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ABSTRACT: A phenomenon referred to here as Java–Sumatra Niño/Niña (JSN or JS Niño/Niña) is characterized by the
appearance of warm/cold sea surface temperature anomalies (SSTAs) in the coastal upwelling region off Java–Sumatra in
the southeastern equatorial Indian Ocean. JSN develops in July–September and sometimes as a precursor to the Indian
Ocean dipole, but often without corresponding SSTAs in the western equatorial Indian Ocean. Although its spatiotempo-
ral evolution varies considerably between individual events, JSN is essentially an intrinsic mode of variability driven by
local atmosphere–ocean positive feedback, and thus does not rely on remote forcing from the Pacific for its emergence.
JSN is an important driver of climate variability over the tropical Indian Ocean and the surrounding continents. Notably,
JS Niña events developing in July–September project onto the South and Southeast Asian summer monsoons, increasing
the probability of heavy rainfall and flooding across the most heavily populated regions of the world.
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1. Introduction

In boreal fall [September–November (SON)], sea surface
temperature anomalies (SSTAs) in the tropical Indian Ocean
are often characterized by the Indian Ocean dipole (IOD), a
key driver of rainfall variability in Southeast Asia, south-
eastern Australia, and eastern Africa (e.g., Saji et al. 1999;
Webster et al. 1999; Ashok et al. 2001, 2004; England et al.
2006; Meyers et al. 2007; Risbey et al. 2009; Sreelekha and
Babu 2019). The anomalous SST gradient from the south-
eastern equatorial Indian Ocean (908–1108E and 108S–08) to
the western equatorial Indian Ocean (508–708E and
108S–108N), which is referred to as the dipole mode index
(DMI; Saji et al. 1999), has been widely used to represent
the occurrence and intensity of IOD events. However, the
propriety of “dipole” in Saji et al. (1999) has been debated
intensely in multiple studies because SSTAs in the western
and southeastern equatorial regions are poorly correlated
(Allan et al. 2001; Hastenrath 2002; Yamagata et al. 2003;
Dommenget 2011; Zhao and Nigam 2015). Indeed, on inter-
annual time scales, the correlation coefficients are only 0.07
in boreal summer (June–August) and 20.29 in boreal fall
(SON) for the past 70 years (see section 2b). This suggests that
it may not be ideal to rely only on the IOD to understand and
monitor atmosphere–ocean processes over the tropical Indian
Ocean and their climate impacts on the surrounding continents.

It is, therefore, important to investigate SSTAs in the western
and southeastern equatorial Indian Ocean individually and their
driving mechanisms and impacts on regional climate.

The southeastern pole of the IOD has much greater variability
than the western pole (Zhao and Hendon 2009) and is often
characterized by the appearance of warm/cold SSTAs along the
south and southwest coasts of Java and Sumatra, a phenomenon
largely linked to wind-driven coastal upwelling (e.g., Susanto
et al. 2001; Du et al. 2008) and thus referred to here as Java–
Sumatra Niño/Niña (herein, JSN for the phenomenon in general
and JS Niño/Niña for warm/cold events). Closely phase-locked
to the seasonal cycle, JSN prevails largely in July–September
(JAS), when the monsoonal winds are upwelling-favorable along
the Java–Sumatra coast (i.e., southeasterly) and the coastal ther-
mocline is relatively shallow (Susanto et al. 2001) (Figs. 1a,d). At
times JSN appears as a precursor to the IOD, which becomes
mature in October (Saji et al. 1999). In this study, JSN events are
defined based on SSTAs averaged in the Java and Sumatra coastal
regions (98 and 38S, 958–1058E and 128 and 68S, 1058–1158E). See
section 2a for more details.

Similar to the IOD, JSN events are linked to rainfall variability
over the surrounding continents (Figs. 1c,f). For the IOD, these
relationships are complex and often break down, partly due to
the strong remote influence of El Niño–Southern Oscillation
(ENSO) via changes in the Indo-Pacific Walker cells and extra-
tropical stationary waves (e.g., Ashok et al. 2001, 2004; Cai et al.
2011; Lim et al. 2017; Ratna et al. 2020). Additionally, some
IOD events are driven by ENSO (e.g., Shinoda et al. 2004;
Behera et al. 2006; Hong et al. 2008b; Yang et al. 2015; Zhang
et al. 2015; Stuecker et al. 2017), while others are driven by
atmosphere–ocean processes internal to the Indian Ocean (e.g.,
Li et al. 2003; Fischer et al. 2005; Rao et al. 2009; Du et al. 2013;
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FIG. 1. (a),(d) Time–longitude plots of composite mean tropical south Indian SSTAs, averaged between 98 and 38S
along 408–1058E and between 128 and 68S along 1058–1208E, from January to December derived from observed JS
Niña/Niño events. (b),(e) Composite mean tropical Indian Ocean SST (shading; 8C), 208C isotherm depth (D20; con-
tours; m), and 10-m wind (vectors; m s21) anomalies; and (c),(f) precipitation anomalies (mm day21) during
July–September derived from observed JS Niña/Niño events. Positive and negative D20 values are indicated by green
and cyan contour lines, respectively. The dashed gray lines in (a) and (d) indicate 1 Jul and 30 Sep. The solid gray line
in (a) and (d) indicates 1058E that separates the Java coastal region from the Sumatra coastal region. Wind vectors
are shown only where wind speed anomalies are greater than 0.4 m s21. The contour interval for D20 anomalies is
2.5 m. Significant SSTA values at the 95% confidence level or above based on a Student’s t test (two tailed) are indi-
cated by gray dots in (a), (d), (b), and (e). Similarly, significant precipitation anomaly values at the 90% confidence
level or above based on a Student’s t test (two tailed) are indicated by gray dots in (c) and (f).
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Sun et al. 2015; Yang et al. 2015; Stuecker et al. 2017; L.-Y.
Zhang et al. 2020). These may also be applicable to JSN events.
For instance, the 1997 JS Niña event occurred during the devel-
oping phase of the 1997/98 El Niño and contributed to the wide-
spread Indonesian forest fires, which resulted in massive coral
reef mortality events along the Java–Sumatra coast (Abram et al.
2003). In contrast, the 2019 JS Niña event, one of the strongest
events ever recorded, developed rapidly in boreal summer under
near-neutral ENSO conditions in the Pacific (Du et al. 2020;
Wang et al. 2020), produced heavy rainfall and widespread
severe flooding and landslides across South Asia (e.g., Srivastava
et al. 2020), and caused extreme hot and dry conditions that con-
tributed to severe forest fires over southeastern Australia (e.g.,
Lim et al. 2021; Tobin and Ganter 2020).

As briefly discussed, a significant gap still exists in our
understanding of atmosphere–ocean variability in the tropical
Indian Ocean. The main objectives of the present study are to
describe and explain interannual variability of SST in the
southeastern equatorial Indian Ocean associated with JSN
and its impact on regional rainfall variability. To do so, we
first present the basic characteristics of JSN. Next, to address
large interevent variability of JSN, we present the spatiotem-
poral evolution patterns of the most frequently recurring JSN
varieties and their links to ENSO and regional rainfall vari-
ability. We also present the potential onset mechanisms of the
leading JSN varieties, followed by a discussion.

2. Data and methods

a. Data used

In this study, we analyze observational and reanalysis data-
sets to describe and explain JSN and its associated regional
rainfall variability. Monthly SSTAs are derived from the Cen-
tennial In Situ Observation-Based Estimates of the variability
of SST (Ishii et al. 2005) for the 1949–2019 period. Monthly
anomalies of surface winds (at 10 m) and 850-hPa winds are
from the National Centers for Environmental Prediction–
National Center for Atmospheric Research reanalysis (Kal-
nay et al. 1996) for the same period. Monthly precipitation
anomalies are derived from the National Oceanic and Atmo-
spheric Administration’s precipitation reconstruction dataset
(Chen et al. 2002) for the same period. Monthly anomalies of
208C isotherm depth (D20), which are used here as proxies
for thermocline depth anomalies, are obtained from Euro-
pean Centre for Medium-Range Weather Forecasts Ocean
Reanalysis System 5 (Zuo et al. 2017) for the 1958–2018
period.

b. Identification of JSN and ENSO events

SSTAs in the tropical Indian Ocean are influenced by
strong warming trends and decadal variability (Han et al.
2014; Lim et al. 2017). For instance, without detrending, the
correlation between the western and southeastern poles of
the IOD in SON is 0.23 during 1949–2019, 0.00 during
1949–80, and 20.25 during 1981–2019. Since we are mainly
interested in interannual variability, a separate 30-yr averaged
climatology is constructed every 5 years and used to derive

SSTAs. For instance, to compute SSTAs for the 1951–55
period, a 30-yr averaged climatology for 1936–65 is used; to
compute SSTAs for 1956–60, a 30-yr averaged climatology for
1941–70 is used; and so forth. This method defines JSN events
relative to their contemporary climatology. It is also currently
being used at the National Oceanic and Atmospheric Admin-
istration’s Climate Prediction Center to define El Niño and
La Niña events. One way to define JSN Niño/Niña events is
based on the threshold that the 3-month averaged SSTAs
exceed 60.48C in the Java–Sumatra coastal region (98 and
38S, 958–1058E and 128 and 68S, 1058–1158E) for at least three
consecutive overlapping seasons. An alternative method is to
apply the same threshold separately for the south coast of
Java (128–68S and 1058–1158E) and the southwest coast of
Sumatra (98–38S and 958–1058E), and then identify JSN events
when the threshold is met in either of the two regions. We
identify 17 JS Niña and 14 JS Niño events based on the first
method, and 21 JS Niña and 19 JS Niño events based on the
second method (supplementary Tables 1–4). The second
method is used in this study because of the larger sample size.
We also use 26 El Niño and 25 La Niña events identified
based on a threshold that the 3-month averaged SSTA in
Niño-3.4 region (1208–1708W and 58S–58N) is equal to or
exceeds60.58C for at least five consecutive months (Lee et al.
2014, 2018) (supplementary Table 4).

c. Spatiotemporal EOF analysis

A longitude–time map of tropical south Indian SSTAs is
derived for each of the 21 JS Niña and 19 JS Niño events (sup-
plementary Figs. 1 and 2). The time and longitude axes span
from January to December and the entire Indian Ocean
(408–1208E), respectively. Note that tropical south Indian
SSTAs are averaged between 98 and 38S west of 1058E, and
between 128 and 68S east of 1058E in order to take into
account the difference in latitude bands between the Java
coast and Sumatra coast. To objectively identify the preferred
spatiotemporal modes of the observed JS Niña events, we
perform an empirical orthogonal function (EOF) analysis of
the 21 longitude–time maps of tropical south Indian SSTAs,
following the method used in Lee et al. (2014). The resulting
principal components (PCs) are associated with each individ-
ual JS Niña event, and the EOFs represent a linearly indepen-
dent set of longitude–time maps. The first and second leading
PCs explain 36% and 13% of the interevent variance, respec-
tively (supplementary Figs. 3b,c). The same EOF analysis is
performed to identify the preferred spatiotemporal modes of
the 19 observed JS Niño events for which the first and second
leading PCs explain 27% and 23% of the interevent variance,
respectively (supplementary Figs. 3e,f). Note that the same
method was previously used to identify the leading spatiotem-
poral modes of the observed El Niño events in the Pacific
(Lee et al. 2014, 2018) and Atlantic Niño events in the Atlan-
tic (Vallès-Casanova et al. 2020).

While the first two EOFs for JS Niña are well separated,
the first two EOFs for JS Niño are not, and thus do not pass
the North test (North et al. 1982), which is based on an esti-
mate of the sampling errors of each eigenvalue. For the
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majority of JS Niño events, however, their PC values align
reasonably well with either PC1 or PC2 axis, whereas the
1961 JS Niño event is a mixture of the two EOFs and is there-
fore an outlier (Fig. 3j). Indeed, replacing the 1961 JS Niño
event with the 2001 warm event, which exceeds the threshold
for two consecutive overlapping seasons (see Table S1 and
S2), the two leading EOFs are well separated (PC1 = 28%,
and PC2 = 19%) and pass the North test. Nevertheless, the
1961 JS Niño event is retained in this study because it still
meets the criteria, and the PC values for the majority of JS
Niño events align well with either PC1 or PC2 axis.

3. Results

a. Basic characteristics of JSN

As shown in Fig. 1a, JS Niña often develops as early as
April–June (AMJ) along the south coast of Java, peaks in
JAS as the cold SSTAs slowly shift to the southwest coast
of Sumatra, and dissipates in October–December (OND).
Although weak, there is a secondary peak of JS Niña in the
preceding January–March (JFM; herein, preseason). This pre-
season cooling pattern is closely tied to a basinwide cooling of
the tropical Indian Ocean that is largely modulated by the
Indian Ocean basin (IOB) mode, which tends to occur during
the dissipation phase of La Niña in boreal winter and spring
(Yang et al. 2007), as discussed later in this study. Interest-
ingly, relatively weak warm SSTAs develop in the central
tropical south Indian Ocean in JAS, and then propagate west-
ward to produce a positive IOD-like pattern in OND.

During the most active months (JAS), JS Niña is typically
characterized by cold SSTAs, a shallower thermocline, south-
easterly surface wind anomalies along the Java–Sumatra
coast, a deeper thermocline farther westward in the tropical
south Indian Ocean, and easterly surface wind anomalies

along the eastern equatorial Indian Ocean (Fig. 1b). These
anomalous atmosphere–ocean patterns indicate that local
Bjerknes feedback plays an important role in the develop-
ment of JS Niña in austral winter and spring (e.g., Li et al.
2003). More specifically, the cold SSTAs off the Java–Sumatra
coast suppress atmospheric convection aloft. The associated
heat sink induces an anomalous anticyclone to its west (i.e., a
descending Rossby wave response; Gill 1980), producing
southeasterly wind anomalies and anomalous upwelling off
the Java–Sumatra coast, which in turn reinforce the initial
cooling (Li et al. 2003). The heat sink also drives equatorial
easterly wind anomalies (i.e., an equatorial divergent wind
response; Gill 1980), thus producing anomalous upwelling in
the eastern equatorial Indian Ocean and promoting an expan-
sion of the cold SSTAs toward the equator along the Sumatra
coast (Fig. 2a).

JS Niño is characterized by nearly opposite patterns of
anomalous SSTs, thermocline depth and surface winds com-
pared to JS Niña (Figs. 1d,e), and thus subject to local
Bjerknes feedback for its development in austral winter and
spring (Fig. 2b). However, there are several noticeable differ-
ences that break the antisymmetry. In particular, JS Niño
tends to develop and decay slightly earlier than JS Niña in
boreal summer and fall, and the associated atmosphere–ocean
anomalies are generally much weaker (e.g., Hong et al. 2008a;
Cai and Qiu 2013). In contrast, the preseason peak in JFM,
which is tied to a positive phase of the IOB mode and the dis-
sipation phase of El Niño (Yang et al. 2007), has a much
larger amplitude, being on par with the peak amplitude in
June–August. Additionally, unlike JS Niña, JS Niño tends to
remain a monopole throughout boreal summer and fall.

JS Niña events are linked to decreased rainfall over the
Maritime Continent (i.e., maritime Southeast Asia) and the
Malay Peninsula, and vice versa for JS Niño events (Figs. 1c,f).
Some JS Niña/Niño events are also linked to increased rainfall
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FIG. 2. The schematics illustrate local Bjerknes feedback mechanisms for (a) JS Niña and (b) JS Niño in austral winter and spring
(under the southeasterly monsoon). (a) The cold SSTAs off the Java–Sumatra coast suppress atmospheric convection aloft. The associated
heat sink induces an anomalous anticyclone to its west (i.e., a Rossby wave response), producing southeasterly wind anomalies and anom-
alous upwelling off the Java–Sumatra coast, which in turn reinforce the initial cooling. The equatorial easterly wind anomalies driven by
the heat sink (i.e., an equatorial divergent wind response) produce anomalous upwelling in the eastern equatorial Indian Ocean, promot-
ing an expansion of the cold SSTAs toward the equator along the Sumatra coast. (b) The local Bjerknes feedback mechanism for JS Niño
can be explained by the opposite patterns of anomalies for JS Niña. These schematics are adopted and revised from Li et al. (2003).
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in South Asia and mainland Southeast Asia (herein, South–-
Southeast Asia). However, these and other basic characteris-
tics of JSN derived from the composite mean fields (Fig. 1) are
not applicable to all events. Indeed, the spatiotemporal evolu-
tion patterns are quite different between individual events in
terms of the timing, zonal pattern, and amplitude of their
onset, peak, and dissipation (supplementary Figs. 1 and 2).

b. Spatiotemporal diversity of JSN

As described in section 2c, we carry out a spatiotemporal
EOF analysis to identify the first two preferred modes of the
observed JS Niño/Niña events. Each EOF mode for warm/
cold events represents two contrasting JS Niño/Niña varieties
or flavors (PC changing from21 to 1) that correspond to add-
ing and subtracting the EOF pattern to the composite mean,
leading to four sets of the most frequently recurring JS Niño/
Niña varieties. See section 2c and supplementary Fig. 3 for
more details.

One of the leading JS Niño/Niña varieties describes warm/
cold events that form in JAS and thus is referred to as the on-
season JS Niño/Niña variety (Figs. 3f,h). The 1989 warm event
and the 1994 cold event are good examples of the on-season
JS Niño/Niña variety (Figs. 3i,j; see also supplementary Figs. 1
and 2). Other JS Niño/Niña varieties describe warm/cold
events that appear as early as JFM and then, after a short
pause, reappear in JAS (herein, the double-peak JS Niño/
Niña variety; Figs. 3e,g) or almost completely dissipate before
boreal summer (herein, the preseason JS Niño/Niña variety;
Figs. 3a,c). The 2016 warm event is an example of the former,
while the 1974 cold event and the 1983 warm event are exam-
ples of the latter (see also supplementary Figs. 1 and 2). Note,
however, that these JS Niña and Niño varieties are not exactly
in mirror-image patterns. In particular, SSTAs along the
Java–Sumatra coast associated with the double-peak JS Niño
variety are much stronger than those associated with the
double-peak JS Niña variety. On the other hand, the SSTAs
associated with the on-season JS Niño variety are weaker
than those associated with the on-season JS Niña variety.

Occasionally, strong cold events may develop in boreal
summer, persist throughout SON and spawn robust warm
SSTAs in the central tropical south Indian Ocean, which in
turn propagate westward and peak in OND. The spatiotem-
poral evolution of such strong and persistent cold events (e.g.,
the 2019 JS Niña) is well captured by the persistent JS Niña
variety (Fig. 3b). Finally, although rare and very weak in
amplitude, a preseason warm event may switch to a cold event
in the boreal summer (herein, the transition JS Niño variety;
Fig. 3d).

It is worth noting that the persistent JS Niña variety, which
shows the greatest cooling along the Java–Sumatra coast,
displays a positive IOD-like pattern in OND, whereas the
double-peak JS Niño variety, which shows the greatest warm-
ing along the Java–Sumatra coast, prevails largely as a mono-
pole throughout boreal summer and fall. Both the double-
peak JS Niña and on-season JS Niño varieties display an
IOD-like pattern in boreal summer, while the on-season JS
Niña variety has a more complex zonal tripole structure

similar to IOD Modoki and Indian Ocean tripole mode dis-
cussed in previous studies (Endo and Tozuka 2016; Y. Zhang
et al. 2020).

c. Interactions with ENSO

The preseason and double-peak JS Niño/Niña varieties are
strongly connected to the dissipating phase of El Niño/La
Niña and the associated IOB mode in boreal spring (Figs.
4a,c,e,g). Specifically, the preseason JS Niño/Niña variety is
favored if El Niño/La Niña dissipates into an ENSO-neutral
phase in boreal summer, whereas the double-peak JS Niño/
Niña variety is favored if El Niño/La Niña transitions to the
opposite phase and then intensifies during boreal summer
and fall. However, some double-peak JS Niño/Niña events
occurred under a near-neutral ENSO condition in JAS (e.g.,
the 2016 JS Niño; supplementary Figs. 4 and 5). In contrast,
there is no apparent ENSO signal linked to the on-season JS
Niño/Niña variety in boreal summer and fall. This suggests
that the on-season JS Niño/Niña variety is predominantly
driven by atmosphere–ocean processes internal to the Indian
Ocean. Similarly, the transition JS Niño variety seems to have
little connection to ENSO.

Perhaps the most interesting case is the persistent JS Niña
variety, which is characterized by the greatest intensity of cold
SSTAs off the Java–Sumatra coast. During these events,
strong warm SSTAs develop in the southwestern equatorial
Indian Ocean around OND, so this variety can also be
described as strong positive IOD. The persistent JS Niña vari-
ety is associated with the developing phase of El Niño, but the
regressed ENSO signal is relatively weak, especially during
the onset phase of the persistent JS Niña variety around
May–July (Fig. 4b). Therefore, it is unlikely that ENSO is
required for the onset of the persistent JS Niña variety.
Instead, it is likely driven by atmosphere–ocean processes
internal to the Indian Ocean.

To further study the potential role of ENSO in driving the
JSN varieties, longitude–time composite maps of SSTAs
along the equatorial Pacific and tropical south Indian Oceans
are constructed for observed El Niño and La Niña events dur-
ing 1949–2019 (Figs. 4i,j). There is an overall weak connection
between the developing phase of ENSO and SSTAs along the
Java–Sumatra coast. An IOD-like pattern of SSTAs emerges
around SON from the southeastern equatorial Indian Ocean
to the western equatorial Indian Ocean. However, during the
onset phase of JSN (i.e., prior to July), equatorial Pacific
SSTAs associated with the developing phase of ENSO are rel-
atively weak; thus, it is unlikely that ENSO drives the onset of
JSN. The remote influence of ENSO during the onset, peak
and dissipation phases of JSN, and the associated regional
rainfall patterns, are further investigated next.

d. Regional rainfall patterns linked to JSN varieties

To describe the atmosphere–ocean processes associated
with different JSN varieties, the corresponding spatiotempo-
ral patterns of oceanic and atmospheric variables (i.e., precipi-
tation, surface winds, SST, and D20) are obtained by linearly
regressing their time series onto the first and second leading
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FIG. 3. Time–longitude plots of the tropical south Indian SSTAs (8C; averaged over 98–38S for 408–1058E and over 128–68S for
1058–1208E; shades) illustrating the four most frequently recurring JS Niña varieties, namely, (a) the preseason, (b) persistent, (e) double-
peak, and (f) on-season, and the four most frequently recurring JS Niño varieties, namely, (c) the preseason, (d) transition, (g) double-
peak, and (h) on-season during 1949–2019. Significant SSTA values at the 95% confidence level or above based on a Student’s t test (two
tailed) are indicated by gray dots in (a)–(h). (i),(j) Normalized PC1 vs PC2 values for the 21 JS Niña and 19 JS Niño events. The two-digit
numbers in blue indicate the JS Niña years, while those in red indicate the JS Niño years. The percentage values shown in (i) and (j) indi-
cate the interevent variances explained by the PCs. The dashed gray lines in (a)–(h) indicate 1 Jul and 30 Sep. The solid gray line in
(a)–(h) indicates 1058E that separates the Java coastal region from the Sumatra coastal region. The thick gray lines in (i) and (j) are the
boundaries (i.e., PC1 =623 PC2 and PC2 =623 PC1) that separate the four sets of varieties from the mixed varieties.
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PCs of the observed JS Niño/Nina events. For instance, we
first subsample 21 maps of precipitation anomalies averaged
in any season (e.g., AMJ) for the 21 years during which JS
Niña occurred. Then, they are regressed on to the 21 values of
PC2 for the JS Niña events. The regression coefficients are
then added to the composite mean of the 21 maps of precipi-
tation anomalies to obtain the anomalous rainfall patterns for
the double peak JS Niña variety. Similarly, the regression
coefficients are subtracted from the composite mean to obtain
the anomalous rainfall patterns for the on-season JS Niña
variety. The same method is used to obtain anomalous rainfall
patterns for the preseason and persistent JS Niña varieties
from PC1 and for the anomalous rainfall patterns for the JS
Niño varieties.

Figure 5 shows the rainfall and 850-hPa wind anomalies
associated with El Niño and the leading JS Niña varieties for
the onset (AMJ), peak (JAS), and dissipation (OND) phases
of JS Niña. During the onset phase of JS Niña, rainfall anoma-
lies associated with JS Niña varieties are generally small
because the corresponding SSTAs in the southeastern equato-
rial Indian Ocean are normally very weak. During the peak
phase of JS Niña, the rainfall anomalies associated with El

Niño show a predominantly zonal seesaw pattern with
decreased rainfall over the Maritime Continent extending to
India (e.g., Kumar et al. 2006) and increased rainfall in the
western tropical Pacific (Fig. 5b). The anomalous low-level
westerly winds along the western tropical Pacific clearly
indicate a weakened Pacific Walker cell. The rainfall and low-
level wind anomalies during the peak phase of the double-
peak JS Niña variety are largely consistent with those of El
Niño (Fig. 5e), suggesting that the remote influence of El
Niño via changes in the Pacific Walker cell largely dictates the
regional rainfall anomalies associated with the double-peak
JS Niña variety.

In contrast, the rainfall anomalies during the peak phase of
the persistent JS Niña variety show a meridional seesaw pat-
tern between the Maritime Continent and South–Southeast
Asia (Fig. 5h). The associated anomalous low-level winds sug-
gest a Gill-type cross-hemispheric atmospheric response to
diabatic cooling anomalies aloft in the southeastern equatorial
Indian Ocean (Gill 1980). The Gill-type atmospheric circula-
tion carries extra moisture from the southeastern equatorial
Indian Ocean region to South–Southeast Asia, enhancing
monsoonal rainfall in countries and regions surrounding the

FIG. 4. Time–longitude plots of SSTAs (8C) along the equatorial Pacific (averaged over 58S–58N) and tropical south Indian Oceans
(averaged over 98–38S along 408–1058E and over 128–68S along 1058–1208E) for (a),(b),(e),(f) the four most frequently recurring JS Niña
varieties and for (c),(d),(g),(h) the four most frequently recurring JS Niño varieties, and for (i),(j) ENSO, spanning from July (21) to June
(11). The time–longitude plots for ENSO are based on composite mean SSTAs derived from observed El Niño and La Niña events. The
horizontal dashed gray lines indicate 1 Jul (0) and 30 Sep (0), while the horizontal solid gray lines indicate 1 Jan (0) and 31 Dec (0). The
vertical solid gray line indicates 1208E that separates the Indian Ocean from the Pacific Ocean. SSTAs in the tropical Pacific Ocean have
been multiplied by 0.5 for better visual comparison with SSTAs in the tropical Indian Ocean. Significant SSTA values at the 95% confi-
dence level or above based on a Student’s t test (two tailed) are indicated by gray dots.
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Bay of Bengal and the South China Sea (e.g., India, Bangla-
desh, Myanmar, Thailand, Vietnam, and South China), and
thus can be interpreted as a strengthening of the South and
Southeast Asian summer monsoons. The on-season JS Niña

variety during its peak phase shows a similar meridional see-
saw pattern of rainfall anomalies and the Gill-type atmo-
spheric response, though the rainfall and low-level wind
anomalies are generally weaker than those of the persistent

FIG. 5. Precipitation (shaded; mm day21) and 850-hPa wind anomalies (vectors; m s21) associated with (a)–(c) El Niño and (d)–(f) the
double-peak, (g)–(i) persistent, and (j)–(l) on-season JS Niña varieties during the onset, peak, and dissipation phases of JS Niña. For El
Niño composite mean variables are shown, while for the JS Niña varieties regression variables are shown. See section 3d for more details.
Significant precipitation anomaly values at the 90% confidence level or above based on a Student’s t test (two tailed) are indicated by gray
dots. Wind vectors are shown only where wind speed anomalies are greater than 0.6 m s21.
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JS Niña variety (Fig. 5k). Additionally, the teleconnection to
southeastern Australia, which is known to occur in boreal
summer during some IOD events (Cai et al. 2011), is observed
only during the peak phase of the persistent JS Niña variety
(Fig. 5h).

During the dissipation phase (OND) of JS Niña, the rainfall
anomalies associated with El Niño and the double-peak, per-
sistent and on-season JS Niña varieties all show a zonal tripole
pattern with increased rainfall from eastern Africa to the
western tropical Indian Ocean, decreased rainfall over and
around the Maritime Continent, and increased rainfall over
the western tropical Pacific Ocean (Figs. 5c,f,i,l). The zonal
tripole pattern of rainfall anomalies that appears during the

dissipation phase of the persistent JS Niña variety is particu-
larly strong, with large rainfall anomalies over eastern Africa,
northern Australia, and the Maritime Continent, whereas the
rainfall response to the on-season JS Niña variety is generally
very weak in OND.

Figure 6 shows the rainfall and 850-hPa wind anomalies
associated with La Niña and the leading JS Niño varieties for
the onset, peak and dissipation phases of JS Niño. The rainfall
and low-level wind anomalies associated with La Niña are
almost mirror images of those associated with El Niño, indi-
cating a zonal seesaw pattern of rainfall anomalies and a
strengthened Pacific Walker cell during the peak phase of JS
Niño (Fig. 6b). During the onset phase of JS Niño, rainfall

FIG. 6. Precipitation (shaded; mm day21) and 850 hPa wind anomalies (vectors; m s21) associated with (a)–(c) La Niña and (d)–(f) the
double-peak and (g)–(i) on-season JS Niño varieties during the onset, peak, and dissipation phases of JS Niño. For La Niña composite
mean variables are shown, while for the JS Niño varieties regression variables are shown. Significant precipitation anomaly values at the
90% confidence level or above based on a Student’s t test (two tailed) are indicated by gray dots. Wind vectors are shown only where
wind speed anomalies are greater than 0.6 m s21.
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anomalies associated with the on-season JS Niño variety are
very small because the corresponding SSTAs in the southeast-
ern equatorial Indian Ocean are very weak. The rainfall
anomalies associated with the double-peak JS Niña variety
are larger and appear to be associated with El Niño, which
drives the preseason warming of the equatorial Indian Ocean,
rather than forced by the preseason warm SSTAs themselves.

During the peak phase of JS Niño, the rainfall and low-level
wind anomalies associated with the double-peak JS Niño vari-
ety are largely consistent with those of La Niña (Fig. 6e).
Interestingly, Gill-type atmospheric circulation anomalies still
appear during the peak phase in response to diabatic heating
anomalies over the southeastern equatorial Indian Ocean.
However, these anomalies are not robust enough to produce
a meridional seesaw pattern of rainfall anomalies between the
Maritime Continent and South–Southeast Asia. Similarly, the
anomalous low-level winds associated with the peak phase of
the on-season JS Niño variety show a Gill-type atmospheric
response to diabatic heating anomalies over the southeastern
equatorial Indian Ocean (Fig. 6e). The associated regional
rainfall anomalies are somewhat indicative of a meridional see-
saw pattern. However, the rainfall response to the on-season JS
Niño variety is generally weak.

During the dissipation phase (OND) of JS Niño, the rainfall
anomalies associated with La Niña and the double-peak and
on-season JS Niño varieties are characterized by a zonal tri-
pole pattern with decreased rainfall from eastern Africa to
the western tropical Indian Ocean, increased rainfall over the
Maritime Continent and over northern and eastern Australia,
and decreased rainfall over the western tropical Pacific Ocean
(Figs. 6c,f,i). However, the rainfall response to the on-season
JS Niño variety is very weak in OND.

e. Onset mechanisms of JSN varieties

As discussed earlier, the preseason and double-peak JS
Niño/Niña and persistent JS Niña varieties are connected to
ENSO, while the on-season JS Niño/Niña variety is largely
independent of ENSO. Here, we explore in more detail the
onset mechanisms of leading JSN varieties. First, we examine
the anomalous SSTs, thermocline depth and surface winds
associated with El Niño/La Niña and then compare them with
those of the leading JS Niña/Niño varieties during the onset,
peak and dissipation phases of JSN (Figs. 7 and 8).

SSTAs in the tropical Indian Ocean associated with El
Niño are generally weak (Figs. 7a–c). Although weak cold
SSTAs appear in a broad region of the southeastern tropical
Indian Ocean during the peak phase (JAS) of JS Niña, the
surface wind anomalies are too weak to trigger or sustain JS
Niña. A positive IOD-like pattern of weak SSTAs develops
during the dissipation phase (OND) of JS Niña, with corre-
sponding surface wind anomalies (i.e., southeasterly) that are
favorable for coastal upwelling along the Java–Sumatra coast
and downwelling in the central tropical south Indian Ocean.
However, since the southeasterly monsoonal wind weakens
and can reverse its direction as the Australian summer mon-
soon develops (e.g., Hendon et al. 2012), the seasonal mean
atmosphere–ocean conditions along the Java–Sumatra coast

become unfavorable for local Bjerknes feedback in OND
(supplementary Fig. 6). For the double-peak JS Niña variety,
cold SSTAs appear in the southeastern tropical Indian Ocean
during its onset phase (AMJ), with almost no surface wind
anomalies in the region (Fig. 7d). This suggests that the cold
SSTAs are the residual of basinwide cold SSTAs forced
remotely during the dissipating phase of La Niña (Fig. 4e).
Although still weak, the anomalous SSTs, thermocline depth
and surface winds during the peak and dissipation phases of
JS Niña are generally larger than those of El Niño (Figs. 7e,f),
suggesting an involvement of local Bjerknes feedback in the
double-peak JS Niña variety, possibly enhanced by the resid-
ual of cold SSTAs formed during the preseason.

Unlike El Niño or the double-peak JS Niña variety, a
robust pattern of upwelling favorable surface wind anomalies
appears along the central and southeastern equatorial Indian
Ocean during the onset phase of the persistent JS Niña vari-
ety (Fig. 7g). Although weak, cold SSTAs appear along the
south coast of Java, and the thermocline becomes shallower
from the south coast of Java to the northeast equatorial
region off Sumatra. During the peak phase, the anomalous
surface winds strengthen greatly, and the cold SSTAs inten-
sify and expand to the southwest coast of Sumatra (Fig. 7h).
Additionally, the thermocline becomes shallower along the
Java–Sumatra coast and in the eastern equatorial region, and
the anomaly expands to the west. In contrast, warm SSTAs
and a deeper thermocline develop in the central tropical south
Indian Ocean. These patterns of amplifying surface wind,
SST, and thermocline depth anomalies from the onset to
peak phase strongly suggest an active role of local Bjerknes
feedback.

During the dissipation phase of the persistent JS Niña vari-
ety, the cold SSTAs off the Java–Sumatra coast persist but
weaken, while the anomalous patterns of surface winds and
thermocline depth further intensify and propagate westward
(Fig. 7i). These surface wind and thermocline depth anoma-
lies are accompanied by a pronounced basinwide seesaw pat-
tern of SSTAs between the southeast and southwestern
tropical Indian Ocean, thus producing a strong positive IOD.
Although the surface wind anomalies are still strong and
upwelling favorable, the cold SSTs along the Java–Sumatra
coast start to weaken in OND as the southeasterly monsoonal
wind weakens and the seasonal mean thermocline along the
Java–Sumatra coast becomes too deep to influence the coastal
SSTs. This also explains how the weakening and directional
shifts in monsoonal winds in boreal winter prevent JSN from
continuing beyond OND (supplementary Fig. 6).

The spatial patterns and amplitudes of anomalous SSTs,
thermocline depth and surface winds associated with the on-
season JS Niña variety are very similar to those of the persis-
tent JS Niña variety during the onset and peak phases (Figs.
7j,k). However, unlike the persistent JS Niña variety, the
anomalous SSTs and surface winds diminish rapidly in OND
(Fig. 7l). It is not entirely clear why some JS Niña events are
persistent (i.e., the persistent JS Niña variety) and others dis-
sipate more quickly (i.e., the on-season JS Niña variety). One
possibility is that some JS Niña events are enhanced and pro-
longed by remote forcing from the Pacific. Another possibility
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FIG. 7. SST (shaded; 8C), D20 (contours; m), and 10 m wind (vectors; m s21) anomalies associated with (a)–(c) El Niño and (d)–(f) the
double-peak, (g)–(i) persistent, and (j)–(l) on-season JS Niña varieties during the onset, peak, and dissipation phases of JS Niña. Positive
and negative D20 values are indicated by green and cyan contour lines, respectively. For El Niño, composite mean variables are shown;
for the JS Niña varieties, regression variables are shown. Significant SSTA values at the 95% confidence level or above based on a Stu-
dent’s t test (two tailed) are indicated by gray dots. Wind vectors are shown only when wind speed anomalies are greater than 0.6 m s21.
The contour interval for D20 anomalies is 5 m.
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is that an exceptionally strong JS Niña event may greatly
weaken the Indo-Pacific Walker cells, producing warm SSTAs
in the neighboring regions of the tropical Indian and Pacific
Oceans. The warm SSTAs in the tropical Indian and Pacific
Oceans may in turn further weaken the Indo-Pacific Walker
cells to prolong the JS Niña event in OND. Consistent with
this hypothesis, the persistent JS Niña variety is linked to
warm SSTAs in the southwestern tropical Indian Ocean and
weak El Niño conditions (Fig. 4b), but there are almost no
such warm SSTAs for the on-season JS Niña variety (Fig. 4f).
This hypothesis is also in line with the idea that a strong IOD
event may induce a weak (or pseudo) ENSO event (Izumo

et al. 2010; Lim and Hendon 2017; Luo et al. 2010; Wu and
Kirtman 2004).

Anomalous SSTs, surface winds and thermocline depth
associated with La Niña are more or less mirror images of
those associated with El Niño (Figs. 8a–c). In other words, the
anomalies are too weak to trigger or sustain JS Niño during
the onset (AMJ) and peak (JAS) phases of JS Niño. During
the dissipation phase (OND) of JS Niño, a negative IOD-like
pattern of weak SSTAs develops with corresponding surface
wind anomalies (i.e., northwesterly) that are favorable for
coastal downwelling along the Java–Sumatra coast. However,
as discussed earlier, due to the weakening of the southeasterly

FIG. 8. SST (shaded; 8C), D20 (contours; m), and 10 m wind (vectors; m s21) anomalies associated with (a)–(c) La Niña and (d)–(f) the
double-peak and (g)–(i) on-season JS Niño varieties during the onset, peak, and dissipation phases of JS Niño. Positive and negative D20
values are indicated by green and cyan contour lines, respectively. For La Niña composite mean variables are shown, while for the JS
Niño varieties regression variables are shown. Significant SSTA values at the 95% confidence level or above based on a Student’s t test
(two tailed) are indicated by gray dots. Wind vectors are shown only where wind speed anomalies are greater than 0.6 m s21. The contour
interval for D20 anomalies is 5 m.
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monsoonal wind and the associated deepening of the coastal
thermocline after JAS (supplementary Fig. 6), the anomalous
northwesterly winds along the Java–Sumatra coast in OND
do not produce a pronounced JS Niño event.

Unlike La Niña, a robust pattern of downwelling favorable
surface wind anomalies emerges along the equatorial and south-
eastern equatorial Indian Ocean during the onset phase of the
double-peak JS Niño variety (Fig. 8d). As a result, the thermo-
cline is deeper from the south coast of Java to the northeast
equatorial region off Sumatra and shallower immediately south-
west of the Java–Sumatra coast. Also during this early period
(AMJ), warm SSTAs already prevail widely across the tropical
Indian Ocean including in the southeastern equatorial region.
The early season warm SSTAs are the residual of preseason
warming, forced remotely during the dissipation phase of El
Niño in boreal winter and spring (Fig. 4g). These surface wind
and thermocline depth anomalies and the warm SSTAs along
the Java–Sumatra coast intensify during the peak phase (Fig. 8e).
This suggests that local Bjerknes feedback still plays an active
role in the double-peak JS Niño variety, given that the remote
influence of La Niña is generally weak during the onset and peak
phases of JS Niño (Figs. 8a,b). Consistently, some double-peak
JS Niño events occurred under a near-neutral ENSO condition
in JAS. For instance, the 2016 JS Niño event, which is the stron-
gest warm event during 1949–2019, occurred under a very weak
and short-lived La Niña event and brought extremely high rain-
fall over Indonesia and Australia in June–September (Lim and
Hendon 2017) (supplementary Figs. 2 and 5). During the dissipa-
tion phase of the double-peak JS Niño variety, warm SSTAs off
the Java–Sumatra coast quickly diminish, while the anomalous
patterns of surface winds and thermocline depth further intensify
and propagate (or expand) westward (Fig. 8f). Additionally, cold
SSTAs develop in the central tropical south Indian Ocean south
of 108S. It is likely that these atmosphere–ocean anomalies in
OND are, to a certain extent, enhanced by La Niña through a
strengthened Walker cell in the tropical Indian Ocean and the
associated anomalous wind stress curl and Ekman pumping.

Similar to the double-peak JS Niño variety, during the
onset phase of the on-season JS Niño variety, downwelling
favorable surface wind anomalies appear along the equatorial
and southeastern equatorial Indian Ocean (Fig. 8g). Although
weak, warm SSTAs also appear along the south coast of Java.
During the peak phase of the on-season JS Niño variety, the
anomalous surface winds intensify; thus, the thermocline is
deeper along the Java–Sumatra coast and shallower in the
central tropical south Indian Ocean (Fig. 8h). The anomalous
SSTs and surface winds quickly diminish during the dissipa-
tion phase since the seasonal mean atmosphere–ocean condi-
tions along the Java–Sumatra coast become unfavorable for
local Bjerknes feedback in OND (supplementary Fig. 6).

4. Discussion

a. What triggers local Bjerknes feedback?

It is widely accepted that ENSO is an important forcing
mechanism for the IOD (e.g., Shinoda et al. 2004; Behera et al.
2006; Hong et al. 2008b; Yang et al. 2015; Zhang et al. 2015;

Stuecker et al. 2017), which tends to peak in October (Saji
et al. 1999). However, as shown and discussed in this study,
during the onset phase of JSN (AMJ), the remote influence of
ENSO is generally not robust enough to directly force the
development of JSN. Thus, for most of the leading JSN varie-
ties (i.e., the on-season JS Niña/Niño, double-peak JS Niño,
and persistent JS Niña varieties), local Bjerknes feedback (Li
et al. 2003) is a key ingredient for their emergence. However,
it should be noted that JSN does not display any dominant
frequency of oscillation (supplementary Fig. 7). This strongly
suggests that JSN is not a self-sustained oscillation but a
weakly damped oscillation, which by definition requires a
finite amplitude perturbation to trigger and sustain the local
Bjerknes feedback (Li et al. 2003).

Previous studies suggested that westward propagating oce-
anic Rossby waves across the equatorial south Indian Ocean
could directly affect atmospheric convection in the western
equatorial region to produce the IOD (e.g., Luo et al. 2008; Du
et al. 2020). The oceanic Rossby waves may also reflect from
the western boundary to produce eastward propagating equato-
rial Kelvin waves. These oceanic waves may further disturb the
Wyrtki jets, the eastward flowing ocean currents along the
equatorial Indian Ocean appearing in boreal spring and fall,
and thus potentially trigger the IOD (e.g., Vinayachandran et al.
1999, 2007; Murtugudde et al. 2000; Han et al. 2004; Nagura and
McPhaden 2010; Chakravorty et al. 2014; Zhang et al. 2014;
McPhaden et al. 2015; Duan et al. 2016; Lim and Hendon 2017;
Pujiana and McPhaden 2020). In line with these hypotheses,
during the onset phase of the double-peak JS Niño variety, the
thermocline across the Seychelles Dome in the southwestern
tropical Indian Ocean is deeper (Fig. 8d). The deepened ther-
mocline is remotely forced from the Pacific during the presea-
son (Xie et al. 2002; Rao and Behera 2005; Yu et al. 2005;
Tozuka et al. 2010) (Fig. 4g). It is possible that the anomaly
later propagates to the west and reflects from the western
boundary to produce eastward propagating equatorial Kelvin
waves, initiating local Bjerknes feedback that kick-starts the
second peak. It is also possible that the residual of warm SSTAs
in the southeastern tropical Indian Ocean formed during the
preseason may persist and enhance the local Bjerknes feedback
(Fig. 8d). However, in some cases the preseason anomalies
completely dissipate before boreal summer (i.e., the preseason
JS Niño/Niña variety). In addition, there are little-to-no presea-
son anomalies for the on-season JS Niña/Niña variety or the
persistent JS Niña variety. Therefore, further study is needed to
understand the extent to which the preseason anomalies of ther-
mocline depth and SSTs can actually trigger the local Bjerknes
feedback.

Other proposed onset mechanisms of the IOD involve sub-
seasonal atmospheric processes, such as the Madden–Julian
oscillation and boreal summer intraseasonal oscillation (e.g.,
Rao and Yamagata 2004; Rao et al. 2009; Weller et al. 2014;
Zhang et al. 2021), a delayed response to the Pacific ENSO
through the Indonesian Throughflow (e.g., Susanto et al.
2001; Yuan et al. 2011), recharge oscillator (McPhaden and
Nagura 2014) and interhemispheric sea level pressure gradi-
ent (Lu and Ren 2020). Yet, some other studies point to
atmosphere–ocean anomalies originating from the subtropical
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south Indian Ocean as a potential driver of the IOD (e.g.,
Fischer et al. 2005; Y.-L. Zhang et al. 2020; Huang et al.
2021). In agreement with this hypothesis, prior to the onset
phase of the persistent and on-season JS Niña varieties, an
anticyclonic sea level pressure anomaly appears over the
subtropical south Indian Ocean in March (supplementary
Figs. 8a,d). This sea level pressure anomaly slowly shifts (or
expands) toward the equator, producing anomalous south-
easterly winds off the Java–Sumatra coast as early as April
(supplementary Figs. 8b,e). This may in turn serve as a trigger
for local Bjerknes feedback. Similarly, prior to the onset
phase of the double-peak and on-season JS Niño varieties, a
cyclonic sea level pressure anomaly forms over the subtropi-
cal south Indian Ocean and then slowly migrates toward the
equator (supplementary Figs. 8g–l). Further study is needed
to understand how these subtropical sea level pressure anom-
alies form and migrate equatorward.

b. Relationship between JSN, IOB mode, and IOD

The appearance of preseason warm/cold SSTAs along
the Java–Sumatra coast, associated with the preseason and
double-peak JSN varieties, is clearly tied to the IOB mode
that is largely modulated by ENSO during its dissipation
phase in boreal winter and spring. However, the relationship
between JSN and the IOD in boreal summer and fall differs
considerably, depending on how we define the IOD. For
instance, we may identify an IOD event whenever significant
SSTAs appear in the southeastern equatorial Indian Ocean,
the western equatorial Indian Ocean, or both the southeast-
ern and western equatorial Indian Oceans as long as the dif-
ference between them (i.e., DMI) is significantly different
from zero. Under such a broad definition of the IOD, JSN is
simply a subset of the IOD, by definition.

However, many of the IOD events identified in this way are
not “dipoles.” Therefore, an alternative way, which is used
implicitly throughout this study, is to identify an IOD event
only when an actual “dipole” occurs (i.e., significant SSTAs in
both the southeastern and western equatorial Indian Oceans
with opposite signs). Under this narrower definition of the
IOD, some JSN events can be characterized as “dipole” and
others as either “monopole” or “tripole.” Specifically, the cor-
relation coefficient of SSTAs between the western and south-
eastern equatorial Indian Oceans is only 20.10 during the
peak season of JSN (JAS), indicating that JSN events are
rarely characterized as “dipole” during their peak season.
Additionally, although some JSN events may be characterized
as “dipole” in boreal summer, a large portion of JSN events
quickly dissipates after their peaks in JAS. Therefore, only
some strong JS Niña events (i.e., the persistent JS Niña vari-
ety) persist throughout SON, the peak season of the IOD.

The weak correlation of SSTAs between the western and
southeastern equational Indian Oceans becomes more evi-
dent if the ENSO signal is removed using a partial correlation
analysis (supplementary Table 5). Note that this result is in
agreement with the findings from Zhao and Nigam (2015),
but in disagreement with Yamagata et al. (2003). The correla-
tion of SSTAs between the western and southeastern equatorial

Indian Ocean is mostly positive, except in boreal summer
and fall, with a maximum negative correlation coefficient of
20.29 in SON. If the ENSO signal is removed, it becomes
only 20.16, which is insignificant at the 95% confidence
level. In contrast, the partial correlation of SSTAs between
the western equatorial Indian Ocean and Niño-3.4 region
(removing the influence of the southeastern equatorial
Indian Ocean) is positive and significant at the 95% confi-
dence level in all seasons, with a maximum correlation coef-
ficient of 0.6 in OND. This suggests that SSTAs in the
western equatorial Indian Ocean are, to a large extent,
driven by the ENSO signal in all seasons and especially in
OND. It is also interesting to note that the partial correla-
tion of SSTAs between the southeastern equatorial Indian
Ocean and Niño-3.4 region is relatively small in boreal sum-
mer and fall, with a maximum negative correlation coeffi-
cient of only 20.24 in ASO, which is barely significant at
the 95% confidence level. This suggests that SSTAs in
the southeastern equatorial Indian Ocean (i.e., JSN) are
largely independent of the ENSO signal in boreal summer
and fall.

In summary, the partial correlation analysis shows that
SSTAs in the western and southeastern equatorial Indian
Oceans are uncorrelated in boreal summer and fall, especially
if the ENSO signal is removed. It also suggests that SSTAs in
the western equatorial Indian Ocean are largely driven by the
ENSO signal, particularly in OND, whereas SSTAs in the
southeastern equatorial Indian Ocean are largely independent
of the ENSO signal. These results from the partial correlation
analysis suggest that the IOD is not triggered by a single
mechanism, but rather a combined effect of two largely inde-
pendent processes: local Bjerknes feedback in the southeast-
ern equatorial Indian Ocean (i.e., JSN) and ENSO-induced
SSTAs in the western equatorial Indian Ocean. The former
tends to peak in JAS, and the latter in OND.

5. Summary and conclusions

To better understand atmosphere–ocean variability in the
tropical Indian Ocean, here we explore JSN and its spatiotem-
poral diversity, associated regional rainfall variability, and
onset mechanisms. JSN is largely associated with anomalous
upwelling/downwelling along the Java–Sumatra coast and
thus is closely phase-locked to the seasonal cycle, prevailing
in JAS when the monsoonal winds are upwelling favorable
along the Java–Sumatra coast. At times, JSN appears as a pre-
cursor to the IOD, which becomes mature in October (Saji
et al. 1999), but JSN often occurs without corresponding
SSTAs in the western equatorial Indian Ocean. JSN is essen-
tially an intrinsic mode of variability driven by local Bjerknes
feedback and thus does not rely on remote forcing from the
Pacific for its emergence. However, the timing, zonal pattern,
and amplitude of onset, peak, and dissipation are quite differ-
ent from event to event.

Some JSN events first appear in the preseason (JFM)
largely in response to the ENSO-induced IOB mode and
then, after a short pause, reorganize in JAS (the double-peak
JS Niño/Niña variety). Although these JSN events do not rely

J OURNAL OF CL IMATE VOLUME 354304

Brought to you by NOAA AOML Library | Unauthenticated | Downloaded 06/07/22 07:26 PM UTC



on ENSO for their second peak in JAS, they are often linked
to a specific flavor of La Niña/El Niño that transitions to the
opposite phase and then intensifies during boreal summer and
fall. Therefore, the associated regional rainfall pattern is

greatly modulated by ENSO through changes in the Pacific
Walker cell (Fig. 9a). In contrast, some JS Niña events appear
predominantly in JAS (the on-season and persistent JS Niña
varieties) and produce a meridional seesaw pattern of rainfall
anomalies that projects onto the South and Southeast Asian
summer monsoons. This pattern of rainfall anomalies is
driven by a Gill-type cross-hemispheric atmospheric circula-
tion in response to the cold SSTAs along the Java–Sumatra
coast (Fig. 9b). Some of those JS Niña events are much stron-
ger than others and display a strong positive IOD signature
(the persistent JS Niña variety). These persistent JS Niña
events (e.g., the 2019 JS Niña) potentially enhance}and are
enhanced by}warm SSTAs in the neighboring regions of the
tropical Indian and Pacific Oceans. They thus tend to persist
longer throughout SON and produce particularly strong rain-
fall anomalies over the surrounding continents.

As summarized in Table 1, the main results presented in
this study indicate that JSN develops earlier than the IOD as
either a monopole, dipole or even tripole. JSN does not rely
on ENSO for its emergence, and it is also an important driver
of climate variability over the tropical Indian Ocean and the
surrounding continents. Given these new findings, further
analysis and modeling studies of JSN are warranted to better
understand and monitor the atmosphere–ocean processes
involved in the onset, peak and dissipation of JSN. These
advances will likely lead to an earlier warning of extreme rain-
fall and flooding events in the most heavily populated areas of
the world.
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Terms JSN IOD

Mature season (month) July–September September–November (October)
Zonal pattern of SSTAs Monopole, dipole, or tripole Always dipole
Driving mechanism Local Bjerknes feedback ENSO-induced remote forcing and local

Bjerknes feedback
Rainfall pattern JAS: a meridional seesaw pattern of rainfall

anomalies that projects on the
South–Southeast Asian summer
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SON: a zonal tripole pattern of rainfall
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Maritime Continent, and the western
tropical Pacific

Rainfall mechanism Cross-hemispheric Gill-type circulation Indo-Pacific Walker cells
Index JSN index: SSTAs averaged in the Java and

Sumatra coastal regions (98 and 38S,
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DMI: gradient of SSTAs from the
southeastern (908–1108E and 108S–08) to
the western equatorial Indian Ocean
(508–708E and 108S–108N)
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