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Abstract This study identifies a new triggering mechanism of the Indian Ocean Dipole (I0D) from the
Southern Hemisphere. This mechanism is independent from the El Nifio-Southern Oscillation (ENSO) and
tends to induce the IOD before its canonical peak season. The joint effects of this mechanism and ENSO
may explain different lifetimes and strengths of the IOD. During its positive phase, development of sea
surface temperature cold anomalies commences in the southern Indian Ocean, accompanied by an
anomalous subtropical high system and anomalous southeasterly winds. The eastward movement of these
anomalies enhances the monsoon off Sumatra-Java during May-August, leading to an early positive IOD
onset. The pressure variability in the subtropical area is related with the Southern Annular Mode, suggesting
a teleconnection between high-latitude and midlatitude climate that can further affect the tropics. To
include the subtropical signals may help model prediction of the IOD event.

Plain Language Summary An Indian Ocean Dipole (IOD) at its positive phase featuring
anomalously high and low sea surface temperature (SST) in the west and east equatorial Indian Ocean,
respectively, shifts atmosphere convection westward, causing severe floods and droughts in surrounding
west and east Indian Ocean-rim regions. Known triggering mechanisms, such as the external El Nifio-
Southern Oscillation (ENSO), cannot explain development or intensity of many 10D events. Here we find a
novel triggering mechanism of the I0D from the Southern Hemisphere, in which the subtropical high
pressure and wind anomalies forcing cool SST anomalies evolve to trigger onset of an I0D event via
enhancing the monsoon off Sumatra-Java. This Southern Hemisphere Mechanism can operate
independently from the ENSO and commences earlier than the ENSO forcing, thus providing explanation of
different IOD characteristics and a longer prediction lead time.

1. Introduction

As a major intrinsic climate mode in the tropical Indian Ocean (I0), the Indian Ocean Dipole (IOD) has
great impacts not only on the IO rim countries but also over the globe (Cai, Cowan, & Raupach, 2009;
Endo & Tozuka, 2015; Izumo et al., 2010; Qiu et al., 2014; Saji & Yamagata, 2003). During a positive IOD
event, sea surface temperature (SST) anomalously cools in the equatorial eastern 10 while warms in the
equatorial western 10; anomalous easterly wind prevails in the equatorial IO driven by the zonal pressure
gradient, following the Bjerknes positive feedback (Bjerknes, 1969; Delman et al., 2016; Drbohlav et al., 2007;
Saji et al., 1999; Webster et al., 1999; Yu et al., 2005). It leads to severe flood in East Africa and droughtin the
Indonesian Archipelago owing to a westward movement of the atmospheric convection (Behera et al., 1999;
Vinayachandran et al., 1999).

There are various triggering mechanisms of the IOD such as the El Nifio-Southern Oscillation (ENSO)
(Annamalai et al., 2003; Ashok et al., 2003; Guo etal., 2015) and Madden Julian Oscillation (Rao et al., 2008).
All these factors can be categorized as the external forcing or internal forcing within the IO (Yanget al., 2015).
An EI Nifio is considered as the major external forcing to the positive IOD, since it weakens the Walker
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Circulation over the Indo-Pacific region (Annamalai et al., 2003; Cai et al., 2013; Yu et al., 2005). When an El
Nifio event develops, corresponding to the SST change in the Pacific, the deep convection over the Maritime
Continent weakens, increasing the sea level pressure (SLP) there (Annamalai et al., 2010). The asso-
ciated anomalous pressure gradient forces easterly wind anomalies over the equatorial IO, which
replaces the weak climatological westerlies (Li et al., 2003; Meyers et al., 2007). The El Nifio thus can
trigger a positive I0D event. However, the IOD can also develop independently from the ENSO
(Behera et al., 2006; Sun et al., 2015). For example, three positive IOD events consecutively occurred
in 2006-2008, while the Pacific featured weak La Nifia conditions in 2007-2008 that would impede posi-
tive IOD developments (Cai, Pan, et al., 2009; Luo et al., 2008; Rao et al., 2008). Previous studies also
illustrated that internal variabilities of the 10 such as the anomalous equatorial easterly wind and ocea-
nic waves play roles in triggering the IOD in those independent cases (Cai & Qiu, 2013; Crétat
et al., 2017; Moum et al., 2014; Yang et al., 2015).

Although we have good understandings on such internal forcings in the tropical 10, whether and how the
subtropical 10 affects the 10D is still unclear, especially from the southern IO. It is well known that there
is a southwest-northeast SST dipole pattern in the southern IO named the Indian Ocean Subtropical
Dipole (I0SD) mode, which tends to peak in austral summer (Behera & Yamagata, 2001; Morioka et al., 2012;
Terray et al.,, 2004) and is tightly related to variability of the subtropical high pressure system (Morioka
etal., 2012). Despite suggestion that SST anomalies over the southeastern tropical 10 during austral summer
would induce variability of the subtropical high, which may in turn trigger an internal IOD (Fischer
etal., 2005), the issue of how the southern IO may affect the IOD remains unknown. Here we show that sub-
tropical high variability and high-latitude activities in the Southern Hemisphere can induce an 10D event,
which we refer to as the Southern Hemisphere Mechanism (SHM).

2. Data and Methods

Monthly SST data are provided by Extended Reconstruction SST version 5 (ERSSTv5) with a 2° x 2° resolu-
tion (Smith et al., 2008). Monthly atmospheric data including 10-m wind, SLP, and geopotential height are
from the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-
NCAR) Reanalysis I with a 2.5° x 2.5° resolution (Kalnay et al., 1996). All data sets cover the period from
1950 to 2019. We note that seasonal cycle and long-term trend have been removed from all variables firstly.
We also have checked the SST and SLP data from the Met Office Hadley Centre (HadISST and HadSLP)
(Allan & Ansell, 2006; Kennedy et al., 2011a, 2011b) and obtained similar results.

The dipole mode index (DMI) is the difference between the area-mean SST anomaly over the western tropi-
cal IO (50-70°E, 10°S-10°N) and southeastern tropical I0 (90-110°E, 10°S-Eq.) (Saji et al., 1999). The
Nifio3.4 index is defined as the area-mean SST anomaly over 170-120°W and 5°S-5°N (Trenberth, 1997).
The Southern Annular Mode (SAM) index is the difference of the zonal mean of SLP over the 40°S and
65°S (Gong & Wang, 1999).

To remove ENSO influences, this study uses a combined linear regression, highlighting the intrinsic varia-
tions in the I0. This method recognizes the ENSO as a dynamical entity, in which both developing and
decaying stages of the ENSO have considerable impacts on the 10 SST (Xie et al., 2009; Yuan et al., 2011).
To achieve the goal, we conduct a three-step recursive linear regression, in which the first step removes
the concurrent impact of ENSO on the IO SST, while the second and third steps remove the lead and lagged
impacts of ENSO in its developing and decaying years, respectively. Due to the use of lead-lagged regres-
sions, we retain the period of 1951-2018 to ensure the completeness of ENSO cycle. See the Text S1 in
supporting information for detailed descriptions.

Since the IOD features a phase-locking nature, we use the seasonal empirical orthogonal function (SEOF) to
analyze the SST evolution in the 10 (30-130°E, 30°S-10°N). The SEOF can identify not only the spatial pat-
terns but also the temporal evolution of leading variability modes for a selected variable (i.e., SST) (Wang &
An, 2005; Weller et al., 2014). Following Wang and An (2005), we firstly convert the temporal evolution of
the SST into an “expanded” space matrix and then apply an EOF analysis to the covariance of the matrix.
The expanded space matrix is expressed as
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Figure 1. Southern Hemisphere Mechanism (SHM). (a) to (f) show the SHM evolution from previous November-December (donated by —1) to the following
September—October, revealed by the first mode of seasonal empirical orthogonal function (SEOF) on bimonthly mean sea surface temperature (SST, shaded)
anomalies in the Indian Ocean. The contours (high/low anomaly starts at 0.1/—0.1 hPa with interval of 0.1 hPa shown by red/blue lines) and vectors represent the
anomalies of sea level pressure (SLP) and 10-m wind obtained by regressing to the principal component of the first SEOF mode (PC1), respectively. The regressed
results exceeding 90% confidence level of Student's ¢ test are shown.

X(x! I):[xND(I)!xJF(I):xMA (I):xW(I) !x.l&(t) :xSO(I)] ’ (1)

where X is total samples of the IO SST anomalies, while x represents the subset of X in each calendar
month; t is the year from 1951 to 2018; and ND, JF, MA, MJ, JA, and SO denote bimonthly mean of
November-December, January-February, March-April, May-June, July-August, and September-
October, respectively. In this study, we use bimonthly mean SST anomaly instead of trimonthly from
the November-December in the previous year (donated by —1) to the following September-October for
covering the period from the SHM developing stage to the IOD peak. Thus, the first sample is in the
November-December 1951.

3. The Southern Hemisphere Mechanism

After removing ENSO impacts and applying SEOF onto SST, the first SEOF mode features a connection
between the IOSD and the IOD, suggesting a plausible triggering mechanism of the IOD from the
Southern Hemisphere, hereafter SHM (Figure 1). By regressing anomalies of atmospheric fields onto the
principal component of the first SEOF mode (PC1, Figure S1), we investigate how the atmosphere forces
the southern signals evolving into the IOD via the SHM. For reference, we also apply the same processes
to the data retaining ENSO impact (Figures S2 and S3) and find that such mechanism appears as the second
mode with weaker variance.

ZHANG ET AL.

30f9



~u
AGU

ADVANCING EARTH
AND SPACE SCJENCE

Geophysical Research Letters 10.1029/2020GL088648

The initial SST anomaly features an IOSD-like pattern, where the anomalous cooling appears initially in the
central southern IO (centered around 80°E, 20°S) during the previous November—December (Figure 1a).
Such anomalous SST pattern peaks in January-February, characterized by positive SST anomalies in the
southwest IO and negative SST anomalies in the southeastern IO and is associated with the high pressure
anomaly and an anomalous anti-cyclonic wind gyre there (Figure 1b). At the southern flank of anomalous
SLP, northwesterly wind anomalies blow against the background easterly winds, while the southeasterly
winds at the northern edge enhance the background winds and thus the evaporation to cool SST. This is con-
sistent with the fact that the Mascarene High activities can lead to the IOSD (Morioka et al., 2012).

The eastward movement of the SLP anomalies causes the cool SST anomalies to move toward the
Sumatra-Java coast (Figures 1c and 1d). By May-June, SLP and SST anomalies both reach the eastern
boundary of the IO (Figure 1d). The positive SLP anomalies over the southwest Australian coast accompany
the anti-cyclonic winds to the southeastern 10, leading to a stronger-than-normal monsoon off Sumatra-Java
(Figure 1d). At this stage, the southeasterly wind anomalies over the southeastern tropical 10 cause anom-
alous cooling, by enhanced upwelling and latent heat release (Annamalai et al., 2003; Li et al., 2003; Rao
et al., 2008). Therefore, the anomalous SST cooling anchors in the southeastern tropical IO and forms the
eastern pole of the [OD, appearing much earlier than the typical IOD event (Figures 1d and 1e). At the same
time, although the anomalous SST warming moves further to the south (centered around 60°E, 30°S), it also
expands equatorward within the western basin and forms the zonal dipole pattern at low latitudes
(Figures 1e and 1f). Thus, the subtropical signals have preconditioned favorably for the IOD onset, after
which equatorial dynamics comes in to sustain the IOD development.

We use the bimonthly mean of DMI to investigate the relationship between the SHM and the IOD since the
PC1 is of an annual interval. The June-July and September—October represent the IOD developing and
mature phases, respectively (Figure S1). The PC1 has a stronger correlation with the DMI in June-July than
in September-October (0.62 vs. 0.43). It indicates that the SHM is a stronger contributor for the IOD devel-
oping stage. The larger difference between the original DMI and the no-ENSO DMI in September—October
(increase from 0.43 to 0.53) than in June-July (increase from 0.62 to 0.65) also indicates that the ENSO con-
tribution is larger during the IOD peak phase. For events with an ENSO, such as year 1997-1998, the DMI
value becomes lower than one standard deviation after removing the ENSO impacts (Figure S1b). For events
without a robust ENSO, such as 1961 and 1977 (Du et al., 2013), the DMI value changes inconspicuously but
the PC1 value is large (Figure S1b). These results suggest that internal 10 variability can induce an I0OD event
via this SHM.

It is important to know the reason why the SLP anomalies move eastward. Since high-latitude climatic pro-
cesses such as the SAM are known to influence the midlatitudes (Cai et al., 2011; Nan et al., 2009; Thompson
& Wallace, 2000), we use the correlation coefficient between PC1 and the SAM index, a composite of the
SAM index, and composites (positive minus negative SHM) of SLP and wind anomalies to examine how
the high-latitude activities involve in the SHM (Figure 2). Both correlation and composite analyses show a
negative SAM phase in austral summer (January-February), featured by high pressure anomalies in the
polar region, and low pressure anomalies in the subpolar region (Figures 2a and 2b). This negative SAM pat-
tern is accompanied by an anomalous high pressure anchors over the western subtropical IO, showing a
meridional tripolar pattern of SLP in the IO section (Figures 1b and 2b). With a phase transition of the
SAM (Figure 2a), high pressure anomalies in the subtropical IO related with a positive SAM pattern move
and appear over the eastern subtropical IO in the austral winter (July-August) (Figures 1b-1e, 2a, and
2e). The northern edge of such high pressure anomaly, therefore, causes a stronger monsoon with southeast-
erly wind anomalies in the southeastern tropical 10 (Figures le, 2d, and 2e). These composite results corre-
spond to the SHM shown in Figure 1. Our analyses so far indicate that, associated with the high-latitude
activities, the subfropical high variability induces a SLP eastward movement, which brings southeasterly
wind anomalies to the southeastern tropical IO and triggers an 10D event.

4. Associated Changes in IOD Characteristics

We note that the SHM can operate independently from the ENSO since the ENSO impacts have been
removed. However, it may be more complex in the actual situation, as observed in 2006 when the ENSO
and the Southern Hemisphere were both influential. As such, we discuss their joint effects on the IOD.
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Figure 2. Southern Annular Mode (SAM) and Southern Hemisphere Mechanism (SHM). (a) Blue line indicates the
correlation between PC1 of SEOF and the SAM index in each calendar month from November during previous
(donated by —1) year to October; orange line indicates the difference in composite of the SAM index between positive
SHM cases and negative SHM cases for samples in which PC1 is larger/smaller than 1/-1. (b, c) Composites of SLP
(contours) and wind (vectors) anomalies from January-February to July-August of the positive SHM and minus negative
SHM years. Anomalous SLP/wind exceeding the 90% confidence level of Student's t test are shaded/bold.

The SEOF results including the ENSO signals show that the first SEOF mode (explaining 22% variance)
displays the transition from a decaying positive IOD, to an IO basin-wide warming mode, and finally to a
negative I0OD mode (Figure S2). It reflects the IO capacitor effect of the ENSO cycle (Xie
et al., 2009, 2016). However, the IOSD-IOD connection is captured by the second SEOF mode (explaining
11% variance, Figure S3). These results reveal that the ENSO is the dominant factor that affects the 10
SST variability, in agreement with past studies.
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Figure 3. Forcing of the IOD by ENSO and Southern Hemisphere Mechanism (SHM). (a) Seasonal evolution of the IOD
shown by root mean square of the DMI in each calendar month. The original DMI (dotted line) includes all kind of
influences like ENSO, SHM, and others attributable to ENSO and SHM. The ENSO-induced DMI (dashed line) is
calculated by the combined linear regression. The SHM induced (solid) is obtained by linearly regressing the DMI
without ENSO influence onto the PC1 of SEOF. (b) Scatter diagram of SHM-ENSO showing their respective influence on
the IOD. Red (blue) dots/triangles stand for the positive (negative) IOD with a criterion of DMI exceeding 0.6/1 (—0.6/—1)
standard deviation in July-August/September-October. The vertical and horizontal axes indicate the normalized
bimonthly mean of the Nifio3.4 index during December-January and the PC1 of SEOF, respectively. The symbols are
filled when the SHM (ENSO) is exceeding 1/—1 standard deviation. Because the unseasonable IOD is generally weaker
than normal, we set the 0.6 standard deviations as the threshold. Note that some events are marked with years on the
upper-right corner.

The ENSO influence is at its maximum during the IOD peak season (i.e., from September to November)
as the ENSO develops concurrently (Xu & Chan, 2001), while the SHM induces the IOD much earlier
starting from May (Figure 3a). During May-August, it explains more variance of the DMI than the
ENSO does. This implies that the southern influence is locked to the seasonal cycle of the IO monsoon,
which means that the background southeasterly wind is crucial to the IOD development. Hence, differ-
ent types of IOD lifetime may be due to such southern influence. Some 10D events tend to develop and
even peak in June-August, such as prolonged IOD or unseasonable IOD (Du et al., 2013). In these
kinds of events, like the events in 1961, 2006 (Horii et al., 2008), and 2017 (Zhang et al, 2018)
(Figures S4-S6, see more details in Text S2), the Southern Hemisphere plays a role as revealed by
PC1 (above one standard deviation, Figure 3b).

In fact, both the SHM and ENSO can occur in the same year and affect evolution and strength of an IOD
event. One such example is the 2006 positive IOD event, which was confributed by both the positive SHM
and El Nifio (Vinayachandran et al., 2007) (Figure S4). Another example is the strong negative IOD event
in 1998, when both the negative phases of SHM and La Nifia had contributed (Figure 3b). However, the
2007 positive IOD event, as the second of the consecutive three positive IOD events during 2006-2008,
co-occurred with a positive SHM and a weak La Nifia (Behera et al., 2008; Luo et al., 2008; Rao et al., 2008).
As a result, it underwent a typical evolution of the unseasonable IOD and only lasted for a short period of
time. The 2017 positive event was also similar, which developed from the southern 10, but the concurrent
La Niiia contributed to its earlier termination (Zhang et al., 2018). A similar example is the negative IOD
in 1965. The negative phase of SHM led to this IOD, but its development was interrupted by an El Nifio.
Therefore, the SHM and ENSO sometimes offset and led to weak and unseasonable 10D events with an ear-
lier termination, but sometimes they conspire leading to strong and prolonged IOD events. Nevertheless,
there are still some IOD events that develop without the SHM or the ENSO (Figure 4b), suggesting that there
are other triggering mechanisms.
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Figure 4. Schematic diagram of the Southern Hemisphere Mechanism (SHM). (a) and (b) display the SHM evolution in austral summer and winter, respectively.
Reddish/bluish shadings represent the higher/lower pressure anomalies. Red/blue ovals represent the warmer/cooler sea surface temperature (SST) anomalies.
Green vectors represent the wind anomalies. Black arrows show the movement of the pressure anomalies.

5. Discussion

We note that the second SEOF mode explains ~12% proportion of the total variance and exhibits a pattern
like the Ningaloo Nifio/Nifia mode (Figure S7) (Feng et al., 2013; Kido et al., 2015). Considering the rela-
tively variance contribution, the Ningaloo Nifio/Nifia is important in the southern IO (Tozuka et al., 2014).
Particularly, the second SEOF mode shows a weak IOD-like condition after July- August (Figures S7e and
S7f), indicating a weak relationship with the I0D.

The I0SD occasionally revives in the second year after an incomplete demise (Behera & Yamagata, 2001). We
suggest that if the subtropical high anomaly persists in the southern IO, the I0D could recur through the
SHM, for example, the 1976-1977 and 2006-2007 positive events (also in 1964-1965 negatively but the
1965 event was aborted). The 2006 and 2007 positive [OD events successfully predicted by Luo et al. (2008)
are captured by the first SEOF mode of this study. Considering the subtropical impact on the tropics, this
SHM can be used to improve the predictability of the IOD events (Tanizaki et al., 2017). Nevertheless, the
relationship between the IOD and high-latitude climate variability is still under debate. In this regard, some
studies found that the SAM is not a driver of the IOD based on the model simulations (Cai et al., 2011). Here,
we hypothesize that the SAM does not directly influence the IOD, but the phase transition of the SAM may
cause subtropical high variability in the southern IO and further influence the tropics (Nan et al., 2009). This
hypothesis awaits future tests using a model experiment.

As a subtropical climate mode in the Pacific, the Seasonal Footprinting Mode is known to affect the tropical
SST and induce the ENSO variability (Chiang & Vimont, 2004; Vimont et al., 2003; Yu et al., 2010). With this
mechanism, the SST anomaly extends equatorward from the northeastern Pacific one to two seasons before
the ENSO onsets, via the wind-evaporation-SST feedback (Xie & Philander, 1994; Yu & Fang, 2018).
However, the SHM in the IO is different from the Seasonal Footprinting Mode with much weaker wind-eva-
poration-SST feedback involved. The anomalous subtropical high and southeasterly winds force the SST to
evolve and to reach the tropics, rather than the interactions of the near-equatorial SST with the atmosphere.

6. Conclusion

This study proposes a novel triggering mechanism of the IOD from the Southern Hemisphere (Figure 4). We
show a development of SST cooling anomaly from the southern IO to the tropics, accompanied by an east-
ward movement of an anomalous subtropical high system (Figure 4a). As the background southeasterly
winds associated with the monsoon in the southeastern IO move equatorward, the anomalous southeasterly
winds during May-June lead to a much earlier SST cooling over the southeastern tropical IO (Figure 4b).
The eastward movement of the high pressure anomaly over the subtropical IO is important in the SHM,
which enhances the monsoon off Sumatra-Java during May-August and is related to the phase transition
of SAM. This SHM can operate independently from the ENSO. Its impact on the IOD mainly starts from
May to June and persists until the IOD peak season. This explains why some IOD events develop and even
mature in austral winter. In particular, the present study emphasizes the role of tropical-subtropical
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connection in the generation of the IOD and that the high latitude is possibly involved in tropical climate
variability, with implication for improvement of the IOD predictability.
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