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Understanding predictive relationships between oceanic conditions and extreme rainfall is crucial for improving
weather forecasting capabilities in tropical maritime regions. This study investigates quantitative relationships
between precipitation, chlorophyll-a concentrations, and extreme rainfall patterns in West Java using 10 years of
satellite observations (2014-2024). We analyzed IMERG precipitation data and MODIS chlorophyll-a products using
cross-correlation analysis, continuous wavelet transform, cross-wavelet coherence, and spatial extreme indices
calculations. Results reveal statistically significant coupling between precipitation and chlorophyll-a (r = -0.173, p <
0.001) with precipitation leading chlorophyll decrease by 19 days, reflecting marine ecosystem responses to terrestrial
runoff. Cross-wavelet coherence analysis demonstrates 78% annual coherence and 68% semi-annual coherence
between these variables, with 72.5% of total variance explained by significant periodic interactions. Wavelet analysis
identifies dominant annual and semi-annual cycles in both precipitation and chlorophyll-a with 95% statistical
significance. Spatial analysis using k-means clustering reveals four distinct precipitation regimes: northern coastal
zones with prolonged dry periods (>45 days), central highlands with intense convective activity (>3000 mm annually),
southern mountains with extreme precipitation (>3200 mm), and transitional zones with mixed characteristics. Spatial
autocorrelation analysis confirms significant clustering (Moran's | = 0.65-0.89) of precipitation extremes across the
region. The identified 19-day lead-lag relationship provides a scientific foundation for marine ecosystem monitoring
and represents a significant advancement in understanding ocean-atmosphere-ecosystem coupling processes in
tropical Indonesia. These findings have important implications for developing improved seasonal forecasting
capabilities and ecosystem-based climate adaptation strategies.
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1. Introduction

West Java Province represents one of Indonesia's most vulnerable regions to extreme rainfall events due
to its strategic location between the Indian Ocean and Java Sea, making it highly susceptible to complex
ocean-atmosphere interactions [1], [2]. Climate change has significantly intensified the frequency and
magnitude of extreme precipitation events in the region, with profound implications for agricultural
productivity, urban flooding, and socio-economic stability [3], [4], [5]. The region experiences annual
economic losses exceeding USD 500 million due to flood-related disasters, emphasizing the urgent need
for improved predictive capabilities [6].
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The relationship between oceanic variables and precipitation patterns in tropical maritime regions has been
extensively documented, with sea surface temperature (SST) serving as a primary driver of atmospheric
convection and moisture transport [7], [8]. However, the specific lag-time relationships and underlying
physical mechanisms governing extreme rainfall events in West Java remain inadequately quantified.
Furthermore, the role of marine biological productivity, as indicated by chlorophyll-a concentrations, in
modulating precipitation patterns through ocean-atmosphere feedback mechanisms has received limited
attention in regional climate studies, despite growing evidence of significant coupling in tropical systems
(9], (10], (11)

Recent advances in satellite remote sensing technology have provided unprecedented opportunities to
examine these complex interactions at high temporal and spatial resolutions. The Integrated Multi-satellite
Retrievals for GPM (IMERG) precipitation products offer near-real-time precipitation estimates with
enhanced accuracy compared to traditional gauge-based observations [12], [13], [14]. Similarly, moderate
resolution imaging spectroradiometer (MODIS) data provide reliable estimates of chlorophyll-a
concentrations for oceanographic applications [15], [16].

Previous studies have demonstrated significant correlations between Pacific and Indian Ocean climate
indices and Indonesian precipitation patterns [17], [18], [19]. However, most research has focused on
seasonal to interannual timescales, with limited investigation of sub-seasonal lead-lag relationships that
could provide valuable insights for early warning systems. The Indian Ocean Dipole (IOD) and El Niho-
Southern Oscillation (ENSO) phenomena have been identified as major drivers of Indonesian rainfall
variability, but their interaction with local oceanic conditions requires further investigation [20].

The present study addresses critical knowledge gaps in understanding oceanic drivers of extreme rainfall
events in West Java through comprehensive analysis of satellite-derived oceanic and atmospheric variables.
This research provides the first comprehensive quantification of sub-seasonal lead-lag relationships
between marine productivity and extreme precipitation in Indonesian maritime regions using advanced
spectral analysis techniques. Specifically, this research aims to: (1) quantify the temporal variability and
trends in precipitation and chlorophyll-a concentrations over the 2014-2024 period; (2) identify dominant
periodic patterns and their statistical significance using continuous wavelet transform and cross-wavelet
coherence analysis; (3) determine lag-correlation relationships between marine productivity and extreme
rainfall events using detrended cross-correlation analysis; and (4) characterize the spatial distribution and
clustering of extreme precipitation indices across West Java using high-resolution satellite data and
advanced statistical methods.

2. Literature Review And Problem Statement

Marine ecosystem dynamics, particularly phytoplankton productivity as indicated by chlorophyll-a
concentrations, serve as additional indicators of ocean-atmosphere coupling processes. Enhanced
precipitation can lead to increased terrestrial runoff, potentially affecting coastal water column stability and
nutrient distribution patterns [21)], [22]. Conversely, changes in thermal stratification can influence
phytoplankton growth rates and distribution patterns, creating complex feedback mechanisms that may
modulate regional precipitation patterns [23].

The present study addresses critical knowledge gaps in understanding oceanic drivers of extreme rainfall
events in West Java through comprehensive analysis of satellite-derived oceanic and atmospheric variables.
This research provides the first comprehensive quantification of sub-seasonal lead-lag relationships
between marine productivity and extreme precipitation in Indonesian maritime regions using advanced
spectral analysis techniques. Specifically, this research aims to: (1) quantify the temporal variability and
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trends in precipitation and chlorophyll-a concentrations over the 2014-2024 period; (2) identify dominant
periodic patterns and their statistical significance using continuous wavelet transform and cross-wavelet
coherence analysis; (3) determine lag-correlation relationships between marine productivity and extreme
rainfall events using detrended cross-correlation analysis; and (4) characterize the spatial distribution and
clustering of extreme precipitation indices across West Java using high-resolution satellite data and
advanced statistical methods.

3. Method
Study Area

West Java Province is located between 5°50'-7°50' South latitude and 105°40'-108°50' East longitude,
covering approximately 35,377 km? of land area (Figure 1). The oceanic data extraction domain
encompasses the coastal waters extending from 105.5°-109.5°E and 5.0°-8.5°S, providing adequate
coverage of ocean-atmosphere interaction zones while maintaining data quality standards for satellite
retrievals. This domain captures the critical coastal upwelling regions and areas of significant land-ocean
interaction that influence regional precipitation patterns.

The province is characterized by diverse topography ranging from coastal lowlands to mountainous
highlands, with elevations reaching over 3,000 meters above sea level. The regional climate is classified as
tropical monsoon (Képpen Af/Am) with distinct wet (October-April) and dry (May-September) seasons,
influenced by the Asian Australian monsoon system and local topographic effects [1].
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Fig. 1. Study area map showing West Java Province boundaries and oceanic data extraction domain
(105.5°-109.5°E, 5.0°-8.5°S). The map includes major cities, topographic features, and the 200m depth
contour to delineate coastal waters.
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Data Sources and Processing
Precipitation Data

Daily precipitation data were obtained from the Integrated Multi-satellite Retrievals for GPM (IMERG)
Version 06 Final Precipitation (3B-DAY) product, providing 0.1° x 0.1° spatial resolution estimates. The
IMERG algorithm combines precipitation estimates from multiple satellite platforms including the GPM Core
Observatory, TRMM, and constellation satellites using the Goddard Profiling Algorithm (GPROF) and other
retrieval algorithms [13].

Data quality assessment was performed through comparison with 15 rain gauge stations across West Java,
yielding correlation coefficients ranging from 0.78 to 0.92 (mean = 0.85), consistent with previous validation
studies in tropical maritime regions [12]. The IMERG data demonstrate superior performance during wet
season months (October-April) with correlation coefficients exceeding 0.88, while dry season performance
remains robust at r > 0.75.

Chlorophyll-a Data

Chlorophyll-a concentrations were obtained from MODIS Aqua Ocean Color (OC3M) products at 4 km
spatial resolution. The algorithm employs blue-green band ratios calibrated for Case 1 waters, with regional
validation studies indicating uncertainties of approximately 25% for tropical Indonesian waters [22].
Additional quality control included: (1) removal of pixels with high total suspended matter; (2) exclusion of
shallow water areas (< 30 m depth); (3) cloud shadow and sun glint masking; and (4) seasonal bias
correction using regional algorithms.

The OC3M algorithm performance was validated against ship-based measurements collected during
Indonesian Throughflow monitoring cruises, yielding correlation coefficient of 0.73 and RMSE of 0.31
mg/m3 [21].

Data Processing and Quality Control

All satellite datasets underwent rigorous quality control following NASA Level-2 processing standards [24].
Cloud contamination and low-quality retrievals were minimized through conservative quality flags
optimized for tropical atmospheric conditions. Temporal discontinuities were addressed using two-tier gap-
filling: linear interpolation for short gaps (<5 days) and climatological means for longer gaps, with
uncertainty estimates retained [25].

Spatial averaging was performed across the coastal region using area-weighted means accounting for
meridional convergence. Daily observations were aggregated to monthly means contingent upon =20 valid
daily records per month. Outliers exceeding +3.5 standard deviations were manually inspected to
distinguish geophysical extremes from sensor anomalies. The final quality-controlled dataset achieved
temporal completeness of 96.7% for precipitation and 89.3% for chlorophyll-a observations across the 10-
year study period.

Analytical Methods
Extreme Precipitation Indices

Nine precipitation-based climate indices were computed following Expert Team on Climate Change
Detection and Indices guidelines [26], [27] to characterize various dimensions of hydrometeorological
extremes.
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Table 1. Extreme Precipitation Indices

Index Name Definition Unit
PRCPTOT Total Wet-Day Annual total precipitation on wet days (=1 mm) mm
Precipitation
SDIl Simple Daily Intensity Index Annual total precipitation divided by number of mm/day
wet days

R10mm Heavy Precipitation Days Annual count of days with precipitation =10 mm days
R20mm Very Heavy Precipitation Annual count of days with precipitation =20 mm days

Days
R95p Very Wet Day Precipitation Annual total precipitation from very wet days mm
(>95th percentile)
RX1day Maximum 1-Day Annual maximum 1-day precipitation amount mm
Precipitation
RXbday Maximum 5-Day Annual maximum consecutive 5-day precipitation mm
Precipitation amount
CDD Maximum Consecutive Dry Annual maximum number of consecutive days days
Days with <1 mm
CwD Maximum Consecutive Wet Annual maximum number of consecutive days days
Days with =1 mm

These indices capture precipitation intensity, frequency, and persistence patterns. Trend analysis was
conducted using the non-parametric Mann-Kendall test with modification for serial correlation [28] and
trend magnitude estimated using Sen's slope estimator.

Wavelet Analysis

Continuous wavelet transform (CWT) was applied to identify dominant periodic patterns using the Morlet
wavelet due to its optimal time-frequency localization properties [29]:

Y(m) = (—1/4) exp(i wo ) exp(—n>/2) (1)

where wo = 6 provides optimal balance between time and frequency resolution. Statistical significance was
assessed using red noise background spectra with 95% and 99% confidence intervals computed through
Monte Carlo simulations (n = 1000). The cone of influence (COI) was calculated to identify regions where
edge effects may influence results.

The global wavelet spectrum was calculated by time-averaging the local wavelet power spectrum:
1

W) = (3)ZM@i? @)

N

where N is the number of data points and s represents the scale parameter.
Cross-Wavelet Coherence Analysis

Cross-wavelet coherence analysis was performed to examine phase relationships and spectral coherence
between precipitation and chlorophyll-a time series following Grinsted et al. (2004). The wavelet coherence
quantifies linear correlation as a function of time and frequency:
|S(s‘1W§Y(s))|2

2 _
Ra(s) = s(swE©[) s(s wie))

(3)

where S is a smoothing operator and WAXY is the cross-wavelet transform. Phase relationships were
calculated using:
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Im(wXY
@xy = arctan (%) (4)
Statistical significance was assessed using Monte Carlo simulations with red noise background spectra (n
= 1000) at 70% and 95% confidence levels.

Cross-Correlation Analysis

Lagged cross-correlation analysis employed the detrended cross-correlation approach (DCCA) to identify
lead-lag structures in non-stationary time series [31]. Time series were preprocessed using Seasonal-Trend
decomposition based on Loess (STL), standardized through z-score normalization, and filtered with 13-
month running means.

Ruy(t) = E[(X: - t)(Yer T - 4)] / (0x0y)  (5)

where T represents lag time in days. Effective sample sizes were calculated accounting for temporal
autocorrelation using the Bretherton method [32], with statistical significance assessed using Student's t-
test with Bonferroni correction for multiple comparisons.

Spatial Analysis Methods

Spatial patterns were evaluated using empirical orthogonal function (EOF) analysis for dimensionality
reduction and identification of coherent variability modes. Spatial autocorrelation was assessed using
Moran's | statistic to quantify spatial dependence patterns:
- ( N )x (Z'Z.W(ij)(xl-—{i})(x,’—{i})) 6)
T \ZiZjwy FET Rl {aD?
where N is the number of spatial units, w_{ij} are spatial weights, and x_i represents the variable value at
location i.

K-means clustering was applied to identify homogeneous precipitation regimes based on similarity in
extreme indices distributions. Optimal cluster number (k=4) was determined using the elbow method and
silhouette analysis, yielding average silhouette score of 0.67, indicating strong cluster structure. Within-
cluster sum of squares decreased from 89.5% (k=2) to 15.2% (k=4), confirming optimal partitioning

3 Results And Discussion
Temporal Variability and Trends

Analysis of the 10-year time series reveals distinct temporal patterns across all variables (Figure 2).
Descriptive statistics show precipitation averaging 7.54 + 8.44 mm/day (N = 3,654) with high variability
ranging from near-zero during dry season months to peaks exceeding 65.4 mm/day during extreme events.
Chlorophyll-a concentrations average 1.03 + 0.75 mg/m3 (N = 3,635) with a statistically significant
increasing trend of 0.027 mg/m3/year (R2 = 0.055, p < 0.01).
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Fig 2. Temporal variability showing (a) precipitation with trend of 0.038 mm/year (R2 = 0.001) and (b)
chlorophyll-a with trend of 0.027 mg/m3/year (R2 = 0.055). Both panels include statistical parameters and
long-term means.

The slight increasing trend in precipitation (0.038 mm/year), while statistically insignificant, suggests
potential changes in regional precipitation patterns consistent with climate projections for maritime
Southeast Asia [4]. The significant chlorophyll-a increase may reflect enhanced nutrient input from
terrestrial sources due to land-use intensification, or changes in ocean circulation affecting upwelling
processes [9].

Precipitation exhibits distinct bimodal distribution with primary peak during December-February (13.2 +
3.4 mm/day) and secondary peak during March-May (11.8 + 2.9 mm/day), reflecting the dual monsoon
system. Chlorophyll-a concentrations peak during July-September (1.3 * 0.4 mg/m3) coinciding with
enhanced upwelling during southeast monsoon period.

Wavelet Analysis of Periodic Patterns

The continuous wavelet transform reveals dominant periodic structures in both precipitation and
chlorophyll-a time series (Figure 3). Annual cycles account for 78% of total variance in precipitation and
65% in chlorophyll-a, confirming their central role in seasonal modulation. The global wavelet power
spectrum (Figure 3b,d) shows statistically significant annual periodicity (365 days) exceeding the 85%
confidence level for both variables.
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Fig 3. Wavelet power spectrum analysis for (a) precipitation and (c) chlorophyll-a, with corresponding
global wavelet spectra (b,d). Black contours indicate 95% significance level against red noise background.
Cone of influence boundaries are shown. Dashed lines delineate annual (365-day) and semi-annual (180-

day) periods.

Semi-annual variability (180 days) is pronounced in both time series, explaining approximately 15% of
precipitation variance and 23% of chlorophyll-a variance. This reflects the dual-monsoon regime
characteristic of the Indonesian maritime continent, with distinct peaks corresponding to the northwest
(December-February) and southeast (June-August) monsoon periods.

Intermittent oscillations in the 30-90 day band indicate influence of intraseasonal variability, likely
associated with the Madden-Julian Oscillation (MJO). The 2-4 year band shows enhanced power during
2016-2017 and 2019-2020, corresponding to La Nifa and positive Indian Ocean Dipole events
respectively.

Phase analysis reveals a systematic lag of approximately 19 days between precipitation and chlorophyll-a
annual cycles, with precipitation leading. This phase offset supports the hypothesis of terrestrial runoff
modulation of marine productivity, where precipitation anomalies precede and influence coastal ecosystem
dynamics.

Ocean-Atmosphere Coupling and Lag Relationships

Cross-correlation analysis reveals a statistically significant negative relationship between precipitation and
chlorophyll-a concentrations (r = -0.173, p < 0.001, N = 3,635) with precipitation leading chlorophyll-a by
exactly 19 days (Figure 4). This relationship indicates that enhanced precipitation reduces marine primary
productivity in the coastal zone, likely through increased freshwater input that enhances stratification and
reduces nutrient availability.
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Fig 4. Cross-correlation analysis showing (a) lag correlation between precipitation and chlorophyll-a with
maximum correlation of -0.173 at 19-day lag, and (b) scatter plot of the relationship at optimal lag (R? =
0.030).

Cross-Wavelet Coherence Analysis

Cross-wavelet coherence analysis provides spectral domain validation of the temporal relationships (Figure
5). The analysis reveals strong coherence between precipitation and chlorophyll-a at annual (78%
coherence) and semi-annual (68% coherence) periods, with 72.5% of the total variance explained by
significant coherent oscillations.

Table 2. Cross-Wavelet Coherence Analysis

Variable Pair Annual Annual Semi-annual Semi-annual Significant
Period Coherence Period Coherence Variance
Precipitation - 365 days 0.78 180 days 0.68 72.5%
Chlorophyll

Phase analysis indicates that precipitation consistently leads chlorophyll-a by 19 days across all significant
periods, supporting the mechanistic interpretation of terrestrial runoff impacts on marine productivity. The
coherence remains above the 70% significance threshold throughout most of the study period, indicating a
robust coupling mechanism.

The physical mechanism operates through enhanced precipitation increasing freshwater discharge, leading
to surface water stratification that inhibits vertical nutrient mixing and reduces phytoplankton productivity
[22]. This represents a critical ocean-atmosphere-ecosystem feedback that has implications for marine food
webs and coastal fisheries productivity.

Spatial Patterns of Extreme Precipitation

Spatial analysis of extreme precipitation indices reveals significant heterogeneity across West Java,
reflecting complex interactions between topography, monsoon circulation, and local climate processes
(Figure 6).
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Fig 6. Spatial distribution of nine extreme precipitation indices across west Java: (a) PRCPTOT, (b)
SDII, (c) R10mm, (d) R20mm, (e) R95p, (f) RX1day, (h) CDD, and (i) CWD. All maps show clear
orographic influences with enhanced precipitation in highland regions.
Orographic Enhancement Patterns

Total wet-day precipitation (PRCPTOT) ranges from 2,333 mm in northern coastal areas to 3,143 mm in
southern mountainous regions, reflecting pronounced orographic enhancement. The spatial gradient
follows expected topographic patterns with maximum values occurring over the Bogor-Puncak-Cianjur
region [33], known for intense convective activity driven by diurnal heating and orographic lifting.

Elevation-precipitation regression analysis reveals significant positive correlation (r = 0.78, p < 0.001) with
precipitation increasing by approximately 0.8 mm per meter elevation gain up to 1,500 m, consistent with
orographic precipitation theory.

Intensity and Frequency Patterns

Heavy precipitation days (R10mm) show similar spatial patterns ranging from 61 to 87 days annually, with
highest frequencies in highland areas. Very heavy precipitation days (R20mm) exhibit more pronounced
spatial variability (58-88 days annually), indicating that extreme events are preferentially enhanced in
topographically complex regions.

Spatial Autocorrelation Analysis

Moran's | analysis reveals significant positive spatial autocorrelation for all extreme precipitation indices (p
< 0.001), with values ranging from 0.65 (CDD) to 0.89 (PRCPTQT). This indicates strong spatial clustering
of similar precipitation characteristics, supporting the identification of coherent climatic regions across the
study domain

Regional Clustering Analysis

K-means clustering analysis identifies four distinct precipitation regimes across West Java, validated by
silhouette score of 0.67 and variance explained analysis. The Northern Coastal Zone comprises 22% of the
study area and is characterized by the lowest annual precipitation (less than 2000 mm), prolonged dry
spells with consecutive dry days exceeding 45 days, and moderate precipitation intensity. The Central
Highland Region covers 31% of the area and exhibits high precipitation totals exceeding 3000 mm annually,
elevated intensity with SDII values above 16 mm/day, and frequent extreme precipitation events. The
Southern Mountain Zone encompasses 28% of the study area and represents the wettest regime with
highest precipitation exceeding 3200 mm annually, the most extreme values across all precipitation indices,
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and relatively short dry periods. Finally, the Transitional Zone accounts for 19% of the area and displays
intermediate characteristics between the other regimes, with high spatial variability reflecting the complex
topographic influences and competing moisture sources in these areas.

Table 3. Spatial Clustering Results Summary

Cluster Area Mean PRCPTOT Mean CDD Mean SDII Dominant
(%) (mm) (days) (mm/day) Process

Northern 22 1,847 + 156 523 +£8.2 124+1.1 Rain shadow
Coastal effect

Central 31 3,124 + 298 28754 168+1.8 Orographic
Highland lifting
Southern 28 3,421 + 187 21.2+4.1 179+ 2.1 Convergence
Mountain zones

Transitional 19 2,563 + 445 389+ 127 147 + 2.8 Mixed processes

Maximum consecutive dry days (CDD) display inverse patterns with longest dry periods (44-64 days)
occurring in northern coastal areas, reflecting rain shadow effects and differential monsoon moisture
penetration. This spatial pattern has important implications for agricultural planning and water resource
management.

Physical Mechanisms and Climate Implications
Ocean-Atmosphere Feedback Mechanisms

The identified lag relationships between precipitation and chlorophyll-a provide insights into underlying
physical mechanisms operating in the West Java coastal system. The 19-day lead time suggests that
terrestrial precipitation events serve as a precursor to marine ecosystem changes through modification of
coastal water properties and nutrient cycling.

When precipitation events exceed threshold values (~10 mm/day), enhanced freshwater runoff increases
surface stratification and reduces vertical mixing efficiency. This mechanism operates through density
gradients created by freshwater input, which inhibit nutrient transport from deeper waters to the euphotic
zone where phytoplankton growth occurs.

Surface salinity calculations indicate that heavy precipitation events (>20 mm/day) can reduce coastal
salinity by 2-4 psu within 1-2 weeks, sufficient to create stable density stratification and suppress primary
productivity. The delayed ecosystem response reflects the time required for runoff transport, mixing
processes, and biological community adjustment.

Climate Change Implications

Climate change projections suggest continued intensification of extreme precipitation events under
warming scenarios [34], [35]. The relationships identified in this study indicate that such changes may affect
marine ecosystem productivity through enhanced stratification and altered nutrient cycling processes.

Based on the observed sensitivities, increased precipitation intensity could potentially increase the
frequency of marine productivity suppression events. However, these relationships require validation
through coupled climate-ecosystem modeling to account for non-linear feedbacks, threshold effects, and
interactions with other environmental factors including temperature, ocean circulation, and large-scale
climate variability

Quantifying Ocean-Atmosphere-Ecosystem Coupling: Precipitation-Chlorophyll Lag Relationship in West Java Using
Decade-Long Satellite Observations. Muhammad Fatan Rzaga et.al



Jurnal [Imiah Multidisiplin Indonesia (JIM-ID) ISSN 2828-9463
Vol. 5, No. 05, 2026, pp. 1085-1098 1096

Predictive Applications and Early Warning Systems
Forecast Skill Assessment

The significant correlation between precipitation and chlorophyll-a with 19-day lead time provides valuable
information for ecosystem monitoring and management. Cross-wavelet coherence analysis demonstrates
consistent phase relationships across multiple temporal scales, supporting the development of operational
prediction systems.

A simple linear regression model using SST anomalies explains 3% of chlorophyll-a variance at 19-day lead
time:
Chl-a(t+19) = -0.173 x Precipitation_anomaly(t) + € (7)

While modest, this relationship provides statistically significant predictive capability for marine ecosystem
monitoring, particularly when combined with spectral analysis techniques that capture periodic variations.

Operational Implementation

The relationships identified offer potential integration into operational marine ecosystem monitoring
systems. Real-time precipitation monitoring using satellite observations with daily latency enables rapid
detection of runoff events relevant to coastal productivity changes. Threshold-based alerting protocols can
flag persistent precipitation anomalies exceeding +2 standard deviations for durations longer than one
week.

Multi-variate indices combining precipitation patterns, seasonal cycles, and large-scale climate modes
provide a more comprehensive basis for anticipating ecosystem responses. These forecast products can
inform marine protected area management, fisheries planning, and coastal water quality monitoring
programs.

4 Conclusion

This study provides compelling evidence for significant ocean-atmosphere-ecosystem coupling in West
Java, with statistically robust relationships identified through multiple analytical approaches. The integration
of cross-wavelet coherence analysis with traditional correlation methods strengthens the evidence for
systematic phase relationships, while spatial clustering analysis reveals the geographic heterogeneity of
extreme precipitation patterns.

The 19-day lead time between precipitation and chlorophyll-a changes, validated through both time-
domain correlation (r=-0.173, p < 0.001) and spectral-domain coherence analysis (78% annual coherence),
provides clear evidence of terrestrial runoff impacts on marine ecosystem productivity. The cross-wavelet
analysis reveals that this coupling mechanism operates consistently across multiple temporal scales, from
intraseasonal (30-90 days) to interannual (2-4 years) variability.

The identification of four distinct precipitation regimes through k-means clustering, validated by significant
spatial autocorrelation (Moran's | = 0.65-0.89) and strong cluster structure (silhouette score = 0.67),
demonstrates the importance of considering local geographic controls in climate extremes analysis. This
spatial heterogeneity has important implications for region-specific adaptation strategies and water
resource management planning.

Beyond advancing scientific understanding of tropical ocean-atmosphere-ecosystem interactions, these
findings provide a foundation for operational applications. The systematic lag relationships offer predictive
potential for marine ecosystem monitoring, while the spectral coherence analysis provides confidence
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intervals for forecast skill assessment. The comprehensive spatial analysis framework can be adapted to
other coastal regions facing similar climate vulnerabilities.

Future research should incorporate broader climate drivers including ENSO and IOD indices, along with
high-resolution coupled ocean-atmosphere modeling to enhance prediction capabilities and support
climate adaptation planning across the Indonesian maritime continent. The methodological integration of
satellite observations with advanced time-series analysis demonstrated here provides a robust framework
for understanding complex Earth system interactions in tropical regions.
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