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Abstract 

Indonesia's strategic maritime zones face escalating security challenges exacerbated 

by climate variability. This study examines the relationship between El Niño-Southern 

Oscillation (ENSO)-driven precipitation variability and maritime security vulnerabilities 

across five critical Indonesian maritime zones over a 27-year period (2000-2024). Using 

GPM IMERG satellite precipitation data and Oceanic Niño Index (ONI) records, we 

analyzed 324 monthly observations to quantify ENSO-rainfall correlations and assess 

security implications. Results reveal significant negative correlations between ONI and 

rainfall in Sulawesi Sea (r = -0.553, p < 0.001), Maluku Waters (r = -0.494, p < 0.001), and 

Makassar Strait (r = -0.424, p < 0.001). El Niño events correspond to 14-42% rainfall 

deficits, while La Niña phases show 16-35% increases relative to normal conditions. 

Integrated vulnerability assessment combining ENSO sensitivity (40%), rainfall variability 

(30%), and baseline security threats (30%) identifies Sulawesi Sea (composite index: 75.0) 

and Maluku Waters (67.8) as critical priority zones. The study demonstrates that El Niño-

induced droughts correlate with increased livelihood stress among coastal communities, 

potentially elevating recruitment vulnerability for piracy and maritime terrorism. Conversely, 

La Niña-associated extreme rainfall reduces patrol visibility and operational capacity. We 

propose an ENSO-linked early warning system integrating 3-6 month ONI forecasts with 

dynamic security deployment protocols. Implementation of climate-adaptive maritime 

security frameworks could enhance operational effectiveness by 25-40% during extreme 

ENSO events, representing a paradigm shift toward predictive threat management in the 

Anthropocene. 

Keywords: ENSO; Maritime Security; Climate Security; precipitation variability  ;early 

warning systems 
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1. INTRODUCTION 

Maritime Maritime security in 

Southeast Asia represents one of the most 

complex challenges in contemporary 

international relations, situated at the 

intersection of geopolitical tensions, 

resource competition, and anthropogenic 

climate change. Indonesia, as the world's 

largest archipelagic state with over 17,000 

islands, maintains sovereignty over 5.8 

million km² of maritime territory that 

facilitates 25% of global maritime trade 

routes (Ministry of Marine Affairs and 

Fisheries, 2023; World Bank, 2021). These 

strategic waters constitute critical 

chokepoints for international commerce 

while simultaneously hosting multiple 

security vulnerabilities particularly piracy 

and territorial disputes as documented in 

global analyses of maritime chokepoint 

risks (Bailey & Wellesley, 2017). 

The strategic significance of 

Indonesian waters cannot be overstated. 

The Malacca Strait alone facilitates transit 

of approximately 25% of global trade and 

80% of China's crude oil imports, making it 

the world's second most critical maritime 

chokepoint after the Strait of Hormuz (U. S. 

Energy Internasional Administration, 2024). 

The Natuna Sea continues to experience 

geopolitical tensions due to overlapping 

EEZ claims and China’s nine-dash line, with 

repeated maritime boundary confrontations 

recorded since 2015 (Agusman, 2023). 

Meanwhile, the Sulawesi Sea remains an 

operational zone for the Abu Sayyaf 

terrorist organization, recording around 30 

kidnapping-for-ransom incidents targeting 

commercial vessels and fishing boats 

between 2016 and 2019 (ReCAAP 

Information Sharing Centre & International 

Maritime Bureau, 2020). 

Emerging scholarship increasingly 

recognizes climate variability as a threat 

multiplier that exacerbates existing 

security vulnerabilities through complex 

indirect pathways (Buhaug, Benjaminsen, 

Gilmore, & Hendrix, 2023; Mach et al., 

2019). The El Niño-Southern Oscillation 

(ENSO) represents the dominant mode of 

interannual climate variability in the Pacific 

Basin, profoundly influencing precipitation 

patterns across the Indonesian Maritime 

Continent through Walker Circulation 

perturbations and associated shifts in 

convective activity (Hendon, 2003; 

McPhaden, Santoso, & Cai, 2020). 
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Indonesia experiences substantial ENSO 

teleconnections, with El Niño events 

typically inducing widespread drought 

conditions through suppressed convection, 

while La Niña phases enhance 

precipitation via intensified monsoon 

circulation (Aldrian & Susanto, 2003; 

Supari, Tangang, Juneng, & Aldrian, 2017). 

The 1997-1998 and 2015-2016 super 

El Niño events demonstrated the 

catastrophic socioeconomic impacts of 

extreme ENSO phases, causing forest fires, 

crop failures, and water scarcity affecting 

over 40 million Indonesians (Field et al., 

2016). These climate-induced 

environmental stresses can precipitate 

security threats through multiple causal 

pathways. Drought-driven livelihood 

disruption among coastal fishing 

communities increases susceptibility to 

criminal recruitment for piracy and 

smuggling operations (Hastings & Phillips, 

2015; Witbooi et al., 2020). Research in 

Somalia demonstrated temporal correlations 

between drought severity and maritime 

piracy incidents with 6-12 month lags, 

suggesting livelihood stress as a contributing 

factor (Jablonski & Oliver, 2010). 

Conversely, extreme precipitation events 

during La Niña phases degrade maritime 

surveillance capabilities through reduced 

visibility, higher sea states, and operational 

constraints on patrol vessels (Fathurohman, 

Napitupulu, Fujiawati, & Napitupulu, 2025; 

Murphy & for Strategic Studies, 2007). 

This study addresses critical 

research gaps by conducting spatial-

temporal analysis of ENSO-driven 

precipitation variability across five strategic 

Indonesian maritime zones, explicitly 

linking climate patterns to security 

vulnerabilities. Our research objectives are 

threefold: first, to quantify ENSO-rainfall 

correlations using 27 years of satellite 

precipitation data and ONI records; 

second, to assess differential vulnerability 

across maritime zones through integrated 

climate-security metrics; and third, to 

develop evidence-based recommendations 

for climate-adaptive security protocols. By 

integrating satellite-derived precipitation 

data with security intelligence at 

operationally relevant scales, this research 

provides actionable insights for adaptive 

resource allocation and predictive threat 

management, potentially enhancing 

operational effectiveness by 25-40% 

during extreme climate events. 
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2. STUDY LITERATURE 

ENSO Dynamics and Indonesian 

Climate 

The El Niño-Southern Oscillation 

represents Earth's most significant source 

of interannual climate variability, 

characterized by irregular oscillations 

between warm El Niño, cool La Niña, and 

neutral phases with periodicity ranging 

from 2-7 years (Trenberth, 1997; Wang & 

Picaut, 2004). ENSO operates through 

complex ocean-atmosphere coupling in 

the equatorial Pacific, where variations in 

sea surface temperature (SST) drive 

corresponding shifts in atmospheric 

circulation patterns, particularly the Walker 

Circulation that governs east-west 

atmospheric flow across the tropical Pacific 

(McPhaden et al., 2020). 

During El Niño events, weakened 

trade winds allow warm water to 

accumulate in the eastern Pacific, 

suppressing convection over Indonesia 

through eastward displacement of the 

ascending branch of the Walker Circulation 

(Hendon, 2003). This mechanism 

produces widespread drought conditions 

across the Indonesian Maritime Continent, 

with rainfall reductions of 20-40% 

documented during strong El Niño 

episodes (Supari et al., 2017). The spatial 

pattern of Indonesian drought during El 

Niño shows strongest impacts in southern 

and eastern regions, with western zones 

experiencing more moderate effects due to 

competing influences from Indian Ocean 

Dipole events (Aldrian & Susanto, 2003; 

Saji, Goswami, Vinayachandran, & 

Yamagata, 1999). 

Climate-Security Nexus Theory 

Theoretical frameworks linking 

climate variability to security outcomes 

have evolved from simple deterministic 

models to sophisticated multi-factorial 

approaches recognizing climate as one 

among many interacting drivers (Barnett & 

Adger, 2007; Homer-Dixon, 1999). 

Contemporary scholarship identifies 

climate change as a "threat multiplier" that 

exacerbates existing vulnerabilities rather 

than directly causing conflict (Buhaug et 

al., 2023). Meta-analyses across multiple 

studies indicate small to moderate effect 

sizes for climate-conflict relationships, with 

substantial heterogeneity across contexts, 

timescales, and geographic regions 
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(Burke, Hsiang, & Miguel, 2015; Mach et 

al., 2019). 

Three primary causal pathways link 

climate variability to maritime security 

threats. The livelihood disruption pathway 

operates through climate-induced 

reductions in natural resource productivity, 

particularly fisheries, generating economic 

stress that increases vulnerability to 

criminal recruitment (Hastings & Phillips, 

2015). Marine fisheries demonstrate high 

sensitivity to ENSO through multiple 

mechanisms including altered nutrient 

availability, temperature-driven species 

distribution shifts, and food web disruptions 

(Chavez, Messié, & Pennington, 2011; 

Lehodey et al., 2006). Fisheries catches in 

the western Pacific decline by 20-40% 

during strong El Niño events, causing 

severe economic hardship for the 7.2 

million Indonesian small-scale fishers 

dependent on marine resources (FAO, 

2020). 

Maritime Security in Indonesian Waters 

Indonesia's maritime security 

challenges reflect complex interactions 

between historical grievances, economic 

marginalization, and contemporary 

geopolitical competition. The Malacca 

Strait and Singapore Straits recorded 80 

piracy and armed robbery incidents in the 

first half of 2025, a sharp increase from 21 

incidents in the same period of 2024, 

highlighting resurgence in threats despite 

ongoing regional patrol efforts (ReCAAP 

Information Sharing Centre, 2025). 

Nevertheless, persistent chokepoint 

vulnerabilities remain, with even minor 

disruptions carrying global economic 

consequences due to the strait's role in 

facilitating 15 million barrels of oil daily 

(The Maritime Executive, 2018). 

IUU fishing represents Indonesia's 

most pervasive maritime security 

challenge, with estimated annual losses of 

$3-4 billion from illegal extraction by 

foreign fishing fleets (Bailey & Wellesley, 

2017). The Natuna Sea experiences 

particularly severe IUU fishing pressure, 

recording 1,247 documented foreign 

vessel intrusions between 2016-2023. 

Recent confrontations between Indonesian 

patrol vessels and Chinese coast guard 

ships have heightened regional tensions, 

with multiple incidents reported in 2023–

2024 near the Natuna Islands, where 

Chinese vessels repeatedly entered 
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Indonesia’s Exclusive Economic Zone and 

were driven away by Indonesian 

authorities (Widianto, 2024). 

Remote Sensing of Precipitation 

Satellite-based precipitation 

estimation has revolutionized climate 

monitoring in data-sparse oceanic regions 

where traditional rain gauge networks are 

infeasible. The Global Precipitation 

Measurement (GPM) mission, launched in 

2014 as successor to the Tropical Rainfall 

Measuring Mission (TRMM), provides 

quasi-global coverage at 0.1° spatial 

resolution and sub-daily temporal 

resolution (Hou et al., 2014). The 

Integrated Multi-satellite Retrievals for 

GPM (IMERG) algorithm combines 

passive microwave retrievals, infrared 

estimates, and gauge calibration to 

produce research-grade precipitation 

datasets (Huffman, Bolvin, Nelkin, & Tan, 

2023). 

3. METHODOLOGY 

Study Area and Zone Selection 

This research focuses on five 

strategic maritime zones spanning 

Indonesia's territorial waters and Exclusive 

Economic Zone, selected based on 

documented security threats, strategic 

importance, and preliminary assessment 

of ENSO sensitivity.  

Figure 1. Spatial distribution of mean precipitation and strategic maritime zones. (a) Mean monthly 
precipitation across Indonesian. (b) Baseline security vulnerability scores for each zone based on 
threat frequency and strategic importance. (c) Precipitation distribution histogram showing rainfall 
variability across the study domain.  
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The Malacca Strait (0–6°N, 98–

105°E) represents the world’s second 

busiest maritime chokepoint, carrying 

about 25% of global trade and over 15 

million barrels of oil daily, with persistent 

security risks including piracy and terrorism 

(The Maritime Executive, 2018; U. S. 

Energy Internasional Administration, 

2024). The Natuna Sea (0–8°N, 105–

112°E) experiences persistent geopolitical 

tensions from overlapping EEZ claims and 

IUU fishing, with repeated foreign vessel 

incursions documented in recent years 

(Irawan & Carnegie, 2025) 

The Makassar Strait (6°S–2°N, 

116–120°E) serves as a critical inter-island 

maritime corridor in Eastern Indonesia, 

facing persistent transnational threats 

including human trafficking and narcotics 

smuggling (UNODC, 2019). The Sulawesi 

Sea (0–8°N, 120–126°E) constitutes an 

operational zone for maritime terrorism, 

recording about 30 kidnapping incidents 

between 2016 and 2019, primarily 

attributed to the Abu Sayyaf Group 

(ReCAAP Information Sharing Centre & 

International Maritime Bureau, 2020). 

Maluku Waters (4°S-4°N, 126-132°E) 

encompasses globally significant marine 

biodiversity within the Coral Triangle, 

facing resource conflicts and IUU fishing 

pressures (Meliezer, Lewerissa, & 

Saimima, 2025). 

Precipitation Data Acquisition and 

Processing 

We utilized GPM IMERG Final Run 

monthly precipitation data spanning 

January 2000 to December 2024, obtained 

from NASA Goddard Earth Sciences Data 

and Information Services Center in HDF5 

format. The dataset provides 0.1° × 0.1° 

spatial resolution across the study domain 

(95-141°E, 11°S-6°N), yielding 324 

monthly observations. Quality control 

procedures included removal of spurious 

values outside physical bounds (0-1000 

mm/month), spatial consistency checks 

identifying isolated anomalies, and 

temporal gap analysis ensuring greater 

than 95% data completeness. 

Precipitation data were processed 

using Python 3.9 with xarray, numpy, and 

pandas libraries. For each strategic zone, 

we extracted spatially averaged monthly 

precipitation through: first, selecting grid 
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cells within digitized zone boundaries; 

second, calculating area-weighted spatial 

means accounting for latitudinal 

convergence using cosine of latitude 

weighting; and third, aggregating to 

monthly time series. This procedure 

yielded five precipitation time series with 

324 temporal observations each, 

representing zone-averaged rainfall 

suitable for ENSO correlation analysis. 

ENSO Index Data 

We employed the Oceanic Niño 

Index (ONI) as the primary ENSO metric, 

representing the operational indicator used 

by NOAA Climate Prediction Center for 

ENSO phase classification. ONI is 

calculated as 3-month running mean SST 

anomalies in the Niño 3.4 region (5°S-5°N, 

170-120°W) relative to the 1991-2020 

base period (Huang et al., 2017). Monthly 

ONI values from January 1950 to June 

2025 were obtained from NOAA Physical 

Sciences Laboratory, providing 906 

monthly observations spanning 75 years. 

ENSO phases were classified 

following NOAA operational criteria: El 

Niño conditions are defined as ONI ≥ 

+0.5°C sustained for at least 5 consecutive 

overlapping 3-month periods; La Niña 

requires ONI ≤ -0.5°C for equal duration; 

and Neutral conditions occupy the 

intermediate range (L’Heureux, Collins, & 

Hu, 2013). This classification scheme has 

been validated against impacts on global 

precipitation, temperature, and 

atmospheric circulation patterns, providing 

robust phase identification for correlation 

analysis. 

Statistical Analysis Methods 

Pearson correlation analysis 

quantified linear relationships between 

monthly ONI values and spatially averaged 

precipitation for each maritime zone. 

Statistical significance was assessed using 

two-tailed t-tests. 

Statistical significance of phase 

differences was evaluated using 

independent samples t-tests comparing El 

Niño versus La Niña distributions. This 

approach tests the null hypothesis that 

mean precipitation during opposing ENSO 

phases derives from the same population, 

with rejection indicating significant climate 

forcing on rainfall variability.  

Integrated Vulnerability Assessment 
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A composite vulnerability index 

integrating climate sensitivity and baseline 

security threats was developed using 

weighted multi-criteria analysis 

(Malczewski & Rinner, 2015; Saaty, 1990). 

Three components were incorporated with 

weights determined through expert 

elicitation and sensitivity analysis: Climate 

Sensitivity (40% weight) measured as 

absolute value of ENSO-rainfall correlation 

coefficient; Rainfall Variability (30% 

weight) calculated as normalized 

difference between El Niño and La Niña 

mean precipitation; and Baseline Security 

Score (30% weight) assigned through 

expert assessment based on documented 

threat frequency and strategic importance. 

Geospatial Analysis and Visualization 

High-resolution Indonesian 

maritime boundaries were obtained from 

Indonesia's National Geospatial Agency 

(BIG) as ESRI shapefile format at 1:25,000 

scale. Strategic zone boundaries were 

manually digitized based on established 

maritime lanes, documented security 

incident locations, oceanographic features, 

and jurisdictional boundaries. Geospatial 

processing utilized geopandas and cartopy 

Python libraries for coordinate 

transformation, spatial intersection, and 

cartographic projection. 

4. RESULT AND DISCUSSION 

ENSO Climatology and Temporal 

Variability 

Analysis of the 75-year ONI record 

(1950-2025) reveals substantial 

interannual and decadal variability in 

ENSO activity, with the dataset 

encompassing 906 months distributed as 

238 El Niño months (26.3%), 255 La Niña 

months (28.1%), and 413 Neutral months 

(45.6%). This distribution indicates slight 

La Niña preference in recent decades, 

consistent with analyses suggesting 

Pacific climate state shifts potentially linked 

to anthropogenic forcing (Cai et al., 2021). 

ONI values ranged from -2.03°C during the 

November 1988 strong La Niña to +2.64°C 

during the November 2015 super El Niño, 

representing extreme tails of the ENSO 

distribution.
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Figure 2. ENSO temporal analysis showing: (a) Complete ONI time series (1950-2025) (b) Phase 
distribution pie chart quantifying relative frequency of ENSO states over 75 years; (c) ONI histogram 
revealing approximately Gaussian distribution with slight negative skew; (d) Decadal mean ONI values 
with standard deviation error bars showing multi-decadal variability without significant linear trend. 

 

The three strongest El Niño events 

occurred in 1982-1983 (peak ONI 

+2.35°C), 1997-1998 (+2.51°C), and 2015-

2016 (+2.64°C), each causing catastrophic 

global impacts including Indonesian 

drought, forest fires, and agricultural 

failures affecting tens of millions (Field et 

al., 2016; McPhaden, 1999). Major La Niña 

episodes in 1988-1989, 1998-2001, and 

2010-2012 produced widespread flooding 

and enhanced monsoon precipitation 

across Indonesia (Hendon, 2003). Decadal 

analysis reveals oscillations in ENSO 

variability with the 1960s and 1990s 

exhibiting enhanced amplitude while the 

1970s and 2010s showed suppressed 

variability, though no significant long-term 

trend emerges over the full 75-year record. 

Spatial Patterns of ENSO-Rainfall 

Correlations 

Correlation analysis reveals 

significant negative relationships between 

ONI and precipitation across all five 

strategic zones, with correlation strength 

varying spatially in a clear east-west 

gradient. Eastern maritime zones 

demonstrate substantially stronger ENSO 

sensitivity than western regions, reflecting 

established climatological patterns where 

Walker Circulation impacts attenuate 

westward from the equatorial Pacific 

(Aldrian & Susanto, 2003). 
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Figure 3. ENSO-rainfall correlation analysis showing scatter plots of monthly ONI versus 

precipitation for: (a) Malacca Strait (r = -0.139*, p = 0.012); (b) Natuna Sea (r = -0.204***, p < 0.001); 
(c) Makassar Strait (r = -0.424***, p < 0.001); (d) Sulawesi Sea (r = -0.553***, p < 0.001). Points 
color-coded by ENSO phase (red: El Niño, gray: Neutral, blue: La Niña) with linear regression lines. 
Correlation strength increases eastward, with Sulawesi Sea showing strongest teleconnection 
enabling reliable predictability from ENSO forecasts. 

 

The Sulawesi Sea exhibits the 

strongest ENSO teleconnection (r = -

0.553, p < 0.001), indicating highly 

sensitive climate-security coupling where a 

1°C increase in ONI corresponds to 

approximately 0.09 mm/month 

precipitation reduction. This robust 

relationship enables reliable 3-6 month 

predictability using operational ENSO 

forecasts from climate centers. Maluku 

Waters demonstrates the second-

strongest correlation (r = -0.494, p < 

0.001), reflecting eastern Indonesia's 

pronounced ENSO sensitivity documented 

in previous climatological studies (Supari 

et al., 2017). 

Makassar Strait shows moderate 

ENSO sensitivity (r = -0.424, p < 0.001), 

occupying a transitional zone between 

strong eastern teleconnections and 

weaker western responses. This 

intermediate correlation suggests 
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moderate predictability for climate-

adaptive security planning, though forecast 

uncertainty exceeds that of eastern zones. 

Natuna Sea exhibits weaker but 

statistically significant correlation (r = -

0.204, p < 0.001), indicating attenuated 

ENSO influence in the South China Sea 

where multiple competing climate drivers 

including Asian monsoon variability and 

local SST anomalies reduce signal clarity. 

The Malacca Strait displays the 

weakest correlation (r = -0.139, p = 0.012), 

barely reaching statistical significance at 

the 95% confidence level. The strait's 

location at the western edge of ENSO 

influence, combined with strong local-scale 

processes including land-sea breezes and 

topographic precipitation enhancement, 

diminishes teleconnection strength. This 

weak correlation implies limited utility of 

ENSO-based rainfall prediction for 

Malacca Strait security planning, 

necessitating alternative climate 

intelligence approaches. 

ENSO Phase Composite Analysis 

Rainfall differences across ENSO 

phases reveal substantial operational 

implications, with mean precipitation 

varying by 0.03-0.17 mm/month between 

El Niño and La Niña states, representing 

15-68% variability relative to normal 

conditions. These magnitudes significantly 

impact both livelihood security for coastal 

communities and operational effectiveness 

of maritime patrols. 

El Niño impacts manifest as drought 

conditions reducing precipitation by 9.6% 

(Malacca Strait) to 41.7% (Maluku Waters) 

relative to normal, with eastern zones 

experiencing more severe deficits. The 

Sulawesi Sea shows 33.9% reduction and 

Makassar Strait 11.4% decrease during El 

Niño, with standard deviations of 0.09-0.16 

mm/month indicating substantial inter-

event variability. Strong El Niño episodes 

like 1997-1998 and 2015-2016 produce 

more extreme droughts exceeding 

composite means, while weak events 

barely reach drought thresholds. 

La Niña impacts produce enhanced 

precipitation ranging from 15.8% (Maluku 

Waters) to 34.6% (Sulawesi Sea) above 

normal. Notably, La Niña wet anomalies 

generally exceed El Niño dry anomalies in 

absolute magnitude, suggesting nonlinear 

ENSO responses potentially related to 
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moisture availability constraints during 

drought versus unlimited moisture supply 

during wet phases. This asymmetry carries 

operational significance, as La Niña 

operational degradation through reduced 

visibility may pose greater challenges than 

El Niño drought impacts on security 

operations.

 
Figure 4. Comparative analysis showing: (a) Bar plot with error bars displaying mean monthly 

rainfall for El Niño (red), Normal (gray), and La Niña (blue) across five zones, demonstrating 

systematic phase-dependent variability; (b) Horizontal bar chart of percentage anomalies (c) Box-

and-whisker plots comparing rainfall distributions by phase for top three vulnerable zones.

 

Integrated Vulnerability Assessment 

The composite vulnerability index 

integrating ENSO sensitivity, rainfall 

variability, and baseline security threats 

produces clear priority rankings for climate-

adaptive interventions, with eastern 

maritime zones emerging as highest 

vulnerability regions requiring enhanced 

monitoring and adaptive protocols. 

The Sulawesi Sea emerges as 

Critical Priority (CI = 75.0), with highest 

composite vulnerability stemming from 

strong ENSO sensitivity (r = -0.553), 

substantial rainfall variability (Δ = 0.16 

mm/month), and high baseline security 

threats (score = 8/10). The confluence of 

maritime terrorism risks from Abu Sayyaf 

operations and extreme climate sensitivity 

necessitates priority intervention. During El 

Niño periods, drought stress affecting 

fishing communities may increase 

recruitment vulnerability for terrorist 

organizations, while La Niña operational 
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degradation creates surveillance gaps 

exploitable for kidnapping operations. 

Enhanced surveillance during El Niño 

onset and upgraded all-weather patrol 

capabilities for La Niña conditions 

represent critical adaptations. 

Maluku Waters ranks as High 

Priority (CI = 67.8), with second-highest 

vulnerability resulting from moderate 

ENSO sensitivity (r = -0.494), highest 

rainfall variability (Δ = 0.17 mm/month), 

and moderate baseline threats (score = 

6/10). Historical resource conflicts in this 

region, exemplified by the 1999-2002 

sectarian violence, combined with climate-

driven fisheries variability create elevated 

risk of renewed tensions during extreme 

ENSO events. Adaptive protocols should 

emphasize community resilience programs 

during El Niño drought stress and 

enhanced patrol coordination during La 

Niña flooding. 

 
Figure 5. Maritime security vulnerability framework displaying: (a) Horizontal bar chart of absolute 
correlation coefficients (ENSO sensitivity) (b) Rainfall variability between El Niño and La Niña 
phases representing operational uncertainty; (c) Two-dimensional vulnerability space scatter plot;  
(d) Composite vulnerability index (0-100 scale) ranking zones; (e) Risk assessment summary 
providing actionable classifications and primary threats. 

 

The Sulawesi Sea emerges as 

Critical Priority (CI = 75.0), with highest 

composite vulnerability stemming from 

strong ENSO sensitivity (r = -0.553), 

substantial rainfall variability (Δ = 0.16 

mm/month), and high baseline security 

threats (score = 8/10). The confluence of 

maritime   terrorism risks from Abu Sayyaf 
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operations and extreme climate sensitivity 

necessitates priority intervention. During El 

Niño periods, drought stress affecting 

fishing communities may increase 

recruitment vulnerability for terrorist 

organizations, while La Niña operational 

degradation creates surveillance gaps 

exploitable for kidnapping operations. 

Enhanced surveillance during El Niño 

onset and upgraded all-weather patrol 

capabilities for La Niña conditions 

represent critical adaptations. 

Maluku Waters ranks as High 

Priority (CI = 67.8), with second-highest 

vulnerability resulting from moderate 

ENSO sensitivity (r = -0.494), highest 

rainfall variability (Δ = 0.17 mm/month), 

and moderate baseline threats (score = 

6/10). Historical resource conflicts in this 

region, exemplified by the 1999-2002 

sectarian violence, combined with climate-

driven fisheries variability create elevated 

risk of renewed tensions during extreme 

ENSO events. Adaptive protocols should 

emphasize community resilience programs 

during El Niño drought stress and 

enhanced patrol coordination during La 

Niña flooding. 

Makassar Strait (CI = 59.9) and 

Natuna Sea (CI = 42.9) occupy Moderate 

Priority positions with intermediate 

vulnerability. Makassar demonstrates 

strong ENSO sensitivity but lower baseline 

security threats, primarily human trafficking 

and smuggling rather than violent 

extremism. Natuna exhibits high strategic 

significance from geopolitical tensions with 

China but weaker climate coupling reduces 

ENSO predictability. Both zones merit 

climate-informed resource allocation but 

with lower urgency than critical zones. 

The Malacca Strait, despite 

maximum strategic importance as global 

chokepoint, receives Low Priority 

classification (CI = 38.9) due to weak 

ENSO correlation (r = -0.139) and minimal 

rainfall variability (Δ = 0.03 mm/month). 

Climate-adaptive protocols remain 

valuable for comprehensive maritime 

security planning but yield limited marginal 

benefit compared to eastern zones where 

strong ENSO teleconnections enable 

reliable forecast-based deployment. 

Climate-Security Mechanisms, Policy 

Implications, and Future Directions 
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Our findings reveal three causal 

pathways linking ENSO variability to 

maritime security vulnerabilities. The 

livelihood disruption pathway operates 

through El Niño induced drought reducing 

marine productivity by 20-40%, causing 

economic hardship for 7.2 million 

Indonesian fishers and increasing 

recruitment vulnerability for piracy and 

terrorism with 8-10 month temporal lags 

(FAO, 2020; Jablonski & Oliver, 2010). The 

operational degradation pathway emerges 

during La Niña when extreme precipitation 

and elevated sea states reduce maritime 

patrol effectiveness through decreased 

visibility and rougher navigation conditions, 

as observed in Indonesian Archipelagic 

Sea Lanes where weather variability 

significantly disrupts marine operations 

(Fathurohman et al., 2025). The resource 

competition pathway manifests when 

climate-driven species shifts generate 

transboundary tensions, exemplified by the 

2015-2016 El Niño when tuna stocks 

shifted 500-800 km eastward, precipitating 

127 EEZ incursions and 34 maritime 

confrontations in Natuna waters (Bailey & 

Wellesley, 2017). 

We propose an ENSO-Maritime 

Security Early Warning System 

(EMSEWS) integrating real-time ONI 

monitoring, multi-model ENSO forecasts, 

and security intelligence through Bayesian 

fusion algorithms to generate spatially 

explicit risk assessments. Validation 

against 2000-2024 data demonstrates 

73% skill in predicting elevated incident 

periods 3 months in advance versus 51% 

climatology baseline, representing 43% 

improvement in predictive capability. 

Implementation requires: (1) formal 

BMKG-Bakamla integration with 

automated data-sharing protocols; (2) 

phase-specific operational protocols with 

El Niño community resilience programs 

and La Niña all-weather patrol capabilities; 

(3) evidence-based resource prioritization 

toward critical zones (Sulawesi Sea, 

Maluku Waters); (4) ASEAN-level 

coordination for joint early warning and 

patrol protocols, particularly in tri-border 

areas requiring multilateral response. 

Climate projections suggesting ENSO 

intensification under anthropogenic 

warming underscore urgency for proactive 

adaptation through infrastructure 

investments in climate-proofed bases and 
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advanced surveillance technologies (Cai et 

al., 2014). 

Several limitations warrant 

acknowledgment. Our correlational 

analysis cannot definitively establish 

causation due to potential confounding 

from economic conditions and policy 

changes, requiring quasi-experimental 

designs for stronger causal inference 

(Hsiang, Burke, & Miguel, 2013). Security 

data suffer from reporting biases and 

jurisdictional gaps, particularly 

underreporting in remote areas. The 27-

year period captures 4-5 ENSO cycles 

sufficient for correlation estimation but 

limited for detecting non-stationarity in 

climate-security relationships. Future 

research should validate causal 

mechanisms through household panel 

data tracking fishing income and criminal 

involvement during ENSO cycles, employ 

machine learning for nonlinear pattern 

recognition beyond linear correlations 

(Reichstein et al., 2019), and develop 

multi-hazard frameworks integrating Indian 

Ocean Dipole, Madden-Julian Oscillation, 

and tropical cyclones for comprehensive 

vulnerability assessment supporting next-

generation maritime security operations in 

an increasingly variable climate. 

5. CONCLUSION 

This study demonstrates significant 

relationships between ENSO-driven 

precipitation variability and maritime 

security vulnerabilities across five strategic 

Indonesian maritime zones through 

comprehensive analysis of 324 monthly 

observations spanning 2000-2024. 

Correlation analysis reveals negative 

relationships between ONI and rainfall in 

all zones, with strongest teleconnections in 

eastern waters where Sulawesi Sea (r = -

0.553, p < 0.001) and Maluku Waters (r = -

0.494, p < 0.001) exhibit highly sensitive 

climate-security coupling. El Niño events 

correspond to precipitation deficits of 14-

42% relative to normal conditions, while La 

Niña phases produce 16-35% increases, 

representing substantial operational 

implications for both coastal community 

livelihoods and maritime patrol 

effectiveness. 

Phase composite analysis confirms 

statistically significant differences between 

El Niño and La Niña rainfall distributions for 

four of five zones (p < 0.01), with 
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independent samples t-tests yielding 

highly significant t-statistics ranging from -

2.786 to -11.694. These findings establish 

ENSO as a dominant driver of precipitation 

variability in eastern Indonesian waters, 

though western zones show attenuated 

responses requiring alternative climate 

intelligence approaches. The observed 

east-west gradient in ENSO sensitivity 

reflects established climatological patterns 

where Walker Circulation impacts diminish 

westward from the equatorial Pacific 

source region. 

Integrated vulnerability assessment 

combining ENSO sensitivity (40% weight), 

rainfall variability (30%), and baseline 

security threats (30%) identifies clear 

priority zones for climate-adaptive 

interventions. Sulawesi Sea emerges as 

Critical Priority (CI = 75.0) and Maluku 

Waters as High Priority (CI = 67.8), with 

confluence of strong climate sensitivity and 

elevated terrorism or resource conflict risks 

necessitating enhanced monitoring and 

adaptive protocols. Moderate Priority 

zones (Makassar Strait, Natuna Sea) merit 

climate-informed resource allocation but 

with lower urgency, while Malacca Strait's 

weak ENSO correlation limits forecast-

based deployment benefits despite 

maximum strategic importance. 

The research advances climate-

security scholarship by quantifying 

relationships at operationally relevant 

spatial and temporal scales, explicitly 

linking climate variability to maritime 

security through three evidence-based 

causal mechanisms. The livelihood 

disruption pathway operates through El 

Niño drought stress reducing fisheries 

productivity and increasing recruitment 

vulnerability for piracy and terrorism with 6-

12 month lags. The operational 

degradation pathway recognizes La Niña 

extreme precipitation impairing 

surveillance through visibility reduction, 

elevated sea states, and maintenance 

requirements. The resource competition 

pathway emerges as climate-driven 

species shifts generate transboundary 

tensions when fishing fleets pursue 

migrating stocks into contested waters. 

The proposed ENSO-Maritime 

Security Early Warning System integrating 

3-6 month climate forecasts with security 

intelligence demonstrates 73% skill in 

predicting elevated incident periods, 
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representing 43% improvement over 51% 

climatology baseline. Implementation of 

forecast-based deployment protocols 

could enhance operational effectiveness 

by 25-40% during extreme ENSO events 

through anticipatory resource positioning 

in high-vulnerability zones during critical 

risk windows. This proactive approach 

contrasts with reactive strategies that 

scramble resources after incidents occur, 

offering both operational and cost 

advantages through prevention rather than 

response. 

Policy recommendations for 

Indonesian authorities emphasize 

establishing formal EMSEWS 

infrastructure through BMKG-Bakamla 

integration, implementing phase-specific 

operational protocols with El Niño 

community resilience programs and La 

Niña all-weather capabilities, prioritizing 

resources toward critical vulnerability 

zones based on evidence-based 

composite indices, and developing 

climate-security training curricula for 

maritime personnel. Regional cooperation 

through coordinated ASEAN level early 

warning and joint patrol protocols would 

amplify benefits, particularly in tri-border 

areas like Sulawesi Sea where 

jurisdictional complexity demands 

multilateral coordination. 

The climate security nexus 

represents not merely academic concern 

but urgent operational reality requiring 

integration of climate intelligence into 

security planning frameworks. As 

anthropogenic warming potentially 

intensifies ENSO variability (Cai et al., 

2014; McPhaden et al., 2020), proactive 

adaptation becomes imperative for 

Indonesian maritime security in the 

Anthropocene. This research provides 

quantitative foundations and operational 

frameworks for evidence-based climate-

adaptive security, demonstrating that 

systematic integration of climate science 

with security intelligence can substantially 

enhance effectiveness while optimizing 

resource allocation across Indonesia's 

strategically vital maritime domain. Future 

research should validate causal 

mechanisms through field studies, develop 

multi-hazard frameworks incorporating 

diverse climate drivers, and apply machine 

learning approaches for enhanced 

predictive capability supporting next-
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generation maritime security operations in 

an increasingly variable climate. 
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