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with 70% of events occurring during El Nifio, 60% during positive
IOD, and 90% during the Easterly Monsoon. These findings
demonstrate that fire occurrence is governed by multi-scale
interactions, where the Easterly Monsoon defines the seasonal
window for fire activity, while ENSO and IOD act as amplifying
factors. The results highlight the superiority of phase-based
approaches over index-only methods for understanding and
predicting peatland fire dynamics, providing a more robust
foundation for early warning and mitigation strategies.

1. Introduction

Tropical peatlands represent one of the largest terrestrial carbon stores on Earth, holding
approximately 30 % of global soil carbon despite covering only 3 % of the land surface [1]. When
these carbon-rich ecosystems burn, they release vast quantities of greenhouse gases and fine
particulate matter (PM2.5) into the atmosphere, significantly contributing to climate change and
regional transboundary haze [2].

Indonesia possesses the world's largest area of tropical peatlands, concentrated primarily in
Sumatra and Kalimantan. Within Sumatra, Riau Province stands out as one of the most fire-prone
regions due to its extensive peat deposits, intensive drainage for oil palm and pulpwood
plantations, and a history of recurrent severe fire episodes [3]. Major fire events in 1997, 2015,
and 2019 emitted an estimated 692 + 213 Tg of CO:-equivalent, with peat combustion accounting
for a substantial portion of the total carbon release. These events caused economic losses exceeding
USD 16 billion nationally and triggered widespread haze that affected millions of people across
Southeast Asia, leading to hundreds of thousands of respiratory-related hospital visits and
premature deaths [2].

The occurrence and intensity of peatland fires in Riau Province are strongly modulated by
large-scale climatic variability, particularly the El Nifio--Southern Oscillation (ENSO), the Indian
Ocean Dipole (IOD), and the Australian Monsoon system. During the positive (warm) phase of
ENSO, which is commonly known as El Nifio, the weakening of the Walker circulation shifts the
center of deep convection eastward toward the central Pacific, resulting in prolonged drier
conditions across the entire Maritime Continent. This large-scale atmospheric reorganization
substantially lowers peat water tables, elevates surface air temperatures, reduces relative humidity,
and markedly increases the flammability of drained peatlands [3] [4] [5]. Similarly, the positive
phase of 10D reinforces drought by inducing anomalous easterly winds along the southern coast
of Java and Sumatra. These winds suppress convective activity and rainfall over the eastern Indian
Ocean and western Indonesia, including much of Sumatra [6-7]. Research by [8] further
demonstrated how ENSO and IOD jointly modulate interannual variability in regional
ocean-atmosphere conditions, such as sea-level anomalies and rainfall patterns along the western
Sumatran coast, which indirectly influence dryness over adjacent peatland areas.

When El Nifio and positive IOD occur simultaneously, their compound effects are amplified
through stronger surface easterly wind anomalies near Java-Sumatra. These winds enhance
oceanic upwelling and thermocline tilting, leading to even more severe and prolonged drought
conditions than when either phenomenon acts in isolation [5] [10]. Such compound events have
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been shown to produce significantly higher fire intensity, larger burned areas, and extended fire
seasons not only in Riau but also across southern Sumatra and central/southern Kalimantan, as
evidenced during major fire episodes in 2006 and 2015 [5] [7] [9]. In addition, the Australian
Monsoon Index (AUSMI) plays a critical role by controlling the strength of the easterly (dry)
monsoon phase. Negative AUSMI values, which correspond to the Easterly Monsoon, typically
coincide with the peak fire-risk window in Sumatra and further exacerbate dryness during these
critical climatic combinations [3]. Recent studies across Equatorial Asia have confirmed that the
joint influence of ENSO, 10D, and the Australian monsoon explains far more variance in fire
activity than any single index alone, reinforcing the need for a compound-event perspective [10]
[11][12].

While numerous studies have examined the relationship between these large-scale climate indices
(Nifio 3.4 for ENSO, Dipole Mode Index for IOD, and AUSMI) and fire activity using linear
correlation or regression approaches, results have often shown weak or inconsistent direct
associations at the monthly scale [7] [8]. The findings indicate that relying solely on raw index
values may not adequately reflect the complex and non-linear dynamics of fire ignition and
propagation in drained peatlands. Rather, it is the distinct phases of climate phenomena,
specifically El Nifio, positive IOD, and the Easterly Monsoon that seem to produce the essential
conditions of extended drought, reduced humidity, and heightened flammability necessary for
significant fire outbreaks [3] [5] [13]. This threshold-like behavior is increasingly recognized as a
common feature of fire regimes in tropical regions, from the Amazon to Australia [14] [15].

This study addresses this research gap by conducting a compositional phase-based analysis of 17
major high-confidence fire outbreak months (>300 fire pixels) in Riau Province from 2012 to 2019.
The primary objective is to determine whether the concurrent occurrence of El Nifio, a positive
10D, and the Easterly Monsoon phase is the dominant amplifier of peatland fire risk. By shifting
the analytical focus from continuous index values to phase composition, this research seeks to
provide a more actionable scientific basis for improving fire early warning systems and targeted
mitigation strategies in Indonesia's critical peatland regions.

2. Research Significance

This study advances both theoretical understanding and practical fire management by adopting a
compositional phase-based approach rather than relying on linear correlations with continuous
climate indices. The findings reveal that the simultaneous occurrence of El Nifio, positive IOD,
and the Easterly Monsoon phase is the primary driver amplifying peatland fire risk. This approach
overcomes key limitations in prior index-based studies, thereby refining the framework of climate-
-fire teleconnections in the Maritime Continent by highlighting their non-linear,
threshold-dependent, and compound nature [10] [16]. Practically, identifying these high-risk phase
combinations enables the development of more precise, phase-sensitive early warning systems,
benefiting stakeholders such as BMKG, BNPB, local governments, and peatland restoration
initiatives. Implementing targeted measures during these periods can reduce fire incidence and
severity, mitigate transboundary haze, lower greenhouse gas emissions, and protect public health
[17] [18]. Overall, the study supports national climate adaptation goals while offering a
transferable framework for other tropical peatland regions prone to fire risk.
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3. Methods
3.1 Research Area

This study focuses on Riau Province, Sumatra, Indonesia (approximately 1°N-2.5°S, 100°-104°E).
Riau is one of the most fire-prone regions in Indonesia due to its extensive peat deposits, intensive
drainage for oil palm and pulpwood plantations, and a history of recurrent severe fire episodes [4].
The province experiences a tropical rainforest climate with a distinct dry season typically from
June to October, which coincides with the Easterly Monsoon phase. Peatlands in Riau can reach
depths of up to 10 m, and widespread canal construction for agriculture has substantially lowered
water tables, increasing peat susceptibility to ignition [3] [17]. The map of the research area can
be seen in Figure 1.

Study Area: Riau Province, Indonesia
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Fig 1. Map of Study Area
3.2 Fire Data and Detection Process

Active fire observations were retrieved from the NASA Visible Infrared Imaging Radiometer Suite
(VIIRS) Thermal Anomalies and Fire Daily L3 Global 1km product (VNP14A1). The VIIRS
sensor offers enhanced spatial precision and superior nocturnal detection sensitivity relative to
preceding instruments like MODIS. Our analytical dataset encompasses 168 months (14 years),
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spanning from January 2012 through December 2025. This longitudinal duration was specifically
chosen to integrate the latest climate-fire interactions, including critical fluctuations observed in
the post-2019 period.

Active fire detection data were retrieved and processed utilizing the Google Earth Engine (GEE)
cloud computing infrastructure. The analytical workflow prioritized the isolation of high-fidelity
thermal anomalies, subsequently aggregated into standardized monthly temporal composites:

Spatial and Temporal Refinement: The VNP14A1 dataset underwent temporal filtering to
organize daily observations into monthly buckets. Furthermore, spatial clipping was executed to
strictly align the data with the administrative geography of Riau Province.

High-Confidence Data Masking: To mitigate the inclusion of non-fire thermal signatures, such
as solar glint or reflective surfaces, a rigorous masking protocol was implemented using the
FireMask band. Only pixels designated as class "9" (High-Confidence Fire) were preserved,
aligning with the >80% confidence standard established in similar active fire datasets.

Monthly Spatiotemporal Compositing: A maximum value compositing technique (.max()) was
applied to each month. This method identifies any pixel location where a high-confidence anomaly
was recorded on at least one occasion during the month, characterizing the comprehensive fire
footprint for that period.

Spatial Mapping and Area Estimation: Subsequent to the computational workflows executed
within GEE, the resulting monthly high-fidelity fire footprints were generated as multi-band
GeoTIFF files at a uniform spatial resolution of 1,000 m. Advanced spatial characterization and
visual mapping were then conducted using localized Python environments, specifically leveraging
the GeoPandas and Rasterio libraries. A pixel-counting approach was utilized to estimate the
cumulative extent impacted by thermal anomalies. Given that the data was standardized at a 1 km
x 1 km spatial scale, each preserved pixel represents an approximate area of 1 km?. The aggregate
monthly fire footprint was derived by calculating the sum of non-zero high-confidence pixels
located within the administrative boundaries of Riau Province for every temporal interval.
Furthermore, the spatial distribution of these accumulated monthly hotspots was mapped against
administrative regency layers. This visualization enabled a rigorous examination of the spatial
association between regional land-use patterns and the density of active thermal signatures.

3.3 Climate Indices and Phase Definitions

We utilize three primary climate indices in this study: ENSO (Nifio 3.4 Index), IOD (DMI), and
AUSMI (Australian Monsoon Index). The Nifo 3.4 Index, defined as monthly sea surface
temperature anomalies (SSTA) averaged over 5°N-5°S, 170°-120°W, was used to classify ENSO
phases: El Nino (Nifio 3.4>+0.5 °C), La Nina (<—0.5 °C), and Neutral (between —0.5 °C and
+0.5 °C) [19]. The Dipole Mode Index (DMI), representing the anomalous SST gradient between
the western (10°S—10°N, 50°-70°E) and eastern (10°S—0°, 90°-~110°E) equatorial Indian Ocean,
defines IOD phases as positive (DMI>+0.4 °C), negative (<—0.4 °C), or Neutral [20]. The
AUSMI, measuring the strength of the Australian monsoon, was used to define the Easterly
Monsoon (AUSMI <0, dry phase over Sumatra) and Westerly Monsoon (AUSMI > 0, wet phase)
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[21]. Data for all indices were obtained from the NOAA Physical Sciences Laboratory for the
2012-2019 period. Monthly Nifio 3.4 SST index data can be downloaded from the NOAA PSL
Climate Data Repository at https://psl.noaa.gov/data/climateindices/list/ (select "Nifio 3.4" from
the list of  indices). Monthly = DMI  data is  available  directly at
https://psl.noaa.gov/data/timeseries/month/DMI/. Monthly AUSMI data can be obtained from the
NOAA PSL Climate Data Repository at https://psl.noaa.gov/data/climateindices/list/ (search for
"Australian Monsoon Index" or access via reanalysis datasets such as the NCEP/NCAR Reanalysis
or 20th Century Reanalysis described at https://psl.noaa.gov/data/gridded/).

3.4 Analytical Approach: Compositional Phase-Based Analysis
3.4.1 Linear Correlation Analysis

To replicate conventional approaches widely used in previous studies [8] [22], we first calculated
Pearson’s product-moment correlation coefficients between monthly fire areas and the raw,
continuous values of each climate index (Nifio 3.4, DMI, and AUSMI). To prevent seasonal wet-
period absences from skewing the statistical relationships, this correlation analysis was focused
specifically on the dry season months (August—October) across the 20122025 period. This
analysis aimed to quantify the strength and direction of linear relationships between climate
variability and fire activity. Statistical significance was assessed at the p < 0.05 level.

3.4.2 Compositional Phase-Based Analysis

To analyze extreme fire events, we isolated the top 20 most extensive fire outbreak months across
the 14-year study period. For these severe events, we conducted a compositional analysis focused
on discrete climate phases rather than continuous index values. Each outbreak month was
classified into binary states according to the concurrent anomaly direction of ENSO (EI Nifio for
>0.5, La Nifia for <0.5), IOD (Positive for >0.5, Negative for <0.5), and AUSMI (Westerly
Monsoon for >0, Easterly Monsoon for <0).

For each individual event, we calculated the frequency and percentage of outbreak months
occurring within each phase to assess their relative contributions. To identify the dominant
compound amplifier, we tabulated the co-occurrence of phases across all three phenomena
simultaneously. This approach treats the climate system as a set of discrete states rather than a
continuous gradient.

4. Results and Discussion
4.1 Temporal Characteristics of Major Fire Events

As detailed in Table 1, the temporal distribution of major fire events in Riau Province exhibits a
clear seasonal pattern, indicating that severe fire occurrences are highly clustered rather than
randomly distributed throughout the year. By isolating the top 20 most extensive fire outbreak
months recorded during the 2012-2025 study period, it is evident that the majority of these severe
events occurred between June and September. This timeframe directly corresponds to the primary
regional dry season in Sumatra, confirming that seasonal drying plays a fundamental role in
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creating the baseline environmental conditions required for widespread peatland fire ignition and

propagation.

Table 1. Major fire events in Riau Province and their associated climate phase conditions, revealing the
dominance of El Nifio, positive IOD, and Easterly Monsoon during high fire activity periods.

Month Fire Area (km?) |ENSO Phase IOD Phase AUSMI Phase
2012-06 943 ® El Niiio (+) S 10D (+) ® Easterly (-)
2012-07 434 ® El Niiio (+) S 10D (+) ® Easterly (-)
2012-08 740 ® ElI Niiio (+) S 10D (+) ® Easterly (-)
2012-09 289 ® El Niiio (+) S 10D+ ® Easterly (-)
2013-06 2504 ) La Niiia (-) S 10D (») ® Easterly (-)
2013-07 554 ) La Niiia (-) S 10D (») ® Easterly (-)
2013-08 1204 ) La Niiia (-) S 10D () ® Easterly (-)
2014-02 1731  La Niiia (-) S 10D (») S Westerly (+)
2014-03 2101  La Niiia (-) S 10D (») ) Easterly (-)
2014-06 572 ® EI Niiio (+) S 10D (») ® Easterly (-)
2014-07 679 ® El Niiio (+) S 10D (») ® Easterly (-)
2015-06 211 ® El Niiio (+) S 10D+ ) Easterly (-)
2015-07 640 ® El Niiio (+) S 10D+ ) Easterly (-)
2015-08 303 ® EI Niiio (+) S 10D (+) ® Easterly (-)
2015-09 539 ® El Niiio (+) S 10D (+) ® Easterly (-)
2016-08 348 ® La Niiia (-) S 10D (») ® Easterly (-)
2018-08 301 ® El Niiio (+) S 10D+ ® Easterly (-)
2019-03 242 ® El Niiio (+) S 10D+ S Westerly (+)
2019-08 428 ® El Niiio (+) S 10D (+) ® Easterly (-)
2019-09 648 ® El Niiio (+) S 10D (+) ® Easterly (-)

The concentration of fire events during the mid-year months reflects the influence of the dry
monsoon season, when rainfall is generally reduced, atmospheric humidity decreases, and peat
surface moisture declines [3] [5] [10]. The fire area data also reveal substantial variation in spatial
extent across events. While several major fire events recorded moderate affected areas, others
exhibited significantly higher intensities. In peatland ecosystems, these seasonal conditions are
particularly important because drained peat soils can rapidly lose moisture and become highly
flammable. Once the peat surface dries, fire can spread not only aboveground but also through
subsurface smoldering combustion, making fire events more persistent and difficult to suppress.
The most extreme event occurred in June 2013, when the active fire area exceeded 2,500 km?2. This
exceptionally high value indicates that, although seasonal dryness provides the necessary
background condition, additional climatic or environmental factors are required to produce
extreme fire activity. At the interannual scale, major fire events tend to cluster in specific years,
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such as 2012, 2013, 2014, 2015, and 2019, with multiple occurrences in each. In contrast, other
years exhibit fewer and less intense events. This variability suggests that while seasonal conditions
establish a baseline for fire occurrence, interannual climate variability plays a crucial role in
controlling the magnitude and persistence of fire activity [5].

Previous research has demonstrated that peatland fire activity in Indonesia tends to intensify during
dry-season periods, particularly when seasonal drought is reinforced by large-scale climate
anomalies such as ENSO and IOD. As an example, the study by [23] employed machine learning
approaches to show that ENSO modulates fire occurrence in Indonesia through prolonged
hydrological drought, and identified Riau's peatland as the area most prone to fires on Sumatra
Island. Similarly, [7] [22] found that, although the impact is not linear, the probability of more
hotspots occurring increases significantly during strong El Nifio or weak El Nifio combined with
positive IOD. In Riau, studies on peat hydrology have emphasized the importance of groundwater
level dynamics; [24] demonstrated that maintaining a high groundwater level is crucial for
reducing peat fire vulnerability under extended dry conditions, as groundwater loss can be rapid,
reaching a depth of 78.5 cm during a 58-day dry period [3].

Therefore, the temporal pattern observed in this study supports the interpretation that major fire
outbreaks in Riau are strongly seasonal, with the dry season acting as the primary temporal window
for fire occurrence. However, the large differences in fire intensity among outbreak months
indicate that seasonality alone cannot fully explain fire severity. Instead, the observed pattern
suggests a hierarchical fire-control mechanism: seasonal dryness establishes the baseline fire-
prone condition, while large-scale climate drivers such as ENSO, 10D, and the Australian
Monsoon modulate the magnitude and persistence of fire outbreaks.

4.2 Temporal Relationship Between Fire Activity and Climate Indices

The temporal relationship between fire activity and large-scale climate indices in Riau Province
reveals distinct patterns of co-variability that are not fully captured by linear statistical
relationships. Although correlation analysis indicates weak associations between fire activity and
individual climate indices, the time-series comparison in Figure 2 provides important insights into
how fire events align with specific climate conditions.

As shown in Figure 2(a), major fire events (red bars) frequently occur during periods of elevated
Nifio 3.4 values (EI Nifio phase) and positive Dipole Mode Index (DMI), particularly during well-
documented climate events such as 2015-2016, 2019, and 2023-2024. These periods are
characterized by large-scale atmospheric and oceanic anomalies that suppress rainfall and enhance
drought conditions over the Maritime Continent. However, this temporal alignment is not
consistent across all periods, as several instances of elevated Nifio 3.4 and DMI values do not
correspond to increased fire activity. This inconsistency suggests that ENSO and IOD alone are
not sufficient drivers of fire occurrence at the monthly scale.
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Riau Fire Pixels vs Nifio 3.4 & DMI Indices (2012-2025)

I fire_count —— NINO34_Index —— DMI
3,000 3.0
2,500 25
2,000 20
« =
-] 1,500 15 Q
& 3
g o«
< 1,000 1.0 2
g =
s =
2 500 05 2
§
£
=3 0 1 M - B e e 0.0 5
:
-500 ‘ 05
-1,000 } -1.0
-1,500 ‘ -5
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
Year
Riau Fire Pixels vs AUSMI Index (2012-2025)
[ fire_count —— AUSMI_VALUE
3,000 16

2,500

2,000

1,500 'I 8
1,000
500
o dllll ||I L

-500

AUSMI Anomaly

High-Contidence Fire Pixels

-1,000

-1,500
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Year

(b)
Fig 2. Time series of monthly high-confidence fire pixel counts in Riau Province (red bars) in relation to
climate indices during 2012—-2025: (a) Nifio 3.4 index (blue line) and Dipole Mode Index (DMI, green line);
(b) Australian Monsoon Index (AUSMI, purple line). The left y-axis represents fire pixel counts, while the
right y-axis shows the corresponding climate index anomalies.

These results are consistent with the prior studies in Indonesia and other tropical regions. A study
[4] demonstrated that fire activity in Indonesia exhibits a non-linear response to ENSO-induced
drought, with substantial increases occurring only during strong El Nifio events. Similarly, [5]
showed that the combined influence of ENSO and positive IOD intensifies drought conditions,
leading to increased fire activity across the Maritime Continent. However, several studies have
also emphasized the critical role of seasonal and regional drivers. [3] highlighted the importance
of peatland hydrological conditions, particularly groundwater decline during the dry season, as a
key determinant of fire susceptibility in Riau. In addition, [21] and subsequent studies have shown
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that variations in the Australian Monsoon significantly influence rainfall and atmospheric
circulation patterns in Indonesia, thereby affecting fire risk.

Beyond Indonesia, similar temporal relationships have been observed in other tropical fire-prone
regions. Studies in the Amazon and Australia have demonstrated that fire activity is strongly
influenced by seasonal atmospheric circulation and only intensifies when large-scale climate
anomalies coincide with local dry conditions [15] [25].

Overall, the temporal analysis indicates that fire activity in Riau is not directly proportional to
changes in individual climate indices but instead depends on the alignment of favorable conditions
across multiple temporal scales. ENSO and IOD contribute to interannual drought variability,
while the Easterly Monsoon provides the seasonal window in which fires can occur. This multi-
scale interaction explains the weak linear correlations observed and underscores the need for
alternative analytical approaches, particularly phase-based frameworks, to better capture the
conditions that lead to major fire events.

4.3 Statistical Relationship Between Climate Indices and Fire Activity

To quantitatively assess the relationship between climate variability and fire activity in Riau
Province, linear regression analyses were conducted between monthly high-confidence fire pixel
counts and three major climate indices: Nifio 3.4, Dipole Mode Index (DMI), and Australian
Monsoon Index (AUSMI). The results reveal consistently weak statistical relationships across all
indices, as indicated by low coefficients of determination (r?) as shown in Figure 3.
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Correlation: Dry Season Fires vs DMI
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Fig 3. Scatter plots showing the statistical relationship between monthly fire activity and climate
indices in Riau Province (2012-2025): (a) Nifo 3.4 index, (b) Dipole Mode Index (DMI), and (c)
Australian Monsoon Index (AUSMI). Each panel includes a linear regression fit, illustrating weak
correlations between fire activity and individual climate indices.

As shown in Figure 3a, the relationship between fire activity and Nifo 3.4 exhibits a very weak
positive trend (r* = 0.045), indicating that ENSO explains less than 5% of the variance in fire
activity. This level of explanatory power is generally considered negligible in environmental and
geophysical studies, where coefficients of determination below 0.1 are typically interpreted as
indicating very weak or non-meaningful relationships [26] [27]. The wide dispersion of data points
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further confirms the absence of a consistent linear relationship, with many instances of low fire
activity occurring during positive Nifio 3.4 conditions. This suggests that ENSO alone does not
provide a reliable predictor of monthly fire variability in Riau.

A similarly weak relationship is observed between fire activity and DMI (1* = 0.024), as shown in
Figure 3b. This indicates that less than 3% of the variability in fire activity can be explained by
10D conditions, reinforcing the interpretation that the influence of the IOD at the monthly scale is
minimal. The high degree of scatter and lack of a clear trend suggest that the IOD does not act as
an independent driver of fire activity, but rather may contribute indirectly under specific
conditions, such as when combined with ENSO.

In contrast, the relationship between fire activity and AUSMI, displayed in Figure 3¢, shows a
weak negative trend (1> = 0.051). Although slightly higher than the other indices, this value still
indicates that AUSMI explains only about 5% of the variability in fire activity. According to
commonly accepted interpretations of correlation strength, such values fall within the category of
very weak relationships and should be interpreted with caution [27]. While a tendency for higher
fire activity under negative AUSMI values can be visually observed, the statistical relationship
remains insufficient to establish a robust linear dependency.

The overall weakness of the linear relationships across all indices highlights the limitations of
using continuous climate variables to explain fire dynamics in peatland regions. Similar findings
have been reported in previous studies, where fire activity in Indonesia exhibits a non-linear
response to climate variability. [4] revealed that fire activity increases disproportionately during
strong El Nifio events, rather than responding linearly to gradual changes in climate indices.
Likewise, [5] showed that the combined influence of ENSO and IOD is necessary to produce
significant drought conditions, emphasizing the importance of compound climate drivers.

Other studies in Indonesia have also reported weak statistical relationships at monthly timescales.
[7] [22] found that fire occurrence in Sumatra is better explained by joint distributions of climate
variables rather than individual indices. Similarly, [3] highlighted that peatland fire susceptibility
is strongly controlled by hydrological conditions, particularly groundwater level decline, which is
not directly captured by simple climate indices.

Beyond Indonesia, research in other tropical regions supports the idea that fire activity is governed
by threshold and compound mechanisms rather than linear relationships. For example, studies in
the Amazon and Australia have shown that fire occurrence increases sharply only when drought
conditions exceed critical thresholds, often under the combined influence of multiple climate
drivers [15] [25].

4.4 Climate Phase Characteristics During Major Fire Events

For a better understanding of the climatic conditions associated with major fire events, the analysis
was extended from continuous index values to phase-based classifications of ENSO, 10D, and
AUSML. Figure 4 illustrates the climate phase conditions during the top 20 most extensive fire
outbreak months, allowing for a clearer interpretation of the dominant atmospheric patterns
associated with extreme fire occurrence.
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Climate Phases During the Top 20 Most Extensive Fire Events
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Fig 4. Climate phase conditions during the top 20 most extensive fire events in Riau Province, showing
Nifio 3.4 (ENSO), Dipole Mode Index (DMI), and Australian Monsoon Index (AUSMI) anomalies for each
outbreak month.

A prominent feature observed in Figure 4 is the overwhelming dominance of negative AUSMI
values during major fire events. Nearly all events occur under the Easterly Monsoon phase
(AUSMI < 0), indicating that this condition represents a critical prerequisite for fire activity in
Riau. The persistence of negative AUSMI reflects a seasonal shift in atmospheric circulation
characterized by easterly wind anomalies, which suppress convective activity and reduce moisture
transport over the region. This leads to prolonged dry conditions, particularly during the June—
September period, facilitating peatland drying and increasing fire susceptibility.

In contrast to AUSMI, the ENSO signal shows greater variability. While several major fire events
coincide with positive Nifio 3.4 values (El Nifio phase), indicating the role of ENSO in enhancing
regional drought, a substantial number of events also occur under neutral or even negative ENSO
conditions. This suggests that El Nifio is not a necessary condition for fire occurrence, but rather
an amplifying factor that increases the intensity of drought when present. The presence of fire
events during non-El Nifio conditions further reinforces the limited explanatory power of ENSO
when considered in isolation.

A similar pattern is observed for the IOD. Although positive DMI values (positive IOD phase) are
associated with several months of high fire activity, the distribution of events across both positive
and negative phases indicates that the IOD alone does not consistently determine fire occurrence.
Instead, its role appears to be conditional, likely enhancing drought severity when combined with
other climate drivers such as ENSO.

The contrast between the strong consistency of AUSMI and the variability of ENSO and 10D
highlights the multi-scale nature of climate controls on fire activity. While ENSO and 10D operate
at interannual scales and influence large-scale ocean-atmosphere interactions, AUSMI represents
a regional atmospheric circulation mechanism that directly governs seasonal moisture availability.

AUSM! Anomaly
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This suggests that fire occurrence in Riau is primarily controlled by regional monsoon dynamics,
with large-scale climate modes modulating the severity rather than the timing of fire events.

These findings support the earlier research studies on fire dynamics in Indonesia and other tropical
regions. [4] demonstrated that extreme fire activity in Indonesia is strongly associated with El
Nifio-induced drought, but emphasized that such events occur only when local conditions are
sufficiently dry. Similarly, [5] showed that the co-occurrence of El Nifio and positive IOD leads
to intensified drought conditions, but neither driver alone is sufficient to explain fire variability. In
Riau specifically, [3] highlighted that peatland fire susceptibility is closely linked to groundwater
levels, which decline significantly during the dry season regardless of ENSO phase.

The dominant role of seasonal atmospheric circulation has also been reported in other regions.
Research done by [21] showed that variations in the Australian Monsoon significantly influence
rainfall patterns across Indonesia, directly affecting fire risk. Beyond Southeast Asia, similar
mechanisms have been observed in the Amazon and northern Australia, where fire occurrence is
strongly tied to seasonal drying, while large-scale climate anomalies act as secondary amplifiers
rather than primary triggers [15] [25].

Overall, the phase-based analysis reveals a clearer and more robust relationship between climate
conditions and fire activity compared to linear statistical approaches. The consistent association of
major fire events with the Easterly Monsoon phase indicates that seasonal atmospheric circulation
provides the necessary environmental conditions for fire occurrence. In contrast, ENSO and 10D
primarily influence the intensity and extent of fire activity through their modulation of drought
severity.

4.5 Dominance of Climate Phases During Major Fire Events

The distribution of climate phases during the 20 largest fire events reveals a clear dominance of
specific atmospheric conditions associated with major fire activity in Riau Province. Rather than
being evenly distributed across different climate states, these events are strongly concentrated
under particular phase combinations, indicating that fire occurrence is not random but conditioned
by distinct climatic regimes. The result is presented in Table 2.

Table 2. Proportion of ENSO, 10D, and AUSMI phases during the 20 top most severe forest fire
outbreak events in Riau Province (2012-2025).

Fire Events Proportion Summary from 20 Top Most Forest Fire Events
ENSO |70.0% @ EI Niiio (+) 30.0%  La Niiia (-)
10D 60.0% © 10D (+) 40.0%  IOD (-)
AUSMI [90.0% @ Easterly (-) 10.0%  Westerly (+)

For ENSO, 70% of the major fire events occurred during El Nifio conditions, while the remaining
30% took place during La Nifia. This pattern confirms the well-established role of El Nifio in
enhancing drought conditions across the Maritime Continent through reduced precipitation and
increased surface drying, as stated in the previous study conducted by [28]. However, the presence
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of a substantial proportion of events during La Nifa conditions indicates that El Nifio is not a
necessary condition for fire occurrence. In a study carried out by [29], it was explained that ENSO
primarily acts as an amplifying factor that increases the intensity and spatial extent of fire activity,
rather than being the main cause of drought leading to forest fires, as there are several other factors
that can contribute to such drought conditions.

A similar but less pronounced dominance is observed for the IOD. Approximately 60% of the
major fire events occurred during positive IOD conditions, compared to 40% during negative
phases. This relatively balanced distribution suggests that while positive IOD contributes to
regional drying, particularly in western Indonesia, its influence is not sufficiently strong to
independently control fire occurrence. Rather, the IOD appears to function as a secondary driver
that enhances drought severity when combined with other climatic factors.

In contrast, the AUSMI exhibits a markedly stronger and more consistent dominance pattern, with
90% of the largest fire events occurring during the Easterly Monsoon phase and only 10% under
Westerly conditions. This overwhelming dominance indicates that the Easterly Monsoon is a near-
essential prerequisite for major fire events in Riau, primarily because it exerts more direct and
immediate control over regional atmospheric circulation and moisture availability than ENSO and
10D [30]. While ENSO and IOD operate at interannual scales by modulating large-scale ocean—
atmosphere interactions, the monsoon governs seasonal wind patterns that directly regulate
moisture transport into the region. During the Easterly Monsoon phase, prevailing winds originate
from the relatively dry Australian continent, resulting in reduced moisture advection toward
Sumatra, suppressed convection, and significantly decreased rainfall [30 [31]. The persistence of
these conditions over several months (typically June—September) leads to prolonged drying of
peatlands, which are highly sensitive to moisture loss and become extremely flammable once
desiccated. In contrast, ENSO and IOD influence fire activity more indirectly by altering drought
intensity rather than establishing the seasonal window for fire occurrence; their effects are also
spatially heterogeneous and temporally variable, meaning that elevated Nifio 3.4 or DMI values
do not always translate into local dry conditions [22] [5]. Consequently, without the sustained
drying imposed by the monsoon system, large-scale climate anomalies alone are often insufficient
to trigger major fires, highlighting that the monsoon controls when fires can occur, whereas ENSO
and 10D primarily modulate their severity.

The contrast between the strong dominance of AUSMI and the weaker, more variable patterns of
ENSO and IOD highlights the hierarchical nature of climate controls on fire activity. Regional
monsoon dynamics define the temporal window during which fires can occur, while large-scale
climate modes such as ENSO and IOD modulate drought intensity within that window. This
explains why elevated Nifio 3.4 or positive DMI values do not consistently result in major fire
events unless they coincide with the appropriate monsoonal phase.

These results align with previous research in Indonesia and other tropical fire-prone regions. For
instance, the research conducted by [4] demonstrated that fire activity in Indonesia responds non-
linearly to drought conditions, with substantial increases occurring primarily during strong El Nifio
events. Similarly, [5] emphasized that compound climate interactions, particularly between ENSO
and 10D, play a critical role in intensifying drought and fire activity. At the regional scale, [3]
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highlighted the importance of peatland hydrological processes, noting that declining groundwater
levels during dry periods significantly increase fire susceptibility. Beyond Indonesia, similar
patterns have been observed in other tropical ecosystems. Studies in the Amazon and northern
Australia show that fire occurrence is strongly tied to seasonal drying cycles, while large-scale
climate variability acts mainly as an additional amplifier rather than the primary trigger [15] [25].

4.6 Spatial Patterns of High-Confidence Fire Hotspots During Major Fire Events

The spatial distribution of high-confidence fire hotspots during the 20 largest fire events reveals
that fire activity in Riau Province is not evenly distributed across the region as shown in Fig 5.
Instead, the hotspots are repeatedly concentrated in specific areas, particularly in northern, eastern,
and southeastern parts of the province. This spatial clustering suggests that major fire events are
controlled not only by climate variability but also by local environmental conditions, especially
the distribution of peatlands, drainage intensity, land-use pressure, and accessibility for human
activities.

20 most extensive fire events identified between 2012 and 2025

High-Confidence Fire Hotspots: 2013-06 (Severity Rank: 1) High-Confidence Fire Hotspots: 2014.03 (Severity Rank: 2) High-Confidence Fire Hotspots: 201402 (Severity Rank: 3) High-Confidence Fire Hotspots: 2013.08 (Severity Rank: 4)

High-Confidence Fire Hotspots: 2012.08 (Severity Rank: 6)

N N
A A
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Fig 5. Spatial distribution of high-confidence fire hotspots during the 20 largest fire events in Riau Province,
ranked by severity. Each panel represents a single event month, showing the extent and concentration of
fire activity across the study area.

The repeated occurrence of hotspots in similar locations across years indicates that fire risk in Riau
exhibits strong spatial persistence. In other words, the same landscapes tend to burn repeatedly
when climatic conditions become favorable. This persistence suggests that local land and
hydrological conditions create chronic fire-prone zones. Previous research in Riau and other parts
of Sumatra has demonstrated that drainage canals, agricultural expansion, and peatland conversion
substantially lower groundwater levels, thereby increasing peat flammability during dry periods
[28] [32]. The maps also show that not all major fire events have the same spatial extent. Some
events, such as 2013-06 and 2014-03, show widespread hotspot distribution across much of the
province, while others, such as 2015-08, 2015-06, and 2019-03, are more localized. This difference
indicates that fire severity is determined not only by the number of hotspots but also by the spatial
connectivity of dry, flammable landscapes. When dry conditions are widespread, fire activity can
occur across multiple districts simultaneously. In contrast, when dryness is more localized or short-
lived, fire activity remains spatially restricted. These spatial patterns support the interpretation that
climate drivers such as ENSO, IOD, and the Easterly Monsoon act as large-scale enabling factors,
while local peatland conditions determine where fires actually occur. This finding aligns with
research demonstrating that Indonesian fire activity is strongly influenced by extreme climatic
conditions such as El Nifio and positive IOD, which cause prolonged drought, lower groundwater
levels, and increased peat flammability [9] [12]. In Riau, studies on peat hydrology have
emphasized the importance of groundwater level dynamics, showing that maintaining high
groundwater levels is crucial for reducing peat fire vulnerability [33] [34].

Similar spatially clustered fire behavior has also been observed in other tropical regions. In the
Amazon, fire activity tends to concentrate in deforested and degraded forest margins where
drought interacts with human land-use pressure [35] [36]. In northern Australia, fire occurrence is
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also shaped by the interaction between seasonal climate, fuel availability, and ignition sources
[15].

5. Conclusions

This study examined the relationship between peatland fire activity in Riau Province and three
major climate drivers: ENSO, 10D, and the Australian Monsoon, using both continuous index
analysis and a phase-based compositional approach over the 2012-2025 period. The findings
demonstrate that linear correlations between monthly fire activity and climate indices are
consistently weak (r*> < 0.051), indicating that continuous index values alone have limited
explanatory power in capturing fire variability at the monthly scale.

In contrast, the phase-based analysis reveals clear and robust patterns. Major fire events show
strong dominance during specific climate phases, with 70% occurring during El Nifio, 60% during
positive 10D, and 90% during the Easterly Monsoon. Among these, the Australian Monsoon
exhibits the most consistent influence, indicating that seasonal atmospheric circulation plays a
primary role in determining the timing of fire occurrence. ENSO and 10D, while important, act
mainly as amplifying factors that intensify drought conditions rather than directly controlling when
fires occur.

The results further highlight the importance of multi-scale climate interactions, where the monsoon
system defines the seasonal window for fire activity, and large-scale ocean—atmosphere variability
modulates its severity. This explains the weak statistical relationships observed in index-based
analyses and underscores the limitations of relying solely on continuous climate indicators.

Overall, this study demonstrates that a phase-based compositional approach provides a more
effective framework for understanding peatland fire dynamics compared to traditional index-only
methods. The findings offer important implications for fire risk assessment and early warning
systems, suggesting that integrating monsoonal phases with ENSO and IOD conditions can
significantly improve the identification of high-risk periods. Future research should integrate this
phase-based approach with hydrological models (e.g., groundwater level dynamics) and land-use
variables to improve spatial fire risk mapping. Additionally, longer time series and ensemble
climate projections are needed to assess how the frequency and intensity of high-risk phase
combinations may change under future climate scenarios.
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