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Abstract
The 30–60-day boreal summer intraseasonal oscillation (BSISO) is a dominant variability of the Asian summer monsoon 
(ASM), with its intensity being quantified by intraseasonal standard deviations based on OLR data. The spatial and inter-
annual variations of the BSISO intensity are identified via empirical orthogonal function (EOF) analysis for the period 
1981–2014. The first EOF mode (EOF1) shows a spatially coherent enhancement or suppression of BSISO activity over the 
entire ASM region, and the interannual variability of this mode is related to the sea surface temperature anomaly (SSTA) 
contrast between the central–eastern North Pacific (CNP) and tropical Indian Ocean. In contrast, the second mode (EOF2) 
exhibits a seesaw pattern between the southeastern equatorial Indian Ocean (EIO) and equatorial western Pacific (EWP), 
with the interannual fluctuation linked with developing ENSO events. During strong years of EOF1 mode, the enhanced 
low-level westerlies induced by the summer-mean SSTA contrast between the warmer CNP and cooler tropical Indian Ocean 
tend to form a wetter moisture background over the eastern EIO, which interacts with intraseasonal low-level convergent 
flows, leading to stronger equatorial eastward propagation. The intensified easterly shear favors stronger northward propa-
gation over the South Asian and Eastern Asian/Western North Pacific sectors, respectively. Opposite situation is for weak 
years. For interannual variations of EOF2 mode, the seesaw patterns with enhanced BSISO activity over the southeastern 
EIO while weakened activity over the EWP mostly occur in the La Niña developing summers, but inverse patterns appear 
in the El Niño developing summers.
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1  Introduction

The Asian summer monsoon (ASM) is the largest mon-
soon system on the globe, affecting approximately 60% of 
the world’s population. This huge monsoon system can be 
divided into two subsystems, the South Asian summer mon-
soon (SASM) and the Eastern Asian/Western North Pacific 
(EA/WNP) monsoon (Tao and Chen 1987). The consider-
able variability of the ASM on a wide range of timescales 

(Webster et al. 1998) leads to severe disasters, such as floods 
and droughts as well as secondary landslides and mudslides, 
frequently hit this monsoon region, causing hardship and 
suffering for millions of people and significant economic 
loss. Therefore, it is vital to study the mechanisms behind 
anomalous ASM conditions. Moreover, the ASM also sig-
nificantly affects weather and climate in other regions (Tong 
et al. 2009; Trenberth 2011; Li et al. 2014). As a result, the 
ASM is always a key topic in both weather and climate stud-
ies. Within the annual cycle, intraseasonal oscillation (ISO) 
is an important variability of the ASM (Hoyos and Webster 
2007; Li and Zhou 2015). The ISOs of the ASM can modu-
late tropical cyclone activity over both the tropical Indian 
Ocean and WNP (Liebmann et al. 1994; Maloney and Hart-
mann 2000; Mao and Wu 2010; Hsu and Li 2011) and also 
lead to large-scale seasonal-mean rainfall anomalies (Zhu 
et al. 2003; Bhat 2006; Ding and Wang 2009; Li et al. 2015). 
Furthermore, as ISOs are the main source of predictability 
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for extended-range forecasts, studying ISOs, especially the 
boreal summer ISOs (BSISOs) over the ASM area, is critical 
for achieving seamless weather-to-climate prediction.

BSISOs over the ASM region have two dominant periods, 
30–60 and 10–20 days (e.g., Lawrence and Webster 2002; 
Mao and Chan 2005). The 30–60-day BSISO is a propagat-
ing convection–circulation coupled system, characterized 
by a prominent baroclinic structure (Mao et al. 2010; Lee 
et al. 2013). Compared with its wintertime counterpart, the 
Madden–Julian oscillation (MJO; Madden and Julian 1971, 
1972), which mainly propagates eastward along the equa-
tor, the 30–60-day BSISO over the ASM region has a more 
complex propagation pattern. The anomalous convection 
signal of the 30–60-day BSISO originates in the equato-
rial Indian Ocean (EIO; 5°S–5°N, 60°–100°E) (Wang and 
Rui 1990; Jones et al. 2004) and then propagates eastward 
along the equator as it grows (Wang and Xie 1997). When 
the 30–60-day BSISO reaches the equatorial eastern Indian 
Ocean (EEIO; 5°S–5°N, 90°–100°E), it splits off, with a 
component moving poleward in the form of a Rossby wave-
like pattern toward the Indian Subcontinent and Bay of Ben-
gal, thus leading to a north–south oriented dipole pattern 
along the Indian Ocean meridians. The anomalous rainfall 
associated with the 30–60-day BSISO develops further after 
moving into the equatorial western Pacific (EWP; 5°S–5°N, 
110°–140°E) and then propagates northward/northwestward 
into the South China Sea–WNP (SCS–WNP). The north-
ward propagation along the western Pacific longitudes 
similarly gives rise to a north–south oriented dipole pattern 
between the EWP and SCS–WNP. Note that the equatorial 
eastward propagation from the EIO to the EWP connects the 
north–south oriented dipole pattern over the SASM region 
with the complementary dipole pattern over the EA/WNP 
sector in most cases (e.g., Annamalai and Sperber 2005), 
thus forming a typical quadrupole pattern over the entire 
ASM area (Kemball-Cook and Wang 2001; Annamalai and 
Sperber 2005; Seo et al. 2007; Lee et al. 2013).

The 10–20-day BSISO over the ASM region is charac-
terized by an elongated and front-like circulation structure 
aligned southwest–northeast with westward propagation 
over the tropical Indian Ocean and northwestward propaga-
tion over the WNP (e.g., Mao and Chan 2005; Zhou and 
Chan 2005). Thus, it differs significantly from the 30–60-day 
BSISO in terms of both flow pattern and propagation.

Both BSISO modes over the ASM area experience sig-
nificant interannual variation. Qi et al. (2008) suggested that 
the intensity of the 30–60-day BSISO over the SASM region 
depends on the phase of El Niño and Southern Oscillation 
(ENSO) events, with a stronger 30–60-day BSISO during 
summers with developing El Niño and weaker 30–60-day 
BSISO during summers with decaying El Niño. Lin and Li 
(2008) found that the propagation features of the 30–60-day 
BSISO are also closely associated with ENSO evolution. 

During El Niño developing summers, both the equatorial 
eastward and the northward propagation over the EA/WNP 
region are enhanced significantly, while the opposite situa-
tion occurs during El Niño decaying summers. The recent 
work of Wu and Cao (2016) has suggested that ENSO has 
significant influence on the intensity of both the 10–20- and 
30–60-day BSISOs over the tropical western Pacific, with 
enhanced 10–20-day BSISO during El Niño developing 
summers, but stronger 30–60-day BSISO during La Niña 
decaying summers. The Indian Ocean Dipole (IOD; Saji 
et al. 1999) is another tropical air–sea coupled mode that 
strongly affects BSISO behavior on interannual timescales. 
Ajayamohan et al. (2008) noted that the IOD evidently influ-
ences the intensity and propagation features of 30–60-day 
BSISOs over the SASM region, with strong (weak) BSISO 
propagating coherently (incoherently) northward from 5°S 
to 20°N during negative (positive) IOD years.

The periodicity of the BSISO over the SCS also exhib-
its significant interannual variation (Mao and Chan 2005), 
with the relative importance of the 30–60- and 10–20-day 
BSISOs varying from year to year. Kajikawa and Yasunari 
(2005) found that, over the SCS, the 10–20-day BSISO is 
relatively strong (weak) when the 30–60-day counterpart is 
suppressed (enhanced) during July–September. Yang et al. 
(2008) further confirmed the anti-correlation relationship 
between the intensities of the 10–20- and 30–60-day BSISOs 
over the SCS. Recently, Liu et al. (2016) have attributed 
the interannual variation of BSISO periodicity over the 
SCS–WNP to the summertime sea surface temperature 
anomalies (SSTAs) over the equatorial central–eastern 
Pacific. Anomalous cooling (warming) in the equatorial 
central–eastern Pacific during summer tends to weaken 
(strengthen) the low-level moisture and easterly vertical 
shear over the WNP, thus suppressing (enhancing) the 
development of the 10–20-day BSISO. Meanwhile, strong 
ascending (descending) motion over the Maritime Continent 
favors (impedes) the 30–60-day BSISO that originates over 
the EIO propagating continually across the Maritime Con-
tinent into the EWP. Therefore, the 30–60-day (10–20-day) 
BSISO dominates over the WNP during cooling (warming) 
episodes of the equatorial central–eastern Pacific.

Note that only the interannual variations of the BSISOs 
over particular monsoon areas, such as the SCS, WNP or 
SASM region, have been investigated in previous studies, 
while the interannual variability of the BSISOs over the 
entire ASM region remains elusive. As the BSISO over the 
entire ASM area is an integrated system on both 10–20- and 
30–60-day time-scales (e.g., Annamalai and Slingo 2001; 
Lee et al. 2013), the relationship between the interannual 
variation of BSISO over the SASM and EA/WNP regions 
requires investigation. Note also that the BSISOs are dynam-
ically interpreted as tropical propagating wave envelope with 
multi-scale structure, indicating that multi-scale interaction 
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processes play an important role in the evolution of the 
BSISOs (Jiang et al. 2004; Li et al. 2009; Hsu and Li 2011; 
Li and Zhou 2015). Previous studies revealed only the modu-
lation of BSISOs by the ENSO/IOD-related seasonal-mean 
circulation anomalies. The specific seasonal-mean–BSISO 
interaction processes that explain the modulation of the 
interannual variability of BSISOs deserve further study.

As the 10–20- and 30–60-day BSISO modes are distinct 
(e.g., Lee et al. 2013), the interannual variability of these 
two BSISO modes should be discussed separately. Note 
that the 30–60-day mode explains more BSISO variability 
(40%) than the 10–20-day counterpart (25%) over the ASM 
area (not shown), indicating that the interannual variation of 
BSISO over the ASM region is more attributed to the inter-
annual variability of the 30–60-day component. Therefore, 
in this paper, we focus on the interannual variability of the 
30–60-day BSISO. For brevity, the 30–60-day BSISO will 
be simply referred to as BSISO in the following sections. 
The objective of the current study is to investigate the spa-
tial and interannual variability of the BSISO activity over 
the entire ASM region and to reveal physical mechanisms 
responsible for the interannual variations of the leading 
modes in BSISO intensity.

Section 2 briefly describes the data and statistical meth-
ods. Section 3 identifies the spatio-temporal variability of 
BSISO activity over the ASM region. Section 4 studies 
the interannual variability of the first EOF mode of BSISO 
intensity. Section 5 analyzes interannual variation of the sec-
ond EOF mode. Section 6 reveals external forcing relating 
to interannual variations of the two leading modes. Finally, 
a summary and discussion are given in Sect. 7.

2 � Data and methods

2.1 � Data

Daily outgoing longwave radiation (OLR) data from the 
National Oceanic and Atmospheric Administration (NOAA) 
polar-orbiting satellites are often used as a good proxy for 
the tropical deep convection (Liebmann and Smith 1996), 
and are available from 1974 to 2017. Pentad precipitation 
data from the Global Precipitation Climatology Project 
(GPCP) (Huffman et al. 2001) can also represent tropical 
convection well and are available from 1979 to 2014, with a 
horizontal resolution of 2.5° × 2.5°. We compare the repre-
sentation of BSISO activity in the OLR and GPCP precipita-
tion data and find that the representation of GPCP rainfall is 
highly consistent with that of OLR (see details in Sect. 3). 
Since the daily OLR can better capture the large scale vari-
ation of tropical convection, this dataset is used to define 
the interannual variation index of BSISO through empirical 
orthogonal function (EOF) analysis, so as to depict clearly 

the interannual variation of BSISO intensity over the ASM 
region from 1981 to 2014.

Daily atmospheric circulation data including three-
dimensional wind components and relative humidity are 
extracted from the Japanese 55-year Reanalysis project 
conducted by the Japan Meteorological Agency (Kobayashi 
et al. 2015). This atmospheric reanalysis product has a hori-
zontal resolution of 1.25° × 1.25°, with 37 levels in the verti-
cal. To depict the BSISO-related oceanic conditions, daily 
SSTs are derived from the NOAA Optimum Interpolation 
1/4 Degree Daily Sea Surface Temperature (OISST) analysis 
(Reynolds et al. 2007) with a horizontal resolution of 0.25° 
× 0.25°. Both the atmospheric reanalysis and SST data cover 
the period 1981–2014.

2.2 � Methods

Following the method of Li et al. (2015), intraseasonal 
anomalies for key variables (such as OLR and 850-hPa 
zonal winds) are obtained from daily data by the following 
three steps: (1) remove the seasonal cycle by subtracting the 
time-mean and the first three harmonics of the daily-resolved 
climatology; (2) remove the interannual and decadal varia-
bility by subtracting the mean of the last 120 days (Lee et al. 
2013); (3) apply a 10-day running mean to the time series 
for each variable to remove the high-frequency components 
(less than 10 day). As the obtained intraseasonal anomalies 
contain both the 10–20- and 30–60-day signals, a Lanczos 
filter is then applied to extract the 30–60-day BSISO-related 
anomalies.

In statistics, standard deviation is a good measure used 
to quantify the variation of a time series. We calculated the 
standard deviation of the 30–60-day filtered OLR and GPCP 
precipitation time series at each grid cell within the ASM 
region (10°S–40°N, 40°–160°E) during each boreal sum-
mer (June–August) over 1981–2014 respectively, so as to 
quantify the BSISO intensity over the ASM region year by 
year. Deng et al. (2016) and Liu et al. (2016) also used the 
standard deviation of intraseasonal OLR anomalies to quan-
tify the ISO intensity.

Because EOF decomposition is a straightforward tech-
nique to capture spatio-temporal variability, an EOF analysis 
is applied to the BSISO intensity matrix of the 30–60-day 
filtered OLR or GPCP precipitation to identify the dominant 
spatio-temporal modes of BSISO intensity over the ASM 
region. As the principal component (PC) time series of an 
EOF mode reflects the temporal variability of the spatial 
pattern, we utilize the PC time series of EOF1 and EOF2 
(denoted as PC1 and PC2) derived from the 30–60-day fil-
tered OLR anomalies to measure the year-to-year variation 
of BSISO intensity in the corresponding mode for the period 
1981–2014. As PC1 and PC2 mostly vary on the interannual 
timescale, the standardized PC1 and PC2 are thus defined as 
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the BSISO Interannual Variation indices (BIVI1 and BIVI2). 
From statistical considerations of sample size, the critical 
threshold chosen to categorize anomalous BSISO years 
is 0.8 standard deviations. An anomalously strong (weak) 
BSISO year is thus classified as one with a BIVI1 or BIVI2 
value greater than 0.8 (less than − 0.8). Composite analyses 
of the key seasonal-mean variables (such as SST, specific 
humidity and surface winds) are conducted to reveal the dis-
tinctive backgrounds of the strong and weak years. The sta-
tistical significance of the composite variables is estimated 
by the Student’s t-test.

To display the distinctive features of equatorial eastward 
propagation, wavenumber–frequency spectra of OLR and 
850-hPa zonal wind intraseasonal anomalies over the equa-
torial region are compared for the strong and weak years. 
As the BSISO activity is mainly confined to the latitudi-
nal zone 10°S–30°N, we compare the finite domain wave-
number–frequency spectra of the intraseasonal OLR and 
850-hPa zonal wind anomalies in the meridional direction 
over the SASM (10°S–30°N, 60°–100°E) and EA/WNP 
(10°S–30°N, 110°–140°E) regions for the strong and weak 
years, so as to reveal the interannual variations of north-
ward propagation over the monsoon regions. Given that 
the evolution of OLR or 850-hPa zonal wind anomalies 
in the meridional direction is not cyclic, we follow Teng 
and Wang (2003) in applying split-cosine-bell tapering to 
the time series at each longitude before the Fourier trans-
form in order to reduce spectral leakage. Latitude–lag–time 
correlation diagrams are also used to show differences in 
northward propagations between strong and weak years. 
The statistical significance of all the correlation coefficients 
is tested on the basis of two-tailed probabilities. As the time 
filtering usually reduces the degrees of freedom of the fil-
tered time series, the effective sample sizes are recalculated 
using the method of Bretherton et al. (1990).

We conduct moisture budget diagnosis to reveal the 
mechanism behind the interannual variation of BSISO activ-
ity. The total moisture tendency in Eq. (1) at a constant level 
is determined by horizontal and vertical advection of mois-
ture and the atmospheric apparent moisture sink Q2 (Yanai 
et al. 1973):

where q is specific humidity, t is time, V⃗  is the horizontal 
wind vector, p is the pressure, ω is the vertical pressure 
velocity, and L is the latent heat of condensation. With the 
continuity equation, the vertical moisture advection can be 
further decomposed into two terms: the horizontal moisture 
convergence term ( −q∇ ⋅ V⃗  ) and the vertical flux term 
( − ��q

�p
 ) (Hsu and Li 2012). Therefore, the total moisture ten-

dency may be written as

(1)
𝜕q

𝜕t
= −V⃗ ⋅ ∇q − 𝜔

𝜕q

𝜕p
−

Q2

L
,

Applying the 30–60-day filtering to each term of Eq. (2), 
we obtain the BSISO-related moisture budget.

3 � Spatial and interannual variations 
in BSISO activity over the ASM region

Figure 1a, b shows the spatial distributions of the first 
two EOF modes of the BSISO intensity (indicated by the 
30–60-day filtered OLR standard deviation), with the first 
and second modes accounting for 13.3 and 7.9% of the total 
variance, respectively. According to the rule of North et al. 
(1982), these two modes are statistically distinguishable. 
The EOF1 pattern is characterized by positive loadings over 
both the SASM and EA/WNP regions, with four major cent-
ers located over the EIO, EWP, Indian Subcontinent–Bay 
of Bengal and SCS–WNP (Fig. 1a). Note that these centers 
are also the four key areas of the BSISO quadruple pattern 
over the ASM region (e.g., Lee et al. 2013). Thus, such an 
EOF1 pattern indicates a spatially coherent strengthening or 
weakening of BSISO activity over the entire ASM region. 
For EOF2 pattern (Fig. 1b), large negative loadings are 
observed over the EWP, while positive loadings are present 
mostly over the southeastern EIO, forming a seesaw pattern 
in intensity. Note that positive loadings also occur over the 
Arabian Sea and the WNP around 25°N (Fig. 1b).

To demonstrate the robustness of such dominant spatial 
patterns and their temporal variations, the same EOF analy-
sis is applied to the standard deviations derived from the 
30–60-day filtered GPCP rainfall data for the same period 
(1981–2014). The variances explained by the first two EOFs 
are 11.4 and 8.3%, respectively. These two EOF modes are 
also statistically distinguishable according to the method of 
North et al. (1982). The EOF1 structure of GPCP rainfall 
(Fig. 1c) also exhibits coherent positive loadings over both 
SASM and EA/WNP areas, almost identical to the EOF1 
pattern (Fig. 1a) derived from the OLR data. Corresponding 
to the OLR-derived EOF2 pattern (Fig. 1b), the seesaw pat-
tern is distinctly present around the equator in EOF2 mode 
of GPCP rainfall (Fig. 1d). Positive loadings can be identi-
fied over northern Arabian Sea and western Indian conti-
nent, but only weak positive loading is found over the WNP 
(Fig. 1d), indicating that the EOF2 mode of GPCP rainfall 
differs from that of OLR to some extent.

To verify that these two spatial modes derived from OLR 
and GPCP rainfall data are temporally consistent, we calcu-
late the correlation coefficient between the two time series 
of PC1 or PC2. The correlation between PC1 time series 
is 0.73, and the correlation between the PC2 time series is 

(2)
𝜕q

𝜕t
= −V⃗ ⋅ ∇q − q∇ ⋅ V⃗ −

𝜕𝜔q

𝜕p
−

Q2

L
.
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0.81, both exceeding the 99% confidence level. To quan-
titatively represent the interannual variation of these two 
leading patterns of BSISO intensity over the ASM region 
from 1981 to 2014, we define the standardized OLR-based 
PC1 (PC2) time series as the BIVI1 (BIVI2) (Fig. 2). The 
BIVI1 or BIVI2 magnitude actually indicates the anomalous 
state of BSISO intensity in the corresponding mode for each 
year. For instance, the BIVI1 value in 1996 was greater than 
2, indicating significantly enhanced BSISO activity over the 
ASM region or very strong BSISO intensity. In contrast, the 
BIVI1 in 2010 was less than − 1, implying that the BSISO 
activity over the entire ASM area was suppressed signifi-
cantly or the BSISO intensity was very weak. Table 1 lists 
the strong and weak years based on the BIVI1 and BIVI2, 
respectively. Note that the BIVI1 also shows an interdecadal 
fluctuation (Fig. 2a), with weak BSISO years predominating 
over the epochs from 1981 to 1995 and after 2010, while 
the strong years mostly occurring in the epoch 1996–2009. 
The mechanism for such an interdecadal BSISO fluctuation 
demands further investigation in the future.

4 � Interannual variation of the first EOF 
mode of BSISO intensity

As shown in Fig. 1a, c, the first EOF mode of BSISO inten-
sity exhibits a spatially coherent strengthening or weaken-
ing of BSISO activity over the SASM and EA/WNP region, 
indicating that the northward-propagating branches are 
interconnected by the equatorial eastward propagation from 

the EIO to EWP. Therefore, the interannual variability of 
such a mode is explored in terms of these three propagating 
components.

4.1 � The equatorial eastward propagation

The power spectra of the equatorial convection–circula-
tion coupled system are concentrated within the 30–60-day 
period and zonal wavenumber one band during both strong 
and weak years (Fig. 3a, b). In strong years (Fig. 3a), the 
eastward propagating component within this frequency 
band is very strong, with the spectral power of OLR 
(850-hPa zonal wind) anomalies in the order of 9 W2 m−4 
(0.15 m2 s−2). The westward counterpart is relatively weak, 
with corresponding values of only 6 W2 m−4 (0.11 m2 s−2), 
indicating that BSISO activities over the equatorial region 
are dominated by eastward propagation during strong 
years. In comparison, the strength of both the eastward and 
westward components within this frequency band is much 
weaker during weak years (Fig. 3b). The spectral power 
of OLR (850-hPa zonal wind) anomalies in the eastward 
direction is 6 W2 m−4 (0.05 m2 s−2), and the corresponding 
value for the westward direction is 4 W2 m−4 (0.04 m2 s−2). 
As the equatorial eastward-propagating signal is as weak as 
its westward-propagating counterpart, the dominant role of 
eastward propagation over the equatorial region becomes 
less obvious.

To further examine the difference of the equatorial east-
ward propagation, we compare the composite evolution 
of BSISO-related OLR and 850-hPa wind anomalies dur-
ing phases 1–8 of BSISO cycles between strong and weak 

Fig. 1   Spatial distributions of the first two EOF modes of the intrase-
asonal standard deviations derived from the boreal summer (1 June–
31 August) 30–60-day filtered OLR anomalies over the ASM region 
(10°S–40°N, 40°–160°E) for the period 1981–2014: a EOF1 and b 

EOF2. Red and blue colors indicate positive and negative loadings, 
respectively. c, d Same as a, b but based on the 30–60-day filtered 
GPCP rainfall data
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years, based on the Quadruple Pattern Index (QPI) defined 
by Li and Mao (2016). During strong years (Fig. 4a), active 
convection anomalies originate from the EIO in phase 3, 
and significantly strengthen over the EEIO in phases 4–5. 
These well-developed active convection anomalies are 

accompanied by strong zonal wind convergence at low lev-
els, with anomalous westerlies (easterlies) to the west (east). 
This phase relationship between convection and zonal wind 
at low levels is consistent with the convectively coupled Kel-
vin–Rossby wave packet proposed by Wang and Xie (1997). 
Such a kind of coupled wave packet further lead to a zonal 
asymmetry in the planetary boundary layer (PBL; averaged 
between 925 and 1000 hPa) moisture field, with a positive 
(negative) specific humidity center being located to the east 
(west) of the convection center (not shown), thus forming 
an potentially unstable stratification ahead of the convec-
tion center (Hsu and Li 2012). Therefore, strong active con-
vection continuously moves eastward across the Maritime 
Continent in phase 6 and reaches the EWP in phases 7–8.

During weak years (Fig. 4b), although the active con-
vection anomalies initiated over the EIO in phase 3 are 
comparable with those during strong years, the following 
growth in phases 4–5 is weak. As a result, the active con-
vection anomalies over the EEIO is much weaker, with no 
obvious zonal wind convergence accompanied, indicating 
that the convectively coupled Kelvin–Rossby wave packet 

Fig. 2   a Time series (solid line) 
of BSISO Interannual Vari-
ation Index1 (BIVI1) for the 
period 1981–2014. The BIVI1 
is defined by the standardized 
PC1 time series through project-
ing the BSISO intensity matrix 
calculated from the 30–60-day 
filtered OLR anomalies onto the 
EOF1 mode shown in Fig. 1a. 
The black dash line at BIVI1 
equal to 0.8 (− 0.8) shows the 
threshold used to classify strong 
(weak) BSISO years for the first 
EOF mode of BSISO intensity. 
Also shown is the standardized 
PC1 time series (histogram) of 
EOF1 mode derived from the 
30–60-day filtered GPCP rain-
fall anomalies. b As in a, except 
for the time series of BIVI2 
defined by the standardized PC2 
time series

Table 1   Strong and weak BSISO years identified in the period 1981–
2014

Strong (weak) BSISO years of the first EOF mode of BSISO inten-
sity are defined as those with the BIVI1 in Fig. 2a greater (less) than 
0.8 (–0.8). Also listed are strong (weak) BSISO years of the second 
EOF mode of BSISO intensity defined based on the BIVI2 in Fig. 2b 
with the criterion of 0.8. The years in which an El Niño (La Niña) 
develops during summer are shown in boldface (italic). See text for 
the definition of BIVI1 and BIVI2

Mode Type List of years

Mode1 Strong years 1981, 1984, 1996, 2000, 2001, 
2002, 2004, 2005, 2007

Weak years 1983, 1988, 1995, 2003, 2010, 2011
Mode2 Strong years 1981, 1988, 1998, 2005, 2007

Weak years 1986, 1997, 2001, 2002, 2004
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fails to develop. Consequently, the equatorial eastward-
propagating signal over the EIO is very weak, with its PBL 
moisture nearly symmetric to the active convection center 
(not shown). The active convection anomalies then decay 

dramatically around the Maritime Continent in phase 6, 
leading to very weak convection propagate into the EWP 
in phases 7–8. The above comparison suggests that the 
development of active convection anomalies over the 

Fig. 3   Wavenumber–frequency power spectra of the anomalies of 
boreal summer (1 June to 31 August) equatorial (10°S–10°N) intrase-
asonal OLR (color scale, W2 m−4) and 850-hPa zonal wind (contours, 

m2  s−2, the contours start from 0.01 with an interval of 0.03) for a 
strong and b weak BSISO years of the first EOF mode of BSISO 
intensity

Fig. 4   Composite evolution of the 30–60-day filtered OLR (color 
scale, W m−2) and 850-hPa wind (vectors, m s−1) anomalies during a 
BSISO cycle for phases 1–8 in a strong and b weak BSISO years of 
the first EOF mode of BSISO intensity. Only shown are the OLR and 

horizontal wind anomalies that are statistically significant at the 95% 
confidence level. The magnitude of the reference vector is provided at 
the bottom right
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EEIO is critical to the formation of convectively coupled 
Kelvin–Rossby wave packet and the strength of equatorial 
eastward propagation.

To reveal why active convection anomalies develop sig-
nificantly over the EEIO during strong years while not dur-
ing weak years, we examine the differences of anomalous 
moisture and vertical motion in phases 3 (phases 7) between 
strong and weak years. As shown in Fig. 4, phase 3 (phase 

7) is the phase prior to the development of active (inactive) 
convection over the EEIO. Because the circulation struc-
ture in phase 3 is opposite to that in phase 7, we only show 
the contrasts between strong and weak years for phase 3 in 
the following sections for the sake of brevity. During strong 
years (Fig. 5a), there is strong ascent over almost the entire 
troposphere between 60°E and 80°E, corresponding to the 
active convection initiated over the EIO (Fig. 4a). Note that 

Fig. 5   Pressure–longitude cross sections of the equatorial (5°S–5°N) 
30–60-day filtered vertical motion (color scale, 10−3  Pa  s−1) in the 
phase prior to the development of active convection anomalies over 
the EEIO (5°S–5°N, 90°–100°E), corresponding to phase 3 during 
the BSISO cycle shown in Fig.  4, for a strong and b weak BSISO 

years of the first EOF mode of BSISO intensity. Stippling indicates 
the regions where vertical velocity anomalies are statistically signifi-
cant at the 95% confidence level. c, d As in a, b except for the 30–60-
day filtered specific humidity (color scale, g kg−1)
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another strong ascent is observed over the longitude belt of 
90°–100°E, providing a favorable dynamical condition for 
the development of active convection over the key EEIO. 
Meanwhile, within this key longitudinal zone, there are two 
positive moisture anomalies in the vertical (Fig. 5c), one in 
the near-surface layer (950–1000 hPa) and another in the 
middle troposphere (600–850 hPa). Such an anomalous ver-
tical structure with moisture decreasing with height in the 
PBL, along with the strong ascending motion, indicate that 
an unstable PBL exists, thus leading to strong active convec-
tion develops over the key EEIO.

In contrast, only weak ascending motion less than 
5 × 10−3  Pa  s−1 is present in the mid-low troposphere 
(600–900 hPa) over the EEIO during weak years (Fig. 5b). 
Weak positive moisture anomalies in the middle troposphere 
are associated with this weak ascending motion. However, 
there are no significant positive moisture anomalies between 
90°E and 100°E in the near-surface layer (Fig. 5d), indicat-
ing that the unstable PBL is absent. As a consequence, the 
development of active convection over the EEIO is weak in 
the following phases.

To further reveal the reason for the different vertical 
structures of moisture between strong and weak years, mois-
ture budgets in phase 3 are analyzed according to Eq. (2) 
(Fig. 6). In strong years, moisture convergence and mois-
ture vertical flux are the major terms in determining the 

moisture tendency in the PBL (Fig. 6a–d). As the increas-
ing tendency due to the moisture convergence term is larger 
than the decreasing tendency due to the moisture vertical 
flux term, the net effect of moisture vertical transport is to 
generate positive moisture anomalies in the PBL over the 
EEIO (Fig. 6b, c). Although the condensation latent heat 
term tends to decrease the moisture, its contribution is neg-
ligible in the PBL (Fig. 6d). The moisture horizontal advec-
tion term also makes a minor contribution, which is smaller 
by at least one order of magnitude than that from each of the 
other three terms (Fig. 6a). During weak years, in contrast, 
the moisture tendencies caused by moisture convergence 
and moisture vertical flux are much weaker (Fig. 6f, g), and 
almost cancel each other. The contributions of the condensa-
tion latent heat term and moisture horizontal advection term 
can also be negligible in the PBL (Fig. 6e, h). As a result, no 
significant moisture anomalies are observed between 90°E 
and 100°E (Fig. 5d).

Hsu and Li (2012) also emphasized the important role of 
PBL moisture convergence in the propagation of ISOs. They 
pointed out that the leading component in the moisture con-
vergence term is the transport of seasonal-mean moisture by 
the intraseasonal ascending motion, which is associated with 
the BSISO-related wind convergence in the PBL, implying 
that multi-scale interaction is vital for ISO development. To 
identify the multi-scale interactive processes that determine 

Fig. 6   Pressure–longitude cross sections of the equatorial (5°S–5°N) 
30–60-day filtered moisture tendency (color scale, 10−8 g (g s)−1) at 
the same stage as in Fig. 5 due to a the horizontal moisture advection 
term, b the moisture convergence term, c the moisture vertical flux 

term and d the latent heating term for strong BSISO years of the first 
EOF mode of BSISO intensity. Stippling indicates the regions where 
the moisture tendency is statistically significant at the 95% confidence 
level. e–h As in a–d, except for weak BSISO years
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the strength of moisture convergence in the PBL over the 
EEIO, we decompose each variable in the moisture con-
vergence term into three components: the low-frequency 
background component (with period longer than 120 days, 
denoted by an overbar), the BSISO-related component (with 
period of 30–60 days, denoted by a prime) and the high-
frequency component (with period shorter than 30 days, 
denoted by a double prime). Therefore, the BSISO-related 
moisture convergence can be decomposed into nine terms as 
in the following equation (Hsu and Li 2012), with the multi-
scale interactive terms labeled in Eq. (3) with letters A to I.

The relative contributions of terms A–I are shown in 
Fig. 7. The positive moisture anomalies in the PBL over the 
EEIO come mainly from the convergence of seasonal-mean 
moisture by the BSISO-associated flows in the PBL (term 

(3)
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B: q̄∇ ⋅ V⃗ � ) during both strong and weak years. Therefore, 
the development of active convection associated with BSISO 
over the EEIO is determined by the multi-scale interaction 
of two factors: the BSISO-related wind convergence and the 
seasonal-mean moisture in the PBL.

During strong years, the seasonal-mean SSTs over the 
central–eastern North Pacific (CNP) are much higher than 
those during weak years, with the largest SST differences 
in excess of 0.8 K (Fig. 8a). In response to the warmer 
SSTAs over the CNP along with negative SSTAs over the 
SCS, anomalous low-level westerlies are induced over 
the tropical Pacific from western Pacific towards the CNP 
(Fig. 8a, b). Note that the SST cooling is also present over 
western North Pacific (Fig. 8a), in contrast with the robust 
CNP warming to force an anomalous cyclonic circulation 
(Fig. 8a, b), weakening the western North Pacific high. 
Meanwhile, significant negative SSTAs are observed over 
the tropical Indian Ocean west of 80°E (Fig. 8a), which 
forms a zonal interoceanic SSTA contrast with the positive 
SSTA over the CNP. As a response to this interoceanic 
SSTA gradient, anomalous westerlies are also induced 
over the tropical Indian Ocean (Fig. 8a, b), and connect 

Fig. 7   Multi-scale interactive 
terms (indicated by letters A–I) 
contributing to the 30–60-day 
filtered moisture convergence 
(10−8 g (g s)−1) in the PBL 
(averaged between 925 and 
1000 hPa) at the same stage 
as in Fig. 5 for a strong and b 
weak BSISO years of the first 
EOF mode of BSISO intensity. 
Also shown is the sum of the 
nine terms. See text for details 
of each term



1661Factors controlling the interannual variation of 30–60-day boreal summer intraseasonal…

1 3

together with the downstream westerlies over the CNP. It 
is thus obvious that the significant positive SSTAs over the 
CNP along with negative SSTAs the tropical Indian Ocean 
play a key role in strong BSISO years.

Note that the anomalous westerlies in the PBL deflect 
southward when encountering Sumatra Islands due to the 
blocking and frictional effect of topography, forming an 
anomalous cyclonic circulation south of the equator (Fig. 8a). 

Fig. 8   Differences between 
strong and weak BSISO years 
of the first EOF mode of BSISO 
intensity, in terms of boreal 
summer seasonal-mean a SST 
(color scale, K) and PBL winds 
(vectors, m s−1), b specific 
humidity (color scale, g kg−1) in 
the lower atmosphere (averaged 
between 700 and 850 hPa) and 
850-hPa winds (vectors, m s−1), 
c 500-hPa vertical motion (color 
scale, 10 −3 Pa s−1) and 200-hPa 
winds (vectors, m s−1), and d 
easterly vertical shear defined 
as the difference of zonal wind 
between 200 and 850-hPa (color 
scale, m s−1) and 200-hPa winds 
(vectors, m s−1). Stippling 
indicates the regions where the 
differences of key variables are 
statistically significant at the 
90% confidence level. Vector is 
displayed only when its zonal 
or meridional component is 
statistically significant at the 
90% confidence level
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The similar cyclonic circulation also exists at 850  hPa 
(Fig. 8b). Such an anomalous cyclonic circulation in the lower 
atmosphere tends to bring about the moisture to converge, 
thus producing an positive moisture anomaly over EEIO 
(Fig. 8b). Furthermore, the convergence of anomalous hori-
zontal winds in the lower troposphere also leads to anomalous 
ascending motions (Fig. 8c), which transport more moisture 
upward from sea surface to the tropospheric atmosphere 
(not shown), again contributing to the wetter background 
over the EEIO (Fig. 8b). As a consequence, the local moist 
static energy is increased (not shown), providing a favorable 
background for stronger intraseasonal convection over the 
EEIO. The seasonal-mean–intraseasonal interaction between 
the wetter background and intraseasonal wind convergence 
( ̄q∇ ⋅ V⃗ � ) leads to positive moisture anomaly in the PBL over 
the EEIO in phase 3 (Fig. 5c), which is conducive to strong 
BSISO-related active convection developing and subsequently 
propagating eastward. Contrarily, in weak BSISO years, the 
reversed SSTA contrast between the cooler CNP and the 
warmer tropical Indian Ocean leads to insignificant enhance-
ment of active convection anomalies over the EEIO and the 
resultant equatorial eastward propagation is thus weak.

4.2 � The northward propagation over the SASM 
region

During strong years (Fig. 9a), the largest spectral component 
of both OLR and 850-hPa zonal wind anomalies is concen-
trated within the 25–100-day period, wavenumber one band 
in the northward-propagating direction, with the spectral 
power of OLR (850-hPa zonal wind) anomalies being 13 W2 
m−4 (0.28 m2 s−2). By contrast, the strength of the northward 
propagating component within the same frequency band is 
much weaker during weak years (Fig. 9b), with the spectral 
power of OLR (850-hPa zonal wind) anomalies being only 
5 W2 m−4 (0.1 m2 s−2). The latitude–lag-time diagrams show 
that anomalous signals of both OLR and 850-hPa zonal wind 
clearly propagate northward along the Indian longitudes dur-
ing strong years (Fig. 9c), while the anomalous OLR and the 
accompanying 850-hPa zonal wind become very weak north 
of 15°N during weak years (Fig. 9d).

To find out what mechanism is responsible for the inter-
annual variation of northward propagation over the SASM 
region, we compare the meridional-vertical cross sections of 
the BSISO-related key variables (vertical motion, specific 
humidity, vorticity and divergence) in the northward propa-
gation of active convection (phases 5–7) between strong and 
weak years (Fig. 10). During strong years, strong ascending 
motion through the troposphere is seen to coincide with the 
convection center (Fig. 10a), which results from anoma-
lous convergence in the low-levels and strong anomalous 
divergence aloft (Fig. 10c). Note that the convergence in the 
PBL exhibits an obvious meridional asymmetry, with the 

convergence covering about 6 (3.75) latitudes north (south) 
of the central convection. The PBL convergence ahead of 
convection center favors new convection to generate, thus 
leading to the northward propagation of BSISO. Accord-
ing to Jiang et al. (2004) and Bellon and Sobel (2008), the 
PBL convergence ahead of the convection center is actu-
ally caused by the barotropic cyclonic vorticity in the free 
atmosphere (Fig. 10d), which in turn comes from the east-
erly vertical shear mechanism (Jiang et al. 2004) and the 
advection of anomalous baroclinic vorticity by the seasonal-
mean meridional baroclinic flow (Bellon and Sobel 2008). 
Note that the moisture in the middle and low levels shows 
a southward-tilted vertical structure, with the center of 
positive moisture anomalies located north of the convec-
tion center (Fig. 10b). Jiang et al. (2004) pointed out that 
this southward-tilted moisture vertical structure comes from 
moisture convection feedback mechanisms, which destabi-
lizes the atmosphere ahead of the original convection center, 
thus leading to the northward propagation.

In weak years, the weaker northward-propagating con-
vection is accompanied by weaker ascending motions 
through the troposphere (Fig. 10e). Although the asymme-
try of vorticity can still be discerned, the cyclonic vorticity 
north of the convection center is only around 1.5 × 10−6 s−1 
(Fig. 10h), with the induced PBL convergence nearly sym-
metric with respect to the convection center (Fig. 10g). The 
positive moisture anomalies associated with the northward-
propagation BSISO are also much weaker and show little 
meridional asymmetry in the mid-low levels (Fig. 10f). 
The weak meridional asymmetry of both PBL convergence 
and low-level moisture indicates that the weaker northward 
propagation over the SASM area in weak years might be 
the combined outcome of easterly vertical shear, vorticity 
advection and moisture mechanisms.

Note that the easterly vertical shear, vorticity advec-
tion and moisture-convection feedback mechanisms are 
all physically interpreted as the seasonal-mean–BSISO 
interaction. To further determine the key seasonal-
mean–BSISO interactive processes responsible for the 
interannual variations of northward propagation over the 
SASM region, we examine the changes of seasonal-mean 
easterly vertical shear (defined as the difference of zonal 
wind between 200- and 850-hPa), vertical northerly shear 
(defined as the difference of meridional wind between 200- 
and 850-hPa), meridional wind in the PBL (defined as the 
meridional wind averaged between 1000- and 925-hPa), 
meridional gradient of low-level (700–850 hPa) specific 
humidity and the associated intraseasonal variations. As 
shown in Fig. 8b, the anomalous low-level westerlies are 
enhanced over the Indian Subcontinent–Bay of Bengal in 
response to the SSTA contrast between the tropical Indian 
Ocean and CNP, which tend to strengthen the locally 
easterly vertical shear significantly during strong years 
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(Fig. 8d). On the other hand, the negative SSTAs over 
the tropical Indian Ocean (Fig. 8a) may also enhance the 
land–sea thermal contrast, with the meridional tempera-
ture gradient increasing in tropospheric atmosphere (not 
shown), thus the easterly vertical shear is further intensi-
fied over the western Indian Subcontinent due to thermal 

wind relation (Fig. 8d). In turn, such intensified easterly 
vertical shear enhances the northward propagation over the 
SASM sector through easterly vertical shear mechanism. 
Contrarily, the decreased easterly vertical shear weaken 
the northward propagation off the equator during weak 
years.

Fig. 9   Finite domain wavenumber–frequency power spectra of the 
anomalies of boreal summer intraseasonal OLR (color scale, W2 
m−4) and 850-hPa zonal wind (contours, m2 s−2, the contours start 
from 0.01 with an interval of 0.05) calculated over the SASM area 
(10°S–30°N, 60°–100°E) for a strong and b weak BSISO years of the 
first EOF mode of BSISO intensity. Also shown are latitude–lag-time 
diagrams of correlation coefficients of the 30–60-day filtered OLR 
(color scale) and 850-hPa zonal wind (contours) anomalies over the 

Indian Ocean longitudes (60°–100°E) with respect to the area-aver-
aged 30–60-day filtered OLR anomaly over the EIO (5°S–5°N, 60°–
100°E) for c strong and d weak BSISO years of the first EOF mode 
of BSISO intensity. The contour interval is 0.2, with the zero contour 
omitted and negative contours dashed. Stippling indicates the regions 
where correlation coefficients of OLR anomalies are statistically sig-
nificant at the 95% confidence level
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Note from Fig. 8a that there is no significant difference 
in the PBL meridional wind between strong and weak years 
over the EIO, and meridional gradient of the low-level spe-
cific humidity even decrease over the EIO during strong 
years (Fig. 8b), suggesting that the seasonal-mean mois-
ture backgrounds are not dominant factors in the moisture 
mechanism to cause the interannual variation of northward 
propagation over the equatorial area. On the other hand, dur-
ing strong (weak) years, the intensified (weakened) equato-
rial BSISO signals are certainly accompanied by enhanced 
(weakened) upward motions, which bring more (less) mois-
ture upward, thus strengthening (weakening) the low-level 
moisture anomalies in association with the active BSISO. 
The seasonal-mean southerlies in the PBL further shift the 
strong (weak) low-level specific humidity center to the north 
(Fig. 10b), leading to a strong (weak) meridional asymme-
try of low-level moisture, thus contributing to a stronger 
(weaker) northward propagation over the EIO.

4.3 � The northward propagation over the EA/WNP 
region

The meridional wavenumber–frequency power spectrum 
analysis shows that the BSISO over the EA/WNP region 
has both northward and southward propagating components 

concentrating within a band of 25–100 days and meridional 
wavenumbers 1–2 (Fig. 11). During strong years, the north-
ward propagating signal for both anomalous OLR (14 W2 
m−4) and 850-hPa zonal wind (0.33 m2 s−2) is much stronger 
than that of the southward propagating components (the cor-
responding values are 5 W2 m−4 and 0.15 m2 s−2) (Fig. 11a), 
indicating that the BSISO over the EA/WNP region is domi-
nated by the northward propagating component. In contrast, 
during weak years, the spectral power of OLR and 850-hPa 
zonal wind anomalies within the same band is much smaller 
(Fig. 11b). The latitude–lag-time diagrams show that strong 
signals of anomalous OLR and 850-hPa zonal wind propa-
gate northward coherently from the EWP to WNP during 
strong years (Fig. 11c), while the northward propagating 
signals are much weaker and confined to south of 10°N dur-
ing weak years (Fig. 11d).

To further figure out what is the major mechanism respon-
sible for the interannual variation of northward propagation 
along the EA/WNP longitudes, the associated seasonal-mean 
backgrounds and intraseasonal anomalies are also compared. 
As mentioned above, during strong years, an anomalous 
east–west oriented vertical circulation is induced in response 
to the SSTA contrast between the warmer CNP and cooler 
SCS, with anomalous descending motion over the SCS, 
ascending motion over the tropical western–central Pacific 

Fig. 10   Meridional-vertical cross section of anomalous a vertical 
motion (color scale, 10−3 Pa s−1), b specific humidity (color scale, g 
kg−1), c divergence (color scale, 10−6 s−1) and d vorticity (color scale, 
10−5  s−1) during the northward propagation of active convection 
along the Indian longitudes (60°–100°E) in phases 5–7 of a BSISO 
cycle during strong BSISO years of the first EOF mode of BSISO 

intensity. e–h As in a–d, except for the situation in weak BSISO 
years. The stippling indicates the regions where anomalies are statis-
tically significant at the 95% confidence level. The horizontal axis is 
the meridional grid distance (1.25° latitude) relative to the convective 
center, with positive (negative) values denoting the north (south) of 
convective center. The vertical axis is pressure (hPa)
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(Fig. 8c), and significant anomalous easterlies over the tropi-
cal western Pacific in the upper troposphere (Fig. 8d). Also 
observed is SST cooling over western North Pacific (Fig. 8a), 
which forms a SSTA contrast with the robust CNP warming 
to induce an anomalous cyclonic circulation over the western 
North Pacific, leading to anomalous westerlies over the tropi-
cal western Pacific in the lower troposphere (Fig. 8b). There-
fore, the seasonal-mean easterly vertical shear over the tropi-
cal western Pacific increases significantly, leading to striking 
meridional asymmetries of vorticity and PBL convergence 

with respect to the active convection center in association 
with the northward-propagating BSISO (Fig. 12c, d), thus 
intensifying the northward propagation. Note from Fig. 8b 
that the weakened meridional gradient of low-level moisture 
over the southern SCS is associated with the negative SSTA 
over the SCS (Fig. 8a). Meanwhile, the PBL southerlies 
become weaker east of the SCS. Both these seasonal-mean 
backgrounds tend to reduce the meridional asymmetry of 
moisture during strong years. Therefore, the obvious meridi-
onal asymmetry of middle and lower tropospheric moisture 

Fig. 11   a, b As in Fig. 9a, b except for wavenumber–frequency power 
spectra over the EA/WNP area (10°S–30°N, 110°–140°E). c, d As in 
Fig. 9c, d except for northward propagation along the EA/WNP lon-

gitudes (110°–140°E), taking the reference time series as the area-
averaged 30–60-day filtered OLR anomaly over the EWP (5°S–5°N, 
110°–140°E)
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in the northward-propagating BSISO over this area (Fig. 12b) 
could only be attributed to the enhanced equatorial signals 
of BSISO activity through moisture mechanism, which is 
similar to the situation over the SASM region. Contrarily, 
the opposite-signed SSTAs over the SCS and CNP together 
with the weaker equatorial BSISO activity lead to weaker 
northward propagation over the EA/WNP region during weak 
years, characterized by weak meridional asymmetry of the 
middle and lower tropospheric moisture and vorticity as wells 
as PBL convergence (Fig. 12f–h).

5 � Interannual variability of the second EOF 
mode of BSISO intensity

The second EOF mode of BSISO activity, as shown in 
Fig. 1b, d, represents such a dipole pattern in intensity, with 
anomalously strong (weak) BSISO years referring to the 
ones with enhanced (weakened) BSISO activity over south-
eastern EIO while weakened (enhanced) activity over the 
EWP according to BIVI2 (Table 1). To examine whether the 
difference of the spatial distribution is connected with the 
propagation patterns, we also compare the composite evo-
lution of BSISO-related OLR and 850-hPa wind anomalies 
between strong and weak years of the second EOF mode 
(Fig.  13). In strong years (Fig.  13a), active convection 
anomalies initiate from the EIO in phase 3, and strengthen 
significantly in phases 4–5. Although such active convection 

anomalies tend to migrate both northward towards the Indian 
Subcontinent and eastward towards the Maritime Conti-
nent in phase 6, the convection signals have not developed 
strongly around the EWP in phases 7–8 and isolate with the 
upstream signals over SASM region.

In contrast, weaker active convection anomalies initiate 
over the EIO in phase 3 during weak years (Fig. 13b). These 
active convection anomalies slightly develop in phases 
4–5, with negative OLR anomalies only around 10 W m−2 
observed over the EIO. When active OLR anomalies occur 
over the Indian Subcontinent and northeastern Arabian Sea 
in phase 6, there is also active convection anomalies moving 
across the Maritime Continent, but the magnitude is 2–3 W 
m−2 smaller compared with the strong years. However, 
strong active convection anomalies unexpectedly appear 
over the EWP in phases 7–8.

To understand why the strong BSISO activity is mostly 
confined to west (east) of the Maritime Continent (around 
135°E) in strong (weak) years, we compare the associated 
seasonal-mean background between strong and weak years 
(Fig. 14). Significant negative SSTAs are observed over the 
equatorial eastern–central Pacific, while positive SSTAs are 
present over the tropical western Pacific and western Ara-
bian Sea (Fig. 14a), showing a La Niña-like SSTA pattern. 
The atmospheric response to such a SSTA distribution is that 
anomalous ascending motion occurs between 90°E and 135°E, 
with strong descending motion to the east (Fig. 14c), indicat-
ing a strong Walker Circulation during strong years. Note that 

Fig. 12   As in Fig. 10 except for the situations of northward propagation along the EA/WNP longitudes (110°–140°E) in phases 1–3 of a BSISO 
cycle
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the ascending branch is forced by strong convergence of the 
low-level easterlies from the cooler equatorial eastern–cen-
tral Pacific (Fig. 14b). The zonal wind convergence further 
leads to strong moisture convergence (not shown), signifi-
cantly moistening the lower tropospheric atmosphere over 
the southeastern EIO and Maritime Continent (Fig. 14b), and 
thus accumulating more moist static energy (Fig. 15). This 
background is favorable for intraseasonal convection to occur, 
leading to strong BSISO activity forming over the southeast-
ern EIO (Fig. 13a). Meanwhile, the EWP east of 135°E is 
dominated by anomalous descents and low-level divergence 
(Fig. 14b, c), with the local moist static energy being reduced 
(Fig. 15). Such a background certainly inhibits the intrasea-
sonal convection to develop, thus the upstream signals are 
difficult to grow sequentially east of the Maritime Continent 
(Fig. 13a). As a result, the intensity of BSISO activity over 
the EWP east of 135°E is reduced while that west of 135°E is 
enhanced, forming a dipole pattern (Fig. 1b, d). Conversely, 
the circulation background associated with the El Niño-like 
SSTA pattern mostly enhances the BSISO activity over the 
eastern EWP while restrains the activity over the southeastern 
EIO, generating the opposite dipole pattern.

6 � Different external forcing for interannual 
variations of two leading EOF modes 
of BSISO intensity

Composite analyses in Sects.  4 and 5 reveal that the 
interannual variations of the two leading EOF modes of 
BSISO activity are both associated with the corresponding 

seasonal-mean external forcing. The first EOF mode is 
strongly influenced by the summer-mean SSTA contrast 
between the tropical Indian Ocean and CNP (Fig. 8a), with 
the warmer (cooler) CNP and cooler (warmer) tropical 
Indian Ocean inducing significant low-level westerly (east-
erly) anomalies over the tropical Indian Ocean to CNP dur-
ing strong (weak) years. On the one hand, the anomalous 
westerlies (easterlies) over the EIO favor the development 
of strong (weak) equatorial BSISO activity over the EEIO, 
leading to strong (weak) equatorial eastward propagation. 
On the other hand, the easterly vertical shear over the west-
ern Indian Subcontinent and the tropical western Pacific 
are enhanced significantly, giving rise to strong (weak) 
northward propagation over the SASM and EA/WNP areas, 
respectively. Meanwhile, anomalous ascents (descents) dom-
inate the equatorial areas from 60°E to 160°E (Fig. 16a), 
providing a coherently favorable (unfavorable) dynamical 
background for strong (weak) BSISO over the EIO to further 
propagate into the EWP. The BSISO activity over the EA/
WNP region is thus connected together with the counterpart 
over the SASM region (Fig. 4), forming the spatially coher-
ent strengthening (weakening) of BSISO activity over the 
entire ASM region.

In contrast, the second EOF mode is closely linked 
with ENSO-related SSTA pattern (Fig. 14a), with 80% 
of strong years being categorized as La Niña developing 
summers while 80% of the weak years as El Niño develop-
ing summers (Table 1). In association with the developing 
phase of La Niña (El Niño), an anomalously zonal–verti-
cal circulation is observed along the equator during strong 
(weak) years (Fig. 16b), with anomalous ascents (descents) 

Fig. 13   As in Fig. 4 except for the situations in a strong and b weak BSISO years of the second EOF mode of BSISO intensity
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accompanied by zonal wind convergence (divergence) 
over the longitudinal band of 60º–135ºE and anomalous 
descents (ascents) accompanied by zonal wind divergence 
(convergence) east of 135°E. Different from the coherently 
dynamical background from 60°E to 160°E in the first EOF 

mode, the seasonal-mean divergent flows in the lower trop-
osphere corresponding to EOF2 mode changes sign around 
135°E, redistributing the moisture and the associated moist 
static energy over the Indo-Pacific area, with a significant 
increase of moist static energy over the southeastern EIO 

Fig. 14   As in Fig. 8 except 
for differences between strong 
and weak BSISO years of the 
second EOF mode of BSISO 
intensity
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and a reduction over the eastern EWP during a La Niña 
developing summer. Therefore, strong intraseasonal con-
vection are confined mostly to the EIO (Fig. 13a) and fail 
to continually grow or migrate into the eastern EWP east 
of 135°E. Opposite situation is for an El Niño develop-
ing summer during which anomalous convection mostly 
develops over the EWP east of 135°E, independent of weak 
convection signals over the southeastern EIO (Fig. 13b). 
These indicate that during a La Niña (El Niño) developing 
summer, the SSTA distribution only favor intraseasonal 

convection anomalies over the southeastern EIO (EWP, 
especially east of 135°E), forming the seesaw pattern of 
BSISO intensity along the equator.

7 � Summary and discussion

The 30–60-day BSISO is an important variability of the 
ASM, which propagates eastward along the equator, while 
also moving northward in the SASM region and northward/
northwestward in the EA/WNP region. The objective of 
this study is to identify the dominant spatial and interannual 
variability of BSISO activity over the entire ASM region, 
exploring the multi-scale dynamical mechanism and external 
forcing responsible for the interannual variations of the lead-
ing modes of BSISO intensity.

The intraseasonal standard deviations of the 30–60-day 
filtered GPCP rainfall and OLR are calculated to represent 
the intensity of the BSISO during each summer for the peri-
ods 1981–2014. The dominant spatio-temporal variations of 
BSISO intensity over the ASM region are identified through 
EOF analysis. The first EOF mode of the BSISO intensity 
exhibits a spatially coherent enhancement or suppression 
of BSISO activity over the entire ASM region, while the 
second EOF mode is characterized by a dipole structure or 

Fig. 15   Differences between strong and weak BSISO years of 
the second EOF mode of BSISO intensity, in terms of boreal sum-
mer seasonal-mean moist static energy averaged between 1000 and 
700 hPa (color scale, J g−1). Stippling indicates the regions where the 
differences are statistically significant at the 90% confidence level

Fig. 16   Pressure–longitude cross sections for differences of boreal 
summer seasonal-mean equatorial air flows (vectors, zonal wind in m 
s−1 and omega in 10 −3 × Pa s−1) and omega (color scale, 10−3  Pa 
s−1) between strong and weak BSISO years of the a first and b sec-

ond EOF mode of BSISO intensity. Vector is displayed only when its 
zonal or vertical component is statistically significant at the 90% con-
fidence level
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seesaw pattern between the southeastern EIO and the EWP. 
Thus, the standardized PC1 and PC2 time series of the cor-
responding EOF1 and EOF2 modes derived from OLR are 
defined respectively as the BIVI1 and BIVI2 to quantita-
tively measure the year-to-year variations of BSISO intensity 
over the ASM region.

Composite analyses are performed to examine the 
interannual variability for each of the leading two EOF 
modes of BSISO intensity by comparing the differences 
in terms of dynamical and thermodynamical variables 
between anomalously strong and weak BSISO years. For 
EOF1 mode, significant SSTA contrast between the cooler 
(warmer) tropical Indian Ocean and the warmer (cooler) 
CNP is present in strong (weak) years, inducing anoma-
lous low-level westerly (easterly) over the tropical Indian 
Ocean to the CNP. During strong years, due to the blocking 
and frictional effect of Maritime Continent, an anomalous 
cyclonic circulation occurs south of the equator, which 
leads to a wetter background over the EEIO, thus forming 
a favorable background for strong intraseasonal convec-
tion anomalies. The multi-scale interaction between the 
wetter background and intraseasonal wind convergence 
( ̄q∇ ⋅ V⃗ � ) leads to strong wet anomalies in the PBL over 
the EEIO in phase 3, thus BSISO-related active convec-
tion develops significantly and further propagates to the 
EWP. The anomalous low-level westerlies also enhance 
the vertical shear of the seasonal-mean easterly over the 
western Indian Subcontinent and tropical western Pacific, 
which further leads to the stronger northward propagation 
over the SASM and EA/WNP regions through the easterly 
shear mechanism, respectively. The intensified equatorial 
active convection anomalies also contribute to the stronger 
northward propagations over the monsoon regions through 
moisture mechanism. Therefore, BSISO activities over the 
entire ASM region are strengthened coherently. Opposite 
situation is for weak years.

The interannual variation of EOF2 mode of BSISO inten-
sity is found to be closely related to the developing ENSO 
events. The seesaw patterns with enhanced BSISO activity 
over the southeastern EIO while weakened activity over the 
EWP east of 135°E mostly occur in the La Niña developing 
summers, but opposite seesaw patterns often appear in the 
El Niño developing summers. In response to the SSTA pat-
tern of La Niña developing phase, an anomalously enhanced 
Walker Circulation is induced, with seasonal-mean ascents 
over the southeastern EIO and Maritime Continent but 
descents over the EWP east of around 135°E. The ascending 
branch is forced by strong low-level convergence, which fur-
ther leads to strong moisture convergence over the southeast-
ern EIO and Maritime Continent, accumulating more moist 
static energy to facilitate strong intraseasonal convection 
to arise. The BSISO activity thus becomes stronger around 
the Maritime Continent and its west. Meanwhile, the local 

moist static energy over the EWP east of around 135°E is 
reduced due to the descending background, which restrains 
the intraseasonal convection to develop, thus the upstream 
signals are difficult to grow sequentially east of the Maritime 
Continent, and the intensity of BSISO activity is certainly 
suppressed. Conversely, the circulation background associ-
ated with the El Niño-like SSTA pattern mostly enhances 
the BSISO activity over the eastern EWP while restrains 
the activity over the southeastern EIO west of 135°E, form-
ing an opposite dipole pattern to that in La Niña developing 
summers.

It should be noted that we only link the interannual varia-
tions of the two leading EOF modes of BSISO intensity over 
the ASM region with the simultaneous SSTAs over different 
basins in summertime. While the interannual variation of 
EOF2 mode is closely associated with developing ENSO 
events, what causes the summertime SSTA contrast that 
modulates the interannual variation of EOF1 mode demands 
further study. Moreover, Wu and Song (2017) suggests that 
BSISO intensity shows notable changes between slow and 
fast decaying El Niño events, indicating that the evolution 
of SSTA patterns also modulates BSISO behaviors. Thus, 
how the SSTA patterns in the preceding spring and winter 
are related to the subsequent summertime SSTAs and their 
impacts on the BSISO activity need to be further examined. 
Moreover, the interannual variation of the 10–20-day BSISO 
over the ASM region and the related mechanisms also need 
to be investigated in the future.
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