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ABSTRACT: The relationship between the Indian Ocean dipole (IOD) and the South Asian summer monsoon (SASM),
which remains a subject of controversy, was investigated using data analyses and numerical experiments. We categorized
10D events according to their sea surface temperature anomaly (SSTA) pattern: type W and type E are associated with
stronger SSTA amplitudes in the western and eastern poles of the IOD, respectively, while type C has comparable SSTA
amplitudes in both poles during boreal autumn. Type W is associated with a weak SASM from May to summer, which con-
tributes to substantial warming of the western pole in autumn; the east-west SST gradient linked to the warming of the
western pole causes weak southeasterly wind anomalies off Sumatra and feeble and cold SSTAs in the eastern pole during
the mature phase. Type E is associated with a strong SASM and feeble warming of the western pole; interaction between
the strong SASM and cold SSTAs in the eastern pole in summer results in strong southeasterly wind anomalies off Sumatra
and substantial cooling of the eastern pole during the mature phase. For type C, warming of the western pole and cooling
of the eastern pole develop synchronously without apparent SASM anomalies and reach comparable intensities during the
mature phase. Observations and numerical simulation results both indicate the role of disparate SASM anomalies in modu-
lating SSTA patterns during the development of positive IODs. Warming of the tropical Indian Ocean becomes estab-
lished in the winter and spring following type W and type C IODs but not following type E events.

KEYWORDS: Atmosphere; Ocean; Indian Ocean; Atmosphere-ocean interaction; Atmospheric circulation;
Ocean circulation; Ocean dynamics; Monsoons; Climate variability; Heat budgets/fluxes

1. Introduction comprehensive investigation of the IOD formation and devel-
opment mechanisms is vital.

Most studies conclude that IOD events have been remotely
forced by El Niflo-Southern Oscillation (ENSO) in the tropi-
cal Pacific Ocean (Xie et al. 2002; Annamalai et al. 2003;
Fischer et al. 2005; Zhang et al. 2015; Fan et al. 2017; L. Liu
et al. 2017; Stuecker et al. 2017). However, some 1OD events,
for example, the event in 1961, could have been the result of
local air-sea interactions in the TIO (Saji et al. 1999; Webster
et al. 1999; Ashok et al. 2003; Li et al. 2003; Rao and Behera
2005; Wang et al. 2016), and some analyses of modeling
results and observational data indicate that the influence of
ENSO might not be a necessary trigger for IOD events
(Fischer et al. 2005; Drbohlav et al. 2007).

Many studies have revealed the crucial role of the Asian
summer monsoon in IOD formation (Loschnigg et al. 2003;
Drbohlav et al. 2007; Huang and Shukla 2007; Krishnan and
Swapna 2009). Krishnan and Swapna (2009) emphasized that
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The Indian Ocean dipole (IOD) is one of the dominant
interannual variabilities in the tropical Indian Ocean (TIO),
with a positive (negative) IOD being characterized by warm
(cold) SSTAs in the western TIO and cold (warm) SSTAs in
the southeastern TIO (Saji et al. 1999; Webster et al. 1999).
IOD events strongly influence the climate over the Indian
Ocean and surrounding countries, and even on remote
regions, for example, Europe, northeast Asia, and North and
South America (Birkett et al. 1999; Latif et al. 1999; Webster
et al. 1999; Saji and Yamagata 2003; Cai et al. 2014; Nur’utami
and Hidayat 2016; Lestari et al. 2018). Moreover, IOD events
also contribute to variabilities in oceanic processes, such as
the Indonesian throughflow, the equatorial undercurrent of
the Indian Ocean, and the eastern Indian Ocean upwelling
(Chen et al. 2015, 2016a,b; Liu et al. 2015). Therefore,
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F1G. 1. Standardized time series of the SON-averaged DMI
(bars), EDMI (multiplied by —1.0, purple line), and WDMI
(orange line) during 1948-2017. Dashed lines indicate *1 standard
deviation.

influence of the South Asian summer monsoon (SASM) on
the IOD, Li et al. (2003) proposed that a strong Indian sum-
mer monsoon might exert negative feedback on the 10D.
Loschnigg et al. (2003) highlighted that a reduced SASM cir-
culation contributes to development of a positive dipole
through reducing (enhancing) upwelling in the western (east-
ern) equatorial Indian Ocean. However, Drbohlav et al.
(2007) indicated that a pattern of monsoon-like flow in
non-El Nifo years promotes a positive IOD by increasing the
westerly and southeasterly wind over the northwestern and
southeastern Indian Ocean, respectively. To understand this
controversy, we analyzed the latest available data and found
no significant correlation between the SASM and either the
summer [OD or the autumn IOD. Cherchi et al. (2021) also
indicated that the coupling and feedback processes between
the SASM and the IOD lack a comprehensive understanding.
Therefore, the relationship between the SASM and the IOD
needs further investigation, especially with regard to the influ-
ence of the SASM on the IOD.

Different types of IOD have been reported in previous
studies. Classification of IODs has been based either on the
triggering mechanism—mechanisms can be locked into or
independent of ENSO (Fischer et al. 2005; Drbohlav et al.
2007; Hong et al. 2008b; Guo et al. 2015) or on the influence
of different types of ENSO on IOD occurrence (Wang and
Wang 2014; Zhang et al. 2015; Fan et al. 2017). Du et al.
(2013) also divided IOD events into three types according to
the peak time and duration of events; Anil et al. (2016) fur-
ther examined the influence of these different types of IODs
on Indian summer monsoon rainfall. Endo and Tozuka (2016)
found that the western pole of IOD is not always covered
entirely by positive SSTAs, and consequently classified IOD
episodes as canonical IOD and IOD Modoki events.

It is important to understand differences between the
SSTA amplitude of the IOD eastern and western pole,
because the impact of different types of IODs on the climate
of surrounding countries is saliently disparate, especially in
terms of precipitation patterns ( Fig. S1 in the online supple-
mental material). Sun et al. (2014) classified IODs according
to their SSTA patterns: when the SSTA amplitude of the
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eastern pole exceeds twice that of the western pole during the
IOD mature phase, the IOD is classified as an asymmetric
10D; otherwise, it is classified as a symmetric IOD. Recently,
Cai et al. (2020) classified positive IODs according to their
spatial patterns and dynamics: positive IODs are classified as
strong when cold SSTAs of the eastern pole are dominant
and are classified as moderate when warm SSTAs of the west-
ern pole are dominant. On the basis of differences between
the SSTA amplitude of the eastern and western pole, we con-
sidered that IODs should be comprehensively grouped into
three types (Fig. 1).

In accordance with the criteria of Sun et al. (2014), we
defined type W IODs as those in which the SSTA amplitude
in the western TIO exceeds twice that in the southeastern
TIO; type E 10Ds are those in which the SSTA amplitude in
the southeastern TIO exceeds twice that in the western TIO;
type C IODs have comparable SSTA amplitudes in the two
poles. Therefore, the objectives of the present study are to
investigate features and dynamics of the evolution of these
three types of IODs, examine linkages of three types of posi-
tive IODs with the SASM, and identify the disparate SSTA
development in the Indian Ocean in the winter and spring fol-
lowing IOD events.

Section 2 presents the data, method, and model used in the
study. Three types of IOD events are described in section 3.
In section 4, we present features of the monsoon circulation,
subsurface variations, and the role of the SASM in the devel-
opment of three types of positive IODs based on observations
and numerical simulations. In section 5, we examine the oce-
anic mixed layer heat budget. In section 6, we discuss the role
of El Nino on IODs and the development of SSTAs in the
TIO following three types of IOD events. Finally, a summary
is given in section 7.

2. Data, method, and model
a. Data

We used SST data from the Hadley Centre Sea Ice and Sea
Surface Temperature dataset, version 1.1 (HADISSTI;
1948-2017), which has a 1° X 1° horizontal resolution (Rayner
et al. 2003). The seawater potential temperature and sea sur-
face height (SSH) were derived from the European Centre
for Medium-Range Weather Forecasts (ECMWF) Ocean
Reanalysis System 4 (ORAS4) dataset with a 1° X 1° horizon-
tal resolution for the period of 1958-2017 (Balmaseda et al.
2013). SSH derived from the Simple Ocean Data Assimilation
(SODA, version 2.2.4) reanalysis dataset with 0.5° X 0.5° hor-
izontal resolution for the period of 19482008 (Carton and
Giese 2008) was used as comparative analysis. Wind fields
and geopotential height with 2.5° X 2.5° horizontal resolution,
for the period 1948-2017 were obtained from the National
Centers for Environmental Prediction (NCEP) and National
Center for Atmospheric Research (NCAR) reanalysis dataset
(Kalnay et al. 1996). Outgoing longwave radiation (OLR)
data with 2.5° X 2.5° horizontal resolution (1979-2017) were
acquired from the National Oceanic and Atmospheric
Administration (NOAA; Liebmann and Smith 1996).
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Precipitation products were derived from the Japanese 55-
year Reanalysis (JRA-55) dataset (1958-2015) with 1.25° X
1.25° horizontal resolution (Kobayashi et al. 2015). All the
above datasets are monthly means.

Pentad potential temperature, zonal and meridional cur-
rents, and vertical velocities were taken from the NCEP
Global Ocean Data Assimilation System (GODAS) at 40 lev-
els (Behringer and Xue 2004), and the daily surface heat flux
data were derived from the newly developed TropFlux prod-
ucts (Kumar et al. 2012, 2013), all for 1980-2017. Daily varia-
bles of TropFlux were converted into pentad datasets. These
GODAS variables were interpolated to 1° X 1° horizontal
resolution for convenient analysis in the mixed layer tempera-
ture (MLT) tendency equation, following Mao and Wang
(2018). A linear trend and the monthly (pentad) mean clima-
tology were removed from each monthly (pentad) dataset. To
extract the interannual signal, a 3-108-month bandpass filter
was applied to all variables (Guo et al. 2015).

b. Method

The dipole mode index (DMI), which measures the
strength of 10D, was defined as the difference between area-
averaged SSTAs in the western pole (10°S-10°N, 50°-70°E;
WDMI) and the eastern pole (10°S-0°, 90°-110°E; EDMI;
Saji et al. 1999). A September-November (SON)-averaged
DMI that is greater than 1 standard deviation indicates the
occurrence of an IOD event. The Indian Ocean basin mode
index was defined as area-averaged SSTAs in the TIO
(20°S-20°N, 40°-100°E; Guo et al. 2018). The Nifo-3.4 index
was calculated from area-averaged SSTAs in the Nifo-3.4
region (5°N-5°S, 120°~170°W), and an El Nifio occurs if the
5-month running mean of the Nifo-3.4 index exceeds 0.4°C
for 6 months or more (Trenberth 1997).

The SASM index (SASMI) was defined as an area-aver-
aged dynamical normalized seasonality wind at the 850-hPa
wind field in June-August (JJA) within the South Asian
domain (5°-22.5°N, 35°-97.5°E; Li and Zeng 2002). The
dynamical normalized seasonality index was given by the
following:

Vs = Viuall _
IV

nn 2, )
where V| and V are the January climatological wind vector
and the mean of January and July climatological wind vectors,
respectively, and V,, , is the monthly wind vector for the mth
month of the nth year.

The mixed layer heat budget equation (Li et al. 2002; He
et al. 2019) can be expressed as follows:

AT Onet — Op oT oT oT
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0
where () = (1/ h)I dz represents the vertical means over the
—h

mixed layer; 4 represents the mixed layer depth, which is
approximately 45 m in the Indian Ocean (Du et al. 2005; He
et al. 2019); u, v, and w represent the zonal current,
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meridional current, and vertical current, respectively; Qe
represents the downward net surface heat flux, including the
net downward shortwave radiation flux, longwave radiation
flux, latent heat flux, and sensible heat flux; and Q, represents
the shortwave penetration through the mixed layer depth.
The solar radiation penetration parameterization scheme is as
follows (Paulson and Simpson 1977):

0,=SW X[rxe M4+ (1—rxe M| 3)

where SW indicates the downward shortwave radiation at the
sea surface, r = 0.67, L; = 1, and L, = 17 (Dong et al. 2007).
The density of seawater is 1026 kg m >, and its specific heat is
3986 J kg”' K™'. R in (2) represents the residual term that
includes various components such as unresolved subgrid-scale
turbulence and eddy heat flux (Du et al. 2005).

The statistical significance of composites was tested using
two-tailed Student’s ¢ tests. Special care was taken to interpret
results from the composite analysis because of the small num-
ber of cases in each IOD type. The composite analysis, linear
baroclinic model (LBM) experiments, ocean general circula-
tion model experiments, and ocean mixed layer heat budget
diagnoses all will be conducted to indicate the reliability of
results.

c¢. Model

In this study, we used two models. One is the LBM (Wata-
nabe and Kimoto 2000; Watanabe and Jin 2002). The NCEP1
reanalysis data from the period of June-August (summer)
1979-2014 were used as model input. We performed a 30-day
integration for each experiment with fixed diabatic heating
forcing. Model results from days 15 to 30 were averaged and
examined in this study.

Numerical experiments of IOD events also were conducted
using LICOM3, which is an oceanic general circulation model
developed by the State Key Laboratory of Numerical Model-
ing for Atmospheric Sciences and Geophysical Fluid Dynam-
ics (LASG) of the Institute of Atmospheric Physics (IAP) of
the Chinese Academy of Sciences (CAS). Detailed descrip-
tions of LASG/IAP LICOM3 can be found in Lin et al.
(2020). We conducted sensitivity experiments, which were
based on the Ocean Model Intercomparison Project (OMIP)
experiment in phase 6 of the Coupled Model Intercomparison
Projects (CMIP6); Coordinated Ocean-Ice Reference Experi-
ments, phase II (CORE-II), data derived from NCEP-NCAR
reanalysis for 1948-2009 (Large and Yeager 2004) were used
as the forcing data.

3. Classification of IOD events
a. Three types of IODs

Following the classification criteria described in section 1,
we identified approximately 11 (9) positive (negative) IOD
events between 1948 and 2017 (Table 1); our results are
largely consistent with findings of previous studies (Saji and
Yamagata 2003; Du et al. 2013; Endo and Tozuka 2016). Fig-
ure 1 shows the strength of SON-averaged DMI, WDMI, and
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TABLE 1. Years with type W, type E, type C, and positive and negative IOD events.

Types

Positive IODs

Negative IODs

Type W (stronger in western pole)
Type E (stronger in eastern pole)
Type C (symmetric)

1972%, 1987, 2015*
1961, 1967, 1994?, 2006*
1963%, 19827, 1997%, 2002*

1964*
1958, 1998*
1974, 1975%, 1992, 1996, 20107, 2016

 Positive (negative) IOD event co-occurring with El Nifio (La Nifia).

EDMI (multiplied by —1.0). Type W positive (negative) IOD
events, in which the amplitude of WDMI is at least twice that
of the EDMI, occurred in 1972, 1987, and 2015 (1964). Type
E positive (negative) IOD events, in which the amplitude of
EDMI is at least twice that of the WDMI, occurred in 1961,
1967, 1994, and 2006 (1958 and 1998). Type C positive (nega-
tive) IOD events, in which the amplitude of WDMI is less
than twice that of EDMI or the amplitude of EDMI is less
than twice that of WDMI, occurred in 1963, 1982, 1997, and
2002 (1974, 1975, 1992, 1996, 2010, and 2016).

There was significant asymmetry between positive and neg-
ative phases of three types of IODs (not shown). Previous
studies emphasized the prominence of the asymmetry of
SSTA amplitude between 10D positive and negative phases
(Hong et al. 2008a,c; Ogata et al. 2013; L. Y. Zhang et al.
2018), and that the amplitude of positive IOD events tends to
be greater than that of negative IOD events (Cai et al. 2013).
For type C, the number of negative IODs exceeds that of pos-
itive IODs. As indicated by Hong et al. (2008a,c), the SST in
the eastern TIO is warm with more active ocean—atmosphere
interaction, which determines that the SST cooling in the
1IOD eastern pole is much easier and stronger than the warm-
ing. The asymmetric thermocline feedback induced by the
deep mean thermocline in the southeastern TIO, in which

(a) Type-W

0.9 = =WDMI composite

Jan April July Oct

(c) Type-C

= =WDMI composite
2002

SST is more sensitive to shoaling than the deepening of the
thermocline, also contributes to the domination of cooling
over warming (Ogata et al. 2013; Cai et al. 2013). Such asym-
metry causes more negative IODs in the type C category.
Moreover, Hong et al. (2008b) suggested that positive and
negative IOD events differ in their evolution and structures.
Thus, we separated positive IODs from negative IODs, and in
this paper, only focus on positive IODs.

b. Temporal features of the evolution of three types of
positive IODs

The temporal evolution of WDMI and EDMI differs mark-
edly among three types of IODs (Fig. 2). For type W 1ODs,
the amplitude of WDMI develops rapidly from spring, and is
remarkably greater than that of EDMI after May, especially
during the peak of the IOD development phase (Fig. 2a). For
type E, the EDMI develops rapidly from late spring, and is
remarkably greater than WDMI after June (Fig. 2b). For type
C, although SSTAs of two poles develop almost synchro-
nously to reach similar intensity during the mature phase,
cooling of the eastern pole is generally greater than warming
of the western pole during the entire developing phase, with
the event of 2002 being an exception (Fig. 2¢). In general, our
results indicate that type E and type C IODs are dominated

(b) Type-E

= =WDMI composite
2006

0.9 4

0.6
0.3 1
7
0.0 _:\_{;@v '5<:——_/z/
03477 _
T T T
Jan April July Oct
(d) DMI composite
0.9 4 Type-C
0.6 4 Type-E

Type-W

0.3 4

Jan April

July Oct

0.0

-0.3 A

Jan April July Oct

FIG. 2. Evolution of the EDMI (multiplied by —1.0, solid lines), WDMI (dashed lines), and
their composite (thick red lines) for positive IODs of (a) type W, (b) type E, (c) type C, and
(d) DMI composites for three types of positive IODs. Events in the composite are listed in
each panel (unit: °C).
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FIG. 3. Bimonthly averaged composites of SSTAs (shading, unit: °C) and 925-hPa wind anomalies (vectors, unit: m s~ ') for positive
10Ds of (left) type W, (center) type E, and (right) type C: (a),(e),(i) March-April (MA); (b),(f),(j) May-June (MJ); (¢),(g),(k) July-August
(JA); (d),(h).,(1) September-October (SO). Cyan stippling indicates the 90% confidence level. Only wind vectors that are significant at the

90% confidence level are shown.

by cold SSTAs in the southeastern TIO and are consistent
with previous studies (Webster et al. 1999; Luo et al. 2010; Du
et al. 2013). Figure 2d shows that a type E IOD is stronger
than a type W IOD. Of the three types, a type C 10D is the
last to start its development phase but is the strongest during
its mature phase.

4. Contrasts among three types of positive IODs
a. Monsoon circulation and SSTAs

To examine the formation processes of three types of posi-
tive IODs, we examined bimonthly evolution of SSTAs and
925-hPa wind anomalies (Fig. 3). Composite results
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derived using 1 standard deviation of the SON-averaged
DMI as the threshold to define IOD occurrence are in
close agreement with results derived using a 0.75 or 1.5
standard deviation threshold (not shown). For type W
10Ds (Figs. 3a—d), easterly anomalies dominate the equa-
torial Indian Ocean and northern Indian Ocean during
March-April (Fig. 3a). Such anomalous easterlies tend to
drive warm water to accumulate westward, facilitating pos-
itive SSTAs. Significant positive SSTAs appear in the west-
ern TIO during May-June, accompanied by anomalous
easterlies (westerlies) over the region north (south) of the
equator (Fig. 3b). Moreover, as May-June is the period
of onset of southwesterly monsoon over the Indian subcon-
tinent, anomalous easterlies there coincide with delayed
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FIG. 4. Bimonthly averaged composites of 200-hPa geopotential height anomalies (shading, unit: m) and OLR anomalies (contours, units:
W m~?) for positive IODs of (left) type W, (center) type E, and (right) type C: (a),(d),(g) MJ; (b),(e),(h) JA; (c),(f),(i) SO. Composites of
OLR are for three types of positive IODs during 1979-2017. Green and magenta contours represent negative and positive OLR anomalies,
respectively (contour interval: S W m™2, zero contour omitted). Cyan stippling indicates the 90% confidence level for composites of

200-hPa geopotential height anomalies. Dark blue contours (3000-m topographic height) indicate the location of the Tibetan Plateau.

onset of the SASM (Yu et al. 2021) and a weakened SASM.
Thus, northeasterly wind anomalies are established off East
Africa in July—August (Fig. 3c), which weakens wind—eva-
poration-SST (WES) feedback (Li et al. 2003; Xie and Phi-
lander 1994) and coastal upwelling (Murtugudde et al.
2000). Subsequently, positive SSTAs become stronger and
reach maxima during September—October as anomalous
easterlies intensify, especially over the Arabian Sea (Fig.
3d). There are few signals in the eastern Indian Ocean dur-
ing spring and summer (Figs. 3a—c). The east-west tempera-
ture gradient associated with warming of the western TIO
contributes to development of southeasterly wind anoma-
lies off Sumatra in September—October. Correspondingly,
cooling of the eastern pole develops there (Fig. 3d). Nota-
bly, the SST warming in the western TIO is considerably
stronger than the SST cooling in the southeastern TIO after
May (Figs. 2a and 3a—d).
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In contrast, the development of type E I0ODs begins from
the eastern pole. Southeasterly wind anomalies over the cen-
tral southern Indian Ocean may contribute to the weak and
cold SSTAs in the southeastern Indian Ocean via the offshore
flow during March-April (Fig. 3e). Development of south-
easterly wind anomalies off Sumatra in May-June strengthens
cold SSTAs and suppresses convection in the southeastern
TIO via wind-thermocline-SST (Saji et al. 1999) and WES
feedback (Fig. 3f). Southeasterly wind anomalies of the
eastern pole transport water vapor to India and the Bay of
Bengal, contributing to both positive precipitation anomalies
( Figs. Sle and S1f) and convection development in spring
and summer (contours in Figs. 4d,e). The interaction between
the strong SASM and cold SSTAs further cools the eastern
pole in July-August, resulting in the SSTA peak in September—
October (Figs. 3g,h). In type E IODs, unlike in type W IODs,
there are no warm SSTAs off East Africa in summer and
autumn owing to enhanced WES feedback and coastal
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upwelling resulting from the strong SASM. Accompanying the
development of easterly anomalies in the equatorial Indian
Ocean, SST warming appears in the central TIO (Figs. 3gh),
similar to the IOD Modoki (Endo and Tozuka 2016).

For type C IODs, weak easterly wind anomalies occur in the
northern Indian Ocean during May-June without significant
SSTAs in the western Indian Ocean (Fig. 3j). Southeasterly
wind anomalies off Sumatra and the coincident significant cold
SSTAs begin developing in July—August, that is, later than in
type E I0Ds, and accompany weak westerly wind anomalies
over the Indian subcontinent and the Bay of Bengal (Fig. 3k).
Meanwhile, warm but weak SSTAs form in the western TIO
with the setup of equatorial easterly anomalies (Fig. 3k). There
are no prominent summer monsoon anomalies over the western
Indian Ocean during the development phase of the IODs
(Figs. 3j.k). A typical dipole mode becomes established in
September—October, with comparable SSTA amplitudes in the
eastern and western poles (Figs. 2c and 31). Therefore, we con-
clude that the SST and wind evolution of three types of positive
1ODs over the western and eastern TIO are remarkably differ-
ent, which may be related to the strength of the SASM.

Figure 4 illustrates the evolution of the 200-hPa geopotential
height anomaly, that is, the South Asian high, and the OLR anom-
aly associated with three types of positive IODs. The presence of
cyclonic circulation anomalies in type W IODs over the southwest-
ern Tibetan Plateau in May—June at 200 hPa (Fig. 4a) and 500 hPa
(not shown) signifies a barotropic structure in the mid- to upper
troposphere. Previous studies indicated the important role of the
variability of the South Asian high in monsoon onset and rainfall
variability over South Asia (Ashfaq et al. 2009; Liu et al. 2014;
Wei et al. 2019). The weakening of the easterly jet on the southern
flank of the South Asian high is unfavorable for the establishment
and seasonal development of the SASM (Yu et al. 2021). Yu et al.
(2021) also highlighted that an area of high pressure with low-level
divergence over India leads to weakening of the cross-equatorial
Somali jet near the surface and a delay in the seasonal transition
of the SASM, which is consistent with the circulation in type W
10Ds (Figs. 3a,b, S2a, and S2b). The weakened South Asian high
and SASM persist into September—October (Figs. 3b-d and 4a—).
For type E 10Ds, positive geopotential height anomalies develop
along 35°N during May-August (Figs. 4d,e), accompanying
with the strong South Asian high. The SASM is established
early and is strengthened conspicuously for type E 10Ds,
which contrasts with the situation in type W 10Ds. Corre-
sponding to insignificant anomalies of the South Asian high
and SASM, geopotential height anomalies over the Tibetan
Plateau are relatively weak during the development phase of
type C I0Ds (Figs. 4g,h).

Further, in late spring, the South Asian high variability is
basically influenced by two systems. One is tropical SSTAs,
that is, ENSO (Table 1), SSTAs in the Indian Ocean, and
associated convection anomaly in the Indian Ocean and west-
ern Pacific (B. Q. Liu et al. 2017). The South Asian high is
stronger when the tropical convective heating is enhanced
(Liu et al. 2007; B. Q. Liu et al. 2017; Figs. 4d—¢). The other is
stationary wave activities in midlatitudes, which can generate
a baroclinic circulation structure in Iranian Plateau and western
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Tibetan Plateau (Cui et al. 2015; Yu et al. 2021; Figs. 4a and S2a).
The positive feedback between the weakened South Asian high
and monsoon convection sustains the weak SASM and South
Asian high during summer in type W I0Ds (Figs. 3b,c, 4a,b, S2a,
and S2b), and vice versa for the strong SASM and South Asian
high in type E 10Ds (Figs. 3f,g, 4d,e, S2d, and S2e).

Marked differences exist in the convection over the western
TIO and the South Asian region during May—-August among
three types of positive IODs. The increased convection in the
southwestern Indian Ocean during May-June (Figs. 4a and
Sla), which is associated with warm SSTAs, also suppresses
the convection over the Indian subcontinent and weakens the
SASM. The delay in the SASM seasonal transition and weak-
ened convection in South Asia are coupled with near-surface
easterly anomalies in South Asia and a weaker Somali jet in
spring and early summer (Figs. 3a,b, 4a, and S2a) that persist
in summer (Figs. 3¢,b and S2b). For type E IODs, suppressed
convection, cold SSTAs, and southeasterly wind anomalies
begin in late spring over the eastern pole (Figs. 3f, 4d, and
S2d). The stronger easterly shear of the South Asian high and
the moisture transport associated with the depressed convec-
tion over the southeastern Indian Ocean favor a stronger
SASM during May-August, which corresponds to strong con-
vection anomalies over the western TIO and South Asia
(Figs. 3f,g, 4d.e, S2d, and S2e). The strong SASM is coupled
with the strengthened meridional circulation in the eastern
Indian Ocean (not shown), resulting in further cooling of the
eastern pole (Fig. 3g). Comparably, convection anomalies
over South Asia are weak during spring—summer for type C
10Ds (Figs. 4g,h). During September—October, convection is
significant in the western TIO for both type W and type C
10Ds owing to the strong SST gradient, whereas it is slightly
weaker for type E I0Ds. The OLR over the southeastern
Indian Ocean and Maritime Continent shows suppressed con-
vection during the entire development phase of three types of
positive IODs (Fig. 4); positive OLR anomalies are the stron-
gest and the SSTAs are the coldest in the eastern pole of type
E IODs. The strong air-sea interaction plays an important
role in IOD development. At the western pole, the suppressed
convection corresponds to positive SSTAs for type W 10Ds,
and the increased convection corresponds to weak and nega-
tive SSTAs for type E 10Ds during May—August; both phe-
nomena suggest that the atmospheric processes dominate the
development of SST patterns there (Figs. 3b,c.f,g, 4a,b,d,e).

Convection is coupled with upper- and lower-tropospheric cir-
culation anomalies, presenting a weakened (strengthened)
SASM in type W (type E) IODs. The SASM-related OLR
anomalies correspond to the negative or positive heat source, in
turn, and such diabatic heating might reduce or reinforce the
anomalous circulation (e.g., easterly or westerly anomalies) to
enhance SSTAs of type W or type E I0ODs. The mechanism for
this diabatic heating-induced circulation is addressed in section
4c through an analysis of numerical experimental results.

b. Subsurface variations of three types of positive IODs

Oceanic dynamic processes are also important in the IOD
development (Murtugudde et al. 2000; Yuan and Liu 2009;
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Wang and Yuan 2015; Wang et al. 2016; Effy et al. 2020) and
are examined in this section. Following Rao and Behera
(2005) and Wang et al. (2016), we used SSH as a proxy of
thermocline variability. Large differences in the surface wind
anomalies of three types of positive IODs may result in large
differences in subsurface temperature and thermocline anom-
alies (Rao et al. 2002; Rao and Behera 2005; Endo and
Tozuka 2016). The longitude—depth pattern of potential tem-
perature anomalies averaged over 10°S-10°N, which are con-
sistent with sections averaged over 5°S-5°N (not shown), and
SSH anomalies are shown in Figs. 5 and 6, respectively. SSH
anomalies from ORAS4 and SODA data present consistent
results (not shown).

For type W 10Ds, equatorial easterly wind anomalies over
the TIO during January—April drive upwelling Kelvin waves
to propagate to the eastern Indian Ocean, lifting up the ther-
mocline and contributing to subsurface cooling there
(Figs. 5a, 6a, and S3a; Murtugudde et al. 2000; Rao et al.
2002). Meanwhile, as a response to anticyclonic wind stress
curl, downwelling Rossby waves associated with the conver-
gence of warm waters in the off-equatorial ocean propagate
westward, subsequently deepening the thermocline and pro-
moting the subsurface warming over the western Indian
Ocean (Xie et al. 2002; Rao and Behera 2005; Effy et al.
2020). Effy et al. (2020) pointed out that the anomalous sub-
surface warming helps the western equatorial Indian Ocean
to maintain the warmer SST. As indicated by Yuan and Liu
(2009), feeble downwelling Kelvin waves reflected at the west-
ern boundary provide the negative feedback to the evolution
of subsurface processes in the eastern Indian Ocean during
May-August (Figs. Sb,c, 6b,c, and S3a). During September—
October, the development of local southeasterly wind anoma-
lies off Sumatra also strengthens the subsurface cooling and
the thermocline shoaling in the eastern Indian Ocean (Figs.
3d, 5d, and 6d; Murtugudde et al. 2000). Downwelling Rossby
waves in the off-equatorial ocean propagate westward, which
further deepens the thermocline and enhances warm subsur-
face temperature anomalies in the western Indian Ocean
(Figs. 5d, 6d, S3b, and S3c).

Conversely, for type E IODs, weak westerly wind anomalies
generate the eastward propagation of downwelling Kelvin
waves over equatorial Indian Ocean and the westward propa-
gation of upwelling Rossby waves over off-equatorial Indian
Ocean, contributing to subsurface warming and cooling over
the eastern and western Indian Ocean before April, respec-
tively (Figs. Se, 6e, S3d, S3e, and S3f). The reflected upwelling
Kelvin waves at the western boundary propagate eastward to
the southeastern Indian Ocean, inducing thermocline shoaling
and subsurface cooling during May-June (Figs. 5f, 6f, and
S3d). Thermocline shoaling and subsurface cooling in the east-
ern Indian Ocean continue to strengthen accompanying with
the development of southeasterly wind anomalies off Sumatra
and easterly wind anomalies over the equatorial Indian Ocean
during July-October (Figs. 3g,h, 5¢,h, and 6g,h). Downwelling
Rossby waves caused by surface wind anomalies in the off-
equatorial region propagate westward to the central Indian
Ocean during September—October, generating warm subsur-
face temperature anomalies (Figs. 5h, 6h, and S3d-f).
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Weak upwelling Kelvin waves propagate eastward to shoal
the thermocline and lead to subsurface cooling over the
southeastern Indian Ocean owing to insignificant surface
wind anomalies for type C IODs. Subsequently, the rein-
forced southeasterly wind anomalies off Sumatra intensify the
local upwelling and subsurface cooling there (Figs. 5i-1, 6i-1,
and S3g). Meanwhile, the westward propagation of downwel-
ling Rossby waves associated with wind anomalies strengthens
during September—October, contributing to warming in the
western Indian Ocean (Figs. 3k,1, 5k,1, 6k,l, S3h, and S3i).
These results suggest that the subsurface temperature and
thermocline anomalies associated with three types of positive
IODs are observably disparate. Moreover, it is noted that the
variation of thermocline does not agree with the SSTA well
during March-April (Figs. 3a,e,i, 5a,e,i, and 6a,e,i), suggesting
that the oceanic dynamic plays a relatively smaller role during
the early development for three types of IODs. The oceanic
dynamic strongly contributes to the IOD during its develop-
ment and mature stages, especially for type E and type C
10Ds. For type W 10Ds, the oceanic dynamic contributes less
to cold SSTAs of eastern pole during the entire process.

¢. Role of the SASM in the development of three types of
positive IODs

1) OBSERVATIONS

Three types of positive IODs are related to different SASM
circulations. Type W 10Ds coincide with a weaker SASMI,
whereas type E IODs are closely related to a stronger
SASMI. The SASM anomaly associated with type C IODs is
very weak, except in 2002 when the SASMI is —0.76 (Fig. 7).
However, these results are not contradictory, because the
weakened SASMI in 2002 is followed by warm SSTAs in the
western pole that are larger than cold SSTAs in the eastern
pole (Fig. 2c¢), pointing toward a behavior that is similar to
that of a type W IOD.

2) LBM SIMULATION

To investigate the circulation response to a strong or weak
SASM-related diabatic heating, LBM experiments were per-
formed. We selected the center location and extent of the
negative (positive) heat source on the basis of composites of
observed July—August precipitation anomalies for type W
(type E) positive IODs (Figs. 8a,d, S1b, and S1f). In the simu-
lation, the negative heat source is centered on 15°N, 75°E; it
extends over an elliptical area of 5° latitude X 10° longitude
in the region of 10°-20°N, 65°-85°E; the positive heat source
is centered on 20°N, 90°E; it extends over an elliptical area of
5° latitude X 20° longitude in the region of 15°-25°N,
70°-110°E (Figs. 8a,d). In the vertical, the area-averaged heat-
ing profile has a minimum (maximum) of —0.89 K day " (0.65
K day ') at the sigma of 0.54 for negative (positive) conden-
sation heating in the LBM as recorded in observations.

Results presented in Fig. 8 indicate that the SASM plays a
vital role in adjusting the SSTA pattern of IODs. The
response to a negative heating over South Asia exhibits sev-
eral remarkable features at low levels of the atmosphere
that are conducive to the development of type W IODs
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FIG. 5. Bimonthly averaged composites of vertical potential temperature anomalies (unit: °C) calculated as the average over 10°S-10°N
for positive IODs of (left) type W, (center) type E, and (right) type C during 1958-2017: (a),(e),(i) MA; (b),(f),(j) MJ; (c),(g),(k) JA;
(d),(h),(1) SO. Cyan stippling indicates the 90% confidence level.
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FIG. 6. Bimonthly averaged composites of SSH anomalies (unit: m) for positive IODs of (left) type W, (center) type E, and (right) type C
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(Figs. 8a—c): 1) the evident high pressure that becomes estab-
lished over the Indian subcontinent and the northwestern
Indian Ocean, 2) the easterly wind that forms over southern
India and the northwestern Indian Ocean, and 3) the signifi-
cant northeasterly wind that occurs over the western Indian
Ocean and off East Africa, which might facilitate warming of
the western pole (Figs. 8b,c).

Conversely, in response to a positive heating associated
with a stronger SASM, there is an area of low pressure over
the Bay of Bengal and the Indian subcontinent with promi-
nent westerly winds on its southern flank. Corresponding
southeasterly winds and easterly winds develop off
Sumatra and over the equatorial Indian Ocean, respectively
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(Figs. 8d—f). Features of the positive heat source presented
here favor the establishment of type E IODs. It should be
noted that results from LBM experiments do not exactly
match the observation data shown in Fig. 3 because of the
lack of feedback in the LBM.

3) OCEANIC GENERAL CIRCULATION MODEL SIMULATION

Numerical experiments were designed and performed using
LICOMS3 to further investigate the potential role of SASM in
the development of positive IODs by considering nonlinear
systems. First, we conducted an OMIP experiment from 1948
to 2009, which was an ocean-sea—ice coupled hindcast
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FIG. 7. Standardized time series of JJA-averaged SASMI (bars).
Orange, cyan, and purple dots indicate years of positive IODs of
type W, type E, and type C, respectively. Orange, cyan, and purple
circles indicate years of identifiable positive IODs of type W, type
E, and type C when a 0.75 standard deviation of the SON-averaged
DMI is used as the threshold to define IOD occurrence,
respectively.

simulation forced by CORE-II data (Lin et al. 2020). Type C
1I0Ds have comparable SSTA amplitudes in the western and
eastern poles in autumn, accompanying with inconspicuous
SASM anomalies; thus, four type C positive IOD years from
the OMIP experiment—1963, 1982, 1997, or 2002—were
selected as the control run (CTL). On the basis of CTL, we
conducted two groups of sensitivity experiments in regard to
the strong and weak SASM for four cases. For four cases in
each group of sensitivity experiment, varying initial conditions
were set to the instantaneous field on 1 May from the corre-
sponding CTL. For the WOMIP sensitivity experiment, the
surface wind field at 10 m of the CTL from June to August
over 20°S-20°N, 40°-120°E was replaced by the composite
wind from type W positive IODs; for the EOMIP experiment,
the same surface wind field from the CTL was replaced by the
composite wind from type E positive IODs. For each case, the
oceanic model was integrated to December, and the ensemble
mean of four cases is presented in the following section.

The OMIP simulation can satisfactorily reproduce the
observed mean states, long-term linear trends, and interan-
nual variabilities (Lin et al. 2020). There is close agreement
between observations and simulated positive IODs from the
OMIP experiment (not shown). Relative to the climate mean
state of OMIP experiments, WOMIP and EOMIP experiment
results both show the dipole mode with western pole warming
and eastern pole cooling in autumn (Figs. 9a,b). Simulta-
neously, the warming of western pole in WOMIP experiments
is stronger than the cooling of eastern pole, while in EOMIP
experiments, the cooling of eastern pole is remarkably stron-
ger than the warming of western pole (Figs. 9a,b).

Then, we examined SST differences between WOMIP and
CTL experiments, as well as those between EOMIP and CTL
experiments (Figs. 9c,d), and noted the role of SASM in mod-
ulating SST patterns during the IOD development. Results
from the WOMIP experiment indicate that the weak SASM
induces substantial warming in the tropical western Indian
Ocean during boreal autumn, especially in the Arabian Sea.
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The positive SST differences in the eastern pole suggest that
the cooling in WOMIP experiments is weaker than that in
CTL experiments, stating that a weak SASM corresponds to
the faint cooling of the eastern pole (Figs. 9a,c). Conversely,
SST differences between EOMIP and CTL experiments in
the eastern pole and the Arabian Sea are negative, which indi-
cates that a strong SASM promotes the cooling of the eastern
pole and weakens the warming in the Arabian Sea and off
East Africa (Figs. 9b,d). These results demonstrate that a
weak (strong) SASM is beneficial for the generation of type
W (type E) IODs. Once I0Ds are initiated, different SASM
anomalies can modulate SST patterns and lead to different
dipole types, but the SASM anomalies alone are insufficient
to trigger SSTA dipole modes.

5. Ocean mixed layer heat budget
a. Closure of the mixed layer heat budget equation

To explore relative impacts of atmospheric thermal forcing
and oceanic dynamical processes on the formation of three
types of positive IODs, we diagnosed quantitatively the mixed
layer heat budget. As displayed in Fig. 10, the forcing, which
is defined as the sum of the net surface heat flux and three-
dimensional (3D) advections, reproduces features of the MLT
tendency for composites of three types of positive IODs. Con-
sistent with Hong et al. (2008b,c), the peaks and evolution of
the tendency and forcing match reasonably well. Residuals
might have been caused by differences in ocean and surface
heat flux data sources, uncertainties in the parameterization,
and the use of pentad fields and the 1° X 1° grid (B. Y. Huang
et al. 2010). For type W IODs, warm MLT anomalies of the
western pole start developing in early spring, but cold MLT
anomalies of the eastern pole only become established during
the mature phase (Figs. 10a,d). For type E I0Ds, warm MLT
anomalies of the western pole are weak during the entire
development phase, but cold MLT anomalies of the eastern
pole appear around late spring (Figs. 10b.e). For type C
I0Ds, MLT anomalies of the eastern and western poles both
start in the middle of summer (Figs. 10c,f), and are consistent
with results shown in Fig. 3.

b. Contributions of components of the mixed layer heat
budget equation

1) THE WESTERN POLE

We examined the contribution of each component of the
MLT equation to the development of three types of positive
1ODs. For the western pole of type W 10Ds, the surface heat
flux is significant and positive during May-August (peaking in
June-July, Fig. 11a) owing to the positive latent heat flux
anomalies and downward shortwave radiation flux anomalies
(not shown), and it is consistent with the existence of a weak-
ened SASM (Figs. 3b,c). The continuous positive forcing is
well established between May and October, mainly as a result
of positive surface heat flux and zonal advection during the
summer monsoon season, and positive meridional and vertical
advection in autumn (Fig. 1la). The weakened SASM
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FIG. 8. (a) Spatial distribution of a weak SASM-related diabatic heating source over South

Asia at the sigma level of 0.54 in the linear baroclinic model. (b) Response of 850-hPa stream-
function (shading, unit: 10° m* s~ ') and 850-hPa wind (blue vectors, unit: m s~ !) to the heating
source in (a) on day 1 of the simulation; (c) as in (b), but for values averaged over days 15-30;
(d)—(f) as in (a)—(c), but for a strong SASM-related diabatic heating source over South Asia.

Only wind vectors >0.02 m s~ ' are shown.

contributes to surface warming of the western Indian Ocean,
which plays a key role in the formation of type W IODs.

For type E 10Ds, the negative forcing exists between July
and mid-September. This is a result of negative surface heat
flux, meridional advection, and vertical advection in the west-
ern TIO (Fig. 11b) and is consistent with a strong SASM (Fig.
3g). The positive zonal advection associated with the equato-
rial easterly wind anomaly develops during July-December
(Fig. 11b). Positive forcing and warm MLT anomalies exist
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during October—December owing to the positive 3D oceanic
heat advection (Figs. 10b and 11b). For type C, the weak posi-
tive forcing in the western pole oscillates after June. The posi-
tive vertical and meridional advections contribute to warming
after September, which continues until the end of the year
(Fig. 11c). Unlike type E IODs, the insignificant SASM asso-
ciated with type C IODs leads to the absence of significant
negative forcing during the summer monsoon season (Figs.
11b,c). Relatively warm SSTAs are generated in autumn
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FIG. 9. (a) Ensemble means of SON-averaged SSTAs (unit: °C) of WOMIP experiments rela-
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they indicate effects of a strong SASM. Cyan stippling indicates the 90% confidence level.

(Figs. 3h,l). Surface heat flux dominates the formation of
warm MLT anomalies in the western Indian Ocean for type
W IODs. Oceanic processes are essential for the warming of
the western pole in all three types of IODs, and the warming
of the western pole occurs earliest in type W IODs.

2) THE EASTERN POLE

For all three types of positive I0Ds, the cooling in the
mixed layer of the eastern pole is driven by negative 3D oce-
anic advections after August (Figs. 11d—f). The positive sur-
face heat flux tends to restrict cooling owing to the
remarkable positive downward shortwave radiation flux after
September (not shown); this is consistent with previous find-
ings that suggested that damping of the eastern pole is associ-
ated primarily with surface heat flux (Li et al. 2002; Sun et al.
2014). There are large variations in the amplitude and estab-
lishment time of southeasterly wind anomalies off Sumatra
(Fig. 3), which give rise to large variations in the development
time and intensity of negative forcing over the eastern pole
(Figs. 10d—f and 11d—f). For type W IODs, weak southeasterly
wind anomalies off Sumatra lead to weak negative oceanic
advections. Of three types of I0Ds, the negative forcing and
temperature tendency appear latest in type W and also last
for the shortest time, that is, only from mid-July to late
September (Figs. 3a—d, 10d, and 11d). This means that
the weakest negative MLT anomalies are generated during
the IOD mature phase (Figs. 10d—f). In contrast, the strong
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negative forcing of type E, which is associated with strong
southeasterly wind anomalies off Sumatra, develops signifi-
cantly between March and the end of September, and espe-
cially during July—September (Figs. 3f-h, 10e, and 11e). Strong
negative MLT anomalies peak in September (Fig. 10e). For
type C IODs, the negative forcing from mid-July to mid-
November is slightly weaker than that in type E; this is
because of the weaker oceanic processes associated with
weaker southeasterly wind anomalies off Sumatra (Figs.
3f-h,j-1, 10e-f, and 11e-f), as indicated by Chen et al. (2016a).
In summary, of three types of IODs, the negative MLT anom-
alies over the eastern pole are the strongest (weakest) in type
E (type W) IODs. Although only the positive IOD years dur-
ing 1980-2017 are used for composite analysis in the mixed
layer heat budget, these results are in accord with those from
analysis in section 4. The results are insensitive to cases.

6. Discussion

Previous studies indicated that positive IODs generally
favor the high Indian summer monsoon rainfall (Ashok et al.
2001; Hrudya et al. 2020). Because IOD events develop in
summer and mature in autumn, it was unclear whether the
10D development is influenced by the SASM. In this study,
we analyzed local circulation and subsurface variations of
three types of positive IODs, emphasizing the role of different
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FIG. 10. Composites of mixed layer heat budget closure (left axis) and mixed layer tempera-

ture anomalies (right axis) of positive IODs of (top) type W (including 1987 and 2015), (middle)
type E (including 1994 and 2006), and (bottom) type C (including 1982, 1997, and 2002) during
1980-2017. Blue solid lines represent mixed layer temperature tendency (unit: °C month 1), i.e.,
the left side of Eq. (2). Red solid lines represent the forcing (unit: °C month™") defined as the
sum of the first four terms on the right side of Eq. (2), i.e., net surface heat flux, zonal advection,
meridional advection, and vertical advection. Purple dashed lines represent mixed layer temper-
ature anomalies (unit: °C). Results are (a)—(c) area-averaged values for the western pole of the
10D (IOD-W) and (d)-(f) area-averaged values for the eastern pole of the IOD (IOD-E).

Results are from the pentad dataset with 18-657-pentad (3-108 month) bandpass filtering.

SASM anomalies in modulating the SSTA pattern during
10D development. Examination of triggers of different types
of I0Ds lies outside the scope of the present study but
deserves further research.

Large-scale tropical atmosphere circulations are dynami-
cally associated with each other. It is possible that El Nifio
plays an important role in the formation of type W and type
C IODs. Type W IODs always co-occur with El Nifo (Table
1); this could be a result of the remote forcing of El Nifio via
large-scale circulation changes (Fan et al. 2017). The estab-
lishment of easterly wind anomalies in the equatorial Indian
Ocean is closely related to warm SSTAs in the equatorial
eastern Pacific Ocean before April (Fig. S4a). Equatorial
zonal wind anomalies could contribute to warming in the
southwestern TIO through the westward propagation of
downwelling Rossby waves, favoring the weakening of the
SASM during May—June (Figs. 3a,b, 6a,b). Moreover, El
Nino can also directly contribute to the weakening of the
SASM through its effects on the Walker circulation (Fan et al.
2021).

Type C IODs also co-occur with El Nino but without an
obvious SASM signal. Warm SSTAs start to develop in the
northeastern Pacific Ocean in the absence of extremely
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significant easterly wind anomalies in the equatorial Indian
Ocean during March—-April (Figs. 3i and S4i). Along with
strengthening of warm SSTAs in the eastern equatorial
Pacific, the significant cold SSTAs and depressed convection
over the Maritime Continent become established during
July—-August (Figs. 3k, 4h, and S4k). On the basis of their
numerical modeling study, Li et al. (2003) claimed that El
Nino influences the IOD primarily via changes in the intensity
of the Indian monsoon and the convection over the Maritime
Continent. We speculate that type W and type C IODs might
be dominated by these processes, respectively, whereas most
type E IODs are independent of El Nifio (Table 1). Positive
type E I0ODs co-occurred with El Nino in 1994 and 2006.
Warm SSTAs in the tropical eastern Pacific develop later in
the two years than in other IOD co-occurring with El Nifio
years and have little effect in triggering the IODs (Figs.
S4e-h). Fan et al. (2017) attributed the year of 2006 to an
autumn-type El Nifo, which has no direct influence on
the development of positive IODs. Thus, we speculate that
the triggering mechanism of type E IODs might be related
more to local air-sea interactions, such as anomalous cross-
equatorial flow (Fischer et al. 2005; Guo et al. 2015), than to
El Nino. This is consistent with the earlier view that the
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FIG. 11. Composites of the forcing (red dashed lines; unit: °C month ') defined as the sum of

the first four terms on the right side of Eq. (2), i.e., the sum of net surface heat flux (orange solid
lines), zonal advection (blue solid lines), meridional advection (black solid lines), and vertical
advection (purple solid lines) of positive IODs of (top) type W, (middle) type E, and (bottom)
type C during 1980-2017. (a)-(c) Are area-averaged values for the western pole of the IOD
(IOD-W). (d)—(f) The eastern pole of the IOD (IOD-E). Results are from the pentad dataset

with 18-657-pentad (3-108-month) bandpass filtering.

eastern pole is more prominent during independent 10D
events (Drbohlav et al. 2007; Hong et al. 2008b), and that
warm SSTAs of the western pole tend to be slightly stronger
for IODs related to ENSO than for independent 10Ds
(Behera et al. 2006; Zhang et al. 2019).

As highlighted by G. Huang et al. (2010), SSTA patterns in
the TIO can have diverse impacts on regional climate. Thus,
the SSTA development over the TIO in the season that fol-
lows IOD events and variations associated with the IOD type
also deserve further investigation. Previous studies demon-
strated that the Indian Ocean basin mode is highly related to
the ENSO (Yang et al. 2007; Xie et al. 2009; Wu et al. 2010).
Our results show that the Indian Ocean basin mode was not
triggered when type E I0Ds co-occur with El Nifio, such as in
1994 and 2006 (Figs. 12e-h). For years in which type W and
type C IODs co-occur with El Nifo, there is significant warm-
ing in the TIO in the winter and spring following the IOD
events (Figs. 12a—d,i-1). These results suggest the importance
of western pole warming in the establishment of the positive
Indian Ocean basin mode. The correlation coefficient
between the autumn SSTA in the western pole and the Indian
Ocean basin mode index of the winter (spring) following the
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10D event is 0.75 (0.59); this is much higher than —0.33
(—0.26), which is the value of the same coefficient but for the
eastern pole. Different IODs may exert disparate influences
on warming across the TIO basin.

Moreover, warm SSTAs during the winter and spring fol-
lowing type W 10D events contribute to strengthening the
cross-equatorial flow off East Africa in the early summer fol-
lowing the event (Figs. 12a-d). Conversely, the warm SSTAs
are significantly stronger in the south than in the north of the
Indian Ocean during the winter and early spring following
type C IODs and favor the weakening of the cross-equatorial
flow off East Africa (Figs. 12i-1).

7. Summary

In this study, to investigate the relationship between I0Ds
and the SASM and the appearance of TIO basin warming fol-
lowing IOD events, IOD events were classified as type W
(type E) if the SSTA amplitude of the western (eastern) pole
exceeds twice that in the eastern (western) pole; otherwise,
1ODs were classified as type C.
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FIG. 12. As in Fig. 3, but for (a),(e),(i) November-December (ND) of the years in which IODs co-occur with El Nifio; (b),(f).(j)
January—February in the year following the 10D event (JE*'); (c),(g),(k) March-April in the year following the IOD event (MA*);
(d),(h),(I) May-June in the year following the IOD event (MJ""). Cyan stippling in (a)—(d) and (i)(1) indicates the 90% confidence level.

Only wind vectors that are significant at the 90% confidence level in (a)-(d) and (i)-(1) are shown. Only wind vectors > 0.5 m s~

(e)—(h) are shown.

Type W positive IODs are associated with a weak South
Asian high and SASM from May into summer. The weaken-
ing of the SASM induces significant warming of the western
pole via reduced WES feedback and coastal upwelling. The
significant east-west SST gradient promotes development of
southeasterly wind anomalies off Sumatra during September—
October, and weak cold SSTAs in the eastern pole. The warm-
ing of the western pole is significantly stronger than the
cooling of the eastern pole during May—December. For type E
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1ODs, intensification of both the South Asian high and the
SASM results in feeble warming of the western pole. Mean-
while, interactions among strong SASM wind anomalies,
strong convection over South Asia and cold SSTAs of the
eastern pole in summer contribute to cold SSTAs in the
eastern pole during the IOD mature phase. The eastern
pole cooling is significantly stronger than the western pole
warming during the mature phase. For type C 10Ds, cold
SSTAs in the eastern pole and warm SSTAs in the western
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pole develop synchronously without obvious SASM anom-
alies and achieve almost the same intensity during the
mature phase.

Different atmospheric circulations associated with three
types of I0Ds induce different subsurface temperature and
thermocline anomalies. The positive subsurface dipole in type
W 10Ds develops early around March-April, while the posi-
tive subsurface dipole in type E IODs results from the transla-
tion of the negative subsurface dipole. The subsurface dipole
of type C IODs develops from the eastern pole, with the
warming of the western pole occurring in September—October.

Analysis of the mixed layer heat budget equation indicates
that of three types of IODs, warm MLT anomalies in the west-
ern pole begin developing earliest and subsequently become
strongest during the mature phase in type W IODs; this begins
in early spring and is a result of positive zonal advection and
surface heat flux. Type E, which is the weakest type of IODs
in the western Indian Ocean, and type C IODs are both influ-
enced by positive 3D oceanic heat advections. Cold MLT
anomalies of the eastern pole result from negative 3D oceanic
heat advections during three types of IOD development. Sur-
face heat flux tends to limit cooling of the eastern pole after
September. Of three types of IODs, the development of cold
MLT anomalies in the eastern pole is the weakest in type W
and the strongest during the type E IOD mature phase.

The IOD is an important coupled ocean—atmosphere mode
in the TIO, with surface wind anomalies playing a crucial role
in its development stage. However, clear characterization of
the relationship between the SASM and IOD is missing from
previous studies. In this study, we put forth a comprehensive
classification system of IODs based on differences between
SSTA amplitude of the eastern and western pole of the IOD.
This classification allows clear identification of evolution fea-
tures and dynamics of different types of IODs and highlights
the influence of SASM anomalies on IOD type. Observation
data are in close agreement with model simulation results.
Our results also will contribute to predictions of regional cli-
mate following IOD events. Interestingly, our further analysis
(not shown) suggests that the latest extreme positive IOD in
the year of 2019 (Du et al. 2020; Lu and Ren 2020) belongs to
type C IOD, accompanied by a weakened SASM in May—
June and a reinforced SASM in July-September (Gadgil et al.
2019; Ratna et al. 2021; Cherchi et al. 2021). The evolution of
the SSTAs in the western and eastern pole analogously
appears to reflect the role of SASM in modulating SSTA pat-
terns. We note, however, that despite these instructive classifi-
cations, each individual event is unique in their own right, and
the associated mechanisms may evolve in the backdrop of a
changing climate (e.g., Wang et al. 2020). Further, owing to
the strong air—sea interactions over the Indian Ocean, the role
of the SASM in modulating the SSTA pattern during IOD
development should be verified using an air-sea coupled
model in the future.
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