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1. INTRODUCTION

Extreme rainfall is one of the most frequent hydrometeorological hazards in Indonesia, often resulting
in flooding, landslides, and substantial socio-economic impacts. This condition is closely linked to the unique
characteristics of the Maritime Continent, which is widely recognized as one of the most active convective
regions in the world. The combination of warm sea surface temperatures, complex topography, and strong air—
sea interactions makes rainfall in this region highly variable in both space and time [1]-{3].

Rainfall over the Maritime Continent is not controlled by a single factor, but rather by the interaction
of atmospheric processes across multiple scales. At the global scale, large-scale climate variability such as the
El Nino—Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD) plays an important role in shaping
rainfall patterns by altering atmospheric circulation and sea surface temperature distribution [4], [5]. However,
several studies have pointed out that extreme rainfall events can still occur even when ENSO and IOD are in
neutral conditions, suggesting that other mechanisms also play a significant role [6].

One of the key drivers at the intraseasonal scale is the Madden—Julian Oscillation (MJO). This
phenomenon is known to strongly influence tropical convection as it propagates across the Indian Ocean and
the Maritime Continent. When the active phase of the MJO reaches this region, it enhances moisture
convergence and vertical motion, which in turn promotes the development of deep convection and increases
rainfall intensity [7]-[9]. In fact, previous studies have shown that the presence of an active MJO can
significantly increase the likelihood of extreme rainfall events in Southeast Asia [10], [11].

At a more regional scale, monsoon circulation and synoptic-scale systems also contribute to rainfall
variability. Wind patterns, especially low-level convergence and moisture transport, are essential in supplying
water vapor and triggering upward motion that supports convective processes. In addition, warmer sea surface
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temperatures can intensify evaporation, increasing atmospheric moisture and further strengthening convection
[12]-[14].

At the local scale, the intensity of rainfall is closely related to atmospheric instability and cloud
development processes. Parameters such as CAPE, K-Index, and Total Totals Index are commonly used to
evaluate the potential for convection. However, recent findings suggest that strong convection in tropical
regions does not always require high thermodynamic instability. Instead, dynamic factors such as large-scale
moisture convergence and atmospheric wave activity can play a more dominant role in triggering extreme
rainfall [15], [16]. Satellite observations, particularly from Himawari-8, have also been widely used to monitor
cloud-top temperatures and identify deep convective systems associated with heavy rainfall events [17].

Although many studies have examined rainfall variability over the Maritime Continent, most of them
tend to focus on either large-scale climate drivers or local atmospheric conditions separately. As a result, the
interaction between processes at different scales is still not fully understood, especially for specific extreme
rainfall events in regions such as Bali.

Therefore, this study aims to analyze the multiscale atmospheric processes associated with an extreme
rainfall event that occurred in Bali on 10 September 2025. By integrating global climate indices, regional
atmospheric dynamics, and local convective characteristics, this study seeks to provide a more comprehensive
understanding of the mechanisms behind extreme rainfall. The results are expected to support the improvement
of early warning systems and contribute to a better understanding of multiscale interactions in tropical
meteorology.

2. RESEARCH METHOD

2.1. Study Area

The study was conducted in Bali Province, Indonesia, located between 08°03'40"” — 08°50'48"” South
Latitude and 114°25'53"” — 115°42'40" East Longitude. Bali covers an area of approximately 5,780 km? and
consists of eight regencies and one city. Geographically, it is bounded by the Bali Sea to the north, the Bali
Strait to the west, the Indian Ocean to the south, and the Lombok Strait to the east. This geographical setting
strongly influences Bali through tropical atmospheric and oceanic interactions, which play a crucial role in
regional weather variability.
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Fig. 1 Study area of Bali Province, Indonesia

2.2. Data

This study utilized a combination of atmospheric, oceanographic, and observational datasets to
analyze extreme rainfall events across multiple scales. The integration of multi-source datasets is essential for
understanding atmospheric processes from global to local scales.

The datasets used include:
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*  Oceanic Nino Index (ONI) is used to identify ENSO phases based on sea surface temperature
anomalies, which influence rainfall variability over Indonesia [2].

* Dipole Mode Index (DMI) is applied to assess the Indian Ocean Dipole (I0D), which modulates
rainfall distribution through sea surface temperature gradients in the Indian Ocean [3].

* Real-time Multivariate MJO (RMM) index is utilized to analyze intraseasonal variability and
convective activity associated with the Madden—Julian Oscillation (MJO) [4].

* Australian Monsoon Index (AUSMI) and Western North Pacific Monsoon Index (WNPMI),
derived from zonal wind at 850 hPa, are used to evaluate the influence of monsoon circulation on
regional atmospheric dynamics [6].

* ERAS reanalysis data from ECMWF, including zonal wind (u), meridional wind (v), specific
humidity (q), and Mean Sea Level Pressure (MSLP), are used to analyze atmospheric circulation,
divergence, and moisture transport. The dataset has a spatial resolution of 0.25° x 0.25° with
hourly temporal resolution, allowing detailed representation of synoptic-scale conditions [7].

* Himawari-8 infrared satellite imagery (Band 13) is used to analyze cloud-top temperature (CTT)
and convective cloud evolution, which are closely related to rainfall intensity and deep convection
processes [8].

+ Rainfall observation data from BMKG stations are used to validate precipitation intensity and
characterize the temporal distribution of the extreme rainfall event.

2.3. Research Tools
* Climate Data Operators (CDO) for processing NetCDF data
* Grid Analysis and Display System (GrADS) for atmospheric visualization
+ Satellite Animation and Interactive Diagnosis (SATAID) for cloud analysis
+ Python for statistical analysis and data visualization
* ArcGIS for spatial mapping
* Microsoft Excel for basic data processing

2.4. Methodology

This study applies a multiscale diagnostic approach combining dynamical and thermodynamical
analysis to investigate the atmospheric conditions associated with an extreme rainfall event in Bali on 9
September 2025. The analysis focuses specifically on this event (HO) to capture the atmospheric state during
peak rainfall occurrence.

At the global scale, climate variability is analyzed using the Oceanic Nino Index (ONI) to represent
El Nino—Southern Oscillation (ENSO), the Dipole Mode Index (DMI) for the Indian Ocean Dipole (IOD), and
the Real-time Multivariate Madden—Julian Oscillation (RMM) index. ENSO and IOD influence rainfall
variability through sea surface temperature anomalies and large-scale circulation changes [2], [3], while the
MJO enhances convective activity when active (RMM > 1) [4], [5].

At the regional scale, synoptic atmospheric conditions are examined using ERAS reanalysis data from
ECMWEF with a spatial resolution of 0.25° x 0.25° and hourly temporal resolution. The parameters analyzed
include sea surface temperature (SST) anomalies, wind patterns at 850 hPa, Mean Sea Level Pressure (MSLP),
monsoon indices (AUSMI and WNPMI), low-level moisture transport (LLMT), and wind divergence. These
variables are essential for identifying moisture supply, atmospheric convergence, and vertical motion that
support convective development [6], [7].

At the local scale, convective activity is analyzed using Himawari-8 satellite infrared imagery to
evaluate cloud-top temperature (CTT) and cloud evolution. Deep convective clouds are identified by CTT
values below —60°C, which indicate the presence of cumulonimbus clouds associated with heavy rainfall [8].
Atmospheric instability is further assessed using thermodynamic indices, including Convective Available
Potential Energy (CAPE), K-Index, and Total Totals Index, to evaluate the potential for convective
development. The classification criteria for these indices follow established thresholds [9], where higher values
indicate more favorable conditions for deep convection [10].

Finally, all atmospheric parameters are integrated with rainfall observations from the Meteorology,
Climatology, and Geophysics Agency (BMKG) to validate precipitation intensity and to establish the
relationship between multiscale atmospheric dynamics and the observed extreme rainfall event on 9 September
2025.

Table 1. Rainfall Intensity Classification [11]
Rainfall Intensity Rainfall Amount (mm/day) Category

Light Rainfall <20 mm/day Light
Moderate Rainfall 20 — 50 mm/day Moderate
Heavy Rainfall 50 — 100 mmv/day Heavy
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Rainfall Intensity Rainfall Amount (mm/day) Category
Extreme Rainfall > 100 mm/day Extreme

Table 2. Criteria of Atmospheric Instability Indices [9]

Index Value Range Category / Interpretation
0 Stable
0-1000 Slightly Unstable
1000 — 2500 Moderately Unstable
CAPE (kg) 500 - 3500 Highly Unstable
~13500 Extremely Unstable
<20 Weak
KoIndex 20-35 I\/Is(i(ri;rlate
>35 g
44 Thunderstrom
Total Totals Index 50 Strong Thunderstorm
> 50 Severe Convective Potential (Tornado)

3. RESULT AND DISCUSSION

3.1. Global-Scale Analysis

The global-scale analysis indicates that ENSO and IOD were in neutral conditions during 9 September
2025. This is clearly shown in Fig. 2, where the Oceanic Nino Index (ONI) fluctuates around zero, indicating
the absence of E1 Nino or La Nina influence. Similarly, Fig. 3 shows that the Dipole Mode Index (DMI) remains
near neutral values, suggesting that the Indian Ocean Dipole did not significantly modulate rainfall over
Indonesia during this period.

In contrast, the Madden—Julian Oscillation (MJO) exhibits a different behavior. As shown in Fig. 4,
the MJO phase diagram indicates that the convective signal was active over the Maritime Continent, with an
amplitude greater than 1. This condition reflects enhanced large-scale convection and is typically associated
with increased moisture convergence and upward motion.

The contrast between neutral ENSO-IOD conditions and an active MJO suggests that intraseasonal
variability played a more dominant role than interannual variability in this event. This result is consistent with
previous findings showing that MJO phases 4-5 significantly enhance rainfall over the Maritime Continent
through strengthened large-scale ascent and moisture convergence [4].

Oceanic Nino Index (ONI) — 3-Month Running Mean
Period 2020-2026 | Nifio 3.4 Region (5°N-5°S, 170°W-120°W)
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Fig. 2 Time series of Oceanic Nino Index (ONI) indicating ENSO conditions during the study period
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Dipole Mode Index (DMI) — Indian Ocean Dipole {IOD) | 3-Month Running Mean
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Fig. 3 Time series of Dipole Mode Index (DMI) representing Indian Ocean Dipole (I0OD) conditions
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Fig. 4 Phase diagram of Madden—Julian Oscillation (MJO) based on RMM index showing active convection over the
Maritime Continent

3.2. Regional-Scale Analysis

At the regional scale, the atmospheric conditions during the event show a coherent interaction between
oceanic and atmospheric variables.

As presented in Fig. 5, positive sea surface temperature (SST) anomalies ranging from approximately
+0.5 to +1.5°C are observed around the Indonesian region. These warmer SSTs likely enhanced surface
evaporation, increasing the availability of moisture in the lower atmosphere. The role of this moisture is further
reflected in Fig. 6, where wind vectors at 850 hPa indicate low-level convergence over Bali. This convergence
implies the accumulation of moist air, which is a key driver of upward motion. Supporting this, Fig. 7 shows
relatively low Mean Sea Level Pressure (MSLP) over the region, indicating a favorable environment for rising
air motion.

Moisture supply is further confirmed by Fig. 8, which illustrates strong low-level moisture transport
(LLMT) toward Bali. This continuous influx of water vapor provides the necessary energy for sustained
convective processes. In addition, Fig. 9 shows negative divergence values (i.e., convergence), reinforcing the
presence of upward motion in the lower atmosphere. The role of large-scale circulation is also evident from
the monsoon indices. Fig. 10 (AUSMI) and Fig. 11 (WNPMI) indicate active monsoonal flow, which likely
contributed to the transport of moisture from surrounding oceans into the Indonesian region.

Overall, these figures demonstrate that the interaction between SST anomalies, low-level
convergence, and moisture transport enhanced latent heat release, which strengthened upward motion and
maintained convective development during the event.
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Fig. 9 Wind divergence at 850 hPa indicating convergence zones over Bali
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Australian Monsoon Index (AUSMI) — Daily Data
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Fig. 10 Time series of Australian Monsoon Index (AUSMI) indicating the variability of monsoon circulation over the
Australian region during the study period

Western North Pacific Monsoon Index (WNPMI) — Daily Data
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Fig. 11 Time series of Western North Pacific Monsoon Index (WNPMI) representing monsoon activity influencing
moisture transport toward the Indonesian region

3.3. Local-Scale Analysis

At the local scale, satellite observations provide clear evidence of deep convective activity. As shown
in Fig. 12, cloud-top temperatures (CTT) drop below —60°C over Bali, indicating the presence of deep
cumulonimbus clouds. These cloud characteristics are typically associated with intense rainfall.

The temporal evolution of convection is further illustrated in Fig. 13, where all observed regions
(Jembrana, Gianyar, Badung, and Tabanan) show a consistent decrease in CTT, indicating the growth and
persistence of deep convection during the event.

However, when examining the thermodynamic conditions in Table 3, a different picture emerges.
CAPE values range from only 8.36 to 466.04 J/kg, which fall into stable to weak instability categories. This
indicates that the atmospheric environment was not strongly supportive of convection from a thermodynamic
perspective.

In contrast, the K-Index values exceed 35, indicating strong potential for convective activity, while
the Total Totals Index remains in the moderate range. The spatial distribution shown in Fig. 13 (instability
maps) also confirms that instability is not uniformly high across Bali.

This apparent contradiction suggests that convection during this event was not primarily driven by
thermodynamic instability. Instead, strong dynamic forcing—such as low-level moisture convergence and
MJO-induced large-scale ascent—played a more dominant role.

This interpretation is further supported by Fig. 14, which shows that daily rainfall exceeded 100
mm/day in several areas, classifying the event as extreme rainfall. The occurrence of such intense rainfall under
marginal CAPE conditions highlights that extreme convection in tropical regions can be triggered even when
instability is relatively weak, as long as strong dynamical forcing is present.
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Table 3. Instability Indices Bali

Index Value on 00.00 UTC Value on 12.00 UTC
CAPE (J/kg) 8.36 466.04
K-Index 35.30 39.40
Total Totals Index 43.20 46.00
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Fig. 13 Spatial distribution of atmospheric instability indices over Bali on 9 September 2025 at 00.00
UTC and 12.00 UTC: (a) Convective Available Potential Energy (CAPE), (b) K-Index, and (c) Total
Totals Index

3.4. Multiscale Interaction and Implications

By integrating all scales, it becomes clear that the extreme rainfall event on 9 September 2025 resulted
from a coupled multiscale process, which is consistently reflected in the observed rainfall distribution.

At the global level, neutral ENSO and IOD conditions indicate that interannual forcing was minimal.
However, the active MJO provided strong intraseasonal forcing, enhancing large-scale convection and
promoting widespread atmospheric ascent over the Maritime Continent.
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At the regional level, positive SST anomalies, low-level convergence, and strong moisture transport
created a favorable dynamical environment for sustained upward motion. These conditions ensured a
continuous supply of moisture and energy to the system, which is essential for maintaining convective
processes over a prolonged period.

At the local level, this accumulated energy was released in the form of deep convective clouds, as
identified from Himawari-8 observations, despite relatively weak thermodynamic instability. The dominance
of dynamic forcing allowed convection to develop efficiently even under marginal instability conditions.

The impact of this multiscale interaction is clearly reflected in the rainfall observations. As shown in
Fig. 14, several areas in Bali experienced daily rainfall exceeding 100 mm/day, which falls into the extreme
rainfall category. The spatial distribution of rainfall indicates that regions affected by strong moisture
convergence and persistent convective activity correspond well with areas of highest rainfall intensity.

This agreement between atmospheric conditions and observed rainfall confirms that the interaction
between large-scale (MJO), regional (moisture transport and convergence), and local (convective processes)
mechanisms directly controlled the intensity and distribution of the extreme rainfall event. Therefore, this study
highlights that multiscale coupling is a key mechanism in extreme rainfall events over the Maritime Continent,
where the linkage between atmospheric dynamics and observed precipitation becomes essential for
understanding and predicting high-impact weather events.

10-Minute Observed Rainfall Time Series
Four Flood-Affected Stations in Bali Province
9 September 2025, 00:00 - 23:50 UTC

™
Totgl: 376.1 mm

Cumulative Rainfall (mm]

ARG Tampak Siring (Gianyar) | Gianyar Regency

— cumulari
1

400 Total 371.8 mm)
T E—

Cumulative Rainfall (mm)

ARG Baturiti {Tabanan) | Tabanan Regency

— cumulative ()
10-min &ainfall (mmp

Cumulative Rainfall (mm)

ARG (Badung) | Badung Regency

3504 — Cumulative {mm)
10-min Rainfall (mmi )
3004 Total: 284.2 mm|

2 oE owoN
2
8

Cumulative Rainfall (mm

a

y @ d P o o o & o y ® & o 5 s ) s P =3 ® £ ® &
& K A R R T R I T R R £ S P P
& & & & & & & & & - > ¥ R ¥ ¥ & < - S P b L L
Time (UTC)

ree: BMKG Observatiansl Data | S September 2025 00:00-23:50 UTC | L0-tinute Interva

Fig. 14 Spatial distribution of daily rainfall over Bali on 9 September 2025

4. CONCLUSION

This study demonstrates that the extreme rainfall event in Bali on 9 September 2025 was primarily
driven by the interaction of atmospheric processes across multiple scales. At the global scale, ENSO and 10D
were in neutral conditions, indicating a limited influence from interannual variability. However, the presence
of an active Madden—Julian Oscillation (MJO) played a significant role in enhancing large-scale convection
over the Maritime Continent.
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At the regional scale, favorable conditions such as positive sea surface temperature anomalies, low-
level moisture convergence, and enhanced moisture transport contributed to the development of upward motion
and sustained convective activity. At the local scale, deep convective clouds were observed, although
atmospheric instability was relatively weak, suggesting that dynamic forcing was more dominant than
thermodynamic factors in triggering the extreme rainfall.

These findings highlight the importance of multiscale interactions in controlling extreme rainfall
events in tropical regions. In particular, strong intraseasonal variability such as the MJO, combined with
regional atmospheric dynamics, can produce extreme rainfall even under marginal instability conditions.

From a practical perspective, this study suggests that early warning systems in Indonesia should not
rely solely on traditional indicators such as local instability indices, but also incorporate large-scale and
intraseasonal signals, especially MJO activity. Integrating these factors into operational forecasting could
improve the accuracy of extreme weather predictions and support more effective disaster risk reduction
strategies.
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