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ABSTRACT
This study aims to describe and reveal ocean system dynamics in Sulu and its surrounding seas.
Data were used based on historical in-situ datasets which involve their physical characteristics with
temperature and salinity data downloaded from the World Ocean Database (WOD). Sea surface
temperature, sea surface salinity, seasonal T-S plots, and caballing coefficient were used to distinguish
water-mass types. At the same time, water column stability was analyzed based on the Brunt-Vaisala
Frequency (N2). The results revealed that the three areas were influenced by a seasonal variation. The
Sulu Sea affected by the SCS and the Pacific Ocean, including local waters from the Philippines. The
SCS waters have lower SST (28 °C) and salinity (33.4 psu) compared to other regions. During the SouthEast Monsoon, the thermocline layer is thicker compared to the North-West Monsoon in the Celebes
Sea. Similarly, in the same area, there is a layer that is thicker than the others. There are at least five
main water masses in these waters that originate from the SCS and the Pacific Ocean. There are five
water-mass types found in the three regions. The most stable area is SCS with a buoyancy value of
around 12 cycl/h in a 100-meter depth, and the buoyancy during SEM is more stable than NWM. Finally,
WOD updated 2018 is valuable to analyze water mass dynamics, especially using temperature and
salinity.
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1. INTRODUCTION
Sulu Sea and its surroundings are fascinating ocean regions with interconnected seas and
basins. The system in these waters is influenced by spatially and temporally by the oceanic
system. It is affected by the water-mass from the South China Sea (SCS), the Philippine
archipelago, the Pacific Ocean and is connected to the Celebes Sea [1], [2]. These areas affect
the circulations in the surface layer down to subsurface [3]. In particular, these waters will be
connected to the Indonesian Throughflow (ITF), which is a part of the global circulation [4].
Water mass from Sulu sea flows to Celebes sea and then spread to Makassar Strait [5].
From previous research, it is known that water transport into and out of the Sulu Sea during the
Northwest Monsoon is around +3.68 sv from the Sulu archipelago and -1.83 sv from the
Mindoro Strait [3]. These regions are also influenced by Asian Monsoon [6] and local tides.
Due to Sulu sea as an enclosed basin, previous research also showed eddies in these three waters
with both cyclonic and anticyclonic eddies [7].
The studies in these areas still require further discussions. Several publications used data
from a research vessel that had a quite number of stations. Meanwhile, others used satellite data
to gain surface dynamics [8]. For example, research has been carried out, topics related to water
mass in SCS originating from the North Pacific Subtropical Water (NPSW) [9]. Studies on
circulation in these waters based on lagrangian movements have been carried out [10].
Furthermore, the water mass transformation in the Sulu Sea and its surroundings, including
velocity and water mass transport, indicates input from the Pacific into these waters [1], [3].
This area is one of the water mass origins, which flows into the Makassar Strait [11].
This research aims to determine the water column dynamics based on two monsoons in
the Sulu Sea and its surroundings. It is significant to increase our knowledge about physical
mechanism processes in these areas, especially circulation and physical characteristics. With a
new dataset - World Ocean Database (WOD) updated 2018 provided by NOAA (National
Oceanographic Atmospheric and Administration). It is noteworthy to explore discoveries in
these areas based on temperature and salinity profiles.

2. MATERIAL AND METHOD
2. 1. Geographic Location
The study region compromised a transect encompassing three semi-enclosed seas,
including the South China Sea (SCS), Sulu Sea, and Celebes Sea (Figure 1). The area is
embedded from 116 E to 126 E and 0 to13 N. The Sulu Sea, has boundaries towards the Celebes
Sea and SCS [2], and has a depth of up to 4000 meters around the southeast area. The Mindoro
Strait located in the east of the Philippine is the only pathway from the SCS throughflow in the
thermocline and sub-thermocline depth [12, 28].
Furthermore, The SCS is specifically located in the northwest of the Palawan Island and
has a boundary towards the Sulu Sea, which divides Borneo and the Philippines. The Celebes
Sea is situated between Borneo, North Sulawesi, and The Philippines. Palawan Island is located
in the northwest region of the Sulu Sea and Siburu Island as a boundary between Celebes and
the Sulu Sea.
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Figure 1. Map of the study region located near Indonesia, Philippines, and Malaysia.
The map overlaid with data stations (yellow dots) and bathymetry map downloaded
from Gebco website.

2. 2. Data Collection
The variables datasets were downloaded from WOD 18, which are freely provided by the
National Oceanographic Data Centre (NODC) [13]. The study used four types of data, including
CTD (Conductivity Temperature and Depth), PFL (Profiling), OSD (Ocean Station Data), and
MRB (Moored buoy data). The data were collected at a standard depth data from the surface to
800 m, XBT/MBT correction followed by Cheng et al. (2014).
The depth of these areas is varied, and for this purpose, the maximum depth used is 800
meters. The depth ranges are chosen since it represents three layers: upper layer,
thermocline/halocline layer, and fixed layers. Prior to analysis, the raw data were qualitycontrolled using a quality flag in ocean data view [14]. Furthermore, stations, outliers, and spike
data duplicates were removed. Temperature ranges from 3.61 to 32.32 °C, and salinity ranges
from 10.41 to 34.96 psu (Table 1).
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Table 1. Statistical characteristics of water parameters in the transects
Parameter

Stand. Dev

Min

Mean

Max

Temperature (°C)

1.54

3.61

28.84

32.32

Salinity (psu)

1.62

10.49

33.65

34.96

2. 3. Data Analysis
The data were analyzed seasonally with ODV (Ocean Data View) software ver. 5.3.0
[14]. This software has proven to be very intuitive for oceanographic data plotting and
quantitative analysis [15]. Datasets containing temperature and salinity data were considered
“accepted” for the scientific process. Outliers in the temperature data, out of the range -3 to 35
°C and salinity data out of 20 to 40 psu, were removed. ODV also filtered duplicated datasets.
We used weighted-average gridding interpolation to obtain good quality data. T-S season based
on Emery (2001) were used to justify the water-mass trajectories. The TEOS-10 gave seawater
density (kg·m-3) as a function of temperature (°C), Absolute Salinity SA (g·kg-1), and pressure
p (Pa) [16]. The stability of the water column was analyzed based on a variable derivation of
the Brunt-Vaisala (N2) Frequency (BVF) with the following formula:
𝑁2 = −

𝑔 𝑑𝜌
+
𝜌𝑜 𝑑𝑧

The symbol 𝜌𝑜 is the average density of determining water (1026.52 kg m-3), 𝑑𝜌 is the
density gradient on depth changes (1m), and g is earth’s gravitational acceleration (9.79423
m·s-2). The N2 was acquired from the absolute salinity and conservative temperature values as
an input of salinity and Temperature (Jackett and McDougall, 2006). To support the analysis of
the water-masses dynamic, caballing analysis was included. Caballing means that by mixing
two water masses, the resultant water mass has a more superior density than the weighted mean
density. The difference in density is dynamically important. However, two water masses at
different depths might have a similar temperature but have a different potential temperature.

3. RESULT AND DISCUSSION
3. 1. Sea Surface Temperature (SST) and Salinity
In general, the SST variability in the Sulu Sea and its surroundings ranges from 28 to 32.2
°C (Figure 2). The annual temperature ranges from 28 to 29.5 C with lower temperatures
occurring in the Philippines' northeast region. During NWM, lower SST (28 °C) spread to Sulu
Sea and SCS. Meanwhile, in the Celebes Sea, the warmer temperature ranges from 29 to 29.5
°C. In the other monsoon (SEM), warmer temperature occurred in entire regions, ranging from
29 to 32.2 °C.

-145-

World Scientific News 153(2) (2021) 142-156

Figure 2. Sea Surface Temperature (SST) in °C. A. Average SST, B. SST during NWM,
C. SST during SEM. The X-axis represents longitude, Y-axis represents Latitude,
and Z represents SST
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Figure 3. Sea Surface Salinity (SSS) in psu. A. Average Salinity, B. SSS during NWM,
C. SSS during SEM. The X-axis represents longitude, Y-axis represents Latitude,
and Z represents SSS
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As the area is located near the equator, the recorded SST range is high; within 27 to 31
°C throughout the two seasons. This value is similar to a previous study that mentioned SST in
the Sulu sea (26 to 31 °C throughout the year) [6]. During SEM, water mass from the Pacific
Ocean affects entire regions by bringing warmer water. Lower SST near SCS occurred due to
water masses which come from the northern side. This means it is a subtropical area that has
low SST.
The second property, SSS condition, over the three seas is different. In general, lower
salinity can be found in the northern areas (SCS) and the Philippine waters. The average SSS
ranges from 33.2 to 34.2 psu (Figure 3). During NWM, lower salinity can be found near the
SCS, the Philippine waters, and Borneo Island with a value around 33.4 psu. Meanwhile, during
SEM, the SCS and Sulu Sea have lower salinity (33.2 to 33.8 psu) compared to Celebes Sea
(34.2 to 34.6 psu).
SSS variations in the three regions are affected by several factors. The low SSS near SCS
region and the Philippines water occurred due to freshwater inputs from several rivers [17].
Many rivers flow freshwater into shallow SCS, and due to wind pattern, these waters spread
into Indonesia seas via Sulu and Celebes. One other pathway is through Karimata strait [18].
Meanwhile, the Philippine archipelago also slows down the velocity of ocean currents from the
Pacific Ocean. Some of this water mass will flow into the Sulu and Japan Seas.
3. 2. Vertical Section of Temperature and Salinity
In general, the average Temperature during NWM and SEM have different patterns,
especially in the mixed and thermocline layer. The thickness of the three areas' layers was
different from the thickest ones around the Celebes Sea. This indicates a strong influence from
the winds of the Pacific. The mixed layer in the SCS in NWM is thinner when compared to
SEM. Its thickness ranges from 50-70 meters. In the Sulu Sea, the mixed layer is also thicker
in SEM with a thickness of up to 100 meters.
In NWM, the thickness of the mixed layer only reaches 75 meters. For the Celebes Sea,
the mixed layer fluctuates more in the NWM when compared to SEM. As the mixed layer
deepens in the Celebes Sea, the thermocline layer in these waters is also deeper with up to 150
meters. For both monsoons, it appears that the thermocline layer is shallower during NWM than
SEM. For the intermediate layer, the temperature conditions are relatively more stable with a
temperature of around 8-12 °C. In this layer, the temperature gradually decreases every 200
meters.
Based on previous studies results, there was a turbidity flow from the SCS at intervals of
several decades (50 years average). This may have played an important role in submerging solid
water to the bottom of the Sulu Sea. Its stratification shows that this condition does not affect a
depth of 1,250 m in the Sulu Sea. The average transport is approximately 0.32 Sv, with a
residence time of 11 years in the affected Sulu layer at a depth of 575 to 1250 m [19].
The Sulu Sea surface layer circulation shows a lot of mesoscale activities on a horizontal
scale with varying SST and SSS. In general, the circulation pattern of the Sulu SST is warmer
in SEM than NWM. It may partly be a normal seasonal signal, although it tends to have stronger
winds and surface currents. The surface circulation of the Sulu Sea in the NWM monsoon to
the east 120°E is a cyclone, with northward flows along the eastern boundary that continues
into the Panay Strait and flows south to the west at 121.3°E. The Sulu circulation is an
anticyclone and the Sulu Sea is found to have flowed towards the north in the eastern Sulu Sea
and inside the Panay Strait. However, it is relatively calm compared to January 2008 [20].
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Figure 4. Vertical Section A) Average Temperature, B) Temperature during NWM,
C) Temperature during SEM, D) Average Salinity, E) Salinity during NWM, F) Salinity
during SEM. The X-axis represents longitude, the Y-axis represents depth,
and Z represents SST and SSS
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Salinity in the surface waters appears different for the three regions. Lower salinity can
be found in the SCS waters with a range of 33.5 psu. Likewise, this value does not differ much
for NWM and SEM. The SSS in the Sulu Sea is higher, around 34 psu. It seems that the Palawan
archipelago limits the water masses movement from the SCS to the Sulu Sea. This can be seen
from the salinity distribution, which is only around the Palawan Islands. In Celebes waters, the
SSS value ranges around 34.5 psu. A higher salinity value is found during NWM, which is
around 34.5 psu.
Furthermore, the halocline layer is present in the SCS area at a depth of 50-100 meters,
in the Sulu Sea at 30 to 150 meters, and in the Celebes Sea at 50 to 200 meters. This layer is
clearly visible in the Celebes Sea with salinity values reaching 35 psu. It is clear that during the
SEM, the halocline layer extends towards the islands between the Celebes and Sulu seas, but
not during NWM. The intermediate layer has a higher salinity value which is around 34.5 psu
for both monsoons.
3. 3. Seasonal T-S and Water-mass Transformation
In general, the coldest region is the Sulu Sea. The deep-water sources of the Sulu Sea are
generally considered from the SCS which enters through the Mindoro Strait [21]. The Sulu Sea
receives an influx of surface seawater from the Northern Equatorial Current (NEC), flowing
into the area through corridors in Mindanao, with subsurface flows in the opposite direction.
The surface currents of the Sulu sea flow from the south in summer, while the winter currents
follow a counter-clockwise direction [21]. The T-S diagram shows that the water mass from the
SCS flows into the Sulu Sea via the Mindoro and other straits in the Philippine waters, and
finally to the western Bohol (Mindanao). The SCS also has access to the southern Sulu Sea via
the south Palawan strait [16].
As monsoons influence these water areas, the seasonal T-S diagram is the most
appropriate to describe their water mass characteristics. For both NWM and SEM, there is
generally no significant difference regarding the type of water mass. Overall, there are five
types in the study area, identified based on Emery in 2003. The first is the Western North Pacific
Central Water (WNPCW) water mass with a temperature range of 10.0-22.0 °C and a salinity
range of 34.2-35.2 psu. The water mass of WNPCW is at a depth of 280-550 m. The second on
is the Eastern North Pacific Central Water (ENPCW) with a temperature of 12.0-20 °C, and
salinity of 34.2-35 psu. These water mass characteristics are found at a depth of 300-500 m.
The third one is the Western South Pacific Central Water (WSPCW) water mass, with a
temperature of 6.0-22.0 °C and a salinity of 34.5-35.8 psu. This water mass was found at a depth
of 280-650 m. The fourth water mass is the Eastern South Pacific Central Water (ESPCW) [27].
It is characterized by a temperature of 8.0-24.0 °C with a salinity range of 34.4-36.4 psu.
It is found at a depth of 250-600 m. The fifth water mass is the Eastern South Pacific Transition
Water (ESPTW) and is characterized by a temperature between 14.0-20.0 °C and a salinity
range of 34.6-35.2 psu. This water mass is found at a depth of 300-410 m.
The Sibutu Canal threshold is about 350 m deep, meanwhile drains denser water into the
Sulu Sea than the SCS. This is mainly due to the shallower Sulawesi Sea’s pycnocline compared
to those found in the South China Sea. Furthermore, the strong tidal currents from the Sibutu
Passage pycnocline can cause solitons carrying water masses in the Sulu Sea. [2]. Then, there
is the North Pacific Subtropical Water (NPSW) which is characterized by a maximum salinity
near 200 m, flows to the SCS via the Luzon Strait from the Philippine waters [9].
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Figure 5. Temperature-Salinity Diagram during (A) NWM and (B) SEM and (C) Water-mass
transformation. The X-axis represents salinity, the Y-axis represents potential temperature,
and Z represents density and caballing coefficient
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During the SWM, the surface flow is southward from the SCS in Mindoro Strait, and
circulation within the Sulu Sea [10].
The Sulu Sea was investigated with inter-regional exchanges which showed that near the
surface. The water renewal processes were not only occurring through the Mindoro Strait.
Moreover, it depends on inflows through the Philippine's inner waters from the Pacific Ocean
through the south Palawan strait. Both inflows are likely to occur throughout the year, and their
transport may not be negligible. Below the surface, the Subtropical Lower Water (SLW) enters
the Sulu sea via the Mindoro Strait and is mainly affected by a variety of topography. In
addition, As the invaded water is drawn from the top of the North Pacific Intermediate Water
(NPIW) from the SCS region, it is usually not dense enough to sink to the bottom. Therefore,
convective processes can generally only reach a few intermediate depths resulting in a weak
minimum salinity layer (approx. 34.45). Beneath this layer lies Sulu Sea Deep Water (SSDW),
which is homogeneously distributed in the bottom layer, where the salinity is only slightly
higher (approx. 34.46 psu) above the minimum [22].
The previous finding also found that minimum salinity (s-min) is observed from 350 to
600 m at the western Pacific station, marking the North Pacific Intermediate Waters, which also
has access to the South China Sea via the Luzon Strait. S-min near 10 °C has been attenuated
but is still visible in the Mindoro and Panay straits. This water provides overflow into the Sulu
Sea [19].
Two water masses at different depths might have a different potential temperature. This
can be seen from the water mass transformation coefficient (Caballing coefficient). Caballing
will increase density when there is a large variance in temperature and salinity along isopycnals
amid the mixing water sources [23], [24]. Due to three areas that intersect with one another, the
highest mixing coefficient is in the intermediate water. There was a dyapicnal process at
densities around 26 which were clearly visible. In addition, the water masses transformation
can be seen as a decrease in water mass in each region.
3. 4. Water Column Stability
The South China Sea stream has an inflow from the Luzorn Strait and its outflow includes
Karimata, Mindoro, and the Taiwan Strait. The SCS throughflow acts as a heat and conveyor
to other regions, including Indonesia seas. Therefore, it plays an important role in the regulation
of sea surface temperature in the SCS region. The SCS is connected to the Sulu Sea, the Java
Sea, the Mindoro Strait, the Karimata Strait, the Taiwan Strait, and the deepest Luzon Strait
[25]. The stability of the water column is crucial to see the water mass transformation. In
general, buoyancy in SCS regions is more stable compared to other regions in the two monsoons
(Figure 6). Out of the three layers, the intermediate layer in Sulu and Celebes' waters have low
stability compared to the SCS region. This low stability allows the mixing of water masses from
other waters.
The flow that the Mindoro Strait received to the south, then towards the southwest in the
Sulu Sea, and spread to the Celebes Sea. Furthermore, it peaks during the SWM season. The
exception is in the south Palawan strait current, which ocean currents flows westward into the
SCS. In another season, the surface currents to the south in the Mindoro Strait disappear due to
the climatology situation [10]. The overall persistence of surface currents from the Mindoro
Strait to the Sibutu strait forms a strong annual mean pattern. In the Sulu Sea, the annual mean
of cyclonic eddies in the south-central basin is generated from cyclonic circulation during the
NEM and SWM peaks. However, the current routes to the southwest carrying SCS water are
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pushed into the central Sulu basin during the summer. In the northeast area of the Sulu Sea,
currents from the Mindoro forming powerful jets with speeds exceeding 100 cm/s during NEM
and SWM. In the Philippine Islands, surface currents reverse direction with the seasons. During
the NEM, currents in the Sibuyan Sea are directed northwest, flowing into the Sulu Sea near
the eastern coast of Mindoro Island with a small portion entering the SCS.
Ocean currents that flow westwards in the Bohol Sea during NEM backflow during the
peak of SWM at the surface, but they flow continuously to the west in the surface layer
throughout the year. Previous research showed that reversal of seasonal flows is also evident in
the transport time series in the several straits and channels. The flow of water entering through
the surface into the Sulu Sea from the Mindoro Strait and south Palawan strait is basically
balanced by the outflow in the Sibutu Strait [26]. The stable layer in the SCS region can be
found in depth between 50 to 150 meters. This condition is influenced by conditions around the
Palawan Islands which prevent the distribution of water masses.

Figure 6. Brunt-Vaisala Frequency (cycle/h) during two seasons, (top) SEM and (bottom)
NWM. The X-axis represents longitude, the Y-axis represents depth, and Z represents BVF
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Furthermore, SCS waters also have a shallow thermocline layer which results the water
column more stable. In Sulu Sea, less stable layers can be found at the bottom area. It is also
shown that buoyancy during SEM is more stable compared to NWM. Meanwhile, in the Celebes
sea, more stable layers can be found in SEM, especially in the thermocline layer. There is a
maximum buoyancy period of approximately 5 minutes in the SCS during NWM and 6 minutes
in the SCS and the Sulu Sea during SEM. These values are similar to previous findings which
mentioned that the Sulu Sea has a 6-minute buoyancy period [2]. During both monsoons, the
thermocline layer is more stable compared to the intermediate and mixed layer.

4. CONCLUSION
Density variations between the three regions induce water movement temporarily.
Celebes Sea has a warmer temperature than other regions in the entire season. Meanwhile, Sulu
Sea and SCS have a lower salinity in all seasons than the Celebes Sea. The thermocline layer
in NWM is shallower than in SEM. The clearer and deeper layers of the halocline are in the
waters of the Celebes Sea with a thickness of up to 150 meters. The T-S diagram shows that
there are x types of water masses in this area, both from the SCS and the Pacific Ocean. Out of
the three regions, the most stable area is in the SCS whereas the most unstable one is in the
Celebes Sea. The water properties in these areas are influenced by winds and circulations
originating from the SCS and the Pacific Ocean that pass through the Philippine waters.
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