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Abstract 

 
A three-dimensional regional ocean circulation simulation was conducted in the Celebes Sea using the Coastal and 

Regional Ocean Community Model (CROCO) with a spatial resolution of 1/16°. The simulation covered the period 

from 2015 to 2020, encompassing several contrasting El Niño–Southern Oscillation (ENSO) conditions. These 

included the strong El Niño event in 2015, the weak La Niña event in 2018, and the moderate La Niña event in 

2020. Model performance was evaluated by comparing the simulation results with Argo observations and satellite 

altimetry data. The comparison showed a good agreement between the model and observations, with correlation 

coefficients ranging from 0.70 to 0.99. The results indicated that ENSO events substantially influenced ocean 

circulation and water mass characteristics in the Celebes Sea. During the 2015 El Niño event, seasonal current 

velocities generally weakened, while the surrounding waters became cooler and more saline. In contrast, during 

the 2018 and 2020 La Niña events, current velocities tended to increase, particularly within the thermocline layer. 

The La Niña conditions were also associated with relatively warmer and fresher waters. These changes were 

especially evident around the inflow and outflow regions of the Indonesian Throughflow, where variations in water 

properties and circulation were more pronounced. Overall, the simulation demonstrates that ENSO variability plays 

an important role in controlling the temporal changes in circulation and water mass properties within the Celebes 

Sea. The contrasting responses observed during El Niño and La Niña highlight the strong connection between large-

scale climate variability and regional oceanographic processes in this important Indonesian marginal sea. 
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Introduction 
 

The Sulawesi Sea (Celebes Sea) is a deep-

water basin exceeding 5,000 meters and serves as 

the primary conduit for the Indonesian Throughflow 

(ITF). The ITF transports water masses from the 

Pacific Ocean to the Indian Ocean, driven by the sea 

surface height difference between the two oceans 

(Giu et al., 2020; Wahyuni et al., 2024; Li et al., 

2025). According to Fine et al. (1994), the ITF 

originates from the Mindanao Current, a component 

of the North Equatorial Current (NEC). Gordon et al. 

(2012) further indicate that approximately 80% of the 

ITF water mass flows through the Celebes Sea toward 

the Makassar Strait. This dominant pathway plays a 

pivotal role in regional oceanographic dynamics, 

shaping circulation patterns, salinity and temperature 

distribution, and nutrient transport (Vinayachandran 

et al., 2021; Lubis et al., 2025; Putra et al., 2025). 

Although the Celebes Sea plays a strategic role in the 

ITF system, the understanding of its three-

dimensional vertical circulation structure and water 

mass characteristics remains limited. This is 

particularly evident when compared with studies that 

have been conducted in neighboring regions, such as 

the Maluku Sea and Halmahera Sea. (Suryadarma et 

al., 2025; Lubis et al., 2026). 

 

The transport of water masses by the ITF is 

influenced by global and regional climate variability. 

On a seasonal scale, monsoon winds affect the 

strength of the ITF, intensifying it during the east 

monsoon and weakening it during the west monsoon 

(Peña‐Molino et al., 2022; Zhu and Wang, 2024). On 

an interannual scale, phenomena such as El Niño, La 

Niña, and the Indian Ocean Dipole (IOD) impact the 

volume of ITF transport. The El Niño phase weakens 

the current, whereas La Niña strengthens it (Giu et al., 

2020; Zhang et al., 2023). This variability also affects 

the characteristics of water masses along the ITF 

pathway, which in turn influences ecosystems, 

biodiversity, and human activities such as fisheries 
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and shipping. Interannual modulation of the ITF by 

ENSO alters not only transport magnitude but also 

vertical structure and thermohaline properties, 

particularly within the thermocline layer that 

dominates the ITF core flow (Wei et al., 2025). 

 

During the period 2015-2020, various global 

climate phenomena influenced the dynamics of the 

Celebes Sea. The strong El Niño event of 2015-2016 

increased sea surface temperatures in the central 

Pacific Ocean and altered trade wind patterns 

(Santoso et al., 2017; Yang et al., 2022). 

Subsequently, the weak La Niña Modoki in 2016-

2017 raised Indonesian sea surface temperatures, 

while the moderate La Niña in 2020-2021 

strengthened northeast trade winds and increased 

rainfall across much of Indonesia (Lestari et al., 

2019; Alfiqri et al., 2024). The fluctuating 

climatological conditions throughout this 2015-2020 

period have the potential to affect circulation 

variability and water mass characteristics in the 

Celebes Sea. This period therefore provides a natural 

laboratory to examine the oceanic response to 

contrasting ENSO phases within a relatively short but 

dynamically diverse timeframe. 

 

Despite the recognized role of ENSO in 

modulating the ITF, the three-dimensional variability 

of circulation and water mass characteristics in the 

Celebes Sea remains poorly understood, particularly 

during contrasting ENSO phases. High-resolution 

modeling studies focusing on this region are still 

scarce. To address this gap, this study employs a 

high-resolution three-dimensional ocean model to 

examine the influence of ENSO on the circulation 

patterns and water mass variability of the Celebes 

Sea during 2015–2020. By resolving both horizontal 

and vertical ocean dynamics, the study provides new 

insights into the physical mechanisms underlying 

oceanographic variability and their broader 

implications for the regional marine system. 

 

Materials and Methods 
 

The study area encompasses the Celebes Sea 

basin and its surrounding interconnected regions. To 

the north, the model domain is bounded by the Sulu 

Sea, while the southern boundary includes the 

entrances to the Makassar Strait and the Maluku 

Sea. The eastern boundary covers the region 

connecting the Celebes Sea to the western Pacific 

Ocean. This domain configuration is designed to 

capture the major pathways of water mass exchange 

that influence circulation dynamics within the 

Sulawesi Sea. Numerical simulations were conducted 

over a six year period, from January 1, 2015, to 

December 31, 2020, thereby encompassing both El 

Niño and La Niña phases. In this study, observation 

points were established at three locations 

representing the primary pathways of water mass 

exchange. These points correspond to the Sulu Sea 

inflow, the Pacific inflow to the ITF, and the Makassar 

Strait outflow, enabling a focused analysis of 

circulation and water mass transformation along the 

ITF pathway (Figure 1). 

 

Data sources and model inputs 

 

Several observational and reanalysis datasets 
were used to construct, force, and evaluate the 

CROCO model simulations. Bathymetric information 
was obtained from the General Bathymetric Chart of 

the Oceans (GEBCO), which provides global 
topographic data at a spatial resolution of 15 arc-

seconds based on the SRTM15+ dataset (Thuillier et 
al., 2024). 

 
Atmospheric forcing fields were derived from 

the ERA5 reanalysis product, including both single-
level and pressure-level variables with an hourly 

temporal resolution and a horizontal resolution of 
0.25° × 0.25°. Initial and lateral boundary conditions 

were obtained from the GLORYS12V1 global ocean 
reanalysis dataset, which provides three-dimensional 

oceanographic fields at a spatial resolution of 
0.0833° and daily temporal outputs. Tidal forcing 

was generated from the TPXO7 global tidal model, 
consisting of 11 major tidal constituents (M2, S2, N2, 

K2, K1, O1, P1, Q1, MM, MF, and M4) with a spatial 
resolution of 0.25° × 0.25° (Tian et al., 2024). 

 
To evaluate model performance, simulated 

oceanographic variables were compared with 
independent observations from Argo profiling floats 

and satellite altimetry products. These datasets were 

used to assess the model's ability to reproduce the 
observed hydrographic structure and sea surface 

variability in the Celebes Sea. 
 

Model configuration 
 

The Coastal and Regional Ocean Community 

Model (CROCO) version 1.3 was employed to 

investigate the variability of ocean circulation and 

water mass characteristics in the Celebes Sea during 

2015-2020. The model domain covers the Celebes 

Sea and adjacent waters, extending from 117.06°E 

to 126.12°E and from 0.31°S to 7.98°N. The model 

was configured with a horizontal resolution of 1/16° 

(~6.2 km) and 40 vertical sigma-coordinate layers. 
 

Bathymetry was derived from the GEBCO 

dataset and smoothed using an r-factor of 0.15 to 

reduce pressure-gradient errors and improve 

numerical stability. The vertical coordinate system 

was defined using stretching parameters of θs = 7, θb 

= 2, and hc = 200 m, providing enhanced vertical 

resolution in the upper ocean where strong gradients 

of temperature and salinity occur.  
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Model simulations were conducted from 1 
January 2015 to 31 December 2020. The first year 
(2015) was treated as a spin-up period to allow the 
model to reach a dynamically balanced state before 
analysis. Model integration was performed using a 
hot-start approach, in which the model state at the 
end of the spin-up period (2015) was used as the 
initial condition for the main simulation (2016-2020). 
Additional details of the numerical configuration, 
including grid dimensions, vertical discretization, and 
time-stepping parameters, are summarized in Table 1. 
The model generated daily average fields of sea 
surface height, current velocity, temperature, and 
salinity. These outputs were subsequently analyzed to 
investigate seasonal and interannual variability associated 
with different ENSO phases in the Celebes Sea. 

 

Data analysis 
 

The mean and variance were calculated and 

visualized from January 2015 to December 2020 to 

highlight the largest fluctuations in the model outputs 

across the Celebes Sea region. To ensure the 

accuracy and reliability of the model, simulated 

temperature and salinity values were validated 

against Argo float measurements, while sea level 

anomalies were validated using satellite altimetry 

observations.  

 

Water mass circulation in the Celebes Sea was 

analyzed using modeled current results across three 

distinct water mass layers. The depths of these layers 

were determined based on water mass stratification 

thresholds. The mixed layer was defined by criteria of 

∆T < 0.1°C and ∆σθ < 0.02 kg/m³, whereas the 

thermocline layer met ∆T ≥ 0.1°C and ∆σθ ≥ 0.02 

kg/m³ (Prihatiningsih et al., 2021). After identifying 

the vertical extent of each layer across all seasons 

and locations, representative depth levels were selected 

to represent the mixed layer, thermocline, and deep layer, 

respectively, thereby facilitating a comparison of 

circulation patterns across ENSO phases. 

 

Observations were conducted during the 

western and eastern monsoon seasons across years 

representing different ENSO (El Niño–Southern 

Oscillation) conditions. The selected years were 

determined based on the Oceanic Niño Index (ONI), 

with 2015 representing a strong El Niño event 

Santoso et al. (2017), while 2018 and 2020 

representing weak and moderate La Niña conditions, 

respectively (Alfiqri et al., 2024). The western 

monsoon season was represented by December, 

January, and February (DJF), whereas the eastern 

monsoon season was represented by June, July, and 

August (JJA). Vertical and temporal variations in 

temperature and salinity at the observation stations 

were analyzed and visualized using Hovmöller 

diagrams. 

 

Pearson correlation analysis was used to 

quantify the relationship between ENSO variability 

and current velocity in the Celebes Sea. The analysis 

was performed using monthly ENSO index values and 

current velocity at representative depths of 5 m, 93 

m, and 250 m, corresponding to the mixed layer, 

thermocline layer, and deep layer, respectively. To 

investigate the seasonal dependence of ENSO 

forcing, the correlation analysis was conducted 

separately for the northwest monsoon (DJF), first 

transition season (MAM), southeast monsoon (JJA), 

and second transition season (SON). Correlation 

coefficients (r) and associated p-values were 

calculated to evaluate the strength and statistical 

significance of the relationships. 

 

Model validation 

 

The outputs of the CROCO model were 

validated against satellite observation data. 

Validation data were extracted from Sea Level 

Anomaly (SLA) points for the period 2015-2020 

(Figure 1). The root mean square error (RMSE) and 

correlation coefficient (r) were computed between the 

model results and observational data. A correlation 

between coefficient value approaching one indicates 

strong agreement between the model outputs and 

observations. 
 

 
Table 1. Main parameters used in the CROCO model configuration 

 

Parameter Value Units Description 

LLmO 144 grid points Number of horizontal grid points in the XI-direction 

MMmO 132 grid points Number of horizontal grid points in the ETA-direction 

N 40 levels Number of vertical sigma levels 

dt 120 s Baroclinic model time step 

NFAST 80 dimensionless Number of barotropic time steps per baroclinic time step 

hc 200 m Critical depth parameter of the vertical S-coordinate system 

θs 7 dimensionless Surface stretching parameter of the vertical S-coordinate system 

θb 2 dimensionless Bottom stretching parameter of the vertical S-coordinate system 
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Figure 1. Study Area in Celebes Sea.  Red stars and yellow plus signs indicate validation points, divided into temperature–salinity 

and SLA datasets. Observational data are shown as black dots. Point A represents the northern connection to the Sulu 

Sea, Point B the southern pathway to the Makassar Strait, and Point C the eastern opening toward the North Pacific. 

 

 

The annual and seasonal SLA fluctuation 

patterns from the CROCO model closely follow those 

observed in the DUACS dataset, with some 

differences in amplitude during specific periods. For 

instance, during 2015-2016, both the CROCO model 

and DUACS data exhibit a sharp decline in SLA. From 

mid-2017 to early 2018, a significant increase in SLA 

is evident in both datasets. In contrast, late 2018 and 

late 2019 show a renewed decrease, though less 

pronounced than the 2015-2016 period. These rising 

and falling SLA patterns in both datasets are 

attributed to climatological fluctuations, particularly 

ENSO events that occurred throughout 2015-2020. 

 

Figure 3 illustrates the comparison between 

model results and observational data for the three 

primary variables: SLA, temperature, and salinity. The 

correlation coefficients for all variables demonstrate 

a strong relationship, ranging from 0.7 to 0.99. This 

confirms that the CROCO model effectively 

reproduces fluctuations in sea level, temperature, 

and salinity driven by climatological changes, with 

commendable performance. Supporting this, the root 

mean square differences (RMSD) remain relatively 

low: less than 0.04 m for SLA, 2°C for temperature, 

and 0.38 PSU for salinity 

 

Result and Discussion 
 

The comparison between CROCO model 

simulation data and observational data (Argo floats) 

is presented in Figure 4. Model data were extracted 

from the grid point closest to the Argo float locations 

and adjusted to match the temporal and depth 

resolutions of the observations, ensuring 

comparability between the two datasets. Vertical 

profiles of temperature and salinity reveal a strong 

agreement in patterns between the CROCO model 

outputs and Argo float data, despite some deviations 

at certain depth ranges. 

 

Across the entire cycle, the CROCO model's 

vertical temperature profiles exhibit consistent 

patterns with those from Argo floats, indicating the 

model's accuracy in replicating vertical temperature 

variability. In contrast, salinity profiles show 

discrepancies in specific cycles, such as cycles 3 and 

152. These differences primarily occur in the surface 

layer, which is highly influenced by external factors 

including river runoff, precipitation, evaporation, and 

others. The overall consistency in vertical structures 

of temperature and salinity between model results 

and observations underscores the CROCO model's 

reliability in representing the water column 

conditions. Achieving high accuracy for these 

variables is crucial, as they are key to identifying 

circulation patterns and water mass characteristics in 

the study region. 

 

Mean and variance of the oceanographic 

parameters 
 

Observations of water mass circulation 

variability in the Sulawesi Sea were conducted using  
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Figure 1. Comparison between SLA data from the CROCO model (red solid line) and observed SLA from DUACS (blue dashed 

line). 

 

 

 

Figure 2. Taylor diagram parameters for (a) SLA, (b) temperature, and (c) salinity comparing model results with observational 

data. 

  

 
modeled current results across three distinct water 

mass layers: the mixed layer (depth -5 m), the 

thermocline layer (-93 m), and the deep layer (-150 

m) (Figure 4). The selection of these depths was 

based on water mass stratification using standard 

temperature and salinity thresholds (density 

difference >0.1 kg/m³). The analysis focused on the 

west and east monsoon seasons during ENSO (El 

Niño-Southern Oscillation) years, namely 2015 

(strong El Niño), 2018 (weak La Niña), and 2020 

(moderate La Niña). The ENSO phenomenon plays a 

crucial role in modulating wind patterns and water 

mass circulation in the region. 

 

In general, current patterns in the Celebes Sea 

exhibit clear seasonal differences. During the western 

monsoon, surface currents predominantly originate 

from the Sulu Sea, entering the area through the 

narrow Sulu Archipelago channels at high speeds of 

up to ~1 m.s-1, and remain consistent throughout the 

season across all years. In contrast to the surface 

layer, thermocline currents from the Sulu Sea and 

Pacific Ocean exhibit similar speeds, except during 

the western monsoon of 2015 when Pacific currents 

were very weak (0-0.15 m.s-1). This is associated with 

the strong El Niño event that year, which weakened 

the ITF transport along its pathway (Mahie, 2005). 

Conversely, during the western monsoon of 2018 

(weak La Niña), thermocline currents from the Pacific 

reached the highest speeds compared to 2015 and 

2020, driven by the enhancement of the warm pool 

in eastern Indonesia (Safitri et al., 2012). 

Trisnakusumawati et al. (2022) further note that La 

Niña strengthens pressure gradients, leading to 

stronger trade winds and intensified currents relative 

to normal conditions. 

 

During the eastern monsoon, inflows from the 

Pacific Ocean to the Sulawesi Sea tend to increase in 

speed, consistent with findings by Atmadipoera et al. 

(2016) that ITF transport through the Makassar Strait 

is stronger in this season compared to the western 

monsoon. In contrast, inflows from the Sulu Sea 

decrease, influenced by dominant tropical monsoon 

winds that govern its circulation (Hapsari et al., 

2021). Variations in current direction and speed in 

the Sulawesi Sea are also affected by the Sulu Sea 

circulation patterns, which depend on seasonal wind 

changes. 

 

The influence of ENSO on Pacific inflows to the 

Sulawesi Sea is particularly evident during the 2015-

2020 period. During the strong El Niño of 2015, 

current speeds across all three layers reached their  
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Figure 3. Comparison between the Croco model (red solid line) and Argo Floats (blue dashed line) including Cycle 3, Cycle 109, 

Cycle 128, Cycle 152, and Cycle 185 

 

 

lowest values, while the moderate La Niña of 2020 

resulted in stronger current speeds. Ratnasari et al. 

(2017) affirm that ENSO modulates current volume 

transport in Indonesian waters: weakening during El 

Niño and strengthening during La Niña. Analysis of 

means and variances indicates that the highest 

current speed variability occurred in the thermocline 

layer during ENSO transitions (standard deviation 

~0.2-0.5 m.s-1), reflecting the region's sensitivity to 

global climate variability. 

 

Vertical and temporal variations of temperature and 

salinity 

 

Figure 5 and Figure 6 illustrate the vertical and 

temporal distributions of modeled temperature and 

salinity at three key observation points: Point A (Sulu 

Sea - Sulawesi Sea connection), Point B (ITF outflow 

pathway), and Point C (ITF inflow pathway). 

Temperature (Figure 5) in the surface layer shows 

high values with significant fluctuations, whereas 

deeper layers tend to be lower and more stable. The 

fluctuations in surface temperature reflect direct 

influences from atmospheric variability, such as 

seasonal winds and solar radiation (Martin et al., 

2021). According to (Suhana, 2018), surface 

seawater temperature is directly affected by several 

meteorological conditions, including wind speed, 

solar radiation intensity, humidity, evaporation, and 

rainfall. The stability and constancy of temperature in 

deeper layers result from minimal influence of 

currents operating at those depths (Sidabutar et al., 

2014; Song et al., 2024). 

 

At Point A, surface layer temperatures are 

generally higher compared to the other two points. 

Throughout 2015-2020, temperatures at Point A 

consistently ranged from 30-31°C, despite 

influences from climatological changes. This is 

attributed to the inflow of water masses with high-

temperature characteristics from the Sulu Sea, which 

is directly connected to the South China Sea 

(Triyulianti et al., 2018). In contrast, at Point C, 

surface temperatures are more strongly influenced by 

climatological variability and the movement of water 

masses from the Pacific Ocean. During El Niño 

events, surface temperatures at Point C decrease, 

while they increase during La Niña events. Alfiqri et al. 

(2024) note that the Sulawesi Sea serves as an entry 

point for water masses from the Pacific Ocean, 

making its water mass characteristics highly 

susceptible to phenomena occurring in the Pacific, 

including ENSO. Meanwhile, temperatures at Point B 

fall between those at Points A and C. Over the 2015- 
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Figure 4. Seasonal mean spatial distribution (DJF representing the northwest monsoon and JJA representing the southeast 

monsoon) of currents in the Celebes Sea during ENSO years at the surface layer, thermocline layer, and deep layer, 

including: 2015 (El Niño phase), 2018 (La Niña phase), and 2020 (Netral phase). 
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Figure 5. Hovmoller Diagram of vertical temperature with thermocline layer indicator line. 

 

 

2020 period, surface temperatures at Point B showed 

moderate fluctuations, influenced by climatological 

changes but to a lesser extent than at Point C. 

 

Temporally, temperatures at all depths 

fluctuate in response to climatological phenomena. 

During the strong El Niño of 2015-2016, warm water 

masses at all three points experienced shoaling, 

marked by an upward shift in the thermocline layer. 

As it transitioned to a weak La Niña phase in late 

2016 and early 2018, warm water masses deepened 

compared to neutral conditions observed at the end 

of 2019. This deepening of warm water masses also 

occurred during the moderate La Niña phase at the 

end of 2020, with the thermocline layer positioned 

deeper than under neutral conditions. These vertical 

temperature distribution changes demonstrate that 

global climate variability, such as El Niño and La Niña, 

directly impacts water mass structure and 

temperature distribution in the Sulawesi Sea (Hadi et 

al., 2012; Hutabarat et al., 2018). 

 

Regarding salinity, values at Point A (the region 

connecting the Sulawesi Sea to the Sulu Sea) are 

lower than at Point C (the ITF inflow region), 

particularly from 0 to 200 m depth. At the surface of 

Point A, salinity values ranging from 32.5-34.5 PSU 

are consistently distributed over time. The low salinity 

at Point A is due to the inflow of low-salinity water 

masses from the Sulu Sea into the Sulawesi Sea (Li 

and Zhang, 2023). Higher salinity episodes occur 

during short periods, such as the strong El Niño at the 

end of 2015, the transition phase following the strong 

El Niño in 2016, and the onset of a weak El Niño at 

the end of 2018. 

 

At the surface layer of Point C, salinity values 

tend to fluctuate in response to climatological 

conditions. During the strong El Niño in 2015, surface 

salinity at Point C ranged from 33 to 34.8 PSU, 

whereas during the moderate La Niña at the end of 

2020, it decreased to 33-33.9 PSU. High salinity 

values at Point C, ranging from 34.8 to 35 PSU, are 

widely distributed and consistently follow 

climatological changes. The tendency for higher and 

more fluctuating salinity at Point C is influenced by 

the inflow of water masses from the Pacific Ocean 

(Triyulianti et al., 2018; Toding et al., 2022). 

 

At Point B (the ITF outflow gateway), salinity 

exhibits a unique pattern compared to Points A and C. 

In the surface layer (0 to -50 m), salinity values at 

Point B generally range between those at Points A and 

C, namely 33 to 34.5 PSU. This pattern remains 

relatively stable over time, with only minor 

fluctuations linked to global climatological changes 

such as El Niño and La Niña. Variations in Sulawesi 

Sea salinity at Point B may be caused by mixing 

processes of water masses (Yuliardi et al., 2022). 
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Table 2. Seasonal Pearson correlation coefficients (r) and significance levels (P) between the ENSO index and current velocity at 

different depth layers 

 
Musim 5 m (r,P) 93 m (r,P) 250 m (r,P) 

DJF 0.541 ; 0.020 0.094 ; 0.710 -0.631 ; 0.005 

MAM -0.343 ; 0.163 -0.475 ; 0.046 -0.449 ; 0.062 

JJA -0.330 ; 0.181 -0.629 ; 0.005 -0.698 ; 0.001 

SON -0.290 ; 0.242 -0.088 ; 0.728 -0.287 ; 0.248 

* Values in bold represent significant correlations (P < 0.05). 

 

 

 

Figure 6. Hovmoller Diagram of vertical salinity with thermocline layer indicator line 

 

Seasonal influence of ENSO on current velocity 

across different depth layers 
 

The correlation analysis indicates that the 

influence of ENSO on current velocity in the Celebes 

Sea varies seasonally and becomes stronger with 

increasing depth. Significant correlations were mainly 

observed in the thermocline (93 m) and deep layer 

(250 m), whereas the surface layer (5 m) generally 

exhibited weaker relationships with ENSO variability. 

This pattern suggests that subsurface circulation is 

more responsive to large-scale climate forcing than 

surface circulation (Hariyadi et al., 2021). 

 

The strongest ENSO signal occurred during the 

southeast monsoon (JJA), when significant negative 

correlations were found at 93 m (r = -0.629, P < 0.01) 

and 250 m (r = -0.698, P < 0.01) (

). These results indicate that El Niño conditions 

tend to weaken subsurface currents, while La Niña 

conditions strengthen them. Such behavior is 

consistent with the modulation of the ITF, which 

weakens during El Niño due to a reduced Pacific–

Indian Ocean pressure gradient and intensifies during 

La Niña when the pressure gradient increases (Mao 

et al., 2025). 

 

In contrast, the surface layer showed a 

significant positive correlation only during DJF (r = 

0.541, P < 0.05), suggesting a stronger influence of 

seasonal monsoon forcing on near-surface 

circulation. The stronger correlations observed at 93 

m and 250 m imply that ENSO variability is primarily 

transmitted through the thermocline and deeper 

layers, which represent the main pathway of ITF 

transport (Sprintall and Révelard, 2014). Overall, 

these findings show that the Celebes Sea circulation 

response to ENSO has a clear vertical structure, with 

the strongest influence in the subsurface layers 

during the southeast monsoon.
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Conclusion 

 
The CROCO 1/16° simulation results were 

successfully validated against satellite observations 

and Argo float data, demonstrating strong agreement 

in sea level, temperature, and salinity and confirming 

the robustness of the numerical framework. During 

2015–2020, ENSO variability strongly influenced 

circulation and water-mass characteristics in the 

Celebes Sea. The strong El Niño in 2015 weakened 

current velocities, particularly within the thermocline 

layer, due to reduced ITF transport, whereas the 

moderate La Niña in 2020 enhanced current speeds 

through strengthened trade winds and warm pool 

development in eastern Indonesian waters. El Niño 

conditions were associated with lower temperatures 

and higher salinity, while La Niña phases exhibited 

higher temperatures and reduced salinity across all 

observation points. These coherent thermohaline 

responses highlight the close coupling between large-

scale climate variability and local ocean dynamics. 

Overall, this study provides additional insights into 

the three-dimensional circulation and water mass 

variability of the Celebes Sea under contrasting ENSO 

conditions, emphasizing the value of high-resolution 

regional modeling for understanding upstream 

controls of the ITF and their implications for regional 

marine systems. 
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