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The Indian Ocean Dipole (IOD) is one of the dominant interannual variabilities
in the Indian Ocean (I0), and an extreme IOD, in particular, has dramatic effects
on the weather, agriculture, and ecosystem around it. Therefore, the formation
of an extreme IOD has been a worldwide research focus. Among 13 positive IOD
(PIOD) events, two type-east and two type-comparable PIODs developed into
extreme events during the 1960-2020 period. This investigation focuses on the
cause of the formation of the type-east extreme PIOD, as previous studies have
discussed the origin of the type-comparable extreme PIOD. Composite analysis
showed that, as an entity, the strong East Asian and Australian monsoon (EAAM)
may result in an evident easterly wind anomaly around the Indonesian region of
the Marine Continent during May to August of the years when type-east PIODs
occurred. The easterly wind anomaly associated with the EAAM was stronger in
the extreme |IOD group, whereas it was relatively weak in the regular group. The
difference in the easterly wind anomaly between the extreme and regular groups
could result in a vertical motion anomaly by enhancing the anomalous westward
current. The stronger vertical motion created an upwelling in the deep-layer cold
water, resulting in a more distinct difference in the vertical temperature gradient.
All these conditions promoted the transformation of the type-east PIODs that
occurred in 1961 and 1994 into extreme events and are indicative of the
importance of vertical advection terms in the formation of type-east extreme
PIODs. This study reveals the cause of the formation of type-east extreme PIODs,
which will be helpful in understanding IOD diversity.
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1 Introduction

The tropical Indian Ocean (TIO) has its own unique climate system
because the equatorial Indian Ocean (IO) lacks a stable easterly wind
and the thermocline is relatively flat along the equator (Schott et al,
2009; Cai et al., 2013). Therein, a remarkable sea surface temperature
(SST) dipole mode, known as the Indian Ocean Dipole (IOD), occurs
interannually in the TIO and has attracted much attention due to its
prominent climate impacts along the TIO rim and on other remote
regions (Saji et al., 1999; Webster et al., 1999; Ashok et al., 2003; Saji and
Yamagata, 2003; Qiu et al., 2014; Li et al., 2016).

The IOD has positive and negative phases. Positive IOD (PIOD)
events are defined as above-normal SST anomalies (SSTAs) in the
western TIO and below-normal SSTAs in the eastern TIO. Negative
IOD (NIOD) events are the opposite of PIOD events (Saji et al,
1999). Moreover, the amplitude of the PIOD is generally larger than
that of the NIOD (Hong et al., 2008a; Hong et al., 2008b), which
might be the reason for the PIOD having led to more
serious disasters.

IOD events can be classified into many types according to their
triggering mechanism, evolution, or SSTA pattern. For example, the
classification of IODs either coincides with or is independent of the
El Nifno-Southern oscillation (ENSO) (Allan et al., 2001; Ashok
et al., 2003; Fischer et al., 2005; Drbohlav et al., 2007; Hong et al.,
2008b; Guo et al,, 2015; Yang et al., 2015), but IODs could also be
classified into spring- and autumn-type events based on their
mature phase (Sun et al, 2014). In all classification criteria, the
classification of IOD according to the SSTA pattern is of particular
interest because an IOD with a different SSTA pattern has different
effects on the climate over the IO and surrounding countries and
even on remote regions (Birkett et al., 1999; Latif et al, 1999;
Webster et al., 1999; Saji and Yamagata, 2003; Han et al., 2006; Cai
et al., 2013; Nur'utami and Hidayat, 2016; Lestari et al., 2018).

Previous studies have defined type-west IODs as those in which
the SSTA amplitude in the western TIO exceeds twice that in the
southeastern TIO, type-east IODs are those in which the SSTA
amplitude in the southeastern TIO exceeds twice that in the western
TIO, and type-comparable IODs have comparable SSTA
amplitudes at both poles (Sun et al., 2014; Cai et al,, 2020; Jiang
et al, 2022). Following the definition of the IOD and the
classification criteria, we identified 13 PIOD and nine NIOD
events during the past ~61 years from 1960 to 2020. Of the 13
PIODs, those in 1972, 1987, 2012, and 2015 were classified as type-
west PIODs; the events in 1961,1967, 1994, and 2006 were classified
as type-east PIODs; and those in 1963, 1982, 1997, 2002, and 2019
were classified as type-comparable PIODs.

Compared with regular IOD events, extreme IOD events have
always led to much more severe natural disasters (Xiao et al., 2020),
such as floods, droughts, and wildfires, over the IO and its
surrounding regions. For example, in 2019, an extreme PIOD
caused a catastrophic drought in northern Australia. Such
climatic conditions tend to trigger forest fires and are also
unfavorable for the development of rain, which helps control
fires. The Australian forest fires lasted from September to
December and resulted in the severe loss of wildlife resources.
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During the past 61 years, from 1960 to 2020, four extreme PIOD
events occurred in 1961, 1994, 1997, and 2019. Of these, the events
in 1961 and 1994 were classified as type-east PIODs, while those in
1997 and 2019 were considered to be type-comparable PIODs. In
comparison to that of regular type-comparable PIODs, the
formation of extreme type-comparable PIODs is attributed to
stronger Bjerknes feedback and/or wind-evaporation-SST (WES)
feedback, which are positive feedbacks that promote the
development of PIODs. There are still marginal differences in the
development process of the extreme type-comparable PIODs
between 1997 and 2019, although the type-comparable PIODs
showed similar formation mechanisms.

The formation of the extreme PIOD in 1997 was mainly
attributed to a very powerful Bjerknes feedback, which was
thought to be associated with the super El Nifio that occurred in
the same year (Saji et al., 1999; Webster et al., 1999). The other
extreme PIOD with type-comparable characteristics occurred in
2019, mainly due to two positive feedback processes: one was the
Bjerknes feedback, which was caused by the residual consequence of
the weak 2018 Pacific warm conditions (Du et al.,, 2020), and the
other process was a WES feedback, which was triggered by the
strengthening Australian high and the weakening sea level pressure
over the South China Sea/Philippine Sea (Lu and Ren, 2020).

Although previous studies have investigated the formation
mechanism of extreme PIODs with type-comparable
characteristics, the mechanism of extreme PIODs with type-east
characteristics remains poorly understood. Research on this issue
will enhance our understanding of the formation of extreme IODs
and will help improve forecasts of possible disastrous events
associated with the IOD. Therefore, the present study aimed to
investigate the causes and conditions of the formation of type-east
extreme PIODs. In Section 2, the data and method used in this study
are described. Section 3 presents the analysis and results. Finally, the
summary and discussion are given in Section 4.

2 Data and methods

For this study, we used the following data: 1) monthly SST data
from the Extended Reconstructed SST product of the National
Oceanic and Atmospheric Administration (NOAA), which has a
2° x 2° horizontal resolution; 2) monthly wind field data with
2.5° x 2.5° horizontal resolution, which were obtained from the
National Centers for Environmental Prediction (NCEP) and the
National Center for Atmospheric Research (NCAR) reanalysis
dataset (Kalnay, 1996) ; 3) multilevel oceanic 3D temperature and
velocity data from the Simple Ocean Data Assimilation (SODA
version 2.2.4) reanalysis dataset; and 4) surface heat flux data
(Kumar and Hu, 2012) from the ensemble mean of the NCEP-
NCAR reanalysis data.

The dipole mode index (DMI), which measures the strength of
the IOD, was defined as the difference between the area-averaged
SSTAs at the west pole (10° S-10° N, 50°-70° E) and the east pole
(10° S-0°,90°-110° E) (Saji et al., 1999). A DMI value exceeding one
standard deviation above normal during the September to
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November period was regarded as a classic IOD event. As shown in
the time series of the DMI (Figure 1), there were 13 PIOD events,
with four type-east PIOD events (1961, 1967, 1994, and 2006), five
type-comparable PIOD events (1963, 1982, 1997, 2002, and 2019),
and four type-west PIOD events (1972, 1987, 2012, and 2015).
Notably, four PIOD events (i.e., 1961, 1994, 1997, and 2019) whose
amplitudes exceeded twice the standard deviation of the DMI were
classified into the extreme PIOD group. The PIODs in 1961 and
1994 showed type-east features, such as the dipole pattern being
mainly due to the SSTA at the east pole.

To investigate the specific dynamic and thermodynamic air-sea
processes causing the difference between the extreme and regular
groups of type-east PIODs, a mixed-layer budget was used to
analyze the temperature tendency. The mixed-layer temperature
tendency equation (Li et al., 2002; Wang et al., 2012) is given below:

oT _ T 0T T o7 T or
ot ox dx dx 9y ay oy
aT T 3T Q)
} / net
— RN [ R = R
@ 0z waz dz +pcPH+

where u, v, and @ represent the three dimensions of the oceanic
current; T is the mixed-layer temperature; ( ) denotes the anomaly
of variables; () represents the climatological mean variables; Qp. is
the summation of the downward shortwave radiation absorbed in
the mixed layer (Qs,), net downward surface longwave radiation,
and surface latent and sensible heat fluxes; R is the residual term; p
is the seawater density; cp is the specific heat of seawater; and H is
the mixed-layer depth. Here, H was defined as the depth at which
the ocean temperature was 0.8°C lower than the surface
temperature (Wang et al., 2012; Chen et al,, 2016). All the budget
terms in Eq. 1 were integrated from the surface to the mixed-layer
depth. Considering the shortwave penetration below the mixed
layer, the Q, absorbed in the mixed layer is given as follows (Wang
2012):

Quy = Quuif — 0.47Qq e

where Qg is the net downward surface shortwave radiation.
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3 Results

To investigate the cause of the type-east extreme PIOD
formation, we first identified the extreme and regular PIOD
events by analyzing the DMI. The normalized DMI results
showed 13 classic PIOD events that occurred in 1961, 1963, 1967,
1972, 1982, 1987, 1994, 1997, 2002, 2006, 2012, 2015, and 2019
(Figure 1). Of these 13 PIODs, four events that occurred in 1961,
1994, 1997, and 2019 were apparently stronger than the remaining
events and were classified as the extreme group. The DMI, which
was determined using the SSTAs at the west and east poles, was the
main judgment basis for the IOD. According to the dominance of
the SSTAs at the different poles of the I0D, the PIOD could be
classified into three types: type-east, type-comparable, and type-
west. For this reason, there were some differences in the formation
mechanism of the different types of PIODs.

Of the four extreme PIODs, the extreme events in 1961 and
1994 were type-east PIODs, while the remaining extreme events in
1997 and 2019 were classified as type-comparable PIODs. In
addition, it appeared that no type-west PIOD cases developed
into extreme events during the past 60 years. Previous studies
have discussed the reasons for the 1997 and 2019 type-
comparable PIODs having been able to develop into extreme
events. Considering the lack of understanding on the causes of
the formation of extreme events in type-east PIODs, we conducted
the following detailed research.

The composite analysis showed the evolutions of the SSTAs for
the extreme and regular groups at the east and west poles (Figure 2).
The SSTA at the east pole was lower in the extreme group than that
in the regular group from May to September (Figure 2A), and the
difference was above the 90% significance level; however, the
composites of the west pole SSTAs showed little difference
between the extreme and regular groups (Figure 2B). In addition,
the SSTAs were not obviously different between the extreme and
regular groups in the years (-) and (+) because the significance level
was less than 90% (Figure 2). These results illustrate that the SSTA
at the east pole primarily determined whether or not the type-east
PIOD could develop into extreme or regular events. Furthermore,
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FIGURE 1

Time series of the normalized dipole mode index (DMI) derived from the National Oceanic and Atmospheric Administration (NOAA) Extended
Reconstructed SST V5 for the 1960-2020 period. The black and dotted lines indicate one and two times the standard deviation, respectively.
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FIGURE 2
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Temporal evolution of the composite sea surface temperature anomalies (SSTAs; in degree Celsius) at the east pole (A) and west pole (B). The red
and green lines indicate the results derived from the extreme and regular Indian Ocean Dipole (IOD) groups, respectively. Here, minus and plus signs
denote 1 year before and 1 year after the positive IOD (PIOD) year, respectively.

the type-east PIOD generally occurred in the summer, matured in
the autumn, and ended in the winter. Its lifetime was concentrated
within 1 year, and the SSTA signal associated with the IOD
appeared to have little continuity in the year just before and the
year right after the PIOD event in the IO (Figure 2).

The composites of the east pole SSTAs in the extreme and
regular groups were very similar in April of the type-east PIOD
year; subsequently, the SSTA in the extreme group deceased at a
faster rate than that in the regular group, and the SSTA difference
between the two groups reached its peak in September (Figure 2).
Therefore, we regarded the May to August period as the tendency
analysis key period, as the obvious SSTA difference between the

extreme and regular groups occurred from April to May and the
amplitude of the difference reached its maximum in September,
which also indicated that the tendency is around zero at this time.
The evolutions of the SSTA tendency in the two groups showed that
the gradually enlarging SSTA difference could be attributed to the
cumulative effect of the SSTA tendency during the May to August
period (Figure 3). Thus, a key issue that should be addressed is the
cause of the SSTA tendency difference during this period.

Here, Eq. 1 was utilized to evaluate the difference in the
tendency of the mixed-layer temperature anomaly (MLTA)
between the extreme and regular groups during the May to
August period. Figure 4 shows the implementation of the heat
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Temporal evolution of the composite east-pole sea surface temperature anomaly (SSTA) tendency (in degree Celsius per month) for the extreme
Indian Ocean Dipole (IOD) group (red) and the regular IOD group (green).
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Composite mixed-layer heat budget terms (in degree Celsius per second) for the difference between the extreme and regular groups during the May
to August period in the positive Indian Ocean Dipole (PIOD) year. Terms 1-10 denote —u’dT/dx, —udT'/dox, -u'dT /ox, —v'aT/dy, —vaT'/ay,
—VoT /oy, —®'dT/dz, —®dT'/dz, —waT /oz, and O'net/pOCpH, respectively. Term 11 is the sum of the first 10 terms, while term 12 is the mixed-

layer temperature tendency, oT /ot

budget on the differences in the MLTAs between the two groups.
Among the diagnostic terms, the estimated MLTA difference
tendency (term 11), which is the sum of the components of the
tendency equation (terms 1-10), approximated the actual MLTA
difference tendency (term 12). This finding implies that the mixed-
layer heat budget was approximately balanced. Note that the most
important component that mainly contributed to the tendency of
MLTA difference between the two groups was vertical advection
(Figure 4), denoting the well-known thermocline feedback.
Vertical advection includes the vertical gradient of the mean
temperature by the upwelling difference (extreme group minus
regular group) (term 7), the mean upwelling by the vertical
gradient of the temperature difference (term 8), and the upwelling
difference by the vertical gradient of the temperature difference
(term 9). During the onset phase (May to June), the heat budget
results showed that terms 7, 8, and 9 all promoted the MLTA
difference between the two groups. Therein, terms 7 and 8 were
approximately —6.26 x 107°°C s™' and -3.01 x 107'"°C 57!,
respectively. The absolute value of term 7 was much greater than
that of term 8, making the largest contribution to the tendency. The
vertical motion difference played the most important role in causing

Frontiers in Marine Science

the mixed-layer temperature difference between the two groups in
this period.

However, term 1 (—u’9T/dx) provided the largest positive
contribution (=1.22 x 107%°C s7!) to the SSTA tendency
(~3.85 x 107%C s7') between the two groups in May. Therefore,
the differences in the vertical motion and vertical temperature
gradient could be attributed to the anomalous westward current
between the two groups (Figures 5A, B). The westward current
difference occurred in May and gradually strengthened the vertical
motion in the following months, which could more efficiently carry
the deep-layer cold water to the upper layer, which then led to a
colder MLTA in the east pole of the IOD (Figure 5B). Subsequently,
the westward current difference could have been maintained by the
east-west SST difference, and it continued to strengthen the vertical
motion upwelling the deep-layer cold water. With the accumulation
effect from the upwelling associated with the vertical motion
difference, the vertical gradient of the sea temperature difference
gradually became more crucial to the difference in the MLTA.
Eventually, the difference in the vertical temperature gradient made
the largest contribution on the SSTA tendency difference between
the two groups (Figure 5C). The vertical advection provided the
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FIGURE 5

Composite longitudinal depth section of the oceanic temperature (shading; in degree Celsius) and current (vector; zonal velocity in meters per

second and vertical velocity in millimeters per second) difference between the extreme and regular positive Indian Ocean Dipole

(PIOD) groups

averaged over 10° S-0° in May (A) and the periods from May to June (B) and May to August (C)

most important contribution to the tendency difference between
extreme and regular groups during the whole development phase of
the IOD (from May to August). Moreover, the contributions of
terms 8, 9 and 7 of the vertical advection are large, media and small
in order (Figure 4). Thus, the westward current difference between
the two groups played a key role in the entire development phase.

To understand the cause of the westward current difference
between the extreme and regular groups, we investigated the
differences between the atmospheric circulation and mixed-layer
current. The westward current difference at the east pole appeared
to be attributed to the easterly wind difference based on an analysis
of the differences among the atmospheric circulation, upper oceanic
current, and the MLTAs between the extreme and regular groups
during the May to August period (Figure 6). The next question to be
discussed is what caused the easterly wind difference.

We analyzed the differences in the SST, atmospheric circulation,
and oceanic mixed-layer current between the extreme and regular
groups during the onset phase, which probably gave rise to the
differences in the subsequent evolution, in order to determine the
reasons for the PIOD intensity difference between the two groups.
There was a negative SSTA at the east pole, and the SSTA at the east
pole was colder in the extreme group than in the regular group
(Figure 7). Moreover, the anomalous mixed-layer currents were
located westward at the east pole in the two groups and were
consistent with the easterly wind anomaly in the region (Figure 7).
This finding further indicates that the easterly wind anomaly played
an important role in the formation of the type-east PIOD, and it
confirmed that the difference in the wind anomalies between the
two groups was the dominant reason for the different
IOD intensities.

The Asian—Australian monsoon, which occurred over the 40°-
160° E, 30° S-30° N region, had profound impacts on the IOD

Frontiers in Marine Science

(Webster et al., 1999; Li et al., 2002). The East Asian and Australian
monsoons (EAAMs), which are key components of the Asian-
Australian monsoon system, could be strong as an entity during
some boreal summers, and under this condition, the EAAMs could
jointly produce an easterly wind anomaly near the Marine
Continent (MC) of Indonesia (Xu and Guan, 2017a; Xu and
Guan, 2017b; Chen and Guan, 2017). The joint monsoon index
of the EAAMs (Chen et al., 2017; Chen et al.,, 2020) was larger in
the extreme group than in the regular group, which suggests that the
EAAMs, particularly for the Australian winter monsoon, were likely
to be stronger in the extreme group than in the regular group. The
difference in the easterly wind anomaly in the region of the MC and
the eastern TIO may be attributed to the EAAM difference between
the two groups.

The composite analyses on precipitation and wind indicated that
the negative precipitation anomaly occupied the Australian and east
pole areas of the IOD and induced an anticyclonic wind anomaly at
the 850-hPa level, which showed an anomalous easterly wind at the
east pole in the May to June period of the extreme group (Figure 8A).
In the same period of the regular group, the negative precipitation
anomaly occurred on Java Island and its surrounding areas. Although
the precipitation anomaly likewise induced an easterly wind anomaly
at the east pole (Figure 8B), the easterly wind anomaly was relatively
weak in comparison to the easterly wind anomaly for the extreme
group (Figure 8C). From May to August, the precipitation anomaly,
wind anomaly, and the difference between the extreme and regular
groups were more obvious (Figure 9). The results further confirmed
that the stronger Australian high due to the EAAM intensity
difference made the easterly wind anomaly stronger in the extreme
group than in the regular group. The westward current difference that
was forced by the easterly wind difference eventually propelled the
formation of extreme PIOD.

frontiersin.org


https://doi.org/10.3389/fmars.2023.1106130
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Lietal 10.3389/fmars.2023.1106130

30°N 1.5

20°N 41

10°N 10.5

EQ 10

10°S 1-05

20°S -1

30° : LIV EANIAR RO 15

20°E 40°E 60°E 80°E 100°E 120°E 140°E 160°E 180°E

FIGURE 6
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Composite of the precipitation anomaly (shading, in millimeters per day) and the 850-hPa wind anomaly (vector, in meters per second) for the
extreme (A) and regular (B) groups and the difference between the two groups (C) during the May to June period.

4 Summary and discussion

The IOD is the most notable interannual signal in the TIO and
includes positive and negative events, similar to ENSO. The PIODs
could be classified into type-east, type-comparable, and type-west
according to their spatial pattern and dynamics. Four super PIOD
events occurred during the 1960-2020 period, including those in 1961,
1994, 1997, and 2019. Among the four extreme cases, the events that
occurred in 1961 and 1994 were type-east PIOD events, while those
that occurred in 1997 and 2019 were type-comparable PIOD events.
The aim of this study was to investigate the reasons for the type-east
PIODs in 1961 and 1994 possibly developing into super events.

A composite analysis of the SSTAs verified that it was mainly
due to the SSTA difference at the east pole that the type-east PIOD
was remarkably stronger in the extreme group than in the regular
group. The mixed-layer heat budget showed that the tendency of
the SSTA difference between the extreme and regular groups was
primarily dependent on the vertical advection terms during the May
to August period. Further analysis illustrated that the vertical
temperature gradient difference played the most important role in
the difference in the type-east PIOD intensities between the extreme
and regular groups. The difference in the vertical temperature
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gradient between the two groups, which was closely associated
with the vertical motion difference, became the most important
factor modulating the tendency because the vertical motion could
cool the MLTA by upwelling the cold water from the deep layer.

The vertical motion difference could be mainly induced by the
western current difference, which was forced by the easterly wind
difference between the extreme and regular groups in the east TIO.
The composite results showed that the difference in the easterly wind
anomaly may be attributed to the difference in the EAAM intensity
during boreal summer. The East Asian summer monsoon and the
winter Australian monsoon, as an entity, were stronger in the extreme
group than in the regular group. While the EAAMSs were anomalously
strong during boreal summer, they intensified the Australian high and
northwestern subtropical anticyclone, ie., the anticyclone anomaly
wind field in the northwestern subtropical Pacific and Australia, which
facilitated the easterly wind anomaly near the equator region covering
the east pole area. The easterly wind difference associated with the
EAAMs ultimately produced the extreme type-east PIOD events in
1961 and 1994 and the regular events in 1967 and 2006.

Very complex relationships exist between the East Asian
summer monsoon and the Australian winter monsoon because
they may be affected by ENSO and even some atmospheric

frontiersin.org


https://doi.org/10.3389/fmars.2023.1106130
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Li et al.

AR REEEd
MAULNisso”

NN
AN

90E 1206
AN NGRS N L v B
o L‘:’.f,f.':‘:::::;:::::’///////
: aesssaamne £ 111
30N 2
1o 722 i :
0
-
2
BN NN
NNty
\\\\IIII//I/,//’_.:t\-\\§§ 3
60E %E
FIGURE 9
The same as Figure 8, but for the May to August period.
processes in middle- and high-latitude regions. Except for the
complementary relationship between the East Asian summer
monsoon and the Australian winter monsoon, as an entity, they
also had simultaneously homodromous variations. However, the
environmental factors and processes modulating the EAAMs are
still unknown and need to be further researched to improve the
forecasting of extreme PIOD events.
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