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ABSTRACT

A dynamic interplay between local oceanographic processes and large-scale climate drivers shapes tropical
coastal ecosystems. Yet, their coupled responses remain poorly quantified in many regions of the Indonesian
Maritime Continent. This study examines the spatiotemporal variability of sea surface temperature (SST) and
chlorophyll-a concentrations in the southern Madura Strait, utilizing 15 years (2010-2024) of monthly MODIS-Aqua
observations, in conjunction with Nifio 3.4 and Dipole Mode Index (DMI) time series to characterize ENSO and 10D
phases. Monthly climatologies revealed a pronounced SST annual cycle, with peak warming during December-
February (DJF) and March-May (MAM) (£31°C) and basin-wide cooling during June-August (JJA, +28°C).
Chlorophyll-a exhibited strong spatial heterogeneity, with the highest biomass (>10 mg/m?) consistently observed in
the western sector during DJF and MAM, likely reflecting monsoon-driven circulation and terrestrial nutrient inputs.
Composite analyses revealed that La Nifia and negative IOD phases increased productivity through surface cooling
and nutrient enrichment. In contrast, El Nifio and positive IOD phases resulted in compound warming events that
suppressed chlorophyll-a. Lagged correlation analyses further revealed that chlorophyll-a responses typically lag
climate anomalies by one to two months, underscoring the temporally asynchronous nature of climate-ecosystem
interactions. These results provide new process-based insights into how ENSO-IOD interactions regulate tropical
coastal productivity, highlighting the importance of incorporating climate drivers and temporal lags into forecasting
and adaptive fisheries management frameworks to maintain ecosystem resilience under future climate variability.

Keywords: El Nifio southern oscillation, Indian ocean dipole, Sea surface chlorophyll-a, Sea surface temperature,
Southern Madura strait.

1. Introduction ecologically and economically (Hidayah et al.,

The Southern Madura Strait is one of the 2020). This region is part of the Java Sea and

critical coastal areas in Indonesia, both the strategic Madura Strait, which supports
fishing activities, maritime shipping, and the

*Corresponding author, Email: amiryarkhasy@gmail.com maritime industry (Hldayah & Wiyanto, 202 1;
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Fauzan et al., 2023). Oceanographically, this
area exhibits complex dynamics due to the
influence of seasonal winds, the Indonesian
Throughflow, and freshwater inputs from
major rivers on Java Island (Atmadipoera et
al., 2023; Yuliardi et al., 2024; Atmadipoera
et al.,, 2024). In addition to local factors,
global phenomena such as the El Nifo-
Southern Oscillation (ENSO) and the Indian
Ocean Dipole (IOD) also play a role in
influencing sea surface temperature (SST) and
chlorophyll-a concentration dynamics, which
are key indicators of primary productivity and
water health (Toding et al., 2022; Simanjuntak
et al., 2022; Ismunarti et al., 2023; Rachman
et al., 2024; Hanansyah et al., 2024).

The Southern Madura Strait
(approximately  6.8-7.65°S and 112.5-
114.5°E) is a shallow semi-enclosed basin
with an average depth of less than 50 m,
connected to the Bali Sea in the east and the
Java Sea in the west. Several rivers, including
Bengawan Solo and Porong, discharge into
this region, supplying freshwater and nutrient
inputs that significantly affect coastal water
quality and productivity (Maulana et al.,
2015). Seasonal monsoon circulation further
modulates oceanographic conditions: the west
monsoon (December-February/DJF) brings
heavy rainfall and riverine input, while the
east monsoon (June-August/JJA) is marked by
drier conditions, stronger southeasterly winds,
and enhanced mixing (Napitupulu, 2025a).
Although the Southern Madura Strait lies
north of the well-documented Java upwelling
system, it may be indirectly influenced by
wind-driven  circulation = and  nutrient
enrichment during the east monsoon. These
combined factors create a highly dynamic
system where local and remote processes
interact (Karima et al., 2025).

Research on oceanographic parameters such
as sea surface temperature (SST) and
chlorophyll-a has been widely conducted to
understand marine environmental dynamics
and primary productivity in various coastal
areas of Indonesia (e.g., Ningsh et al., 2013;
Wirasatriya et al., 2021; Napitupulu, 2024). In

the Southern Madura strait, studies have
predominantly focused on chlorophyll-a
distribution. For example, Taufiqurrahman and
Ismail (2020) highlighted the role of eddy
formations in  enhancing chlorophyll-a
concentrations in the Madura Strait, while
Trinugroho et al. (2019) identified thermal
fronts as physical drivers of chlorophyll-a
variability. Semedi and Safitri (2015) utilized
MODIS satellite data to estimate chlorophyll-a
concentrations. They reported seasonal
phytoplankton fluctuations, while Jaelani et al.
(2016) and Watanabe et al. (2018)
demonstrated the utility of Landsat 8 OLI and
Sentinel-2A imagery in mapping chlorophyll-a
and suspended particulate matter distributions.
Additionally,  studies on  physical
parameters, such as sea surface temperature
(SST), have been conducted in the Madura
region. Haryanto et al. (2021) presented the
SST variability patterns in East Java's coastal
areas using multi-temporal satellite data,
showing that significant temperature changes
are closely related to ENSO phenomena.
Research by Zainab et al. (2020) further
observed the changes in temperature and
salinity in the Bangkalan waters of Madura,
noting that the influence of seasonal currents
and tidal activity plays a crucial role in SST
fluctuations. Another study by Andriani et al.
(2024) analyzed the SST change patterns in
the  Southern  Madura  Strait  using
oceanographic model data from Marine
Copernicus from 2013-2020. However, these
studies tend to focus on a single parameter
and have not simultaneously examined the
relationship between temperature changes and
biological parameters such as chlorophyll-a.
Agung et al. (2018) analyzed the relationship
between SST and chlorophyll-a to identify
potential fish catch locations in the central
Java waters. Meanwhile, outside of Indonesia,
integrative approaches between SST and
chlorophyll have been more widely explored.
Poddar et al. (2019) and Cui et al. (2020)
successfully developed satellite-based
chlorophyll-a estimation models that account
for complex oceanographic factors, including
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sea surface temperature, currents, and water
optical classification.

Despite these advancements, several
research gaps remain. First, there is a lack of
simultaneous integration of physical (SST)
and biological (chlorophyll-a) parameters over
broad spatial and extended temporal scales in
the Madura Waters. Second, the application of
high-resolution satellite data and advanced
spatiotemporal analysis to assess the impacts
of global climate phenomena, particularly
ENSO and IOD, on oceanographic variability
is still limited. Third, few studies have

directly linked SST and chlorophyll-a
variability to implications for marine
productivity and coastal fisheries

management. To address these gaps, this

study employs a multi-temporal remote
sensing  approach  to  analyze  the
spatiotemporal  variability of SST and

chlorophyll-a. It investigates their relationship
with ENSO and IOD events. The findings are
expected to enhance our understanding of
ecosystem dynamics in the Southern Madura
Strait and provide a scientific basis for
adaptive management strategies in response to

climate variability and change.
2. Data and Method
2.1. Study Area

This study was conducted in the southern
part of the Madura Strait, located between the
eastern part of Java Island and Madura Island
(Fig. 1). The region is a semi-enclosed,
shallow coastal zone characterized by
complex oceanographic processes influenced
by tidal currents, river discharges, and
monsoonal wind forcing. It is also subject to
large-scale climate variability associated with
ENSO and the Indian Ocean Dipole (IOD)
(Dewi et al., 2020). The study area spans from
6.8° to 7.65°S and 112.5° to 114.5°E,
encompassing both nearshore and offshore
waters. Bathymetry is generally shallow
(<50 m), with riverine inputs contributing
freshwater and nutrients that can affect coastal
productivity. Three observation points were
selected at a latitude of 7.35°S with longitudes
of 113.0°E, 113.5°E, and 114.0°E to represent
the western, central, and eastern transects of
the study area.
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Figure 1. Study area of the Madura Strait Waters. Map of the Indonesian Seas with the red box highlighting
the Madura Strait region. The inset on the right shows the location of the study area in a global context.
Enlarged view of the Madura Strait showing three observation points: A (western, blue), B (central, green),
and C (eastern, red), with their respective coordinates provided in the legend. Schematic of the Indonesian
Throughflow (ITF) pathways is shown for context (modified from Xu et al., 2021)
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2.2.  Chlorophyll-a
Temperature dataset

and Sea Surface

Monthly composite data of SST and
chlorophyll-a (Chl-a) were obtained from the
Moderate Resolution Imaging
Spectroradiometer (MODIS)-Aqua Level 3
product in NetCDF format. The dataset has a
spatial resolution of 4 km and covers the
period 2010-2024. The 4 km product was
selected due to its relatively complete
temporal coverage and reduce cloud
obscuration by 5-14% compared to the 1 km
product, which is often problematic in narrow
coastal areas (Gao et al.,, 2010). While we
acknowledge that the 4 km resolution may not
fully resolve fine-scale nearshore features,
previous studies have demonstrated the
reliability of MODIS 4 km products for
Indonesian coastal waters (e.g., Muskananfola
& Wirasatriya, 2021; Akbar et al., 2024). This
limitation is explicitly discussed in the
manuscript, and we recommend future work
to incorporate higher-resolution satellite data
(e.g., MODIS 1 km, Sentinel-3 OLCI, VIIRS)
and in situ validation (e.g., Harshada et al.,
2021).

In addition, two global climate indices
were used: (1) the Nifio 3.4 Index (Oceanic
Nifio Index/ONI), representing central
equatorial Pacific SST anomalies, obtained
from the NOAA Climate Prediction Center
(https://origin.cpc.ncep.noaa.gov/); and (2) the
Dipole Mode Index (DMI), which
characterizes the intensity of the Indian Ocean
Dipole, obtained from the NOAA Physical
Sciences Laboratory (https://psl.noaa.gov/).

2.3. Methods

This study employed a quantitative
spatiotemporal approach to analyze
chlorophyll-a and SST variability from 2010 to
2024. MODIS-Aqua Level 3 datasets in
NetCDF (.nc) format were clipped according to
the geographic boundaries of the study area.
The data for chlorophyll-a and SST parameters

consist of monthly composites with a spatial
resolution of 4 km from the MODIS-Aqua
sensor. To characterize the temporal variability,
monthly climatological means and standard
deviations were calculated from the 2010-2024
dataset, providing a detailed depiction of the
average seasonal cycle and the magnitude of
interannual variability for each calendar month.

Monthly climatological averages were
computed by averaging each month across the
2010-2024 period, resulting in 12 monthly
mean fields that represent the typical annual
cycle of chlorophyll-a and SST. The
interannual variability for each month was
quantified using the corresponding standard
deviation. This approach follows standard
oceanographic climatology procedures and
was adapted from Wirasatriya et al. (2017),
with the monthly mean for each grid cell

calculated as::
n

_ 1
X(x,y) = ;Z xi(x,y,t)
i=1
1 n
K(x:Y) = T_LZXi(x’y,t)

i=1
where the monthly climatological value at
each coordinate point (x,y) is obtained by
calculating the average of all parameter values
at a specific time during the observation
period. The number of data points used in this
calculation (n) is adjusted according to the
number of years within the study period. The
time series of chlorophyll-a and SST are
analyzed at three fixed coordinate points at
latitude 7.35°S with variations in longitude at
113.0°E, 113.5°E, and 114.0°E. To fill in data
gaps in the monthly time series, linear
interpolation is applied using the nearest
method. To gain a deeper understanding of the
distribution of sea surface temperature (SST)
and chlorophyll-a concentration at each
observation point, a statistical distribution
analysis is conducted using the Kernel
Density Estimation (KDE) method. In the
context of this study, KDE is used to evaluate
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the distribution of SST and chlorophyll-a
values over the monthly period (2010-2024)
at the three observation locations, which are
scattered longitudinally across the Southern
Madura Strait. The estimation is performed
using the Gaussian kernel function, which is
mathematically  formulated as  follows
(Gramacki, 2018):

fu(x) = nhxl/ﬁiexp (_%(x ;xi)z)

where f;, (x) is the density estimate at point x,
n is the total number of observation data, h is
the bandwidth parameter that controls the
smoothness of the estimation curve, and X;
represents each observation value in the
dataset. In this study, the kernel function K
used is the Gaussian kernel, which generally
provides smooth estimation results and is
suitable for continuous data such as sea
surface temperature and chlorophyll-a. This
KDE analysis is combined with histograms
and boxplots to offer a comprehensive view of
the distribution, central tendency, and the
presence of extreme values (outliers) for each
parameter.

Global climate indices (ONI and DMI)
were plotted over the 2010-2024 period to
identify the phases of ENSO and IOD. Phases
corresponding to El Nifo, La Nifa, and
positive or negative IOD events were
highlighted to facilitate the evaluation of SST
and chlorophyll-a variability in relation to
global climate anomalies. Integrated visual
analyses, combining spatial distribution maps
and temporal plots, were conducted to
elucidate the influence of seasonal and
interannual variability on oceanographic
conditions in the Madura Strait.

To assess the strength and timing of the
relationship between climate indices and local
oceanographic variability, lagged Pearson
correlation analyses were performed between
ONI/DMI and the SST and chlorophyll-a time
series at the three observation points. Before
conducting the correlation analysis, all time
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series were linearly detrended to remove long-
term and seasonal trends. Correlations were
calculated for lags ranging from 0 to +12
months to capture potential delayed responses.

o) = Y (x(t) — %) (y(t + 1) — )
VZG® -0 Tt +1) - 9)?

To further investigate the influence of
ENSO and IOD on oceanographic conditions,
composite analyses were conducted to
compare SST and chlorophyll-a anomalies
during El Nifio, La Nifia, and neutral phases.
Monthly anomalies were first categorized
based on Oceanic Nifio Index (ONI) and
Dipole Mode Index (DMI) phases, and then
averaged for each of the four climatological
seasons: December-February (DJF), March-
May (MAM), June-August (JJA), and
September-November (SON). The resulting
composites provide a spatial representation of
temperature and chlorophyll-a differences
between climate phases.

Composite differences were statistically
tested using a two-tailed Student's #-test with a
95% confidence level to identify significant
spatial patterns. This combined approach,
seasonal composites, significance testing, and
lagged correlations, provides a robust
framework to isolate the impacts of ENSO
and IOD on regional SST and chlorophyll-a
variability and to infer the physical
mechanisms

3. Results

3.1. Temporal Variability of Sea Surface
Temperature and Chlorophyll-a

Figure 2 presents the temporal dynamics of
global climate indices alongside key
oceanographic  parameters, namely, sea
surface temperature (SST) and chlorophyll-a
concentration in the Madura coastal waters
from 2010 to 2024. Figure 2A illustrates the
temporal fluctuations of the ENSO index
(Nifio 3.4, red line) and the Indian Ocean
Dipole (IOD, shaded gray area). Figures 2B
and 2C depict the variability of SST and
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chlorophyll-a, respectively, at three fixed
observation points along 7.35°S latitude,
spanning longitudinally from 113°E to 114°E.

During the study period, a strong La Nifia
event was observed from late 2020 to early
2021, characterized by a significant decline in
the Nifo 3.4 index to approximately —1.8.
This was followed by neutral conditions
persisting from mid-2021 through early 2022.
In early 2023, an El Nifio episode intensified,
peaking in the fourth quarter with a Nifio 3.4
index exceeding +2.1. This El Nifio event
coincided with a positive 10D phase
(approximately +1.0), forming an El Nifio +
positive  IOD  configuration typically
associated with reduced precipitation and
elevated SSTs across Indonesia, including
East Java (Kurniadi et al., 2021).

Figure 2B illustrates the seasonal pattern of
SST, with peak temperatures reaching
approximately 31-32°C during the MAM and
decreasing to around 28°C during the JJA.
While the three observation points exhibit

consistent trends over time, spatial variability
remains evident: the western site (blue)
generally displays higher SSTs compared to
the eastern site (red). Notable temperature
declines were observed in early 2021 and mid-
2022, which correspond to La Nifia phases and
neutral-to-negative IOD conditions. In contrast,
Fig. 2C highlights the more dynamic variability
of chlorophyll-a concentrations. The highest
values were recorded at the western station
(113°E), exceeding 11 mg/m* during several
months in early 2023. The central (113.5°E)
and eastern (114°E) locations exhibited lower
and relatively stable chlorophyll-a levels,
ranging from 0.2 to 1.5 mg/m?. The substantial
increase in chlorophyll-a concentration at the
western site is likely influenced by terrestrial
nutrient inputs, carried by riverine runoff or
surface flow (Rizqi et al., 2024). This process
enriches the coastal waters of western Madura
with nutrients, thereby supporting enhanced
primary productivity in the region (Yuliardi et
al., 2024).
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Figure 2. (A) IOD and ENSO indices from 2010 to 2024. Nifo 3.4 index (red line) and Indian Ocean
Dipole (I0OD) index (DMI; shaded area) from 2010 to 2024, with markers for three key phases:

La Nifia + IOD-(November 2010), Neutral (June 2021), and El Nifio + IOD+ (December 2023),
(B)temporal variability of sea surface temperature (SST) and (C) chlorophyll-a concentration at three
observation sites (western, central, and eastern) in the Madura coastal waters. Blue represents the western
site, green the central, and red the eastern site
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The temporal wvariability of SST and
chlorophyll-a observed during the study
period highlights the significant modulation of
coastal oceanographic conditions by large-
scale climate modes, such as ENSO and IOD.
La Nifia phases, characterized by cooler SSTs,
appear to enhance availability,
promoting phytoplankton growth, particularly
in nearshore western Madura. Conversely, El
Nifio and positive IOD phases, associated
with elevated SSTs, likely strengthen water
stratification, suppressing vertical
and inhibiting primary
productivity. The spatial disparity in SST and
chlorophyll-a between western, central, and
eastern sites highlights the combined
influence of local terrestrial inputs and
regional oceanographic gradients in shaping
coastal ecosystem responses.

nutrient

column

nutrient  fluxes

3.2 Statistical Distribution of Sea Surface
Temperature and Chlorophyll-a

Figure 3  presents the frequency
distribution (3A and 3B) and boxplot
visualization (3C and 3D) of chlorophyll-a
concentration and sea surface temperature
(SST) at three observation points located
along the fixed latitude of 7.35°S with
longitudinal variations at 113°E, 113.5°E, and
114°E for the period 2010-2024. Figure 3A
shows a histogram of chlorophyll-a
distribution, highlighting pronounced spatial
heterogeneity. The site at 113°E (blue)
exhibits a markedly broad and positively
skewed distribution, with the highest
frequency occurring in the 1.5-2.5 mg/m?
range and values extending beyond
+10 mg/m®. The overlaid Kernel Density
Estimation (KDE) curve further emphasizes
the high variability observed at this location.
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Figure 3. Frequency distribution and boxplots of chlorophyll-a (A, C) and sea surface temperature (B, D)
at three locations along the -7.35° latitude between 2010 and 2024. Blue, green, and red represent the sites
at 113°E, 113.5°E, and 114°E, respectively

Conversely, the sites at 113.5°E (green)
and 114°E  (red) exhibit narrower
distributions, with chlorophyll-a
concentrations predominantly below 1 mg/m®.
The KDE curves indicate a leptokurtic
distribution, suggesting stable oligotrophic
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conditions  with  minimal  fluctuations
in primary productivity. Figure 3B presents
the SST histograms, which display more
uniform patterns across all sites, yet still
reveal systematic differences. Sea surface
temperatures at all three locations ranged
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between 28°C and 33°C during El Nifio, with
dominant frequencies concentrated in the
30-31°C range. The easternmost site, at
114°E (red), recorded the highest peak
frequency within the 30.5-31.5°C interval,
indicating a thermally stable and warmer
water mass. The KDE curve for this location
also displays a near-normal distribution
skewed slightly to the right, while the
distributions for the other two sites are
marginally broader with a mode centered
around 30-31°C.

The boxplot in Fig. 3C (chlorophyll-a)
reinforces the patterns observed in the
histograms, where the site at 113°E exhibits a
wide interquartile range (IQR) and a median
value of approximately 2 mg/m?, with several
outliers exceeding 10 mg/m? indicating
extreme productivity events. In contrast, the
central and eastern locations show much
lower median values (<1 mg/m?®) and narrower
IQRs, confirming low-productivity conditions
with minimal temporal variability. Figure 3D
(SST boxplot) shows relatively uniform
median temperatures across all sites; however,
the 114°E location has the highest median
SST and displays a more symmetrical and
concentrated distribution. Several extreme
temperature outliers are observed in the
western and central sites, suggesting more
dynamic thermal variability, likely driven by
seasonal influences or surface current
fluctuations (Napitupulu et al, 2025c).
Overall, Fig. 3 highlights a consistent west-to-
east spatial gradient in both chlorophyll-a and
SST, reflecting distinct environmental
conditions between the nearshore zone
(113°E) and the more offshore eastern waters
(114°E).

Overall, the statistical distribution patterns
highlight a distinct west-to-east gradient in
both chlorophyll-a and SST across the study
area. The broad and positively skewed
distribution of chlorophyll-a at the western
site indicates a dynamic environment
influenced by episodic nutrient inputs, likely

from riverine runoff or coastal upwelling
(Radjawane et al., 2024). In contrast, the
central and eastern sites exhibit more stable
oligotrophic conditions. Meanwhile, SST
distributions suggest a slight eastward
warming trend, reflecting a transition from
dynamic nearshore environments to more
thermally stable offshore waters (Napitupulu,
2025b). These findings wunderscore the
importance of considering both spatial and
temporal variability when assessing the
vulnerability of coastal ecosystems to climatic
and oceanographic perturbations.

3.3. Spatial Variability of Sea Surface
Temperature and Chlorophyll-a

Figures 4 and 5 illustrate the monthly
spatial distribution of sea surface temperature
(SST) and chlorophyll-a concentrations,
respectively, across the Madura coastal waters
for the period 2010-2024. In contrast to the
earlier seasonal composite, these figures
resolve intra-annual variability at a monthly
scale, enabling a more detailed examination of
the physical-biological coupling. In Fig. 4,
SST exhibited a distinct annual cycle with
strong spatial gradients. Peak warming
occurred during March-April and again from
October to December, when SSTs frequently
exceeded 32°C, especially along the western
and southwestern coastal waters. In contrast, a
marked basin-wide cooling was observed
during June-August, when SST dropped to
nearly 28°C across the central and eastern
sectors. The transition months (May
and  September) showed intermediate
temperatures, reflecting the onset and
relaxation of monsoonal forcing. Panel B
reveals that the highest SST variability
(STD > 1.5°C) was concentrated in the
western nearshore zone during January-March
and October-December, suggesting the

influence of strong heat fluxes, coastal
upwelling/relaxation  events, and river
discharge that create localized thermal
contrasts.
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Figure 4. Monthly climatology of sea surface temperature (SST) in the Madura Strait for the period
2010-2024. (A) Mean monthly SST (B) Monthly standard deviation of SST

Figure 5 presents the monthly spatial
patterns of chlorophyll-a concentration.
Overall, phytoplankton biomass was lowest
from January to March (< 2 mg/m?),
coinciding with warm, stratified conditions.
A rapid increase in chlorophyll-a began in
April, with the most pronounced blooms
occurring during June—September,
when concentrations regularly exceeded
0—4 mg/m? in the southern and southwestern
nearshore waters. Elevated chlorophyll-a
levels persisted from October to December,
indicating that productivity remained high
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even after SST began to recover from its
seasonal minimum. Panel B shows that
variability was extreme in the southwestern
coastal region (> 5 mg/m?3), reflecting the
episodic and spatially heterogeneous nature
of nutrient inputs and biological responses.
The combined interpretation of Figs. 4
and 5 highlights a tight coupling between
physical forcing and biological productivity
in the Madura Strait. The southeast monsoon
(JJA) drives significant surface cooling,
likely through enhanced wind-driven mixing
and upwelling, which increases the nutrient
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supply and stimulates phytoplankton blooms.
Conversely, during March-April and late in
the year, warm SSTs and intensified
stratification may limit wvertical nutrient
fluxes, leading to reduced chlorophyll-a
levels. The concentration of both high SST
variability and high chlorophyll-a variability
along the western coast suggests that this
area is susceptible to terrestrial runoff and
nearshore circulation, which can modulate
nutrient availability and promote localized
productivity hotspots. This spatial
heterogeneity has important implications for

fisheries, as it may create persistent zones of
high primary production that support higher
trophic levels. These findings underscore the
importance of monthly-resolved analyses
for accurately capturing the timing and
intensity of physical-biological interactions.
fine-scale seasonal

Understanding these

dynamics is crucial for predicting ecosystem
to future

responses climate variability,

including shifts in monsoon intensity and

timing, and for developing adaptive coastal
resource management strategies.
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Figure 5. Monthly climatology of Chlorophyll-a in the Madura Strait for the period 2010-2024.
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3.4. Relationship Between Chlorophyll-a,

Sea Surface Temperature, and Global
Climate Indices
Figure 6 illustrates the relationship

between global climate anomalies (ENSO and
IOD) and the variability of sea surface

temperature  (SST) and  chlorophyll-a
concentrations in the southern waters of
Madura. In this updated analysis, three

representative climate phases were selected
from the extended 15-year record: La Nifa
combined with a negative IOD phase
(November 2010), a Neutral condition (June
2021), and El Nifio combined with a positive
10D phase (December 2023). Figures 6A—6C
show the spatial distribution of SST, while
Figs. 6D—6F present chlorophyll-a
concentrations corresponding to each of these
events. During the La Nifia + IOD(-) phase
(Figs. 6A and 6D), SST ranged from
approximately 28.0°C to 30.0°C, with a
pronounced cooling signal over the eastern

sector of the study area. Concurrently,
chlorophyll-a concentrations increased
substantially along the western and
southwestern coastal waters, frequently

exceeding 9 mg/m*. This pattern indicates
enhanced primary productivity, likely driven
by wind-induced mixing and nutrient
enrichment during the combined La Nifia and
negative IOD conditions. The spatial co-
occurrence of cooler SST and elevated
chlorophyll-a suggests a favorable
environment for phytoplankton growth and
potential upwelling-driven nutrient supply.
Under Neutral conditions (Figs. 6B and 6E),
SST appeared relatively homogeneous, ranging
between 29.0°C and 31.0°C across the entire
basin. Chlorophyll-a concentrations were
generally low (< 3 mg/m®), with limited
patches of slightly elevated values along the
southern coastal strip. These conditions reflect
a more stratified water column and reduced
nutrient availability. In contrast, during the El
Nifio + positive IOD phase (Figs. 6C and 6F),
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SST exceeded 32.0°C across most of the study
area, with the warmest anomalies concentrated
in the central and eastern sectors.
Chlorophyll-a concentrations showed a marked
decline, dropping below 1 mg/m* over large
portions of the basin, with only small pockets
of elevated values persisting near the western
coastline. This strong negative response
of phytoplankton biomass supports the
interpretation that extreme warming during El
Nifio + IOD(+) events enhances thermal
stratification, suppresses vertical mixing, and
limits nutrient flux into the euphotic zone
(Zhang et al., 2014; Liu et al., 2024).

Figures 6G-6H summarize the spatially
aggregated SST and chlorophyll-a responses
during the three phases wusing boxplots.
The distributions clearly show that La Nifia +
IOD(-) events are associated with the lowest
SST and highest chlorophyll-a levels, while
El Nifio + IOD(+) events exhibit the highest
SST and the lowest chlorophyll-a
concentrations. Neutral conditions fall between
these two extremes, confirming the modulation
of local physical-biological interactions by
large-scale climate variability. Overall, the
contrasting impacts of La Nifia and El Nifio +
IOD(+) highlight the significant sensitivity of
the Madura coastal system to climate modes.
Cooler SSTs during La Nifia foster enhanced
productivity, particularly near terrestrial
nutrient sources along the western coast,
whereas extreme warming during El Nifio and
positive IOD phases suppress nutrient
availability and phytoplankton growth. These
findings are consistent with  broader
Indo-Pacific patterns and highlight the
importance  of considering ENSO-IOD
interactions when evaluating ecosystem
responses and planning coastal resource
management in a changing climate.

4. Discussions

The variability of  chlorophyll-a
concentrations in the study area is closely
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linked to sea surface temperature (SST)
dynamics and large-scale climate phenomena
such as ENSO and the Indian Ocean Dipole
(IOD) (Seprianto et al., 2016; Rachman et al.,
2024). During the La Nifia period (2010—
2021), the decrease in SST corresponded with
a marked increase in  chlorophyll-a,
particularly along the western coast.
Conversely, during the strong El Nifio event
of 2023, which coincided with a positive IOD
phase, SST rose above 31°C, followed by a
sharp decline in chlorophyll-a levels. This
pattern suggests that elevated temperatures
may inhibit vertical mixing and restrict
nutrient availability in the surface layer,
thereby suppressing phytoplankton
productivity (Hu et al., 2021; Fernandez-
Gonzalez et al., 2022).

In addition to global-scale climate drivers,
spatial variability in chlorophyll-a across
different locations reflects the influence of
local oceanographic processes. The western
region (113°E) consistently recorded the
highest  concentrations  and  greatest
fluctuations in chlorophyll-a, which may be
attributed to the presence of coastal currents,
seabed morphology, or nutrient inputs from
terrestrial sources (Abreu et al., 2010; Neto et
al., 2015; Semedi & Safitri, 2015). In contrast,
the central and eastern regions displayed
relatively low and stable chlorophyll-a
concentrations throughout the year, likely
reflecting the dominance of more stable
regional physical processes. Overall, these
findings underscore the significant impact of
global climate variability, while also
highlighting the importance of local
oceanographic conditions in shaping primary
productivity in the Madura coastal waters.

The spatial variability of chlorophyll-a and
SST reveals a consistent longitudinal gradient,
with the western region (113°E) generally
exhibiting  higher primary productivity
compared to the eastern area. This pattern
may be attributed to local oceanographic

dynamics, such as coastal currents, terrestrial
nutrient transport, and the possible presence
of localized upwelling mechanisms in the
southwest of Madura (Wirasatriya et al.,
2021). The higher variability observed in the
western location also reflects a more dynamic
environment, influenced by physical factors
such as waves and currents, as well as
external drivers like land-based runoff. In
contrast, the warmer SSTs observed in the
eastern region are indicative of a more
thermally stable open-ocean condition,
typically  associated with  oligotrophic
environments (Duarte et al., 2013). This also
corresponds to the lower chlorophyll-a
concentrations recorded in this area. Such
spatial patterns highlight potential differences
in phytoplankton community structures and
broader ecosystem conditions along the
Madura  coastline,  underscoring  the
importance of  incorporating spatial
heterogeneity into coastal fisheries
management and conservation strategies for
marine ecosystems.

The chlorophyll-a distribution shown in
Fig. 5 exhibits clear seasonal variability
closely linked to physical oceanographic
dynamics, such as surface currents and
terrestrial nutrient input (Mandal et al., 2022;
Sudradjat et al., 2024). During the JJA season,
chlorophyll-a concentrations in the southern
waters of Madura consistently increase,
indicating substantial nutrient input from the
land (Hidayah et al., 2016; Muhsoni et al.,
2009). These nutrients are transported by the
prevailing east monsoon currents toward the
coastal zone, creating favorable conditions for
the growth of phytoplankton. This finding
aligns with Darmawan et al. (2021), who
highlighted the role of riverine nutrient input
and surface current dynamics in shaping
elevated chlorophyll-a concentrations in the
region. Furthermore, Taufiqurrahman and
Ismail (2020) noted that the presence of eddy
circulation induced by a deep basin in the
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Madura Strait also contributes to the observed
chlorophyll-a distribution patterns. This is
particularly evident during the JJA season,
when recirculating water masses dominate
and enhance the spatial heterogeneity of
chlorophyll-a in the region (Napitupulu,
2025b).

The results presented in Fig. 6 reinforce

the significant influence of ENSO and 10D
phenomena on sea surface temperature
dynamics and marine productivity, as

reflected by chlorophyll-a concentrations
(Sambah et al., 2021; Simanjuntak & Lin,
2022). During La Nifa events, nutrient
availability increases, enhancing

La Niia + 10D (-) (Nov 2010)

Neutral (Jun 2021)

phytoplankton activity, as evidenced by
elevated chlorophyll-a levels in coastal waters
(Espinoza-Morriberon et al., 2025; Purba et
al., 2025). In contrast, the El Nifio + positive
IOD phase results in warmer temperatures and
reduced inflow of colder, nutrient-rich waters,
leading to a substantial decline in primary
productivity (Héder et al., 2014; Siswanto et
al., 2020). The neutral phase reflects
intermediate conditions in terms of both SST
and chlorophyll-a concentrations. These
findings confirm the tangible impact of global
climate variability on coastal marine
ecosystems (Sarma et al., 2015; Holbrook et
al., 2020).
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Figure 6. (A—C) Spatial distributions of sea surface temperature (SST), and (D-F) chlorophyll-a
concentrations for each respective phase in the southern waters of Madura. Horizontal boxplot during
the three phases, showing median, interquartile range, and variability across space of (G) SST and
(H) chlorophyll-a

At a broader climatic scale, the study area
lies within a tropical zone characterized by
consistently warm temperatures (25-28°C)
and high humidity throughout the year (Elko
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et al., 2022; Osland et al., 2022). According to
the Koppen climate classification, tropical
climates are categorized into three types:
rainforest (Af), monsoon (Am), and savanna
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(Aw) (Reddy, 2019; Kottek et al.,, 2006).
Tropical rainforests, typically located near the

equator, experience year-round rainfall,
supporting  dense, species-rich  forests.
Monsoon climates exhibit pronounced

seasonal rainfall variation, favoring vegetation
such as teak and bamboo (Liu & Zipser,
2005). In contrast, tropical savannas,
characterized by distinct wet and dry seasons,
are dominated by grasslands and drought-
resistant species like acacia (Donato et al.,
2011).

However, interannual climatic phenomena
such as La Nifia can significantly alter these
stable tropical systems. During La Nifa
events, enhanced upwelling increases nutrient
availability along tropical coastlines, boosting
primary productivity and supporting the
resilience of ecosystems such as coral reefs
and mangroves (Khadami et al., 2025;
Napitupulu et al., 2025). These productivity
surges also provide significant socioeconomic
benefits for coastal fisheries (Espinoza-
Morriberén et al., 2025). Nonetheless, the
sensitivity of tropical coastal ecosystems to
both local and global environmental drivers

management strategies that can accommodate

both episodic variability and long-term
climate change.
To further elucidate the temporal

characteristics of the observed variability,
Fig. 7 presents a lagged correlation analysis
between ENSO and IOD indices with SST
and chlorophyll-a at three representative
locations. The study reveals that IOD exerts a
more substantial and more immediate
influence on SST than ENSO, with
statistically significant negative correlations
peaking at lags of —3 to O months. This
indicates that basin-wide SST cooling
generally precedes or coincides with negative
10D phases. Chlorophyll-a exhibits a delayed
but inverse response to positive IOD events,
with marked declines occurring up to two
months after the peak, most prominently in
the eastern and central sectors. These findings
underscore that biological responses to
climate anomalies, such as chlorophyll-a
variability, often occur with temporal lags.
This highlights the importance of integrated,
high-resolution ocean observations to improve
ecosystem-based forecasting and management

underscores the need for adaptive of marine productivity (Schmidt et al., 2019).
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Figure 7. Lagged correlation between ENSO (blue circles) and IOD (red squares) indices with
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The seasonal composite analysis (Fig. 8)
provides additional clarity on the differential
impacts of ENSO phases on the regional
hydrographic and biogeochemical
environment. El Nifio events consistently
generated positive SST anomalies across all
seasons, with the largest warming observed
during DJF and MAM. In contrast, La Nifa
events induced significant basin-wide cooling,
particularly during MAM and SON. The
corresponding  chlorophyll-a  anomalies
confirm that La Nifia enhances primary
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45 113°E 15 30 45° 114°F 15

DJF El Nifio - Neutral
45 113% 15 30° 45 114°E 15'

productivity  (especially  during SON),
consistent with intensified vertical mixing and
nutrient replenishment during the southeast
monsoon. In contrast, El Niflo suppresses
phytoplankton biomass, reflecting the effects
of stronger stratification and nutrient
limitation. These climate-ecosystem
interactions underscore the importance of
integrating observations and modeling to
predict the seasonal responses of marine
productivity under varying ENSO conditions
(Capotondi et al., 2019).
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Figure 8. Seasonal composite anomalies of sea surface temperature (ASST; panels A, C) and
chlorophyll-a (ACHL; panels B, D) relative to neutral conditions during El Nifio (left columns) and
La Nifia (right columns) events over the 2010-2024 period
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Figure 9 isolates the influence of the IOD
and demonstrates that its impact is strongly
seasonally modulated. Positive IOD events are
associated with widespread surface warming
and substantial reductions in chlorophyll-a
concentrations, while negative IOD events
produce significant cooling and enhance
primary production, most notably during SON.
These findings suggest that the IOD serves as a
key modulator of SST and productivity,
capable of either amplifying or attenuating the
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concurrent ENSO signal. For example,
negative 10D phases can partially offset the
warming associated with El Nifio, whereas
positive IOD phases reinforce warming during
El Nifio events, yielding compound extremes
with  disproportionately large ecological
consequences. Positive and negative 10D
events strongly modulate SST and marine
productivity, amplifying or offsetting ENSO-
related anomalies and producing compound
ecological effects (Lehodey et al., 2020).
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chlorophyll-a (ACHL; panels B, D) relative to neutral conditions during positive (left columns) and
negative (right columns) Indian Ocean Dipole (IOD) events for 2010-2024
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Taken together, Figs. 7-9 collectively
demonstrate that the variability of SST and
chlorophyll-a in the Madura coastal waters is
governed by a complex interplay between
ENSO and IOD, modulated by their phase
alignment, seasonal timing, and lagged
effects. The most favorable conditions for
phytoplankton blooms occur when La Nifa
coincides with negative IOD phases, resulting
in extensive cooling, enhanced vertical
mixing, and nutrient enrichment, whereas
compound El Nifio + positive 10D events
produce exceptional warming that strongly
suppresses primary productivity (Zhang et al.,
2014; Liu et al.,, 2024). These interactions
reveal the nonlinear nature of climate forcing
on coastal ecosystems and emphasize the
necessity of integrated seasonal forecasting
frameworks that explicitly incorporate
multiple climate modes when predicting
ecosystem responses.

Despite the robustness of our multi-year
satellite-based analysis, several limitations
should be acknowledged. First, this study
relies exclusively on MODIS-Aqua Level-3
products, which, while well-validated
globally, may be subject to retrieval errors
under persistent cloud cover and nearshore
waters with complex optical properties.
Second, the spatial resolution of the data
(4 km) may not fully capture sub-mesoscale
processes, such as localized upwelling cells,
river plumes, and small-scale eddy activity,
which can substantially influence nutrient
dynamics and primary production in coastal
settings. Third, the absence of concurrent
in-situ  measurements  precludes  direct
validation of satellite-derived SST and
chlorophyll a, which could help refine the
interpretation of observed anomalies. Future
work should combine long-term satellite
observations with targeted field campaigns
and  high-resolution coupled physical-
biogeochemical models to resolve fine-scale
processes and assess their contributions to
variability in  primary productivity.
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Addressing these limitations will provide a
more mechanistic and spatially explicit
understanding of climate-ecosystem linkages,
ultimately ~ supporting  more  accurate
prediction of coastal productivity under
changing climate regimes.

Collectively, the results of this study
provide a comprehensive understanding of the
coupled physical-biological dynamics that
have governed the Madura coastal system

over the past 15 years. By combining
climatological analysis, event-based
composites, and lagged correlations, we

demonstrate that both intra-annual and
interannual variability are closely linked to the
interplay between ENSO and IOD, with
significant  implications for ecosystem
functioning and fisheries productivity. The
clear correspondence between cooler ocean
states and enhanced primary production
highlights the potential vulnerability of this
region to future climate change scenarios
characterized by more frequent and intense
marine heatwaves. These findings not only
improve our mechanistic understanding of
tropical coastal biogeochemistry but also

provide actionable insights for fisheries
management and  coastal  ecosystem
conservation, underscoring the need for

adaptive strategies that anticipate climate-
driven changes in ocean productivity.

5. Conclusions

This study provides an integrated
assessment of the spatial and temporal
dynamics of sea surface temperature (SST)
and chlorophyll-a concentrations in the
southern waters of Madura Island, elucidating
their links to both seasonal forcing and large-
scale climate phenomena, including the
El Nifio-Southern Oscillation (ENSO) and the
Indian Ocean Dipole (IOD). Our results reveal
pronounced  seasonal SST  variability,
with peak warming during DJF and
MAM (>31°C) and minimum values during
JJA and SON (~28°C), closely associated
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with  the regional monsoon system.
Chlorophyll-a  concentrations  exhibited
distinct seasonal and spatial heterogeneity,
with the highest biomass consistently
observed during DJF and MAM in the
western sector (>10 mg/m?), suggesting that
terrestrial nutrient inputs and monsoon-driven
circulation play a dominant role in enhancing
primary productivity. Event-based and lagged
analyses demonstrate that ENSO and 10D
exert a strong, phase-dependent influence on
regional oceanographic conditions. La Nifia
and negative IOD phases consistently induced
basin-wide cooling and substantial increases
in chlorophyll-a, whereas El Nifio and
positive IOD phases produced compound
warming events that suppressed productivity.
Lagged correlations further indicate that
biological responses are delayed relative to
climate anomalies, with chlorophyll-a changes
often occurring one to two months after the
peak of SST anomalies. These results
highlight the nonlinear and temporally
asynchronous nature of climate forcing on
coastal ecosystems. Overall, this study
underscores the dual control of local
oceanographic processes and remote climate
drivers on primary productivity in Madura's
coastal waters. By integrating multi-temporal
satellite observations with global climate
indices, we provide new insights into how
seasonality, phase alignment, and temporal
lag of ENSO-IOD events collectively shape
marine ecosystem dynamics. These findings
have significant implications for -climate-
ready fisheries management, emphasizing the
need for early-warning systems and adaptive
strategies that account for compound climate
extremes and their potential to modulate
coastal productivity under future climate
change scenarios.
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