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Marine heatwaves (MHWs) are anomalously warm events that profoundly affect

climate change and local ecosystem. During the summer of 2012 (June–

September), intense MHWs occurred in the tropical Indian Ocean (TIO)

concurrently with an unseasonable positive Indian Ocean Dipole (pIOD) event.

The MHW metrics (duration, frequency, cumulative intensity and maximum

intensity) were characterized by northwestward–slanted patterns from west

Australia to the Somalia coast. The analysis confirmed that these MHWs were

closely associated with the unseasonable pIOD 2012. The weakening of Western

North Pacific Subtropical High and strengthening of Australian High in spring

induced an interhemispheric pressure gradient that drove two anticyclonic

circulation patterns over the eastern TIO. The first anticyclonic circulation

featured cross–equatorial wind anomalies from south of Java to the South

China Sea/Philippine Sea, which led to strong upwelling off Sumatra–Java

during the subsequent summer. The second anticyclonic circulation excited

downwelling Rossby waves that propagated from the southeastern TIO to the

western TIO. Thus, downwelling in the western pole and upwelling in the eastern

pole led to a strong pIOD event peaking in summer, namely, the unseasonable

pIOD 2012. These downwelling Rossby waves deepened the thermocline by

more than 60 m and caused anomalous surface warming, thereby contributing

to the occurrences of MHWs. With the development and peak of the

unseasonable pIOD 2012, anomalous atmospheric circulation transported

moisture from the TIO to the subtropical Western North Pacific (WNP),

favoring a strong cyclonic anomaly that profoundly affected the summer

monsoon rainfall over the subtropical WNP. This study provides some

perspectives on the role of pIOD events in summer climate over the Indo–

Northwest Pacific region.
KEYWORDS

marine heatwave, Tropical Indian Ocean, Indian Ocean Dipole, interhemispheric
pressure gradient, downwelling Rossby waves, subtropical Western North Pacific
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1 Introduction

Marine heatwaves (MHWs) are anomalously warm sea surface

temperature (SST) events that persist for days, weeks or even

months (Hobday et al., 2016). MHWs have occurred extensively

in global oceans, with increasing frequency and duration over

recent decades (Oliver et al., 2017, 2018). MHWs can lead to

extremely warm events, resulting in coral bleaching, algal blooms,

seagrass meadows, and fishery losses (Roxy et al., 2016; Smale et al.,

2019). Therefore, MHWs have attracted considerable scientific and

public attention because of their substantial ecological and

socioeconomic impacts (Holbrook et al., 2019; Oliver et al., 2021;

Li et al., 2023).

Record–breaking MHWs have been observed in regional

oceans, and their drivers have been well documented. For

example, the MHWs off West Australia in early 2011 were caused

by the intensified heat transport of the Leeuwin Current associated

with the unprecedented 2010–2011 La Niña (Feng et al., 2013;

Benthuysen et al., 2014). The MHWs off the northeastern coast of

the United States in 2012 were related to the anomalous

atmospheric jet stream shift (Chen et al., 2014, 2015). The multi–

year MHWs in the northeastern Pacific during 2013–2015, known

as “the Blob,” were caused by atmospheric forcing linked to

tropical–extratropical teleconnections (Bond et al., 2015; Di

Lorenzo and Mantua, 2016). Additionally, the “Blob 2.0” in the

northern Pacific during the summer of 2019 primarily resulted from

the prolonged weakening of the North Pacific High Pressure System

(Amaya et al., 2020). These studies confirmed that abnormally high

air–sea heat fluxes into the ocean, anomalous ocean heat transport

and atmospheric teleconnections are triggers of MHWs.

The tropical Indian Ocean (TIO) has experienced the most

significant SST warming among the world’s oceans since mid–1970s

(Du and Xie, 2008; Du et al., 2013). MHWs have been reported in

the Bay of Bengal (Lin et al., 2023), Arabian Sea (Chatterjee et al.,

2022) and equatorial Indian Ocean (EIO) (Saranya et al., 2022),

which showed striking interannual variability (Zhang et al., 2021; Qi

et al., 2022). Indian Ocean Dipole (IOD) is an important climate

mode that contributes to the interannual variability in the Indian

Ocean (Saji et al., 1999; Li et al., 2016; Stuecker et al., 2017; Li et al.,

2018; Cai et al., 2019; Li et al., 2021). A positive IOD (pIOD) event

usually peaks in the boreal fall (September–November, SON),

features cold SST anomalies (SSTAs) over the eastern TIO and

warm SSTAs over the western TIO (WTIO). The IOD has attracted

considerable attention because of its significant impacts on climate

in the Indian Ocean and adjacent regions (Ashok et al., 2001; Saji

and Yamagata, 2003; Du et al., 2020; Li et al., 2023a, b).

Du et al. (2013) classified IOD events into different categories

based on their developing and peaking seasons and proposed a new

type that developed and matured in summer, namely the

“unseasonable” IOD event. During the summer of 2012, a strong

pIOD event abruptly developed and peaked (Tanizaki et al., 2017).

As reported by the JAMSTEC (Japan Agency for Marine-Earth

Science and Technology, https://www.jamstec.go.jp/aplinfo/sintexf/

e/topics/pIOD_2012.html), the pIOD 2012 profoundly affected the

summer climate around Japan via teleconnection. The pIOD 2012
Frontiers in Marine Science 02
belonged to an “unseasonable” IOD event according to the

classification of Du et al. (2013). Concurrently, intense MHWs

occurred in the TIO which were characterized by northwestward–

slanted patterns (Figure 1). This suggests a close relationship

between the summer MHWs in the TIO and the unseasonable

pIOD 2012. However, the unseasonable pIOD event and the TIO

MHWs during the summer of 2012 have not been well documented

in previous studies. In this study, we aimed to illustrate the

mechanisms driving the MHWs and the unseasonable pIOD

event during the summer of 2012 as well as their climatic

influences. To achieve this, we proposed three questions to be

addressed. First, what were the spatial and temporal characteristics

of the MHWs in the TIO during the summer of 2012? Second, as a

potential driver of the summer MHWs, how was the unseasonable

pIOD 2012 triggered? Third, what were the broader climatic

impacts of these events on the Indo–Northwest Pacific region?

The rest of this paper was organized as follows. In Section 2, the

data and methods used in this study were described. In Section 3, we

used various observational and reanalysis datasets to quantify the

triggers of the TIO MHWs and the unseasonable pIOD event

during the summer of 2012, and further investigated their

broader climatic impacts. In Section 4, the main results were

discussed, and a conclusion was provided in section 5.
2 Materials and methods

2.1 Data

We used the 0.25°0.25°, daily and monthly satellite SST data

from the National Oceanic and Atmospheric Administration

Optimum Interpolation Sea Surface Temperature (OISST) High

Resolution Dataset Version 2 (Reynolds et al., 2007) due to its high

resolution and comprehensive temporal coverage. The El Niño–

Southern Oscillation (ENSO) is characterized by the Oceanic Niño

Index (ONI), which is defined as the area–averaged SSTAs over the

Niño 3.4 region (170–120°W, 5°S–5°N). The monthly ONI indexes

were calculated using the OISST dataset. Daily temperature

measured by the Research Moored Array for African–Asian–

Australian Monsoon Analysis and Prediction (RAMA) moored

buoy (McPhaden et al., 2009) at 8°S, 80.5°E was used. The

climatology was derived from the RAMA buoy data during 19

August 2008 to 21 January 2021. We used the 0.25°0.25°, monthly

Ocean ReAnalysis System 5 (ORAS5) temperature and D20

products from the European Centre for Medium–Range Weather

Forecasts (Zuo et al., 2019). The global, 1°1° monthly temperature

gridded Argo dataset from the Grid Point Value of the Monthly

Objective Analysis using Argo float data were used (Hosoda et al.,

2008). The Argo data have a horizontal resolution of 1°1° and are

available from January 2001 to December 2018. We nominally

treated the temperature at 10 m (first level) as that from the

sea surface.

The monthly atmospheric datasets (sea level pressure, wind

speeds at 10 m and pressure level, and pressure velocity) were

obtained from the National Centers for Environmental Prediction/
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National Center for Atmospheric Research (NCEP–NCAR)

reanalysis data at a resolution of 2.5°2.5° (Kalnay et al., 1996).

The precipitation data were derived from the 2.5°2.5° gridded

monthly Global Precipitation Climatology Project version 2.3

dataset (Huffman et al., 2009). We used the monthly 2.5°2.5°

National Oceanic and Atmospheric Administration outgoing

longwave radiation (OLR) data (Liebmann and Smith, 1996) to

estimate the convective activities. The global, 0.25°0.25° sea surface

height (SSH) from 1993 to 2022 was provided by the Copernicus

Marine and Environment Monitoring Service. The SSH anomalies

(SSHAs) were obtained by subtracting the monthly climatology

from the data and then removing the long–term trends. Except for

the Argo (2001–2018) and SSH (1993–2022), all the data from 1983

to 2022 were used for analysis.
2.2 Identification of unseasonable
pIOD events

The Dipole Mode Index (DMI) of the IOD is defined as the

SSTAs difference between the western (50–70°E, 10°S–10°N) and

eastern (90–110°E, 10°S–equator) poles (Saji et al., 1999). We used

the monthly SSTA from the OISST dataset during 1983–2022 to

estimate the DMI. Following Du et al. (2013), the monthly DMI was

bandpass filtered at 4–84 months to remove the intraseasonal and

long–term variations. Then, the bandpass filtered DMI with the
Frontiers in Marine Science 03
value larger (smaller) than one standard deviation was recognized

as a positive (negative) IOD event. Finally, IOD events that

developed and matured within June–August were identified as

unseasonable IOD events. According to these criteria, five

unseasonable IOD events were identified during 1983–2022: 1983,

2003, 2007, 2008 and 2012. In particular, the 2012 event abruptly

developed in July and peaked in August (Figure 2), which ranked as

the strongest one among these five unseasonable pIOD events.
2.3 Definition of MHWs

Following Hobday et al. (2016), a MHW is defined as a discrete

anomalously warm event in which the SST is above the 90th

percentile threshold based on the 40–year climatological daily

mean and persists for more than five days. A set of specific

metrics is used to characterize the MHWs, such as the duration

(the time period between the start and end dates of a MHW event),

frequency (the number of all MHW events in a year), cumulative

intensity (sum of temperature anomalies during a MHW event),

and maximum intensity (maximum temperature anomaly during a

MHW event). In this study, we used the daily OISST data from 1983

to 2022 to estimate the MHWs at each grid point. Along with the

annual values, we also estimated the MHW metrics from June to

September (JJAS) of 2012.
B

C D

A

FIGURE 1

Spatial patterns of MHW metrics in the TIO for 2012: (A) duration, (B) frequency, (C) cumulative intensity, and (D) maximum intensity. The white
squares indicate three 2°2° boxes selected in the western (49–51°E, 1°S–1°N), southwestern (71–73°E, 7–5°S) and southeastern (106–108°E, 27–25°S)
TIO, respectively.
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2.4 SST products
intercomparison/validation

To validate the data accuracy, we made a comparison between

the OISST, Argo and ORAS5 SST. The annual mean SST from the

OISST, Argo, and ORAS5 datasets show similar spatial distributions

(Figures 3A–C). High SST occurs in the northern Indian Ocean

except for the Somalia coast and northwest Arabian Sea, where local

upwelling causes cold SST. To quantify the comparison, the time

series of monthly SST and the anomaly averaged over the TIO (40–

110°E, 20°S–20°N) are shown. Both the SST and SSTA from the

Argo and ORAS5 area–averaged over the TIO compare well with

those from the OISST dataset. The correlation coefficient of SST

between the Argo and OISST is 0.98, and the root mean square

error (RMSE) is 0.17°C. The correlation coefficient of SST between

the ORAS5 and OISST is 0.99, and the RMSE is 0.15°C (Figure 3D).

The correlation coefficient of SSTA between the Argo and OISST is

0.88, and the RMSE is 0.26°C. The correlation coefficient of SSTA

between the ORAS5 and OISST is 0.93, and the RMSE is 0.15°C

(Figure 3E). Overall, the comparison confirms good agreements

between the three datasets. The ORAS5 dataset shows better

agreement with the OISST dataset. We then used the three–

dimensional ORAS5 and Argo datasets to characterize the vertical

structure of MHWs in the TIO.
3 Results

3.1 MHWs in the TIO during the summer
of 2012

Several recent studies have reported the MHWs in the Arabian

Sea (Chatterjee et al., 2022), Bay of Bengal (Lin et al., 2023) and EIO

(Zhang et al., 2021; Qi et al., 2022; Saranya et al., 2022). Based on the

definition of Hobday et al. (2016), we estimated the MHW metrics

(duration, frequency, cumulative intensity and maximum intensity)
Frontiers in Marine Science 04
in the TIO. In 2012, intense MHWs occurred in the TIO with the

duration, frequency, cumulative intensity and maximum intensity

featured northwestward–slanted patterns from west Australia to the

Somalia coast (Figure 1). The spatial patterns of the MHW metrics

showed that the 2012 MHWs occurred primarily in three

subregions: the southeastern (SETIO), southwestern (SWTIO)

and WTIO. We selected three 2°2° boxes in the SETIO (106–108°

E, 27–25°S), SWTIO (71–73°E, 7–5°S) and WTIO (49–51°E, 1°S–1°

N). The daily SST averaged over the three boxes was used to analyze

the temporal variations in local MHWs (Figure 4). The time series

of daily SST suggested that the SETIO was almost in a continuous

MHW state from February to July of 2012, largely influenced by the

preceding La Niña event (Benthuysen et al., 2014). According to the

MHW metrics, this event had a duration of 159 days (with a gap of

two days), a maximum intensity of 2.9°C and a cumulative intensity

of 240°C days. The spatial pattern of the weekly SSTA indicated that

this MHW event can be attributed to the 2011–2012 La Niña (Feng

et al., 2013; Xu et al., 2018). In contrast, the MHWs in the SWTIO

and WTIO were periodic over several weeks. This suggested that

oceanic waves may have played an important role. The time series

of daily SST confirmed that prominent MHWs in the SWTIO and

WTIO persisted from the summer to winter of 2012. Considering

that the unseasonable pIOD 2012 peaked in summer and that this

event may be an important trigger of these MHWs, we primarily

focused on the anomalies during the summer of 2012.

The spatial patterns of MHW duration and cumulative intensity

in the TIO during JJAS of 2012 were shown in Figure 5. The

northwestward–slanted patterns of the MHW metrics can still be

found, especially in the SWTIO and WTIO. The JJAS SSTA showed

positive values extending northwestward from west Australia to the

Somalia coast and negative values occurring in the northwest

Australia and eastern TIO. The spatial pattern of the ORAS5

SSTA showed good agreement with that of the OISST data

(Figures 5C, D). This motivated us to use the three–dimensional

ORAS5 data to further examine the vertical structure of the MHWs

in the TIO during the summer of 2012.
BA

FIGURE 2

(A) Monthly evolution of the DMI for pIOD 2012 (bars) and composite pIODs (line). In the composite analysis, the pIOD years were 1994, 1997, 2006,
2015 and 2019 according to the Australian government Bureau of Meteorology. (B) SSTA averaged over the IODW (50–70°E, 10°S–10°E) and IODE
(90–110°E, 10°S–equator) for 2012. Note that the DMI, IODW and IODE were bandpass filtered at 4–84 months to remove the intraseasonal and
long–term variations according to Du et al. (2013).
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Considering that intense summer MHWs occurred primarily in

the WTIO and SWTIO, we used two 2°2° boxes to represent the two

regions. Figure 6 shows the depth–time plots of the temperature

anomaly area–averaged over the WTIO (49–51°E, 1°S–1°N) and the

SWTIO (71–73°E, 7–5°S) based on the ORAS5 and Argo datasets.

The evolution of the temperature anomaly and thermocline depth

(depth of 20°C isotherm, D20) of the two datasets showed consistent

features: significant and sustained thermocline deepening and

subsurface warming were noted in the two regions during the

summer of 2012. Thus, the thermocline deepening caused

anomalously warm SSTAs, as suggested by Xie et al. (2002) and

Zhang et al. (2021). This indicated that theMHWs in the SWTIO and

WTIO were related to the thermocline deepening. The RAMA buoy

positioned at 8°S, 80.5°E is located in the SWTIO region. Therefore,

the RAMA data provide insights into the oceanic variability

associated with the MHWs in 2012. Figure 6E shows the depth–

time plot of the daily temperature observed from the RAMA buoy at

8°S, 80.5°E. The temperature exhibited a downward displacement of

the thermocline (D20) from June to September of 2012. The

thermocline deepened from less than 60 m to more than 170 m

during this period. Climatologically, the thermocline deepens from

approximately 60 m to 118 m during JJAS. Yokoi et al. (2008) showed
Frontiers in Marine Science 05
that the seasonal variation of the thermocline depth in the SWTIO

was due to local Ekman pumping. These results indicated that the

interannual variability of the D20 was more than 60 m during JJAS of

2012. This suggested that anomalous downwelling processes occurred

in the SWTIO and WTIO during the summer of 2012.
3.2 An unseasonable pIOD 2012

The SSTA clearly exhibited a zonal dipole pattern in the TIO

with warm in the west and cold in the east, suggesting a pIOD event

during the summer of 2012 (Figure 5C). The DMI estimated from

the OISST dataset showed that a pIOD event developed abruptly

and peaked during the July–September (JAS) of 2012 (Figure 2A).

Compared with the canonical pIOD events that mature in SON,

pIOD 2012 was an unseasonable IOD event according to the

classification of Du et al. (2013). During the peak phase of this

event, significant negative SSTAs (upwelling) occurred in the

eastern pole and positive SSTAs (downwelling) occurred in the

western pole (Figure 2B).

To characterize these upwelling and downwelling processes, the

SSHAs in the TIO averaged during the JAS of 2012 were shown in
B C

D

E

A

FIGURE 3

Annual mean SST for the OISST (A), Argo (B) and ORAS5 (C) datasets. Comparison of SST (D) and SSTA (E) averaged over the TIO (40–110°E, 20°S–
20°N) from the OISST (red), Argo (black) and ORAS5 (blue) datasets. The correlation coefficient and RMSE between the time series of the two
datasets are labeled in the panel.
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Figure 7. Significant negative SSHAs associated with upwelling

occurred in the eastern EIO (Figure 7A), and positive SSHAs

associated with downwelling appeared in the western EIO,

reflecting the mature phase of the pIOD event (Du et al., 2020;

Lu and Ren, 2020; Li et al., 2021). In addition, a band of positive

SSHAs extending from the SETIO to the SWTIO was particularly

noticeable. Figure 7B shows the longitude–time plot of SSHAs

averaged over 12–8°S in the TIO in 2012. It clearly showed

downwelling Rossby waves propagating westward from the

SETIO to the thermocline dome, which was in agreements with

the findings of previous studies (Xie et al., 2002; Rao and Behera,

2005; Yu et al., 2005). Therefore, with the development of the pIOD

2012, westward–propagating downwelling Rossby waves deepened

the thermocline and caused anomalous surface warming in the

MHW regions.

The above analysis confirmed that the summer MHWs in the

TIO were associated with the unseasonable pIOD 2012. Therefore,

it is necessary to figure out how this unusual pIOD event was

triggered. Previous studies concluded that an IOD event can be
Frontiers in Marine Science 06
triggered by air–sea coupling processes during the boreal spring

(Annamalai et al., 2003; Li et al., 2003; Fischer et al., 2005),

anomalous anticyclonic wind circulation over the SETIO (Yu

et al., 2005), or an interhemispheric pressure gradient (IHPG)

over the eastern TIO (Lu and Ren, 2020). We examined the

atmospheric forcing conditions one season earlier than the peak

phase of pIOD 2012. Figure 8 shows the anomalies of sea level

pressure (SLP) and 10 m wind during the April–May of 2012. The

SLP clearly showed positive anomalies extending northwestward

from Australia to the Arabian Sea and negative anomalies appearing

in the Bay of Bengal, Maritime Continent and the South China Sea

(Figure 8A). This suggested a weakening of the Western North

Pacific Subtropical High (WHPSH) and a strengthening of the

Australian High (AH) (Watanabe and Jin, 2002; Sandaruwan et al.,

2023). The asymmetric pressure anomaly over the two hemispheres

generated an IHPG that contributed to two anticyclonic wind

anomalies over the eastern TIO. The first anticyclonic anomaly

was characterized by cross–equatorial anomalies over the two

hemispheres, with winds blowing from south of Java to the South
B

C D

E F

A

FIGURE 4

Seasonally varying MHWs in the three representative boxes in the SETIO (A), SWTIO (C), and WTIO (E). In the varying MHWs, the curves correspond
to the SST (black), the 90th percentile seasonally varying threshold (green), the climatology (blue) and SSTA (cyan). The maximum intensity of the
MHWs is labeled in each panel. Spatial patterns of weekly SSTA when the intensity reaches the maximum in the SETIO (B), SWTIO (D, F) WTIO. The
white squares indicate the three 2°2° boxes in the SETIO (106–108°E, 27–25°S), SWTIO (71–73°E, 7–5°S) and WTIO (49–51°E, 1°S–1°N).
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China Sea/Philippine Sea (SCS/PS) through the Bay of Bengal. The

second anticyclonic anomaly was observed in the SETIO and was

characterized by winds blowing from south of Java to the

west Australia.

An IHPG index was defined as the SLP anomaly difference

between Australia (100–140°E, 35–10°S) and the South China Sea as

well as the adjacent regions (90–130°E, 10–30°N) to measure the

strength of the meridional pressure gradient (Lu and Ren, 2020). The

IHPG index was positive in April and remained positive until August

2012 (Figure 8B). This suggested that the IHPG played an important

role in initiating the pIOD 2012, which was interpreted as follows. First,

the upwelling–favorable winds (associated with the cross–equatorial

wind anomalies) led to a thermodynamical air–sea feedback that

strengthened the upwelling off Sumatra–Java during the subsequent

summer (Li et al., 2003). Second, anticyclonic anomalies in the SETIO

excited downwelling Rossby waves as a Matsuno–Gill response

(Fischer et al., 2005; Yu et al., 2005). These downwelling Rossby

waves propagated westward along 12–8°S to the SWTIO (Figure 7),

deepening the thermocline and causing warm SSTAs during the

following summer. These results were in agreements with the

findings of Rao and Behera (2005) and Xie et al. (2002). As a result,

downwelling in the west and upwelling in the east led to a pIOD event

peaking in summer, one season earlier than the canonical IODs. We

concluded that the IHPG over the eastern TIO in spring was the key to

triggering the unseasonable pIOD 2012.
Frontiers in Marine Science 07
3.3 Implications on the summer
monsoon rainfall

Having established the characteristics of the MHWs and the

role of the unseasonable pIOD 2012, we now examine the broader

implications on summer monsoon rainfall patterns over adjacent

regions. To achieve this, we analyzed the anomalies of wind at

pressure level, pressure velocity (omega), OLR and precipitation

during the JJAS of 2012 (Figure 9). From an overall view, the lower

level (700 hPa winds) atmospheric circulation showed a clockwise

pattern over the TIO and northern Indian subcontinent and

featured a counterclockwise pattern in the subtropical western

North Pacific (WNP). We selected the winds at 700 hPa to

represent the lower level atmospheric circulation because the

wind speeds at this level were higher than those at 850, 925, and

1000 hPa (Figure 9B). Regionally, easterly anomalies blew from the

SETIO to the WTIO and then turned southwesterly to the Arabian

Sea, indicating strengthening of the South Asian Summer Monsoon.

When it reached the northern Indian subcontinent, the

southwesterly anomalies shifted northwesterly toward the

Maritime Continent via the Bay of Bengal. The wind anomalies

formed a strong cyclonic pattern over the SCS/PS. The JJAS OLR

anomaly exhibited striking regional features over the TIO, Indian

subcontinent, and subtropical WNP. Positive OLR anomalies

occurred in Australia, SETIO, and the eastern EIO, indicating
B

C D

A

FIGURE 5

Spatial patterns of the MHW metrics (A: duration; B: cumulative intensity) and SSTA (C: OISST; D: ORAS5) averaged from June to September of 2012.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1425813
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Li et al. 10.3389/fmars.2024.1425813
suppressed convection over these regions. Negative OLR anomalies

(enhanced convection) occurred in the MHWs regions, northern

Indian subcontinent, Bay of Bengal, and subtropical WNP. In the

following section, we further explored the dominant air–sea

processes associated with these anomalies.

Three regions involving different air–sea processes were

identified based on the spatial patterns of the OLR and wind

anomalies. The first region was the EIO and the area adjacent to

the south (box 1 in Figure 9A). The second region included the

Arabian Sea, Bay of Bengal, and the Indian subcontinent (box 2 in

Figure 9A). The third region was the subtropical WNP (box 3 in

Figure 9A). In the first region, the wind and OLR anomalies primarily

reflected the Walker circulation in the TIO associated with the pIOD

2012 (Figure 9B). The TIO Walker circulation associated with pIOD

2012 was characterized by an ascending/descending branch over the

western/eastern EIO and easterly anomalies at the lower level
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(Figure 9B) (Du et al., 2020). Therefore, the Indonesian region and

eastern EIO suffered from below normal rainfall, and the MHWs

regions received above normal rainfall (Figure 10). This was

consistent with the findings of previous studies (Cai et al., 2014;

Zhang et al., 2018; Lu and Ren, 2020; Li et al., 2021, 2023).

In the second region, the wind and OLR anomalies suggested

that the strengthened South Asian Summer Monsoon transported

moisture from the WTIO to land. The ascending motion of the

moisture (enhanced convection) caused above normal rainfall over

the northern Indian subcontinent and Bay of Bengal (Figure 10).

These results were consistent with the findings in several studies

(Behera et al., 1999; Ashok et al., 2001; Ratna et al., 2021). In the

third region, the wind and OLR anomalies indicated that the

northwesterly wind from the Bay of Bengal contributed to a

strong cyclonic anomaly accompanied by enhanced convection

over the subtropical WNP. Therefore, above normal rainfall
B

C D

E

A

FIGURE 6

Depth–time plots of potential temperature anomalies (color, °C) averaged over the WTIO (A, B) and the SWTIO (C, D) in 2012 based on the Argo and
ORAS5 datasets. The cyan line indicates the contour of D20 (depth of 20°C isotherm). (E) Depth–time evolution of the daily temperature (color, °C)
in 2012 overlapped with D20 (contour, m) observed from the RAMA buoy at 8°S, 80.5°E. The purple line represents the climatology of D20 based on
the daily RAMA buoy temperature from 19 August 2008 to 21 January 2021.
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occurred in the Philippine Sea and surrounding regions (Figure 10).

The above analysis confirmed that the unseasonable pIOD 2012

favored an anomalous atmospheric circulation that transported

moisture from TIO to the subtropical WNP via the Indian

subcontinent (Figure 9A). The strong cyclonic anomaly and the

ascending motion of moisture led to above normal rainfall over the

subtropical WNP (Figure 10). As part of the unseasonable pIOD

2012, the summer MHWs (high SST) favored the ascending motion

of moisture and enhanced convection, which was a key connection

between moisture transport in the TIO and subtropical WNP. In

summary, the summer of 2012 saw intense MHWs in the TIO

driven by an unseasonable pIOD event. This unseasonable pIOD

event not only influenced the MHWs but also had significant

impacts on regional climate, particularly the summer monsoon

rainfall in the subtropical WNP.
4 Discussion

Unusual IOD events have increased under global warming in

recent decades (Cai et al., 2009, 2014; Li et al., 2021), leading to

various types and triggers of IOD (Du et al., 2013; Guo et al., 2015).

Du et al. (2013) classified IOD events into different types based on
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their peak seasons and proposed a new type that matures in summer,

namely, the unseasonable IOD. Du et al. (2013) attributed the trigger

of unseasonable IOD events to equatorial wind changes related to the

weakening Walker circulation in the TIO. They concluded that the

unseasonable IOD events were an intrinsic mode of the Indian

Ocean, independent of ENSO in the Pacific. In this study, the

pIOD 2012 was recognized as an unseasonable IOD event

according to the classification of Du et al. (2013). The DMI of this

event reached to 1.1°C, belonging to a strong pIOD year according to

the Australian government Bureau of Meteorology (http://

www.bom.gov.au/climate/iod/). However, to date, there has been

relatively few research conducted on the pIOD 2012 (Tanizaki et al.,

2017). Our results differed from those of Du et al. (2013) in terms of

the trigger of unseasonable IOD events. We found that the

unseasonable pIOD 2012 was triggered by an IHPG over the

eastern TIO during spring (Figure 8). This was in agreement with

the findings of Lu and Ren (2020) and Sandaruwan et al. (2023) that

the IHPG is a key trigger of IOD events. We found that a modest El

Niño event developed during the JJAS of 2012, after the consecutive

La Niña events of 2010–2011 (Figure 11A). The SSTA pattern

further confirmed that pIOD 2012 co–occurred with El Niño in the

Pacific (Figure 11B). This indicated that the unseasonable pIOD

2012 was likely dependent on the concurrent El Niño in the Pacific.
B

A

FIGURE 7

(A) Spatial patterns of SSHAs in the TIO averaged from the July to September (JAS) of 2012. (B) Longitude–time plot of SSHAs averaged over 12–8°S
in the TIO in 2012. The black line indicates the westward propagation of the downwelling Rossby waves.
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This is because ENSO is a well–known trigger of IOD events (Saji

and Yamagata, 2003; Behera et al., 2006; Zhang et al., 2015; Stuecker

et al., 2017; Cai et al., 2019).

Strong downwelling Rossby waves associated the unseasonable

pIOD 2012 propagated northwestward from SETIO to the thermocline

dome (Figure 7). These anomalous downwelling waves deepened the

thermocline by more than 60 m, which was comparable with the

seasonal variation of the D20 (Yokoi et al., 2008). These downwelling

waves caused anomalous surface warming, thereby contributing to the

occurrences of MHWs over the western and southwestern TIO

(Figure 6). Consequently, we argued that the unseasonable pIOD

2012 was responsible for the summer MHWs in the TIO. These

results support the findings in several recent studies that downwelling

processes were important triggers of MHWs in TIO during pIOD years

(Zhang et al., 2021; Qi et al., 2022; Sandaruwan et al., 2023). While the

present study provides new insights into the triggers of MHWs and

pIOD events during the summer of 2012, it is limited by the resolution

of available datasets. Future research should focus on long–term

monitoring of MHWs and pIOD events, utilizing high–resolution

observational data and advanced modeling techniques to improve

predictive capabilities.
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With the development and peak of the unseasonable pIOD

2012, a strong cyclonic anomaly accompanied by enhanced

convection and heavy precipitation occurred over the subtropical

WNP (Figures 9, 10). The wind and OLR anomalies indicated that

anomalous atmospheric circulation associated with the

unseasonable pIOD 2012 transported moisture from TIO to the

subtropical WNP. The strong cyclonic anomaly and the ascending

motion of moisture contributed to heavy summer rainfall over the

subtropical WNP (Figure 9A). Therefore, the unseasonable pIOD

2012 profoundly affected summer monsoon rainfall over

subtropical WNP. This is in agreement with the findings of

Annamalai et al. (2005). As part of the unseasonable pIOD 2012,

the summer MHWs favored the ascending motion of moisture. This

was crucial for connecting the moisture transport between TIO and

the subtropical WNP. In particular, the strong cyclonic anomaly

and heavy summer rainfall over the SCS/PS can significantly

influence the East Asian Summer Monsoon via atmospheric

teleconnection (Kubota et al., 2015; Xie et al., 2016). Further

studies are needed to investigate the role of the unseasonable

pIOD 2012 in summer climate over the Indo–Northwest

Pacific region.
B

A

FIGURE 8

(A) Spatial patterns of the anomalies of SLP (shading) and 10 m wind (vectors) during the April–May of 2012. The two purple boxes indicate the
regions (100–140°E, 35–10°S; 90–130°E, 10–30°N) used to estimate the interhemispheric pressure gradient (IHPG) index. The purple arrows indicate
the anticyclonic wind anomalies in the SETIO and cross–equatorial wind anomalies from eastern EIO to the South China Sea/Philippine Sea through
the Bay of Bengal. The vector with a wind speed of less than 0.5 m/s is not plotted. (B) Evolution of the IHPG index defined as the SLP anomaly
difference between (100–140°E, 35–10°S) and (90–130°E, 10–30°N).
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5 Conclusion

The TIO has experienced the most significant surface warming

since mid–1970s (Du and Xie, 2008). This has led to an increase in

duration, frequency and intensity of MHWs in recent years

(Zhang et al., 2021; Sandaruwan et al., 2023). The MHWs in the

TIO exhibited evident interannual variability, which was

attributed to the IOD events (Chatterjee et al., 2022; Saranya

et al., 2022; Lin et al., 2023; Sandaruwan et al., 2023). During the

summer of 2012, intense MHWs occurred in the TIO concurrently

with an unseasonable pIOD event. By analyzing various reanalysis

and observational datasets, the triggers of the summer TIO

MHWs and the unseasonable pIOD 2012 as well as their

broader climatic impacts were investigated.

The results show that the unseasonable pIOD 2012 was

triggered by an IHPG over the eastern TIO. During the spring of
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2012, the atmospheric circulation was characterized by a weakening

of the WNPSH and a strengthening of the AH. Therefore, an IHPG

formed over the two hemispheres, which drove two anticyclonic

circulation patterns over the eastern TIO. The first anticyclonic

circulation featured cross–equatorial wind anomalies from south of

Java to the SCS/PS via the Bay of Bengal. These cross–equatorial

wind anomalies led to a thermodynamical air–sea feedback that

strengthened the upwelling off Sumatra–Java during the subsequent

summer. The second anticyclonic circulation excited downwelling

Rossby waves that propagated northwestward from SETIO to the

thermocline dome. As a result, downwelling in the western pole and

upwelling in the eastern pole contributed to the peak of a strong

pIOD event in summer, namely, the unseasonable pIOD 2012.

These downwelling waves associated with the pIOD 2012 deepened

the thermocline by more than 60 m and caused anomalous surface

warming, thereby contributing to the occurrences of MHWs over
frontiersin.or
B
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FIGURE 9

(A) Anomalies of 700 hPa wind (vectors; m/s) and OLR (shading; W/m2) in the TIO and subtropical WNP. (B) Longitude–pressure anomalies of zonal
wind (m/s) and vertical pressure velocity (omega, Pa/s) averaged between 15°S–5°N. All the anomalies were averaged from the June to September
of 2012. The bold purple arrows indicate the schematic of atmospheric circulation, and the green boxes indicate three regions of different air–
sea processes.
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B

A

FIGURE 11

(A) Monthly evolution of ONI from 2010 to 2012 based on the OISST dataset. The blue bars represent the La Niña events 2010–2011 and the red
bars indicate the modest El Niño in 2012. (B) Spatial pattern of SSTA (°C) in the Indian Ocean and Pacific averaged during the JJAS of 2012.
FIGURE 10

Spatial pattern of precipitation anomalies during the June–September of 2012.
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the western and southwestern TIO. Therefore, we conclude that the

unseasonable pIOD 2012 was responsible for the summer MHWs

in the TIO. Moreover, the unseasonable pIOD 2012 caused

anomalous moisture transport from the TIO to the WNP,

favoring strong cyclonic anomalies over the subtropical regions.

This, in turn, led to above normal summer monsoon rainfall in the

subtropical WNP. This study provides new insights into the

mechanisms driving the TIO MHWs and unseasonable pIOD

events, contributing to a better understanding of regional climate

variability and its ecological consequences.
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