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ABSTRACT	 Sea surface clorophyll-a (SSC) represents a fundamental indicator of oceanic primary 
production and serves as a widely used proxy for phytoplankton biomass. Although 
upwelling is recognised as the dominant driver of SSC variability, precipitation and river 
discharge can substantially modulate its spatial and temporal distribution. This study 
examines the spatiotemporal dynamics of SSC in the Arafura Sea, utilising satellite-
derived oceanographic data from 1998 to 2022, with a focus on the influences of 
upwelling, precipitation, and oceanographic conditions. Seasonal analysis reveals that 
SSC peaks during the SE monsoon (June-August), coinciding with intensified upwelling, 
as indicated by positive Ekman pumping velocity (EPV), reduced sea surface height, 
and lowered sea surface temperature (SST). Coastal regions consistently exhibit higher 
SSC, driven by riverine discharge and precipitation-enhanced nutrient input. Regional 
correlation analysis confirms that offshore EPV and increased precipitation are the 
dominant mechanisms driving SSC enhancement during the SE monsoon. Climatological 
correlation analysis further identifies a strong positive relationship between SSC and EPV 
in key regions, with a maximum correlation coefficient of 0.85. The spatial distribution 
of SSC exhibits a pronounced inshore-offshore gradient across both monsoon seasons, 
reflecting the interplay between coastal upwelling, stable river discharge, and nutrient 
runoff. The empirical orthogonal function analysis of interannual variability suggests 
that SSC fluctuations are influenced by additional drivers beyond the El-Niño Southern 
Oscillation, including SST co-variability and anomalous precipitation patterns over 
central and north-western Papua. These findings show that phytoplankton variability in 
the Arafura Sea is chiefly controlled by local ocean, atmosphere, and land interactions, 
underscoring their importance for ecosystem forecasting.

Key words:	 Arafura Sea, chlorophyll-a, rainfall, river discharge, upwelling.

© 2026 - The Author(s)



2

Bull. Geoph. Ocean., XX, XXX-XXX	 Napitupulu et al.

1. Introduction

Sea surface clorophyll-a (SSC) serves as a fundamental indicator of oceanic biological and 
environmental processes, including primary productivity, fishery abundance, eutrophication, 
water quality, and ecosystem health (Napitupulu, 2024). As the primary photosynthetic pigment 
in phytoplankton, SSC is widely used as a proxy for phytoplankton biomass and plays a crucial 
role in understanding biogeochemical cycles and ocean-climate interactions (McCain et al., 2006; 
Yuliardi et al., 2025). The distribution and concentration of SSC are essential in shaping marine 
food webs, as phytoplankton serves as the base of the marine food chain (Napitupulu, 2025a). 
SSC can provide insights into the vertical structure of phytoplankton communities, with larger 
phytoplankton species dominating nutrient-rich environments, while smaller species thrive in 
oligotrophic conditions (Uitz et al., 2006). These distinctions also underscore the importance of 
spatial resolution and ecological context when interpreting SSC patterns. Given its significance, 
understanding the mechanisms driving SSC variability is essential for assessing ocean productivity 
and ecosystem dynamics. Moreover, long-term SSC variability has been widely used as an early-
warning indicator of ecosystem shifts and climate-driven changes in ocean productivity (Sinuraya 
et al., 2023), particularly in tropical marginal seas where even small perturbations can cascade 
through the food web.

Phytoplankton contributes nearly half of the global primary production and plays a pivotal role 
in regulating oceanic carbon fluxes (Pierella-Karlusich et al., 2020). Its growth and distribution 
are governed by multiple factors, including light availability, nutrient supply, and oceanic 
mixing processes (Napitupulu et al., 2024a). Beyond its contribution to primary production, 
phytoplankton drives the oceanic biological carbon pump, sequestering atmospheric carbon 
dioxide into the deep ocean and, thereby, modulating global climate (Basu and Mackey, 2017). SSC 
concentration is a widely accepted proxy for phytoplankton biomass, being typically correlated 
with phytoplankton abundance. However, this correlation can vary due to differences in species 
composition, nutrient dynamics, and environmental conditions (Brewin et al., 2019; Fernández-
González et al., 2022). For instance, the SSC-to-biomass ratio varies across phytoplankton taxa, 
with larger species generally exhibiting higher pigment concentrations in eutrophic waters, 
whereas smaller phytoplankton predominate in oligotrophic settings (Huot et al., 2007; Gui and 
Sun, 2024).

One of the primary physical drivers of SSC variability is upwelling, a process that transports 
cold, nutrient-rich deep waters to the ocean surface, thereby stimulating phytoplankton growth 
(Napitupulu et al., 2024b). Upwelling occurs in various oceanic regions, including coastal, 
equatorial, and open-ocean environments (Hidaka, 1972). Coastal upwelling, driven by wind 
stress and Ekman transport, is particularly significant, as it results in the offshore movement 
of surface waters, enabling deeper nutrient-laden waters to rise (Napitupulu et al., 2022). 
This mechanism is not only seasonal but also sensitive to coastline geometry and atmospheric 
variability. Similarly, equatorial upwelling is influenced by the Coriolis force, where trade winds 
drive surface water divergence, leading to nutrient upwelling along the equator (Napitupulu et 
al., 2025a). These processes enhance primary production and directly impact the distribution 
of SSC in the upper ocean. Understanding the timing and magnitude of upwelling is, therefore, 
essential for predicting seasonal blooms and their cascading effects on food-web dynamics (Nagi 
et al., 2023).

Apart from upwelling, SSC variability is also influenced by freshwater inputs from precipitation 
and river discharge. Several studies have reported increased SSC concentrations following 
periods of heavy rainfall, primarily due to the introduction of terrestrial nutrients into the 
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marine environment (Huang et al., 2011; Meng et al., 2017; He et al., 2024). In tropical shelf 
seas, western Borneo Island, extreme rainfall events can also enhance turbidity and reduce light 
penetration, producing nonlinear phytoplankton responses that complicate the interpretation 
of satellite-derived SSC signals (Radjawane et al., 2024a). However, the relationship between 
rainfall and SSC is complex, as it depends not only on nutrient supply but also on the chemical 
composition of the precipitation itself, which can influence phytoplankton growth (Willey et al., 
1999). Temporal mismatches between rainfall events and biological response further complicate 
this relationship, particularly in regions with high hydrological variability (Khadami et al., 2025). 
Additionally, riverine discharge plays a crucial role in modulating SSC by delivering freshwater 
plumes enriched with nutrients, altering water column stratification, and enhancing productivity 
in coastal and estuarine regions (Wang et al., 2015; Babagolimatikolaei, 2024). River plumes are 
typically characterised by lower salinity, higher nutrient concentrations, and cooler temperatures, 
which significantly impact local oceanographic conditions and phytoplankton dynamics.

The Arafura Sea, located in eastern Indonesian waters, is a shallow continental shelf region 
bounded by the southern coast of Papua and the northern coast of Australia (Napitupulu, 
2025b). This area, part of Indonesia’s Fishery Management Area 718, is recognised for its high 
biological productivity and is often referred to as a “golden fishing ground” due to its abundant 
fish stocks (Resosudarmo et al., 2009). The productivity of the Arafura Sea is closely linked to 
SSC concentrations, which support vital commercial fisheries, particularly for species such as 
mackerel and shrimp (Welliken et al., 2018; Tirtadanu et al., 2022; Ankam and Tarya, 2023). 
Despite its ecological importance, the Arafura Sea remains underrepresented in large-scale 
phytoplankton and ocean productivity studies compared to other tropical marginal seas. The 
region is strongly influenced by climate variability associated with monsoon winds and the 
El-Niño Southern Oscillation (ENSO) (Gustiantini et al., 2018). Seasonal monsoon winds drive 
oceanographic processes in the Arafura Sea, with north-westerly winds prevailing from December 
to February and south-easterly winds dominating from June to September (Suryadarma et al., 
2023). These wind-driven processes play a crucial role in regulating upwelling intensity and 
nutrient availability, thereby influencing phytoplankton productivity (Nurfitri et al., 2020). These 
unique characteristics highlight the need for region-specific investigations that capture both 
local forcing and climate-driven variability to better understand the mechanisms driving its high 
productivity.

The influence of terrestrial inputs on SSC in the Arafura Sea is particularly significant due 
to the presence of extensive estuaries along the southern coast of Papua. Riverine discharge 
from these estuaries introduces substantial nutrient fluxes, impacting SSC dynamics. Previous 
studies suggest that upwelling in the Arafura Sea is modulated by a combination of monsoonal 
forcing, oceanic currents, and ENSO-driven variability (Buton et al., 2023). However, the precise 
mechanisms underlying phytoplankton blooms in this region remain poorly understood. Kämpf 
(2016) hypothesised that seasonal coastal upwelling occurs in the north-western Arafura 
Sea during June–November, driven by lee effects that generate negative sea level anomalies, 
facilitating onshore transport of deeper waters. Furthermore, Nezlin et al. (2012) highlighted the 
role of micronutrients, particularly iron, in regulating primary productivity. While previous studies 
have provided valuable insights, a comprehensive and spatiotemporally resolved understanding 
of how oceanographic parameters, such as sea surface temperature (SST), sea surface salinity 
(SSS), wind-driven upwelling, and precipitation, jointly modulate SSC in the Arafura Sea remains 
limited. Despite these findings, knowledge gaps persist regarding the spatial and temporal 
variability of SSC and its relationship with oceanographic and climatic drivers in the Arafura Sea. 
Addressing this gap is critical not only for advancing the fundamental understanding of shelf-sea 
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biogeochemistry but also for supporting the adaptive management of fisheries that rely on the 
timing and magnitude of primary production.

This study aims to analyse the variability of seven key oceanographic and meteorological 
parameters [SST, SSS, sea surface density (SSD), sea surface height (SSH), river discharge, Ekman 
pumping velocity (EPV), and precipitation] over the 1998–2022 period to investigate their 
influence on SSC dynamics in the Arafura Sea. This is the first study to integrate two decades 
of satellite observations and reanalysis products in a multivariate framework specifically 
targeting the Arafura Sea. This approach enables a multivariate assessment that captures both 
seasonal and interannual drivers influencing phytoplankton distribution. We hypothesise that 
the enhancement of SSC is primarily driven by river discharge, precipitation, and monsoonal 
forcing. Additionally, we assess the role of the ENSO in modulating interannual SSC variability. 
By elucidating the mechanisms governing SSC dynamics, this study contributes to a broader 
understanding of regional ocean productivity and its implications for fisheries and ecosystem 
management in the Arafura Sea.

2. Materials and methods

2.1. Data

This study focuses on the Arafura Sea, located between 3°–12.25° S and 130.75°–142.25° 
E (Fig. 1). The study area is further divided into six subregions, where regions A, B, and C are 
paired with regions D, E, and F, respectively. This division facilitates an analysis of the relationship 
between the spatially averaged 25-year (1998–2022) climatological mean of oceanographic 
variables within the designated control regions and the rainfall intensity in the corresponding 
terrestrial areas. Such a spatial framework is essential to disentangle land and sea interactions 
and their role in modulating coastal biogeochemical dynamics.

Fig. 1 - Research area (shaded black dot). The irregular shaded area represents the boundaries of the Arafura Sea, 
overlaid with a bathymetric map. The red rectangles denote the climatological data mean regions.
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All oceanographic and meteorological variables were acquired from the Copernicus Marine 
Environment Monitoring Service (CMEMS) and the European Centre for Medium-Range Weather 
Forecasts reanalysis v5 (ERA5), which are proven to provide the necessary data with robust 
accuracy and reliability. Both CMEMS and ERA5 products undergo continuous validation and 
qualification processes to ensure their scientific robustness and consistency across time and 
space (von Schuckmann et al., 2016; Le Traon et al., 2019).

Satellite-derived daily SSC data were obtained at a spatial resolution of 4 km (Copernicus, 
2024a). SST and SSH data were also retrieved from CMEMS for the same period (Copernicus, 
2024b). River discharge data were obtained from CEMS-FLOODS for the same period (Copernicus, 
2024c). In addition, sea surface wind (SSW) data at 10 m above sea level were obtained from ERA5 
(Copernicus, 2018a). SSS and SSD datasets were retrieved from ERA5 (Copernicus, 2018b). All 
datasets were used to analyse oceanographic conditions in the Arafura Sea and their interactions 
with surrounding terrestrial systems.

Table 1 - Summary of the datasets used in this study.

 	 Parameter	 Source	 Resolution	 Period
	 Sea surface chlorophyll-a (SSC)	 CMEMS	 4 km × 4 km; daily	
	 Remote sensing reflectance (Rrs) 443	 CMEMS	 4 km × 4 km; daily	
	 Remote sensing reflectance (Rrs) 555	 CMEMS	 4 km × 4 km; daily	
	 Sea surface temperature (SST)	 CMEMS	 0.083° × 0.083°; monthly	
	 Sea surface height (SSH)	 CMEMS	 0.083° × 0.083°; monthly
	 River discharge	 CEMS-FLOODS	 0.1° × 0.1°; daily	

January 1998 – 

	 Total precipitation	 ERA5	 0.1° × 0.1°; monthly	
December 2022

	 Sea surface salinity (SSS)	 ERA5	 0.125° × 0.125°; monthly
	 Sea surface density (SSD)	 ERA5	 0.125° × 0.125°; monthly
	 Sea surface wind (SSW)	 ERA5	 0.125° × 0.125°; monthly
	 Oceanic Niño Index (ONI)	 NOAA	 monthly

Satellite-derived SSC values are often overestimated in coastal regions due to the influence of 
high suspended sediment concentrations and dissolved organic matter from riverine discharge 
(Napitupulu et al., 2023; Quan and Chen, 2023). To address this bias, remote sensing reflectance 
(Rrs) data at 443 nm and 555 nm were used to differentiate upwelling and downwelling zones. 
Specifically, SSC values were considered unreliable in regions where Rrs443 exceeded 0.2 sr⁻¹ or 
Rrs555 surpassed 2.5 sr⁻¹ (Zhang et al., 2022; Vos et al., 2023).

2.2. Ekman pumping velocity

EPV quantifies the vertical movement of water masses driven by wind-induced divergence 
or convergence at the ocean surface. Upwelling occurs in regions where surface water diverges, 
transporting nutrient-rich waters from deeper layers to the surface, whereas downwelling is 
observed in areas of surface water convergence (Radjawane et al., 2024b). Positive EPV values 
indicate upwelling, while negative values denote downwelling. This metric is particularly relevant 
in monsoon-dominated regions, where seasonal wind shifts exert strong control over vertical 
nutrient fluxes and phytoplankton productivity. Mathematically, EPV is defined as follows:
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(1)

where ρ is the density of seawater, τ is the shear stress, and f is the Coriolis parameter, given by:

(2)

where Ω is Earth’s rotational speed and φ is latitude. This formulation enables the quantification 
of wind-driven vertical water transport, which plays a crucial role in determining SSC variability 
by influencing nutrient availability in the upper ocean.

2.3. Empirical orthogonal function analysis

The empirical orthogonal function (EOF) analysis was employed to identify dominant 
spatiotemporal variability modes in SSC, SST, and total precipitation (Napitupulu et al., 2024c; 
Fathurohman et al., 2025). This method decomposes datasets into orthogonal spatial patterns 
(the EOFs) and corresponding temporal components, i.e. principal components (PCs), enabling 
the identification of key oceanographic processes modulating SSC dynamics. 

The EOF analysis is initiated by arranging the dataset in a matrix of dimensions T×S, where T 
represents the temporal observations (rows) and S corresponds to the spatial points (columns). 
The temporal mean is subtracted at each spatial location to construct an anomaly matrix, from 
which a covariance matrix is computed:

(3)

(4)

where Z'(x,y,t) is the anomaly of the observed variable and Z(x,y) is its temporal mean. The 
original dataset can, then, be reconstructed using the EOF decomposition:

(5)

where Z(x,y,t) is the original dataset, PCk(t) represents the time-dependent coefficient, and 
EOF(x,y) describes the spatial variability pattern associated with each mode k. The variance 
explained by each mode serves as an indicator of its contribution to SSC modulation, with higher-
ranked modes representing more dominant variability patterns.

3. Results

3.1. Seasonal variability of sea surface chlorophyll-a

The seasonal variability of SSC in the Arafura Sea is primarily characterised by high concentrations 
along the southern coastline of Papua (Fig. 2). The highest mean SSC concentration occurs in July, 
while the lowest is observed in December. Seasonally, SSC concentrations during the NW monsoon 
(December–February), first inter-monsoon (March–May), SE monsoon (June–August), and second 
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inter-monsoon (September–November) are 0.91, 1.02, 1.29, and 1.01 mg m-3, respectively. The 
highest SSC is recorded during the SE monsoon, while the lowest is observed in the NW monsoon. 
This pattern aligns with the influence of monsoon-driven upwelling, which enhances nutrient 
availability through Ekman transport (Susanto et al., 2001; Utama et al., 2017). This metric is 
particularly relevant in monsoon-dominated regions, where seasonal wind shifts exert strong 
control over vertical nutrient fluxes and phytoplankton productivity.

Fig. 2 - Monthly variation of SSC in the Arafura Sea in January (a), March (b), May (c), July (d), September (e), and 
December (f) from 1998 to 2022. Contour dashed line with value SSC 1.5 mg m-3.

The relatively stable SSC concentrations along the coast may be attributed to persistent 
freshwater and nutrient inputs associated with high precipitation and river discharge, rather than 
enhanced vertical mixing. These inputs sustain phytoplankton growth through continuous nutrient 
supply despite increased surface stratification (Setiawan et al., 2020). Additionally, continuous river 
discharge from estuarine environments supplies nutrients that sustain phytoplankton growth in 
the coastal areas. This persistent coastal productivity likely acts as a baseline ecological subsidy for 
nearshore ecosystems and fisheries. Offshore SSC enhancement can also result from mesoscale 
eddies (Correa-Ramirez et al., 2007; Lukman et al., 2024; Napitupulu, 2025c), particularly cyclonic 
eddies that induce localised upwelling. However, previous studies suggest that riverine nutrient 
transport can influence SSC levels up to hundreds or even thousands of kilometres from the river 
mouth (Auricht et al., 2022). These findings imply that both local (e.g. river discharge) and remote 
(e.g. eddy-induced upwelling) mechanisms may synergistically modulate SSC dynamics across 
spatial scales in the Arafura Sea (Napitupulu, 2025b).
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3.2. Seasonal variability of oceanographic and meteorological parameters 

3.2.1 Seasonal variability of Ekman pumping velocity

EPV in the Arafura Sea exhibits significant seasonal variability, closely linked to monsoonal 
wind forcing. The highest positive EPV, associated with peak upwelling, is observed in July 
(~1.57×10-6 m s-1), while the strongest downwelling occurs in February, marked by a negative 
EPV of -0.22×10-6 m s-1 (Fig. 3). Seasonally, the mean EPV values during the NW monsoon, first 
inter-monsoon, SE monsoon, and second inter-monsoon are -0.13×10-6, 0.64×10-6, 1.44×10-

6, and 0.32×10-6 m s-1, respectively. The negative EPV values during the NW monsoon indicate 
downwelling conditions, whereas the positive EPV values during the SE monsoon are indicative 
of enhanced upwelling. This seasonal polarity in vertical motion aligns with observed SSC peaks 
during the SE monsoon, further emphasising the role of EPV as a primary physical driver of 
productivity.

Fig. 3 - Monthly variation of EPV in the Arafura Sea in January (a), February (b), May (c), July (d), September 
(e), and November (f) from 1998 to 2022. Positive and negative values indicate upwelling and downwelling, 
respectively.

During the peak of the NW monsoon (January), significant downwelling is observed along the 
southern Papua coast near Trangan Island, in contrast to upward Ekman pumping in northern 
Australia. This downwelling is attributed to the weakening of south-easterly winds, which reduces 
offshore Ekman transport, leading to convergence and sinking of surface waters. In contrast, 
September marks the intensification of upwelling along the southern Papua coast and western 



9

Enhancement of sea surface chlorophyll-a in the Arafura Sea	 Bull. Geoph. Ocean., XX, XXX-XXX

Trangan Island, as evidenced by positive EPV values. This progressive increase in EPV from May to 
September coincides with the onset of the SE monsoon, suggesting that phytoplankton blooms 
are likely initiated soon after sustained positive EPV anomalies are established (Napitupulu et al., 
2021). The spatial variability in Ekman transport across the Arafura Sea is influenced by coastline 
orientation, which modulates wind propagation and Ekman transport intensity (Gomez-Gesteira 
et al., 2006; Bravo et al., 2016).

During the peak of the second inter-monsoon (November), vertical water movement is 
generally weak due to reduced monsoon winds. However, localised upwelling is observed along 
the south-eastern coast of Papua, suggesting that regional coastal geomorphology and wind 
patterns contribute to sustained upwelling in this area. Collectively, these results indicate that 
EPV not only sets the seasonal bloom window but may also modulate its interannual amplitude, 
particularly during years of anomalously strong or weak monsoon winds.

3.2.2. Seasonal variability of sea surface height

Seasonal variations in SSH are closely associated with upwelling and downwelling processes. 
The seasonal mean SSH values during the NW monsoon, first inter-monsoon, SE monsoon, and 
second inter-monsoon are 0.79 m, 0.75 m, 0.61 m, and 0.68 m, respectively (Fig. 4). The highest 
SSH is recorded in December (0.81 m), while the lowest occurs in July (0.58 m). Elevated SSH 
during the NW monsoon is linked to downwelling, which deepens the thermocline and alters 
ecosystem dynamics (Gao et al., 2019). Conversely, a decrease in SSH during the SE monsoon 
corresponds to an increase in SSC, highlighting the role of upwelling in bringing nutrient-rich 
waters to the surface. 

Fig. 4 - Monthly variation of SSH in the Arafura Sea in January (a), March (b), May (c), July (d), September (e), and 
November (f) from 1998 to 2022.
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Low SSH reflects surface water divergence and the upward displacement of subsurface 
isopycnals, facilitating the entrainment of colder, nutrient-rich waters into the euphotic zone. 
Previous studies suggest that SSH variability in the Arafura Sea may be influenced by ENSO-driven 
atmospheric pressure fluctuations (Rahn, 2012). Additionally, Kelvin waves have been shown to 
modulate SSH and coastal upwelling by inducing vertical displacement of water masses (Wiafe 
and Nyadjro, 2015). These processes act as remote drivers of nutrient entrainment, superimposed 
on the local wind-driven upwelling signal, thereby introducing additional complexity to seasonal 
bloom prediction. Consequently, SSH can serve as a useful early-warning indicator for upwelling-
driven productivity events in the Arafura Sea, particularly during the SE monsoon.

3.2.3. Seasonal variability of sea surface temperature 

SST in the Arafura Sea exhibits clear seasonal variability, reflecting changes in atmospheric 
forcing and oceanic circulation. The seasonal mean SST values for the NW monsoon, first inter-
monsoon, SE monsoon, and second inter-monsoon are 29.73 °C, 29.14 °C, 26.53 °C, and 27.99 
°C, respectively. The highest monthly SST (30.05 °C) occurs in December, while the lowest (25.95 
°C) is recorded in August (Fig. 5). Seasonal SST fluctuations align with SSC variations, supporting 
the role of SST as an indicator of upwelling dynamics (Arcos and Wilson, 1984; Napitupulu, 
2025a). Seasonal precipitation variability alone does not explain the observed SSC patterns, 
indicating that physical processes such as upwelling and vertical mixing play a more dominant 
role.

Fig. 5 - Monthly variation of SST in the Arafura Sea in January (a), March (b), May (c), August (d), September (e), and 
December (f) from 1998 to 2022.
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3.2.4. Seasonal variability of total precipitation

Total precipitation in the Arafura Sea exhibits relatively weak seasonal variability, with mean 
values of 0.0128 m (NW monsoon), 0.0124 m (first inter-monsoon), 0.0089 m (SE monsoon), and 
0.0099 m (second inter-monsoon) (Fig. 6). The SST minimum during the SE monsoon reinforces 
evidence of upwelling-induced surface cooling, concurrent with enhanced SSC and positive 
EPV.

Fig. 6 - Monthly variation of total precipitation in the Arafura Sea in January (a), March (b), May (c), July (d), September 
(e), and November (f) from 1998 to 2022.

Seasonal precipitation patterns suggest that local convective processes and orographic effects 
over Papua Island exert a greater influence on rainfall variability than water vapour advection 
from northern Australia. Increased precipitation enhances freshwater discharge, reducing SSS 
and density while supplying nutrients that support phytoplankton growth (Meng et al., 2017; 
Napitupulu et al., 2023). However, precipitation alone does not fully explain SSC variability, as 
other factors, such as upwelling and seasonal mixing, contribute more significantly.

3.2.5. Seasonal variability of sea surface density 

SSD exhibits minor seasonal fluctuations, with mean values of 1021.43 kg m-3 (NW monsoon), 
1021.30 kg m-3 (first inter-monsoon), and 1021.39 kg m-3 for both the east and second inter-
monsoons (Fig. 7). Although the amplitude of SSD variation is small, its spatial gradient may 
indicate subsurface water intrusion from offshore sources during upwelling episodes.
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Higher SSD and SSS offshore suggest upwelling of subsurface water masses, which enhances 
nutrient availability and supports phytoplankton productivity (Hughes and Barton, 1974). 
The horizontal profile of SSD exhibits a gradual increase towards offshore regions, reflecting 
variations in vertical mixing and pycnocline depth. These factors influence nutrient entrainment, 
directly impacting phytoplankton growth (Kubryakova et al., 2018).

However, SSD and SSS alone do not fully explain phytoplankton dynamics. Their influence must 
be considered alongside other parameters, such as EPV, SST, SSH, and direct SSC measurements. 
Integrating these oceanographic parameters with hydrodynamic modelling and in-situ nutrient 
observations would provide a more comprehensive understanding of phytoplankton bloom 
dynamics in the Arafura Sea.

3.2.6. Seasonal variability of sea surface salinity

SSS in the Arafura Sea shows minor seasonal changes (Fig. 8), with mean values of 33.89 
ppt (NW monsoon), 33.88 ppt (first inter-monsoon), 33.87 ppt (SE monsoon), and 33.83 ppt 
(second inter-monsoon). January exhibits the highest surface salinity in northern Australia, while 
November records the lowest salinity levels (33.82 ppt). The distinct water mass characteristics 
between the southern Papua coast and northern Australia suggest the continuous influence 
of river plume discharge, modulating water mass transport in the Arafura Sea (Huisman et al., 
2006). 

Salinity variations near the southern Papua coast are minimal due to persistent freshwater 
input from river discharge. However, seasonal changes in offshore salinity are more pronounced. 

Fig. 7 - Monthly variability of SSD in Arafura watersin January (a), March (b), May (c), July (d), September (e), and 
November (f) from 1998 to 2022.
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During January, negative EPV values coincide with widespread low-salinity water masses, while 
July, characterised by intense Ekman pumping, exhibits a relatively thin layer of low-salinity 
waters inshore. This pattern suggests that upwelling plays a more dominant role in modifying 
water mass characteristics compared to river runoff in this region.

3.2.7. Seasonal variability of river discharge

River discharge into the Arafura Sea shows a pronounced seasonal cycle, reflecting the 
strong influence of the monsoonal climate in Papua and northern Australia. During the wet 
season (November–March), intense rainfall drives high riverine fluxes of freshwater, sediments, 
and nutrients. These inputs freshen surface waters, increase turbidity, and enhance nutrient 
availability, stimulating primary productivity and sustaining fisheries. Local catchments, such as 
the Ajkwa River basin, also highlight the compounding role of anthropogenic activities, where 
mining accelerates sediment and pollutant delivery, intensifying ecological pressures during 
peak discharge (Ilahude et al., 2024).

By contrast, the dry season (May–September) is characterised by minimal river inputs and 
clearer, saltier surface waters. Productivity during this period is, instead, sustained by coastal 
upwelling associated with the SE monsoon, which injects cooler, nutrient-rich waters from the 
Banda Sea into the Arafura shelf (Karima et al., 2025). Although distinct in origin, the alternation 
between riverine forcing and oceanic upwelling produces a seasonal cycle that governs salinity, 
turbidity, and nutrient dynamics, ultimately driving variability in SSC across the region.

Fig. 8 - Monthly variability of SSS in Arafura waters in January (a), March (b), May (c), July (d), September (e), and 
November (f) from 1998 to 2022.
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3.3. Mechanism of increasing sea surface chlorophyll-a in the Arafura Sea

A regional analysis of the correlation between SSC and EPV reveals spatial variations (Fig. 10). 
In Region A, SSC and EPV exhibit a moderate negative correlation (r = -0.59), whereas in Region B 
and Region C, the correlation is strongly positive (r = 0.78 and r = 0.85, respectively). The positive 
correlation in Region B and Region C suggests that phytoplankton blooms are largely driven by 
wind-induced Ekman pumping, which enhances vertical nutrient supply during the SE monsoon. 
Conversely, the negative correlation in Region A may reflect the influence of coastal orientation, 
which modulates the magnitude and direction of Ekman pumping. This spatial heterogeneity 
underscores the importance of localised wind-topography interactions in shaping nutrient 
delivery pathways. Furthermore, SSC variability in Region B shows a strong positive correlation 
with total precipitation (r = 0.8), highlighting the role of freshwater influx in nutrient supply. 
This finding highlights the coupling between land–ocean interactions and monsoonal dynamics, 
suggesting that terrestrial nutrient fluxes may amplify bloom intensity when coincident with 
favourable wind-driven upwelling. Increased precipitation enhances river runoff, which can 
transport nutrients from terrestrial sources into the coastal ocean, fostering phytoplankton 
growth. The dual influence of wind-driven upwelling and terrestrial runoff in Region B suggests 
a synergistic mechanism enhancing primary productivity.

The correlation analysis between SST and SSH across all regions indicates a strong positive 
relationship, with r values of 0.94 (Region A), 0.97 (Region B), and 0.98 (Region C). Both variables 
exhibit a similar declining trend during the SE monsoon, suggesting the significance of upwelling 
in these regions. This synchronous decline supports the notion that surface cooling and sea level 

Fig. 9 - Monthly variability of river discharge in Arafura waters in January (a), March (b), May (c), July (d), September 
(e), and November (f) from 1998 to 2022.
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drop are co-occurring indicators of upwelling-driven vertical exchange. This synchronised decline 
in SST and SSH during the SE monsoon indicates that wind-driven upwelling is the dominant 
control on their seasonal variability, while surface heat fluxes may play a secondary role in 
modulating SST (Meyssignac et al., 2017).

Despite general similarities across regions, some differences in SSD and SSS dynamics are 
evident. In Region A and Region B, SSD and SSS decline in April and May, while in Region C, 
the lowest values are recorded in April. These differences indicate region-specific interactions 
between atmospheric forcing, ocean circulation, and freshwater input, which collectively regulate 
the distribution of SSC. Together, these results indicate that SSC enhancement in the Arafura Sea 
is governed by a nonlinear combination of local upwelling, freshwater nutrient input, and large-
scale climate oscillations. This underscores the need for integrated monitoring that considers 
both atmospheric and oceanic drivers to predict productivity hotspots with higher accuracy.

3.4. Identification of surface chlorophyll-a dynamics factor 
3.4. based on net climatological changes

The climatological distribution of SSC indicates that elevated SSC values are primarily 
concentrated along the coastlines of surrounding islands, suggesting that river discharge, 
coastal upwelling, and precipitation are the dominant contributing factors. Inshore waters are 
characterised by reduced SSD and SSS, reflecting the influence of river plumes and freshwater 
dilution from precipitation (Fig. 11). In contrast, relatively high SST and SSH values along the 
coast suggest the dominance of downwelling processes during certain periods. Although total 
precipitation remains relatively uniform throughout the year, north-western and inland Papua 
experience higher rainfall intensities, which likely enhance SSC in the north-western Arafura 
Sea.

Fig. 10 - Regional monthly climatological mean of SSC, SST, SSS, SSD, SSH, EPV, and precipitation based on the region, 
which is Region A (a), Region B (b), and Region C (c) from 1998 to 2022.
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During the peak of the SE monsoon in August, a pronounced gradient in SSC between coastal 
and offshore waters reflects the intensification of coastal upwelling. This gradient highlights the 
combined effects of continuous river discharge, precipitation-driven nutrient input, and seasonal 

Fig. 11 - Spatial distributions of climatological mean conditions and long-term increasing and decreasing trends of SSC 
(a) during 1998–2022. The environmental parameters used to characterise these patterns include SST (b), significant 
wave height (c), EPV (d), SSS (e), SSD (f), total precipitation (g), and river discharge (h).
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Fig. 11 - continued.

upwelling. Although river discharge persists year-round, it decreases substantially during this dry-
season month, producing a negative anomaly across most major river systems in southern Papua. 
Thus, while riverine influence remains present, it is at its annual minimum. Conversely, a decline 
in SSC near northern Australia and Trangan Island indicates the strengthening of downwelling 
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in those areas. Evidence for upwelling is further supported by widespread decreases in SST and 
SSH, particularly in south-eastern Arafura, where sharply reduced SSH signals enhanced Ekman 
pumping. In addition, the expansion of low-salinity waters near the northern Australian and 
Papuan coasts primarily reflects freshwater input from river plumes and precipitation, while 
concurrent upwelling enhances nutrient supply through the upward transport of more saline 
subsurface waters.

Monsoon-driven variability in EPV further reinforces this interpretation. The simultaneous 
increase and decrease of EPV across different islands reflect the intensification of monsoon winds 
during this period. Likewise, enhanced precipitation over Papua coincides with elevated offshore 
SSC, emphasising the role of rainfall-mediated nutrient delivery in sustaining phytoplankton 
blooms. Collectively, these patterns suggest that during peak monsoon conditions, both horizontal 
advection and vertical pumping are strongly modulated by wind forcing and freshwater input, 
jointly shaping the growth environment for phytoplankton.

By contrast, during the peak of the NW monsoon in January, the cessation of upwelling along 
the Papua coast coincides with intensified downwelling, effectively reversing the SSC gradient 
observed during the SE monsoon. The increase in SSC along island coasts, combined with a 
decline offshore, highlights the interaction between downwelling and river discharge. Rising SST 
near the coast provides further evidence for downwelling, while negative EPV values point to 
enhanced stratification that inhibits the upward flux of cold, nutrient-rich water, thereby limiting 
offshore productivity. Freshwater inputs from river discharge and precipitation also reduce SSS 
and SSD, further modulating SSC. These inputs are particularly pronounced during January, when 
discharge from major southern Papuan rivers exceeds ~3000 m³/s, representing a strong positive 
anomaly. This massive seasonal surge of freshwater, nutrients, and sediments directly sustains 
the observed coastal SSC increase.

Fig. 11 illustrates these processes, showing spatial variations in river discharge, SST, SSH, EPV, 
SSS, SSD, and precipitation that highlight the physical controls on SSC variability. The observed 
increase in SSH during the NW monsoon corresponds to the dominance of northwesterly winds, 
which promote Ekman convergence and downwelling, further modulated by regional bathymetry 
and the narrowing of cross-sectional passages. Distinct climatological SSD patterns between the 
Torres Strait and the north-western Papua coast likely reflect differences in EPV intensity, further 
underscoring the complexity of physical–biological interactions in the Arafura Sea. Overall, these 
climatological analyses confirm that variability in SSC is governed by temporally dynamic and 
spatially heterogeneous forcing mechanisms and that integrated observational frameworks are 
essential for capturing the full ecosystem response.

3.5. Interannual variability of sea surface chlorophyll-a, sea surface temperature, 
3.5. and total precipitation revealed by the empirical orthogonal function

The EOF analysis of deseasonalised SSC reveals that the four highest EOF modes collectively 
explain 64% of the total variance (Fig. 12). The first mode (EOF1) accounts for the highest 
variability, primarily concentrated around the southern coast of Papua. The correlation between 
the PCs (PC1–PC4) and the ONI is 3.81%, 23.05%, 10.73%, and 11.02%, respectively. These results 
indicate a weak correlation between SSC variability and ENSO, suggesting that other factors play 
a more dominant role in interannual SSC fluctuations.

EOF1 highlights multiple peaks of high SSC anomalies occurring in September 2008, September 
2009, and November 2015, with an amplification of 0.55–0.59 mg·m-3. The recurrence of high 
SSC anomalies during late dry season months coincides with the peak of south-easterly winds, 
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Fig. 12 - Deseasonalised interannual variability of SSC explained by the four highest EOF modes (accounting for 
63% of the total variability) in spatial (left) and temporal (right) terms from 1998 to 2022. Red and blue transparent 
boxes consecutively highlight the ONI value, which broke the ±1 threshold, indicating an extreme period of the ENSO 
phenomenon.

reinforcing the interpretation that monsoon-driven vertical nutrient flux is the primary driver 
of interannual SSC enhancement. The first three EOF modes suggest that high SSC anomalies 
predominantly occur offshore, indicating a strong influence of coastal upwelling and nutrient 
runoff. Meanwhile, the consistent high variability of SSC near the coast across multiple modes 
underscores the continuous role of river discharge in modulating SSC concentrations. These 
spatial patterns suggest a dual-source nutrient regime, with offshore anomalies linked to physical 
oceanographic forcing and nearshore anomalies reflecting sustained fluvial input.

The EOF analysis of deseasonalised SST indicates that the EOF1 captures 82% of the total 
variability, highlighting its dominant role in governing SST fluctuations in the Arafura Sea (Fig. 
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13). EOF1 shows that most SST intensifications occur during periods of moderate ONI values, 
suggesting that SST variability is not solely driven by extreme ENSO events but rather by a 
combination of regional ocean–atmosphere interactions.

Periods of prolonged negative SST anomalies are observed from February 1998 to October 
2000, corresponding to a significant cooling event. However, in November 2015, PC1 and the 
ONI exhibited an inverse relationship, which may be attributed to a time lag in the propagation 
of warm western Pacific water masses through the Indonesian Throughflow (ITF) pathways. This 
lag effect is further supported by the delayed decrease in PC1 following the event. Such lagged 
responses point to the influence of remote ocean circulation and thermal inertia, which may 
decouple SST behaviour from real-time ENSO indices.

Spatially, EOF2 exhibits a N-S SST contrast, while EOF3 reveals W-E SST differences, and EOF4 

Fig. 13 - Deseasonalised interannual variability of SST explained by the four highest EOF modes (accounting for 95% 
of the total variability) in spatial (left) and temporal (right) terms from 1998 to 2022. Red and blue transparent boxes 
highlight the ONI value, which broke the ±1 threshold, indicating an extreme period of the ENSO phenomenon.
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highlights positive SST anomalies concentrated in the central Arafura Sea. Notably, regions 
exhibiting high SST variability often coincide with areas of high SSC variability, particularly in the 
mid-Arafura Sea. This co-occurrence suggests that SST fluctuations may influence phytoplankton 
dynamics through their impact on vertical mixing and stratification. Thus, SST not only serves as 
a passive indicator but also acts as a modulator of nutrient availability through its role in water 
column structure.

The EOF analysis of total precipitation reveals that the first four modes explain 82% of the 
total variance (Fig. 14). EOF1 primarily captures negative precipitation anomalies along the Papua 
coast, contrasting with positive anomalies over inland Papua. This pattern suggests that coastal 

Fig. 14 - Deseasonalised interannual variability of total precipitation explained by the four highest EOF modes 
(accounting for 82% of the total variability) in spatial (left) and temporal (right) terms from 1998 to 2022. Red and 
blue transparent boxes consecutively highlight the ONI value, which broke the ±1 threshold, indicating an extreme 
period of the ENSO phenomenon.
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upwelling and river discharge exert a stronger influence on SSC than dilution effects associated 
with precipitation. The spatial decoupling between inland and coastal rainfall emphasises the 
limited role of direct precipitation in phytoplankton bloom formation, compared to fluvial 
nutrient transport.

The spatial distribution of the remaining three EOF modes highlights more localised 
precipitation anomalies near the coast. Specifically, EOF2 exhibits scattered negative anomalies 
in the south, EOF3 presents a relatively uniform pattern with distinct anomalies in north-western 
Papua, and EOF4 displays a more diffuse precipitation pattern. These modes suggest that 
interannual precipitation variability is spatially heterogeneous, which may influence the timing 
and magnitude of nutrient delivery to coastal waters.

The corresponding PC time series (PC1–PC4) shows weak correlations with the ONI, with 
-values of 0.368, 0.363, 0.195, and 0.099, respectively. Additionally, during extreme ENSO events, 
the PCs exhibit contrasting precipitation patterns, further indicating that the ENSO is not the sole 
driver of interannual precipitation variability.

Changes in water mass transport through the ITF pathways under a changing climate 
may also contribute to the observed precipitation patterns. Previous studies have found that 
ENSO-affected regions experience 33–50% higher rainfall variability compared to non-ENSO-
affected areas (Nicholls, 1988), highlighting the complex interplay between meteorological and 
oceanographic factors in modulating precipitation in the Arafura Sea.

4. Discussion

The Copernicus Marine products utilised in this study have undergone rigorous qualification 
and validation through continuous scientific assessments, ensuring their reliability and 
appropriateness for regional-scale oceanographic investigations (von Schuckmann et al., 2016; Le 
Traon et al., 2019). However, satellite-derived SSC estimates may exhibit positive biases in coastal 
waters due to the optical influence of high suspended sediment loads and coloured dissolved 
organic matter originating from riverine inputs (Napitupulu et al., 2023; Quan and Chen, 2023). 
Such effects should be carefully considered when interpreting SSC variability, particularly within 
nearshore environments influenced by fluvial plumes and turbid water masses.

This study investigates the mechanisms driving SSC enhancement in the Arafura Sea, a 
region of ecological and economic significance. Phytoplankton, as the foundation of marine 
ecosystems, play a crucial role in primary production, with SSC serving as a key proxy for their 
abundance (Batteen et al., 1995; Huang, 1996). Understanding the spatiotemporal variability of 
SSC is essential for assessing ocean health, fishery productivity, and regional climate interactions 
(Bingham and Brodnitz, 2021; Chilukoti et al., 2024; Maier et al., 2025). The Arafura Sea is 
influenced by complex oceanographic processes, including monsoonal winds, river discharge, 
and the ENSO. We hypothesised that SSC enhancement is primarily driven by river discharge, 
precipitation, and seasonal monsoon dynamics, with potential modulation by the ENSO. Using 
24 years (1998–2022) of oceanographic data (SST, SSS, SSD, EPV, total precipitation, and river 
discharge), we analysed the interplay among these factors. Our findings confirm this hypothesis 
and highlight the Arafura Sea as a dynamic interface where atmosphere, ocean, and land 
interactions jointly regulate productivity, differing from neighbouring tropical seas where the 
ENSO exerts greater control.
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4.1. Seasonal variability of sea surface chlorophyll-a and its forcing mechanisms

Our results revealed distinct seasonal SSC patterns, with maximum concentrations occurring 
in July during the SE monsoon, coinciding with intensified upwelling, as indicated by positive EPV 
and reduced SSH. Conversely, the lowest SSC was observed in December, aligning with the NW 
monsoon and prevailing downwelling conditions. These seasonal variations are consistent with 
monsoon-driven Ekman dynamics, reinforcing previous findings on upwelling in the region. This 
seasonal oscillation forms the backbone of phytoplankton seasonality in the Arafura Sea, with 
upwelling acting as a physical trigger and riverine input sustaining nearshore productivity.

The relatively stable SSC levels along the southern Papua coastline suggest a continuous 
supply of nutrients, primarily from river discharge and terrestrial inputs, which may be further 
modulated by precipitation and anthropogenic activities (Geng et al., 2021). Offshore SSC 
enhancement, however, indicates an interplay between mesoscale eddies and river plumes, 
emphasising the complexity of physical and biogeochemical interactions (Chenillat et al., 2024). 
While mesoscale eddies facilitate vertical nutrient mixing, river discharge supplies organic and 
inorganic nutrients offshore, creating hotspots of phytoplankton growth (Cordier et al., 2025). 
Such interactions imply that productivity hotspots may form through the coupling of localised 
wind-driven upwelling and nutrient transport pathways, not solely from basin-scale processes.

EPV analysis revealed that peak upwelling occurs in July, while downwelling dominates in 
February, consistent with seasonal wind forcing. Upwelling intensity is strongest along the 
southern Papua coast in September, while the northern Papua coast experiences downwelling 
during the NW monsoon. The role of island orientation and wind stress is evident, influencing 
localised Ekman transport and modulating SSC distribution. SSH analysis corroborates these 
upwelling patterns, with minimum SSH (0.58 m) in July and maximum SSH (0.81 m) in December, 
reflecting the seasonal alternation between upwelling and downwelling regimes. Together, EPV 
and SSH provide robust physical indicators that closely align with SSC seasonality, validating their 
use as proxies for productivity shifts in monsoon-influenced systems.

SST exhibited an inverse relationship with upwelling, with minimum temperatures 
(25.95 °C) in August during peak upwelling and maximum temperatures (30.05 °C) in December 
during peak downwelling. This confirms SST as a robust upwelling indicator, consistent with 
previous studies (Arcos and Wilson, 1984; Napitupulu et al., 2025b). Meanwhile, precipitation 
showed a relatively uniform seasonal distribution, with maximum rainfall (0.0142 m) in March 
and minimum rainfall (0.0083 m) in July, suggesting a secondary but notable influence on SSC 
dynamics through nutrient runoff and water column stratification. Although precipitation alone 
does not dictate SSC concentrations, its interaction with river discharge significantly modulates 
coastal nutrient loading and mixing conditions.

4.2. Regional and interannual variability of sea surface chlorophyll-a

Regional correlation analysis revealed strong spatial variability in the relationship between 
SSC and EPV. In Region A, SSC and EPV exhibit a moderate negative correlation (-0.59), likely due 
to the coastal orientation effect, which influences wind-driven upwelling patterns. In contrast, 
Region B and Region C exhibit strong positive correlations (0.78 and 0.85, respectively), indicating 
upwelling-driven phytoplankton blooms. Additionally, SSC in Region B correlates positively with 
precipitation (0.8), highlighting the role of nutrient runoff in phytoplankton growth. Such spatial 
heterogeneity highlights the importance of considering coastline orientation and bathymetric 
complexity when predicting regional upwelling intensity, as small-scale wind-topography 
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interactions can create productivity hotspots or downwelling shadows (He and Mahadevan, 
2021). These spatial differences emphasise the importance of geomorphological and atmospheric 
coupling in regulating nutrient delivery mechanisms across subregions.

EOF analyses highlight that SSC variability is most pronounced along the Papua coast, 
reflecting the sustained influence of river discharge (Börger et al., 2024). The weak correlations 
between SSC, SST, and precipitation with the ONI suggest that interannual variability is primarily 
controlled by regional processes rather than ENSO forcing (Kealoha et al., 2020; Rashid et al., 
2020; Wang et al., 2022). Notably, SST fluctuations in regions of high SSC variability, particularly 
in the mid-Arafura Sea, likely regulate phytoplankton blooms through their impact on vertical 
mixing and stratification (Liu et al., 2019). Meanwhile, precipitation, though not a dominant 
driver, modulates nutrient input and water column stability via riverine discharge, thereby 
shaping phytoplankton distribution (Xu et al., 2021, 2024).

Our findings underscore the dominant role of monsoon-driven upwelling and river discharge 
in shaping SSC variability in the Arafura Sea. While the ENSO and precipitation exert secondary 
influences, the seasonal monsoon cycle and terrestrial nutrient input remain the key drivers 
of phytoplankton blooms. During the SE monsoon, SSC increases due to strong upwelling, as 
evidenced by enhanced EPV, reduced SST, and lower SSH. The interaction of Ekman-driven 
upwelling and river discharge facilitates phytoplankton growth, leading to distinct offshore 
SSC anomalies. In contrast, the NW monsoon is dominated by downwelling, with higher SST, 
increased SSH, and lower SSC, illustrating the seasonal reversal of oceanographic conditions 
(Kämpf, 2015; Naik et al., 2020).

The EOF results further highlight the limited direct influence of the ENSO on SSC variability. 
Although the ENSO affects regional atmospheric circulation and ITF transport, its impact on SSC 
is relatively weak compared to seasonal monsoonal forcing and local hydrodynamic processes 
(Racault et al., 2017; Koropitan et al., 2021). This suggests that local ocean–atmosphere 
interactions and terrestrial nutrient inputs are the primary regulators of phytoplankton dynamics 
in the Arafura Sea (Dewi et al., 2018). This decoupling from the ENSO makes the Arafura Sea a 
unique tropical system where internal regional dynamics override broader climatic oscillations, 
underscoring the need for localised environmental monitoring frameworks.

5. Conclusions

This study analyses the significance of various oceanographic features on SSC dynamics 
in the Arafura Sea using seasonal and interannual analyses. The SSC analysis results indicate 
that the relatively steady level of SSC along the coast of the surrounding island is seasonally 
and interannually variable, due to continuous river discharge. On the other hand, the SSC 
offshore dynamics show a prominent role of the monsoon season modulating the region, which 
subsequently affects the EPV dynamics and rainfall precipitation. The high total precipitation 
during the SE monsoon gives constructive enhancement for the abundance of SSC, besides the 
role of coastal upwelling and river discharge. The strengthening EPV throughout the climatological 
period reflects an intensifying monsoon wind. On the other hand, the NW monsoon indicates 
the role of continuous river discharge along the coast of the surrounding island, demonstrated 
by a prominent SSC gradient in the region. Moreover, the interannual analysis reveals that SSC 
dynamics are not solely modulated by the ENSO phenomenon, indicating the influence of other 
atmospheric and oceanic processes. Moreover, the SST dynamics indicate inverse correlation 
with the ONI, revealing a time lag associated with the western Pacific water mass transport. 
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The interannual dynamics of total precipitation indicate a high variability near the middle and 
north-western Papua, indicating the dominant role of nutrient runoff around the region. These 
findings provide new insight into the dual forcing mechanisms, monsoonal upwelling and 
terrestrial runoff, that govern phytoplankton variability in marginal tropical seas like the Arafura. 
By integrating long-term satellite data with regional EOF analysis, this study confirms that local 
ocean-atmosphere-land interactions outweigh large-scale climate modes, such as the ENSO, in 
regulating SSC variability. Such knowledge is essential for enhancing the accuracy of ecosystem 
forecasting, particularly for predicting seasonal productivity that supports key fisheries in the 
region.
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