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Abstract: We conducted an investigation into the characteristics of marine heatwaves (MHWs) in
Indonesian waters, aiming to understand the underlying mechanisms responsible for their formation,
particularly the ones generated by net surface heat flux. To accomplish this, we utilized remote
sensing data from the National Oceanic and Atmospheric Administration and the European Centre
for Medium-Range Weather Forecasts. The dataset covered a 40-year period (1982–2021) encompass-
ing both warm (1982–2007) and cold (2008–2021) phases of the Pacific Decadal Oscillation (PDO).
Statistical analysis methods were employed to process the data. Our study reveals significant findings
regarding MHWs in Indonesian waters. We observed the highest average frequency and maximum
intensity of MHWs, occurring approximately 2–3 times a year and exceeding 1.5 ◦C, respectively,
during the warm phase of PDO (with El Niño events occurring more frequently than La Niña).
Conversely, the longest durations of MHWs in Indonesian waters were recorded during the cold
phase of PDO (with La Niña events occurring more frequently than El Niño), spanning approximately
7–15 days. We identified local forcing in the form of net surface heat flux as the primary driver of
MHW frequency and maximum intensity. During the warm phase of PDO, the net surface heat
flux was notably higher, primarily due to increased shortwave radiation (heat gain) and reduced
latent heat flux (heat loss) through the evaporation process. These factors collectively contributed to
maintaining warmer ocean temperatures. Moreover, our study provides valuable insights into the
interannual variability of MHWs through the application of composite calculations. We discovered a
strong correlation between the occurrence of El Niño and positive Indian Ocean Dipole (IOD) events
during the warm PDO phase and the highest frequency and maximum intensity of MHWs, with
approximately 2.52 events and 1.54 ◦C, respectively. In contrast, we found that MHWs with the
longest durations were closely linked to La Niña and negative IOD events during the cold PDO phase,
lasting approximately 10.90 days. These findings highlight the complex interplay between climate
phenomena and MHW characteristics, further deepening our understanding of their dynamics.

Keywords: global warming; marine heatwaves; Pacific Decadal Oscillation; ENSO; IOD; net surface
heat flux; Indonesian waters

1. Introduction

Global warming continues to increase every year due to greenhouse gas emissions by
human activities [1]. Over the past century, the global average air temperature has risen
by 1.1 ◦C, highlighting the magnitude of this issue. The increasing air temperature has a
profound impact on the oceans, as the intricate interaction between the atmosphere and
the sea causes a rise in sea surface temperature (SST). This phenomenon is observed in
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various regions worldwide, including Indonesia. According to [2], Indonesian waters have
experienced a notable warming trend, with SST increasing by 0.19 ± 0.04 ◦C per decade
over a 33-year period (1982–2014). This exceeds the average global SST warming trend of
0.13 ◦C per decade.

Areas with elevated SST are vulnerable to extreme events, such as tropical cyclones [3–5],
intense rainfall, and even the occurrence of floods [6]. Another consequence of rising SST is
the emergence of marine heatwaves (MHWs), characterized by prolonged periods of warm
water anomalies (>90th percentile) lasting at least five consecutive days [7]. These MHWs
have seen a global increase of over 50% [5] between 1925 and 2016 and are projected to
persist until 2100 in most of the world’s oceans, due to ongoing anthropogenic activities
that contribute to further warming [8]. Furthermore, the frequency of MHWs has doubled
since the 1980s, with a significant rise observed in 2021, especially in coastal areas [9].
MHWs can extend to depths surpassing 100 m [10–12] and exert a substantial influence on
the dynamics of both the ocean and the atmosphere [6,13–16].

Additionally, MHWs have diverse effects on marine ecosystems, including instances of
mass mortality, species migration, and shifts in ecosystem communities [17–22]. Moreover,
MHWs have the capacity to alter various marine components, such as the carbon cycle
and water column stratification, leading to reduced dissolved oxygen concentrations and
inhibiting sea ice formation [23–26]. These alterations subsequently reinforce water column
stratification in the ocean, which can weaken the mixing process and the upwelling strength.
Consequently, this impact becomes evident in the diminished distribution of nutrients,
phytoplankton, and zooplankton at the surface [27], ultimately resulting in a decline in
fisheries resources and aquaculture production [4,28–30].

The occurrence of MHWs has been extensively documented worldwide in recent
years, shedding light on their prevalence in various regions. Notable instances include
MHWs observed in the Tasman Sea during 2015/16 [4], northern Australia in 2016 [31,32],
the Gulf of Alaska and the Bering Sea in 2016 [32,33], California waters in 2016 [34],
and the Tasman Sea in 2017/18 [35]. However, to the best of our knowledge, research
on MHWs in Indonesian waters is relatively new, with limited investigations focused
on local areas [36–39] and fishing management areas [40]. Furthermore, these studies
primarily establish links between MHW characteristics and interannual SST signals of El
Niño–Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD), while neglecting the
mechanisms contributing to MHW formation.

In recent years, extensive research has been conducted to comprehend the impact of
ENSO and IOD on various oceanic phenomena apart from MHWs. Noteworthy studies on
ENSO [41,42] have yielded valuable insights into its influence on Caspian seawater levels.
While primarily focusing on the interaction between ENSO and sea level fluctuations, these
investigations offer significant implications for understanding of the broader impacts of
ENSO on oceanic processes. Particularly, these studies emphasize the role of El Niño events
in elevating water levels in the Caspian Sea, attributed to changes in atmospheric circulation
patterns and enhanced moisture transport to the region. Moreover, recent research has
indicated the dominant role of ENSO and IOD in governing the interannual variation of
the zonal current in the maritime continent (MC), specifically in the southern waters of
Indonesia [43]. This study highlights that ENSO has the most substantial impact on the
outflow of the Indonesian Throughflow (ITF), while the IOD’s influence is particularly
pronounced in southwestern Sumatra. Furthermore, the findings reveal a time lag, with
ENSO leading the zonal current by approximately four months, while the IOD leads by
approximately one month.

ENSO and IOD are the primary sources of interannual climate variability in the
tropical Pacific and Indian Oceans, respectively. The relationship between these two
phenomena is still a subject of debate, but there is evidence suggesting their interaction
on a multidecadal time scale, such as Pacific Decadal Oscillation (PDO) and Atlantic
Multidecadal Oscillation (AMO). The PDO is a longer-term SST pattern in the Pacific
Ocean, typically spanning several decades (around 20 to 30 years) [44]. Its positive phase
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corresponds to warmer SSTs in the northeastern Pacific and cooler SSTs in the central Pacific.
On the other hand, the AMO is characterized by long-term fluctuations (ranging from 60 to
90 years) in SSTs in the North Atlantic Ocean, primarily influencing the Atlantic region [45].
Nevertheless, studies suggest that the AMO can indirectly influence SSTs in the Indo–Pacific
region, including Indonesia, by altering atmospheric circulation patterns [45,46]. These
multidecadal SST signals, such as PDO and AMO, play significant roles in shaping the
climate patterns and variability in the Indo–Pacific region, including the MC, impacting
rainfall patterns, temperature anomalies, atmospheric circulation, and ultimately affecting
Indonesia’s weather and climate [44–47].

The study conducted on marine heatwaves (MHWs) in Indonesian waters has not
previously taken into account the influence of multidecadal SST signals. There is a lack of
comprehensive knowledge regarding the specific characteristics of MHWs in Indonesian
waters, including their differentiation based on the warm and cold phases of the PDO index
pattern, as well as the underlying mechanisms driving MHW formation. Understanding
these aspects is crucial in mitigating the impact of MHWs, especially considering the
ongoing climate change affecting Indonesian waters. Therefore, the objective of this study
is to further investigate the characteristics of MHWs, including their frequency, intensity,
and duration, over the past 40 years (1982–2021) in Indonesian waters, distinguishing
between the warm phase (1982–2007) and cold phase (2008–2021) of the PDO [48]. For the
purposes of this study, we have focused solely on the PDO and have not included other
decadal SST signals, such as the AMO, due to the lack of SST data specific to Indonesian
waters required to capture its 60- to 90-year long-term fluctuations.

Moreover, comprehending the physical processes that underlie MHWs requires a
crucial examination of the heat budget within the ocean mixed layer. Unfortunately,
due to limited data availability regarding heat advection and diffusion in the Indonesian
waters, the present study could not conduct a comprehensive heat budget calculation.
Consequently, our investigation solely concentrates on the net surface heat flux, which is a
contributing factor to the heat budget. Additionally, we explore the correlation between
the net surface heat flux and the interdecadal variations in MHW characteristics based on
the phases of the PDO. Furthermore, we analyze the components of the net surface heat
flux that contribute the most to the development of MHWs. Although a more detailed
analysis of the heat budget involving heat advection and diffusion falls beyond the scope
of this study, it could be considered for future research. Accordingly, our study primarily
focuses on the interannual and interdecadal variabilities of MHWs, particularly in relation
to low-frequency fluctuations such as the ENSO, IOD, and PDO, as well as the contribution
of the net surface heat flux to the MHW formation.

This paper is organized as follows. The “Materials and Methods” section provides
a comprehensive description of the remote sensing and reanalysis data utilized in this
study. In the “Results and Discussion” section, we present an overview of the interdecadal
and interannual variability of MHWs from 1982–2021 and elaborate the mechanisms of
MHW formation, which are primarily driven by local forcing in the form of net surface
heat flux. Lastly, we end with a “Summary and Conclusions” section that highlights the
main findings of our study.

2. Materials and Methods

To investigate the characteristics and factors contributing to the generation of MHWs
within the Indonesian waters, this study utilized SST and atmospheric data. The study
area encompassed the region between 8◦ N to 12◦ S and 95◦ E to 141◦ E, as shown in
Figure 1. The data were collected from January 1982 to December 2021. The SST data used
in this study were obtained from the National Oceanic and Atmospheric Administration
(NOAA) Optimum Interpolation Sea Surface Temperature (OISST) dataset [49]. This dataset
provides daily recordings with a spatial resolution of 0.25◦ × 0.25◦. The net surface heat flux
components, including shortwave radiation (SWR), longwave radiation (LWR), sensible
heat flux (SHF), and latent heat flux (LHF), were derived from satellite imagery data
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obtained from The European Center for Medium-Range Weather Forecasts (ECMWF)
reanalysis data (ERA5), accessible at [50]. In this study, statistical analysis methods were
applied to calculate the data for the entire 40-year period (1982–2021), as well as for the
PDO warm phase (1982–2007) spanning 26 years and the PDO cold phase (2008–2021)
covering 14 years. To determine the occurrences of ENSO, IOD, and neutral events, the
Oceanic Niño Index (ONI) and Dipole Mode Index (DMI) were utilized for the period
spanning 1982 to 2021 [51].

Atmosphere 2023, 14, x FOR PEER REVIEW 4 of 22 
 

 

heat flux components, including shortwave radiation (SWR), longwave radiation (LWR), 

sensible heat flux (SHF), and latent heat flux (LHF), were derived from satellite imagery 

data obtained from The European Center for Medium-Range Weather Forecasts 

(ECMWF) reanalysis data (ERA5), accessible at [50]. In this study, statistical analysis meth-

ods were applied to calculate the data for the entire 40-year period (1982–2021), as well as 

for the PDO warm phase (1982–2007) spanning 26 years and the PDO cold phase (2008–

2021) covering 14 years. To determine the occurrences of ENSO, IOD, and neutral events, 

the Oceanic Niño Index (ONI) and Dipole Mode Index (DMI) were utilized for the period 

spanning 1982 to 2021 [51]. 

 

Figure 1. The area of study in the Indonesian waters (8 °N to 12 °S and 95 °E to 141 °E). The specific 

regions of interest are indicated by transparent red-colored squares: western region (western Suma-

tra and southern Java), inner seas (Java Sea and Makassar Strait), and eastern region (Halmahera 

Sea and northern Papua). 

2.1. Identification of MHWs 

In the present study, MHWs are defined as prolonged events of warm water anoma-

lies that exceed a threshold (90th percentile) for at least five consecutive days [7]. To es-

tablish the climatology and threshold values, we calculated an 11-day window-centered 

average on each specific date spanning 40 years (1982–2021), 26 years (1982–2007), and 14 

years (2008–2021). Following [7], a 30-day moving average was applied to generate a 

smooth climatology and threshold time series for MHWs. To analyze the interdecadal and 

interannual variabilities of MHWs and their relationship with PDO, ENSO, and IOD, we 

removed the long-term trend from the SST data. Spatial MHWs are detected and analyzed 

using a MATLAB toolbox provided by [52], accessible at [53]. Additionally, we focused on 

three metrics: frequency, maximum intensity, and duration. Frequency refers to the num-

ber of MHW occurrences, maximum intensity represents the highest temperature anom-

aly during MHWs, and duration defines the period when the temperature remains above 

the 90th percentile threshold without dipping below it for more than two consecutive 

days. Trends in the frequency, maximum intensity, and duration occurrences of MHWs 

were also calculated from January 1982 to December 2021. 

2.2. Net Surface Heat Flux 

To investigate the physical mechanism behind the formation of MHWs in the Indo-

nesian waters, we analyzed the net surface heat flux, which is one of the contributing fac-

tors in the heat budget. The equation for the net surface heat flux can be expressed as 

follows: 

𝑄𝑂 = 𝑄𝑆𝑊𝑅 + 𝑄𝐿𝑊𝑅 + 𝑄𝑆𝐻𝐹 + 𝑄𝐿𝐻𝐹 (1) 

Figure 1. The area of study in the Indonesian waters (8◦ N to 12◦ S and 95◦ E to 141◦ E). The specific
regions of interest are indicated by transparent red-colored squares: western region (western Sumatra
and southern Java), inner seas (Java Sea and Makassar Strait), and eastern region (Halmahera Sea
and northern Papua).

2.1. Identification of MHWs

In the present study, MHWs are defined as prolonged events of warm water anomalies
that exceed a threshold (90th percentile) for at least five consecutive days [7]. To establish
the climatology and threshold values, we calculated an 11-day window-centered average
on each specific date spanning 40 years (1982–2021), 26 years (1982–2007), and 14 years
(2008–2021). Following [7], a 30-day moving average was applied to generate a smooth
climatology and threshold time series for MHWs. To analyze the interdecadal and interan-
nual variabilities of MHWs and their relationship with PDO, ENSO, and IOD, we removed
the long-term trend from the SST data. Spatial MHWs are detected and analyzed using a
MATLAB toolbox provided by [52], accessible at [53]. Additionally, we focused on three
metrics: frequency, maximum intensity, and duration. Frequency refers to the number
of MHW occurrences, maximum intensity represents the highest temperature anomaly
during MHWs, and duration defines the period when the temperature remains above the
90th percentile threshold without dipping below it for more than two consecutive days.
Trends in the frequency, maximum intensity, and duration occurrences of MHWs were also
calculated from January 1982 to December 2021.

2.2. Net Surface Heat Flux

To investigate the physical mechanism behind the formation of MHWs in the Indone-
sian waters, we analyzed the net surface heat flux, which is one of the contributing factors
in the heat budget. The equation for the net surface heat flux can be expressed as follows:

QO = QSWR + QLWR + QSHF + QLHF (1)

where QO is the net surface heat flux at the ocean surface, QSWR represents the shortwave
radiation, also known as the surface net solar radiation, QLWR accounts for the longwave
radiation, referred to as the surface net thermal radiation, QSHF represents the sensible
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heat flux, which involves the transfer of heat between Earth’s surface and the atmosphere
through turbulent motion and is influenced by the temperature gradient between the sea
and air, and QLHF denotes the latent heat flux, involving the transfer of heat between
Earth’s surface and the atmosphere through turbulent motion and is influenced by the
humidity gradient between the sea and air [2,54]. To calculate the net surface heat flux,
we initially removed the long-term trend from each component to isolate the interdecadal
variability. Furthermore, we consider that positive fluxes indicate heat transfer from the
atmosphere to the sea (heat gain), while negative fluxes indicate heat transfer from the
ocean to the atmosphere (heat loss).

2.3. ONI and DMI Classification

In this study, we used the ONI and DMI to analyze the interannual variation of MHW
characteristics and their relationship with the regional climate modes of ENSO and IOD.
The ONI was utilized to monitor the phases of El Niño and La Niña, while the DMI was
used to monitor positive and negative phases of IOD (pIOD and nIOD). The ONI is defined
as the average SST anomalies in the Niño3.4 regions, spanning from 170◦ W to 120◦ W and
5◦ S to 5◦ N. On the other hand, the DMI is defined as the SST anomaly gradient between the
western equatorial Indian Ocean (50◦ E–70◦ E, 10◦ S–10◦ N) and the southeastern equatorial
Indian Ocean (90◦ E–110◦ E, 10◦ S–0◦). El Niño and La Niña phases are determined when
the ONI values exceeded 0.5 ◦C and fell below −0.5 ◦C, respectively [51]. Additionally, the
pIOD phase was determined when DMI values exceeded 0.48 ◦C, while the nIOD phase
was identified when the DMI values fell below −0.48 ◦C [55].

3. Results and Discussion
3.1. Characteristics of MHWs during the Cold and WARM Phases of PDO

In this study, we conducted an analysis of MHW characteristics based on three key
metrics: frequency (Figure 2a–c), maximum intensity (Figure 2d–f), and duration of occur-
rence (Figure 2g–i) over different time periods. Specifically, we examined data spanning
the last 40 years (1982–2021), with a focus on a 26-year warm phase of PDO (1982–2007)
and a 14-year cold phase of PDO (2008–2021). The average frequency of MHW events over
the 40-year period in Indonesian waters was found to be 2.10 events per year (Figure 2a).
Notably, distinct patterns emerged when the PDO phases were considered separately.
During the warm phase, the average MHW frequency was higher than in the cold phase
(Figure 2b,c), with an average of 2.42 events per year (Figure 2b). Specifically, the Java
and Halmahera Seas, Makassar Strait, and western Sumatra and northern Papua regions
exhibited higher MHW frequencies compared to other areas (refer to Figure 1 for location
details). Conversely, during the cold phase of PDO, the average frequency of MHWs
significantly decreased to 1.51 events per year. In contrast to the warm phase, the Java and
Halmahera Seas, Makassar Strait, and northern Papua displayed lower MHW frequencies
during the cold phase, with only approximately one event per year (Figure 2c).

Figure 2d–f illustrates the characteristics of the MHWs in terms of their maximum
intensity. The average maximum intensity of MHWs in Indonesian waters over a 40-year
period is 1.49 ◦C (Figure 2d). During the warm (cold) phase of the PDO, as depicted
in Figure 2e,f, the highest (lowest) average maximum intensity of MHWs was observed.
Specifically, the warm and cold phases of PDO exhibited average MHW maximum in-
tensities of 1.54 ◦C and 1.31 ◦C, respectively. The highest average maximum intensity
areas during both phases were consistent across the three study periods mentioned earlier,
mainly located in southern Java, exceeding 2 ◦C (Figure 2d–f). Furthermore, a previous
study covering a shorter time span from January 1982 to December 2019 reported that the
average maximum intensity in southern Java reached over 1.8 ◦C [36]. Interestingly, our
present study reveals that the warm phase of the PDO, characterized by a higher frequency
of El Niño events compared to La Niña events (Figure 2b,e), corresponds to the period with
the highest occurrence of MHWs and their maximum intensity.
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MHWs (in times), (d–f) Annual maximum intensity of MHWs (in ◦C), and (g–i) Annual duration of
MHWs (in days).

Figure 2g–i display the duration of MHW occurrences. Over the last 40 years, Indone-
sian waters experienced an average MHW duration of 9.30 days (Figure 2g). Notably, the
longest and shortest durations of MHWs were observed during the cold and warm phases,
respectively, as shown in Figure 2i,h. In the cold phase, MHWs in Indonesian waters lasted
between 10 and 20 days on average, with some instances exceeding 25 days in southern
Java (Figure 2i). Conversely, during the warm phase of PDO, the average MHW duration
was 8.94 days (Figure 2h). Regardless of the PDO phase or the 40-year timeframe, southern
Java exhibited the longest durations and highest intensities of MHWs in Indonesian waters.
These intense MHWs in southern Java have been classified as strong, severe, and even
extreme, as explained by [36]. However, the underlying factors driving these strong MHWs
in the southern Java region remain unresolved.

Our findings indicate that the cold phase of PDO, which corresponds to more La Niña
years, is associated with the highest average duration of MHWs. During these conditions,
positive SST anomalies are predominantly located in the western equatorial Pacific region.
This localized warming may contribute to elevated temperatures in Indonesian waters
through advection. However, the degree to which heat advection can influence MHWs in
the Indonesian seas remains unresolved in the scope of this study. The complex topography
and high tidal mixing in this region present challenges in accurately estimating heat advec-
tion using model outputs. These models may not faithfully replicate the SST patterns within
the Indonesian seas, thereby complicating the estimation of heat advection. Furthermore,
obtaining direct and long-term oceanic observations within the Indonesian seas is essential
for improving our understanding of heat advection. However, acquiring such observations
necessitates significant funding and support to bring this endeavor to fruition.

Furthermore, our findings suggest that the prolonged duration of MHWs observed
during the past 14 years (2008–2021) within the PDO cold phase will likely lead to amplified
ecological impacts in the following years. Conversely, the warm phase of PDO (which
corresponds to more El Niño years) exhibits the highest average frequency and maximum
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intensity of MHWs in the Indonesian waters. Several questions remain unanswered,
including the factors influencing the frequency and maximum intensity of MHWs in these
waters, as well as the underlying mechanism driving their development. In Section 3.4, we
will further discuss these topics from an ocean–atmosphere interaction perspective, with
particular emphasis on the net surface heat flux.

3.2. Composite Analysis of MHW Characteristics across Different Phases of PDO, ENSO, and IOD

In Section 3.1, we conducted an investigation into MHW characteristics in the Indone-
sian waters. To categorize the periods, we employed a rough approximation, where we
considered the years 1982–2007 as the warm phase of the PDO and the years 2008–2021
as the cold phase of PDO. The grouping division of PDO phase was established with
reference to [48]. However, the data presented in [48] reveals that the period identified as a
warm phase of the PDO actually encompasses years classified as a cold PDO phase, and
vice versa. Similarly, the same inconsistency applies to the phases of the ENSO, where a
warm PDO phase may encompass both El Niño and La Niña events. Therefore, to gain a
comprehensive understanding of the distinct impacts of various phases of the PDO, ENSO,
and IOD on MHW characteristics in the study area, we conducted a repeated calculation of
MHW metrics (including frequency, intensity, and duration) by using a composite analysis.
This involved combining the respective variables across different phases of PDO, ENSO,
and IOD, allowing us to obtain a clearer depiction of the constructive and destructive
influences associated with each phase.

By assuming that the El Niño event is more frequent during PDO (+) or warm phase,
while the El Niña event is more frequent during PDO (−) or cold phase, we have identified
five notable occurrences that encompass different combinations of PDO, ENSO, and IOD
phases, as shown in Table 1. It is worth noting that, in the dataset spanning from 1982 to
2021, we did not observe any instances of the combination involving PDO (+), El Niño,
and nIOD.

Table 1. Various combinations of PDO, ENSO, and IOD phases for conducting a composite analysis
of the three MHW metrics.

No. Events

1. PDO (+) and El Niño
2. PDO (−) and La Niña
3. PDO (+), El Niño, and pIOD
4. PDO (−), La Niña, and pIOD
5. PDO (−), La Niña, and nIOD

Figure 3 illustrates the MHW metrics in Indonesian waters for two specific combina-
tions: PDO (+) and El Niño phases, as well as PDO (−) and La Niña phases. By specifically
selecting El Niño years during the warm phase of the PDO, our analysis revealed significant
findings. During this period, the annual frequency of MHWs was identified as 2.44 times,
with the annual maximum intensity reaching 1.51 ◦C, and an average annual duration of
8.76 days (Figure 3a,c,e). Notably, even when focusing solely on the PDO (+) and El Niño
phases, the occurrence of MHWs persists in Indonesian waters, suggesting that atmospheric
heat sources may contribute to their formation in addition to oceanic influences.
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In contrast, when considering only La Niña years during the PDO (−) phase, the
annual frequency of MHWs was found to be 1.62 times, with the annual maximum intensity
reaching 1.30 ◦C, and an average annual duration of 9.69 days (Figure 3b,d,f). In this phase,
the warm pool in the Pacific Ocean is typically located in the western equatorial region,
near Indonesia. Therefore, ocean advection appears to support longer durations of MHWs
in the study area. This composite analysis strengthens our previous approximation results
(in Section 3.1), confirming that the frequency and maximum intensity of MHWs are higher
during the PDO (+) and El Niño phases compared to the PDO (−) and La Niña phases.
Conversely, the duration of MHWs during the PDO (−) and La Niña phases is longer than
during the PDO (+) and El Niño phases.

We further refined the two specific combinations in Figure 3 by considering different
IOD phases. The combination of El Niño years with pIOD events during the positive (warm)
phase of the PDO produced significant results. In this particular scenario, all three metrics
used to characterize MHWs exhibited higher values when compared to El Niño years alone,
as shown in Figure 4a,d,g. Specifically, the annual frequency, annual maximum intensity,
and annual duration were identified as 2.52 events, 1.54 ◦C, and 9.13 days, respectively.
During this phase, the warm pool in the Pacific Ocean is typically observed in the Eastern
Pacific Ocean adjacent to South America, while colder SSTs are observed in Indonesian
waters relative to the western Indian Ocean during the pIOD. Despite the co-occurrence of
El Niño and pIOD events during the positive PDO, which mutually reinforce each other
and lead to the presence of cooler waters surrounding Indonesia, MHWs persisted in
Indonesian waters with metric values that did not significantly differ from those observed
during only El Niño events in the positive PDO. Unfortunately, we could not obtain the
composite of MHW characteristics during the events of El Niño concurrent with nIOD
during the positive PDO, as there were no such events recorded in our data period.
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Additionally, when La Niña years coincided with pIOD events during the negative
(cold) phase of the PDO, the three MHW matrices reached their lowest values compared to
the phases of La Niña alone or La Niña and nIOD during the negative PDO. The annual
frequency, annual maximum intensity, and annual duration were recorded at 0.87 events,
1.30 ◦C, and 9.38 days, respectively (Figure 4b,e,h). Conversely, when La Niña events
coincided with nIOD events during the cold phase of the PDO, noticeable increases were
observed in all three MHW metrics compared to only La Niña years (Figure 3b,d,f). The
annual frequency, annual maximum intensity, and annual duration reached values of
2.31 occurrences, 1.34 ◦C, and 10.90 days, respectively (Figure 4c,f,i). The simultaneous
occurrence of La Niña and nIOD leads to warm conditions in Indonesian waters, with
the influence of La Niña in the eastern part and the impact of nIOD in the western part.
Consequently, the MHW metrics exhibit higher values during this phase, surpassing the
magnitudes observed in La Niña years alone (Figure 3b,d,f).

The comparative analysis of composite calculations across the five distinct events
reveals several key findings. Firstly, the spatial patterns of MHWs, including their frequency,
maximum intensity, and duration, exhibit variations across different events. Additionally,
the spatially averaged values of MHWs also differ among each event. The warm phase
of the PDO, characterized by a higher occurrence of El Niño, significantly contributes to
the increased frequency and maximum intensity of MHWs. In contrast, during the cold
phase of the PDO, which is associated with a higher occurrence of La Niña, the frequency of
MHWs is reduced, and their maximum intensity values are lower. However, the duration
of MHWs is notably longer during this phase, particularly when the PDO is in the negative
phase, combined with La Niña and nIOD. In fact, the average duration per year can reach
up to 10.9 days, with the southern Java region exhibiting the longest durations, exceeding
25 days (refer to Figure 4i).

3.3. Linear Trend of MHWs during the Cold and Warm Phases of PDO

To quantify long-term trends of MHWs, we examined the linear trends in frequency
(Figure 5a–c), maximum intensity (Figure 5d–f), and duration (Figure 5g–i). Black dots in-
dicate areas, where increasing or decreasing events fell within the 90% confidence intervals
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(p < 0.1). On average, the MHW frequency has increased by approximately 1–1.65 events
per decade over the past 40 years (Figure 5a), with occurrences observed across Indone-
sian waters. The majority of areas exhibited significant trends, as indicated by black dots
covering all regions except for the Java and Flores Seas and southern Java. However, a
few areas, such as western Sumatra and the coasts of southern Kalimantan and Sulawesi,
demonstrated a decreasing trend in MHW frequency of around −0.95 event per decade.
Notably, the frequency displayed varying increasing and decreasing trends during both
warm and cold phases of the PDO (Figure 5b,c). Among the three study periods, the
most substantial increase in frequency occurred during the cold phase, particularly in the
northern territory of Indonesia waters, reaching up to 6.92 events per decade (Figure 5c).
We anticipate this trend to persist, which is partly attributable to global warming. However,
some areas, such as the Java Sea, western Sumatra, and southern Java, exhibited negative
trends during the cold phase, with the most substantial decrease being −3.00 events per
decade (see Figure 1 for location details). The maximum intensity of MHWs exhibited
a negative linear trend over the past 40 years, with a decrease of −0.27 ◦C per decade
(Figure 5d). During the PDO warm phase, there was a dominant decrease in the maximum
intensity of MHWs, ranging from −0.10 to −0.58 ◦C per decade (Figure 5e). However,
there were some localized areas with an increasing trend, albeit with low positive values of
approximately 0.1 ◦C per decade in the Karimata and Makassar Straits, Sulawesi, Banda,
and Arafura Seas. The southern Java region exhibited a higher increasing trend of 0.46 ◦C
per decade (refer to Figure 1 for location details). Conversely, during the cold phase, the
trend demonstrated greater variability, ranging from −0.75 to 0.75 ◦C per decade (Figure 5f).
Positive trends were observed in the Karimata and Makassar Straits, the southern waters of
Java to Nusa Tenggara, the Flores Sea, and the Maluku and Banda Seas, while other areas
displayed negative trends (refer to Figure 1 for location details).
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Figure 5. Spatial distribution of linear trend for the three MHW metrics in Indonesian waters over a
period of 40 years (1982–2021; left panel), 26 years (1982–2007; PDO warm phase; middle panel), and
14 years (2008–2021; PDO cold phase; right panel). (a–c) MHW frequency (times/decade), (d–f) MHW
maximum intensity (◦C/decade), and (g–i) MHW duration (days/decade). Black dots represent
locations with statistically significant trends (p < 0.1).



Atmosphere 2023, 14, 1035 11 of 21

Figure 5g–i illustrate the linear trend of MHW duration. Over the last 40 years, the
average duration of MHWs increased by three to four days per decade, with the highest
trend recorded at 5.73 days per decade, as shown in Figure 5g. However, the pattern of the
linear trend for MHW duration differed between the warm and cold phases of the PDO, as
shown in Figure 5h,i. In the southern Java to Nusa Tenggara regions and the Flores Sea, as
well as in the eastern Indonesian waters, particularly in the northern Maluku and Papua,
the linear trend of MHW duration during the cold phase of PDO was notably higher than
during the warm phase, predominantly exceeding 5 days per decade, with the highest
value reaching 34 days per decade (Figure 5i). Conversely, during the warm phase of PDO,
the linear trend of MHW duration was mainly below five days per decade (Figure 5h).
Notably, when analyzing the PDO phases, all three MHW metrics exhibited a similar
pattern in their linear trends, with the cold phase (characterized by more La Niña years)
showing a stronger positive trend compared to the warm phase (characterized by more El
Niño years). As discussed in Section 3.1, during La Niña years, positive SST anomalies are
concentrated in the western equatorial Pacific region. This advection of warm water may
contribute to the warming observed in Indonesian waters, thereby amplifying the trend in
MHW characteristics.

3.4. The Formation of MHWs Generated by Local Forcing
3.4.1. Net Surface Heat Flux

Sea–atmosphere interactions in Indonesian waters are indicated by the net surface
heat flux, which exhibits a positive value (Figure 6a–c). This positive value signifies a
heat transfer process from the atmosphere to the sea, contributing to surface warming.
Conversely, negative values of the net surface heat flux, observed south of the equator in
the Indian Ocean at 12◦ S, indicate heat transfer from the sea to the atmosphere, resulting in
sea cooling. Spatial variations in the net surface heat flux exhibit distinct patterns between
the western and eastern regions of Indonesian waters during the three study periods
(Figure 6a–c). Notably, this study reveals that the net surface heat flux is more pronounced
in the eastern region compared to the western region. In the eastern region, the average
net surface heat flux exceeds 80 W/m2, with specific areas such as the Savu, Halmahera,
and the Sulawesi Seas reaching values exceeding 100 W/m2 (Figure 6a–c). On the other
hand, the western region exhibits lower net surface heat flux ranging from 0–40 W/m2,
with negative values observed in the westernmost of the Aceh waters (~5 W/m2) and
the southern equatorial Indian Ocean (~20 W/m2) throughout the three study periods
(Figure 6a–c). The substantial difference in net surface heat flux characteristics between
the eastern and western regions can be attributed to cloud cover. According to [56], the
eastern region of Indonesian waters experiences lower total cloud cover compared to the
western region due to seasonal influences. Moreover, the propagation of rain and cloud
cover patterns typically occurs from west to east, leading to increased cloud cover in the
western region. Consequently, this phenomenon impacts the amount of solar radiation
reaching the sea, resulting in relatively limited solar radiation input in the western region
compared to the eastern region of Indonesian waters.
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Figure 6. Net surface heat flux (NSHF) in Indonesian waters over (a) 40 years (1982–2021), (b) 26 years
(1982–2007; PDO warm phase), and (c) 14 years (2008–2021; PDO cold phase).

In the three study periods, the highest net surface heat flux was observed during the
warm phase of PDO, which coincides with more frequent El Niño events. The average
net surface heat flux during this phase was 40.50 W/m2 (Figure 6b). In contrast, during
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the cold phase of PDO, characterized by more frequent La Niña events, and over the span
of 40 years (1982–2021), the average net surface heat fluxes over Indonesian waters were
38.43 W/m2 and 28.81 W/m2, respectively.

During El Niño conditions, the western Pacific tends to be cooler than neutral, which
can contribute to cooling in the Indonesian waters through advection. However, in the
El Niño phase, atmospheric conditions over the Indonesian waters, particularly in the
eastern regions, have the potential to reduce wind speed and cloud coverage. This, in turn,
increases the net surface heat flux into the ocean, playing a role in ocean warming [57,58].
Therefore, the high frequency and maximum intensity of MHWs observed in the Indonesian
waters during the warm phase of PDO (Figure 2b,e) were likely driven by air–sea heat flux
rather than oceanic advection. This finding aligns with a previous study by [13], which
highlighted the significant impact of the strong 2015/2016 El Niño on air–sea heat flux and
the local atmosphere, resulting in the occurrence of large MHWs along the southeast coast
of Queensland, Australia. These events led to structural ecosystem changes [59] and mass
coral bleaching incidents [60].

3.4.2. Components of Net Surface Heat Flux

In this section, we will discuss the contribution of each surface heat flux component
(SWR, LWR, SHF, and LHF) to the overall net surface heat flux, which has been proposed
as a potential driver of the frequency and maximum intensity of MHWs. It is worth noting
that SWR was the only component with a positive value, indicating heat transfer from the
atmosphere into the ocean, while LWR, SHF, and LHF all had negative values, suggesting
heat transfer from the ocean to the atmosphere and contributing to ocean cooling (refer to
the scale values in Figure 7).
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Figure 7. The values of SWR (a–c), LWR (d–f), SHF (g–i), and LHF (j–l) in units of W/m2 for different
time periods: a 40-year period (1982–2021; left panel), a 26-year period (1982–2007; middle panel;
PDO warm phase), and a 14-year period (2008–2021; right panel; PDO cold phase).

Figure 7a–c depict the average SWR over the Indonesian waters for the 40-year pe-
riod, as well as during the PDO warm and cold phases. The average SWR values were
209.76 W/m2, 209.36 W/m2, and 203.20 W/m2, respectively, indicating a higher SWR
during both the 40-year period and the PDO warm phase compared to the PDO cold phase.
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Among the other components (LWR and SHF), LHF had the most significant contribu-
tion to heat loss, ranging from −50 to −150 W/m2 (Figure 7j–l), while LWR and SHF
contributed approximately −48 and −14 W/m2, respectively (Figure 7d–i). Specifically,
during the warm phase of PDO, the amount of LHF (heat loss) was smaller, at approx-
imately −106.22 W/m2 (Figure 7k), compared to the PDO cold phase, which reached
−112.81 W/m2 (Figure 7l). This suggests that low evaporation events influenced the re-
duced cloud cover, leading to higher SWR (heat gain) combined with lower LHF (heat loss)
during the warm phase, resulting in a more substantial heat absorption by the ocean, as
depicted in Figure 6b. Conversely, during the cold phase of PDO, increased evaporation
(higher LHF) resulted in greater cloud formation, leading to a reduction in solar heat
radiation reaching the ocean’s surface (lower SWR) and consequently a lower value of net
surface heat flux, as illustrated in Figure 6c.

3.5. Interannual Variations of MHWs

In this section, we conducted a detailed analysis of interannual variations in MHWs
by considering the phases of ENSO and IOD within the timeframe of 1982 to 2021. The
selection of each ENSO and IOD phase, including the neutral event, was based on the ONI
and the DMI, as illustrated in Figure 8. Specifically, we identified seven significant events
that encompassed various combinations of ENSO and IOD phases: El Niño and pIOD in
1997, El Niño and neutral IOD in 2016, neutral ENSO and pIOD in 2019, neutral ENSO
and neutral IOD in 2013, neutral ENSO and nIOD in 1996, La Niña and neutral IOD in
1988, and La Niña and nIOD 1998. Among the selected periods, we focused on the most
extreme event for each active phase of ENSO and IOD. For more detailed information on
the classification of years where ENSO, IOD, and neutral events occurred between 1982
and 2021, please refer to Table 2.
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qualification. The red bars represent (a) El Niño and (b) pIOD events, whereas the blue bars indicate
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Table 2. The selected periods of ENSO, IOD, and neutral events within the timeframe of 1982 to 2021.

pIOD Neutral nIOD

El Niño 1997 2016 -
Neutral 2019 2013 1996
La Niña - 1988 1998
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The results presented in the previous section clearly demonstrated that the warm
phase of PDO, accompanied by more frequent El Niño events than La Niña, exhibited the
highest frequency and maximum intensity of MHWs. However, it is important to note that
each area within the Indonesian waters may exhibit distinct characteristics, as depicted in
Figures 2 and 5.

Figure 2 provides valuable insights into the MHW frequency values, highlighting
several areas of interest that exhibit an opposite pattern during the warm and cold phases of
PDO. Specifically, these areas exhibit a notable increase in MHW frequency during the warm
phase, while experiencing a corresponding decrease during the cold phase. These areas
include six distinct regions, namely the western region (western Sumatra and southern
Java), inner seas (Java Sea and Makassar Strait), and eastern region (Halmahera Sea and
northern Papua), marked by the transparent red-colored squares in Figure 1. Consequently,
to thoroughly investigate the interannual variations of MHW characteristics in relation to
ENSO, IOD, and neutral events, an analysis was conducted on the frequency, maximum
intensity, and total duration of MHWs. This analysis encompassed the six specified regions,
as depicted in Figures 9–11. The primary objective of this investigation was to attain a
comprehensive understanding of how MHWs vary across these regions in response to the
aforementioned climatic drivers.

First, we examine the characteristics of MHWs during the neutral phases of ENSO
and IOD. In 2013, during the neutral phase (denoted by the magenta bar in Figures 9–11),
multiple MHWs were detected across all six areas. On average, the frequency, total du-
ration, and maximum intensity of MHWs in these areas were 2.3 events, 19.3 days, and
0.89 ◦C, respectively.
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Figure 9. Annual averages of MHW characteristics in the western Sumatra (0.125◦ N–5.125◦ N,
94.875◦ E–97.875◦ E; left panel) and southern Java (7.875◦ S–9.125◦ S, 104.125◦ E–115.125◦ E; right
panel) regions during the period of 1982–2021, with the long-term trend removed. (a,b) Annual
frequency (in units of times), (c,d) Annual maximum intensity (in ◦C), and (e,f) Annual total duration
(in days).
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Next, we compare the properties of MHWs during the positive and negative phases
of ENSO and IOD with the neutral state. In 1988, during the La Niña and neutral IOD
phases (denoted by the yellow bar in Figures 9–11), all six areas experienced several MHW
events. On average, the frequency, total duration, and maximum intensity of MHWs during
the La Niña phase were higher than during the neutral phase, reaching five events, 52.3
days, and 1.10 ◦C, respectively. Notably, in the Halmahera Sea, the highest frequency and
longest duration of MHWs occurred during the La Niña phase, with eight events spanning
81 days (Figure 11a,c). Positive SST anomalies in the western equatorial Pacific during La
Niña conditions [6] may contribute to warming in Indonesian waters through advection.
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Previous studies have also highlighted the role of La Niña in the warming trend observed
in the eastern Indonesian waters, such as the Makassar Strait and the Maluku and Banda
Seas [2].

Meanwhile, during the El Niño and neutral IOD phases in 2016 (denoted by the red
bar in Figures 9–11), several MHWs were detected in the western region and inner seas.
However, no MHWs were observed in the eastern region (Figure 11). Interestingly, the
western region (western Sumatra and southern Java) experienced the most prolonged
MHW duration during the El Niño phase, lasting 91 and 263 days in western Sumatra and
southern Java, respectively (Figure 9e,f). In southern Java, the highest maximum intensity
of MHWs was also recorded in 2016, reaching 1.86 ◦C (Figure 9d). This represents the
highest intensity of MHWs observed across all areas, nearly reaching 2 ◦C.

Furthermore, we analyzed the characteristics of MHWs during different phases of
the IOD. During the nIOD and neutral ENSO phases in 1996 (denoted by the purple bar
in Figures 9–11), all six areas regions experienced MHWs. The western region exhibited
relatively short durations of 5 and 20 days (Figure 9e,f), with maximum intensity reaching
0.94 ◦C and 1.23 ◦C in western Sumatra and southern Java, respectively (Figure 9c,d). In
contrast, the northern Papua region showed the longest total duration and the highest
maximum intensity of MHWs during nIOD in 1996 compared to other IOD and ENSO
phases (Figure 11d,f). According to [2], the nIOD led to SST warming in the western of
Indonesian waters, particularly along the southern coast of Java and Sumatra, as well as in
the Java and Flores Seas and Karimata Strait. Conversely, the fewest occurrences of MHWs
were observed during the pIOD and neutral ENSO phases in 2019 (denoted by the brown
bar in Figures 9–11), with only one MHW event identified in the Java Sea and southern
Java, while other regions remained unaffected by MHWs. Both the Java Sea and southern
Java experienced MHW duration of only six days (Figures 9f and 10e), reaching maximum
intensities of 0.72 ◦C and 0.93 ◦C, respectively (Figures 9d and 10c).

Furthermore, we investigated the characteristics of MHWs during the simultaneous
occurrence of ENSO and IOD phases, where their interactions can either attenuate or
strengthen each other. First, we will examine the combination of La Niña and nIOD
phases that took place in 1998 (denoted by the tosca bar in Figures 9–11). As depicted in
Figures 9–11, a relatively high number of MHW events, averaging 7.3, occurred in all areas
during this particular condition. Notably, within the inner seas (Java Sea and Makassar
Strait), the highest three MHW metrics were observed in 1998 during the La Niña and nIOD
phases (Figure 10). The total duration of MHWs surpassed 100 days in both areas, with
181 days in the Java Sea and 110 days in the Makassar Strait (Figure 10e,f), corresponding
to 10 and 6 MHW events, respectively (Figure 10a,b). The maximum intensity of MHWs
reached 1.44 ◦C in the Java Sea and 1.21 ◦C in the Makassar Strait (Figure 10c,d).

On the other hand, the combination of El Niño and pIOD phases in 1997 (indicated by
the green bar in Figures 9–11) appeared to result in fewer occurrences of MHWs. Although
MHWs were recorded in all areas except for the southern Java, the average frequency and
total duration of MHWs were lower compared to the neutral phase, with only 1.8 events
and 15.4 days, respectively.

Overall, both the La Niña and El Niño phases were found to significantly contribute
to the development of MHWs compared to the neutral phase. This study highlights that
during El Niño events, the net surface heat flux plays a crucial role in ocean warming. Con-
versely, during La Niña events, the advection of warm water from the western equatorial
Pacific is suggested to enhance warming in Indonesian waters, leading to the generation of
MHWs. Additionally, the presence of the nIOD condition was also found to favor MHW
formation, while the pIOD condition had an adverse effect and could even induce cooling in
Indonesian waters. As a result, a limited number of MHW events were observed during the
pIOD phase, with only two out of the six areas (southern Java and Java Sea) experiencing
MHWs during the 2019 pIOD event coinciding with the ENSO-neutral phase. Finally, the
combination of La Niña and nIOD was identified as the most favorable condition for MHW
formation, resulting in the highest frequency and maximum intensity of MHWs across
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various areas in Indonesian waters, including western Sumatra, southern Java, the Java Sea,
Makassar Strait, Halmahera Sea, and northern Papua, as previously described in this study.

The current study primarily focuses on investigating the interannual and interdecadal
variabilities of MHWs, with a specific emphasis on their relationship with low-frequency
modes such as ENSO, IOD, and PDO. While these low-frequency modes are essential, it is
equally important to consider the factors that influence the seasonal and sub-seasonal vari-
ations of MHWs. Understanding these variations can offer valuable insights into extreme
events, including heavy rainfall and tropical cyclones, that occur over the MC. Numerous
studies have emphasized the impact of intraseasonal variability on surface temperature
and precipitation changes across the MC. Notably, the Madden–Julian Oscillation (MJO),
Boreal Summer Intraseasonal Oscillation (BSISO), and tropical waves have been identified
as key factors that influence the region. These phenomena exhibit distinct patterns of atmo-
spheric circulation, cloudiness, and precipitation, which can modulate the development
and intensity of MHWs.

In a study by [61], the influence of convectively coupled equatorial waves (CCEWs) on
precipitation variations across tropical regions, including the MC, was examined. The find-
ings revealed that while CCEWs are less dominant compared to other tropical oscillations
such as ENSO and MJO, they still contribute to 16–20% of the total intraseasonal precipita-
tion variance, thereby impacting precipitation patterns. Furthermore, [62] investigated the
influence of the MJO on precipitation in Indonesia and highlighted its significant role in
modulating the frequency of extreme precipitation events in the country. Recent research
by [63] emphasized the importance of considering the combined effects of both the MJO and
convectively active phases of equatorial waves (Kelvin, TD-type, and eastward propagating
inertia–gravity waves) on precipitation over the MC. Additionally, [64] provided further
insights into the influence of the MJO and BSISO on precipitation in Indonesia. It is worth
noting that these intraseasonal precipitation variations can affect surface air temperature,
thereby potentially triggering the formation or suppression of MHWs. Consequently, these
studies highlight the need to consider the interactions between tropical waves, atmospheric
conditions, and oceanic processes when examining the variability of MHWs in Indonesian
waters. While we acknowledge the significance of seasonal and sub-seasonal variations of
MHWs and their implications for extreme events, our current study primarily concentrates
on investigating the interannual and interdecadal variations of MHWs. However, we
acknowledge the significance of exploring the seasonal and sub-seasonal variations of
MHWs over the MC, and we intend to address this issue in future research.

4. Summary and Conclusions

This study assesses the characteristics of MHWs, including their frequency, maximum
intensity, and duration of occurrences in the Indonesian waters over the last 40 years
(1982–2021), specifically during a 26-year warm phase of PDO (1982–2007) and a 14-year
cold phase of PDO (2008–2021). The analysis reveals that the longest average duration
of MHWs, ranging from 7 to 15 days, occurred during the cold phase of PDO. On the
other hand, the highest frequency (2–3 times per year) and maximum intensity (>1.5 ◦C) of
MHWs were observed during the warm phase of PDO.

By examining five distinct events of PDO, ENSO, and IOD, the study highlights the
spatial variability and varying values of frequency, maximum intensity, and duration of
MHWs across these events. The warm phase of PDO, coupled with El Niño and pIOD
events, exhibited the highest average frequency (2.52 events) and maximum intensity
(1.54 ◦C) of MHWs. Conversely, the longest average duration of MHWs (10.90 days)
was observed during the cold phase of PDO, coinciding with La Niña and nIOD events.
Furthermore, the study reveals that the warm phase of PDO is associated with the highest
net surface heat flux, which contributes to the elevated frequency and maximum intensity
of MHWs during this phase. This condition is primarily driven by increased SWR as heat
gain and reduced LHF as heat loss through the evaporation process.
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At present, the ongoing cold phase of the PDO suggests that La Niña is expected to
occur more frequently in the upcoming years, indicating a higher likelihood of increased
MHW occurrences in Indonesia. The composite calculations yield similar results to the
calculations of MHW characteristics when separated into the warm and cold phases of the
PDO, albeit with some rough approximation. Specifically, during the warm phase of the
PDO, the frequency and maximum intensity of MHWs are higher. Conversely, during the
cold phase of the PDO, the duration of MHWs is typically longer.

Upon analyzing the interannual variability of MHWs influenced by ENSO and IOD,
we found that both La Niña and El Niño phases significantly impact the development of
MHWs in the Indonesian waters. Additionally, the nIOD phase also contributes to the
MHW formation. Conversely, the occurrence of MHWs was less favorable during the pIOD
phase, with only two out of the six regions, specifically southern Java and the Java Sea,
experiencing MHWs.

Furthermore, this study investigated the characteristics of MHWs when ENSO and
IOD phases reinforce or weaken each other. The findings revealed that the highest average
frequency (7.3 days) and maximum intensity (1.35 ◦C) of MHWs in the six regions in
Indonesian waters were observed in 1998, coinciding with the simultaneous occurrence
of La Niña and the nIOD phase. Meanwhile, during the combination of El Niño and the
pIOD phases in 1997, the frequency and duration of MHWs were lower compared to the
neutral phase.

This study significantly enhances our understanding of various aspects related to
MHWs in the Indonesian waters, including their characteristics, the role of net surface heat
flux in their formation, as well as their interdecadal and interannual variabilities influenced
by low-frequency climate modes, such as PDO, ENSO, and IOD. These findings contribute
to the ongoing mitigation efforts aimed at addressing the MHW disaster in the Indonesian
waters caused by climate change.

In order to fully understand the mechanisms behind MHWs, it is essential to thor-
oughly examine the heat budget within the ocean mixed layer. Regrettably, the lack of
available data on heat advection and diffusion in the Indonesian waters prevented us from
conducting a comprehensive calculation of the heat budget in the present study. Although
this aspect is beyond the scope of our paper, it holds significant potential for future research
endeavors. As a result, our investigation solely focuses on the net surface heat flux, which
is a key component of the heat budget. In particular, we identified a notable disparity in
the characteristics of net surface heat flux between the eastern and western Indonesian seas
during the three study periods, which appears to play a contributing role in the formation
of MHWs.

Additionally, while this study analyzed the comprehensive occurrence of MHWs on
the surface of the Indonesian waters, it did not examine their presence in the subsurface.
Further studies are necessary to investigate this phenomenon and gain a complete under-
standing of MHWs in the region, including their intraseasonal variabilities associated with
the MJO and BSISO.
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