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Abstract. Sea surface temperature (SST) thermal fronts in eastern 
Indonesian waters are strongly modulated by monsoonal winds and regional 
interactions. Previous studies have mainly focused on the northern Arafura 
Sea and the Banda Sea, where strong upwelling and large-scale circulation 

dominate. In contrast, the southwestern Arafura Sea relatively understudied, 
despite its shallow continental shelf and strong exposure to seasonal 
monsoonal winds and ENSO-related climate variability. This study 
investigated the spatial and temporal variability of SST thermal fronts in the 
southwestern Arafura Sea under contrasting monsoonal phases and ENSO 
conditions. OSTIA product used to calculate horizontal SST gradients as 
indicators of surface thermal fronts, while wind forcing was analyzed using 
ERA5 reanalysis data. The results indicate that monsoonal circulation exerts 

the primary control on the intensity and distribution of SST thermal fronts, 
with ENSO acting as a secondary modulator. During the Southeast 
Monsoon, stronger southeasterly winds and enhanced surface cooling 
generate more intense and widespread frontal activity, particularly during 
La Niña events. In contrast, frontal signatures weaken during the Northwest 
Monsoon, when wind forcing and upwelling are reduced. These findings 
highlight the combined influence of seasonal monsoonal forcing and large-
scale climate variability on SST thermal front dynamics in the southwestern 
Arafura Sea. 
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1 Introduction 

The Arafura Sea, located between Papua and northern Australia, forms part of the Indonesian 

Seas system that connects the Pacific and Indian Oceans through the Indonesian Throughflow 

(ITF) [1]. As a semi-enclosed basin within the Maritime Continent, this region is highly 

dynamic and influenced by complex interactions between seasonal monsoon reversals, 

ocean–atmosphere coupling, and interannual climate variability, such as the El Niño–
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Southern Oscillation (ENSO) [2, 3]. These processes play a crucial role in regulating the heat 

and mass exchange within the Indo-Pacific, making the Arafura Sea an important but 

relatively understudied component of the regional circulation system. 

 Seasonal wind regimes strongly control the spatial and temporal distributions of sea 

surface temperature (SST) and surface circulation in the Arafura Sea [4]. During the 

Southeast Monsoon (June–August), persistent southeasterly trade winds enhance surface 

cooling, drive coastal upwelling along the continental shelf, and increase the horizontal 

temperature gradients. In contrast, the Northwest Monsoon (December–February) is 

characterized by northwesterly winds that promote stratified warmer surface layers and 

weaker horizontal gradients [5, 6]. These alternating wind systems create favorable 

conditions for frontogenesis, where water masses with contrasting thermal properties 
converge to form thermal fronts. A thermal front develops when two water masses interact, 

resulting in a steep horizontal temperature gradient that can be readily detected using 

satellite-derived SST data [7] 

 Thermal fronts are narrow transition zones characterized by strong horizontal 

temperature gradients that separate distinct water masses [8, 9]. They are key indicators of 

physical and biogeochemical processes in the ocean, and are often associated with enhanced 

vertical mixing, convergence, and nutrient enrichment [10, 11]. In open-ocean environments, 

temperature gradients typically range from 0.05–0.2 °C/km for weak fronts to more than 0.5 

°C/km for strong ones [9, 10]. However, the magnitude and persistence of these gradients 

can vary substantially, depending on the local hydrographic conditions and spatial scale. 

 Despite its physical significance, the frontal structure of the Arafura Sea remains poorly 

characterized. Previous studies have mainly focused on SST variability, monsoonal 
upwelling, and chlorophyll distributions [5, 13, 14, 15], whereas the direct relationship 

between monsoonal wind forcing and thermal front dynamics has received little attention 

[16, 17]. Moreover, fine-scale mapping of thermal fronts in this shallow tropical sea is 

constrained by the scarcity of long-term high-resolution SST observations. 

 Thermal fronts are commonly identified by applying a gradient threshold to SST fields 

and delineating zones of significant horizontal temperature contrasts. Thresholds such as 0.04 

°C/km [12] or 0.5 °C/km [18] are often used to distinguish fronts from background 

variability. While this approach is effective in open-ocean settings with relatively stable 

stratification, its application in shallow, tidally mixed regions, such as the Arafura Sea, can 

be problematic due to strong spatial and temporal variability in SST gradients driven by tidal 

mixing, surface heating, and transient wind forcing. Thus, the use of a fixed threshold may 
underestimate or overestimate the true extent and strength of frontal zones. 

 To address these limitations, the present study adopts a relative-gradient approach that 

focuses on spatial and temporal changes in the SST gradient magnitude rather than applying 

a universal threshold. This method allows for a more adaptive identification of potential 

thermal front zones, capturing fine-scale frontal variability under dynamic hydrographic 

conditions. Furthermore, by analyzing data from three representative ENSO phases, this 

study investigated how large-scale climate variability modulates monsoonal influences on 

thermal front development. The results provide new insights into the mechanisms driving 

frontal variability in the southwestern Arafura Sea and contribute to a better understanding 

of ocean–atmosphere interactions within the eastern Indonesian seas. 
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2 Data and method 

2.1 Study area 

Observations were conducted to determine the presence and potential of a thermal front in 

the southwestern part of the Arafura Sea [longitude: 130°E – 132°E and Latitude: 7.8° S – 

9.2°S)].  This region is directly influenced by the seasonal monsoon system and outflow of 

the Indonesian Throughflow (ITF). However, despite its important role as a transitional zone 

between the Pacific and Indian Oceans, studies on the occurrence and variability of thermal 

fronts in the Arafura Sea remain limited and require comprehensive investigation. Below 

(Fig.1) shows the study area with the station from the CTD observations, which one of the 

station will be used as validation for reanalysis data.  

 

Fig. 1. Study area in southwestern Arafura Sea. 

2.2 Data  

The observation period occurred during the eastern monsoon, specifically from June to 

August, with a reference year based on the Niño index of 3.4. The years used were 2010 (La 

Niña), 2020 (normal), and 2015 (El Niño). The data used included Sea Surface Temperature 

(SST) data taken from the OSTIA product downloaded in NetCDF format through 
Copernicus Marine Environment Monitoring Service (CMEMS) with DOI: 

https://doi.org/10.48670/moi-00165 in the form of daily data, which was then averaged over 

months with a resolution of 0.05° × 0.05°. There were also supporting data, such as wind in 

the form of vectors U0 and V0 downloaded in NetCDF format through CMEMS with a spatial 

resolution of 0.25° and the same resolution for the horizontal with DOI: 
https://doi.org/10.48670/moi-00181, as well as the wind resulting in the calculation of the 

magnitude of wind. The tools used in the processing and analysis of data in this study are 
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several programs, such as PyFerret, Python, and JupyterLab Notebook for visualization. All 

data were already validated with the CTD that was taken in the study area using Taylor 

Diagram Methods. From all CTD stations deployed during the survey, Station 7 was chosen 

for analysis. The standard deviations of the observed and reanalysis data were 6.99 and 7.37, 

respectively, indicating strong similarity and supporting the representativeness of the 

reanalysis dataset. 

2.3 Method 

Fronts were identified using gradients according to [19]. Based on a study by [20], the authors 

compared this method with other methods that apply different thresholds. In this technique, 

the magnitude of the spatial temperature gradient (Grad x, y) is first calculated using the 

Kostiano approach as follows: 

 

Gradx,y = √(
∂SST

∂𝑥
)
2

+ (
∂SST

∂𝑦
)
2

     (1) 

 

 Previous studies suggested that SST gradients of 0.05° – 0.2 °C/km typically indicate 

weak fronts, whereas gradients exceeding 0.5 °C/km are the characteristic of strong coastal 

or shelf fronts [8, 9, 21]. However, in tropical open-ocean environments, such as in this study 

area, the temperature contrasts are generally smaller owing to strong vertical mixing and 

warm background SST [11]. Therefore, a relative gradient threshold (<0.05 °C/km) was 

applied to detect weak but spatially coherent thermal fronts, consistent with the scale of 

variability observed in similar tropical waters [17] Meanwhile, for wind data, only vector 

plots were created to show the direction of the wind, which will be used to determine the 

temperature gradient that caused the front. 

3 Result and discussion 

3.1 Influence of wind variability 

Seasonal wind variability plays a central role in shaping the formation and evolution of 

thermal fronts in southwestern Arafura Sea. The regional wind system is characterized by 

strong southeasterly trades during the Southeast Monsoon (June–August) and weaker 

northwesterly winds during the Northwest Monsoon (December–February). These 

alternating wind regimes modulate sea surface temperature (SST) gradients by altering the 

balance between surface cooling, vertical mixing, and horizontal advection [4, 5]. 
 The wind field over the southwestern Arafura Sea exhibited distinct seasonal and 

interannual variability associated with the Asian–Australian monsoon system and ENSO 

phases (Fig. 5). During the Northwest Monsoon (December–February), the prevailing winds 

blow from the northwest, transporting warm, low-salinity waters from the Banda and Timor 

Seas toward the Arafura Sea. In contrast, during the Southeast Monsoon (June–August), the 

dominant southeasterly winds enhance surface cooling and coastal upwelling through Ekman 

divergence along the southern margin of the Arafura platform [11, 22].  
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Fig. 2. Monthly wind direction and speed over the southwestern Arafura Sea during La Niña year 2010 
(December 2009 – August 2010) derived from ERA5 reanalysis data. The southeasterly winds dominate 
during the Southeast Monsoon (June–August), while northwesterly winds prevail during the Northwest 
Monsoon (December–February). 

 In the La Niña year (2010), the wind intensity was relatively strong throughout both 

monsoonal phases, with enhanced southeasterly winds during the Southeast Monsoon (June–

August) (Fig. 2). This pattern likely strengthened the surface cooling and increased SST 

gradient magnitudes, consistent with the enhanced heat flux and wind-driven mixing [11]. 

Conversely, during the El Niño year (2015), the southeasterly winds intensified further and 

persisted longer in the transition months (Fig. 3). The stronger southeasterly flow during El 
Niño suppresses warm-water advection from the north and amplifies cooling near the shelf 

edge, which supports the formation of thermal fronts [23, 24].  

 

Fig. 3. Monthly wind direction and speed during El Niño year 2015 (December 2014 – August 2015). 
Weaker northwesterly winds during the Northwest Monsoon and intensified southeasterlies in the 
Southeast Monsoon period reflect the enhanced monsoonal contrast typically associated with El Niño 
conditions. 

Meanwhile, the neutral-condition year (2020) displayed relatively weaker and less 

organized wind patterns (Fig. 4). The reduced wind forcing likely contributed to the weaker 
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horizontal SST gradients observed during this period, suggesting a diminished role of 

surface-driven mixing compared with ENSO years. A similar behavior has been observed 

across the eastern Indonesian seas, where the modulation of monsoonal winds by ENSO 

significantly alters the upper-ocean thermal structures [25]. 

 

Fig. 4. Monthly wind direction and speed during Normal year 2020 (December 2019 – August 2020). 
Wind intensity and direction display a more transitional pattern between the monsoons, indicating 
weaker atmospheric forcing relative to ENSO years. 

During the Southeast Monsoon, enhanced southeasterly winds drive offshore Ekman 

transport, leading to the divergence of surface waters and upwelling of cooler subsurface 

layers along the Arafura Shelf [6]. This process sharpens the horizontal temperature gradients 

and strengthens the thermal front signatures, particularly near the Saumlaki region and the 

western margin of the Arafura Sea. The strong correspondence between upwelling-favorable 

wind stress and elevated |∇SST| values during this period indicates a wind-driven 

frontogenesis mechanism, consistent with regional circulation models [2].  

Conversely, during the Northwest Monsoon, northwesterly winds promote the inflow of 

warm, low-salinity waters from the Banda and Timor Seas, resulting in a deepened 

thermocline and a reduced vertical temperature contrast. Under these conditions, SST 

gradients weaken (<0.008 °C km⁻¹), and frontal features become less distinct. The spatial 

distribution of wind stress during this period (Fig.7) clearly illustrates the dominance of 

onshore wind components, which suppressed upwelling and thermal homogenization of the 

surface layer. 

The ENSO further modulates these wind-driven processes. During La Niña, intensified 

southeasterly trades amplify upwelling and increase |∇SST| magnitude, while El Niño years 
are marked by weakened winds and diminished frontal activity. This linkage between 

atmospheric forcing and the SST gradient structure underscores the dynamic coupling 

between local monsoon circulation and basin-scale ENSO variability. The sensitivity of the 

Arafura Sea to these wind anomalies highlights its role as a transitional zone within the Indo-

Pacific system, where even modest shifts in wind direction or strength can alter the frontal 

intensity and distribution [2, 3]. 

3.2 Spatial and temporal distribution of thermal fronts 

The spatial and temporal variabilities of the thermal fronts in the southwestern Arafura Sea 

exhibited distinct seasonal patterns and interannual modulation by ENSO events (Fig. 5). 
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During the Northwest Monsoon (December–February), the SST gradient magnitude 

(|∇SST|) remains weak (<0.008 °C km⁻¹), indicating minimal surface temperature contrast 

due to intense stratification and weak wind stress. Northwesterly winds transfer warm 

surface water from the Banda Sea, suppressing vertical mixing and reducing the formation 

of horizontal thermal gradients. This seasonal pattern aligns with the deepened thermocline 

and warm surface layer previously observed during the monsoon reversal [4]. 

In contrast, during the Southeast Monsoon (June–August), |∇SST| the areas increase, 

particularly along the continental shelf near Saumlaki and the western Arafura. Southeasterly 

trade winds enhance offshore Ekman transport and promote upwelling of cooler subsurface 

water, sharpening temperature contrasts and strengthening frontal zones [5, 6]. The observed 
patterns correspond to intensified wind-driven cooling and baroclinic adjustment, consistent 

with monsoon-related upwelling processes across the Banda–Arafura transitional zone [5, 4].  

During the transition between monsoons, the response of thermal fronts is further 

influenced by the interplay between the local wind forcing and background oceanic 

variability associated with ENSO. The persistence of weak SST gradients during the 

Northwest Monsoon and their enhancement during the Southeast Monsoon suggests that 

regional frontogenesis is primarily wind-driven rather than buoyancy-controlled. However, 

variations in background stratification associated with ENSO can modulate this response. In 

the shallow Arafura Sea, wind-driven mixing and surface heat fluxes play a dominant role, 

while ENSO-related changes in subsurface structure may influence vertical temperature 

gradients without directly controlling upwelling efficiency [25]. This interaction between 
monsoon wind stress and ENSO-driven thermocline adjustment creates a temporally shifting 

frontal structure that governs thermal variability across the region. To illustrate the seasonal 

contrast in the thermal front distribution (Fig. 5), the monthly SST gradient magnitude 

(|∇SST|) during the 2009–2010 La Niña period was calculated. The figure clearly shows 

stronger and more extensive frontal zones during the Southeast Monsoon (June–August), 

whereas weaker gradients dominate during the Northwest Monsoon (December–February). 

 

Fig. 5. Monthly distribution of sea surface temperature (SST) gradient magnitude (|∇SST|, °C km⁻¹) in 
the southwestern Arafura Sea during December 2009 – August 2010 (La Niña period). Large area fronts 
gradients appear during the Southeast Monsoon (June–August), indicating enhanced frontal activity 
linked to upwelling and intensified southeast trades. Cooler gradients during December–February 
correspond to the Northwest Monsoon with weak mixing and warm stratified waters. 

Interannual analysis revealed that the ENSO phases strongly modulate the strength and 

extent of the thermal fronts. During La Niña 2010, the enhanced southeast trade and 

shallower thermocline intensified upwelling and produced relatively stronger SST gradients 

along the southern shelf [11]. Conversely, El Niño 2015 weakened the trade and elevated 
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SSTs, leading to more diffuse fronts and a northward shift in frontal activity. Under neutral 

conditions in 2020, moderate frontal features reemerged, suggesting a transitional phase 

influenced by both local wind forcing and residual thermocline anomalies. This indicates that 

ENSO affects the regional energy balance and stratification, thereby altering the 

frontogenesis intensity across monsoon cycles. 

The spatial pattern of the SST gradients during the 2014–2015 El Niño period (Fig. 6) 

contrasts markedly with the La Niña year. The gradients appeared more diffuse and weaker, 

suggesting that the anomalously warm and stratified surface layer during El Niño suppressed 

frontogenesis and vertical mixing in the region. 

 

Fig. 6. Monthly distribution of SST gradient magnitude (|∇SST|, °C km⁻¹) in the southwestern 
Arafura Sea during December 2014 – August 2015 (El Niño period). SST gradients weaken (< 0.008 
°C km⁻¹) relative to La Niña conditions, with fronts shifting northward and becoming more diffuse. 
Reduced trade-wind intensity and elevated SSTs suppress frontogenesis, consistent with El Niño-
related thermocline deepening. 

The shallow shelf geometry of the Arafura Sea facilitates intense vertical mixing, which 

tends to homogenize the upper water column and weaken the horizontal temperature 

contrasts. During the southeast monsoon (JJA), strong southeasterly winds enhance the 

Ekman divergence and localized upwelling along the shelf break [14]. However, this 

upwelling signal is often masked at the surface by turbulent mixing and rapid surface heating 

under high insolation, resulting in relatively subtle SST gradients compared to deeper oceanic 

upwelling zones, such as the Banda or Timor Seas [11, 26]. 

Furthermore, the frontogenesis mechanisms in the southwestern Arafura Sea are 
temporally modulated by the ENSO. During El Niño events, weakened northwest monsoon 

winds and reduced convective activity enhance SST and stratification differences across the 

shelf, occasionally sharpening frontal boundaries [10, 22]. Conversely, La Niña conditions 

intensify the northwest monsoon winds and freshwater inputs from the Aru and Papua 

regions, increasing the surface mixing and diminishing the horizontal temperature gradient. 

Because of this high temporal variability, applying a fixed thermal front threshold (e.g., 

0.04 °C km⁻¹) may not accurately capture the evolving frontal patterns in such semi-enclosed 

tropical systems. Instead, this study adopted a relative-variability approach, emphasizing the 

spatial change in ∇SST to identify fine-scale fronts under variable forcing, thus, a threshold 

of 0.008 °C km⁻¹ was selected after evaluating the regional ∇SST variability, ensuring that 
the identified fronts reflect the intrinsic thermal structure of the study area. This adaptive 

technique has proven effective for shelf seas with strong wind and tidal interactions, such as 

the Arafura and Timor Seas [23]. The SST gradient magnitudes in the Arafura Sea are weaker 
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than those typically reported in open-ocean environments, where gradients can exceed 0.5 

°C km⁻¹ [9, 12]. The relatively small gradients observed here (<0.02 °C km⁻¹) reflect the 

shallow bathymetry, strong tidal mixing, and transient wind forcing that characterize the 

Arafura shelf [15].  

Overall, these findings emphasize that monsoon-driven wind stress, ENSO-related 

atmospheric variability, and tidal processes jointly regulate the formation and dissipation of 

the thermal fronts in the Arafura Sea. The weak yet dynamic gradients observed highlight the 

tight coupling between the surface processes and subsurface thermocline fluctuations, which 

are further modulated by cross-shelf exchange and boundary currents from the Banda Sea 

[11, 22].  

 

Fig. 7. Monthly distribution of SST gradient magnitude (|∇SST|, °C km⁻¹) in the southwestern 
Arafura Sea during December 2019 – August 2020 (neutral to weak La Niña conditions). Moderate 
gradients (0.008 °C km⁻¹) reappear along the continental shelf near Saumlaki during the Southeast 
Monsoon, reflecting transitional wind forcing and partial recovery of upwelling intensity. 

4 Conclusions 

These findings reveal that wind variability plays an important role in modulating the thermal 

structure and circulation in the Arafura Sea. During the southeast monsoon, strong 

southeasterly winds enhance Ekman divergence and upwelling along the shelf, intensifying 

surface cooling and frontogenesis, whereas the northwest monsoon weakens these processes, 
allowing stratification to dominate. This monsoon-driven alternation governs the regional 

exchange between the Banda and Arafura Seas, linking local shelf dynamics to broader 

Indonesian Throughflow variability. These results emphasize that even subtle shifts in 

monsoon intensity can significantly influence the physical state and water mass distribution 

across this transitional oceanic system. 
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