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ABSTRACT

The Sulu Sea is a semi-enclosed tropical marginal basin influenced by complex exchanges between the South
China Sea and the western North Pacific, resulting in distinctive hydrographic and biogeochemical characteristics. This
study aims to characterize the water masses of the Sulu Sea using temperature—salinity (T-S) analysis and to examine the
vertical distributions of dissolved oxygen (DO) and chlorophyll-a as indicators of biophysical processes. A key novelty of
this study is the integration of T-S analysis with DO and chlorophyll-a observations to provide a comprehensive
assessment of the relationships among water-mass structure, ventilation processes, and biological productivity in the Sulu
Sea. The analysis was based on Conductivity—Temperature-Depth (CTD) observations collected at 22 stations during the
SEAFDEC cruise in March-April 2015, with profiling depths reaching approximately 750 m. The T-S analysis identified
two dominant upper-ocean water masses: Subtropical Lower Water (SLW), characterized by a salinity maximum of 34.5-
34.9 psu within the thermocline layer (150-250 m), and North Pacific Upper Thermocline Water (NPUTW), which was
primarily observed in the eastern stations and indicates the influence of Pacific inflow through the Bohol-Dipolog pathway.
Dissolved oxygen exhibited strong vertical stratification, with high concentrations (>5 mg L) in the surface layer and
reduced values (~2 mg L) below the thermocline due to limited ventilation and organic matter remineralization.
Chlorophyll-a was concentrated within the upper euphotic zone and near the thermocline, reflecting the combined influence
of stratification and nutrient availability. The integrated analysis demonstrates that water-mass distribution, oxygen
dynamics, and phytoplankton variability are closely linked to circulation pathways and vertical stratification. These
findings provide new insight into the coupling between physical and biogeochemical processes in the Sulu Sea and
contribute to improving the understanding of tropical marginal sea ecosystems.
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INTRODUCTION multiple oceanic sources and serves as an important node
The western tropical Pacific Ocean s within the broader Indonesian Throughflow system [7, 8].
characterized by a complex system of boundary currents The Sulu Sea is a semi-enclosed marginal basin

and inter-basin exchanges that fundamentally govern the of the western Pacific, bounded by the Philippine
physical and biogeochemical properties of marginal seas archipelago to the north and east, Borneo to the southwest,
in the region. In the northern hemisphere, the North and the Sulu Archipelago to the southeast, with its deepest
Equatorial Current (NEC) flows westward toward the sill connecting to the SCS at 420 m through Mindoro
Philippine coast before bifurcating into the Mindanao Strait [9].The basin receives inflows from multiple
Current (MC) directed southward and the Kuroshio pathways: SCS waters enter through Mindoro and Balabac
Current (KC) directed northwestward [1]. A portion of this Straits, while waters of direct Pacific origin enter through
bifurcation intrudes into the South China Sea (SCS) Surigao Strait at approximately 65 m depth, traversing the
through Luzon Strait, which reaches depths of Bohol Sea before exiting via Dipolog Strait into the Sulu
approximately 2,500 m and carries a volume transport Sea [7, 10, 11]. Outflow from the Sulu Sea proceeds into
estimated at 54 Sv [2, 3]. The SCS acts as a the Celebes Sea through Sibutu Passage, with a sill depth
transformative basin that modifies water masses of North of approximately 270 m [12]. The distinctive bathymetry
Pacific origin—characterized by relatively cold and saline of the basin constrains deep-water renewal and creates the
properties—into warmer and fresher waters that well-documented  hydrographic anomaly of warm,
subsequently exit through multiple straits [4-6]. This inter- homogeneous deep water characterized by temperatures
basin exchange, collectively referred to as the South China near 10°C from the mesopelagic zone to depths exceeding
Sea Throughflow (SCSTF), distributes waters through 5,000 m [13]. This unique thermal structure, combined
Karimata Strait toward the Java Sea, and through Balabac with restricted ventilation, profoundly differentiates the
and Mindoro Straits as primary conduits into the Sulu Sea Sulu Sea from adjacent open-ocean basins and produces a
[2, 3] Understanding these large-scale circulation water column environment without analogue in most of
pathways is essential for characterizing the water mass the tropical Pacific [14].

structure of the Sulu Sea, which lies at the convergence of
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Two principal water masses of SCS origin have
been identified within the Sulu Sea using temperature—
salinity (T-S) analysis. The Subtropical Lower Water
(SLW), recognized by a salinity maximum exceeding 34.5
psu, occupies depths of approximately 150-200 m and
enters the basin unimpeded through Mindoro and Panay
Straits [15]. At intermediate depths of 600-1,200 m, the
North Pacific Intermediate Water (NPIW), identifiable by
a salinity minimum ranging from 34.1 to 34.5 psu, is
found in modified form after its properties are altered
during transit through the SCS [4, 7]. Both water masses
trace their ultimate origin to the North Pacific via Luzon
Strait, having undergone progressive transformation
within the SCS before entering the Sulu Sea [9]. T-S
diagrams have proven to be powerful diagnostic tools for
tracing such water mass pathways and identifying mixing
processes in marginal seas of Southeast Asia, enabling the
identification of source waters and transformation
mechanisms that are not readily apparent from individual
parameter distributions alone [7, 10]. A mesoscale
anticyclonic eddy has also been identified in the central
Sulu Sea, suggesting that basin-scale circulation features
further modulate the spatial distribution of water mass
properties [16].

Dissolved oxygen (DO) is an effective tracer for
identifying water-mass ventilation and thermohaline
circulation because oxygen is introduced primarily at the
ocean surface and consumed during the remineralization
of organic matter. Previous studies demonstrated that the
intermediate layer of the South China Sea contains an
oxygen minimum zone associated with North Pacific
Intermediate Water, whereas oxygen-rich waters in the
upper layers are linked to the intrusion through the Luzon
Strait [4, 12]. In the Sulu Sea, deep-water ventilation
depends strongly on intermediate-water inflow from the
South China Sea through Mindoro Strait, maintaining oxic
conditions even in waters deeper than 4000 m [17, 18].
Moreover, dissolved oxygen variability is closely
associated with biological production and respiration
processes and often exhibits a strong relationship with
carbon cycling and ecosystem metabolism [19]. Alongside
dissolved oxygen, chlorophyll-a concentration serves as an
indicator of phytoplankton biomass and primary
productivity. Previous studies have shown that
chlorophyll-a distribution in the Sulu Sea exhibits strong
seasonality driven by monsoon-induced upwelling and
Ekman pumping, with enhanced phytoplankton blooms
during the northeast monsoon period [20, 21]. In stratified
tropical waters, subsurface chlorophyll-a maxima
frequently develop near the nutricline where light
availability and nutrient supply are optimally balanced
[22, 23] and chlorophyll-a fluorescence has been
recognized as one of the important environmental
variables influencing pelagic ecosystem structure [24].

Despite extensive investigations on circulation
pathways and hydrographic characteristics of the South
China Sea and neighboring basins, studies integrating
physical and biogeochemical tracers to characterize water
masses in the Sulu Sea remain limited. In particular, the
combined use of temperature—salinity diagrams, dissolved
oxygen distributions, and chlorophyll-a variability
provides a comprehensive framework for understanding
the linkage between thermohaline structure, water-mass
ventilation, and biological productivity. Therefore, this
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study aims to characterize the water masses in the Sulu
Sea using T-S diagrams and to investigate the vertical and
spatial distributions of dissolved oxygen and chlorophyll-a
as indicators of biophysical properties.

METHODS
Study Area

The study area is located at Sulu Sea, a tropical
marginal basin in Southeast Asia characterized by
complex bathymetry and strong stratification (Figure-1).
The basin has an average depth of approximately 4000 m
[25]. Ocean circulation within the region is strongly
influenced by two major shallow sill systems, namely the
Balabac—Mindoro sill in the northwest and the Sibutu—
Dipolog sill in the southeast. The Sibutu-Dipolog sill acts
as a key topographic gateway separating the Sulu Sea
from the Sulawesi Sea, thereby controlling water mass
exchange between these basins.

This sill system also plays an important role in
the generation and propagation of internal tides in the
Indonesian seas. Internal tides generated at the Sibutu—
Dipolog passage propagate into both the Sulu Sea and the
Sulawesi Sea, forming energetic internal wave fields [26-
28]. These dynamics make the Sulu Sea a highly active
region for internal wave—driven mixing and water mass
transformation.
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Figure-1. Map of the Sulu Sea showing the CTD
observation stations used in this study. Red dots indicate
the main sampling stations located within the Sulu Sea
basin representing the cyclonic circulation region. Blue
dots represent stations located near key exchange
gateways, including the Dipolog Strait outflow region.
The black point indicates the Sibutu Passage.

Data Collection

This study utilizes archived Conductivity—
Temperature-Depth (CTD) datasets collected during
oceanographic research cruises. The primary dataset was
obtained from the Southeast Asian Fisheries Development
Center (SEAFDEC) cruise conducted in the Sulu Sea from
March to April 2015. A total of 22 CTD stations were
occupied, covering the geographic range of 118.499°—
122.663°E and 5.0826°-9.9558°N (Table-1). All analyses
were performed using CTD observations collected during
the period 29 March—4 April 2015 in the Sulu Sea.

CTD measurements were conducted using a Sea-
Bird Electronics (SBE) 19-plus V2 SeaCat system with a
sampling frequency of 4 Hz. All CTD profiles were
processed using SeaSoft V2 software, including
calibration, quality control, and bin-averaging procedures.
The final vertical resolution of the processed dataset was



Firdaus, M. & Mauludiyah / Journal of Marine Resources & Coastal Management 7(2): 70-77, August 2026

approximately 1 m.

The CTD profiles were used to analyze the
vertical structure of water masses based on temperature,
salinity, dissolved oxygen (DO), and chlorophyll-a
concentration. The maximum profiling depth reached
approximately 700-800 m, representing the upper to
intermediate water column. The uppermost 10 m of each
profile were excluded from the analysis to minimize near-
surface noise associated with instrument instability during
deployment.

Table-1. Geographic positions of CTD sampling stations
in the Sulu Sea used for hydrographic observations.

Station Longitude Latitude
1 121.9693 9.95583
2 121.5 9.24567
3 120.5835 9.25133
4 119.8327 9.24967
5 119.0007 9.25
6 118.4992 8.75183
7 118.9995 8.25067
8 120.0017 8.24883
9 120.7493 8.2485

10 121.4978 8.25133
11 121.751 7.75183
12 122.1643 8.2495
13 122.6635 8.73467
14 121.751 7.37567
15 120.7528 7.252

16 120.0043 7.24967
17 119.0037 7.25167
18 120.8347 6.89483
19 120.144 6.73

20 119.563 6.377

21 118.8862 6.5585
22 119.4835 5.08267

Data Analysis

A descriptive—quantitative approach was applied
to investigate the vertical structure and characteristics of
water masses in the Sulu Sea. The analysis focused on the
following components:

(1) Temperature-Salinity (T-S) Diagram Analysis

T-S diagrams were used to identify and classify
water mass characteristics based on the relationship
between temperature and salinity. This method allows the
identification of distinct water mass signatures in the water
column [29].

(2) Vertical Structure of Temperature, Salinity, and
Dissolved Oxygen (DO)

Vertical profiles of temperature, salinity, and
dissolved oxygen were analyzed to investigate
stratification patterns and biogeochemical structure. These
profiles were used to identify key oceanographic features
such as the thermocline, halocline, and oxygen minimum
zones.

(3) Vertical Distribution of Temperature, Salinity, and
Chlorophyll-a

Chlorophyll-a profiles were analyzed together
with physical parameters to examine the relationship
between hydrographic structure and phytoplankton
distribution. This analysis provides insight into the
coupling between physical stratification and biological
productivity in the water column.
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RESULT & DISSCUSSION
Water Mass Characteristics Based on Temperature—
Salinity (T-S) Diagram

The Sulu Sea is a semi-enclosed marginal basin
that receives water masses from two major sources,
namely the South China Sea (SCS) through the Mindoro
and Balabac Straits, and the western North Pacific through
Surigao Strait, which subsequently flows across the Bohol
Sea and enters the Sulu Sea via Dipolog Strait. These
multiple inflow pathways produce a complex
hydrographic structure and contribute to the unique
thermohaline characteristics of the basin [7, 30]. The
temperature-salinity (T-S) diagram (Figure-2) reveals
distinct water-mass signatures corresponding to these
circulation pathways and provides evidence of the mixing
processes occurring within the Sulu Sea.

The most prominent feature observed in the T-S
diagram is the presence of a salinity maximum layer
associated with the Subtropical Lower Water (SLW),
which  occupies the thermocline layer between
approximately 150 and 250 m depth. This water mass is
characterized by salinity values ranging from 34.5 to 34.9
psu and potential density anomalies (c0) between 25.0 and
26.0. Similar characteristics have been reported by [7, 8,
15], who identified the SLW as originating from the North
Pacific and subsequently modified during its passage
through the South China Sea before entering the Sulu Sea.
The salinity maximum signature observed in the present
study confirms that the upper thermocline waters of the
Sulu Sea are largely influenced by the South China Sea
Throughflow, particularly through Mindoro Strait.

Based on the clustering pattern in the T-S
diagram, two distinct groups of water masses can be
identified. The first group, represented by the red plots,
dominates most stations within the Sulu Sea and exhibits
relatively homogeneous characteristics. This group
occupies the isopycnal range of = 25.0-26.0 and is
characterized by salinity values between 34.48 and 34.51
psu, corresponding to stations 1-10 and 14-21. These
properties are indicative of Subtropical Lower Water
(SLW), suggesting that the majori of the basin is
influenced by water masses originating from the South
China Sea. The relatively narrow salinity range further
indicates strong horizontal mixing and homogenization
within the upper thermocline layer

In contrast, the second group, represented by blue
plots, exhibits greater variability and is distinguished by
relatively higher salinity values (>34.4 psu) within the
upper layer corresponding to the isopycnal range o8 =
22.0-24.0. This water mass was observed mainly at
stations 11-13 and is inferred to represent North Pacific
Upper Thermocline Water (NPUTW). The occurrence of
this water mass suggests a more direct influence from
western Pacific waters entering through Surigao Strait and
the Bohol Sea before reaching the central Sulu Sea.
Compared with the SLW-dominated stations, the higher
salinity in the surface and upper thermocline layers
indicates relatively weaker modification processes and a
stronger Pacific signature. Such differences imply that the
Sulu Sea receives water from multiple pathways, resulting
in spatial heterogeneity in its upper-ocean hydrography.
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Figure-2. Temperature—Salinity (T-S) diagram of the Sulu
Sea showing water mass structure including Surface Layer
Water (SLW) and North Pacific Upper Thermocline Water
(NPUTW).

Unlike previous studies, no clear signature of
North Pacific Intermediate Water (NPIW) was identified
in the present observations. Previous studies have
identified the presence of North Pacific Intermediate
Water (NPIW) at intermediate depths, characterized by a
distinct salinity minimum ranging between 34.1 and 34.5
psu within the isopycnal layer of o8 = 26.0-27.0 [7, 15].
In addition, the homogeneous Sulu Sea Deep Water
(SSDW), characterized by slightly higher salinity (~34.46
psu) and occupying depths below approximately 1200 m,
was also not observed in this study. The absence of both
NPIW and SSDW signatures is primarily attributed to the
limitation of the CTD observations, which only extended
to 750 m depth. Consequently, the present analysis mainly
captures the upper and thermocline water masses, while
the deeper intermediate and abyssal waters remain
unresolved.

A unique hydrographic characteristic was
observed at Station 22, located near the Sibutu Passage,
which serves as the primary outflow pathway connecting
the Sulu Sea and the Sulawesi Sea. In the T-S diagram
(Figure-6), this station is represented by black plots and
generally exhibits thermohaline properties similar to those
of the interior Sulu Sea. However, noticeable differences
occur in the surface layer, particularly within the isopycnal
range o0 = 21.0-22.0 corresponding to depths between
approximately 5 and 26 m, where salinity values decrease
to below 34.0 psu. This relatively fresher surface layer is
likely associated with local freshwater inputs and
precipitation effects around the surrounding islands. The
Sibutu Passage constitutes the main ventilation pathway
for the export of Sulu Sea waters into the Sulawesi Sea
[7], and therefore acts as a transition zone where mixing
between the relatively saline Sulu Sea water and fresher
waters from the Indonesian Seas may occur. Such
exchange processes are expected to influence not only the
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thermohaline structure but also the biogeochemical
properties of the downstream waters.

Dissolved Oxygen Distribution in Relation to Salinity
and Potential Temperature
1. Salinity—Depth Relationship of Dissolved Oxygen

The salinity—depth diagram colored by dissolved
oxygen concentration (Figure-3) reveals a distinct vertical
stratification of oxygen within the Sulu Sea water column.
Surface waters, characterized by salinity values ranging
from approximately 34.0 to 34.3 psu, exhibit relatively
high dissolved oxygen concentrations between 5 and 6 mg
L. These elevated oxygen concentrations are associated
with direct atmospheric ventilation and biological oxygen
production through photosynthesis occurring within the
euphatic layer. Similar conditions have been reported in
tropical marginal seas where oxygen-rich surface waters
are continuously replenished through air-sea exchange
and primary productivity processes [31].

The upper water column exhibits a relatively
broad salinity range, indicating active mixing processes
and seasonal variability. Surface waters with relatively
lower salinity generally contain higher dissolved oxygen
concentrations, reflecting the influence of atmospheric
exchange and enhanced biological activity. High-
productivity areas in the Sulu Sea are generally
characterized by elevated dissolved oxygen concentrations
in surface waters, suggesting a strong coupling between
biological productivity and physical oceanographic
processes such as mixing and circulation dynamics [32].

Below approximately 100-150 m depth,
dissolved oxygen concentrations decrease rapidly from
values exceeding 5 mg L™ to approximately 2-3 mg L.
This oxygen reduction coincides with increasing salinity
and the transition toward relatively homogeneous
intermediate waters. At depths greater than 200 m, salinity
becomes nearly constant at approximately 34.4-34.5 psu,
while dissolved oxygen stabilizes near 2 mg L. Such
hydrographic characteristics indicate the presence of
relatively isolated intermediate and deep waters masses
experiencing limited ventilation from the surface.

The decrease in dissolved oxygen with increasing
depth is attributed to oxygen consumption through the
remineralization of sinking organic matter combined with
weak vertical mixing. Organic particles produced in the
surface layer sink toward deeper waters, where bacterial
decomposition consumes oxygen. Organic carbon
remineralization is recognized as a key process influencing
oxygen availability in the Sulu Sea, as the decomposition
of organic matter consumes dissolved oxygen and affects
its distribution throughout the water column [33].
Similarly, oxygen depletion in stratified oceanic systems is
strongly influenced by reduced ventilation and elevated
biological oxygen demand, which together limit oxygen
replenishment and enhance oxygen consumption within
the water column [17].

The persistence of low dissolved oxygen
concentrations below 200-300 m further suggests
relatively long residence times of intermediate waters and
weak deep-water renewal. The deep basin of the Sulu Sea
is characterized by limited water exchange with adjacent
basins owing to the presence of surrounding sills, which
promotes relatively stable deep-water conditions and weak
ventilation processes [14]. Similar conditions have also



Firdaus, M. & Mauludiyah / Journal of Marine Resources & Coastal Management 7(2): 70-77, August 2026

been observed in semi-enclosed marine basins, where
dissolved oxygen acts as an effective tracer for identifying
water masses and evaluating ventilation processes [13].
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Figure-3. Vertical profile of the salinity—depth
relationship and its correlation with dissolved oxygen
(DO) concentrations.

Overall, the salinity—oxygen relationship
demonstrates that dissolved oxygen decreases as water
masses become more saline and isolated from atmospheric
influence. The observed oxygen structure therefore
provides important information regarding water-mass
characteristics, ventilation intensity, and biogeochemical
processes in the Sulu Sea.

2. Potential Temperature—Depth Relationship of Dissolved
Oxygen

The potential temperature—depth  diagram
(Figure-4) demonstrates a strong relationship between
thermal stratification and dissolved oxygen distribution.
Surface waters with potential temperatures between 28 and
30°C exhibit the highest dissolved oxygen concentrations,
generally exceeding 5 mg L™'. These warm and oxygen-
rich waters occupy the upper mixed layer, where
continuous atmospheric exchange and photosynthetic
activity maintain elevated oxygen levels. Similar
relationships between warm surface waters and high
oxygen concentrations have been reported in tropical
oceans and marginal seas [34].

A pronounced decline in both potential
temperature and dissolved oxygen is observed between
approximately 50 and 200 m depth, corresponding to the
thermocline layer. Within this zone, dissolved oxygen
decreases from approximately 5 mg L™ to values near 2-3
mg L. The thermocline acts as a physical barrier that
restricts vertical mixing and inhibits the transport of
oxygen-rich surface waters into deeper layers.
Simultaneously, microbial respiration and decomposition
of sinking organic matter consume dissolved oxygen,
contributing to the formation of oxygen-poor intermediate
waters.
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The rapid decline in oxygen concentration within
the thermocline has been widely documented in tropical
and subtropical oceans. Strong water column stratification
can inhibit vertical mixing and ventilation processes,
thereby limiting the transport of oxygen-rich surface
waters to deeper layers and contributing to lower dissolved
oxygen concentrations beneath the mixed layer [14].
Similarly, reduced vertical mixing combined with
intensified biological oxygen utilization has been
identified as a key mechanism driving the formation of
low-oxygen conditions in intermediate water masses [17].

Below approximately 300 m, potential
temperature gradually decreases to values near 10°C,
while dissolved oxygen remains relatively stable at around
2 mg L. This relatively uniform oxygen distribution
indicates weak ventilation and limited deep-water renewal.
Although oxygen concentrations decrease substantially,
values remain above hypoxic thresholds, indicating that
the Sulu Sea does not develop a pronounced Oxygen
Minimum Zone (OMZ). The absence of severe oxygen
depletion suggests that periodic ventilation processes may
still supply oxygen to deeper layers.

DO [mg/l)

" 7 |

200 5

400

Depth [m]

600

800

1000

Ocean Data View

1‘.0 1I5 20 ZIS
Potential Temperature 8 [degC]
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The close relationship between potential
temperature and dissolved oxygen demonstrates that
thermal stratification strongly controls oxygen distribution
in the Sulu Sea. Warm surface waters support active
primary productivity and efficient oxygen replenishment,
whereas colder intermediate and deep waters exhibit lower
oxygen concentrations due to restricted ventilation.
Variations in biological productivity within the Sulu Sea
are strongly associated with monsoonal forcing and
vertical mixing processes, which play an important role in
regulating dissolved oxygen distribution and regional
carbon cycling dynamics [31].

Furthermore, biological productivity in the Sulu
Sea is predominantly confined to the upper water column,
where active photosynthetic processes contribute to
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elevated dissolved oxygen concentrations in surface
waters. In contrast, oxygen levels decrease beneath the
euphotic zone due to enhanced respiration and organic
matter decomposition, leading to greater oxygen
consumption at depth [13]. Similar findings have been
reported in Indonesian waters, where thermal stratification
strongly regulates biogeochemical processes and dissolved
oxygen distributions

Overall, the potential temperature—oxygen
relationship confirms that physical stratification exerts a
major control on oxygen dynamics in the Sulu Sea. The
observed vertical patterns indicate that dissolved oxygen
serves as an effective tracer for identifying water masses
and understanding the interactions between physical and
biological processes within this semi-enclosed tropical
basin.

Chlorophyll-a Distribution in Relation to Salinity and
Potential Temperature
1. Salinity—Depth Relationship of Chlorophyll-a

The salinity—depth structure combined with
chlorophyll-a distribution in the Sulu Sea reflects a
strongly stratified water column typical of tropical
marginal seas (Figure-5). Surface waters (0-100 m) are
characterized by relatively stable salinity around 34.0-
34.5 psu and elevated chlorophyll-a concentrations (>1 mg
m™), indicating enhanced phytoplankton activity within
the euphotic zone. This surface enhancement is strongly
influenced by monsoon-driven variability and wind-
induced Ekman pumping, which regulates vertical nutrient
supply into the upper ocean layer [20, 35]. The spatial and
temporal variability of chlorophyll-a in the Sulu Sea is
predominantly  controlled by Northeast Monsoon
circulation. Enhanced wind-induced Ekman upwelling
during the winter monsoon facilitates the upward transport
of  nutrient-rich  subsurface  waters,  stimulating
phytoplankton productivity and leading to extensive
chlorophyll-a bloom development across the basin [20].
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Similar monsoon-controlled productivity patterns
have been observed in broader marginal seas of the
western Pacific, where seasonal wind forcing governs
nutrient injection and phytoplankton biomass distribution
[23, 35]. In coastal and sill-influenced regions of the Sulu
Archipelago, higher chlorophyll-a concentrations are
associated with vertical mixing induced by complex
bathymetry, allowing nutrient-rich subsurface water to
reach the euphotic zone [36].

In contrast, deeper layers below ~150-200 m
exhibit nearly homogeneous salinity (~34.4-34.5 psu) and
very low chlorophyll-a concentrations (<0.25 mg m™3),
indicating oligotrophic intermediate waters with weak
vertical mixing and long residence times. This vertical
decoupling between surface productivity and deep-water
stability is a common feature of semi-enclosed tropical
basins where stratification suppresses vertical nutrient
transport [17, 23, 36].

2. Potential of
Chlorophyll-a

The potential temperature—depth profile reveals a
strong thermal stratification that governs phytoplankton
distribution in the Sulu Sea (Figure-6). Surface waters are
warm (28-30°C), while a sharp thermocline develops at
approximately 100-150 m depth, below which
temperature decreases rapidly to ~10-12°C. This
thermocline acts as a physical barrier that limits vertical
mixing between nutrient-rich deep waters and nutrient-
depleted surface layers, thereby controlling chlorophyll-a
distribution.
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Figure-6. Vertical profile of the potential temperature—
depth relationship and its correlation with chlorophyll-a
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High concentrations are generally restricted
above or near the thermocline, consistent with the
formation of a Deep Chlorophyll-a Maximum (DCM),
which develops where sufficient light availability overlaps
with elevated nutrient concentration near the base of the
mixed layer [21, 37]. DCM formation in stratified tropical
oceans is primarily controlled by the balance between light
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limitation in deeper layers and nutrient limitation in
surface waters, resulting in subsurface chlorophyll-a
peaks.

Monsoon variability further modulates the
vertical position and intensity of chlorophyll-a maxima.
Wind-driven Ekman transport during the northeast
monsoon enhances vertical mixing and nutrient injection
into the euphotic zone, increasing surface chlorophyll-a
concentrations [17, 19, 24].

Large-scale monsoon circulation within the Indo-
Pacific Warm Pool plays a fundamental role in controlling
the seasonal variability of upwelling processes and marine
biological productivity [19]. Although subsurface waters
contain higher nutrient concentrations, phytoplankton
biomass remains concentrated in upper layers due to
strong light limitation below the thermocline [23, 38].
Thus, the interaction between thermal stratification,
monsoon forcing, and vertical mixing processes
determines the observed chlorophyll-a structure in the
Sulu Sea.

CONCLUSIONS

This study characterized the upper and
thermocline water masses of the Sulu Sea and
demonstrated their relationships with dissolved oxygen
and chlorophyll-a distributions through an integrated
analysis of temperature-salinity (T-S) characteristics and
biogeochemical parameters. The results identified
Subtropical Lower Water (SLW) and North Pacific Upper
Thermocline Water (NPUTW) as the dominant water
masses controlling the hydrographic structure of the basin,
while strong vertical stratification regulated oxygen
distribution, nutrient availability, and phytoplankton
variability. The observed coupling between water-mass
pathways, dissolved oxygen, and chlorophyll-a highlights
the important influence of regional circulation on the
biogeochemical dynamics of the Sulu Sea. Beyond
providing local hydrographic information, this study
emphasizes the role of the Sulu Sea as a transitional basin
connecting the South China Sea and the western North
Pacific and demonstrates that integrating T-S analysis
with biogeochemical indicators offers an effective
framework for understanding water-mass dynamics,
ecosystem processes, and regional marine circulation in
tropical marginal seas.
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