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Abstract: This study aimed to investigate the characteristics of marine heatwaves (MHWs) in the
Makassar Strait and adjacent waters (MSAW) using the Optimum Interpolation Sea Surface Tempera-
ture (OISSTv2) dataset from 1982 to 2021. The analysis revealed a significant positive trend in the
frequency and duration of MHWSs, while the mean and maximum intensities displayed a negative
trend over the 40-year period. By examining two different phases of the Pacific Decadal Oscillation
(PDO), it was observed that the cold phase (more frequent La Nifia events than El Nifio) had higher
MHW frequency and duration, whereas the warm phase (more frequent El Nifio events than La Nifia)
exhibited higher mean and maximum intensities. Moreover, the occurrence of high-intensity MHWs
was associated with weakened winds, the decaying phase of El Nifio and positive Indian Ocean
Dipole (IOD), and high net surface heat flux (NSHF). An intriguing finding emerged, indicating a
notable lag of 7-9 months (10 months) between El Nifio (positive IOD) events and the emergence of
high-intensity MHWs. This lag suggests that MHWs are more likely to manifest during the transition
towards La Nifia and negative IOD conditions. Additionally, the study highlighted a stronger cor-
relation between the El Nifio-Southern Oscillation and MHW intensity in the MSAW compared to
the IOD. Furthermore, the different intensities of MHWSs were found to be linked to NSHF, which
exhibited higher values during the warm phase of the PDO compared to the cold phase.

Keywords: marine heatwaves; Makassar Strait; sea surface temperature; PDO; IOD; ENSO; net
surface heat flux

1. Introduction

The phenomenon of global warming due to increasing anthropogenic activities in
recent decades has had a broad impact, especially on the Earth’s climate [1]. The Intergov-
ernmental Panel on Climate Change (IPCC) in its fourth assessment report (AR4), states
that changes in global average surface temperature due to atmospheric carbon dioxide con-
centrations are in the range of 2-4.5 °C [2]. In relation to global warming signals (increase in
the average temperature at a location), the frequency and intensity of extreme-temperature
events (heatwaves) also increase as a consequence of anthropogenic climate change [3].
Heatwaves are prolonged periods of abnormally hot weather compared to the typical con-
ditions for a particular area during that time of year. These heatwaves may be accompanied
by elevated levels of humidity [4]. Additionally, heatwaves can manifest in the ocean as
well, referred to as marine heatwaves (MHWs).

The earliest documented instances of MHWs, characterized by their duration, intensity,
and spatial extent, are reported in the literature from 1982 to 2016. These events took place
in various locations, including Benguela, Baja California, Peru, the Galapagos Islands, and
the Caribbean Sea [5]. According to [6], global heatwaves between 1950 and 2011 exhibited
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an increasing trend in frequency, duration, and temperature intensity. Additionally, Ref. [7]
discovered that from 1925 to 2016, there was a 34% rise in the average occurrence frequency
of MHWs worldwide, accompanied by a 17% increase in their duration. Consequently,
the number of days per year experiencing MHWSs rose by 54%. These escalating trends
in MHW intensity can be attributed to the overall increase in average sea temperatures
and raise concerns about the potential for further increases in MHW occurrence due to the
influence of global warming [8]. Over the past few decades, MHWs have been observed
across oceans, inshore areas, and coastal waters worldwide [9-13].

Studies have demonstrated the severe deleterious effects of these temperature distur-
bances, ranging from sharp changes in marine ecosystems to long-term impacts on marine
species, populations, and communities [14-16]. The occurrence of MHWs significantly
affects marine ecosystems, such as the heatwaves that occurred in the northwest Mediter-
ranean in the boreal summer of 2003 which resulted in thermal stratification and anomaly
of an increase in sea surface temperature of 2-3 °C [17]. The MHWs have been reported
to cause impacts on the physiology and metabolism of sea species. One of the significant
environmental impacts of these MHWSs was the death of benthic invertebrate populations
as the impact of elevated temperatures on the organisms’ physiological processes [17] and
the loss of seagrass ecosystems due to disruptions in seagrass metabolism, specifically the
imbalance between photosynthesis and respiration [18]. Other impacts occur on coral reef
ecosystems. The leading cause of widespread coral bleaching is prolonged exposure to high
sea surface temperature (SST) anomalies [19,20]. Ref. [20] reported that coral bleaching in
the north-central Red Sea was recorded when the area experienced severe MHWs in 2010
and 2015. Additionally, Ref. [21] discovered that an MHW event in 1998, which occurred
after an exceptionally strong El Nifio peak in the preceding year, resulted in mass coral
bleaching in the Great Barrier Reef.

In tropical waters, the influence of global warming leads to the warming of the
upper layer of water. This warming, in turn, intensifies thermal stratification, creating a
more stable water column and limiting vertical mixing [22]. The strengthened thermal
stratification can impede the upwelling process, which involves the ascent of cold, nutrient-
rich water from the depths to the surface [23]. Consequently, this disrupts the supply of
nutrients from the bottom to the surface, resulting in reduced plankton growth in the upper
layers. Consequently, the combined effects of global warming and the occurrence of MHWSs
hinder the mixing processes in tropical waters, including Indonesian waters. These changes
have adverse consequences on primary productivity, leading to a decline in fish stocks
within the affected seas [15,24,25].

Indonesia is the largest archipelagic country that has close to 18,000 islands spanning
around 5000 km at the crossroads of the Pacific and Indian Oceans [26,27]. Approximately
3.25 million km? is the total territorial waters of Indonesia, which consist of shallow waters
and deep waters, so Indonesia is a maritime nation and envisioned as a global maritime
fulcrum (GMF) [28]. Geographically, Indonesia is flanked by two oceans, the Pacific Ocean-
the largest ocean in the northwest, and the Indian Ocean in the west and south. This
affects the climate conditions in Indonesia through ocean—atmosphere interaction. Due
to its geographical location between the Pacific Ocean and the Indian Ocean, Indonesia
is influenced by the interannual climate of these oceanic regions through remote forcing,
such as El Nifio-Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD) [29-31]. The
occurrence of ENSO and IOD has a significant impact on the oceanographic conditions of
Indonesia, shaping their characteristics.

Indonesian waters serve as a crucial pathway for the global conveyor belt, a system
of ocean currents for transporting water worldwide. The specific current that traverses
through Indonesia is called the Indonesian Through Flow (ITF). Notably, the ITF carries
warm and fresh Pacific waters to the Indian Ocean. This process significantly influences
the SST variability in Indonesian waters, subsequently impacting the regional and global
climate systems on a broader scale [32].
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Positioned within the Coral Triangle, Indonesia stands as a marine biodiversity hotspot,
hosting an abundance of marine and coastal flora and fauna. As a result, Indonesia boasts
one of the world’s most prosperous and diverse coral reef ecosystems and other marine
resources [33,34]. The country’s fisheries sector also thrives, generating substantial fishery
products through both capture fisheries and aquaculture. To effectively manage its vast
and diverse water territories, Indonesia has established several fisheries management areas
known as Indonesia Fisheries Management Areas (IFMAs).

Research on MHWs in Indonesian waters is still very limited. Meanwhile, Indonesian
waters have a very rich marine ecosystem, the MHW phenomenon can disrupt the ecology
of local waters by directly impacting the physiology and survival of marine organisms,
leading to coral bleaching, seagrass decline, altered species interactions, and the loss of
habitat and ecosystem services. These ecological disruptions have significant implications
for the health and resilience of marine ecosystems in Indonesian waters and beyond. Re-
search on the dynamic characteristics of MHWs, such as frequency of occurrence, duration,
and intensity can provide information and guidance for fisheries management in a water
area [35]. In addition, understanding the aspects of MHWs can also provide knowledge to
predict the occurrence of MHWSs and their impact on ecology. Previous researchers [35-39]
have conducted research on MHWs in several areas of Indonesian waters. However, further
studies have not been carried out in other Indonesian territorial waters, such as Makassar
Strait. There is a limited amount of detailed research on MHWs in the Makassar Strait and
its surrounding waters. Investigating this subject in these areas is crucial not only because
the Makassar Strait serves as the primary route for the ITF [40], but also because these areas
boast rich marine and coastal ecosystems. In addition, the long-term variation of MHWSs
in the study area and their characteristics during different phases of the Pacific Decadal
Oscillation (PDO) remain poorly understood.

Therefore, the objective of this study is to investigate the dynamic characteristics of
MHWs that have occurred in the Makassar Strait and its surrounding waters over the last
40 years (1982-2021). Moreover, this study also aims to gain a better understanding of the
potential physical drivers behind MHW events.

2. Materials and Methods
2.1. Study Area

IFMA is divided into 11 areas, as illustrated in Figure 1A. Among these areas, [IFMA
713 encompasses the Makassar Strait (indicated as MS in Figure 1B) along with its adjacent
waters, including Bone Bay, Flores Sea, and Bali Sea (represented as BB, FS, and BS in
Figure 1B, respectively). This particular region is of significant interest to our study. IFMA
713 boasts abundant fish resources and serves as a crucial fishing ground in Indonesia,
particularly for small pelagic, large pelagic, demersal, and reef fish species that are con-
sumed by the local population. According to the Directorate General of Capture Fisheries
(2015) [41], IFMA 713 contributed to the second-largest fish production in Indonesia in
2014, accounting for 12.43% of the total national production (6,037,654 tons). Moreover,
these areas are characterized by diverse marine and coastal ecosystems, including coral
reefs, mangroves, and seagrass [42,43].

2.2. Sea Surface Temperature

SST data served as the primary dataset utilized for analyzing the characteristics of
MHW occurrences. The daily SST data underwent processing to derive both the climato-
logical average SST value and the threshold value used for detecting and analyzing the
occurrence of MHWSs and their characteristics. In this study, daily SST data were used for
40 years from January 1982 to December 2021. The SST data were obtained from the Opti-
mum Interpolated Sea Surface Temperature (OISSTv2) dataset which can be accessed at [44].
The OISSTv2 dataset is a reanalyzed product to produce smoother data and it resembles
the original SST data because it is a combination of high-level satellite data and in situ data
collected by buoys and cruise ships [45]. OISSTv2 is one of the globally available SST data
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with long temporal availability (starting from September 1981 until the present time) at
1/4-degree spatial resolution. These data have a daily mean temporal resolution (free from
diurnal variability). This dataset only provides one level on the surface, with the depth
range considered typically limited to the immediate vicinity of the sea surface, ranging
from a few micrometers to a few meters in depth.

114°E  116°E 118°E  120°E 122°E

Figure 1. (A) 11 IFMAs, (B) IFMA 713. The names of the seas (denoted by alphabet letter) are
Makassar Strait (MS), Bone Bay (BB), Bali Sea (BS), and Flores Sea (FS).

2.3. Physical Forcings of MHW

In this study, the local factors, i.e., wind and net surface heat flux (NSHF) were studied
on the formation of MHWs in the year with the highest number of frequency and total days,
and the highest value of average duration, maximum intensity, and mean intensity. To
review local wind factors on the formation of MHWSs, wind magnitude anomaly calculations
were conducted using daily wind data obtained from European Centre for Medium-Range
Weather Forecasts (ECMWF) available at [46]. The data have a spatial resolution of 1/4
degree and a temporal resolution of six hours. Zonal and meridional wind speeds of 10 m
above sea level (119 and vy, respectively) were used. From these two data, the magnitude
of wind speed was calculated. The monthly climatology and monthly anomalies were
calculated afterward.

To support the analysis in this research, the Oceanic Nifio and Dipole Mode Indices
(ONI and DM, respectively) were utilized to identify climate conditions and assess the
interannual influences of ENSO and IOD on the variability of MHWSs within the study re-
gion. The ONI represents the SST anomaly in the Nifio 3.4 region (5° N-5° S, 170°-120° W),
providing an average SST estimate for the equatorial Pacific waters. El Nifio and La Nifia
are identified when the ONI exceeds 0.5 °C and falls below —0.5 °C, respectively [47].
Meanwhile, the DMI is calculated as the difference between the SST anomaly in the Western
Tropical Indian Ocean (WTIO) and the Southeastern Tropical Indian Ocean (SETIO). Posi-
tive IOD (pIOD) events are identified when DMI values exceed +0.48 °C, while negative
10D (nIOD) events occur when DMI values fall below —0.48 °C [48]. The ONI and DMI
data are derived from daily SST data analysis using Reynolds Optimum Interpolation
version 2, which can be accessed at [49]. Furthermore, the PDO index data obtained from
Japan Meteorological Agency (JAMSTEC) [50] was utilized to determine the PDO phases
during the study period.

The data components used to calculate NSHF include surface net solar radiation
(Qswr), net flux of infrared radiation from the sea (Qpwr), surface latent heat flux (Qryr),
and surface sensible heat flux (Qsyr). The four data are taken from ECMWE [51]. The data
have a spatial resolution of 1/4 degree and a temporal resolution of six hours. Each of these
components’ annual average value was calculated, then summed up to obtain the NSHF
value in years with notable MHW events. NSHF (Q() is defined as:
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Qo = Qswr + Qrwr + Qrur + Qsur 1)

2.4. MHW Identification

In general, MHWs are defined as anomalous occurrences of hotter seawater on a
prolonged basis, which can be described by their duration, intensity, rate of change, and
coverage area. Ref. [3] specifically defined MHWSs as anomalous occurrences of warmer
seawater lasting for five consecutive days or more, with temperatures exceeding the 90th
percentile based on a minimum of 30-year historical baseline climate. An 11-day window
average was used to calculate the SST climatology for each day of the year for the 40-year
data. We applied a 30-day moving average for smoother climatology as suggested by [3].
The 90th percentile for each day as the threshold value for MHWSs was calculated using
the same methods. Each MHW event had a distinct start and end time when the SST data
exceeded the threshold for at least five days continuously.

Ref. [3] proposes a hierarchical set of measures or metrics to describe an occurrence of
MHWs which is divided into primary, secondary, and tertiary metrics. Following [3], a main
characterizing measure can describe the general ratio between duration and magnitude
(intensity). We then computed the primary characteristics, namely the frequency, duration,
maximum intensity, mean intensity, and total days of MHWs for 40 years (1982-2021) in
each grid point. The frequency is the number of MHWs each year, while the duration of
MHWs is defined as the period during which the MHWs last. Mean and maximum intensi-
ties are the average and highest SST anomaly during each MHW event, respectively. We
also calculated the total days of MHWs for each year. The MHW analysis was implemented
using the Matlab toolbox provided by [52].

In addition to reviewing the characteristics of MHWSs over a 40-year period, we also
examined their characteristics during two distinct PDO phases, specifically the warm and
cold phases. PDO is a phenomenon of Pacific climate variability like ENSO but has a longer
period of 20-30 years [53]. The positive (warm) and negative (cold) phases of PDO are
determined based on the PDO index, as can be seen in Figure 2. The two phases of the PDO
are characterized by more El Nifio years during a PDO warm phase and more La Nifa
years during a PDO cold phase. The timespan of this research study is divided into two
different phases of PDO, 1982 to 2007 (phase I) included in the warm phase of the PDO while
2008 to 2021 (phase II) included in the cold phase of the PDO [54]. The average characteristic
during the warm phase (phase I) was then subtracted from that of the cold phase (phase II) of
the PDO to see the differences in the characteristics and trends of the MHWsS.
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Figure 2. Annual PDO index from 1900 to 2021. The black curve is the 9—year moving average.
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3. Results
3.1. 40-Year Characteristics of MHWSs

The characteristics of the average MHWSs during the years 1982-2021 in IFMA 713
can be seen in Figure 3. The frequency of MHWSs was in the range of 1.5-2.6 events per
year (Figure 3A). Locations with high frequency are seen in the Flores Sea and Bone Bay
(denoted by FS and BB in Figure 1B, respectively). Furthermore, for the MHW duration, the
average ranged around 6-12 days for each event (Figure 3B). The areas with long duration
were also mostly found in the south of IFMA 713 or the Flores Sea area, while the area with
short duration was in Bone Bay and mid-Makassar Strait at 2° S. Figure 3C,D showed a
distribution of the mean and maximum intensities of MHWsS, respectively, in which the
southern region of IFMA 713 tends to have a higher maximum intensity than the northern
region. The mean and maximum intensities of MHWs are in the range of 1.0-1.3 °C and
1.1-1.7 °C, respectively (Figure 3C,D). The area with the highest mean maximum intensity
is at coordinates 118.0°-119.6° E and 5.25°-6.17° S (Figure 3D).
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Figure 3. Mean MHW properties (A) frequency, (B) duration, (C) mean intensity, and (D) maximum
intensity during 1982-2021 in IFMA 713.

Because the analysis was carried out for 40 years, it is possible to review the charac-
teristics of MHWSs decadally in the last 4 decades. The MHW frequency and total days, as
well as average duration, were identified to increase continuously throughout the decades
(Table 1). The frequency in the fourth or last decade is 48% of the total frequency for four
decades, which is nearly ten times higher than the frequency in the first decade. Similar to
frequency, the total days’ parameter also shows a very high number in the last decade. The
first decade accounted for only 3% of the total days for four decades, while the last decade
accounted for 18.4 times more. Meanwhile, the average MHW duration was not increasing
drastically unlike the MHW frequency and total days.

The average maximum intensity showed an increasing trend of around 0.04 °C per
decade, except for the last decade, which appeared to be decreasing from the previous
decade, from 0.86 °C to 0.81 °C. Meanwhile, the average mean intensity did not exhibit a
significant trend. From the first decade into the second decade, mean intensity increased by
0.02 °C. However, after that, mean intensity continually decreased by 0.01 °C per decade.
In total, in the past 40 years, on average in IFMA 713 there were 79 MHW events, with a
total of 1122 MHW days, and the average duration, maximum intensity, and mean intensity
were 11.1 days, 0.82 °C, and 0.69 °C, respectively.
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Table 1. Decadal value of MHW properties: frequency, total days, average duration, and average
maximum and mean intensities.

Decade  Period "I TomlDays MO RO O Intenity O
I 1982-1991 4 34 8.5 0.78 0.68
11 1992-2001 13 169 8.9 0.83 0.70
1 2002-2011 24 293 11.7 0.86 0.69
v 2012-2021 38 626 15.4 0.81 0.68
79 1122 11.1 0.82 0.69
Sum Average

Figure 4 displays the difference in characteristics of MHWSs between the two phases of
the PDO. The frequency of MHWSs during the cold phase (phase II: more La Nifia events)
was found to be greater than during the warm phase (phase I: more El Nifio events), with
an average positive value (Figure 4A). Similar results were observed in the duration of
MHWs, in which phase II exhibited longer durations than phase I (Figure 4B). In contrast to
the MHW frequency and duration, there was a predominantly negative difference observed
in the mean and maximum intensities of MHWs. This suggests that the MHW mean and
maximum intensities were higher during the warm phase of the PDO compared to the cold
phase (Figure 4C,D).
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Figure 4. Difference between MHW characteristics (A) frequency, (B) duration, (C) mean intensity,
and (D) maximum intensity of cold phase of the PDO (2008—2021) and warm phase of the PDO
(1982—-2007) in IFMA 713.

The 40-year linear trend of MHW characteristics: frequency, duration, mean intensity,
and maximum intensity in IFMA 713 can be seen in Figure 5A-D. The frequency of MHWSs
appears to have a positive linear trend ranging from 0 to 1.2 events per decade (Figure 5A).
Almost all regions have a positive linear trend, except for the northern region of Bone Bay
(denoted by BB in Figure 1B) which has a negative linear trend of —0.5 events per decade.
Meanwhile, the area with the highest linear trend of MHW frequency is in the north of the
Makassar Strait (denoted by MS in Figure 1B) with a linear trend of 1.3 events per decade.
Based on the linear trend plot of the frequency of MHWs, it can be seen that almost all
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regions have a high level of significance marked by a p-value of lower than 0.05 (above
95% confidence level).
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Figure 5. The 40—year linear trend of MHW properties (A) frequency, (B) duration, (C) mean intensity,
and (D) maximum intensity. The stippled areas represent a significant linear trend (p < 0.05).

The linear trend of the duration of MHWs is the same as the frequency of MHWs,
which is spatially dominated by a positive sign (Figure 5B). However, some areas have a
negative linear trend of MHW duration. The linear trend of the duration of MHWSs ranged
from —1 to 4 days per decade. Most of the positive linear trend values have a p-value of
less than 0.05 so it can be classified as a significant linear trend. Meanwhile, areas that have
a negative linear trend have a p-value of more than 0.05. Figure 5C,D showed that the mean
and maximum intensities of MHWSs have a dominantly negative linear trend, with a range
of 0 °C to —0.12°C and 0 °C to —0.2 °C per decade, respectively. However, there were a
small number of areas in Makassar Strait with positive linear trends of MHW maximum
intensity with a very small value of around 0.05 °C per decade. Most areas of IFMA 713
have a significant linear trend marked by black dots indicating a p-value of less than 0.05.

To better understand the temporal changes in the parameters of MHWsS, a calculation
of the spatial average of the frequency, duration, total days, mean intensity, and maximum
intensity of MHWSs each year across all areas of IFMA 713 was carried out. The annual
characteristics can be seen in Figure 6. The frequency of MHWSs throughout 1982-2021
appeared to have a maximum value in 2010 with an average number of events of 10
(denoted by the magenta bar in Figure 6A). Subsequent high frequencies occurred in 2005
and 2016 with 8 events for each year (denoted by the cyan and red bars in Figure 6A,
respectively).

The mean duration of MHWSs showed the largest value in 2016 of 30.9 days (denoted
by the red bar in Figure 6B), and close to that the second longest duration was in 2019
with 30.0 days (denoted by the purple bar in Figure 6B). Similar to the mean duration, the
highest number of MHW days also occurred in 2016 with a total of 247 days. The second-
highest was in 2010 with a total of 143 days (denoted by the magenta bar in Figure 6C). The
maximum intensity has the largest value in 2006 with a value of 1.10 °C (denoted by the
yellow bar in Figure 6E). Furthermore, the next highest maximum intensity occurred in
2016, reaching 1.04 °C. In contrast to the other parameters, the highest mean intensity of
MHWs occurred during the first decade, i.e., in 1983 with 0.83 °C (denoted by the brown
bar in Figure 6D). The next highest mean intensity occurred in 2016 at 0.81 °C. Moreover,
Table 2 presents a summary of the years that attained the highest values for each of the
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MHW characteristics. In addition to the aforementioned years, the MHWSs in 1998 (denoted
by the green bar in Figure 6A-E) also have notably high characteristics, with a mean
duration of 21.2 days (Figure 6B), maximum intensity of 0.99 °C (Figure 6E), mean intensity
of 0.79 °C (Figure 6D), and 127 days of MHWSs under 6 events (Figure 6A,C).
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Figure 6. (A) Frequency, (B) mean duration, (C) total duration, (D) mean intensity, and (E) mean
maximum intensity of all MHW events that have occurred each year from 1982 to 2021 in the IFMA
713. The colored bars (apart from the blue ones) represent the prominent years. The dotted black

lines represent linear regression.

Table 2. The years that reached the highest values for each of the MHW characteristics. The MHW
characteristics obtained by averaging the SST in IFMA 713.

No. MHW Characteristics Prominent Year I (Value) Prominent Year II (Value)
1 Frequency 2010 (10 events) 2005 and 2016 (8 events)
2 Mean Duration 2016 (30.9 days) 2019 (30.0 days)

3 Total Days 2016 (247 days) 2010 (143 days)
4 Mean Max. Intensity 2006 (1.10 °C) 2016 (1.04 °C)
5 Mean Intensity 1983 (0.83 °C) 2016 (0.81 °C)

3.2. Variability of Prominent MHWs

Using the prominent MHWSs detected in Figure 6, we computed a spatial average of
SST for the entire IFMA 713. We then created time-series graphs for each year (1983, 1998,
2005, 2006, 2010, 2016, and 2019), depicting the development of each MHW event in those
years and categorizing them based on intensity [55], as shown in Figure 7A-G.

In 1983, a single event of MHWSs was detected during the west monsoon (January)
(Figure 7A). This event lasted for a short duration of 8 days, reaching a maximum intensity
of 0.98 °C, which falls under Category I. Despite its rapid onset and offset, this phenomenon
exhibited a relatively high mean intensity of 0.83 °C. Moving on to Figure 7B, a total
of six MHWSs occurred throughout 1998, each with varying durations and intensities.
Two events were categorized as moderate MHWSs (Category I), while the remaining four
were classified as strong MHWs (Category II).
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Figure 7. Time series of daily SST and the corresponding MHW events in (A) 1983, (B) 1998,
(C) 2005, (D) 2006, (E) 2010, (F) 2016, and (G) 2019. Those graphs are acquired by averaging the
SST over the IFMA 713. The green and red lines represent the long-term climatology and MHW
threshold, respectively. The black line represents the daily SST. The first, second, and final red dashed
lines represent 2, 3, and 4 times the threshold (upper limit for Category I, II, and III), respectively.
Meanwhile, the light red shade shows the incidence of MHWs.

Throughout 2005, MHWSs occurred 8 times, being the second-highest frequency of
MHWs in a year after 2010 with 10 events (Figure 7C). However, most MHWs lasted only
around 5-10 days, except for September MHWSs, which extended for a duration of 24 days.
Meanwhile, there were only two events of MHWs in 2006 (Figure 7D). The two events
resulted in a mean maximum intensity of 1.10 °C, making it the highest mean maximum
intensity of all 40 years.

In 2010, there were a total of ten incidents of MHWSs, making it the year with the
highest frequency of MHWs (Figure 7E). All these MHWSs were categorized as Category
I, with a mean intensity of 0.70 °C and a mean maximum intensity of 0.85 °C. Moving on
to Figure 7F, it is evident that in 2016, MHWSs occurred nearly year-round with significant
intensity. The year 2016 recorded the highest total number of MHW days, with a duration
of 247 days. Moreover, the intensity of these events was relatively high, making 2016
the second-highest in terms of mean intensity and mean maximum intensity among all
40 years.

In 2019, there was only a single occurrence of MHWs. Interestingly, the SST in 2019
was predominantly below the climatological mean (Figure 7G). However, on December
4th, an MHW began to form and persisted into the following year, lasting for a total of
30 days. During this period, the MHW reached a maximum intensity of 0.91 °C, placing it
in Category II, with a mean intensity of 0.74 °C. This 30-day MHW in 2019 contributed to
the second-highest mean duration for that year, surpassed only by 2016.

3.3. Physical Factors of MHWs

In the formation and maintenance of MHWs, the mixed layer heat budget is an
important factor, and it can be defined as follows [56]:

o Qo

ot pocpho

+ (Advection + Diffusion) )
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where T is the mixed layer temperature, ¢ is time, Qy is the net surface heat flux, pg is the
density of seawater, C, is the heat capacity of seawater, and hj is the mixed layer depth.
However, at this stage of the research process, it is still difficult to obtain the heat advection
and diffusion data in the Indonesian seas, both based on observations and numerical
models. A complex bathymetry and high tidal mixing within the Indonesian seas make it
difficult to estimate the heat advection and diffusion based on the model outputs as they
may not reproduce a correct SST within the Indonesian seas, especially in the Makassar
Strait and the adjacent waters [57,58].

Therefore, in this study, we only considered the role of Qp (NSHF) on the SST changes
within the heat budget formulation. To what extent this heat advection and diffusion could
modulate the SST changes is still unresolved in our current investigation. Detailed analysis
of the heat budget calculations incorporating heat advection and diffusion is not within
the scope of this research and can be considered in a future study. Nevertheless, we have
also investigated the correlation between the occurrence of MHWSs during the prominent
years and various factors, including local forcing like wind speeds that influence vertical
mixing, as well as remote forcing associated with large-scale climate variability, such as the
ENSO and IOD. Based on these investigations, we hypothesize that higher wind speeds,
promoting enhanced vertical mixing, will be inversely correlated with the occurrence
and intensity of MHWs in the Makassar Strait area. Furthermore, we expect a positive
correlation between La Nifia events, characterized by warmer sea surface temperatures
near Indonesian waters, and the occurrence and intensity of MHWSs. Similarly, negative
phases of the IOD, reflecting warmer sea surface temperatures in the eastern Indian Ocean,
are hypothesized to be positively correlated with the occurrence and intensity of MHWSs in
the region.

3.3.1. Local Wind Forcing

Weak winds can play a role in reducing heat loss from the sea to the atmosphere
through sensible and latent heat fluxes, causing positive heat content anomalies in the
sea [13]. Wind also plays a role in vertical mixing which can stir the water mass and lift
the cold-water mass from the depths. Therefore, weak winds cause low vertical mixing
so that heat is stored and accumulated in the surface layer [11]. This decrease in vertical
mixing was an important driver for many MHWSs events [59]. In this section, we analyzed
the wind speed characteristics during the significant years of MHWs.

Figure 8 illustrates the annual average wind speed anomaly, calculated based on
monthly climatological data. The analysis reveals a consistent pattern of negative wind
anomalies (weaker wind) during the years of prominent MHWSs: 1983, 1998, 2005, 2010,
and 2016. Specifically, during the high-intensity MHW years of 1983 and 1998, negative
wind anomalies of —0.26 m/s and —0.31 m/s were observed, respectively, indicating that
the actual wind speed was below the expected or average value.

Furthermore, in the years with the highest MHW frequencies, namely 2010 and 2016,
the wind anomalies reached their lowest levels in 40 years, with values of —0.38 m/s and
—0.44 m/s, respectively. This indicates significantly weaker wind conditions during those
years. In 2005, a year with a high MHW frequency, the wind speed was also weaker than
usual, with a negative anomaly of —0.10 m/s. These findings suggest that the presence of
weak wind conditions contributes to the formation of MHWSs. However, it is worth noting
that in 2006 (the year with the highest mean maximum intensity) and 2019 (the year with
the second-highest mean duration), the average local wind exhibited a positive anomaly of
0.22 m/s and 0.17 m/s, respectively. This implies that factors other than wind speed may
have played a significant role in the formation of MHWSs during those years.
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Figure 8. Annual wind speed anomaly over the period of 1982—2021, along with the mean intensity
of MHWSs within the IFMA 713. The colored bars, excluding the blue ones, represent the prominent
MHW years. Dots on the graph indicate the wind speed anomalies during those notable MHW years,
and the corresponding values (in m/s) are highlighted in the text.

3.3.2. Remote Forcings

To examine the relationship between MHW events in IFMA 713 and large-scale climate
modes, such as ENSO and IOD for the period of 1982-2021, we conducted cross-correlation
calculations between the mean intensity of MHWSs in IFMA 713 and both ONI and DML
The mean intensity was chosen as a primary metric for MHWs, reflecting their strength.
The cross-correlation between MHW mean intensity and ONI is presented in Figure 9A. In
our investigation, we assume that the ENSO climate mode acts as the driving force behind
MHWs, rather than a reciprocal relationship. Therefore, we will focus on the correlation
within the positive x-axis, representing the MHW lag. This lag specifically refers to the
change in ONI preceding the subsequent alteration in the mean intensity of MHWs.

(A) Mean int. vs ONI (B) Mean int. vs ONI|DMI
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Figure 9. The lead —lag correlations between the MHW mean intensity and the following variables in
IFMA 713: (A) ONI, (B) partial correlation with ONI, (C) DMI, and (D) partial correlation with DMI.
The magenta dots represent significant correlations (p < 0.05).
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In IFMA 713, a distinct relationship between the ENSO climate mode and MHWs
was observed, as shown in Figure 9A. The two variables exhibited a positive correlation,
indicating that higher ONI values were associated with greater MHW mean intensity.
Specifically, stronger El Nifio events preceded more intense MHWSs by approximately
8 months. Notably, during the decay phase of El Nifio in IFMA 713, around 7-9 months
after its peak, there was a notable occurrence of strong MHW intensity. The highest
maximum correlation coefficient between the mean intensity of MHWSs in IFMA 713 and
ONI reached 0.4 (indicated by the blue line in Figure 9A) with an 8-month lag.

In addition, we investigated the partial cross-correlation between the mean intensity
of MHWs and the ONI in IFMA 713. Our primary focus was to gain insights into the
exclusive role of the ENSO climate mode, independent of the IOD, and to identify the
primary climate mode that predominantly impacts MHWs (refer to Figure 9B). The results
of the partial cross-correlation analysis revealed a slightly lower coefficient correlation
value compared to the scenario with no partial correlation, as depicted in Figure 9A. The
maximum correlation observed was 0.37, with a lag of 7 months (Figure 9B). These findings
suggest that the IOD mildly strengthens the relationship between ENSO and the mean
intensity of MHWs.

We conducted further research on the connection between MHWs in IFMA 713 and the
IOD climate mode by analyzing the cross-correlation between the 40-year mean intensity of
MHWSs and DMI (Figure 9C). Building upon the notion that the IOD climate mode impacts
the occurrence of MHWsS, our focus shifts to the positive x-axis, which represents changes
in DMI preceding subsequent alterations in the mean intensity of MHWSs within IFMA
713. Notably, the maximum correlation coefficient in this region reached 0.25 with a lag of
10 months.

Furthermore, upon removing the effects of ENSO using partial correlation, the re-
sults revealed a significantly reduced positive correlation coefficient between MHW mean
intensity in IFMA 713 and DMI (Figure 9D). This suggests that the changes in MHW
mean intensity may be predominantly influenced by ENSO rather than IOD (Figure 9B,D).
Overall, the maximum correlation coefficients reached 0.18 with a lag of 10 months. The
relationship between IOD and MHWs in IFMA 713 exhibited a positive correlation, indicat-
ing that higher occurrences of positive DMI or pIOD will lead to a higher mean intensity of
MHWs in the subsequent 10 months (during the pIOD decay).

To enhance the findings presented in Figure 9, Figure 10 provides a clearer depiction
of the time lag between the peak of El Nifio and the peak of positive SST anomalies, which
ranges from approximately 7 to 9 months. Additionally, the prominent years of MHWs
in 1983, 1998, 2010, and 2016 share a common characteristic in terms of ENSO mode,
transitioning from strong El Nifio towards La Nifa. In each of these preceding years, a
strong El Nifio event occurred, predominantly peaking at the beginning of the northwest
monsoon (December). Subsequently, in 1983, 1998, 2010, and 2016, the intensity of El Nifio
gradually diminished and gave way to La Nifia conditions.

After calculating the correlation coefficients and lags between the mean intensity of
MHWSs and ENSO and IOD, as shown in Figure 9, the next step involves mapping the
annual occurrences of MHWs to gain a comprehensive overview of their frequency in
IFMA 713 across different ENSO and IOD phases (Figure 11). This analysis allows us to
examine the cumulative intensity values and total duration of MHWs associated with the
ENSO and IOD indices, providing a more holistic understanding of MHW patterns in
IFMA 713. To select the ENSO and IOD indices, we focused on the period from August to
December, as these months exhibited stronger values compared to other periods within the
40-year timeframe. Subsequently, the annual occurrences of MHWSs were plotted against
the cumulative intensity values on the y-axis. In this plot, the cumulative intensity values
were derived using MHW data from the subsequent year and aligned with the ENSO
and IOD index data on the x-axis. This approach is informed by the findings of the cross-
correlation analysis, which revealed a lag of 7-9 months between the incidence of ENSO
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Figure 11A displays the distribution of annual MHW occurrences across ENSO phases.
It is worth noting that out of the total events, 12 were attributed to the El Nifio phase, while
the neutral and La Nifia phases accounted for 13 and 15 events, respectively. However, a
closer examination of the cumulative intensity values and the number of annual MHW
days reveals a clear association between stronger MHW events and the El Nifio phase.
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Interestingly, among the seven previously identified prominent years, six were situated
within the El Nifio phase, further emphasizing its significance. Notably, the two highest
values of cumulative intensity and the greatest number of annual MHW days coincided
with an ONI value of approximately 2.4 °C, indicating the occurrence of a strong El Nifio
event. It is crucial to consider the lag information from previous analyses when interpreting
these findings.

In examining the distribution of annual MHW occurrences in relation to the IOD
phase, it is important to highlight that IOD events have been relatively scarce compared to
ENSO events over the past 40 years. As a result, the majority of MHW events took place
during the neutral IOD phase (Figure 11C). Comparing the pIOD and nlOD phases, we
find that a greater number of MHW events occurred during pIOD, totaling eight years.
However, only three prominent years, namely 1998, 2016, and 2019, were associated with
the pIOD phase.

To gain further insights, we analyzed the distribution of MHW years using a scatter
plot, focusing separately on ENSO-only and IOD-only conditions (Figure 11B,D). By exclud-
ing years with pIOD and nIOD conditions (Figure 11B), we can observe the distribution
of MHW years solely during ENSO phases. Comparing this to Figure 11A, we notice that
when the IOD phase is removed, there are only 18 years of MHW occurrences. Notably,
within the ENSO-only phase, the highest cumulative intensity and annual MHW days were
observed in 2010, reaching values of 11°C and 80 days, respectively. These values, however,
are lower than those depicted in Figure 11A. This difference can be attributed to the signifi-
cant MHW events in 1998 and 2016, which resulted from the combined influence of El Nifio
and plOD, effectively reinforcing each other. Continuing our analysis, Figure 11D examines
the distribution of MHW years during neutral ENSO conditions, while considering only
the IOD phase. Remarkably, the number of MHW years is considerably low, totaling only
three years.

3.3.3. Net Surface Heat Flux

Overall, this study reveals that the development of MHWSs was supported by weak
winds, as well as the decay of El Nifio and pIOD, as demonstrated in Figures 8-10. However,
there were exceptions observed in 2006 and 2019 when the positive anomaly of local winds
did not favor the occurrence of MHWSs. Furthermore, in 2006, both the remote forcing
modes (ENSO and IOD) did not support the manifestation of MHWs. Similarly, in 1983,
2005, and 2010, despite weak wind conditions, only the ENSO mode, specifically the decay
of a strong El Nifio, supported the remote forcing, while the IOD mode remained neutral.
Hence, it is likely that other factors played a role in driving the heightened characteristics
of MHWs in 1983, 2005, 2006, 2010, and 2019.

To delve deeper into this aspect, the study calculated the NSHF to assess the energy
absorbed and released by the ocean’s surface. Figure 12A-G present the average NSHF
values for 1983, 1998, 2005, 2006, 2010, 2016, and 2019. Through spatial averaging, it was
determined that the NSHEF values for 1983 and 2019 were the highest among the seven years,
reaching 42.67 and 42.59 W/m?, respectively (as indicated in Table 3). This substantial
NSHEF likely contributed to the elevated mean intensity of MHWs in 1983 (0.83 °C) and
2019 (0.75 °C). In the remaining years, the NSHF ranged from 29.46 to 40.38 W/ m?.

The calculation of NSHF involves four key components of surface heat flux: shortwave
radiation (SWR), longwave radiation (LWR), sensible heat flux (SHF), and latent heat flux
(LHF). The NSHEF represents the cumulative effect of these components, where a positive
value indicates heat transfer from the atmosphere to the ocean, and a negative value
signifies the opposite direction of heat flow. SWR refers to solar radiation absorbed by the
ocean, contributing to the warming of its upper layer. The highest recorded total SWR
during the studied period was in 2019 (216.80 W/m?), while the lowest was observed in
2010 (194.09 W/m?).
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Table 3. The average surface heat flux components (SWR, LWR, SHF, and LHF) and the NSHF (the
total of all components) for the 7 prominent years across the IFMA 713.

No. Year SWR LWR SHF LHF NSHF

(W/m?) (W/m?) (W/m?) (W/m?) (W/m?)
1 1983 208.03 —46.92 —18.04 —100.40 42.67
2 1998 204.75 —45.17 —18.18 —103.90 37.50
3 2005 208.34 —48.11 —18.14 —108.71 33.38
4 2006 211.83 -50.26 —-19.36 —109.96 32.24
5 2010 194.09 —43.38 —16.40 —104.86 29.46
6 2016 203.80 —44.87 —15.84 —-102.71 40.38
7 2019 216.80 -50.03 —-19.24 —104.95 42.59

In contrast, LWR, SHF, and LHF are negative values, indicating heat loss from the
ocean to the atmosphere. Both SHF and LHF are influenced by wind speed, with lower
wind speeds leading to reduced heat transfer. Among these components, LHF represents
the highest potential for heat loss through evaporative cooling [60]. Notably, the high-
est total LHF occurred in 2006 (—109.96 W/m?2), while the lowest was recorded in 1983
(—100.40 W/m?). These values suggest that the ocean stored the highest amount of heat in
1983, as indicated by the negative LHF.

4. Discussion
4.1. Trends of MHWs

The findings in Section 3.1 were highly intriguing, particularly regarding the trends of
MHWs in IFMA 713. From Table 1, we observed a notable increase in the frequency, dura-
tion, and total number of days associated with MHWSs. However, contrary to expectations,
both the maximum and mean intensity exhibited a decrease. This same trend persisted
even after analyzing MHW characteristics by accounting for two phases of PDO and the
40-year linear trend. Notably, the frequency and duration continued to display an upward
trend, while the maximum and mean intensities showed a consistent decline.
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Based on the analysis of MHW characteristics during two phases of PDO, it was
observed that the frequency and duration were higher in phase II, which corresponds to
the cold phase. This can be attributed to the fact that in the cold phase of PDO, the SST
anomaly in the western and central North Pacific Oceans tends to be higher [61]. Hence,
the increased MHW characteristics during the cold phase can be influenced by the inherent
variability of PDO itself. The dominance of La Nifia during the cold phase leads to a
positive SST anomaly in Indonesian waters. However, contrary to expectations, the mean
and maximum intensities showed an opposing pattern (as shown in Figure 4C,D), with
higher values observed during the warm phase (phase I) compared to the cold phase (phase
II) of PDO. This discrepancy in the characteristics of MHW mean and maximum intensities
suggests that their variations may not necessarily be driven by remote forcing associated
with large-scale climate variability, such as PDO.

We proceeded to compute the average NSHF over a span of 40 years, as well as during
phase I (warm phase of PDO) and phase II (cold phase of PDO) (see Figure 13A-C). Upon
spatial averaging, the 40-year NSHF was determined to be 36.81 W/m?. Notably, the NSHF
during phase I (warm phase) was measured at 37.77 W/m?, surpassing the value during
phase II (cold phase) which stood at 35.05 W/m?. These findings suggest that the higher
mean and maximum intensities observed during the warm phase, which coincided with a
greater number of El Nifio years, were closely associated with the elevated NSHF rather
than the PDO phases.

(A) 1982-2021 (B) 1982-2007 (C) 2008-2021

2
NSHF (W/m?)

114°E 116°E 118°E 120°E 122°E

Figure 13. Average NSHF expressed in W/m? for three distinct periods in IFMA 713: (A) 40 years
(1982-2021), (B) warm phase of the PDO (1982-2007), and (C) cold phase of the PDO (2008-2021).

The frequency and duration of MHWs displayed a noteworthy increasing trend over
the 40-year period (as shown in Figure 5A,B). These positive trends align with the global
findings reported by [7], which also documented an upward trend in MHWSs frequency and
duration. MHWs are closely associated with rising SST [8]. Notably, SST in the Indonesian
waters, specifically in the Makassar Strait and the Flores Sea, exhibited a significant upward
trend. According to [56], this warming trend in Indonesian waters can be attributed to the
shoaling of the mixed layer depth, creating favorable conditions for surface heat flux to
warm the surface. It is plausible to suggest that the notable increase in MHW frequency
and duration observed in IFMA 713 is linked to this SST trend. Given the concerning
upward trends in MHWs, it becomes imperative to implement mitigation strategies aimed
at reducing their detrimental impact on both the physical system and the ecosystem.

4.2. Possible Driving Forces of Prominent MHWs

In Section 3.3, we assessed four key factors: wind, ENSO, IOD, and NSHEF, and their
influence on MHWs in the study area. This analysis sheds light on how these factors con-
tribute to our understanding of MHW dynamics. Notably, it was observed that during the
most prominent MHW years, the wind conditions exhibited a negative anomaly, indicating
weaker winds than normal. Weak winds can play a significant role in minimizing heat loss
from the sea to the atmosphere through sensible and latent heat fluxes, leading to positive
heat content anomalies within the sea [13]. Furthermore, winds also contribute to vertical
mixing, which helps stir the water mass and bring up colder water from deeper layers.
Consequently, weaker winds result in reduced vertical mixing, allowing heat to accumulate
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and be stored in the surface layer [11]. This decrease in vertical mixing emerges as a crucial
driver for numerous MHW events [59].

Furthermore, in the Indonesian waters, the condition of El Nifio (La Nifia) is indicated
by cooler (warmer) SST since the warm water in the Pacific pushed towards the eastern
(western) Pacific. However, Figures 9 and 10 revealed that El Nifio, especially the strong
ones, could generate MHWSs in IFMA 713 with a time lag of 7-9 months. Extreme MHWs
that occurred after strong El Nifio years were also recorded in the southern waters of
Java [35] and the southeastern coastal waters of Queensland, Australia [62], whereas they
occurred during El Nifio years in the coastal waters of Chile [13]. Ref. [62] found that a
positive ONI or El Nifio had a significant effect on a positive SST anomaly on the west coast
of Queensland with a time lag of 7 months. The time lag of the ENSO index with the SST
anomaly on the west coast of Queensland indicates that the same thing can happen with
the SST anomaly in IFMA 713. The positive phase of ENSO can lead to wind weakening
and a reduction in the vertical mixing of heat at the surface to the water column below so
that the sea surface is warmer than usual [11].

Likewise, the positive correlation observed between the IOD and MHWs in IFMA
713 indicates that higher mean intensities of MHWSs can be expected in the subsequent
10 months. This time lag suggests that MHW occurrences may be triggered by the decay
of pIOD and develop during the transition toward a nlOD phase. Additionally, a study
by [63] revealed that in 2016, the Southeastern Tropical Indian Ocean experienced the
longest-lasting MHWSs, which were triggered by eastward-propagating equatorial Kelvin
waves associated with the nIOD phase.

The results depicted in Figure 11A-D demonstrate that the ENSO climate mode
exerts a more dominant influence on the mean intensity of MHWSs in IFMA 713 compared
to the IOD. Upon comparing the partial correlation between MHW mean intensity and
ENSO, as well as the IOD, it becomes evident that the changes in correlation magnitude
between MHW mean intensity and regular ENSO (non-partial ENSO), relative to partial
ENSO, are relatively smaller compared to the changes in correlation magnitude between
MHW mean intensity and regular IOD (non-partial IOD), relative to partial IOD. This
observation suggests that the impact of ENSO on IOD surpasses the impact of IOD on
ENSO. Consequently, the influence of ENSO on MHWs in IFMA 713 exhibits greater
strength when compared to IOD. Furthermore, Figure 12D also indicates that the influence
of IOD on MHW occurrences in IFMA 713 is relatively minor in comparison to ENSO.
These findings further support the earlier results, highlighting the higher or predominant
influence of ENSO over IOD on MHW events in the IFMA 713.

Finally, the analysis of NSHF revealed that higher NSHF values appear to have con-
tributed to the elevated mean intensity of MHWs (as depicted in Figure 12A-G). A previous
study identified anomalous surface heat flux as a key driver of anomalous warming in the
northeast Pacific [64]. Our findings indicate that SWR and LHF are the primary components
contributing to NSHF in the IFMA 713. These results are consistent with previous studies
conducted in other regions, such as the Indian Ocean and the west coast of Australia [12,65].

In this study, the factors contributing to the highest mean maximum intensity of MHWs
in 2006 (as shown in Figure 6E) remain unresolved. As demonstrated in Figures 8 and 11,
local winds, ENSO, and IOD do not appear to be conducive to the SST warming observed
during that specific year. Moreover, the NSHF value in 2006 (32.24 W /m?) was the second
lowest among the other notable MHW years listed in Table 3. Therefore, it is essential to
delve deeper into the physical mechanisms underlying this phenomenon. Incorporating
heat advection and diffusion into the heat budget calculations could be a potential avenue
for exploring these challenges. Addressing these complexities would require further
research that extends beyond the scope of the present study.

5. Conclusions

This study investigates the occurrence of MHWs in IFMA 713, encompassing the
Makassar Strait and nearby waters in the inner Indonesian seas, spanning the past four
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decades (1982-2021). Over this period, an average of 79 MHW events occurred in IFMA
713, resulting in a total of 1122 MHW days. The average duration, maximum intensity,
and mean intensity of these events were 11.1 days, 0.82 °C, and 0.69 °C, respectively. The
frequency, total duration, and average duration of MHWSs have consistently increased
over the decades, with these parameters being roughly ten, 18.4, and two times higher,
respectively, in the fourth decade compared to the first decade. However, there is a
tendency for the maximum and mean intensities of MHWSs to decrease based on a linear
trend analysis. When comparing the two phases of the PDO, it was observed that the
frequency and duration of MHWSs were higher during the cold phase, while the mean and
maximum intensities were greater during the warm phase. These metrics appear to be
linked to the NSHF, which was higher during the warm phase than the cold phase.

IFMA 713 experienced seven notable years with significant MHWSs: 1983, 1998, 2005,
2006, 2010, 2016, and 2019. This study suggests that severe MHWs in the study region were
associated with weakened wind speeds, the decay phase of El Nifio and pIOD, as well as
high NSHF values. Interestingly, there was a lag of approximately 7-9 months (10 months)
between El Nifio (pIOD) events and the occurrence of high-intensity MHWs, indicating a
tendency for MHWSs to manifest during the transitional period towards La Nifia (nIOD)
conditions. The findings also revealed a stronger association between the ENSO and MHW
intensity in the Makassar Strait area compared to the IOD. However, the factors responsible
for the highest mean maximum intensity of MHWs in 2006 remain unclear, as local winds,
ENSO, IOD, and NSHF do not appear to explain the warming of SST in this case. Therefore,
it is crucial to incorporate heat advection and diffusion calculations into the heat budget
formulation to gain a better understanding of the physical mechanisms underlying this
phenomenon. Although a detailed analysis of the heat budget calculations is beyond the
scope of this article and will be investigated in future studies, it is also essential to examine
how oceanographic processes such as eddies and internal waves in the Makassar Strait
area may have influenced the occurrence of MHWSs. We recommend a future study to focus
on this matter. Nevertheless, the current findings provide an initial estimate to identify the
most vulnerable regions in IFMA 713 to the impact of MHWs.

Moreover, acquiring a deeper understanding of MHWs in Indonesian waters holds
significant value for disaster management planning. This knowledge is crucial for com-
prehending the effects of climate change on the ocean and the broader ecosystem, as well
as for developing strategies to mitigate their impact. By doing so, we can promote the
sustainability of marine ecosystems and industries.
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