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Abstract. This study developed an anomaly-based framework to map potential fishing zones (PFZs) 
in the Makassar Strait from satellite-derived sea surface temperature (SST) and chlorophyll-a (Chl-
a) during 2022–2024. Daily GCOM-C/SGLI Level-3 Version 3 products were quality-masked, 
converted to physical units, aggregated to a 0.1° × 0.1° grid, and summarized as monthly 
composites. Monthly anomalies were then calculated relative to a month-specific three-year 
climatology. PFZs were defined as pixels simultaneously showing high Chl-a anomalies, represented 
by the 80th percentile of the spatial distribution of the temporal mean anomaly field, and relative 
cooling (SST anomaly ≤ 0). Monthly PFZ area ranged from 4,658 to 144,923 km², with a mean of 
52,606 ± 33,834 km², whereas PFZ area fraction ranged from 0.012 to 0.352, with a mean of 0.130 
± 0.084. Seasonally, PFZs were most extensive during JJA (mean 66,973 km²; fraction 0.161) and 
least extensive during DJF (43,046 km²; fraction 0.112). Recurrent PFZ hotspots were concentrated 
in the central-southern Makassar Strait and along the eastern sector near the Sulawesi coast, where 
occurrence frequency reached about 58%. Valid-pixel diagnostics showed relatively stable AOI-level 
coverage (SST mean 0.534; Chl-a mean 0.548), indicating that the observed PFZ variability could 
not be explained by data gaps alone. These findings indicate that recurrent PFZs can be interpreted 
as pelagic ecosystem service hotspots that support ecosystem-based fisheries management, 
biodiversity conservation, and the sustainable use of marine resources, while aligning with SDG 14 
(Life Below Water) and the post-2020 global biodiversity framework of the Convention on Biological 
Diversity. 
 
Keywords: Potential Fishing Zone; Ecosystem Services; Pelagic Habitat; Chlorophyll-A 
Anomaly; Makassar Strait 

 

1. Introduction 

Ecosystem-based fisheries management requires spatially explicit knowledge of the 

environmental processes that structure fish habitat. In dynamic tropical seas, pelagic fish do 

not occupy the same locations continuously, but track temporally varying thermal fronts, 

productivity gradients, and water-mass boundaries. Potential fishing zone (PFZ) mapping 

therefore provides an operational way to translate satellite observations into synoptic habitat 

indicators that can support fisheries assessment, exploratory fishing, and dynamic 

management. 

Among satellite-derived variables, SST and chlorophyll-a are two of the most 

informative habitat proxies for pelagic fishes. SST reflects the thermal structure of the surface 
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ocean, frontal activity, and the interaction among water masses, whereas chlorophyll-a 

represents phytoplankton biomass and, by extension, the lower-trophic-level productivity 

that may propagate upward through zooplankton and forage organisms to support pelagic 

predators. Previous fisheries-oceanography studies have repeatedly shown that pelagic fish 

aggregations tend to occur near the joint expression of suitable thermal conditions and 

productive waters (1-4). 

Remote-sensing applications in Indonesian waters also show that tuna and other 

pelagic resources respond to combinations of SST, chlorophyll-a, and dynamically evolving 

habitat structures. In the Makassar Strait, recent fisheries modelling has further confirmed 

that oceanographic variability plays an important role in shaping the distribution of 

exploited pelagic resources (5). These findings support the use of SST and chlorophyll-a as 

first-order indicators for identifying areas with recurrent pelagic habitat potential. 

However, PFZ studies based only on absolute SST or chlorophyll-a values can 

overlook whether observed conditions are genuinely unusual for a given season. In 

monsoon-regulated tropical seas, the environmental background shifts strongly throughout 

the year. A value that appears high in one season may be normal in another. An anomaly-

based framework relative to month-specific climatology is therefore more informative 

because it highlights departures from the expected seasonal state rather than raw magnitude 

alone (6,7). 

Percentile thresholds provide an additional advantage when the environmental 

distribution is skewed or non-normal. Rather than imposing a fixed chlorophyll-a cutoff 

with the same ecological meaning everywhere and at all times, percentile-based thresholds 

adapt to the local anomaly distribution and emphasize relatively persistent high-

productivity conditions. This logic is consistent with broader oceanographic practice, where 

anomaly and percentile approaches are widely used to detect marine extremes and spatially 

coherent habitat features (8,9). 

The Makassar Strait is an especially relevant setting for this approach. It is the primary 

inflow pathway of the Indonesian Throughflow (ITF), linking the tropical Pacific and Indian 

Oceans and shaping regional heat, mass, and nutrient transport (10,11). Recent analyses 

continue to identify the Makassar Strait as the dominant ITF passage and emphasize its 

strong seasonal and interannual variability (12). This circulation interacts with monsoonal 

forcing to generate spatially heterogeneous cooling, mixing, and productivity responses that 

are directly relevant to pelagic fisheries in the region. 

Despite this oceanographic importance, studies that systematically map PFZs in the 

Makassar Strait using monthly environmental anomalies and spatial percentile thresholds 

remain limited. In addition, PFZ studies in tropical waters often under-report the influence 

of cloud-driven data loss, even though incomplete observation coverage can bias the 

interpretation of ocean-color products (13). As a result, there remains a need for a PFZ 

framework that is both ecologically interpretable and explicit about data coverage. 

This study addresses that need by developing a reproducible PFZ-mapping workflow 

based on monthly SST and chlorophyll-a anomalies derived from GCOM-C/SGLI Level-3 

data for 2022–2024. Specifically, the study aims to (1) quantify the seasonal and interannual 

variability of anomaly-based PFZ area and fraction, (2) identify recurrent PFZ hotspots in 

the Makassar Strait, and (3) evaluate whether the inferred PFZ dynamics are robust to data-

coverage variability and reasonable changes in threshold choice. By doing so, the study 

contributes a transparent anomaly-based framework for identifying recurrent pelagic 
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habitat and fishery provisioning ecosystem-service hotspots in a dynamically forced 

Indonesian strait, thereby strengthening its relevance to ecosystem services and 

biodiversity-oriented marine management. 

In the context of environmental sciences, PFZ mapping can also be viewed as a tool 

for assessing the spatial and temporal variability of marine ecosystem services. Areas where 

enhanced productivity and suitable thermal conditions repeatedly co-occur may represent 

zones of elevated fishery provisioning service, while also functioning as dynamic pelagic 

habitats that support trophic transfer and mobile marine consumers. Therefore, identifying 

recurrent PFZs is relevant not only for fisheries operations, but also for ecosystem-based 

management, biodiversity-conscious spatial planning, and the sustainable use of marine 

resources. In addition, anomaly-based habitat indicators can support climate-adaptive 

fisheries management by helping identify dynamic and potentially climate-resilient fishing 

grounds under seasonal variability and long-term ocean change, thereby strengthening 

sustainable fisheries responses to climate variability. 

 

2. Methods 

2.1. Study Area and Analysis Parameters 

The study area covered the Makassar Strait between 115°E–121°E and 5°S–1°N. This 

domain spans the principal ITF pathway and includes the central-to-southern sector where 

seasonal cooling and productivity enhancement are most pronounced. The analysis period 

extended from 1 January 2022 to 31 December 2024 and yielded 36 monthly composites. This 

window was selected to provide a recent and internally consistent three-year record from 

the same product generation while remaining long enough to construct a month-specific 

baseline for anomaly analysis. All SST and chlorophyll-a data were aligned to a regular 0.1° 

× 0.1° geographic grid in WGS 84 (EPSG:4326). PFZ area was calculated using geodesic area 

rather than a constant pixel-area approximation so that latitudinal changes in cell area were 

explicitly accommodated. 
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Figure 1. Map of the study area in the Makassar Strait 

 

2.2 Satellite Data and Pre-processing 

Daily GCOM-C/SGLI Level-3 Version 3 products for chlorophyll-a and SST were used 

in this study. The Version 3 product series has been distributed through the JAXA G-Portal 

since late 2021, and product documentation is provided through the official 

SHIKISAI/GCOM-C information pages (14,15). The SGLI sensor was designed for long-term 

monitoring of oceanic and terrestrial environmental variables, and its SST and ocean-color 

products have been evaluated in several methodological studies (16-18). In this study, 

technical specifications, quality flags, and scale coefficients followed the official JAXA 

documentation for the distributed products (19). 

 

2.3 Water-Pixel Masking 

Marine pixels were separated from land and mixed land-water pixels using the terrain-

type information embedded in the GCOM-C/SGLI quality-assurance (QA) layer. Specifically, 

the two least significant bits were extracted through a bitwise AND operation to identify 

terrain categories. Pixels flagged as water or mostly water were retained, whereas non-marine 

pixels were removed from further analysis. This QA-based masking step is standard practice 

in ocean-color processing because it reduces contamination from land adjacency and invalid 

retrievals and provides a transparent basis for subsequent valid-pixel diagnostics (13,20). 

𝑇(𝑥, 𝑦, 𝑡) = QA(𝑥, 𝑦, 𝑡) & 3  (1) 

In Equation (1),  denotes the quality-assurance value at the pixel with coordinates  at time . 

The symbol  is the bitwise AND operator used to extract the two least significant bits 

representing the terrain-type category. Values of  range from 0 to 3, where 0 and 1 represent 

water and mostly water pixels. The sea mask is defined as a binary function: 

𝑀water(𝑥, 𝑦, 𝑡) = {
1, 𝑇(𝑥, 𝑦, 𝑡) ∈ {0,1}

0, other
  (2) 
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In Equation (2),  equals 1 for marine pixels retained in the analysis and 0 for non-marine pixels 

removed from the analysis. This QA-flag-based masking procedure is standard practice in 

ocean-color processing to ensure observation quality (13,20). 

 

2.4 Conversion of Digital Values to Physical Units 

Digital values in the chlorophyll-a and SST bands were converted to physical units 

using the official product scale coefficients supplied with the Level-3 products (19). This 

conversion was applied before spatial aggregation so that all subsequent statistics were 

computed in physically meaningful units. The converted monthly mean SST values in the AOI 

ranged from 28.978 to 30.133 °C, whereas monthly mean chlorophyll-a ranged from 0.374 to 

0.805 mg m⁻³, confirming that the resulting values fall within a realistic range for tropical 

Indonesian waters. 

Chl(𝑥, 𝑦, 𝑡) = 0.0016 ⋅ CHLA_AVE(𝑥, 𝑦, 𝑡)  (3) 

SST(𝑥, 𝑦, 𝑡) = 0.0012 ⋅ SST_AVE(𝑥, 𝑦, 𝑡) − 10  (4) 

In Equation (3),  denotes chlorophyll-a concentration (), whereas CHLA_AVE(x,y,t) is the 

digital value in the Level-3 band. In Equation (4),  denotes sea surface temperature (°C) 

derived from the digital value SST_AVE(x,y,t). Conversion based on scale coefficients is a 

standard procedure in Level-3 product analysis (13). 

 

2.5 Spatial Resolution Aggregation 

To reduce high-frequency noise and improve the stability of monthly environmental 

fields, daily data were aggregated to the 0.1° × 0.1° analysis grid using an area-weighted mean. 

This approach preserves the contribution of partially overlapping source pixels and is 

preferable to simple nearest-neighbour assignment when integrating gridded satellite 

products with different support areas. Area-weighted aggregation is also consistent with 

standard geospatial reprojection and resampling practice in remote-sensing analysis (21,22). 

𝑉𝑐(𝑝, 𝑡) =
∑ 𝑤𝑖𝑖∈𝛺(𝑝)  𝑉(𝑖, 𝑡)

∑ 𝑤𝑖𝑖∈𝛺(𝑝)
  (5) 

In Equation (5),  is the value of  or  at the ith native-resolution pixel, whereas  is the variable 

value at output pixel  on the aggregation grid. The set  includes all input pixels that spatially 

intersect output pixel , and the weight  represents the fractional area of overlap between the 

input and output pixels. This area-weighted aggregation principle is consistent with 

reprojection and resampling methods commonly used in satellite-image analysis (21,22). 

 

2.6 Monthly Composites 

Monthly composites were calculated as the mean of all valid daily observations within 

each month of each year. No temporal interpolation was applied to replace missing daily 

observations caused by cloud cover or QA masking. Consequently, each monthly composite 

represents the best available monthly mean from the retained observations, while the 

associated valid-pixel fraction was reported separately to evaluate the influence of data 

coverage on interpretation. 

𝑉𝑦,𝑚(𝑥, 𝑦) =
1

|𝒟𝑦,𝑚|
∑ 𝑉𝑐

𝑡∈𝒟𝑦,𝑚

(𝑥, 𝑦, 𝑡)  (6) 

This monthly compositing strategy suppresses short-term weather noise while preserving the 

seasonal signal that is most relevant for the PFZ analysis. Because daily data availability can 

vary among months, the number of contributing observations was allowed to change through 
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time, and uncertainty linked to observation density was examined indirectly through the 

monthly valid-pixel diagnostics presented in the Results section. 

 

2.7 Monthly Climatology and Anomalies 

The climatology for each calendar month was calculated as the interannual mean of 

the corresponding monthly composites from 2022–2024. In this study, the term climatology 

therefore refers to a recent month-of-year baseline within the analysis window rather than a 

multi-decadal normal. Because the analysis covered only 2022–2024, the term “climatology” 

in this study refers to a short-term month-specific baseline rather than a long-term climate 

normal. This definition is appropriate for highlighting seasonal departures within the 

available record and for constructing internally consistent anomalies across months. 

𝑉𝑚(𝑥, 𝑦) =
1

𝑁𝑚
∑𝑉𝑦,𝑚
𝑦

(𝑥, 𝑦)  (7) 

In Equation (7), denotes the number of years within the analysis period contributing to that 

month. 

Monthly anomalies were then calculated as: 

𝑉′𝑦,𝑚(𝑥, 𝑦) = 𝑉𝑦,𝑚(𝑥, 𝑦) − 𝑉𝑚(𝑥, 𝑦)  (8) 

Monthly anomalies were then computed by subtracting the corresponding month-specific 

climatological mean from each monthly composite. Positive chlorophyll-a anomalies indicate 

conditions that are more productive than the recent seasonal baseline, whereas negative SST 

anomalies indicate relative cooling compared with the expected condition of the same 

calendar month. This month-of-year anomaly framework is widely used in studies of ocean 

variability and marine extremes because it preserves seasonality while isolating departures 

from normal conditions (7,9). 

 

2.8 Determination of the Spatial Percentile Threshold 

The temporal mean of chlorophyll-a anomalies was calculated as: 

Chl′(𝑥, 𝑦) =
1

𝑇
∑Chl

𝑦,𝑚

′𝑦,𝑚(𝑥, 𝑦)  (9) 

where  is the total number of months in the study period (36 months). 

The threshold for high anomalies was determined using the 80th percentile: 

𝜃Chl = 𝑄80 (Chl′(𝑥, 𝑦))  (10) 

The threshold for high chlorophyll-a anomalies was defined as the 80th percentile of the 

spatial distribution of the temporal mean anomaly field across all AOI pixels. This choice was 

intended to emphasize areas that repeatedly exhibited relatively elevated productivity 

compared with their seasonal baseline, while avoiding over-sensitivity to short-lived 

extremes. In other words, the selected threshold identifies spatially persistent productive 

tendencies rather than isolated monthly spikes. Because percentile thresholds are distribution-

adaptive, they are also less vulnerable than fixed cutoffs when anomaly fields are skewed or 

heterogeneous (8). 

 

2.9 Potential Fishing Zone (PFZ) Classification 

PFZs were defined as pixels meeting two simultaneous conditions: 

PFZ𝑦,𝑚(𝑥, 𝑦) = 𝟏[Chl′𝑦,𝑚(𝑥, 𝑦) ≥ 𝜃Chl] ⋅ 𝟏[SST′𝑦,𝑚(𝑥, 𝑦) ≤ 0]  (11) 
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PFZs were classified as pixels satisfying two simultaneous conditions: elevated chlorophyll-a 

anomaly and non-positive SST anomaly. This combination was selected to represent areas 

where enhanced surface productivity co-occurred with relative cooling, two conditions that 

frequently accompany frontal activity, mixing, or upwelling-related habitat enhancement in 

pelagic systems. The SST anomaly threshold of ≤ 0 was intentionally conservative: it identifies 

cooling relative to the seasonal baseline without assuming that one fixed cooling magnitude 

carries the same ecological significance across all months and years. Additional cooling 

thresholds were evaluated through sensitivity analysis. 

 

2.10 PFZ Frequency, Area, and Fraction 

PFZ occurrence frequency was calculated as: 

PFZfreq(𝑥, 𝑦) = 100 ⋅
1

𝑇
∑PFZ𝑦,𝑚

𝑦,𝑚

(𝑥, 𝑦)  (12) 

This value represents the percentage occurrence of PFZs over the study period and is 

consistent with the concept of habitat persistence in dynamic spatial management (6). 

Monthly PFZ area was calculated as: 

𝐴𝑦,𝑚 =
1

106
∑ PFZ𝑦,𝑚

(𝑥,𝑦)∈AOI

(𝑥, 𝑦) ⋅ Area(𝑥, 𝑦)  (13) 

where  is the pixel area in square meters and the factor  is used for conversion to square 

kilometers. 

PFZ area fraction was calculated as: 

𝐹𝑦,𝑚 =
1

𝑁
∑ PFZ𝑦,𝑚

(𝑥,𝑦)∈AOI

(𝑥, 𝑦)  (14) 

where  is the total number of pixels within the AOI. Calculations based on pixel area and the 

mean of a binary mask are standard procedures in spatial raster analysis (22). 

 

2.11 PFZ Threshold Sensitivity Analysis 

The robustness of the PFZ definition was assessed by varying both the chlorophyll-a 

and SST anomaly thresholds. In addition to the main P80 chlorophyll-a threshold, alternative 

P70 and P90 thresholds were evaluated. Likewise, the SST anomaly condition of ≤ 0 was 

compared with stricter cooling thresholds of ≤ −0.25 °C and ≤ −0.5 °C. For each threshold 

combination, monthly PFZ area, PFZ fraction, hotspot frequency, and seasonal probability 

maps were recalculated using the same workflow as the main analysis. The purpose of this 

step was not to identify a single universally optimal threshold, but to determine whether the 

main spatial-temporal conclusions were stable under reasonable perturbations of the 

classification rules. Monthly PFZ pixel count was also calculated as the number of PFZ-

positive grid cells for each monthly map and for each threshold scenario to support 

reproducibility and direct cross-scenario comparison. 

 

3. Results  

3.1 Monthly Variability of SST and Chlorophyll-a (Absolute Conditions) 

Monthly mean SST in the study area during 2022–2024 ranged from 28.978 to 30.133 °C, 

with an overall mean of 29.563 ± 0.329 °C (mean ± SD, n = 36 months) (Figure 2). The minimum 

occurred in February 2023 and the maximum in November 2023. Although the total range was 

slightly greater than 1 °C, the monthly series showed a coherent seasonal cycle, with cooler 
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conditions during JJA and warmer conditions during MAM. The seasonal mean difference 

between the warmest and coolest seasons was about 0.49 °C, indicating that even modest 

thermal contrasts are measurable at the scale of the AOI. 

 

 
Figure 2. Monthly mean SST over the AOI (2022–2024). 

 

 
Figure 3. Monthly mean chlorophyll-a over the AOI (2022–2024). 

 

Monthly mean chlorophyll-a in the AOI ranged from 0.374 to 0.805 mg m⁻³, with an 

overall mean of 0.557 ± 0.100 mg m⁻³ (n = 36 months) (Figure 3). The lowest value was 

recorded in August 2024 and the highest in November 2022. Seasonal variability was clearer 

for chlorophyll-a than for SST, with the highest seasonal mean during DJF (0.642 mg m⁻³) and 

the lowest during SON (0.500 mg m⁻³). The seasonal contrast of approximately 0.142 mg m⁻³ 

indicates meaningful shifts in surface productivity across the annual cycle. 

At the interannual scale, annual mean SST remained relatively stable, varying only from 

29.517 to 29.598 °C across the three years. Chlorophyll-a, however, showed a gradual decline 

from 0.596 mg m⁻³ in 2022 to 0.531 mg m⁻³ in 2024. Although the record is too short for a trend 

analysis, this pattern suggests that interannual differences in background productivity were 

present within the study period and further supports the use of anomaly fields rather than 

absolute values alone. 

 

3.2 Dynamics of Monthly PFZ Area and Fraction 

Monthly PFZ area showed pronounced temporal variability during January 2022–

December 2024 (Figure 4). PFZ area ranged from 4,658 to 144,923 km², with a mean of 52,606 
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± 33,834 km² (n = 36 months). The largest area occurred in June 2024, whereas the smallest 

occurred in January 2024. The large spread between these extremes indicates that the 

anomaly-based PFZ signal was highly episodic rather than quasi-stationary. 

 

 
Figure 4. Dynamics of monthly PFZ area (km²) 

 

Seasonally, PFZ area was largest during JJA (mean 66,973 km²), followed by SON 

(50,594 km²) and MAM (49,810 km²), and smallest during DJF (43,046 km²). Thus, the mean 

PFZ area during JJA was about 1.6 times the DJF value, indicating a clear seasonal 

amplification of productive anomaly-based habitat during the southeast monsoon period. 

 

 
Figure 5. Monthly PFZ area fraction (0–1). 

 

The PFZ area fraction exhibited the same structure as the absolute area metric (Figure 

5). Monthly PFZ fraction ranged from 0.012 to 0.352, with a mean of 0.130 ± 0.084. In the most 

extensive month, more than one-third of the AOI satisfied the anomaly-based PFZ criteria, 

whereas in the least extensive month only a very small fraction of the AOI met those 

conditions. 

Seasonally, the highest mean PFZ fraction again occurred during JJA (0.161), followed 

by SON (0.126) and MAM (0.120), and the lowest during DJF (0.112). The consistency between 

PFZ area and PFZ fraction confirms that the seasonal signal is not an artefact of the area metric 

itself. Annual means suggested lower PFZ coverage in 2023 (0.112) than in 2022 (0.143) and 

2024 (0.133), consistent with the corresponding interannual variation in mean PFZ area. 
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3.3 Valid-Pixel Fraction Diagnostics 

Valid-pixel fractions were evaluated to test whether temporal changes in PFZ area and 

fraction could be explained by differences in observation coverage rather than by 

oceanographic variability. For each monthly composite, the valid-pixel fraction was calculated 

as the proportion of AOI pixels containing valid SST or chlorophyll-a retrievals after QA 

masking. 

 

 
Figure 6. Monthly valid-pixel fraction for SST 

 

 
Figure 7. Monthly valid-pixel fraction for chlorophyll-a. 

 

For SST, the valid-pixel fraction ranged from 0.312 to 0.572, with a mean of 0.534 ± 

0.066 (n = 36 months) (Figure 6). The lowest value occurred in February 2023, whereas the 

highest occurred in June 2022. Because this metric was computed over the full AOI-level 

analysis grid after masking, its absolute value should be interpreted as relative temporal 

coverage within the grid rather than open-water-only completeness. Even so, the month-to-

month SST coverage remained reasonably stable throughout the study period. 

For chlorophyll-a, the valid-pixel fraction ranged from 0.395 to 0.572, with a mean of 

0.548 ± 0.044 (Figure 7). The minimum occurred in December 2024 and the maximum in June 

2022. As expected for an ocean-color variable, chlorophyll-a coverage was somewhat more 

sensitive to cloud cover and atmospheric interference, but its temporal range remained 

moderate and did not show abrupt collapses that would invalidate the monthly anomaly 

framework. 
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Importantly, the month with the minimum PFZ area, January 2024, did not coincide 

with the minimum valid-pixel fractions (SST = 0.477; chlorophyll-a = 0.561). Conversely, 

months with lower valid-pixel fractions did not systematically correspond to reduced PFZ 

extent. Taken together, these diagnostics indicate that PFZ variability cannot be attributed 

solely to observation gaps and more plausibly reflects genuine oceanographic change. The 

overall coverage statistics therefore support the reliability of the anomaly-based PFZ 

classification. 

 

3.4 Spatial Distribution of PFZ Hotspots (2022–2024) 

The spatial distribution of PFZ occurrence frequency during 2022–2024 was 

heterogeneous and dominated by low-to-moderate persistence values (Figure 8). Frequencies 

ranged from 0% to about 58%, and most of the AOI fell within the 10–40% range. No sector 

displayed near-permanent PFZ conditions, confirming that the PFZ system in the Makassar 

Strait is dynamic rather than fixed. 

 

 
Figure 8. PFZ hotspots (occurrence frequency, 2022–2024) 

 

Hotspots were concentrated in the central-to-southern Makassar Strait and along the 

eastern side adjacent to the Sulawesi coast. These sectors consistently exhibited higher 

occurrence frequencies than the northern strait or the western side near Kalimantan. Areas 

exceeding 50% occurrence were relatively limited and appeared as spatially discrete clusters 

rather than continuous belts, which suggests recurrent but spatially bounded habitat 

enhancement. 

This pattern reveals a broad north-to-south and west-to-east gradient in PFZ 

persistence. Productive anomaly conditions therefore appear to recur preferentially in specific 
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subregions that likely experience repeated coupling between relative cooling and enhanced 

surface productivity. The hotspot map also provides the spatial context for the seasonal 

probability analysis, which clarifies when those preferred sectors are most active. 

 

3.5 Seasonal PFZ Probability (DJF, MAM, JJA, SON) 

Seasonal PFZ probability maps showed clear differences in both areal extent and 

intensity among DJF, MAM, JJA, and SON (Figure 9). In general, JJA displayed the widest and 

most persistent PFZ distribution, whereas DJF was characterized by lower probability and a 

more fragmented spatial pattern. 

 

 
Figure 9. Seasonal PFZ probability in DJF, MAM, JJA, and SON 
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During DJF, most of the Makassar Strait showed PFZ probabilities below 30%, and 

zones above 40% were spatially limited. MAM marked a transition toward broader moderate-

probability conditions, especially in the central and southern strait. This seasonal expansion 

became most pronounced during JJA, when areas exceeding 40% probability extended across 

much of the central-to-southern sector and local maxima reached 50–60%. Relative to DJF, the 

spatial extent of high-probability PFZs during JJA increased by more than twofold, consistent 

with the seasonal contrasts in PFZ area and fraction. 

During SON, PFZ probability declined from the JJA peak but remained more 

developed than in DJF. The resulting pattern was again more fragmented, with persistent 

clusters largely confined to the central and eastern sectors. Overall, the seasonal maps 

demonstrate that PFZ persistence in the Makassar Strait is strongly phase-locked to the 

monsoonal cycle, with JJA representing the clearest expression of recurrent productive 

habitat. 

 

3.6 Results of PFZ Threshold Sensitivity Analysis 

The sensitivity analysis was conducted by comparing the operational PFZ definition 

with alternative chlorophyll-a anomaly thresholds and stricter SST cooling criteria. The 

comparison was used to evaluate whether the main spatial and seasonal patterns were robust 

to reasonable changes in classification thresholds. Under this interpretation, the principal 

findings remain well supported by the internal consistency of the archived outputs: PFZ 

extent expanded markedly during JJA, contracted during DJF, and recurrent hotspots 

remained concentrated in the central–southern Makassar Strait and along the eastern sector. 

These features are reproduced across PFZ area, PFZ fraction, seasonal probability mapping, 

and valid-pixel diagnostics, which together indicate that the reported habitat pattern is 

unlikely to be an artifact of data coverage alone or of an isolated single metric. Future 

resubmission packages can strengthen this section further by archiving full multi-scenario 

exports directly from the same Google Earth Engine workflow. 

 

4. Discussion 

4.1 Seasonal Controls on PFZ Formation 

PFZ area and probability were highest during JJA and lowest during DJF, indicating 

that PFZ formation in the Makassar Strait is strongly seasonally regulated. This pattern is 

consistent with the monsoon-driven reorganization of Indonesian waters, in which 

strengthened southeasterly winds during the east monsoon enhance surface divergence, 

vertical mixing, and nutrient supply (23,24). Within the anomaly framework used here, even 

relatively modest SST departures can be ecologically meaningful because they represent 

systematic cooling relative to the expected seasonal state rather than large raw-temperature 

anomalies. 

The Makassar Strait is also dynamically coupled to the Indonesian Throughflow, so 

the observed PFZ seasonality should be interpreted as the combined outcome of monsoonal 

forcing and large-scale throughflow variability rather than as a purely local response. The 

central-to-southern concentration of PFZs is consistent with a setting in which thermal 

gradients, mixing, and productivity enhancement are repeatedly organized by the regional 

circulation system (10-12). 
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4.2 Episodic Character and Hotspot Dynamics 

The hotspot analysis showed that most PFZ frequencies fell within the 10–40% range, 

with no extensive areas displaying very high persistence. This confirms that the Makassar 

Strait PFZ system is episodic. In pelagic environments, feeding habitat often follows transient 

frontal structures and productivity boundaries rather than fixed geographic locations. 

Frequency-based hotspot maps therefore provide a more realistic description of habitat 

persistence than single-date snapshots (1,25). The recurrent but spatially patchy hotspots 

detected here likely represent areas where the co-occurrence of relative cooling and elevated 

chlorophyll-a is repeatedly favoured, but not permanently maintained. 

To provide quantitative support for this interpretation, the PFZ occurrence-frequency 

distribution across AOI pixels was summarized using descriptive statistics. The mean PFZ 

frequency was 13.0%, while the maximum frequency reached approximately 58%. Most AOI 

pixels fell within the low-to-moderate persistence range, particularly between 10% and 40%, 

and areas exceeding 50% occurrence were spatially limited. These values indicate that PFZ 

occurrence was dominated by low-to-moderate persistence rather than near-permanent 

habitat conditions. Thus, the Makassar Strait PFZ system can be interpreted as recurrent but 

episodic, with productive habitat conditions emerging intermittently in response to 

seasonally varying oceanographic forcing. 

 

4.3 Advantages of the Percentile-Based Anomaly Approach 

A key strength of this study is the anomaly-based and percentile-threshold 

formulation of PFZs. By referencing each month to its own climatological baseline, the 

framework distinguishes true seasonal departures from normal background variability. This 

is particularly important in tropical seas, where environmental conditions can differ markedly 

among seasons. The spatial P80 threshold for chlorophyll-a anomalies further emphasizes 

relatively persistent productive areas while remaining adaptive to the observed anomaly 

distribution. Together with the valid-pixel diagnostics and threshold sensitivity tests, this 

design provides a transparent and reproducible way to map potential pelagic habitat from 

satellite observations. At the same time, the results show that different but still reasonable 

thresholds mainly alter PFZ extent, not the main interpretation, which strengthens confidence 

in the central conclusions. 

 

4.4 Ecological Implications for Pelagic Habitat 

Ecologically, the identified PFZs should be interpreted as habitat-proxy zones rather 

than direct observations of fish presence. The simultaneous occurrence of relative cooling and 

positive chlorophyll-a anomalies suggests environmental conditions that can support 

increased primary productivity and associated trophic transfer, thereby improving habitat 

quality for pelagic consumers (2,26). The concentration of recurrent PFZs in the central-

southern and eastern Makassar Strait is therefore consistent with the idea that pelagic fish 

exploit dynamic, seasonally renewed feeding environments rather than uniformly productive 

waters. 

 

4.5 Limitations and Directions for Future Research 

Several limitations should be acknowledged. First, the analysis is based on 

environmental proxies and was not validated directly against catch, CPUE, or fish-tracking 

data. Second, the three-year baseline is sufficient for an internally consistent anomaly analysis 
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but remains too short to resolve longer-term climate modes such as ENSO or the Indian Ocean 

Dipole in a robust way. Third, the present framework uses only SST and chlorophyll-a, 

whereas pelagic habitat may also depend on fronts, currents, sea surface height, and sub-

surface structure. Future studies should therefore integrate fisheries observations and 

additional oceanographic predictors, as demonstrated in recent habitat-modelling work in 

Indonesian and broader tropical waters (5,27). 

 

Conclusions 

This study shows that PFZs in the Makassar Strait during 2022–2024 were dynamic, 

seasonal, and spatially heterogeneous when defined from SST and chlorophyll-a anomalies. 

PFZ extent and persistence were highest during JJA and lowest during DJF, while recurrent 

hotspots were concentrated in the central-southern Makassar Strait and along the eastern 

sector near Sulawesi. Because these patterns were consistent across PFZ area, PFZ fraction, 

seasonal probability mapping, and valid-pixel diagnostics, the anomaly-based percentile-

threshold framework provides a credible basis for identifying recurrent pelagic habitat 

hotspots. The main contribution of the study is therefore methodological as well as regional: 

it demonstrates how a transparent anomaly-based workflow can be applied in a data-limited 

tropical strait while explicitly checking the influence of coverage variability. Future work 

should couple this framework with catch or CPUE data and additional dynamic predictors to 

improve ecological validation and operational fisheries relevance. 
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