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Abstract: The inter-annual variability of boreal summer intra-seasonal oscillation (BSISO) propagation
from the Indian Ocean (IO) to the western Pacific (WP) is investigated for the boreal summers (May
to September) of 1979–2018. It is shown that the interannual variability of BSISO mainly happens in
its evolution, not in its strength over the IO. Here, we classify four distinctive modes for inter-annual
variability of BSISO propagation: (i) northeast mode, propagating from the IO to the western
equatorial Pacific (WEP) and the western North Pacific (WNP); (ii) north-only mode, only propagating
to the WNP; (iii) east-only mode, only propagating to the WEP; and (iv) stationary mode, propagating
to neither the WEP nor the WNP. It is found that the Maritime Continent (MC) and WEP are two
key regions determining these four modes concerning mean state moisture and vertical motion.
Associated with central equatorial Pacific cooling, the BSISO of northeast and north-only modes can
reach the WP by passing over the MC due to positive mean moisture anomalies and upward mean
motion anomalies over the MC. The strong negative mean moisture anomalies and downward mean
motion anomalies over the WEP, related to strong central Pacific cooling, prevents the development
of BSISO there, resulting in north-only mode. For the east-only and stationary modes associated with
the central Pacific warming, their BSISO can hardly pass the MC due to negative mean moisture
anomalies and downward mean motion anomalies. The positive mean moisture anomalies and
upward mean motion anomalies over the WEP related to strong central Pacific warming, however,
will reinitiate the BSISO in the WEP for the east-only mode.

Keywords: boreal summer intra-seasonal oscillation; inter-annual variability; Maritime Continent;
Indian Ocean; western Pacific

1. Introduction

Whether the boreal summer intra-seasonal oscillation (BSISO) originating from the Indian Ocean
(IO) can propagate to the western Pacific (WP) in a certain year is important for improving sub-seasonal
predictability of the East Asian summer monsoon system. To address this, we should know the
inter-annual variability of the BSISO propagation from the IO to the WP. Tropical intra-seasonal
oscillation (ISO) undergoes a strong seasonal cycle [1–3]. During the boreal winter, its pronounced
characteristic is eastward propagation from the equatorial IO to the WP, with its main convection located
to the south of the equator. During the boreal summer, the propagation of the BSISO becomes more
complex, and the fundamental propagation is prominently northward, coexisting with the eastward
propagation along the equator in the IO [4–6] and northwestward propagation in the WP [7–10].
An independent northward mode, which is not associated with eastward equatorial propagation,
was found in the boreal summer from May to October [11]. However, this type of ISO, characterized by
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isolated northward propagation, occurs rarely [12]. The propagation of the BSISO originating from the
equatorial IO was further classified into three types—northward and eastward (NE), northward only
(N-only), and eastward only (E-only) [13]. The findings regarding these propagations of the BSISO
enrich our understanding and improve sub-seasonal climate predictability. The understanding of
inter-annual variability of the BSISO propagation, however, remains obscured, and calls for urgent
investigation to understand the inter-annual variability of boreal summer sub-seasonal predictability.

Current studies considering the interannual variability of the BSISO mainly focus on the intensity.
Although the overall boreal winter ISO intensity, based on different indices, was found to have a
very weak linkage with the El Niño Southern Oscillation (ENSO) [14–16], the BSISO over the WP
in May–July was found to be intensified via the easterly vertical shear during years when El Niño
developed [17,18]. The inter-annual variation of the BSISO over the Asian summer monsoon region
was further found to exhibit two modes. The first mode, characterized by strengthening or weakening
uniformly over the Asian summer monsoon region, is related to sea surface temperature (SST) anomaly
difference between the central-eastern North Pacific and the IO; and the second mode, characterized
by a see-saw pattern between the IO and the WP, is linked to ENSO events [19]. A strong BSISO was
also found over the WP due to El Niño-like SST anomalies in the tropical Pacific, anomalous easterly
vertical shear, and enhanced background moisture in the WP [20]. Wu and Cao (2016) [21] found a
pronounced different relationship to the ENSO; the 10–20-day and 30–60-day western North Pacific
(WNP) BSISO intensity enhanced during El Niño developing summer and La Niña decaying summer,
respectively. In models, the leading empirical orthogonal function (EOF) modes of BSISO intensity are
closely linked to the models’ ENSO, which resembles the observed relationship [22].

Few works have discussed inter-annual variability of BSISO propagation and periodicity.
The inter-annual variation of northwestward propagation of the BSISO in the WNP was found
to be affected by the ENSO through changing the mean circulation, while the northward propagation
over the Indian summer monsoon region is insensitive to the ENSO [18]. The boreal summer WNP
precipitation was found to have a short period (20–40 days) during a warm summer when its Niño3.4
index is positive, and a long period (40–70 days) during a cool summer. The former is associated
with the northwestward propagation of the BSISO over the WNP, while the latter is related to the
northeastward propagation from the IO to the WNP [9].

The Maritime Continent (MC), located along the way of ISO eastward propagation from the IO
to the WP, is a key region affecting ISO propagation. The MC works as a barrier to block the boreal
winter ISO [23], mainly through limiting overall latent heat flux [24,25] and moist statistic energy
(MSE) generation ahead of the main convection envelope [26,27] or through a rigorous diurnal cycle
associated with land–sea or mountain–valley breezes and cloudiness [28]. The unique geographical
characteristics of the MC—more and taller islands are located in the south than in the north—lead
to more ISO weakening events during the boreal winter when they cross the MC mainly on the
south side of the equator [29]. In addition to the south–north difference, different areas over the
MC in the east–west direction are controlled by different physical processes for Madden-Julian
oscillation (MJO) [30]. Besides, the mountainous islands over the MC are beneficial for the stronger
eastward-propagating MJO by enhancing mean states including the westerly wind and moisture over
the MC [31]. The Kelvin-wave responses and positive SST anomalies over the MC and WP were further
found to be important for the eastward propagation of the BSISO over the MC, through moistening of
the troposphere ahead of the convection [32]. The eastward propagation of the year-round MJO events
from the IO to the WP is strongly linked to the strength of the dry anomaly over the eastern MC and
WP; and the stronger the MJO is, the more inclined it is to propagate eastward [33].

Until now, the inter-annual variability of BSISO propagation from the IO to the WP remains unclear.
We will investigate this variability by specifying four propagation types and present their underlying
mechanisms. This paper is organized as follows. In Section 2, we will give a brief description of the
data and methods used. In Section 3, the spatial structures and temporal evolution characteristics of



Atmosphere 2019, 10, 596 3 of 12

the four selected modes will be illustrated. The background dynamic and thermodynamic conditions
are analyzed in Section 4. A summary is given in Section 5.

2. Data and Methods

2.1. Data

In this work, we use the National Oceanic and Atmospheric Administration (NOAA) daily
outgoing longwave radiation (OLR) as a proxy for deep convection in the tropics [34]. OLR is widely
used to represent the evolution of the BSISO [35]. The daily wind at 850 hPa, temperature, specific
humidity, and geopotential height, as well as monthly mean specific humidity and vertical velocity,
are obtained from the Japanese 55-Year Reanalysis project organized by the Japan Meteorological
Agency [36]. Monthly mean SST is from the Extended Reconstructed SST version 5 (ERSST.v5) [37]. All
data are interpolated onto a 2.5◦ × 2.5◦ grid using bilinear interpolation, and the period of 1979–2018
has been chosen as the study period. Here, the boreal summer is referred to as May–September. The
intra-seasonal signal is obtained by 30–90-day bandpass filtering using a 121-point Lanczos filter [38].

2.2. Classification of BSISO Propagation from IO to WP

Figure 1a shows the BSISO intensity, denoted by the standard deviation of 30–90-day filtered OLR
anomalies from May to September in the 40-year period examined in this study. During the boreal
summer, strong intra-seasonal variability is found over the IO from the equatorial IO (EIO) to the
Arabian Sea and Bay of Bengal, and the WNP, covering the South China Sea and Phillippe Sea. Strong
intra-seasonal variability is also found over the western equatorial Pacific (WEP).

Figure 1b–g shows the BSISO evolution. From day 0 to day 10, the BSISO over the IO has a
northeastward propagation, with the northward-propagating part reaching the Indian subcontinent
and the Bay of Bengal and the eastward-propagating part spreading through the MC to the WEP.
From day 15 to day 25, the ISO over the MC continues to move northward to the WNP, and the ISO
over the WEP also propagates northwestward to the WNP. After originating from the EIO (65◦–95◦ E,
5◦ S–5◦ N), the BSISO has two centers, i.e., the WEP (140◦–170◦ E, 5◦ S–5◦ N) and WNP (105◦–135◦ E,
10◦ S–20◦ N), over the WP; thus, these three key regions are selected to further define different types of
BSISO propagation.
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Figure 1. Spatial–temporal evolution characteristics of boreal summer intra-seasonal oscillation 
(BSISO). (a) The BSISO intensity, denoted by the standard deviation of 30–90-day bandpass-filtered 
outgoing longwave radiation (OLR) during May–September. The black box denotes the equatorial 
Indian Ocean (EIO, 5° S–5° N, 65°–95° E), the red box denotes the western North Pacific (WNP, 10°–
20° N, 105°–135° E), and the blue box denotes the western equatorial Pacific (WEP, 5° S–5° N, 140°–
170° E). (b–g) Lagged regression map of OLR anomalies (shading; W m-2 ) and 850-hPa wind 
anomalies (vector; m/s) from day 0 to day 25 at 5-day intervals onto the EIO OLR anomaly for all 
summers. A 30–90-day bandpass filter is applied to the OLR before the regression. Anomalies are 
plotted only when they are significant at the 90% confidence level by Student’s t test. 
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on the evolution of regressed BSISO for all years over the WP from day 5 to day 30 (Figure 1).  

2. The ratio of WEP/WNP ISO strength during this 5–30 window to EIO strength is used to detect 
whether the ISO originating from the EIO may propagate to the WEP or WNP for a particular 
year. The ratio is used to eliminate the effect of BSISO strength at origin and isolate the role of 
mean state. 
The WEP/WNP ISO strength is defined by the minima of boreal summer regressed OLR 

anomalies averaged over these two regions onto EIO OLR during this 5–30-day lagged window. The 
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originated from the EIO is seen to be able to affect the WEP or WNP when the associated ratio is 
above the averaged ratio and remains in the IO when these two ratios are below the averaged ratio. 

Based on these criteria, the BSISO evolution patterns can be separated into four modes, including 
BSISO originating from the EIO reaching both WEP and WNP regions (northeast mode), only 
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summer averaged BSISO evolution for each year. 

Figure 1. Spatial–temporal evolution characteristics of boreal summer intra-seasonal oscillation (BSISO).
(a) The BSISO intensity, denoted by the standard deviation of 30–90-day bandpass-filtered outgoing
longwave radiation (OLR) during May–September. The black box denotes the equatorial Indian
Ocean (EIO, 5◦ S–5◦ N, 65◦–95◦ E), the red box denotes the western North Pacific (WNP, 10◦–20◦ N,
105◦–135◦ E), and the blue box denotes the western equatorial Pacific (WEP, 5◦ S–5◦ N, 140◦–170◦ E).
(b–g) Lagged regression map of OLR anomalies (shading; W m−2) and 850-hPa wind anomalies (vector;
m/s) from day 0 to day 25 at 5-day intervals onto the EIO OLR anomaly for all summers. A 30–90-day
bandpass filter is applied to the OLR before the regression. Anomalies are plotted only when they are
significant at the 90% confidence level by Student’s t test.

Following this evolution of regressed BSISO (Figure 1), two criteria in the lead–lag regression
map of OLR anomalies onto EIO ISO or 30–90-day filtered OLR anomalies of each year are used to
determine whether the ISO originating from the EIO may impact the WP:

1. A 5–30-day lagged window after the peak of EIO ISO is used to define whether the ISO signal
over the WEP and WNP originates from the EIO. The 5–30-day lagged window is selected based
on the evolution of regressed BSISO for all years over the WP from day 5 to day 30 (Figure 1).

2. The ratio of WEP/WNP ISO strength during this 5–30 window to EIO strength is used to detect
whether the ISO originating from the EIO may propagate to the WEP or WNP for a particular
year. The ratio is used to eliminate the effect of BSISO strength at origin and isolate the role of
mean state.

The WEP/WNP ISO strength is defined by the minima of boreal summer regressed OLR anomalies
averaged over these two regions onto EIO OLR during this 5–30-day lagged window. The 40-year
averaged ratio of WEP to EIO ISO strength is 0.42, and that of WNP to EIO is 0.36. The ISO originated
from the EIO is seen to be able to affect the WEP or WNP when the associated ratio is above the
averaged ratio and remains in the IO when these two ratios are below the averaged ratio.

Based on these criteria, the BSISO evolution patterns can be separated into four modes, including
BSISO originating from the EIO reaching both WEP and WNP regions (northeast mode), only reaching
the WEP region (east-only mode), only reaching the WNP region (north-only mode), and only staying
in the IO (stationary mode). Of the 40 years studied, there are eleven northeast mode years, eight
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north-only mode years, seven east-only mode years, and fourteen stationary mode years (Table 1).
Since we focus on inter-annual variability, we only have one mode represented by the summer averaged
BSISO evolution for each year.

Table 1. List of specific years included in the relevant mode. SWEP, SWNP and SEIO represent the ISO
strength over WEP, WNP and EIO, respectively. IO: equatorial Indian Ocean; WEP: western equatorial
Pacific; WNP: western North Pacific; ISO: intra-seasonal oscillation.

Names of Modes Definition Years

Northeast (11) SWEP/SEIO > 0.42,
SWNP/SEIO > 0.36 1997, 1992, 1998, 1999, 2000, 2001, 2002, 2007, 2008, 2009, 2014

North-only (8) SWEP/SEIO < 0.42,
SWNP/SEIO > 0.36 1981, 1985, 1988, 1990, 2006, 2010, 2011, 2018

East-only (7) SWEP/SEIO > 0.42,
SWNP/SEIO < 0.36 1980, 1983, 1986, 1987, 1993, 2004, 2015

Stationary (14) SWEP/SEIO < 0.42,
SWNP/SEIO < 0.36

1982, 1984, 1989, 1991, 1994, 1995, 1996, 1997, 2003, 2005,
2012, 2013, 2016, 2017

MSE is often used to represent the evolution of BSISO [39,40], which is defined as m = cpT+ gz+Lq,
where T is temperature, cp is the specific heat at constant pressure, z is height, g is the gravitational
acceleration, L is the latent heat of vaporization at 0 ◦C, and q is specific humidity.

3. Four BSISO Propagation Modes

The regressed ISO evolutions over the EIO, WEP, and WNP averaged in Table 1 and their associated
years are shown in Figure 2 for the four BSISO propagation modes. For the northeast mode (Figure 2a),
the regressed OLR anomaly over the WEP (blue line) reaches its minimum at day 15, while that over
the WNP reaches its minimum at day 25 (red line). These two minima also appear during north-only
mode years, although the OLR anomaly over the WEP is very weak (Figure 2b). During the east-only
mode years, the OLR anomaly over the WEP reaches its minimum near day 18, and the negative peak
over the WNP is outside of the 5–30-day lagged window (Figure 2c). During the stationary mode years,
the regressed OLR anomalies are very weak over both WEP and WNP, but that over the MC (5◦ S–5◦ N,
100◦–130◦ E) is stronger by about 1.0 W m−2 than those over both WEP and WNP (Figure 2d). The OLR
variation of each mode over the EIO shows almost the same amplitude and phase change, which means
that the inter-annual variability of the ISO mainly occurs in its evolution rather than in its strength
at origin.
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The propagations of these four BSISO modes are shown in Figure 3. During the northeast mode 
years (Figure 3a), the convection over the EIO propagates northward and eastward simultaneously 
from day 0, with lower-tropospheric easterly winds to the east and north and westerly wind bursts 
under the convection. The northward part, accompanied by lower-tropospheric westerly wind 
anomalies to the south, reaches the Indian subcontinent and the Bay of Bengal at day 15, and 
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suppressed compared to the strengths of the other three modes. From day 5, the northeastward part 

Figure 2. Regionally averaged OLR evolutions related to EIO ISO for the four modes. Lagged regression
of OLR anomalies (W m−2) averaged over the EIO (black line), WNP (red line), WEP (blue line), and the
Maritime Continent (MC) (yellow line) onto the EIO OLR anomaly for (a) northeast mode, (b) north-only
mode, (c) east-only mode, and (d) stationary mode years. The number inside the brackets above
each panel denotes the number of years of the mode during the 40-year study period. A 30–90-day
bandpass-filter is applied to the OLR before the regression.
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The propagations of these four BSISO modes are shown in Figure 3. During the northeast mode
years (Figure 3a), the convection over the EIO propagates northward and eastward simultaneously from
day 0, with lower-tropospheric easterly winds to the east and north and westerly wind bursts under
the convection. The northward part, accompanied by lower-tropospheric westerly wind anomalies to
the south, reaches the Indian subcontinent and the Bay of Bengal at day 15, and gradually weakens
thereafter. The convection reaches the MC at day 5, while its strength is not suppressed compared to
the strengths of the other three modes. From day 5, the northeastward part moves into the WNP and
peaks at day 25. The branch of eastward propagation spreads through the MC and influences the WEP
at day 10 and peaks at day 15, resulting in a northwest–southeast-oriented rain band. From day 15,
the convection moves northwestward from the WEP to the WNP, and peaks over the WNP at day 25,
accompanied by a strong westerly wind anomaly over the WNP. The negative convection anomaly
appears over the EIO at day 15. The northeast mode is quite similar to the evolution of regressed
BSISO over the IO (Figure 1b–g), which was revealed in previous works [41–43].
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Figure 3. Spatial–temporal OLR evolution characteristics of the four modes. Evolution of the regressed
OLR anomalies (shading; W m−2) and 850-hPa wind anomalies (vector; m/s) from day 0 to day 25 for
(a) northeast mode, (b) north-only mode, (c) east-only mode, and (d) stationary mode. Only anomalies
above 90% significance by Student’s t test are plotted.

During the north-only mode years (Figure 3b), the northeastward propagation, like that for
the northeast mode, is observed. The northward branch, however, is a little weak over the Indian
subcontinent, and is dominated by the branch over the Bay of Bengal. The convection reaches Indonesia
at day 5, with a strong easterly wind anomaly to the east. From day 5, the convection over the MC is
dominated by the northeastward propagation, which reaches the WNP at day 15 and peaks at day 25.
The eastward part, however, is suppressed, and no strong convection reaches the WEP.

During the east-only mode years (Figure 3c), the BSISO is dominated by eastward propagation.
The northward part reaches the Indian subcontinent at day 10, and decays very quickly. The eastward
part reaches the MC at day 5, through it is suppressed. Only a small part of the convection over the
WEP propagates northwestward into the WNP after day 25. Its strength, however, is very weak by
then. For this east-only mode, there is a jump over the MC for the eastward propagation in terms of
both convection and circulation, and the BSISO is re-originated over the WEP. Here, we still use the
name east-only mode since the BSISO originating from the EIO can only reach the WEP.
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During the stationary mode years (Figure 3d), the convection is confined in the IO, and only an
isolated pattern appears. At day 0, the convection in the EIO is accompanied by strong westerly wind
anomaly below and by strong easterly wind anomalies to the east and north from the MC to the WEP.
Then, the convection moves northeastward and decays quickly. At day 5, the convection reaches the
MC, though its intensity resembles that of the northeast mode and decays rapidly, followed by weak
convection over both WEP and WNP. At day 15, the BSISO is dominated by the negative phase over
the EIO.

The evolutions of MJO can also be represented by column-integrated MSE [39]. Four propagations
of regressed column-integrated MSE anomaly maps are shown in Figure 4. The MSE maxima of the
four modes at day 0 are all at the east side of the ISO convection center. During the northeast mode
years (Figure 4a), the evolution of column-integrated MSE anomaly closely follows OLR evolution.
During the north-only mode years (Figure 4b), the positive MSE center propagates eastward ahead of
its OLR center from day 0 to day 10. However, it is different from the OLR during day 15 to day 25;
that is, the MSE center keeps propagating eastward, arriving at the WEP where the OLR center hardly
reaches, and then moves northwestward to the WNP. During the east-only mode years (Figure 4c),
the amplitude of MSE maximum at day 0, like that of OLR (Figure 3c), is the smallest over the four
modes. From day 0 to day 15, the MSE center propagates eastward, passing over the MC, and decays
rapidly with little signal over the MC at day 10 and little signal over the MC and WP at day 15 when
the OLR signal is reorganized over the WEP. However, the MSE center over the WEP shows up again
after day 20, later than the OLR signal. During the stationary mode years (Figure 4d), the MSE center
over the EIO, like that of the northeast mode, propagates northeastward to the Indian subcontinent,
Bay of Bengal, and WEP from day 0 to day 10, and starts to decay afterward, while the OLR signal
stalls over the MC at day 10.
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Figure 4. Spatial–temporal moist statistic energy (MSE) evolution characteristics of the four modes.
Evolution of column-integrated MSE anomalies (106 J m−2 by lagged regression against 30–90-day
bandpass-filtered OLR anomaly averaged over the EIO from day 0 to day 25 for (a) northeast mode,
(b) north-only mode, (c) east-only mode, and (d) stationary mode. Only anomalies above 90%
significance by Student’s t test are plotted.

In summary, the BSISO represented by OLR anomalies can pass over the MC without being
suppressed, and can reach the WEP and then the WNP during the northeast mode years, while it
can reach the west part of the MC and then move to the WNP during the north-only mode years.
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During the east-only mode years, the BSISO is dominated by the eastward propagation; its convection
is suppressed over the MC, and reorganized to the east part of the MC, before moving to the WEP and
peaking there. The BSISO during the stationary mode years, however, is confined over the IO and
MC. However, there is some inconsistencies in each mode between the OLR and vertical-integrated
MSE evolutions (except for the northeast mode). There is no OLR anomaly over the WEP after day
15 in the north-only mode, but its MSE anomaly still propagates eastward. For the east-only mode,
the reorganized MSE signal shows up several days later than the OLR signal over the WEP. In the
situation of stationary mode, MSE can arrive at the WEP at day 10, but OLR cannot, resembling the
situation of north-only mode. It seems that the vertically integrated MSE anomalies cannot represent
the interannual variability of the BSISO very well, which may be due to the method applied in this
study or the nonlinear relationship between MSE and OLR. The reason for this should be explored in
the future.

4. Different Background Characteristics of the Four Propagation Modes

To investigate what factors determine the propagation pathway of these four modes,
the background mean states are analyzed first (Figure 5). Strong upward motion and positive
mean moisture anomalies occur over the MC (Figure 5a,e), associated with the weak central equatorial
Pacific cooling during the northeast mode years (Figure 5i), which can facilitate the ISO maintenance
by transporting moist air upward to further trigger convections [44]. Thus, the BSISO can reach the
WEP and WNP due to the weak change in mean state over the WEP and WNP regions.
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Figure 5. Observed mean state change associated with the four modes. Composite boreal summer
(May–September) mean of anomalous 300-hPa to 500-hPa averaged pressure velocity (a–d; 10−2 Pa s−1),
anomalous 850-hPa specific humidity (e–h; g/kg), and sea surface temperature anomalies (SSTA)
patterns (i–l; ◦C) for northeast, north-only, east-only, and stationary mode years. Stippling indicates
the region where anomalies are above the 90% significance level by Student’s t test.

During the north-only mode years, however, strong cooling occurs over the central equatorial
Pacific (Figure 5j), which also excites strong seasonal mean upward motion anomalies (Figure 5b) and
positive mean moisture anomalies (Figure 5f) over the MC; thus, the BSISO can pass over the MC and
reach the WP. This differs from the northeast mode years, where strong seasonal mean downward
motion anomalies and negative moisture anomalies over the central and eastern equatorial Pacific
are excited by this strong central Pacific cooling, which will suppress the BSISO, resulting in the
north-only mode.
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During the east-only mode years, the central equatorial Pacific exhibits strong warming, exciting
strong upward motion and positive mean moisture anomalies, which can reorganize the depressed
ISO when passing over the MC by strong downward motion and negative moisture anomalies
(Figure 5c,g,k).

During the stationary mode years, weak central Pacific warming, downward motion, and negative
moisture anomalies over the MC (Figure 5d,h,l), which are not statistically significant, provide
disadvantageous seasonal mean background conditions to the ISO propagating to the WP.

In general, the dynamic (vertical velocity) and thermodynamic (specific humidity) mean states
over the MC and WEP are key for the EIO ISO in terms of its propagation to the WNP and WEP.

5. Conclusions and Discussion

In this study, we examined the inter-annual variability of BSISO propagation from the IO to the
WP using observed OLR and reanalysis datasets during the boreal summers (May–September) of
1979–2018. Based on their propagation characteristics, the year-to-year propagations of the BSISO can
be classified into four modes, i.e., northeast, north-only, east-only, and stationary modes. During the
northeast mode years, the BSISO is characterized by northward and eastward propagation, resulting
in a strong northwest–southeast-tilted rain belt structure over the Indian subcontinent, Bay of Bengal,
MC, and WEP; and the BSISO can reach the WEP and WNP (Figure 3a). During the north-only mode
years, the eastward-propagating BSISO can only reach the WNP after passing over the MC (Figure 3b).
In contrast, the BSISO in the east-only mode decays quickly over the MC; however, it reorganizes itself
over the east part of the MC (Figure 3c). During the stationary mode years, the EIO ISO only moves
northward to the land masses and eastward to the MC with quick decay (Figure 3d).

Our analysis of background mean states reveals that the distinctive four modes can be attributed
to the changes of seasonal mean moisture and vertical motion over the two key regions: the MC
and the WEP (Figure 6). During the northeast and north-only mode years, positive seasonal mean
moisture anomalies and upward motion anomalies over the MC, related to central equatorial Pacific
cooling, have a beneficial effect on the EIO ISO arriving at the WP (Figure 6a,b). However, the ISO
of the north-only mode cannot reach the WEP due to the negative effect of strong local negative
mean moisture anomalies and downward mean motion, associated with strong central Pacific cooling
(Figure 6b). During the east-only and stationary mode years, the negative mean moisture anomalies
and downward mean motion prevent the ISO from passing over the MC (Figure 6c,d). However,
the ISO is reinitiated over the WEP for the east-only mode due to the beneficial effect of local positive
seasonal mean moisture anomalies and upward motion anomalies associated with strong central
Pacific warming (Figure 6c).
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Our results can help to predict whether the BSISO originating from the IO can reach the WEP and
WNP or not. The changes of mean states over the MC and WEP regions are related to both the strength
and phase of the central equatorial Pacific SST anomaly, which calls for improvement of the ENSO
evolution prediction.
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