs of the leading two EOF modes from a variety of EOF
analyses. The MV-EOF with OLR and U850 has the largest
explained variance of the combinations tested (12.1 %
compared to 9.3, 9.6, and 10.4 %). The fraction of the
leading two PCs variance in the 30- to 60-day band is also
near the largest for the OLR and U850 combination (0.50
compared to 0.52, 0.46, and 0.49). The coherence of the PCs
derived from the chosen combination of OLR and U850 is
also acceptably high in the 30- to 60-day band (0.48), indi-
cating that the analysis likely captures a propagating intra-
seasonal phenomenon. Further analysis and details on the
four MV-EOF modes and the derived BSISO indices will be
provided in the following sections.

3 Basic Characteristics of the BSISO Indices

Based on our analysis, two BSISO indices are proposed in
this study: BSISO1 comprising the 1st and 2nd MV-EOF
modes, and BSISO2 comprising the 3rd and 4th modes. As
will be shown, BSISOI1 represents the canonical northward
propagating BSISO over the ASM region addressed in
many previous studies with a 30-60 day quasi-oscillating
period (e.g., Annamalai and Sperber 2005; Wang et al.
2005; Kikuchi et al. 2012). BSISO2, on the other hand,
mainly captures the northward and northwestward propa-
gating BSISO with periods of both around 30 days and
10-20 days (e.g., Kikuchi and Wang 2010).

3.1 BSISO1: the canonical northward propagating
BSISO component

Figure 2 shows the spatial structures and PCs of the first
two MV-EOF modes. To display the full horizontal wind
vector, the associated meridional wind field at 850 hPa
(V850) was obtained by regressing V850 anomalies, nor-
malized by their area-averaged temporal standard deviation
(2.651 m s~ "), against each PC. The spatial structure of the

The Canonical Northward Propagating BSISO Component

(a) EOF1 (7.2%)

(b) EOF2 (4.9%)
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Fig. 2 Spatial structure (a, b) and PC time series (c¢) of the first two
leading MV-EOF modes of daily OLR (shading) and zonal wind at
850 hPa (U850) anomalies normalized by their area averaged
temporal standard deviation over the ASM region (33.04 W m™>
for OLR and 4.01 m s~' for U850). To display the full horizontal
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2009

2010

wind vector, the associated meridional wind at 850 hPa (V850) was
obtained by regressing V850 anomaly, normalize by its area averaged
standard deviation (3.14 m sfl), against each PC. The MV-EOF
modes were obtained during MJJASO for the 30 years of 1981-2010
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The ASM Pre—monsoon and Onset Component

(a) EOF3 (3.8%)

(b) EOF4 (3.5%)
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Fig. 3 Same as Fig. 2 except for the 3rd and 4th modes

Table 1 Summary of results from different EOF analyses

Analyzed Explained  Fraction of Mean Coh? of
field variance of leading PC1 and PC2 in
EOF1 and  PCs variance in  30- to 60-day
EOF2 (%) 30- to 60-day band
band
OLR’ and U850  12.1 0.50 0.48
OLR’ 9.3 0.52 0.59
OLR/, U850/, and 9.6 0.46 0.44
V850
OLR’, U850/, and 10.4 0.49 0.43
U200/

Climatological annual cycle and interannual variability were removed
in the all analyzed field and then anomalies were normalized by the
area-averaged standard deviation over the ASM region

first mode (EOF1) displays mostly an east-west seesaw
pattern in OLR, while EOF2 shows more of a quadrupole
pattern characterized by a north to south dipole over the
ISM region, and an oppositely-directed (south to north)
dipole over the WNP-EA region. The U850 component of
the EOF spatial structures is in approximate quadrature
with the OLR component, with westerly anomalies
occurring to the north and east of the positive OLR
anomalies, and vice versa for the easterlies. Similar

2009

2010

between EOF1 and EOF2 is the characteristic northwest to
southeast slope of their patterns. As will be discussed
further, this similarity is the first suggestion that EOF1 and
EOF2 should be treated together as a pair to form what we
call BSISOI.

A sample of the PCs associated with the leading two
EOFs is provided in Fig. 2c. Consistent with the ordering
of EOF modes, the variations of PC1 can be seen to be
slightly larger than those of PC2. During the years shown it
can be seen that PC1 and PC2 mostly vary on the intra-
seasonal timescale, with PC1 often leading PC2 by about a
quarter cycle. This provides further evidence supporting
our inclusion of the first two EOF modes as a pair in
BSISOLl.

The mean seasonal cycle of variance of each of the
PCs is shown in Fig. 4. For the months of the year
outside of May to October (which was the season used
for the EOF analysis), the “PC” data were obtained by
projecting OLR and U850 anomalies onto the same EOF
structures. Thus, in the months of November to March
we use the “projection coefficients”, and during the
months of May to October the projection coefficients and
principal components are equivalent (both of which we
label as “PCs”). As required from the ordering of modes
from the EOF analysis, PC1 has the greatest overall
variance when averaged across boreal summer, followed
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Fig. 4 The mean seasonal cycle
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by PC2, and both have a similar seasonal cycle, with
strong variance throughout the May to October period.
Obviously, PC1 and PC2 (i.e. BSISO1) represent the
dominant BSISO mode, and the similarity of their sea-
sonal cycle is further evidence that they should be
treated together. Interestingly, PC1 has an abrupt
increase of variance around late April and early May
with a double maximum of variance in May and August,
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while the seasonal cycle of PC2 variance tends to be
delayed by about half a month.

Power spectra of the PCs are presented in Fig. 5. For
PC1 and PC2, the bulk of the variance can be seen to be
concentrated on intraseasonal periods of 30-60 days. The
cross-spectra in Fig. 6 further show that PC1 and PC2 have
greatest coherence in the 30- to 60-day range with a 90°
phase difference indicating that PC1 leads PC2 by a quarter
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(a) Cross spectrum of PC1, PC2
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Fig. 6 a Coherence squared and phase between PC1 and PC2 of the
EOF analysis of Fig. 2. The 0.1 % confidence level on the null
hypothesis of no association is 0.23. For the phase, a 90° relationship
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Fig. 7 Lead-lag correlation coefficients a between PC1 and PC2 and
b between PC3 and PC4 during MJJASO for the 30 years of
19812010
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cycle. This relatively strong coherence between PC1 and
PC2 provides further justification for combining them in
our BSISO1 index.
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means that PC1 leads PC2 by a quarter cycle. b As in a, except for the
cross-spectrum between PC3 and PC4. PC3 leads PC4 by a quarter
cycle

Lag correlations between the PCs are presented in
Fig. 7. PC1 tends to lead PC2 by about 13 days with a
maximum correlation of 0.34 for non-filtered data, and 0.45
for 30- to 60-day filtered data. It is further noted that PC1
and PC2 are significantly correlated with both RMM1 and
RMM2 (from Wheeler and Hendon 2004). PC1 (PC2) is
more significantly correlated with RMM2 (RMM1), having
a maximum correlation of —0.63 (—0.48) at zero lag. This
indicates that the canonical northward propagating ISO
mode tends to occur in conjunction with the eastward
propagating equatorial MJO.

3.2 BSISO2: The ASM pre-monsoon and onset
component

In this study we also consider the third and fourth MV-EOF
modes and argue that they capture the northward and
northwestward propagating component of the BSISO,
particularly during the pre-monsoon and monsoon onset
period (Wang and Xie 1997; LinHo and Wang 2002).
Different to the first two modes, the OLR and U850 pat-
terns in EOF3 and EOF4 tend to be more in phase over the
ISM and WNP region with a southwest-northeast tilted
horizontal structure (Fig. 3). That is, the westerlies are
shifted to correspond more closely with the regions of
negative OLR and the easterlies with positive OLR. The
structure of EOF4 resembles the ‘climatological ISO’ of
Kang et al. (1999; their Fig. 4e) and the fast annual cycle
pattern of the pre-monsoon and onset period of Linho and
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Wang (2002; their Fig. 4a). Consistent with this resem-
blance, Fig. 4 shows that PC3 and PC4 have maximum
variance from late May to early July, corresponding to the
pre-monsoon and onset period. We are thus confident that
the third and fourth MV-EOF modes identified in this study
are linked with a previously-described physical mode of
the climate system.

(a) BSISO1
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Fig. 8 a PC2 and PC1 phase space composite curves of BSISO1 [odd
number (mid blue) and even number (orange) initial phase]. The PCs
have each been normalized by their respective standard deviation. For
each initial phases, storing cases are selected when the BSISO
amplitude (PCI2 + PC22)”2 exceeded 1.5. Then, data for each of the
next 30 days from the initial day are averaged over all strong cases to
show the evolution of the BSISO index. b Same as a except for (PC4,
PC3) phase space composite curves of BSISO2. The number of strong
events used for each phase is given
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The time variation of PC3 and PC4 is indicated for some
sample years in Fig. 3c, indicating that these modes gen-
erally have a shorter time scale than PC1 and PC2
(Fig. 2c). Power spectra of PC3 and PC4 (Fig. 5c, d)
confirm that the bulk of their variance is concentrated at
around 30 days (PC3) and in the 10- to 20-day range
(PC4). Further, PC3 and PC4 have high coherence in the
10- to 20-day range and at ~30 days, with approximately
90° phase difference (Fig. 6b). Analysis of the lag corre-
lations between the two PCs shows that PC3 tends to lead
PC4 by about 3—4 days for variability in the 10- to 20-day
period range, and at a lag of 7-8 days for variability in the
20- to 50-day range (Fig. 7b). These relatively high
coherence values, their similar horizontal tilts, and similar
climatological seasonal cycles lead us to conclude that the
third and fourth MV-EOF modes should be treated together
as a pair, which we call BSISO2.

Interestingly, BSISO2 is not well correlated with the
eastward-propagating MJO as measured by RMMI1 and
RMM?2. While PC4 has no significant correlation with
either RMM1 or RMM?2, PC3 is correlated with RMM1
having a maximum correlation of 0.47 when PC3 leads
RMMI1 by about 3 days, but not significantly correlated
with RMM2. Thus the linkage between BSISO2 and the
eastward MJO is very weak.

4 Composite Life Cycles and Fractional Variance

Further understanding of the structure and patterns of
variability captured by BSISO1 (EOFs 1 and 2) and
BSISO2 (EOFs 3 and 4) can be achieved by constructing
composites in a similar fashion to what was done for the
MIJO by Wheeler and Hendon (2004). Given the strong
lead-lag behavior of PC1 and PC2, it is convenient to
diagnose the state of BSISOI as a point in the two-
dimensional phase space defined by PC1 and PC2. Using
the same argument, we diagnose BSISO2 as a point in the
two-dimensional phase space defined by PC3 and PC4. In
this analysis we use the normalized versions of the PCs,
calculated by dividing by their 1981-2010 May—October
standard deviations, to construct each phase space.

4.1 BSISOI1 composite life cycle

Figure 8a shows the PC1 and PC2 phase space composite
curves of the BSISO1 index for events that initially have an
amplitude greater than 1.5 (ie. (PC1% 4+ PC2%)'* > 1.5).
Like Wheeler and Hendon (2004), we divide the phase
space into eight phases, and for each phase we composite
30-day segments using the same approach as Kim et al.
(2009). Strong BSISOL1 events can be seen to persist in
their evolution up to 10-20 days. When considering all



Real-time multivariate indices

501

Fig. 9 The life cycle composite
of OLR (shading) and 850-hPa
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events in a non-composite sense, the average time between
successive phases is 5.5 days, a little less than the 6 days
quoted for the MJO by Wheeler and Hendon (2004).

We also make composites of the convection and circu-
lation fields for each of the eight phases, as displayed in
Fig. 9, using the same amplitude threshold of 1.5. Com-
posite maps shown are masked to exhibit only anomalies
that exceed a two-tailed Normal-z test at the 95 % confi-
dence level. It can be seen that convection associated with
BSISOL first appears over the equatorial Indian Ocean in
Phase 1, and then propagates northeastward reaching the
Indian Subcontinent in Phase 3 and the Bay of Bengal in
Phases 4-5. The convection over the equatorial Indian
Ocean also propagates eastward from Phase 1 and reaches
the Maritime continent in Phases 3—4. Then, the convection
propagates northward reaching the South China Sea in
Phase 7, the WNP in Phase 8, and East Asia with weakened
amplitude in Phase 3-4. Figure 9 demonstrates that
BSISOL1 is able to better represent the northward/north-
eastward propagating pattern over the ASM region than the
RMM (compare with Fig. 9 of Wheeler and Hendon 2004).

It is interesting to note from Fig. 8a that Phase 5 (271
cases) and 7 (304 cases) are the most favorable for the
strong initial events while Phase 3 (184 cases), 4 (160

ol
-
(=]
-
[4,]

20 25 W m2

cases), and 6 (189 cases) are the least favorable. This may
indicate that the northwest-southeast tilted rainband from
the Indian subcontinent to the equatorial Western Pacific
tends to strengthen from Phase 3-5 then weaken. The
amplitude then increases in Phase 7, associated with the
cyclonic Rossby gyre over the WNP-EA region, which
then propagates northwestward with weakened amplitude.
It may also be associated with a slowdown of ISO propa-
gation in Phases 5 and 7. The phase preference for the
strong initial events needs further investigation.

4.2 BSISO2 composite life cycle

Figure 8b depicts the PC3 and PC4 phase space composite
curves of the BSISO2 index. The life cycle of BSISO2 is
shorter than BSISOI1, with all curves reaching the centre of
the phase space within 30 days. The average interval time
between phases is 3.2 days. In general, the BSISO1 and
BSISO2 tend to decay quicker than the MJO (see Fig. 7 of
Wheeler and Hendon 2004), implying that the BSISO may
have lower predictability than the MJO.

Figure 10 shows the composite convection and circula-
tion fields of BSISO2 based on the eight phases as defined
in Fig. 8b. The convection is located in the equatorial
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Fig. 10 Same as Fig. 9 except
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Fig. 11 a PC4 and PC3 phase points (as marked by the small dual
numbers) for monsoon onset dates at Kerala, India from India
Meteorological Department (IMD) from 1981 to 2007. b Same as

Indian Ocean and Philippine Sea in Phase 1 and then
propagates northwestward over the Indian longitude as well
as the WNP-EA region. While the atmospheric circulation
associated with BSISO1 exhibits a Rossby-type response,
the circulation of BSISO2 is more elongated and front-like,
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a except for South China Sea monsoon onset dates defined by
Kajikawa and Wang (2012) from 1981 to 2008

particularly over the WNP-EA region. As already men-
tioned, this structure resembles the first fast annual cycle
pattern from of LinHo and Wang (2002). Thus, BSISO2
somewhat represents stepwise monsoon onset over the
ASM region, particularly over the Bay of Bengal and
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Fig. 12 Spatial distribution of
fractional variance of pentad
a OLR and b U850 anomaly
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WNP-EA region. The composite life cycle of BSISO2 over
the WNP-EA region also resembles the statistically sig-
nificant and predominant ISO mode of summer Yangtze
rainfall in response to ISO in the western North Pacific
subtropical high and South China Sea shown in Fig. 5 of
Mao et al. (2010). It is also noted that the BSISO2

JuL AUG SEP oCT

composites reflects 10-20 day rainfall variability over the
Bay of Bengal that was described by Ma et al. (2012). We
further investigate the relationship between BSISO2 and
summer monsoon onsets over India and the South China
Sea. Monsoon onset dates at Kerala were used for the ISM
from 1981 to 2007 subjectively defined by the Indian
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Fig. 14 a PC2 and PC1 phase space curves starting from July 24, 2011 and June 17, 2006. b PC4 and PC3 phase space curves starting from May
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Fig. 15 Five-day mean OLR
(shading) and 850-hPa wind

5—Day OLR and 850—hPa Wind Anomalies / 2011

(vector) anomalies from 25-90
July to 29 August-2 September,
2011

150E
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Meteorological Department (Wang et al. 2009b). South
China Sea monsoon onset dates used were obtained from
Kajikawa and Wang (2012) from 1981 to 2008 and the
onset dates were defined based on 850-hPa zonal wind
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averaging over 5°-15°N, 110°-120°E. Figure 11a indicates
that 18 out of 28 cases of Indian monsoon onset occur in
phases 2—4 when the BSISO2-related convection is located
over India and the Bay of Bengal. Figure 11b shows that 19
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out of 29 cases of the South China Sea monsoon onset
occur in phases 2—4 when the BSISO2-related convection
is in the Philippine Sea and the South China Sea. If one
considers only the onsets that occur when BSISO2 is evi-
dent (amplitude is outside the unit circle), then 68 %
(70 %) of the dates for the ISM (South China Sea) occur in
phases 2—4 indicating a close relationship between BSISO2
and monsoon onset dates. The onset dates may occur in
other phases because there are other factors that influence
BSISO2 and stochastic processes can limit the prediction
of the monsoon onset dates.

4.3 Fractional Variance

Figure 12 shows the fractional variance of unfiltered pentad-
mean OLR and U850 anomalies explained by the first two
PCs (BSISO1) and the first four PCs (BSISO1 + BSISO2)
together with those explained by RMMI1 and RMM2.
BSISO1 and BSISO2 capture a significant portion of the total
variance particularly over the WNP-EA region during boreal
summer while the RMM index describes the OLR variance
primarily in the equatorial region and only moderately cap-
tures variability over the ISM region.

Fig. 16 Same as Fig. 15 except
from 10-14 June to 14-19 July,

5 Application to real-time monitoring

The BSISO1 and BSISO2 indices proposed in this study
can be applied to real-time monitoring of the BSISO over
the ASM region, similar to the real-time monitoring of the
eastward propagating MJO with the RMM index. Figure 13
shows time series of the projected first four PCs during the
2011 summer. PC1 and PC2 show significant amplitude
from July to October, while PC3 and PC4 had prominent
amplitude during May to July and from late August to early
September, consistent with their climatological annual
cycles in Fig. 4.

An alternative to looking at the individual PC series is
the use of the phase space presentation as shown in Fig. 14,
which shows some examples from different years. In
summer 2011, two BSISO events are illustrated, one
beginning from 24th May in BSISO2 (Fig. 14b) and the
other starting from 24th July in BSISO1 (Fig. 14a). During
the first event, a weak large-scale convective anomaly was
initially located around the equatorial Western Indian
Ocean and subtropical Western Pacific (Phase 8 of
BSISO2) on 24th May, and then propagated to the Indian
Ocean and Philippine Sea (Phase 2) on 27th May. Over the
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ISM region, enhanced convection propagated eastward and
then northward with increased amplitude reaching the Bay
of Bengal toward the end of May. Over the WNP-EA
region, enhanced convection propagated northwestward
reaching the South China Sea on 29th May and South Asia
on 4th June. It has been recognized that East Asia had early
onset in summer 2011 (Seo et al. 2012), which is well
represented by the time evolution of BSISO2. The phase
space of BSISO2 is also able to capture the stepwise
monsoon onset during early summer 2012 shown in
Fig. 14b.

While the BSISO2 event during early summer of 2011
shows approximately circular evolution, the BSISO1 event
from late July to mid-August has a rather skewed evolu-
tion, particularly during Phases 1 and 2 (Fig. 14a). The
skewed evolution along with the coherent relationship
between the PC1 and PC2 during July and August in
Fig. 13a indicate that the ISO during the period may be
different from the typical BSISO1 evolution. The evolution

(a) ISMI vs BSISO index

0.8 4
0.6 4

Lag (Day)

BSISO Index Lead ISMI Lead

(b) WNPSMI vs BSISO Index
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Fig. 17 Lead-lag correlation coefficients for each of PCs against
a ISMI and b WNPSMI
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of 5-day mean OLR and 850-hPa wind anomalies from
July 25 to August 29, 2011 in Fig. 15 supports that the ISO
activities are different from the typical mode shown in
Fig. 9. During the period, convective activities over the
ISM region was relatively week and the ISO evolution
looks more like a standing oscillation between Phases 7/8
and 3/4, corresponding to convection shifting between the
WNP and EA region. In contrast, the BSISO1 event
starting from 17th June 2006 shows circular evolution from
Phase 2-7 with maximum convective activity over the
Indian continent and Maritime Continent. Figure 16 shows
that ISO activities during the period well resembles the
typical BSISO1 evolution shown in Fig. 9.

Examples shown in this section demonstrate that the
BSISOL1 and BSISO2 indices are capable of identifying and
monitoring prominent BSISO events over the entire ASM
region.

6 Summary and Discussion

Given the extreme importance of the BSISO, we have
made an effort to define new indices to assist in real-time
monitoring and forecast applications of the BSISO. The
BSISO indices proposed in this study were designed to
better represent fractional variance and the observed
northward/northwestward propagating ISO over the ASM
region than the RMM index. Albeit its excellence in
measuring the equatorial eastward propagating MJO, the
RMM index is limited in its ability to capture ISO activity
during boreal summer when it is furthest from the equator.

After considerable sensitivity tests, our chosen method
to define the new BSISO indices uses the MV-EOF anal-
ysis of daily mean OLR and U850 anomalies over the ASM
region (10°S—40°N, 40°-160°E) from May to October for
the 30 years 1981-2010. The OLR and U850 anomalies are
obtained from removing the slow annual cycle as well as
the effect of interannual variation through subtracting the
running mean of the last 120 days. We do not apply any
other time filtering. We identify the first four MV-EOF
modes as important for representing the BSISO over the
ASM region that account for 19.4 % of total daily variance
of the combined OLR and U850 anomalies. Based on our
analysis, two BSISO indices are proposed: BSISO1 com-
prises the first two MV-EOF modes, and BSISO2 consists
of the 3rd and 4th modes.

BSISO1 represents the canonical northward and north-
eastward propagating ISO over the ASM region during the
entire warm season from May to October with quasi-
oscillating periods of 30-60 days in conjunction with the
eastward propagating MJO (e.g., Annamalai and Sperber
2005; Wang et al. 2005; Kikuchi et al. 2012). EOF1 and
EOF?2 can be treated together as a pair to form what we call
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BSISO1 because of the following three reasons. First,
EOF1 and EOF2 exhibit similarity in their spatial structure
characterized by a northwest to southeast slope. Second,
the mean seasonal cycle of variance of PC1 is similar to
that of PC2 with strong variance throughout the May to
October period. Third, PC1 and PC2 have significant
coherence in the 30- to 60-day range with a 90° phase
difference indicating that PC1 leads PC2 by a quarter
cycle. Analysis of lag correlation coefficients between the
PCs further reveals that PC1 tends to lead PC2 by about
13 days with a maximum correlation of 0.34 for non-fil-
tered data, and 0.45 for 30- to 60-day filtered data.

BSISO 2, on the other hand, mainly captures the north-
ward and northwestward propagation components of the
BSISO, particularly during pre-monsoon and monsoon
onset period. Different to the first two modes, the OLR and
U850 patterns in EOF3 and EOF4 tend to be more in phase
over the ISM and WNP region with a southwest-northeast
tilted horizontal structure. The structure of EOF4 resembles
the ‘climatological ISO’ of Kang et al. (1999) and the fast
annual cycle pattern of the pre-monsoon and onset period of
LinHo and Wang (2002). Consistently, PC3 and PC4 have
maximum variance from late May to early July and the bulk
of their variance is concentrated at around 30 days (PC3)
and in the 10- to 20-day range (PC4). With high coherence
in the 10- to 20-day range and at ~ 30 days, PC3 tends to
lead PC4 by about 3—4 days for variability in the 10- to
20-day period range, and at a lag of 7-8 days for variability
in the 20- to 50-day range. These relatively high coherence
values, their similar horizontal tilts, and similar climato-
logical seasonal cycles lead us to conclude that third and
fourth MV-EOF modes should be treated together as a pair,
which we call BSISO2. BSISO2 has a close relationship
with the onset of the ASM. Considering only monsoon
onsets that occur when the BSISO2 amplitude is outside the
unit circle, 68 % (70 %) of the onset dates for the Indian
(South China Sea) monsoon occur in Phases 2—4.

The composite life cycles of BSISO1 and BSISO2 well
demonstrate the circulation patterns associated with each
index. The BSISOL1 circulation cells are more Rossby wave
like, whereas the circulation associated with BSISO2 is more
elongated and front-like. We further demonstrate that the
BSISO indices proposed in this study can be applied to real-
time monitoring of the BSISO similar to the real-time mon-
itoring of the eastward propagating MJO with the RMM
index.

Previously-defined indices of the boreal summer mon-
soon circulation are the Indian Summer Monsoon Index
(ISMI) and the Western North Pacific Summer Monsoon
Index (WNPSMI; Wang and Fan 1999; Wang et al. 2001,
2004). Figure 17 provides the lag correlation between each
PC and these other indices. It is shown that PC1 reflects
most of the WNPSMI variability with a maximum

simultaneous correlation of —0.85 and PC2 significantly
correlates with the ISMI with a maximum correlation of
—0.57 when PC2 leads ISMI by 1 day. Noting that the PCs
are orthogonal, the total variance explained by the PCs can
be computed by summing their squared values. Thus for
the ISMI the PCs account for 45 % of the variance of the
ISMI at zero lag and for the WNPSMI the PCs account for
88 % of the variance at zero lag.

Although the BSISO indices are derived in the ASM
domain, it is also indicative of the ISO in the North
American monsoon region. This is because when intra-
seasonal convective anomalies occur in the equatorial
western Pacific, they move not only northwestward toward
the Philippine Sea but also eastward along the Intertropical
Convergence Zone toward the North American monsoon
region. As shown by Wang et al. (2005) and Moon et al.
(2012), the ISO over the Mexican monsoon tends to be out
of phase with the ISO over the southern Bay of Bengal. In
terms of BSISOI1, the peak in intraseasonal convective
activity over the Mexican monsoon area occurs in Phase 1.
This makes it also somewhat possible to monitor the North
American monsoon by using BSISO1.
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