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ABSTRACT:

Marine heatwave (MHW) is an extreme phenomenon of warm sea surface temperature anomaly that
has a destructive impact on the marine ecosystem and organisms. This phenomenon increases every
year in duration, frequency, and area due to the global warming. Almost all of the world's oceans have
experienced MHW, including in the seas of the southern Java-Nusa Tenggara. The lack of detailed
research in this area motivated us to analyze MHW drivers. MHW was identified with the 99th
percentile method and duration of > 5 days as a threshold by using blended product of SST data. In
2013, an MHW event was identified in the seas of the southern Java-Nusa Tenggara. This MHW lasts
for 37 days, from 8 June to 14 July. The maximum (mean) intensity of sea surface temperature anomaly
reaches 2.60°C (1.83°C) above climatology with an average area of 36.53 x 10* km?. Locally, we found
that probably the positive downward shortwave radiation affected this anomaly. Furthermore, a remote
process of the propagation of downwelling Kelvin wave during negative Indian Ocean Dipole may also
affect this anomaly. The strong westerly wind along the equatorial Indian ocean forms downwelling
Kelvin wave that propagates to the southern Java-Nusa Tenggara increasing SST in this area.

Key-words: Marine heatwave, Extreme Sea surface temperature, Downwelling Kelvin wave, Remote
Sensing, South Java-Nusa Tenggara

1. INTRODUCTION

Global warming has increased the temperature of the earth's surface. This has also contributed to
rising sea surface temperatures (SSTs)as the oceans have absorbed more than 93% of heat excess
from greenhouse gas emissions since the 1970s (Rhein et al. 2013). It is noted that the global average
SST has increased since the early 20th century and 1950. The average SST in the Indian, Atlantic and
Pacific Oceans increased by 0.65°C, 0.41°C, and 0. 31°C during the period 1950-2009. This SST
increase results in more frequent extreme events and a greater risk to marine ecosystems (Hoegh-
Guldberg et al. 2014). One category of extreme event that has attracted more attention from
researchers is the Marine Heatwave (MHW).

MHW is a warm SST anomalous event that occurs for five days or more with an SST warmer
than the 90th percentile based on a historical baseline period of 30 years (Hobday et al. 2016). MHW
can also be defined by the relative threshold of the 99th percentile (Collins et al. 2019). Oliver et al.
(2018) stated that the frequency, duration, and days of global MHW during 1925-2016 had increased
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by 34%, 17%, and 54%, respectively. This trend of increasing MHW can undoubtedly continue to
increase across the oceans as long as global warming continues.

Previous research has shown that many MHW events have occurred in oceans. Some of them are
Western Australia 2010/2011 MHW (Pearce et al. 2011), the Atlantic Northwest 2012 MHW (Mills
et al. 2013), the Northeast Pacific "The Blob" 2015 MHW (Bond et al. 2015), the Tasman Sea 2015
MHW (Oliver et al. 2017), and the North Pacific 2019 MHW (Amaya et al. 2020). The Indonesian
Ocean was not spared from the MHW incident. Benthuysen et al. (2018) and Iskandar et al. (2021)
showed the presence of MHW in the Indo-Australian Basin (9°S to 18°S, 110°E to 122°E) in 2016, and
Ismail (2021) identified MHW in coastal and offshore areas of West Sumatra.

MHW in several oceans has a driver mechanism that varies significantly from region to region
and is different in each case. MHW can generally occur due to atmospheric-ocean interactions,
atmospheric conditions, ocean conditions, modulation of climate variability (MJO, ENSO, 10D,
PDO), and remote teleconnection (Holbrook et al. 2020). For example, Pearce and Feng (2013)
mention that the West Australia 2011 MHW occurred simultaneously as a strong La Nifia, which
increased the Leeuwin current and the presence of high-value air-to-ocean heat fluxes. The North
Australian 2016 MHW, which included the Indo-Australian Basin, was due to a strong EI Nifio, which
weakened monsoon activity resulting in a positive anomaly of heat flux entering the ocean
(Benthuysen et al. 2018). The Northwest Atlantic 2015/2016 MHW occurred due to a combination of
atmospheric-ocean processes, namely the position of the jet stream and ocean advection that played
a role in heating the SST (Perez et al. 2021). The South Java MHW in 1998 and 2016 occurred due
to the strong El Nifio and weakening monsoons (Iskandar et al. 2021).

Research related to the mechanism that causes MHW has been proliferating throughout the world,
but unfortunately, research related to this is still very lacking in the territory of Indonesia. Meanwhile,
MHW can cause significant damage to marine organisms and ecosystems, such as the Northwest
Atlantic 2012 MHW. This MHW disrupted fishery production, species shift, and low ocean
productivity, so it impacted the socioeconomic (Mills et al. 2013). Another massive impact of MHW
is causing coral bleaching, such as in the Bay of Bengal (Krishnan et al. 2011) to resistant corals in
Western Australia (Le Nohaic et al. 2017). Therefore, we are interested in conducting an analysis
related to the causes of MHW in Indonesia's territory, namely the seas of the southern Java-Nusa
Tenggara (Fig. 1).
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Fig. 1. Kelvin wave trajectory identified from the Indian Ocean to the coasts of Sumatra, Java, and Nusa
Tenggara. The red box showed 81 sample areas with 0.1° x 0.1" bin sizes.

This location was chosen because the southern seas of Java-Nusa Tenggara are included in the
State Fisheries Management Area of the Republic of Indonesia 573, which has excellent fishery
potential. So that the analysis of the physical mechanisms of MHW and the extent to which local and
remote factors play a role will improve our understanding of the development of MHW in this area.
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Thus, this study can be a consideration in mitigating the impact to marine ecosystems if MHW retakes
place.

2. DATA AND METHODS

Sea surface temperature data use daily Optimum Interpolation Sea Surface Temperature from
Remote Sensing System (REMSS OISST) from June 2002-June 2021 with a resolution of 0.09°
(ftp://ftp.remss.com/sst/daily/). This data uses microwave and infrared sensors. The microwave
sensors used include the Global Precipitation Measurement (GPM) Microwave Imager (GMI),
Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI), NASA Advanced
Microwave Scanning Radiometer-EOS (AMSRE), Advanced Microwave Scanning Radiometer 2
(AMSR2), and WindSat. As for infrared sensors such as Moderate Resolution Imaging
Spectroradiometer (MODIS) and Visible Infrared Imaging Radiometer Suite (VIIRS).

Sea level anomaly (SLA) data was obtained from
https://resources.marine.copernicus.eu/products. This data is calculated by the optimal interpolation
method and combines many data from various satellites such as Jason-3, Sentinel-3A, HY-2A,
Saral/AltiKa, Cryosat-2, Jason-2, Jason-1, T/P, ENVISAT, GFO, ERS1/2. Monthly SLA data
(SEALEVEL_GLO_PHY_L4 REP_OBSERVATIONS_008_047) with a resolution of 0.25° x 0.25°
were used for the analysis and Hovmodller plots of the 2013 MHW.

The surface wind vector data used is the second version of the Cross-Calibrated Multi-Platform
(CCMP) level 3 data. The second version of this data combines the wind speed RSS Radiometer
version 7, QUIKSCAT and the ASCAT wind vector scatterometer, tethered buoy wind data, and the
ERA-Interim model. The compilation of this data was processed using the Variational Analysis
Method (VAM). This method produces wind data with a high resolution of 0.25° with a data period
of 6 hours, which can be downloaded via ftp://ftp.remss.com/ccmp.

The latent heat flux, sensible heat flux, and shortwave radiation data used are model data from
ERA-5, a reanalysis product from the European Center for Medium-Range Weather Forecasts
(ECMWEF). These data were collected from January-December 2013 with 0.25° x 0.25° resolution
available at https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-
levels?tab=form. The coverage area used is 6°S to 18°S, 104°E to 128°E. Based on the ECMWF
convention, these three data values are positive downwards. Positive downward means a positive
value indicating the presence of heat or radiation entering the ocean. Conversely, a negative value
indicates heat or radiation coming out of the ocean.

MHW identification was carried out by following Hobday et al. (2016), using a duration threshold
of 5 days. However, we did not use the 90th percentile in this study but used the 99th percentile
(Frolicher et al. 2018; Collins et al. 2019). The 99th percentile was chosen because this method
identifies more extreme MHWs, so relatively weak MHWSs and those that may not have an ecological
impact can be eliminated. Besides that, this threshold value has never been applied in our research
area.

Using Hobday et al. (2016), climatological averages (T;,) and threshold values (To9) were
calculated for each day of the year using the daily temperature data for each year. The equation for
climatological averages (T;,) is expressed as follows:

N —YYe wits _ TOD
Tn() = Y=Ys Hd=]=5 11 (y,—ys+1) @

where j is day of year, y, and y, are the start and end of the climatological base period, respectively,
and T is the daily SST on day d and year y. T, unit is °C.

As for the threshold, it is calculated based on
T99(j) = P99(X) (2)
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where Ty is the seasonally varying temperature value at the 99th percentile, Pyq is the 99th percentile
and Pyg(X) where X = {T(y,d)|y; <=y <=Y,,j—5<=d <=j + 5}.

The period for calculating climatological value was limited only from 19 years data since REMSS
OISST data is only available from June 2002. We chose REMSS OISST due to its high spatial
resolution (i.e., 0.09°C) since our study area is limited only in the seas of the southern Java-Nusa
Tenggara. Furthermore, Schlegel et al. (2019) stated that the detection of MHW can use time-series
data less than 30 years, whereas the result of the short period analysis of 10 years does not have a
duration or intensity of MHW that is sufficiently different from the events detected in the standard
30-year time series data as suggested by Hobday et al. (2016).

After the MHW was identified, we calculated the MHW metrics. The MHW metrics consist of
duration (time between the start and end of the MHW event), maximum intensity (highest SST
anomaly during MHW), average intensity (mean SST anomaly during MHW), and area size (areas
where MHW was detected). To determine the parameters of duration (D), we must set the date on
which MHW starts (t,), where t; is the time, t, where T(t) > Too(j) and T(t — 1) < Toe(j) and
MHW ends (t,), where ¢, is the time, t, where t, > t, dan T(t) < Toe(j) and T(t — 1) > Toq()),
so the duration can be calculated using the formula

D=t,—ts €))

As for maximum intensity (i,,,,) and average intensity (i,,.q.), We use these equations:

imax = maX(T(t) - Tm(])) (4)

imean = T() — T (h) ®)

For the analysis of the MHW trigger mechanism, Holbrook et al. (2020) mention that various
mechanisms can trigger the occurrence of MHW. Locally, atmosphere-ocean interactions such as heat
flux exchange can lead to an increase in SST. So, we will be analyzed the mechanism from local
influences with parameters of wind speed, latent heat flux, sensible heat flux, and shortwave radiation.
Besides that, we also analyze the SLA and zonal wind anomalies to determine the effect of Kelvin
waves. To further investigate how Kelvin waves occur and their effect on SST, we construct a
Hovmoller plot. The plot consists three parameters: SST, zonal wind anomalies, and SLA according
to the Kelvin wave trajectory from the Indian Ocean to the coasts of Sumatra, Java and Nusa Tenggara
as shown in Fig. 1. Analysis was also carried out in temporal variation using a coverage area of 8°S
to 9°S, 112°E to 115°E (black box in Fig. 2).
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Fig. 2. MHW amplitude map for 8 June to 14 July. The colour bar shows the SST anomaly from the
MHW threshold (smoothed daily climatology + 1.6°C).
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3. RESULTS AND DISCUSSION

3.1. Characteristic of 2013 MHW

Applying the method of Hobday et al. (2016) and Collins et al. (2019), we found a threshold
value of SST anomaly to identify MHW is 1.6°C. From this threshold value, 20 MHW events were
identified during June 2002-June 2021. One of the longest cases was MHW in 2013 that occurred
from 8 June to 14 July. We chose 2013 MHW as our case study because this MHW has a duration of
more than one month. Based on the MHW metric parameters, the 2013 MHW had a duration of 37
days, a maximum intensity of 2.60°C, the average intensity of 1.93°C, and an area of 36.53 x 10* km?.

Fig. 2 shows the 2013 MHW amplitude map. The 2013 MHW occurs in the southern coast of
Java to Nusa Tenggara. The highest SST anomaly value occurs in the southern coast of Java, precisely
in the southern coast of East Java, with an anomaly value of 2.75°C. In general, the value of the SST
anomaly is higher in the coastal seas i.e., about 2.5°C than off the coast, where the value decreases to
1.6°C. Ismail (2021) also showed that the 1998 and 2016 MHWSs that occurred in the west coast of
Sumatra had a more severe category, than the offshore area, which was only detected in the moderate
to strong category. High SST values in the coastal seas can occur due to various factors. Coastal areas
where land, sea, and air meet have complex SST variation mechanisms (Wirasatriya et al. 2019a).

Next, we made the temporal variation of SST with the threshold value and the climatological
mean (Fig. 3). Temporal variation of SST was averaged from the area with the highest anomaly value,
i.e.,, 8St0 9°S, 112°E to 115°E (black box in Fig. 2). Red shading indicates the period of identified
MHW. Fig. 3a shows the variation of SST during 2013 and we identified one MHW incident which
is categorized as an extreme event. The temporal variation of SST during the 2013 MHW event (Fig.
3b) shows that the SST value exceeds the 99th percentile threshold from 8 June with an SST value of
29.19°C. The SST value in this incident ranges from 29.37 to 27.55°C. On 10 July, the SST value
starts to decline, approaches the threshold value, and finally ends on 14 July with an SST value of
27.55°C.
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Fig. 3. Temporal variation of SST (thick black line), SST climatology (thin black line)
and 99th percentile climatology (green line) during (a) 2013 and (b) 2013 MHW events
at 8°St0 9°S, 112°E to 115°E (black box in Fig. 2). The red shaded indicates the occurrence of MHW.

In addition, we also compared the SST anomaly with the area during MHW 2013 (Fig. 4). At the
beginning of its occurrence, MHW has an area of 5.19 x 10* km? with an SST anomaly of 1.61°C.
The area of MHW increases along with the increasing value of the SST anomaly. However, at the
highest SST anomaly, which occurs on 14 July (2.75°C), the previous maximum area occurs on 28
June at 25.66 x 10* km2. Meanwhile, at the end of the MHW period, the area is getting smaller and
ends up with 7.52 x 10* km?.
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Fig. 4. Temporal variation of MHW area (black line) with SST anomaly (blue line) during MHW 2013.

3.2. Mechanisms of 2013 MHW

During 2013 MHW, the wind blows from the east-southeast direction (Fig. 5a). The wind speed
in the southern coast of Java-Nusa Tenggara ranges from 2 to 6 m/s. This is lower than the offshore
wind speed which is ranging from 6 to 8 m/s. Theoretically, the wind speed variation can affect the
latent heat flux. For example, Wirasatriya et al. (2019b) stated that the increase in wind speed in the
Sulawesi Sea and the Maluku Sea increases the latent heat flux released from the ocean. In the present
study the latent heat flux distribution during 2013 MHW is shown in Fig. 5b.

106 _108 110 112 11 6 11

(b)

[

(=00

i= #l= ¢
-16_-14 -12 -10 -8

T9i= ¥i- Zi- 0i- 8-

&

]
EEEE & e S (e !
106 108 110 112 114 116 118 120 12 124 126 106 108 110 112 114 116 118 120 122 124 126
N E ——
. N  —————
00 20 40 S0 8.0 100 (mis) 3000 2500 2000  -150.0  -100.0 _ -50.0 (W/m’)
050 100 200 400 600 800 1000 = (m)

050 100 200 400 600 800 1000 « (m)

106 108 110 112 114 116 118 120 122 124 126
~ 7 S = R F 5 v

—_
)
~

(d)

-16_-14 -12 -10 -8
-16_-14 -12 -10 -8
8= ¥i- Zi- 01— 8-

" -

n___ I.:h.aa.‘ b , { L >

106 108 110 112 114 116 118 120 122 124 126 106 108 110 112 114 116 118 120 122 124
— C — —  — ,
-30.0 -25.0 -20.0 -15.0 -10.0 -5.0 0.0 (W’mZ) 100.0 120.0 140.0 160.0 180.0 200.0 (W/m')

050 100 200 400 600 800 1000 < (m) 050 100 200 400 600 800 1000 < (m)

Fig. 5. Spatial distribution of (a) surface wind, (b) latent heat flux, (c) sensible heat flux, and (d)
shortwave radiation during 2013 MHW.

Negative values of latent heat flux dominate the entire MHW area. This negative value indicates
that the oceans are losing heat due to the heat escaping. The southern coast of Java-Nusa Tenggara,
which has lower wind speeds, tends to release a lower latent heat flux (i.e., -50 to -150 W/m2) than
the offshore area. Meanwhile, offshore area with higher wind speed releases more significant heat
flux, i.e., -150 to -200 W/m?,
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The distribution of negative values is also visible for the sensible heat flux distribution (Fig. 5c).
There is no difference between coastal and offshore in the sensible heat flux. This flux value ranges
from 0 to -15 W/m?. The lowest sensible heat flux is detected in the Savu Sea which ranges from 0 to
-5 W/m?2. The lowest value indicates that the air temperature in the Savu Sea is lower than in other
ocean areas. This results in less heat loss compared to other areas. However, compared with the MHW
amplitude map (Fig. 2), the less heat loss in the Savu Sea does not have a significant effect because
the SST anomaly value is only around 1.7°C.

In contrast to the latent and sensible heat flux, the shortwave radiation shows a positive
distribution of values (Fig. 5d). The value of shortwave radiation on the coast of the island to the
offshore is relatively the same as the value of 170-200 W/m?2. Areas with >200 W/m? generally occur
in the south of West Nusa Tenggara and the Savu Sea. Meanwhile, in other areas with less than 200
W/m?, including the southern region of East Java has the highest SST anomaly value. This positive
value indicates that there is a radiation entering the sea which can heating the SST. In the case of
South Atlantic, 2013/2014 MHW occurred because of the increase of shortwave radiation intensity
due to the reduced cloud cover and reduced heat loss from the ocean (Rodrigues et al. 2019).

Since the analysis of heat flux and wind speed could not explain well the mechanism of MHW
2013, we analyzed the possible contribution of remote modulation such as Kelvin wave propagation.
Tracking Kelvin waves eastward along the equator and then along the coasts of Sumatra and Java can
be done effectively using altimetry satellites (Drushka et al. 2010). Kelvin wave propagation can be
observed using SLA data. We can determine whether the Kelvin wave is downwelling or upwelling
from the SLA data.

The Hovmoller SST diagram (Fig. 6a) shows several SST anomalies that exceed the threshold
value of the 99" percentile as in June-July and August. However, the most extensive and most
widespread anomaly occurred from 8 June to 14 July. The SST anomaly value was detected from bin
64-81, i.e., the Southern coat of Java-Nusa Tenggara area. As for the Hovmoller diagram of the zonal
wind anomaly during 2013 (Fig. 6b), bin 64-81 (south of Java-Nusa Tenggara) has a negative value,
indicating an easterly wind occurrence. From this anomaly, it is known that the easterly wind is
stronger than the climatological value.
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Fig. 6. Hovmoller diagram (a) SST, (b) zonal wind anomaly, and (¢) SLA in 2013. Bin 1-55 shows the
Indian Ocean region, bin 56-62 the coastal area of Sumatra, and bin 63-81 the coastal area of Java -Nusa
Tenggara. The dashed black arrow in fig. ¢ shows the direction of the downwelling Kelvin wave propagation.
The black box indicates the 2013 MHW period.
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Easterly wind anomaly generally causes upwelling Kelvin wave that cools SST (Drushka et al.
2010). However, in the southern region of Java to Nusa Tenggara, the MHW has a hot SST anomaly.
We suspect that the SST warm anomaly is caused by a long-distance process, namely the downwelling
Kelvin wave propagation. From April to October (Fig. 7, red line), a negative Indian Ocean Dipole
(IOD) value is detected. A negative IOD causes an increase in westerly winds blowing along the
equator of the Indian Ocean so that it can trigger a downwelling Kelvin wave (Fig. 8b). Although the
IOD value had started to return to normal at the MHW incident, the propagation of the downwelling
Kelvin wave is still going on and affects the southern Java-Nusa Tenggara region. This may cause an
increase of the SST anomaly in the area.
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Fig. 7. Temporal variation between SST anomalies (black line) at 8°S to 9°S, 112°E to 115°E (black box in Fig.
2) with Dipole Mode Index (DMI) (red line) and SLA (blue line) during 2013. The black arrow shows the 2013
MHW period.

—10

80 90

-0.5 55 o 0.0 0.1 55 8‘3 (m) -1 0.5 !5 0.0 5‘.5 B.O (m/s)

Fig. 8. Amplitude map of (a) SLA and (b) zonal wind during 2013 MHW.

The indication of the downwelling Kelvin wave is depicted on the Hovméller SLA diagram (Fig.
6c). Positive SLA values are identified from bin 1 to 88 during March-August. The highest positive
value >0.2 m occurred in April-June at bin 48-70, i.e., from the central Indian Ocean region to the
southern coast of Java. Meanwhile, for the coastal areas of Java-Nusa Tenggara (bin 64-81), the
positive SLA value is consistently seen from January to the end of August.

In addition, the SLA time series (Fig. 7, blue line) shows consistent positive values during the
2013 MHW period. The highest SLA values reach up to 0.3 m on 24-25 June, and as MHW end, the
SLA values decrease to -0.03 m. From the SLA map during 2013 MHW (Fig. 8a), positive SLA
values are distributed throughout the MHW area, both inshore and offshore areas. The value of SLA
on the coast ranges from 0.2 to 0.3 m, higher than the SLA in the offshore, which has a value of 0.1-
0.2m.
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The positive SLA value up to 0.3 m indicates the downwelling Kelvin wave and is the dominant
mechanism in causing 2013 MHW. Based on Kutsuwada and McPhaden (2002), downwelling Kelvin
wave can suppress the thermocline by several meters, raising sea level elevation by several
centimeters and increasing the SST above the thermocline. As happened in Northern Australia, the
propagation of sea Kelvin waves triggered by La Nifia causes the warm SST anomaly (Benthuysen et
al. 2014). In addition, the Kelvin wave also affected the phenomenon of warm SST on the coast of
Angola-Namibia in 1995, known as the Benguela Nifio. These Kelvin waves are triggered by Atlantic
tropical wind anomalies (Gammelsrad et al. 1998). On the other hand, a negative SLA value indicates
the upwelling Kelvin wave because the upwelling Kelvin wave propagation induces a negative SLA
anomaly along the southern coast of Sumatra-Java (Li et al. 2018).

From these results, we found that the propagation of the downwelling Kelvin wave is one of the
driving mechanisms that caused the 2013 MHW in Southern Java-Nusa Tenggara besides the
shortwave radiation. However, it should be noted that this is case study research so that the mechanism
obtained only applies to the case of the 2013 MHW event and cannot be generalized for the other
MHW cases. Each MHW event will have a different mechanism variation in each case, depending on
the location and time of the incident. Holbrook et al. (2020) stated that the mechanisms that affect
MHW vary greatly, influenced by local scales, large-scale modulation of climate variability or
teleconnection mechanisms such as planetary wave propagation in the atmosphere or ocean. So, the
mechanism of one MHW case cannot be generalized as the cause of another MHW case. As an
example, the results of the driving mechanism for the 2013 MHW are different from the mechanism
for 1998 and 2016 MHWs in Southern Java. Based on Iskandar et al. (2021), 1998 and 2016 MHW
in South Java occurred in the austral winter months, lasted during the austral spring, disappeared in
the early austral winter, and lived with intense El Nifio events. During this El Nifio period, the
Australian monsoon weakens. These two things are most likely the cause of the 1998 and 2016 MHWs
in South Java.

4. CONCLUSIONS

We have found MHW events in the seas of the southern Java-Nusa Tenggara in 2013, which
occurs from 8 June to 14 July with an extreme category. The metric parameters of this MHW have
duration, maximum intensity, average intensity, and area with values of 37 days, 2.60°C, 1.83°C, and
36.53 x 10* km?, respectively. The highest anomaly value occurs on the southern coast of East Java
at 2.75°C. The SST warm anomaly occurs due to the downwelling Kelvin wave because of the
westerly wind blowing along the equatorial Indian Ocean during the negative 10D. Downwelling
Kelvin wave is identified from the positive value of SLA that occurred during the MHW incident. In
addition, shortwave radiation may also play a role in increasing SST in Southern Java-Nusa Tenggara
due to heat entering the ocean. Related mechanisms about MHW are an interesting subject for future
studies, so further understanding of these MHW mechanisms is needed by adding large-scale climate
variability analyses such as 10D, ENSO, and MJO.
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