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Abstract

Differing from the Indian Ocean dipole (IOD) that has sea surface temperature anomalies (SSTAs) of opposing signs over
the tropical southeastern and western Indian Ocean, a tripole pattern, characterized by positive (negative) SSTAs over the
tropical central (southeastern and western) Indian Ocean, is observed and named the Indian Ocean tripole (IOT). This study
proposes the concept of the IOT and further investigates the associated atmospheric and oceanic processes. Using empirical
orthogonal function (EOF) analysis, the IOT (IOD) is represented by the third (second) leading mode of the monthly SSTAs
in the tropical Indian Ocean, explaining about 8.2% (10.3%) of the total variance. The IOT peaks in boreal summer, while
the IOD has its mature phase in boreal fall. The spatio-temporal differences, together with the significant separation of these
two EOF patterns, illustrate that the IOT is independent of the IOD. Heat budget diagnoses indicate that the anomalous
temperature over the southeastern and western Indian Ocean is mainly generated by the net heat flux during April-May and
by the total ocean advection in June—August. In contrast, the anomalous temperature is mainly driven by the advection of
the mean temperature by the anomalous current in April and the residual term in May—June over the central Indian Ocean,
which is replaced by advection of the anomalous temperature by the mean zonal current in July.

Keywords Indian Ocean tripole (IOT) - Atmospheric and oceanic processes - Heat budget

1 Introduction over the tropical Indian Ocean rather than over the tropical
Pacific Ocean (Saji et al. 1999; Guan and Yamagata 2003),
leading to increasing interest in the tropical Indian Ocean

during recent decades. Therefore, it is of great importance to

Changes in many extreme weather and climate events have
been observed since the mid-20th century. For instance, the

record-breaking heat wave of 1994 that occurred in East
Asia and the catastrophic rainfall of 1961 in tropical east-
ern Africa resulted in severe economic and societal losses.
These two extreme climatic events were both closely associ-
ated with sea surface temperature (SST) anomalies (SSTAs)
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understand tropical Indian Ocean climate variability.
Using empirical orthogonal function (EOF) analysis,
Saji et al. (1999) identified the second leading mode of the
SSTAs over the tropical Indian Ocean as the Indian Ocean
Dipole (IOD), characterized by negative (positive) SSTAs
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over the tropical southeastern (western) Indian Ocean
(Fig. 1a); this mode accounts for about 10.3% of the total
variance of the tropical Indian Ocean SSTAs. Subsequently,
many studies using observations and models have investi-
gated the IOD in terms of its trigger mechanism (Annamalai
et al. 2003; Fischer et al. 2005; Drbohlav et al. 2007; Huang
and Shukla 2007a, b; Sun et al. 2015), seasonal evolution
(Saji et al. 1999; Hong et al. 2008; Schott et al. 2009),
impact factor (Lau and Nath 2004; Song et al. 2007; Tozuka
et al. 2007; Krishnan and Swapna 2009; Stuecker et al. 2017;
Zhang et al. 2018), prediction skill (Kug et al. 2004; Luo
et al. 2007, 2008; Shi et al. 2011; Zhao et al. 2019), and
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Fig. 1 a Spatial pattern of the second leading EOF (EOF2) mode of
the monthly SSTAs over the tropical Indian Ocean. b Spatial pat-
tern of the SSTAs (°C) in the tropical Indian Ocean during August in
1994. ¢ Same as a, but for the third leading EOF mode (EOF3). d The
explained variances of the four leading modes using North’s test. The
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energetics study (Wang et al. 2019). Its possible influences
have also been investigated (Ashok et al. 2001; Li and Mu
2001; Guan and Yamagata 2003; Saji and Yamagata 2003;
Yuan et al. 2008; Cai et al. 2009; Ding et al. 2010; Li et al.
2011a, b; Nuncio and Yuan 2015).

However, some studies have found differences in the
seasonal evolution of IOD events (e.g., Rao and Yamagata
2004, Rao et al. 2009; Du et al. 2013). More recently,
Endo and Tozuka (2016) compared the spatial patterns of
SSTAs over the tropical Indian Ocean in the mature phase
of the 1994 and 1997 IOD events (both are generally con-
sidered as representative positive events). In contrast to the

(b) 1994 August
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blue boxes in a and b—c denote western (45°-60° E, 5° S-20° N) and
(45°-60° E, 5° S-20° N and 60°-70° E, 10°-20° N) Indian Ocean,
respectively. The red and green boxes in a—c indicate the southeast-
ern (90°-110° E, 0°-10° S) and central (65°-85° E, 5°-20° S) Indian
Ocean, respectively
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IOD event during August in 1997 that was accompanied
by negative (positive) SSTAs over the southeastern (west-
ern) Indian Ocean (Webster et al. 1999; Murtugudde et al.
2000), the tropical Indian Ocean SSTAs during August in
1994 showed a peculiar zonal tripole pattern (Fig. 1b): the
tropical central Indian Ocean was warmer than normal, but
it was flanked by colder SSTAs to its east and west.

Referring to the definition of the two types of El
Nifio—Southern Oscillation (ENSO) in the Pacific Ocean
(Ashok et al. 2007), Endo and Tozuka (2016) also divided
the IOD events into two types: the canonical IOD and IOD
Modoki, which were separated by using the differences
in the SSTAs area-averaged over the tropical western
(40°-55° E, 10° S—15° N), central (65°-85° E, 15° S—0°),
and southeastern (90°-110° E, 0°-~10° S) Indian Ocean.
The classification of the two types of IOD events is intro-
duced as follows. They first defined a positive IOD event as
the difference in SSTAs area-averaged over the central and
southeastern tropical Indian Ocean exceeding one standard
deviation. An IOD Modoki event is then identified when
the difference in area-averaged SSTAs over the central and
western tropical Indian Ocean is positive and its absolute
value is greater than one standard deviation for at least
two consecutive months between July and December. The
other IOD events are referred to as canonical IOD events.
The remarkable differences in the anomalous Walker cir-
culation between these two types of the IOD are further
investigated in Tozuka et al. (2016).

However, it is remarkable that this tripole pattern of the
SSTAs in 1994 is similar to the third leading mode (EOF3)
of Indian Ocean SSTAs, explaining about 8.2% of the total
variance of the tropical Indian Ocean SSTAs (Fig. 1c).
Furthermore, the variances explained by the EOF3 pat-
tern are well separated from those explained by the EOF2,
according to North’s test (Fig. 1d; North et al. 1982). It
is reasonable to hypothesize that this tripole pattern is a
unique phenomenon independent of the IOD. Therefore,
identifying and depicting this unique tripole pattern with
an appropriate definition is the main motivation of this
paper.

The remainder of this paper is organized as follows. The
datasets and methods are briefly listed in Sect. 2. Section 3
introduces the definition of this unique tripole pattern, here-
after referred to as the Indian Ocean tripole (IOT), and then
presents the differences between the IOT and IOD based
on correlation and composite analyses. We examine atmos-
pheric and oceanic processes associated with the IOT by
utilizing the heat budget equation in Sect. 4, and the discus-
sion and summary are given in Sect. 5.

2 Data and methodology

2.1 Data

The monthly mean zonal and meridional wind at 10 m for
the period 1982-2017 on a 2.5° % 2.5° grid are derived
from the National Centers for Environmental Prediction
reanalysis-2 (NCEP2) dataset, which is provided by the
NOAA/OAR/ESRL Physical Sciences Division (PSD),
Boulder, Colorado, from their website at https://www.
esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html
(Kanamitsu et al. 2002). The Optimum Interpolation
SST (OISST) analysis dataset on a 0.25°%0.25° grid for
1982-2017 is used in this study because of its better and
more reliable data quality based on both in situ and satel-
lite data (Reynolds et al. 2002). To validate the robust-
ness of our results, we have also used another two datasets
available for the same period with a horizontal resolution
of 2°x 2°: the improved Extended Reconstructed SST ver-
sion 5 (ERSST v5; Huang et al. 2017) and the Hadley
Centre Global Sea Ice and SST (HadISST; Rayner et al.
2003) datasets.

To better understand the atmospheric and oceanic pro-
cesses of IOT evolution, the heat budget is calculated.
The ocean subsurface temperature and the three-dimen-
sional ocean circulation during 1979-2010 from the Sim-
ple Ocean Data Assimilation (SODA 2.2.4) system are
used to describe the oceanic processes (Carton and Giese
2008). The atmospheric processes are depicted by the net
heat surface flux from the Objectively Analyzed air—sea
Fluxes version 3 (OAflux) data products for 1984-2009,
which are available at ftp://ftp.whoi.edu/pub/science/oaflu
x/data_v3 (Yu et al. 2008). Before analyzing our results,
the linear trend and the long-term mean climatology have
been removed from each dataset.

In addition, the Indian Ocean basin-wide mode (IOBM)
index is calculated from the SSTAs area-averaged over
40°-110° E, 20° S-20° N, and the IOD mode index (DMI)
is defined as the difference in SSTAs between the tropi-
cal western Indian Ocean (45°-60° E, 5° S-20° N) and
the southeastern Indian Ocean (90°-110° E, 10° S-0°).
Although the location of the western Indian Ocean region
is shifted northwestward slightly compared with the
region used by Saji et al. (1999), the correlation coeffi-
cient between them still exceeds 0.95 (beyond the 99%
confidence level), indicating that this index can also rep-
resent the IOD variability. The subtropical IOD (SIOD)
mode index (SDMI) is like the DMI, but for the western
(55°-65° E, 27°-37° S) and eastern (90°-100° E, 18°-28°
S) subtropical Indian Ocean (Behera and Yamagata 2001).
The canonical ENSO is represented here by the Nifio3
index that is calculated from the SSTAs area-averaged over
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the equatorial central-eastern Pacific (150° W-90° W, 5°
S-5° N). The ENSO Modoki index (EMI) is defined in
terms of the differences in the SSTAs between the cen-
tral (165° E-140° W, 10° S—10° N) tropical Pacific Ocean
and the eastern (110° W-70° W, 15° S-5° N) and west-
ern (125° E-145° E, 10° S-20° N) tropical Pacific Ocean
(Ashok et al. 2007).

2.2 Methodology

Firstly, the IOD and IOT signals can be clearly identified by
EOF analysis, in which the principal components are divided
by their standard deviation and the spatial EOF patterns are
multiplied by the corresponding standard deviation (Ashok
et al. 2007; Li et al. 2015). North’s test is used to examine the
separation between the two EOF modes (North et al. 1982). In
order to explore the relations of the IOT and the IOD, SIOD,
and two types of ENSO, we calculate the lead—lag correla-
tions of the IOT with different modes; a two-tailed Student’s ¢
test using the effective number of degrees of freedom (N,z) is
used to test significance. For the variables X and Y, the signifi-
cance of their correlation can be calculated using the following
approximation (e.g. Bretherton et al. 1999; Li et al. 2013):

1

— &

1
— +
Ny N

=

N
N-—i . .
; N Pxx(Dpyy (D),

where N is the total number of samples in the time series;
Pxx (i) and pyy (i) denote the autocorrelations of the two time
series X and Y at time lag i, respectively.

In light of previous studies (Kug et al. 2009; Ren and Jin
2013; Li et al. 2015), the heat budget is applied to determine
the contributions of the atmospheric and oceanic processes to
the IOT. These contributions can be calculated from the fol-
lowing heat budget equation:

,» P, and H represent the net surface heat flux,
the specific heat of sea water, the density of sea water, and
the climatological mixed layer depth (H=40 m, Kara et al.
2003), respectively.

where Q;el, C

3 Indian Ocean Tripole (10T)
3.1 Definition of the IOT

As shown in Fig. 1a, the EOF2 pattern captures the well-
known IOD features, characterized by negative (positive)
SSTAs over the tropical southeastern (western) Indian
Ocean. However, the EOF3 is characterized by positive
(negative) SSTAs over the tropical central (southeastern and
western) Indian Ocean, showing a remarkable tripole pat-
tern (Fig. 1c). Although the variances explained separately
by EOF2 and EOF3 are very close, with values of 10.3%
and 8.2% (Fig. 1a, c), these two EOF modes are separated
according to North’s test (Fig. 1d; North et al. 1982). Simi-
lar EOF results can be also obtained by using the HadISST
and ERSSTv5 datasets, except for slight differences in the
variance explained by the EOF2 and EOF3 (not shown),
further demonstrating the robustness of these results. This
suggests that these two patterns represent different modes of
the climate variability over the tropical Indian Ocean. Due
to the evident difference from the well-known IOD pattern,
we refer to the SSTAs pattern in 1994 and the EOF3 pattern
(Fig. 1b, ¢), namely, warming in the central Indian Ocean
flanked by colder SSTAs to its west and east, as the IOT
(Indian Ocean tripole).

The time series of normalized principal component (PC)
of EOF3 is displayed in Fig. 2. The zero-lag correlation
between the PC3 and PC2 is zero by definition, while the
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where overbars and primes present the monthly mean clima-
tology and deviations from climatology, respectively. The
variables u(U), v(V), w(W), T, Q’, and R denote the zonal
current, meridional current, vertical current, ocean tem-
perature, thermal forcing, and residual terms, respectively.
Notably, R is neglected in this study and the Q’ in the oceanic
mixed layer can be derived from the following expression:

/
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PC3 has a maximum but insignificant correlation of 0.21
with the PC2 when the PC2 leads PC3 by about 3 months
(not shown), suggesting that the maximum variances of each
PC explained by the other are less than 5%. On the basis of
the EOF3 pattern shown in Fig. 1c and the PC3 time series
presented in Fig. 2, an IOT mode index (TMI) is devised and
defined as follows:

TMI = [SSTAs]; — %( [SSTAs]; + [SSTAs]y,), 3)

where the square brackets in Eq. (3) denote the area-aver-
aged SSTAs over three regions (“C”, “E” and “W”) in the
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Fig.2 Time series of the normalized PC3 (black dashed line), TMI (black solid line), and DMI (blue solid line). The dashed lines denote 1 (— 1)
standard deviation, and the pink (light blue) shading indicates values above (below) 1 (— 1) standard deviation of the TMI

tropical Indian Ocean. “C”, “E” and “W” represent the cen-
tral (65°-85° E, 5°-20° S), southeastern (90°-110° E, 10°
S-0°), and western (45°-60° E, 5° S—20° N and 60°-70° E,
10°-20° N) regions of the tropical Indian Ocean (Fig. 1c¢),
respectively. To exclude interference of the IOD, the asterisk
indicates that the EOF2 signals have been removed from
the SSTAs before calculating the TMI. It is noted that the
EOF2 signals are not excluded from other anomaly fields in
the following analyses. Figure 2 displays the time series of
the normalized TMI, showing a significant interannual vari-
ability. The correlation between the TMI and PC3 is very
high (0.9), demonstrating that the TMI introduced here is an
appropriate index to represent the IOT events in the tropical
Indian Ocean.

3.2 Differences between the 10T and the 10D

Similar to the insignificant correlation between the PC2
and PC3, the correlation between the TMI and DMI is also
insignificant with a value of 0.2 (Table 1), implying that
substantial percentages of the variances explained by the
IOT (I0D) are not explained by the IOD (IOT) during the
study period (1982-2017). Moreover, both the SDMI and

Table 1 Correlations between pairs of indices during 1982-2017

Correlations DMI TMI Nifio3 EMI SDMI
DMI - 0.2 0.27* 0.13 0.05
TMI 0.2 - 0.21 0.24%* — 0.54%

The asterisk indicates significance at the 99% confidence level
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EMI are significantly correlated with the TMI with values
of — 0.54 and 0.24, respectively, much larger than the insig-
nificant correlation (0.21; Table 1) between the TMI and the
Nifio3 index. However, the DMI is significantly correlated
only with the Nifio3 index (0.27), a much stronger correla-
tion than with the EMI and SDMI (Table 1). These results
indicate that the IOT (IOD) is more closely linked with the
SIOD and ENSO Modoki (canonical ENSO) than with the
canonical ENSO (SIOD and ENSO Modoki).

The above preliminary correlation analyses indicate that
the IOT may differ from the IOD in its relation to other
modes. As presented in Fig. 2, we can also observe the
remarkable differences in seasonal evolution between the
IOT and IOD. The IOT generally reaches a mature phase in
boreal summer (June—July—August, JJA), leading the IOD
that peaks in September—October—November (SON) by
about one season. The similar results can be also obtained
even though the TMI is calculated based on the raw SSTAs
(not shown). To further illustrate these results, the IOT and
10D years are detected. Due to the mature phase of the IOD
during SON, the IOD years are identified with the absolute
amplitude of the DMI exceeding 1 standard deviation thresh-
old during SON. In order to objectively classify the IOD
and IOT years, the two conditions are applied to select the
10T years: (1) the absolute amplitude of the TMI exceeding
1 standard deviation threshold during JJA; (2) the east and
west poles having same polarity and opposite to the central
pole. On the basis of the above criteria, 9 IOT (7 IOD) years
are identified, which is shown in Table 2. In contrast to the
10D years selected by Endo and Tozuka (2016), the more
10D events are detected in this study, which is more in tune
with the previous results (Australian Bureau of Meteorology,
available at http://www.bom.gov.au/climate/iod/#tabs=Posit
ive-IOD-impacts). Although the same 4 positive IOT (10D
Modoki) events are both classified (Endo and Tozuka 2016),
there exist the evident differences in selecting the negative
phases. Beside the common 1992 and 1998 years, the east
and west poles during JJA have the same polarity and are
opposite to the central pole in 1993, 1995 and 2009 years
(not shown). Thus, these three years are also defined as the
10T events (Table 2). The aforementioned differences may
be due to the different physical meanings between the IOT
and IOD events.

Table 2 Phases and classification of the IOT and IOD years during
1982-2017

Classification 10T 10D

Positive phase 1991, 1994, 2003, 1997, 2002, 2006, 2015
2008

Negative phase 1992, 1993, 1995, 1996, 2010, 2016
1998, 2009

@ Springer

Using the selected IOT and IOD years (Table 2), we pre-
sent a composite analysis based on the positive and negative
phases of the IOT and IOD years that we defined as occur-
ring during our study period (1982-2017). Figure 3a shows
the composites of the monthly evolution of TMI and DMI.
The IOT events start to develop from May, peak in August
and decay gradually over the rest of year (Fig. 3a). In con-
trast, the IOD events develop in July and become mature in
October, lagging the IOT by about 3 months (Fig. 3a). At the
same time, the IOT events have much greater magnitude dur-
ing JJA than the IOD events, while the situation is reversed
during SON (Fig. 3a). Similar results can also be derived
from the ERSST v5 and HadISST datasets, demonstrating
that the IOT is clearly different from the IOD (Fig. 3e, i).

On the other hand, given that two of the regions defin-
ing the IOT and IOD overlap (the southeastern and western
tropical Indian Ocean), it is necessary to discuss further the
differences in these study regions. Similar to the TMI, the
negative SSTAs over the southeastern Indian Ocean develop
from May, peak in August and decay slowly over the rest of
the year during IOT events (Fig. 3b). However, the negative
SSTAs over the southeastern Indian Ocean associated with
the IOD events start to develop in July and mature in Octo-
ber, lagging the IOT by about 3 months (Fig. 3b). Moreover,
the intensity of negative SSTAs over the southeastern Indian
Ocean for the IOT events is much stronger than that for IOD
events during JJA, while the situation is reversed during
SON (Fig. 3b). The SSTAs over the central Indian Ocean
have the opposite sign to those over the southeastern Indian
Ocean for both IOT and IOD events. However, the SSTAs
over the central Indian Ocean peak in JJA (SON) during the
10T (IOD) events (Fig. 3c). The major differences between
the IOT and the IOD exist over the western Indian Ocean. As
for the IOD events during JJA, the SSTAs over the western
Indian Ocean are opposite to those over the southeastern
Indian Ocean (Fig. 3b—d). However, during IOT events, the
anomalies over the western and southeastern Indian Ocean
have the same polarity, opposite to those over the central
Indian Ocean (Fig. 3b—d). Notably, although the SSTAs over
the western Indian Ocean are of short duration during IOT
events, they have similar amplitude to those over the central
Indian Ocean, especially in July—August, suggesting that the
central Indian Ocean SSTAs are as important as those of
the western Indian Ocean (Fig. 3b—d). The similar results
obtained from the ERSST v5 and HadISST datasets further
demonstrate the robustness of these results (Fig. 3e-1).

Besides the SSTAs, the surface wind anomalies over the
Indian Ocean also show remarkable differences between
IOT and IOD events. Figure 4 displays composites of the
monthly 10-m surface zonal and meridional wind anoma-
lies over the tropical Indian Ocean during IOT and IOD
events. Similar to the SSTAs, the surface southeasterly
wind anomalies over the southeastern Indian Ocean mature
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Fig.3 Composite monthly evolution of a the TMI (°C) and b—d the
SSTAs (°C) over the b southeastern (90°-110° E, 0°-10° S), ¢ central
(65°-85° E, 5°-20° S), and d western (45°-60° E, 5° S-20° N and
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from May to July during the IOT events, while the surface
southeasterly wind anomalies related to the IOD events
peak in SON (Fig. 4a, d). The equatorial easterly wind
anomalies over the central Indian Ocean during IOT events
are also earlier and stronger than those of IOD events from
April to July, and then weaken in the following months,
when the equatorial easterly wind anomalies during IOD
events reach their peak (Fig. 4b). Unlike the northerly
wind anomalies over the central Indian Ocean (65°-80°
E, 15° S—-0°) that peak in SON during IOD events, the
northerly wind anomalies associated with the IOT events
develop from May and persist up to November (Fig. 4¢). In
the western Indian Ocean, the seasonal evolution is clearly
observed in the surface zonal wind anomalies (Fig. 4c),
but is not evident in the meridional wind anomalies
(Fig. 4f). More importantly, there are contrasting zonal

Jan Feb Mar AprMay Jun Jul Aug Sep Oct Nov Dec

-0.6 +—r——F—>m—>b—"7—"T—""T"—"T"T"T"7
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and 10D (deep pink bars) events based on the OISST dataset. e-1
Same as a—d, but for the ERSST v5 and HadISST datasets. Dashed
lines denote 1 (— 1) standard deviation

wind anomalies over the western Indian Ocean between
the IOT and IOD events (Fig. 4c¢).

Actually, the significant differences in the SSTAs between
the IOT and IOD events are strongly related to the contrast-
ing wind anomalies. The spatial composites of the monthly
evolution of the SSTAs and 10-m surface wind anomalies
from May to December during IOT and IOD events are
shown in Fig. 5. In the IOT events, significant southeasterly
anomalies over the southeastern Indian Ocean first appear
in April-May (Fig. 4a, d), favoring cold SSTAs there in
May (Fig. 5a). In contrast to the IOT events, the southeast-
erly wind anomalies over the southeastern Indian Ocean
that also appear in May during the IOD events have weak
amplitude (Fig. 4b, d), and are accompanied by weak cold
SSTAs over the southeastern Indian Ocean (Fig. 5i). At the
same time, a strong anticyclone induced by the southeasterly
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(a) Zonal wind (90° - 110°E, 10°S - 0°)

(d) Meridional wind (90° - 110°E, 10°S - 0°)
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Fig.4 Composites of the 10-m zonal wind anomalies (m s™1) over the
southeastern (90°-110° E, 10° S-0°), b central (70°-90° E, 5° S-5°
N), and ¢ western (45°-60° E, 5° S-10° N) Indian Ocean for the IOT
(dark violet bars) and IOD (deep pink bars) events. d—f same as a—c,

wind anomalies is established over the southeastern Indian
Ocean in May during the IOT events, centered at 10° S, 100°
E (Fig. 5a), much stronger than that related to the IOD events
(Fig. 51). As a result, prominent northerly wind anomalies
prevail on the west of this anticyclone during IOT events,
bringing warmer sea water to the central-southern Indian
Ocean, resulting in warmer SSTAs (Fig. 5a). However, there
are cold SSTAs associated with the IOD events in May over
the central-southern Indian Ocean because of the lack of
evident northerly wind anomalies (Fig. 5i). In the western
Indian Ocean, the amplitude of SSTAs of the IOT is com-
parable to that of the IOD in May due to the similar surface
wind anomalies (Fig. Sa, 1).

The cold SSTAs off Sumatra—Java induced by the
enhanced southeasterly wind anomalies intensify in JJA for
the IOT events (Figs. 4a, b, Sb—d). Meanwhile, the enhanced
westerly wind anomalies over the western Indian Ocean pre-
vail eastward along the equator (Fig. 4c, f), strengthening the
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but for the meridional wind anomalies (m s~') over the d southeastern
(90°-110° E, 10° S-0°), e central (65°-80° E, 15° S-0°), and f west-
ern (45°-60° E, 5° S-10° N) Indian Ocean, respectively. Dashed lines
denote 1 (— 1) standard deviation

cold SSTAs over there during this period (Fig. 5b—d). Con-
sequently, the easterly wind anomalies from the southeastern
Indian Ocean converge with the westerly wind anomalies
from the western Indian Ocean in the equatorial central
Indian Ocean, significantly reinforcing the northerly wind
anomalies over the central Indian Ocean to the south of the
equator (Fig. 4c) and consequently leading to warm SSTAs
over the central-southern Indian Ocean (Fig. 5b—d). The
significant warm SSTAs over the southern Indian Ocean,
together with the significant cold SSTAs over the southeast-
ern and western Indian Ocean, show a remarkable tripole
pattern, suggesting the mature phase of the IOT during JJA
(Fig. 5b—d). In contrast, during the IOD events, although
the cold SSTAs over the southeastern Indian Ocean are also
strengthened by the enhanced southeasterly wind anomalies
in JJA (Figs. 4a, b, 5j-1), the enhanced southeasterly wind
anomalies not only propagate to the western Indian Ocean
along the equator but also intensify the anticyclone over the
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Fig.5 Monthly evolution of composite SSTAs (shading, °C) and
10-m wind anomalies (arrows; m s~') over the tropical Indian Ocean
from May to December for the IOT (a—h) and IOD (i—p) events. The

southern Indian Ocean, further warming the SSTAs over
the western and central-southern Indian Ocean (Fig. 5j-1).
These changes indicate the development of the IOD event.
The reduction of the southeasterly wind anomalies off
Sumatra—Java is accompanied by a weakened anticyclone
over the southern Indian Ocean in September—December
during the IOT events (Fig. 4a, b), resulting in the decay of
the SSTAs over the southeastern and central-southern Indian
Ocean (Fig. Se-h). At the same time, the warm SSTAs over
the central-northern Indian Ocean, forced by the enhanced
easterly wind anomalies over the northern Indian Ocean,
extend westward and accelerate the decay of the cold SSTAs
over the western Indian Ocean in September—October
(Fig. 5Se—h). This indicates that the significant tripole pattern
of the IOT events starts to decay rapidly in September—Octo-
ber, and weakens gradually in November—December, but
still shows a weak tripole pattern (Fig. Se-h). However,
during IOD events, the southeasterly wind anomalies fur-
ther strengthen and cover the whole Indian Ocean in SON,

red, green, and blue rectangles are the same as in Fig. 1b. Hatching
indicates composites exceeding the 95% confidence level. Only wind
vectors that are significant at the 95% confidence level are plotted

contributing to the peaking of the SSTAs over the southeast-
ern, central-southern and western Indian Ocean (Fig. Sm-o).
This indicates the mature phase of the IOD events in this
period. The SSTAs over the southeastern and western Indian
Ocean associated with the IOD events begin to decay due
to the decreased easterly anomalies in December (Figs. 4b,
5p). Overall, although two of the regions defining the IOT
and IOD events overlap, the changes in the seasonal evolu-
tion of the SSTAs are clearly different due to the contrasting
wind anomalies, proving that the IOT is quite distinct from
the IOD.

In addition, we also found a clear difference on the inter-
annual timescale between the IOT and IOD events. We
therefore calculate the monthly correlations between the
TMI and DMI over the period 1982-2017 (Fig. 6a). There
are two periods of significant correlation: one is from Feb-
ruary to April, and the other during SON. In general, the
IOT and IOD have not yet developed in the first significant
period, and the significant correlations between the IOT and
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Fig.6 a Monthly correlations (red bars) between the TMI and DMI
during 1982-2017. b Correlations of the TMI (orange bars) and DMI
(light blue bars) with the area-averaged SSTAs over the southeast-
ern ([SSTAs]g), central ([SSTAs]c), and western ([SSTAs]y,) Indian
Ocean during JJA, as shown in Eq. (3). Notably, the correlations

10D may result from the IOBM signals that peak in this
period (Fig. 6a). When the IOT peaks during JJA, although
the IOD begins to develop in this period, the IOT is not
significantly correlated with the IOD. However, as the IOT
weakens during SON, the correlations between the IOT
and IOD become significant again (Fig. 6a). These results
indicate a weak relationship between the IOT and IOD dur-
ing JJA, which can also be supported by the correlations
of the TMI (DMI) with the SSTAs over the southeastern
([SSTAs]g), central ([SSTAs]) and western ([SSTAs]y,)
Indian Ocean during JJA (Fig. 6b).

The correlation between the TMI and [SSTAs]y, is sig-
nificantly negative with a value of — 0.65 in JJA, although
it is weaker than the correlation between the DMI and
[SSTAs] (= 0.75, Fig. 6b). The SSTAs over the central
Indian Ocean are significantly correlated with the TMI dur-
ing JJA, but with an insignificant correlation (— 0.01) with
the DMI, implying that the SSTAs over the central Indian
Ocean play a more important role in IOT evolution than in
10D evolution during JJA. Moreover, the correlation coef-
ficient between the TMI and [SSTAs] is 0.65, even larger
than that between the TMI and the [SSTAs]g (Fig. 6b). This
indicates that the SSTAs over the central and southeastern
Indian Ocean are both equally important for IOT evolution.
Notable differences between the IOT and the IOD also exist
over the western Indian Ocean. Although the correlations of
the [SSTAs]y, with the TMI and DMI are both significant
during JJA, the SSTAs over the western Indian Ocean are
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related to the TMI have removed the EOF2 signals. The green shad-
ing in a represents the period from June to August, the peak season
of the IOT. The dashed lines in a, b denote the 99% confidence level,
which is tested by a two-tailed Student’s ¢ test using the effective
number of degrees of freedom

negatively correlated with the IOT, which is opposite to the
correlation with IOD (Fig. 6b). This suggests the contrast-
ing evolution of the SSTAs over the western Indian Ocean
between the IOT and IOD events. The above results further
demonstrate that the IOT is clearly different from the IOD.

4 Atmospheric and oceanic processes
related to the IOT

Atmospheric and oceanic processes are known to play an
important role in the formation of IOT events. To examine
the relative contributions of the net heat flux and each ocean
advection term to the IOT, we calculate the heat budget
shown in Eq. (1). Equation (1) shows that the anomalous
temperature tendency (37" / 0t) is mainly determined by the
net heat flux (Q") and the anomalous total ocean advection,
which comprises the anomalous advection by the zonal cur-
rent (total zonal advection), by the meridional current (total
meridional advection), and the vertical current (total vertical
advection).

4.1 Heat budget diagnosis

Figure 7a displays composites of the monthly evolution of
the anomalous temperature tendency (37’ / 0t), total ocean
advection, total zonal advection, total meridional advection,
total vertical advection, and net anomalous heat flux (Q")
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Fig.7 Composite monthly evolution of the anomalous temperature
tendency (9T’/ dt; bars, °C month™"), the net heat flux (¢’, black
dashed lines, °C month_l), the total ocean advection (black solid line,
°C mon™), the total zonal (blue lines, °C mon™"), meridional (green
lines, °C mon™"), and vertical (red line, °C mon™') advection over the
a southeastern (90°-110° E, 10° S-0°), b central (65°-85° E, 5°-20°
S), and ¢ western (45°-60° E, 5° S—20° N and 60°-70° E, 10°-20°
N) Indian Ocean. Note that the oceanic terms are integrated from O to
40-m depth. Dashed lines denote 1 (— 1) standard deviation

over the southeastern Indian Ocean. A significant anomalous
temperature tendency (07" / dt) over the southeastern, cen-
tral, and western Indian Ocean generally has a peak negative
phase in May, June, and July, leading the actual SSTAs by
about 2-3 months (Fig. 7a). This indicates that the actual
SSTAs are the continuous and cumulative results of the
anomalous temperature tendency, which represents the trend

(a) Eastern Indian Ocean
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Fig.8 Same as Fig. 7, but for the advection of the anomalous temper-
ature by the mean zonal current (—izd7’ / dx; blue lines, °C month‘l),
the advection of the mean temperature by the anomalous zonal cur-
rent (—u’aT/ dx; green lines, °C month™") and the nonlinear advec-
tion of the anomalous temperature by the anomalous zonal current
(—u' 0T / dx; red lines, °C month™")

of the SSTAs. Although the anomalous total ocean advection
that is mainly determined by the anomalous total meridional
advection is favorable for the anomalous temperature over
the southeastern Indian Ocean during the beginning and
evolving stages of the IOT events (April-May), it is much
smaller than the anomalous thermal forcing (Q’, Fig. 7a).
This indicates that the enhancement of the anomalous tem-
perature may be attributed to changes in the net heat flux
associated with the atmospheric processes during this period
(Fig. 7a). The situation is reversed during the mature stage of
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Fig.9 Same as Fig. 7, but for the advection of the anomalous tem-
perature by the mean meridional current (—v9T"/ dy; blue lines, °C
month™"), the advection of the mean temperature by the anomalous
meridional current (—v’dT/ dy; green lines, °C month™!) and the
nonlinear advection of the anomalous temperature by the anomalous
meridional current (—v/ 97" / dy; red lines, °C month™")

the IOT events (JJA). The anomalous total ocean advection
plays a dominant role in the enhancement of the anomalous
temperature, while the anomalous net heat flux acts as the
damping term (Fig. 7a). The three terms associated with
the ocean currents have the comparable contributions to the
anomalous temperature during the peak stage (Fig. 7a), espe-
cially in July, suggesting the importance of the ocean cur-
rents off Sumatra—Java in the mature stage of the IOT events.
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In contrast, over the central Indian Ocean, the anomalous
total meridional advection plays a major contributor in the
temperature anomaly in April-May, and then is replaced as
the dominant term by the anomalous total ocean advection
in July (Fig. 7b). However, both anomalous atmosphere and
ocean currents are not favorable for the anomalous tempera-
ture in June, which may be affected by the residual terms
(R, Fig. 7b). In the western Indian Ocean, the temperature
anomaly is largely determined by the anomalous net heat
flux and partly contributed by the anomalous total ocean
advection in April-May (Fig. 7c). As the anomalous net
heat flux weakens rapidly and indeed damps the anomalous
temperature in JJA, the anomalous total ocean advection
becomes the major contributor (Fig. 7c). The anomalous
zonal advection plays the dominant role in the anomalous
total ocean advection in June and August over the western
Indian Ocean, while the anomalous total meridional and ver-
tical advections dominate in July (Fig. 7c).

4.2 Contributions of the anomalous advection
terms

As shown in the heat budget Eq. (1), each component of the
anomalous total ocean advection is composed of three terms:
the anomalous advection of the anomalous temperature by
the mean current, the anomalous advection of the mean tem-
perature by the anomalous current, and the nonlinear advec-
tion of the anomalous temperature by the anomalous current.

4.2.1 Anomalous zonal advection

Figure 8 shows the composites of each component of
anomalous total zonal advection over the southeastern, cen-
tral, and western Indian Ocean. The anomalous advection
of the anomalous temperature by the mean zonal current
(=0T’ / 0x) over the southeastern Indian Ocean significantly
contributes to the anomalous temperature during the mature
period of the IOT events, and is much larger than the contri-
butions of the anomalous advection of the mean temperature
by the anomalous zonal current (—u'dT / dx) and the nonlin-
ear advection of the anomalous temperature by the anom-
alous zonal current (—u/dT’ / ox) (Fig. 8a). In the central
Indian Ocean, the small contribution of the anomalous total
zonal advection to the anomalous temperature tendency is
due to offsetting of the three components of anomalous zonal
advection, including —u'0T / 0x,—udT’ [ dx, and —u' 0T’ / ox
(Fig. 8b).

In contrast to the anomalous advection of the mean tem-
perature by the anomalous zonal current (—u/0T / dx) and
the nonlinear advection of the anomalous temperature by
the anomalous zonal current (—u’d7T’ / 0x), the anomalous
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Fig. 10 Same as Fig. 7, but for the advection of the mean temperature
by the anomalous upwelling (—w’ 67"/ 0z; blue lines, °C month‘l),
the advection of the anomalous temperature by the mean upwelling
(—woT’ / 0z; green lines, °C month™") and the nonlinear advection of
the anomalous temperature by the anomalous upwelling (—w'0T’ / 9z;
red lines, °C month™")

temperature over the western Indian Ocean is largely con-
tributed by the anomalous advection of the anomalous
temperature by the mean zonal current (=0T’ / 0x) in JJA
(Fig. 8c).

4.2.2 Anomalous meridional advection

Similar to the anomalous total zonal current, the compos-
ites of each component of the total meridional current are
shown in Fig. 9. Compared to the anomalous advection of
the anomalous temperature by the mean meridional current

(—voT’ / dy) and of the mean temperature by the anomalous
meridional current (—v'oT / dy), the nonlinear advection of
the anomalous temperature by the anomalous meridional
current (—v' 07"/ dy) has the bigger contributions to anoma-
lous temperature in April-May over the southeastern Indian
Ocean (Fig. 9a), resulting in the positive contribution of the
anomalous total meridional advection to the anomalous
temperature tendency (Fig. 7a). The positive contribution of
the anomalous total meridional advection to the anomalous
temperature is largely contributed by the anomalous advec-
tion of the anomalous temperature by the mean meridional
current (=0T’ / dy) in June—-August (Fig. 9a).

Over the central Indian Ocean, the advection of the
mean temperature by the anomalous meridional current
(=v'oT / dy) and the advection of anomalous temperature
by the anomalous meridional current (—v' 0T’/ dy) are much
stronger than the anomalous advection of the anomalous
temperature by the mean meridional current (—v0T"/ dy)
(Fig. 9b), leading to the positive contribution of the anoma-
lous total meridional advection to the anomalous tempera-
ture trend in April-May (Fig. 7b). The contribution of the
anomalous total meridional advection over the central Indian
Ocean becomes negative in June (Fig. 7b), which is caused
by negative contributions of the advection associated with
the anomalous meridional current in this period (Fig. 9b).
In July, the anomalous temperature is mainly determined by
the mean temperature by the anomalous meridional current
(—v'dT / ay) (Fig. 9b).

In the western Indian Ocean, the nonlinear advection
of the anomalous temperature by the meridional current
(—V'0T’/ dy) is strongly counteracted by the advection of
the anomalous temperature by the mean meridional current
(—voT’/ dy) and of the mean temperature by the anoma-
lous meridional current (—v' ()T/ dy) in May—June (Fig. 8c),
which leads to the slight negative contribution of the anoma-
lous total meridional advection to the anomalous tempera-
ture (Fig. 7c). The nonlinear advection of the anomalous
temperature by the meridional current (—v'0T” / dy) intensi-
fies significantly in July, but much weaker than the advec-
tion of the anomalous temperature by the mean meridional
current (=0T’ / dy) and of the mean temperature by the
anomalous meridional current (—' aT/ dy, Fig. 9c¢). Thus,
the anomalous total meridional advection makes the major
positive contribution to the anomalous temperature in July
over the southeastern Indian Ocean as shown in Fig. 7c.

4.2.3 Anomalous vertical advection

Likewise, we calculate the composite of each component
of the anomalous total vertical current (Fig. 10). The slight
negative contribution of the anomalous total vertical advec-
tion to the anomalous temperature over the southeastern
Indian Ocean is due to the opposing effects of the three
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terms associated with the upwelling during April-May
(Figs. 7a, 10a). By June—August, the advection of the anom-
alous temperature by the mean upwelling (—w0T’/ 0z) and
of the anomalous temperature by the anomalous upwelling
(—w'0T’/ dz) become the two larger contributors to the
anomalous temperature over the southeastern Indian Ocean
(Figs. 7a, 10a).

In the central Indian Ocean, the advection of the mean
temperature by the anomalous upwelling (—w’ ()T/ 07) is
largely counteracted by the nonlinear advection of the anom-
alous temperature by the anomalous upwelling (—w' 9T’ / 0z)
in April-May. The three terms associated with the upwelling
current become small in June—August, so that the anomalous
total upwelling advection contributes little to the anomalous
temperature (Fig. 7b). Although the advection of anomalous
temperature by anomalous upwelling (—w’07T” / 0z) makes a
positive contribution to the anomalous temperature over the
western Indian Ocean in April-May, the opposing effect of
the advection of the mean temperature by the anomalous
upwelling (—w'oT / 0z) and of the anomalous temperature by
the mean upwelling (—wdT’ / 0z) result in the small contribu-
tion of the anomalous upwelling advection to the anomalous
temperature in this period (Figs. 7c, 10c). By June—July, two
terms associated with the anomalous upwelling are the main
contributors to the anomalous temperature over the western
Indian Ocean, though the advection of the anomalous tem-
perature by the mean upwelling (—wdT” / dz) plays a damped
role in the anomalous temperature (Figs. 7c, 10c).

4.3 Heat budget diagnosis: summary

The anomalous temperature over the southeastern Indian
Ocean is largely determined by the anomalous net heat
flux in April-May and by the total ocean advection during
June—August. The advection of the anomalous temperature
by the mean current, including —zdT’ / 0x, —vdT’ / dy, and
—waT’ / dz, makes the major contribution to the anomalous
advection. The anomalous temperature over the central
Indian Ocean is mainly driven by advection of the mean tem-
perature by the anomalous meridional current (—v'0T / ay)
in April, and the residual terms (R) becomes the major
contribution term in May—June. Similar to the southeastern
Indian Ocean, the anomalous temperature over the western
Indian Ocean is mainly determined by the anomalous net
heat flux in April-May, and by advection of the anomalous
temperature by the mean zonal current (—zd7’ / dx) in June
and advection of the anomalous temperature by the mean
meridional current (—v0T’/ dy) and of the mean tempera-
ture by the anomalous meridional current (—v' aT/ dy) in
July, while is replaced by advection of the anomalous tem-
perature by the mean zonal current (—#zdT"/ 0x) in August.
These results demonstrate that the IOT is determined by both
atmospheric and oceanic processes.
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5 Discussion and summary

The tropical Indian Ocean SSTAs during JJA in 1994
showed a unique tripole pattern very different from the well-
known IOD dipole pattern: the tropical central Indian Ocean
was warmer than normal, but it was flanked by colder SSTAs
to its east and west; this tripole pattern is similar to the
EOF3 of Indian Ocean SSTAs. Furthermore, the variances
explained by the EOF2 and EOF3 are well separated. This
suggests that the tripole pattern is a mode independent of the
IOD, and we name it the IOT. The upper ocean heat budget
associated with the IOT are investigated emphatically.

Apart from the spatial structures, there are also remark-
able differences in the seasonal evolution of IOT and IOD
events. While the IOD has a mature phase in SON, the
IOT events generally peak in JJA, with this difference
corresponding to the contrasting wind anomalies. In the
IOT events, the significant southeasterly anomalies over
the southeastern Indian Ocean first appear in April-May,
and are much stronger than in the IOD events, thereby
reinforcing the colder SSTAs off Sumatra—Java during the
IOT events in this period. In JJA, the enhanced southeast-
erly wind anomalies associated with IOD events propagate
westward into the western Indian Ocean along the equator
in JJA and then warm the SSTAs there. However, during
the IOT events in JJA, the easterly wind anomalies from
the southeastern Indian Ocean are counteracted by west-
erly wind anomalies from the western Indian Ocean in
the equatorial central Indian Ocean, enhancing the north-
erly wind anomalies over the central Indian Ocean to the
south of the equator, and further warming the SSTAs over
the southern Indian Ocean. Meanwhile, the cold SSTAs
induced by the enhanced westerly wind anomalies over
the western Indian Ocean, together with the cold SSTAs
over the southeastern Indian Ocean and warm SSTAs over
the central Indian Ocean, show a prominent tripole pat-
tern, indicating the mature phase of the IOT events. As
the easterly and westerly wind anomalies over the south-
eastern and western Indian Ocean weaken, the significant
tripole pattern associated with the IOT events starts to
weaken gradually in SON and fades away rapidly in boreal
winter. In contrast, in IOD events the increased easterly
wind anomalies intensify the cold (warm) SSTAs over the
southeastern (western) Indian Ocean in SON, leading to
the peak of the IOD events.

Correlation analysis further illustrates the differences
between the IOT and IOD events. Firstly, the correlations
of the TMI with the PC2 and DMI are 0.06 and 0.2, respec-
tively, implying the insignificant relationship between
them. Secondly, the SSTAs over the southeastern Indian
Ocean are significantly correlated with the IOT during JJA,
similar to the situation with the IOD. There is significant
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Fig. 11 Lead-lag correlations between pairs of indices. a TMI and
Nifio3, b TMI and EMI, ¢ TMI and SMDI, d DMI and Nifio3, e DMI
and EMI, and f DMI and SDMI. Dashed lines denote the 99% confi-

(insignificant) correlation between the SSTAs and IOT
(IOD) over the central Indian Ocean during JJA, implying
the great importance of the SSTAs over the central Indian
Ocean during IOT events. The SSTAs over the western
Indian Ocean are both significantly correlated with the IOT
and IOD, but with the opposite correlations. Thirdly, the
IOT has a significant correlation with ENSO Modoki and
the SIOD, but an insignificant correlation with the canoni-
cal ENSO. However, the correlation between the IOD and
the canonical ENSO is significant, together with insignifi-
cant correlations of the IOD with ENSO Modoki and the
SIOD. The composite and correlation analyses demonstrate
that the IOT is clearly independent of the IOD. The similar
results can be also obtained even though EOF2 signals are
not excluded before calculating the TMI.

The atmospheric and oceanic processes associated with
the IOT events were further examined. The anomalous tem-
peratures over the southeastern and western Indian Ocean
are mainly determined by the anomalous net heat flux in
April-May, and then by the anomalous total ocean advection
in June—August. Note that that advection of the anomalous
temperature by all three components of the mean current,
including —udT’/ dx, —voT’/ dy, and —wdT’/ 0z, is the
major contributor over the southeastern Indian Ocean, while
the advection of the anomalous temperature by the mean
zonal current (—izdT’ / 0x) and of the mean temperature by
the anomalous meridional current (—' 0T/ dy) plays the
dominant role over the western Indian Ocean. In contrast, the

dence level tested by a two-tailed Student’s ¢ test using the effective
number of degrees of freedom

anomalous temperature is mainly driven by the advection of
the mean temperature by the anomalous meridional current
(=v'oT / dx) in April and the residual terms (R) in May—June
over the central Indian Ocean, which is replaced by advec-
tion of the anomalous temperature by the mean zonal current
(—2dT’ / 0x) in August.

Furthermore, the relationships between the IOD and two
types of ENSO have been discussed in many previous stud-
ies (e.g., Zhang et al. 2015; Stuecker et al. 2017; Zhang
et al. 2019). It is therefore useful to discuss the relationship
between the IOT and the two types of ENSO using lead-lag
correlation (Fig. 11). In contrast to the insignificant cor-
relations between the TMI and Nifio3 index for different
lead—lag months, the TMI significantly lags the EMI by
1-2 months (Fig. 11a, b). On the contrary, the DMI sig-
nificantly leads the Nifio3 index by about 2 months, but has
an insignificant correlation with EMI (Fig. 11d, e). These
results indicate that the IOT is more closely associated with
ENSO Modoki, while there is a closer relationship between
the IOD and the canonical ENSO. Thus, further discus-
sion of the relationships between the IOT and two types of
ENSO is helpful for understanding the interaction between
the Indian and Pacific Oceans.

We further calculate the lead—lag correlations of the
SDMI with the TMI and DMI. In general, the SDM peaks
during boreal winter (Behera and Yamagata 2001; Reason
2001), whereas the TMI has a significant simultaneous cor-
relation with the SDMI (Fig. 11c). When the IOT coexists
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with the SDM, there exists a most significant negative corre-
lation as the former leads the latter by about 2—-3 months (not
shown). These results imply that the significant simultane-
ous correlation between the IOT and SDM may be contrib-
uted by the other years that the IOT does not co-occur with
the SDM. Moreover, the significant correlations between
the DMI and the SDMI occur when the IOD (SIOD) leads
the SIOD (IOD) by about 5 (7) months (Fig. 11f), further
implying that the IOT is quite distinct from the IOD. How-
ever, these observational results have not been verified in
coupled general circulation models. Further work using cou-
pled general circulation models is required to better under-
stand the physical nature of the IOT and its relationship with
other sources of climate variability. In addition, the IOT, as
a distinct mode in the tropical Indian Ocean, may exert the
significant and independent impacts on the global climate
variability during JJA, e.g. the surface temperature over the
Indo-China Peninsula, the Mei-yu/Baiu/Changma region,
the west Siberian Plain, and North America (not shown).
The underlying physical mechanism will also be investigated
in depth in the future.
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