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ABSTRACT. The term “warm pool” refers to a body of water with the characteristic of SST exceeding 28°C within a particular 
area and a relatively long period in an annual circle. However, there are regions with an annual mean SST measured above 
30°C, and we classified them as hot pools because of the conditions of intense solar radiation and low wind speed. One of the 
Hot Pool spots was found in Indonesia, in Cenderawasih Bay. The present study examines the existence of the Cenderawasih 
Hot Pool using long-term observation of satellite SST data. In order to learn more about their mechanisms, we also analyzed 
surface wind, surface heat flux, and surface current data. The results show that SSTs in Cenderawasih Bay have a 50% chance 
of exceeding 30°C within the 13 years of study (2013-2015). Heat input comes from strong solar radiation, i.e., 50% of solar 
radiation is more than 200 W/m2. The location is also dominated by low wind speed, i.e., 80% wind speed of lower than 4 m/s, 
which caused the low latent loss in Cenderawasih Bay. Cenderawasih Bay is fully separated from surface currents during the 
dry and wet seasons since the easterly subsurface water flow does not enter the bay. The absence of strong currents prevents 
the mixing process, maintaining the high temperature in the surface layer. Those processes are discovered and they serve as 
compelling evidence to support Cenderawasih Bay as one of the Hot Pool areas within the Indonesian seas.
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INTRODUCTION

	 The	 western	 equatorial	 Pacific	 has	 a	 big	 impact	 on	
the	 climate.	The	 Earth’s	 circulation	 is	 specifically	 affected	
by the warm pool, an area with average sea surface 
temperatures (SST) exceeding 28°C (e.g., Wyrtki 1989; Yan 
et al. 1992; Clement and Seager 1999; Chongyin et al. 1999; 

Pierrehumbert 2000; Clement et al. 2005; Thoron et al. 
2005; Herweijer et al. 2005).
 On the other hand, high SST in tropical regions has 
attracted researchers to investigate the mechanisms since 
the formation of high SST requires a particular atmospheric 
process (e.g., Ramanathan and Collins 1991; Wallace 1992; 
Arking and Ziskin 1994). This process is depicted by (Waliser 
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and Graham 1993), which shows the relation between SSTs 
and	deep	convection.	They	utilized	highly	reflective	cloud	
information from an arbitrary examination of monthly SST 
data with a grid spacing of 2º (produced from combined 
satellite observation and in situ data) and daily visible and 
infrared	 satellite	 image	 data.	 The	 highly	 reflective	 cloud	
increases along with the SST as it rises from 26ºC to 29.5ºC. 
In	 contrast,	 the	 highly	 reflective	 cloud	 diminishes	 with	
increased SST in the temperature from 29.5ºC to 32ºC. 
As a result, the analysis proved that several atmospheric 
processes impacted SSTs below and above 29.5°C.
 By taking advantage of high temporal and spatial 
resolution SST products derived from satellite observations 
(i.e.,	daily	and	≤	25	km×25	km),	several	studies	(Kawamura	
et	al.	2008;	Qin	et	al.	2007,	2008;	Qin	and	Kawamura	2009,	
2010; Wirasatriya et al. 2015, 2016, 2017a, 2020) were able 
to	identify	high	SST	events	(i.e.,	more	than	30°C)	in	specific	
areas	and	at	certain	periods	and	define	them	as	Hot	Event	
(HE). In summary, they concluded that considerable daily 
heat gains characterize the production of HE under high 
solar radiation and low wind speed brought on by “remote 
convection” mechanisms.
 (Wirasatriya et al. 2015) elaborated on the climatology of 
HEs	in	the	western	equatorial	Pacific	using	the	SST	dataset	
derived from satellite microwave sensors. Throughout nine 
years of observation (2003-2011), they discovered 71 HE 
cases	 in	 the	 western	 equatorial	 Pacific,	 with	 the	 majority	
centered on the Solomon Islands and New Guinea Island’s 
northern	 coasts,	 which	 extend	 eastward	 up	 to	 160∞W.	
According to the climatology, the region has solar radiation 
of more than 200 W/m2 and wind speeds of less than 4 m/s. 
Low	wind	speeds	heavily	 influence	the	mechanism	for	HE	
incidence	 in	 the	 western	 equatorial	 Pacific.	 Much	 of	 the	
equatorial region experiences sun radiation above 200 W/
m2 during the HE periods. Low wind speeds minimize latent 
heat	 loss,	 which	 results	 in	 high	 SSTs	 and	 HEs	 in	 specific	
locations. (Wirasatriya et al. 2015) also emphasized that 
high solar radiation and low wind speed are much more 
common during the development stage and less common 
during the decay stage. This study also demonstrated that 
a rise in the long-term mean SST in the western equatorial 
Pacific	is	correlated	with	an	increase	in	the	frequency	of	HE	
events. HEs were responsible for 51.5% of the SSTs >30°C in 
the warm pool region bounded by the 29.5 °C isotherms of 

the climatological SST. Thus, statistically, there is a relation 
between the occurrence of HE and the formation of the 
western	 Pacific	 warm	 pool.	 Moreover,	 (Wirasatriya	 et	 al.	
2020) demonstrated the role of HE in maintaining the warm 
mixed	layer	in	the	western	Pacific	warm	pool.	The	frequent	
occurrence of HE transports heat from the surface layer to 
the deeper layer above the thermocline to maintain the 
warm	mixed	layer	in	the	warm	pool.	Since	the	Pacific	warm	
pool	 influences	 the	 global	 climate’s	 variability	 through	
coupled ocean-atmosphere dynamics and thermodynamics 
(e.g., Clement and Seager 1999; Herweijer et al. 2005), 
this becomes an example of the contribution of high SST 
phenomena to regulate the global climate.
 Within the Indonesian seas, the frequent appearance 
of high SST > 30°C has been reported by (Tita et al. 2020) 
in Tomini Bay and by (Swandiko et al. 2021) in the Malacca 
Strait. Their appearances also the high solar radiation and 
weak wind. The morphology of the semi-enclosed waters 
causes the high-frequency occurrence of low wind speed 
by less than 4 m/s in both areas. Besides these two areas, 
there is no more study on the high SST phenomena within 
the Indonesian Seas.    
 The present study demonstrates the frequent high 
SST occurrence (more than 30°C) in Cenderawasih Bay. 
Cenderawasih Bay is in northern Papua Island, part of the 
western	Pacific	warm	pool.	 It	 is	 semi-enclosed	water	with	
a deep basin, surrounded by mountain chains (Fig. 1). 
Cenderawasih Bay is the habitat for whale sharks (Ihsan et 
al.	 2018).	 Since	 the	 area	 determines	warm	pool	 definition	
with SST climatology higher than 28°C, we call the high-
frequency occurrence of SSTs higher than 30°C in the 
Cenderawasih Bay the Cenderawasih Hot Pool. (Wirasatriya 
et al. 2015) found that the duration of HE occurrence in the 
western	 equatorial	 Pacific	 is	 no	 longer	 than	 two	 months	
since HE requires a typical condition of high solar radiation 
and low wind speed. Thus, it is interesting to understand the 
mechanisms of the high-frequency occurrence of high SST 
in the Cenderawasih Hot Pool. 

MATERIALS AND METHODS

	 We	 used	 the	 semi-daily	 11	 μm	 SST	 products	 from	
Moderate Resolution Imaging Spectroradiometer (MODIS) 
Aqua	 Lv3	 with	 a	 spatial	 resolution	 of	 0.04º×0.04º	 (Esaias	
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Fig. 1. Bathymetry and topography of Cenderawasih Bay. The dashed boxes A and B represent the sampling area for 
outside and inside Cenderawasih Bay, respectively, as shown in Fig. 5
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et al. 1998) and observation period from 2003 to 2015. 
The	MODIS	 SST	 11	 μm	 the	Multi-Channel	 SST	 algorithm	
generates	m	by	using	brightness	 temperatures	at	11	μm	
and	12	μm	 (Brown	and	Minnet	 2009).	The	best	 accuracy	
was achieved by validating and testing this data against 
in-situ measurements (e.g., Lee et al. 2010; Qin et al. 2014; 
Ghanea et al. 2015). 
 We can obtain the Cross-Calibrated Multi-Platform 
(CCMP) gridded surface vector winds version 2.0 from the 
following website: www.remss.com, and use it to calculate 
surface winds. As a result, CCMP is regarded as a Level-3 
ocean vector wind analysis product. They are created 
utilizing data from moored buoys, satellites, and model 
winds. The surface wind data for spatial and temporal 
resolutions	 is	 0.25º×0.25º	 respectively	 and	 quarter	 daily.	
This wind product has greater accuracy than other wind 
reanalysis data.
 We used a 0.5º grid from the Objectively Analyzed Air-
Sea	Fluxes	project	to	analyze	daily	latent	heat	fluxes	and	solar	
radiation (Yu and Weller 2007). The period of observation 
for	 latent	 heat	 flux	 is	 from	 2003	 to	 2015,	 but	 for	 solar	
radiation is only from 2003 to 2009 due to the availability 
of the data. Global 30 Arc-Second Elevation data was used 
to obtain topography. Global 30 Arc-Second Elevation 
(GTOPO30) data was used to obtain topography1. ETOPO, 
a one-arc-minute global relief model of Earth’s surface 
that combines land topography and ocean bathymetry2, 
provides bathymetry. For oceanic parameters, we used the 
current reanalysis data from http://marine.copernicus.eu/ 
to obtain the seasonal variation of the current pattern at 
100 m depth in the Cenderawasih Hot Pool.  
 To calculate the frequency occurrence of SST within 13 
years of observation, we calculate the percentage of SST > 
30°C occurrence in each grid. Since high SST of more than 
30°C occurs during the condition of low wind speed (i.e., < 4 
m/s) and high solar radiation (i.e., > 200 W/m2) (Wirasatriya 
et al. 2015), we calculated the percentage of low wind 
speed and high solar radiation in the Cenderawasih Bay. 
Furthermore, we also calculated the percentage of low 
latent heat release (<120 W/m2) to explain how wind 
speed	 influences	 the	 variability	 of	 SST.	 The	 equation	 for	
calculating the percentage is as follows:

 where %(x,y) is percentage the percentage of high SST > 
30°C or percentage of weak wind speed < 4 m/s or percentage 
of solar radiation > 200 W/m2 or percentage of latent heat 
flux	<	120W/m2 at position (x,y); pi is the amount of SST data 
> 30°C or the amount of weak wind speed < 4 m/sec or the 
amount solar radiation > 200 W/m2 or the amount of latent 
heat	 flux	 <	 120W/m2 at position (x,y). Furthermore, we also 
analyze the climatological mean of each parameter. To create 
monthly and monthly climatology, all geophysical parameters 
are incorporated as follows (Wirasatriya et al. 2017b):

 where  is monthly mean value or monthly climatology 
value at position (x,y),   is ith value of the data at (x,y) position 
and time t. Next, n is the number of data in 1 month and the 
number of monthly data in 1 period of climatology (i.e., from 
2003 to 2016 = 13 data) for monthly calculation and monthly 
climatology calculation, respectively. Moreover, if pixel xi is a 
hollow pixel, it is not included in the calculation. 

RESULTS AND DISCUSSION
Cenderawasih Hot Pool

	 The	definition	of	the	Cenderawasih	Hot	Pool	is	described	
in Fig. 2, which shows the climatological mean of SST and the 
percentage of daily SSTs more than 30°C from 2003 to 2015 
(13 years). In Cenderawasih Bay, the mean SST at the southern 
part of 2°S is more than 30°C, and the high SSTs are more than 
50%. It means that the mean SST in Cenderawasih Bay is higher 
than	the	definition	of	the	western	Pacific	warm	pool	which	is	
28°C (Wyrtki 1989), and more than 3.5 years within 2003-2015, 
SSTs in Cenderawasih Bay can reach more than 30°C. At the 
southernmost of the bay, the mean SST reaches 30.5°C, with 
the percentage of high SSTs being more than 70%. It has 
become the hottest area of Cenderawasih Bay.
 In contrast, in the area outside Cenderawasih Bay, i.e., the 
western	Pacific	warm	pool’s	 offshore	 seas,	 the	percentage	 is	
less	 than	30%.	Thus,	 this	evidence	supports	 the	definition	of	
Cenderawasih Bay as the Cenderawasih Hot Pool. The high-
frequency occurrence of high SST in Cenderawasih Bay may 
correspond to whale sharks’ yearly appearance. (Ihsan et al. 
2018) indicated the tolerance of whale sharks in high SST 
conditions. 

Fig. 2. Climatological mean of SST (a) and percentage of daily SSTs > 30°C during thirteen years 
of observation (2003-2015) (b). The black contour is 30°C

1https://www.usgs.gov/centers/eros/science/usgs-eros-archive-digital-elevation-global-30-arc-second-elevation-gtopo30?qt-science_
center_objects=0#qt-science_center_objects
2 https://www.ngdc.noaa.gov/mgg/global/

(1)

(2)
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Atmospheric Aspect of Cenderawasih Hot Pool

 Fig. 3 clearly shows that low wind speed dominates 
Cenderawasih Bay, i.e., 80% wind speed < 4 m/s 
occurred during 2003-2015. This causes low latent loss in 
Cenderawasih Bay. For solar radiation, the percentage of 
high solar radiation inside and outside Cenderawasih Bay 
is almost similar i.e., nearly 50%, indicating that high solar 
radiation is not dominant in both areas. This means that, 
although high solar radiation does not frequently occur, 
the absence of strong wind speed may maintain the latent 
heat loss to keep the SST in Cenderawasih Bay higher than 
30°C.  
 To investigate how low wind speed occurs in the study 
area, we show the monthly climatology map of surface 
wind during summer and winter (Fig. 4). For both seasons, 
Cenderawasih Bay is protected from high wind speed due 
to high mountain chains in the western, southern, and 
eastern parts. In the northern part, small islands at the 
mouth of the bay prevent the strong wind speed from 
entering the bay. Thus, the role of topography is crucial 
for the occurrence of constant high SSTs in Cenderawasih 
Bay. The same tendencies are also found at the Tomini Bay 
and Malacca Strait, as indicated by (Tita et al. 2020) and 
(Swandiko et al. 2021).
	 The	influence	of	wind	speed	and	solar	radiation	on	the	
SST variation is further examined by plotting the monthly 
climatology of wind speed, solar radiation, and SST at 
areas A and B (Fig. 1), representing the areas outside and 
inside Cenderawasih Bay. Seasonal variations of SSTs are 
observed in both areas. The minimum SSTs occur during 
the wet and dry seasons, while the maximum SSTs during 
the transition season. This seasonal SST variability is similar 
to the other areas in the Indonesian seas, such as the Java 
Sea (Wirasatriya et al. 2018), Maluku Sea (Wirasatriya et al. 
2019), Halmahera Sea (Setiawan et al. 2019), etc. 

 For the area outside Cenderawasih Bay, SST ranges from 
28.2°C to 30.6°C. It is seen that the variability of SST is controlled 
by wind speed and solar radiation. From January to June, 
when wind speed decreases from 2.2 m/s to 0.3 m/s and solar 
radiation is more than 200 W/m2, SST increases from 28.2°C to 
30.5°C. From June to October, wind speed is lower than 1 m/s. 
In the absence of strong wind, the low SST in July is caused by 
the decrease of solar radiation to a minimum. 
 For the area inside Cenderawasih Bay, persistent high SST 
is observed as the SST ranges from 30.2°C to 31.1°C. It may 
be due to the low wind speed of fewer than 1 m/s for years. 
Thus, the variability of SST is seen as ruled by solar radiation. 
The minimum solar radiation causes the minimum SST in July. 
However, the absence of strong wind prevents latent heat loss 
that maintains the high SST inside Cenderawasih Bay.

The oceanic aspect of Cenderawasih Hot Pool

 To investigate the oceanic aspect of the Cenderawasih Hot 
Pool, we plotted the current patterns at 100 m depth shown 
in	Fig.	6.	A	northwestward	current	has	been	identified	north	of	
Cenderawasih Bay. During the wet season (January), the speed 
of this current ranges from 0.5 m/s to 0.7 m/s. During the dry 
season (August), when the northwesterly wind disappears (Fig. 
4b), the speed of the northwestward current increases. This 
northwestward current is known as the New Guinea Coastal 
Under Current (NGCUC). NGCUC is a permanent current feature 
at 200 m depth regardless of the wind reversals (Tsuchiya et al. 
1989). Inside Cenderawasih Bay, strong currents are absent in 
this area, preventing the mixing process from maintaining the 
high temperature in the surface layer. During the dry and wet 
seasons, Cenderawasih Bay is fully isolated since the westward 
subsurface	water	flow	does	not	enter	Cenderawasih	Bay.	Thus,	
this isolated basin causes the Cenderawasih Bay area to be 
influenced	mainly	by	the	air-sea	interaction	process	mentioned	
in the previous section creating Cenderawasih Hot Pool.  
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Fig. 3. The percentage of wind speed less than four m/s (a), latent heat release less than 120 W/m2 (b), and solar radiation 
more than 200 W/m2 (c)

Fig. 4. Monthly climatology of surface wind speed during a) wet season (January) and b) dry season (August)
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CONCLUSIONS

 The hot Pool is used to categorize high SST episodes 
(>30°C)	 in	 particular	 areas	 and	 during	 specific	 periods	
(relatively long periods). Since the term “warm pool” has 
been	 used	 to	 define	 an	 area	with	 the	 annual	 average	 SST	
distributed below 30°C in dominant, therefore “hot pool” was 
taken to represent the area with SST dominated above 30°C.
 Under high solar radiation and low wind speed, this 
event is characterized by considerable daily heat gains. 

The constant high SST occurrence in Cenderawasih Bay, 
which is more than 50% of 13 years, SSTs can reach more 
than 30°C and are dominated by the condition of low 
wind speed, i.e., 80% wind speed is less than m/s along 
the years, also 50% solar radiation measured is more than 
200 W/m2. The current pattern at 100 m depth also shows 
that NGCUC does not enter Cenderawasih Bay. Thus, this 
indicates that Cenderawasih Bay is an isolated water. Those 
are	 the	 solid	 evidence	 for	 defining	 Cenderawasih	 Bay	 as	
the “Cenderawasih Hot Pool.”

Jalil Abd. R., Wirasatriya A., Malik A. et al. CENDERAWASIH HOT POOL: THE FREQUENT HIGH SEA ...

Fig. 5. Monthly climatology of SST, wind speed, and solar radiation at a) area outside and b) area inside Cenderawasih 
Bay, as shown in Fig. 1

Fig. 6. Monthly climatology of current at 100 m depth in January (a) and August (b)
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