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Abstract

The Eastern Indonesian waters are significant in influencing the global climate system and oceanic
connectivity. However, the Indonesian Through Flow (ITF) facilitates the movement of waters from the
Pacific Ocean to the Indian Ocean. This flow vertically mixes water masses in the Eastern regions, leading
to the concentration of phytoplankton. In addition, the distribution of phytoplankton, indicative of
chlorophyll-a concentration, is influenced by upwelling and downwelling phenomena. Chlorophyll-a,
responsible for capturing carbon and producing oxygen in marine ecosystems, is important in regulating
climate change. Moreover, oceanographic conditions play a significant role in the dispersion of chlorophyll-
a concentration. Therefore, this study adopted ocean colour remote sensing technology to assess chlorophyll-
a distribution. Monthly ocean colour data was collected by the multi-temporal Sentinel-3 Ocean and Land
Colour Instrument (OLCI). The analysis output included chlorophyll-a concentration associated with
currents and the EI Nino Southern Oscillation (ENSO). Data processing using the Case-2 Regional Coast
Colour (C2RCC) processor resulted in an average chlorophyll-a concentration in the Eastern Indonesian
waters ranging from 0.16 to 0.52. The results showed higher chlorophyll-a levels during the southeast
monsoon (July to September) and lower levels during the northwest monsoon (January to March).

Keywords: chlorophyll-a; Indonesian through flow; eastern Indonesian waters; Sentinel-3 OLCI; C2RCC.

1. Introduction

The Indonesian waters are significant in influencing the global climate system and inter-ocean
interactions. This influence is attributed to the flow of water masses originating from the western
Pacific Ocean towards the southeast Indian Ocean, driven by variations in water mass pressure, a
phenomenon known as the Indonesian Through Flow (ITF) (Hasanudin, 1998; Sprintall &
Révelard, 2014). The flow directs waters towards the Indian Ocean, leading to the replacement of
flowing waters by the North Pacific and South Pacific thermocline waters. Therefore, there is an
extensive mixing of water masses, termed Mix-Master Indonesia, including chlorophyll,
temperature, salinity, oxygen, and other tracers (Gordon, 2005; Nugroho Setiawan et al., 2013).

The Eastern Indonesian waters are a focal point in ITF studies due to their potential for large
marine resources and diverse biota habitats (Misgiati et al., 2024). These waters are highly fertile
due to the vigorous mixing of water masses (Wisnubroto et al., 2021), a process closely tied to
upwelling and downwelling phenomena. Upwelling covers the ascent of water masses from lower
to upper layers, while downwelling is the descent of water masses to deeper layers. The southeast
monsoon, characterised by wind moving from the Australian Continent to the Asian Continent,
significantly influences the annual upwelling in the Indonesian waters (Purba & Khan, 2019).

Chlorophyll, a natural pigment essential for photosynthesis is widespread in various plants
(Humphrey, 1980). In many marine environments, it manifests as a green pigment within
phytoplankton, which are microscopic plants integral to the marine food web. Chlorophyll plays
a crucial role in the environment by absorbing carbon and generating substantial amounts of
oxygen. Chlorophyll-a, a predominant type of chlorophyll found in phytoplankton, serves as a
primary producer in waters, contributing approximately 95% (Al Diana et al., 2020; Widyorini,
2009). The distribution of chlorophyll-a in the ocean varies both temporally and spatially,
contingent upon the oceanographic conditions of the water body (Bramic et al., 2021).

An effective method to monitor the variability of chlorophyll-a distribution over a large area and
an extended period is through ocean colour remote sensing satellite technology. Ocean colour,
indicative of dissolved or suspended substances, is subjected to changes in response to
environmental factors. Meanwhile, ocean colour remote sensing, a passive method using
electromagnetic wave radiation, primarily uses visible and Near Infrared (NIR) light (Stierman,
2017). Chlorophyll-a changes the colour of the water to greenish, facilitating the detection of its
distribution variations. Therefore, this study adopted ocean colour data from the Sentinel-3
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satellite, developed by the European Space Agency (ESA), in support of the Copernicus program.
The program was specifically designed in response to user needs for environmental monitoring
(ESA, 2021). Sentinel-3 is divided into three instrument sets, including altimetry, thermal, and
optical, with the analysis using data from the Ocean and Land Colour Instrument (OLCI).

This study aimed to analyse the variability in the distribution of chlorophyll-a content in the
Eastern Indonesia from 2020 to 2021 on a monthly basis. The results will be correlated with
geostrophic currents to explain the relationship between chlorophyll-a movement in the ocean and
ITF.

2. Methods

The study area was the Eastern Indonesia waters, comprising the Banda, Flores, Sulawesi,
Maluku, Seram, Halmahera, Timor, Arafura, and Sawu waters. The area boundary was located at
coordinates 6N - 11S and 115E - 141E, as shown in Figure 1.
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Figure 1. Study Area.

This study required monthly Sentinel-3 OLCI Level 1 Top of Atmosphere (ToA) Radiance Full
Resolution image data from 2020 to 2021. The data was processed using the Case-2 Regional
Coast Colour (C2RCC) Processor, integrated with the Sentinel Application Platform (SNAP)
software (Amankulova et al., 2024). C2RCC served as a processor for atmospheric correction and
the calculation of water constituents from optical satellite images (Lumban-gaol et al., 2024).
Algorithms within C2RCC Processor determined Inherent Optical Properties (IOP) and calculated
concentrations of water constituents (Naves V.H. et al., 2021). A Neural Network (NN) was
trained for atmospheric correction and 10OP determination, with additional inputs of temperature
and salinity data required (Poopipattana c. et al., 2024). Atmospheric correction produced Water
Leaving Radiance Reflectance (RLw) (Kulha et al., 2024). The results were then reprocessed by
the NN Case 2 Water Processor, providing 5 IOPs, including absorption by phytoplankton
pigments. The absorption by phytoplankton pigments at 443 nm was converted to apig, and
chlorophyll-a concentration was calculated using Equation 1 (Doerffer, 2010).

chla = 22_apig(443)+%* @)

Temperature and salinity data were sourced from the CMEMS Global Ocean Ensemble
Reanalysis product and Multi Observation Global Ocean ARMOR3D L4 (Marine Copernicus).
The output from the C2RCC process provided a band with chlorophyll-a content, which was
subjected to mosaic or image merging, as well as subset cutting according to the study area, and
reprojection into the WGS84 system. Cloud masking was subsequently performed to remove
cloud cover and ensure it did not affect chlorophyll-a data results.

The accuracy of chlorophyll-a data processing using C2RCC Processor was tested against OC4Me
product data obtained from Sentinel-3 Ocean Colour Level 2. The accuracy test adopted Root
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Mean Square Error (RMSE) pixel by pixel (An et al., 2020) on Equation 2. Whereas N or n is the
number of samples or observations, X is the Chlorophyll-a data results, and xy is the actual data.
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Figure 2. Study workflow.

The data visualisation process was conducted using MATLAB software, and chlorophyll-a data
was initially gridded before visualisation. Chlorophyll-a data was subsequently overlaid with
currents data retrieved from the Global Total Surface and 15m Currents (Marine Copernicus). The
currents data was gridded and was plotted using the vector plot quiver function in MATLAB. The
data processing flow in this study was presented in Figure 2.

The final process was to visually and numerically analyse chlorophyll-a distribution's spatial and
temporal variability in the Eastern Indonesia waters. The variability of chlorophyll-a would be
examined based on phenomena that occurred in the waters.

3. Results and Discussion
3.1. Chlorophyll-a Variability in the Eastern Indonesia Sea 2012-2021

Chlorophyll-a distribution was categorised into five colours, including light green (0.01 - 0.1
mg/m?3), dark green (0.1 - 0.4 mg/m3), yellow (0.4 - 2 mg/m?3), orange (2 - 10 mg/m?3), and red
(10 - 30 mg/m?3). The distribution map in Figure 3 showed white areas, indicating unknown
chlorophyll-a concentration due to cloud cover over the Eastern Indonesia during the recording
by the Sentinel-3 satellite. Indonesia, with two-thirds of its territory covered by the ocean, often
experienced extensive cloud cover (Hermawan, 2015).
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Figure 3. Chlorophyll-a Distribution Map 2020-2021, where (a) is during the northwest monsoon, (b) during
the transitional season I, (c) during the Southeast monsoon, and (d) during the transitional season II.
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Figure 4. Variations of Chlorophyll-a Concentrations in Eastern Indonesia Waters. (a) Maximum
Chlorophill-a in the East Indonesia waters, (b) Average Chlorophill-a in the Eastern Indonesia waters, and
minimum (c) Chlorophill-a Minimum in the Eastern Indonesia waters.

Based on Figure 4, the maximum concentration value of chlorophyll-a in the Eastern Indonesia
waters ranged from 15.65 — 30 mg/m3. The average and the minimum concentration values
ranged from 0.24 - 0.51 mg/m? and 0.02 - 0.03 mg/m? respectively. Furthermore, the highest
chlorophyll-a concentration during 2020-2021 coincided with the southeast monsoon, gradually
decreasing thereafter into the northwest monsoon. The analysis of chlorophyll-a concentrations
in Eastern Indonesia waters reveals significant seasonal fluctuations, correlating with the
monsoonal shifts. During the southeast monsoon, chlorophyll-a levels peak, reflecting an
abundance of marine phytoplankton, before diminishing as the northwest monsoon sets in,
showcasing the dynamic nature of marine ecosystems in response to climatic patterns.

Figure 5 presented a map of ocean currents direction distribution during the northeast monsoon,
southeast monsoon, and transitional periods. During the northwest monsoon, the currents tended
to flow from the Western Pacific Ocean to the East Indian Ocean (south of Java Island), while
during the southeast monsoon, they move from the East Indian Ocean (south of Java Island) to
the West Pacific Ocean through the Indonesian waters (Hatayama et al.,1996; Li et al., 2020).
Additionally, ocean currents play a pivotal role in this process, with their direction changing with
the monsoons, further influencing the distribution and concentration of chlorophyll-a by
transporting nutrients and phytoplankton across the Indonesian archipelago, underscoring the
complex interplay between oceanographic conditions and marine biological productivity.
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Figure 5. Maps of ocean current direction distribution during northwest monsoon (a), transitional season |
(b), southeast monsoon (c), and transitional season 11 (d).

3.2. Analysis of Chlorophyll-a Distribution

Chlorophyll-a concentration in the Eastern Indonesian waters had spatial and temporal variations,
ranging from 0.01 to 30 mg/m3. Coastal areas typically had higher chlorophyll-a concentration
compared to open ocean regions. This could be attributed to coastal upwelling, river nutrient
influx, and local environmental conditions (Ningrum et al. 2022; Susanto et al.,2006; Syahdan et
al.,2014).

The concentration of chlorophyll-a tended to be high during the southeast monsoon season (June
to August). This phenomenon was driven by the movement of currents from the East Indian Ocean
(south of Java Island) toward the West Pacific Ocean through the Indonesian waters. The shift in
currents was attributed to the sun's position in the northern hemisphere during the Eastern
Monsoon period, leading to low pressure in the northern hemisphere and high pressure in the
southern hemisphere. Therefore, wind flowed from the southern hemisphere to the northern
hemisphere, driving the currents from the East Indian Ocean to the West Pacific Ocean. This
movement, influenced by wind, signified the occurrence of upwelling (Gordon, 2005). Upwelling
brought colder water masses from the Indian Ocean to the surface in the Indonesian waters, where
they mixed with Pacific Ocean masses (Gordon, 2005; Maro et al., 2021; Susanto et al., 2006).
The mixing resulted in nutrient-rich conditions that enhanced waters productivity and elevated
chlorophyll-a concentration.
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During the Western Monsoon (December, January, February), chlorophyll-a concentration
typically decreased. This seasonal change was attributed to the prevailing currents direction,
which tended to shift from the Western Pacific Ocean toward the East Indian Ocean (South of
Java Island) through the Indonesian waters. The shift occurred due to the southern hemisphere
receiving more heat and experiencing low pressure during the Western Monsoon period. This
resulted in a movement of currents from regions of high pressure in the northern hemisphere
toward the southern hemisphere. The movement of currents indicated downwelling (Gordon,
2005), during which nutrient-rich water masses descended to deeper ocean layers. Therefore,
waters productivity decreased, leading to a reduction in chlorophyll-a concentration.

This study used the C2RCC processor, an algorithm designed for case 2 waters. The selection of
the method considered the diverse waters depths, which comprised both deep and shallow.
Additionally, the investigation conducted on the global distribution of case 1 and case 2 indicated
that the Eastern Indonesia waters included both types. Therefore, the chlorophyll-a distribution
results obtained in this study would be compared with a product for case 1 water from Sentinel-3
Ocean Colour Level 2. The comparison data had been processed with the OC4Me algorithm,
specifically designed for case 1 water chlorophyll-a estimation, using a combination of 4-band
ESA and modified MERIS legacy for OLCI. The resulting RMSE calculation was 0.43, indicating
the weighted average error between the predicted values and verification data in this dataset.

3.3. Analysis of Chlorophyll-a Content in The Arafura and Savu Waters

This study used two samples to monitor changes in the Eastern Indonesian waters, enabling
analysis of annual average chlorophyll-a fluctuations. The graph below showed the monthly
variations in average chlorophyll-a levels in the Arafura and Savu waters from 2020 - 2021.
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Figure 6. (a) Average chlorophyll-a in Arafura waters samples from 2020 - 2021, (b) Average Chlorophyll-
m in the Savu waters samples from 2020 - 2021.

From 2020 to 2021, as shown in Figure 6. (a), the Arafura waters had average chlorophyll-a values
ranging from 0.26 to 1.46 mg/m3. In Figure 6. (b), the Savu waters had average values ranging
from 0.05 to 0.51 mg/m3. Specifically, the Arafura waters had higher chlorophyll-a concentration
compared to the Savu ones, attributed to its shallow nature and status as the primary upwelling
spot area in the Eastern Indonesian waters (Purba & Khan, 2019). Both oceanic regions

experienced phases of high and low chlorophyll-a concentration annually, influenced by seasonal
variations. The peaks in the concentration typically coincided with the southwest monsoon, while
the low phase occurred during the northwest monsoon.

In the Arafura waters, chlorophyll-a concentration peaked in June 2020 and August 2021,
coinciding with the southeast monsoon. The lowest concentration, on the other hand, were
recorded in December 2020 (northwest monsoon) and May 2021 (transitional season I). In the
Savu waters, chlorophyll-a concentration peaked in September 2020 (transitional season Il) and
August 2021 (southeast monsoon), with the lowest values observed in December 2020 and 2021.
These patterns were in line with the seasonal monsoon cycles in Indonesia, where the east
monsoon prevailed from April to October, and the west monsoon dominated from October to
April (Hermawan, 2015).

3.4. Discussion

The Mix-Master Indonesia phenomenon arose from the exchange of water masses between the
western Pacific Ocean and the southeast Indian Ocean, facilitated by the pressure-differential
mechanism of ITF (Edwards & Yukio, 2020). Therefore, this study focused on the Eastern
Indonesian waters, renowned for their rich marine resources and diverse habitats. Due to the
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vigorous mixing of water masses, these waters were fertile. An examination of the upwelling and
downwelling phenomena, particularly during the Southeast Monsoon, offered insights into how
seasonal fluctuations affect the biological productivity of the areas. This ecological
comprehension was essential for conservation and sustainable marine management.

The application of ocean colour remote sensing satellite technology, particularly using Sentinel-
3 satellite data, enabled the efficient monitoring of chlorophyll-a distribution over extended
periods and expansive spatial dimensions. The use of Sentinel-3, equipped with the OLCI,
signified the collaborative potential of advanced satellite technology and environmental
surveillance. Correlated with monsoonal phases, the distribution maps indicated the dynamic
nature of chlorophyll-a concentration. The examination was further enhanced by correlating it
with geostrophic currents, providing a complex understanding of the relationship between
chlorophyll-a dynamics influenced by the ITF and waters movement.

An analysis of chlorophyll-a concentration in the Arafura and Savu waters offered a more regional
perspective, as indicated by Nurfitri (2021). The temporal analysis uncovered distinct patterns in
each water, with variations corresponding to monsoonal phases. The disparity in chlorophyll-a
levels between the Savu and Arafura waters arose from the shallow nature of the Arafura and its
designation as an upwelling hotspot.

4. Conclusion

In conclusion, the distribution of chlorophyll-a in the Eastern Indonesian waters had spatial and
temporal variability. Chlorophyll-a concentration tended to be higher during the southeast
monsoon, typically from June to August, and lower during the northwest monsoon, generally from
December to February. From 2020 to 2021, the maximum concentration value in Eastern
Indonesian Waters ranged from 15.65 — 30 mg/m3. The average and the minimum chlorophyll-a
concentration ranged from 0.24 - 0.51 mg/m3 and 0.02 - 0.03 mg/m3, respectively.
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