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The frequency of marine heatwaves (MHWs) events has been rising globally in recent years, and this trend is
expected to continue in the region off the coast of south Java Island. These oceanic extreme events may have the
potential to devastate marine habitats, ecosystems and fisheries. This paper characterized MHWs off south Java
from 1982 to 2019 using satellite-observed sea surface temperature. The aim of this study was to examine the

dynamics of MHWs  in one of Indonesia's most important fisheries hotspots, located in the southeast of the tropical
Indian Ocean. We have identified two strong MHWs events in 1998 and 2016, both of which started in the austral
winter months. Both events were lasted through the spring before dissipating in the early austral winter. These
intense MHWSs were likely related to a strong El Nino and decreased monsoon activity.

1. Introduction

In the atmosphere, a heatwave is defined as a period of unusually hot
weather that lasts for an extended period of time (Coumou and Rahm-
storf, 2012; Schar et al., 2004). This occurrence has a significant impact
on a variety of areas, including agriculture, water resources, energy de-
mand, human health, and socio-economic over a wide range (Radinovic
and Curi¢, 2012; Schir et al., 2004). A similar occurrence occurs in the
ocean and is known as marine heatwaves (MHWSs) (Hobday et al., 2016).
MHWs defined as a prolonged discrete anomalously high sea surface
temperature (SST) in a particular location (Hobday et al., 2016, 2018).
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MHWs have been observed in many locations in the world ocean and can
occur both in summer and winter-known as “winter warm-spells”
(Atkinson et al., 2020; Hobday et al., 2018; Oliver et al., 2018a).

The influence of MHWSs on the marine environment and ecosystem
changes is enormous (Oliver et al., 2019; Wernberg et al., 2016). It has
been reported that MHWSs can lead to coral bleaching (Hughes et al.,
2017), decrease in surface chlorophyll content (Bond et al., 2015), loss of
kelp forests (Wernberg et al., 2016), mangrove mortality (Sippo et al.,
2018), mass death of marine invertebrates due to thermal stress (Oliver
et al., 2017), and fishery or aquaculture closures (Caputi et al., 2016;
Oliver et al., 2017). Aside from biological concerns, this event is thought
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Figure 1. Map of the study site off south of Java. Shade color represents the mean of sea surface temperature (SST) over the period of 1982-2019. Black contour
represents the isobath at 500 m depth. The red contour represents SST mean every 0.2 °C. Box region represents the area for the calculation of the time series of MHWs
properties in the site off south of Java for the calculation of the MHW properties shown in Figures 4, 5, 6, and 7.

to have impacted the country's socio-economic and political conditions
(Oliver et al., 2018a). Thus, characterizing this phenomenon is critical,
and much attention must be paid to the consequences and impacts of this
event.

It is expected that the intensity and frequency of MHWs will intensify
under anthropogenic climate change (Frolicher et al., 2018; Oliver et al.,
2018a, 2018b). In the past few decades, MHWs have become persistent,
more frequent, intense, and this trend will further intensify under global
warming (Frolicher et al., 2018). MHWS can be caused by a lot of factors.
The most common drivers of MHWSs include ocean currents which can
accumulate warm water and air-sea heat flux, the wind that affects the
warming of MHWs, and climate mode like El Nino (Frolicher et al., 2018;
Holbrook et al., 2019; Sen Gupta et al., 2020). The first notable events of
MHWs occurred in the northern Mediterranean in 2003 (Sparnocchia
et al., 2006), followed by MHWs in the Northwest Atlantic in 2012 (Chen
et al., 2014), the Northeast Pacific 2013-2015 (Bond et al., 2015; Di
Lorenzo and Mantua, 2016), along the western coast of Australia in 2011
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(Pearce and Feng, 2013), and tropical Australia in 2016 (Benthuysen
et al., 2018).

The Indonesian Sea is a choke point in the global thermohaline cir-
culation (Gordon, 1986). This region may serve as a global warming
hotspot that transfers excess heat as well as freshwater flux from the
Pacific Ocean to the Indian Ocean (Hu and Sprintall, 2017). Despite the
fact that the increase of MHWSs over the centuries and the detection of
MHWs in various parts of the world has been widely reported (Bond
et al., 2015; Caputi et al., 2016; Di Lorenzo and Mantua, 2016; Frolicher
et al., 2018; Holbrook et al., 2019), this extreme ocean temperatures
event in the Indonesian Seas have not been fully explored. Given that the
Indonesian Sea has the highest marine biodiversity and the world's
fourth-largest population, studying the MHWs pattern is a significant
issue in this region (Smale et al., 2019).

The southern coastal ocean of Java Island (SJI, Figure 1) is a highly
dynamic region characterized by high mesoscale eddies activity (Azis
Ismail et al., 2021), reversed south Java current (Sprintall et al., 2010),
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Figure 2. Mean of MHWSs properties. a) frequency, c¢) intensity maximum, and e) duration. Mean over the 1982-2019 period. b), d), and f) difference between the
1982-2000 and 2001-2019 periods. The stippled areas in b, d and f denote significant trends (p > 0.05).
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Figure 3. The linear trend of MHWSs properties over the 1982-2019 period. a)
frequency, b) intensity maximum, and c) duration. The stippled areas represent
significant linear trend (p > 0.05).

intraseasonal equatorial Kelvin waves (Pujiana and McPhaden, 2020),
the Indian Ocean Dipole (IOD) onset (Saji et al., 1999), and seasonal
upwelling (Susanto et al., 2001). The SJI is known as one of the fisheries
hotspots for commercial tuna species (Andriyono, 2018; Syahputra et al.,
2020). According to Oliver et al. (2018a, 2018b), the southern area off
Java Island is one of the places where the intense MHWSs occur in the
Indonesian Seas. The MHWs that frequently occurs in this region could
affect the marine species life that influences their tolerances due to heat
stress during MHWs events. Up until now, there is no detailed description
of the MHWs in the SJI. Therefore, the aim of this study is to investigate
the MHWSs dynamics and quantify their metrics in order to provide in-
formation and guidance for fisheries management in one of the country's
most significant fisheries zones (Andriyono, 2018; Lumban-Gaol et al.,
2021; Suadi and Kusano, 2019; Syahputra et al., 2020).

2. Materials and methods
2.1. Satellite data

The high-resolution SST dataset used in this study is daily Operational
SST and Sea Ice Analysis (OSTIA) on 0.05° spatial grids (Donlon et al.,
2012) obtained from the Copernicus Marine Environment Monitoring
Service (CMEMS). We used OSTIA data from 1 January 1982 to 31
December 2019. Time series of SST in the box area in the south of Java
Island is generated by spatially averaging SST over the region. The box
region in the south coast of Java is located in 105°~115°E and 7°-11°S.
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The area of interest (AOI) in this study is located in the 100°~119.5°E
and 5°-14°S as shown in Figure 1. Nino 3.4 Index (170°W-120°W,
5°S-5°N) used in this study is based on daily SST Optimum Interpolation
version 2 accessed from https://climexp.knmi.nl/getindices.cgi,
accessed on 21 July 2021. The Dipole Mode Index (DMI) is based on daily
Reynolds Optimal Interpolation version 2 SST analysis accessed from the
National Oceanic and Atmospheric Administration (NOAA) webpage
(https://stateoftheocean.osme.noaa.gov/sur/ind/dmi.php, accessed on
21 July 2021). Australian monsoon index used in this paper is the
normalized number based on calculation from Kajikawa et al. (2010)
using National Center for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) reanalysis that can be accessed
from Asia-Pacific Data-Research Center (http://apdrc.soest.hawaii.ed
u/projects/monsoon/seasonal-monidx.html, accessed on 21 July 2021).
Monthly 850 hPa averaged zonal (u) and meridional (v) wind velocity is
also used to examine the atmospheric circulation over the study area. u
and v velocity products are based on the reanalysis data from European
Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis v5
(ERA5) (Hersbach et al., 2020) (https://cds.climate.copernicus.eu/cds
app#!/dataset/reanalysis-era5-single-levels-monthly-means?tab=form,
accessed on 20 October 2021).

2.2. MHW detection

The MHWs are detected by identifying the periods when daily SST is
above the threshold for at least five days sequentially (Hobday et al.,
2016). Two events with a gap of fewer than 3 days are examined as a
single event. The threshold is defined as seasonally varying 90™
percentile. Similar to Hobday et al. (2016), the goth percentile and
climatological mean for each day of the year are calculated by using the
daily SST within an 11-day window centered on a certain day and then
smoothed by applying a 31-day moving average. The 11-day window and
31-day moving average are selected to establish an adequate sample size
for percentile calculation and smooth climatology (Hobday et al., 2016,
2018; Oliver et al., 2017, 2018a, 2018b, 2019, 2021; Schlegel et al.,
2017).

MHWs have metrics to describe the properties. The metrics consid-
ered in this study include duration (times between start and end day of
MHWs event), and maximum intensity (maximum SST anomaly over
MHWs duration). We then calculate the time series of annual average
duration, annual maximum intensity, and frequency (number of MHWSs
events in each year). From the annual MHWs metrics that were calcu-
lated, we present differences in the mean value between two-time slices
at 1982-2000 and 2001-2019. We also present a linear trend of the
metrics at each location following the method from Oliver et al. (2018a,
2018b). Following the approach by Hobday et al. (2018), MHWSs are
classified as moderate, strong, severe, or extreme events by the local
difference between the climatological mean and the threshold used to
recognize MHWs (climatological 90™ percentile). This difference can be
estimated at each spatial-temporal point of an MHWs event based on the
intensity measurement. Due to the lack of direct field measurements, this
study is limited to detecting MHWSs only using satellite data. Several
other studies (e.g. Carvalho et al., 2021; Mawren et al., 2021; Miyama
et al., 2021) identified MHWSs by using SST from satellite products and
drawing general conclusions based on those limited direct temperature
measurements.

3. Results and discussion

Figure 2a, ¢, and e represent the long-term mean of MHWSs metrics in
the study region. Metrics shown in this figure are intensity maximum,
duration, and frequency of the events. According to Figure 2a, the fre-
quency of MHWs ranged from one to three events per year, depending on
location. The highest frequency is found in the surrounding areas of Java
and Sumatera Islands near the coastlines (outside AOI). The area from the
Java Sea to the Flores Sea (outside AOI) experiences two MHWs per year
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Figure 4. Mean of SST anomaly on the two MHWs during a) largest intensity maximum in 1998 and b) longest duration in 2016. c) Daily SST (°C): OSTIA (black),
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Figure 5. (a) Duration and (b) intensity maximum for all MHWSs events on record start from 1982 in the box region in Figure 1. The red bar represents the largest
MHW event based on the highest intensity maximum in 1998, and the blue bar represents the MHW event based on the longest duration in 2016.

on average, with the most notable exception being the area of SJI, which
has fewer than two MHWs per year.

The maximum intensity of MHWSs varies across spatial locations
(Figure 2c). The location with the highest frequency of MHWSs
(Figure 2a), i.e. outside AOI in the region off the coast of north Java and
Sumatera Islands, has the lowest intensity (Figure 2c). Meanwhile, high-
intensity hotspots (>1.4 °C) occur in the region off the coast of south Java
Island (Figure 2c), where the MHWSs occur with the lowest annual fre-
quency (Figure 2a). The second high-intensity areas are found in the
outer AOI near the coast of Australia (>1.6 °C) and the Flores Sea
(1.4°-1.7 °C), which is consistent with Benthuysen et al. (2018), who
discovered the largest MHWs event in the Indo-Australia basin. The mean
duration of MHWs varied across the AOI (Figure 2e). The longest dura-
tion of over 13 days is distributed spatially off south Java, while other
regions are typically characterized by events of 8-10 days, with the
exception of a small region in the Java Sea (outside AOI) around 110°E
with up to 13-day mean durations.

Figure 2b, d, and f show the differences in MHWSs metrics between the
two time periods of 1982-2000 and 2001-2019. Significant positive

trends (p > 0.05) in MHWs frequency and intensity maximum are only
noticed in a few areas off south Java (Figure 2b, d), while significant
positive trends (p > 0.05) in MHWSs duration are found in most of the
region of the SJI (Figure 2f). MHWs frequency is likely to increase across
all areas of interest. The largest increase occurred outside the AOI in the
Java Sea and Flores Sea (>2 annual events). More moderate increases
were observed in the Indian Ocean, including off the coast of south Java
Island (1-2 annual events). There is no evidence of a decreases in the
frequency of MHWs in any of the regions, indicating that MHWSs have
become more prominent in the recent decade. The intensity of MHWs is
expected to increase in the Indian Ocean between 1982 and 2019, most
notably on the eastern side of the AOI, as shown in Figure 2d, witha 1 °C
increase in temperature. Reduced MHWs intensity can be found on the
western side of the AOI in the Indian Ocean, most notably along the north
coast of Java and Sumatera Islands. Between 1982 and 2019, the dura-
tion of MHWs in the eastern part of the AOI and along the southern coast
of Java Island increased by up to 10 days (Figure 2f).

To better understand the temporal changes of MHWs, we use the
expected trends in MHWs properties at each coordinate, as described by
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Figure 6. (a) Frequency distribution of MHWs in each category in the area of
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Oliver et al. (2018a). The findings show that the frequency of MHWs is
likely to increase in all the regions (Figure 3a) which implies MHWSs
occur regularly. Significant positive trends (p > 0.05) of MHWs fre-
quency are found nearly across the entire area. However, there are less
significant positive trend (p > 0.05) in MHWs intensity maximum and
duration (Figure 3b, c). The linear trends of MHW duration patterns also
show that the SJI has a positive trend, and it is shown as the largest trend
among all regions (Figure 3c). Meanwhile, the maximum intensity
pattern is intermittent, alternating between positive and negative trends
(Figure 3b). From the metrics and trend of MHWSs shown in Figures 2 and
3, the SJI is the place where high intensity and long duration of MHWSs
occur. This could indicate that MHWSs are common in this area, and their
presence could have an impact on the sensitive marine species.

To examine the strongest event of MHWs in this region, we present a
time series of MHWs over a spatially averaged area of the SJI, as shown in
Figure 4. By using daily time series that averaged spatially off south Java
Island (Figure 4a), we found that there are a greatest continuous MHWs
from 17 May 1998 to 5 November 1998 (Figure 4c, e) based on the
largest intensity maximum. There is a spatially distributed high SST
anomaly during the MHWs event in 1998 (Figure 4a) that has a large
anomaly of over 0.7 °C. According to the MHWSs metrics, this event has a
duration of 173 days, a maximum intensity of 2.34 °C, and a mean in-
tensity of 1.49 °C. This event showed the second-longest duration
(Figure 5a) and the largest MHWs intensity on the record in the SJI
(Figure 5b).

According to metrics of MHWs in the SJI, there is another continuous
MHWs event in 2016 with the longest duration (Figure 5a). Despite the
fact that the intensity maximum of MHWS in 2016 was not the highest of
the MHWs recorded, the intensity maximum in 2016 was relatively high,
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hovering around 2 °C (Figure 5b). It is the second-largest intensity
maximum among MHWs events recorded since 1982 (Figure 5b). Look-
ing at the SST anomaly distribution, there is a high SST anomaly
distributed spatially during the MHWs event in 2016. This high SST
anomaly is also observed further west outside the AOI, reaching off the
coast of Sumatera Island (Figure 4b). Time series of SST spatially aver-
aged over the region (Figure 4b) show that year 2016 is a warm year for
the entire year on the record, beginning with the moderate MHWs in
January 2016 and ending with extremely long duration MHWs in
February 2016 (Figure 4d, f). The intense MHWs lasted 298 days, from 16
February to 9 December 2016, with a maximum intensity of 2.18 °C and
mean intensity of 1.47 °C.

Comparing all MHWs that occurred in each spatial coordinate in the
AOI from 1982 to 2019 reveals that 64 % of all MHWs across regions are
Category I, 28 % are Category II, 6 % are Category III, and there are very
few Category IV events (Figure 6a). Hobday et al. (2016) suggest that
these MHWs categories may better reflect the sensitivity of biological
systems in each region. However, spatial maps of the maximum annual
MHW category (Figure 6b) indicate that during two of the strongest
MHWs events, based on the highest intensity maximum in 1998 and the
longest duration in 2016, a strong or greater intensity MHWs affected
about 80% of the ocean surface in the SJI, with MHWs affecting the
majority the ocean surface during those years.

The two strongest MHWSs in 1998 and 2016 began in the austral
winter months, lasted through the austral spring before dissipating in the
early austral winter, and coexisted after the strong El-Nino events
(Figure 7a and b). The high SST anomalies in 1998 and 2016 coincided
with the strongest El Nino events since 1997-1998 and 2015-2016,
respectively (Figure 7b). The El Nino lasted for a whole year and dis-
appeared in the austral autumn of the following year. As the El Nino
weakened (Figure 7b), so did the DMI of the Indian Ocean. Nonetheless,
the DMI is shown to have a positive peak during strong El Nino. As shown
in Figure 7c, the most negative DMI values persisted in the austral winter
of 1998 and 2016 (Figure 7c), potentially leading to warming of the
water in the eastern Indian Ocean.

In the Indo-Australian Basin, including the SJI, SST anomalies tend to
change quickly from negative (in austral spring) to positive (in austral
summer) and remain positive until at least the austral autumn (Zhang
et al., 2017). As the El Nino dissipated, these warm anomalies continued
to exist throughout the austral winter due to the capacitor effect (Xie
et al., 2009, 2016). The Australian monsoon index is a good indicator of
monsoonal rain across the Indo-Australian basin, but it is weak during El
Nino years. During periods of strong El Nino, the Australian monsoon
index is low, especially in early 1998 and 2016 (Figure 7d), which tends
to reduce monsoon rainfall across the Indo-Australian basin, including
the SJIL.

Figure 8 depicts the mean of 850-hPa atmospheric circulations over
the southern part of the Maritime Continent during austral summer in
December-January-February (DJF) to inspect the monsoonal wind cir-
culation that weakens during two strong MHWs events. Figure 8a, b show
the annual average of the wind circulation at 850 hPa from December to
February in 1998 and 2016, respectively. While Figure 8c, d show the
annual average of the wind circulation during weak and strong monsoon
years from ERA5 reanalysis data. Figure 8d shows how the monsoon
index from Kajikawa et al. (2010) distinguishes between weak and strong
monsoon years. Figure 8a, b show that the atmospheric circulations in
DJF are weakening in the SJI when compared to the atmospheric circu-
lation pattern during strong monsoon years (Figure 8d). The magnitude
of wind in 1998 is smaller than the pattern seen during weak monsoon
years, as shown in Figure 8c.

Benthuysen et al. (2018) discovered that intense MHWs event during
2015-2016 in northern Australia coexisted with strong El Nino that
dissipated in austral autumn 2016, negative IOD, and a low Australian
monsoon index. They suggest the atmospheric heat flux was unusually
strong during the 2016 MHWs, which would have greatly warmed the
upper ocean. El Nino causes regional warming trends across Australia
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with previous findings (e.g. Benthuysen et al., 2018; Oliver et al., 2018a) the coast of south Java to provide more detailed information of MHWs
and it is anticipated that this study will be a starting step towards dynamics in the region. However, our study is limited since no
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Figure 8. Mean 850 hPa horizontal winds of the Austral summer monsoon in a) 1998, b) 2016, c¢) weak monsoon, and d) strong monsoon years. Weak and strong
monsoon years are separated based on the monsoon index by Kajikawa et al. (2010). The red rectangle region is the Area of Interest (AOI) displayed in Figure 1.
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continuous long-term in-situ records in the SJI. Therefore, future work
will need to focus on minimizing the discussed uncertainties of this study.
Nevertheless, a significant outcome from our study is that for the first
time the MHWs dynamics and their metrics were characterized and
quantified for the SJL.

4. Conclusion

We have characterized the MHWs properties for the SJI from 1982 to
2019 using daily time series remote-sensed and in-situ SST from OSTIA.
MHWs properties are represented by the MHWSs metrics including in-
tensity maximum, duration, and MHWs frequency. We found that south
Java Island is the location of the high intensity and long duration of
MHWs with an annual frequency of less than two per year. We discovered
that between 1982-2019, the spatial average of MHWs frequency and the
average annual MHWs duration increased, along with the moderate in-
crease in maximum intensity.

Examining daily SST time series allows characterizing MHWs events off
the coast of south Java Island. We found that the year with the most intense
MHWs in this region was 1998, whereas the year with the longest duration
and relatively high intensity was 2016. These two strongest MHWs events
began in the austral winter months of 1998 and 2016, lasted through the
spring before disappearing in early austral winter. These MHWs are likely
related to a strong El Nino and reduced monsoon activity. The drivers of
these strong MHWs in this region does not examine in this study in detail
and it could be investigated for future research. Further studies into MHWSs
could look into their impacts on the ecosystem, as well as the changes in
other parameters such as salinity, nutrients, and so on.
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