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Excellence for Climate Extremes, Sydney, NSW, Australia, 3School of Geography, Earth and Atmospheric Sciences, The
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Abstract The Precipitation Severity Index (PSI) is used to examine the occurrence of and mechanisms
behind widespread persistent rainfall events in Sumatra. Analysis of cloud properties from Himawari-8 is
combined with data from IMERG and ERAS to explore new results about changes in cloud properties relating to
heavy rainfall and intraseasonal variability. This study brings a fresh angle to the challenge of understanding the
Madden-Julian Oscillation (MJO) modulation of cloud and precipitation over Sumatra by examining changes in
the total cloud area and, more importantly, changes in the cold cloud tops that indicate the deepest convection.
Although widespread cold clouds are likely regardless of MJO phase, the enhanced prevalence of cold tops
requires the support of the large-scale convective envelope. These results provide insight about how the MJO
influences the nature as well as the amount of convection. Heavy rainfall is shown to make a larger percentage
contribution to the total rainfall during the MJO-enhanced convection phases (2-3-4) over Sumatra. This
contribution is suggested to be related to a higher prevalence of cold cloud core areas in phases 2 and 4. In phase
3, there is a remarkable increase in the percentage contribution of heavy rainfall in the cold cloud area but a
relatively lower prevalence of the coldest cloud core area, suggesting large-scale environmental support for
heavy rainfall but not necessarily the most intense convection. These results exemplify the role of mesoscale
processes and cloud microphysics in modulating the MJO-scale modulation of rainfall.

Plain Language Summary Heavy rainfall is a hazard in the Maritime Continent (MC). However, the
amount of rain that may be considered a heavy or extreme event varies between definitions. The heavy rainfall
and cloud characteristics are investigated using a local approach and island-scale dimension in Sumatra. This
work uses satellite-derived rainfall and cloud products from IMERG and Himawari-8, respectively, to explore
the variation and frequency of heavy tropical rainfall during December, January, and February in the western
region of the MC. This investigation also identifies frequent island-scale heavy rainfall in central Sumatra
between 2001 and 2021 influencing the rainfall amount over Singapore and the Malay Peninsula, and the results
also show evidence of the effects of the Madden-Julian Oscillation (MJO) on the rainfall variations over the
region. Another important finding shows that the significant inland contribution of seasonal rainfall occurs
mainly in the active phases of the MJO (phase 3). Additionally, the analysis of cloud structures reveals
widespread cloud presence in heavy rainfall events regardless of the MJO phase. This work also presents
evidence of the relationship between widespread heavy rainfall, intraseasonal and diurnal variability, and cloud
properties from a mesoscale perspective.

1. Introduction

The Maritime Continent (MC) experiences some of the most intense deep convection on Earth (Ruppert &
Chen, 2020; Zipser et al., 2006). The deep convection across the Indo-Pacific warm pool shows scale interactions
from diurnal to intraseasonal scales (Birch et al., 2016). Rainfall and cloud populations have well-defined patterns
on monthly and seasonal scales where the maximum amount of rainfall generally occurs over the mountains and
coastal areas (Lopez-Bravo et al., 2023b; Mori et al., 2004; Peatman et al., 2014, 2021; Vincent & Huang, 2022;
Vincent & Lane, 2016). However, daily and subdaily variations in the intensity and frequency of rainfall are
driven by different mechanisms that may affect the predictability of the convective systems and heavy rainfall
over Sumatra.
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Studies of rainfall processes show the importance of mesoscale convective systems (MCSs) as the main source of
precipitation in the tropics and have also presented evidence on the links between MCSs and heavy rainfall (Crook
et al., 2024; Roca & Fiolleau, 2020; Schumacher & Rasmussen, 2020). Schumacher and Rasmussen (2020)
showed that the contribution of extreme rainfall to total rainfall depends on many factors linked to the convective
environment of MCSs, including convective organization, internal dynamics, and thermodynamical and micro-
physical processes. Zipser et al. (2006), Nesbitt et al. (2006), and Roca and Fiolleau (2020) emphasized the
importance of the lifetime of organized convection and morphological aspects to explain the extreme precipitating
storms over land and tropical oceans.

Although MCSs and diurnally forced convection are two of the major contributors to heavy rainfall over land and
ocean in the tropics, heavy rainfall is strongly modulated by large-scale tropical variability particularly the
Madden-Julian Oscillation (MJO), the dominant mode of intraseasonal variability of rainfall, along with equa-
torially trapped waves (Baranowski et al., 2016, 2020; Da Silva & Matthews, 2021; Peatman et al., 2023; Vincent
& Lane, 2016; Xavier et al., 2014). The MJO consists of eastward-propagating convective and circulation
anomalies with a 30-60-day period, shaping rainfall, cloud populations, and atmospheric circulation across the
Indo-Pacific warm pool (Madden & Julian, 1971).

Several studies have specifically examined how MCSs themselves are modulated by these larger-scale modes of
equatorial rainfall variability in the MC B. Mapes et al. (2006), Kiladis et al. (2009), Dias et al. (2017), Cheng
et al. (2023), and Crook et al. (2024), and more generally, others have tested hypotheses about rainfall variations
over the major islands of the MC and the effects of intraseasonally induced extreme rainfall over Sumatra
(Baranowski et al., 2020; Birch et al., 2016; Ferrett et al., 2020; Lopez-Bravo et al., 2023a, 2023b; Peatman
etal., 2014, 2021; Rauniyar & Walsh, 2011; Short et al., 2019; Vincent & Lane, 2016). Birch et al. (2016) and Wei
et al. (2020) proposed that the large-scale convective environment can modify the land-sea-breeze circulation and
rainfall patterns by equatorial wave dynamics and radiative processes, for example, the enhanced convective
phase of the MJO. The modulation of the diurnal cycle and interplay with Convectively coupled Kelvin waves
(CCKWs) were also studied by Baranowski et al. (2016) and Senior et al. (2023). In parallel, Vincent and
Lane (2016), Short et al. (2019), and Natoli and Maloney (2023a); Natoli and Maloney (2023b) suggest variations
of background wind flow from the MJO passage over the MC are also essential in driving the land-sea-breeze
circulations and convection.

There have been numerous studies focusing on the composite rainfall patterns under various modes of variability
(Peatman et al., 2014, 2021, 2023; Senior et al., 2023; Vincent & Lane, 2017) and detailed studies of diurnally
propagating squall lines in the MC (Chan et al., 2019; Lopez-Bravo et al., 2023a; Peatman et al., 2023). However,
relatively few studies have examined the processes, thermodynamical support, and cloud populations associated
with widespread island-scale rainfall events (Vincent & Lane, 2017; Da Silva & Matthews, 2021). These events
are of considerable interest because, although originating from populations of individual convective cells, the
resulting rainfall can be associated with widespread rainfall extending over the island, which we refer to as island-
scale rainfall. This indicates a strong up-scale link between large-scale forcing, convective-scale processes, and
rainfall over land. Heavy rainfall events are also noteworthy due to their associated hydrological hazards.
Although not a focus of this paper, it is evident that rainfall impacting multiple locations on a single day can lead
to pressure on emergency management services and flooding across whole river basin areas.

This study examines island-scale heavy rainfall events in Sumatra specifically addressing the following science
questions:

1. What is the contribution of widespread, persistent heavy rainfall to the total rainfall climate in Sumatra?

2. How do changes in the large-scale convective environment associated with the MJO map onto changes in
widespread, persistent heavy rainfall in Sumatra?

3. How does the morphology of the cloud population during widespread, persistent heavy rainfall events in
Sumatra vary with the MJO in particular with reference to the cold cloud area and the cold cloud core area?

Our study provides a detailed analysis of heavy island-scale rainfall and the effects of intraseasonal-scale vari-
ability on rainfall patterns and cold cloud tops associated with heavy rainfall events over Sumatra during the
austral summer. We define a heavy rainfall event by analyzing the intensity, persistence, and spatial distribution
of rainfall over land in Sumatra using the Precipitation Severity Index (Caldas-Alvarez et al., 2022; Piper
et al., 2016) and Integrated Multi-satellite Retrievals for Global Precipitation Measurement (IMERG), version 6,
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for the period 2001-2021. Cold cloud tops were identified employing geostationary measurements from
Himawari-8 for austral summer, 2016-2021 (Lopez-Bravo et al., 2021a, 2021b), and reanalysis data from the
European Center for Medium-Range Weather Forecasts (ECMWF) 5th Generation Reanalysis (ERAS, Hersbach
et al., 2020), covering 2001-2021.

Section 2 presents the data sets and methods used in the current study. Then, Section 3 examines a composite
analysis of heavy rainfall events, clustering analysis of diurnal signatures, the fraction of heavy rainfall to sea-
sonal rainfall by MJO phases, and moisture flux convergence for austral summer, December-January-February
(DJF). Next, we present the cold cloud area and cold cloud core diurnal distributions over Sumatra for six
austral summers. Finally, the discussion and conclusions are found in Sections 4 and 5.

2. Data and Methods
2.1. IMERG Data Collection

IMERG version 6 (G. Huffman, Bolvin, et al.,, 2019; G. Huffman, Stocker, et al., 2019; G. J. Huffman
et al., 2020), at 0.1° and 30-min resolution, is utilized to analyze the heavy rainfall patterns over Sumatra. This
study uses hourly accumulated precipitation and daily accumulated rainfall during the austral summer DJF from
2001 to 2021 to estimate the heavy rainfall in Sumatra. Tan et al. (2019) and Da Silva and Matthews (2021)
showed that IMERG can capture the diurnal cycle (DC) of rainfall over the Maritime Continent well. Ramadhan
et al. (2022) further evaluated IMERG using ground-based rain gauge data and found that it performs well in
detecting heavy rainfall with a Kling-Gupta Efficiency (KGE) > 0.4 in many locations. However, they also
reported that IMERG tends to overestimate light rainfall and has lower accuracy during extended wet periods. The
DC of precipitation based on IMERG is consistent with previous studies in which ground observations and active
retrievals were used (Crook et al., 2024; Da Silva et al., 2021; Lopez-Bravo et al., 2023b; Mori et al., 2004;
Qian, 2008).

2.2. The Satellite-Derived Data Set From Himawari-8

Satellite-based cloud products derived from Himawari-8 Advanced Himawari Imager (AHI) were utilized to
explore the cold cloud tops related to MCSs during heavy rainfall events in Sumatra. Himawari-8 AHI has band-
dependent spatial resolutions (JMA, 2017): 0.5 km (Band 3, visible), 1.0 km (Bands 1, 2, 4, visible/near-IR), and
2.0 km (Bands 5-16, infrared) with a 10-min full-disk cadence. Two satellite-derived data sets cover the MC and
Australian region at the same Himawari-8 AHI spatial resolution and hourly temporal resolution for DJF from
2016 to 2021: Level-1 includes the brightness temperature of 16 spectral bands of Himawari-8 AHI (Lopez-Bravo
etal., 2021a) and Level-2 products provide derived satellite cloud properties, for example, cloud top temperature,
cloud top height, cloud optical depth, and a classification of cloud type based on the cloud top (Lopez-Bravo
et al., 2021b).

2.3. Cold Cloud Area and Cold Cloud Core Identification

Fiolleau and Roca (2013), Feng et al. (2018, 2021), Schumacher and Rasmussen (2020), and Lopez-Bravo
et al. (2023b) have used the brightness temperature from geostationary satellite data for automated cloud ob-
ject detection to identify cold cloud tops regionally or globally. In this study, cold cloud tops were identified via a
multilevel thresholding technique for satellite image segmentation as follows:

1. Gaussian filtering with a standard deviation from 1.5 to 2.5 is used to reduce the noise present in each scene of
brightness temperature at the 10.4 pm (BT, 4) spectral band from Himawari-8 AHI.

2. Feature detection based on a multilevel thresholding technique was used to identify cold cloud areas and cold
cloud cores based on BT} 4. For cold cloud areas, a threshold of 253 K was used to discriminate between clear
sky and cloud systems, whereas 240 K was applied to delineate the cold cloud area. For cold cloud cores,
thresholds of 220, 217, and 213 K were used to improve detection sensitivity across a range of cloud in-
tensities. Among these, the minimum thresholds of 240 K (cold cloud areas) and 213 K (cold cloud cores) were
adopted to define the final target regions. This multilevel thresholding approach enhances the detection of
cloud structures with varying intensity, following the methodologies of B. E. Mapes and Houze (1993),
Fiolleau and Roca (2013), Machado et al. (1993), Vila et al. (2008), Feng et al. (2018), and Lopez-Bravo
et al. (2023a, 2023b).
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3. Image segmentation was used to extract and label every single cold cloud area and cold cloud core derived
from the previous step based on the watershed algorithm following Beucher (1979) and Heikenfeld
et al. (2019).

Cold areas were identified at each timestamp and subsequently linked to the maximum rainfall regions to extract
features during the active precipitation event.

2.4. Heavy Rainfall Events-Precipitation Severity Index

The island-scale heavy rainfall events over Sumatra were identified by the Precipitation Severity Index (PSI) and
satellite-based rainfall estimates from IMERG for DJF, 2001-2021. The PSI was initially derived from the Storm
Severity Index (Leckebusch et al., 2008; Pinto et al., 2012). In this study, we calculate the PSI on the native
IMERG grid following the methodology of Piper et al. (2016), Pinto et al. (2012), and Caldas-Alvarez
et al. (2022). The detection of heavy rainfall events is based on the PSI that includes rainfall intensity of each
grid point over Sumatra, time persistence of 2 days, and rainfall area (spatial coverage). To illustrate the spatial
extent and intensity of rainfall, four heavy rainfall events are shown in Figure S1 in Supporting Information S1.
The PSI therefore detects widespread, long-lived heavy rainfall and is less sensitive to short-duration or isolated
rainfall with small spatial coverage. A heavy rainfall event was assigned when PSI values exceeded the 80th
percentile PSI for the 20-year DJF period detecting 371 events. To verify the consistency of the result, the PSI was
calculated using the 80th, 90th, and 95th percentiles of accumulated daily rainfall for the analyzed period (not
shown). For description of the PSI see Appendix A.

2.5. Heavy Rainfall Events-MJO Index, PSI, and Percentage Contribution

The evolution and strength of the MJO are commonly represented by the Real-time Multivariate MJO (RMM)
index (Wheeler & Hendon, 2004). The RMM index is based on the first two empirical orthogonal functions of a
multivariate field composed of zonal wind in the lower (850 hPa) and the upper troposphere (200 hPa) and the
outgoing longwave radiation (OLR) at the top of the atmosphere. This study uses the PSI and the RMM index as
the basis for the composites of cold cloud tops and rainfall. The dates classified as heavy rainfall events were
subcategorised by MJO phase and amplitude. (a) PSI was used to identify heavy rain events during DJF between
2001 and 2021. (b) Each day of the heavy rainfall event was assigned to one of the eight MJO phases based on the
RMM index with an amplitude greater than or equal to 0.8. (c) Composite precipitation analyses were calculated
for each MJO phase and for phases 7-8-1 (which we refer to as the suppressed convective phases of the MJO over
the western MC) and 2-3-4 (the enhanced convective phases of the MJO over the western MC). The list of heavy
rain days was also used to analyze satellite-derived cloud top features derived from Himawari-8 AHI during six
austral summers between 2016 and 2021.

The percentage contribution to the total rainfall during the MJO phase was calculated based on the composite of
daily rainfall on days when heavy rainfall events were identified over land in Sumatra based on the RMM index
and PSI. Although identifying heavy rainfall events is restricted to land areas, the composite includes rainfall
values over the surrounding ocean and nearby countries to capture the broader spatial context of these events. This
approach allows us to examine the regional structure and extent of the associated convective systems and large-
scale rainfall patterns, which often extend beyond the island.

2.6. Heavy Rainfall Clustering Over Land Sumatra

Classifying and identifying diurnal patterns of a heavy rainfall event are relevant to understanding the mechanism
of severe weather in Sumatra. Therefore, the diurnally accumulated rainfall time series on heavy rainfall days are
clustered into six classes for heavy rainfall events over land Sumatra for austral summer. It is important to note
here that we consider the aggregate rainfall over Sumatra. Different processes are included in this aggregation,
including coastal and inland topographically forced convection. We do not aim to separate these processes but to
understand the large-scale diurnal aspects of heavy rainfall days. A hierarchical clustering algorithm (Hastie
et al., 2009) is employed on the heavy rainfall events from the PSI. Each sample starts as a cluster (agglomer-
ative), and after that, two clusters are merged according to a linkage criterion (e.g., weighted average linkage
clustering). This process of merging is repeated until all samples converge in the same cluster and create a hi-
erarchical tree-like structure named a dendrogram by considering the intracluster variance to select the optimal

LOPEZ-BRAVO ET AL.

4 of 24

85UBO1 7 SUOWILLIOD SIS0 B(dedtidde U Aq pausienob 8.2 9 YO 8sN J0'S9INJ 10} Akeiq 1T 8UIIUO 9|1 UO (SUOHIPUOD-PUE-SWLISIWID" A8 |1 Ated Ut juo//Sdiy) SUONIPUOD pue Swis | 8y} 88S " [6202/TT/22] Uo Ateiqi sutjuo A8|IM *[10UN0D LoIessay [e9IPBIN PUY Ui ESH [UOIeN Ad E6rEPOArSZ02/620T 0T/10p/wWod A8 m Al putjuo'sandnBe//sdny wouy papeojumod ‘6T 'S20Z ‘96686912



. Y d N |
MMI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres 10.1029/20251D043493

(@
December-January-February

z
10°N 1 52
S
l
o
]
5°N 1 4 g
3} 51
kel <
= =
= 9 £
g oo
23 ;é’
e
o
10°S v T ‘ T 0
90°E 100°E 110°E
Longitude
(®) (©) (d)
December Januar February

Yoy

10°5 1

90°E 100°E

110°E

90°E 100°E 110°E 90°E 100°E 110°E

Figure 1. Composite of the percentage of rainfall from heavy rainfall events in Sumatra to accumulated seasonal precipitation
for austral summer (2001-2021) from IMERG data. (a) December-January-February. Fraction of the seasonal heavy rainfall
contribution by month: (b) December, (c) January, and (d) February. These fractions are not meant to represent monthly
heavy rainfall contributions relative to monthly total rainfall as in panel (a). Instead, these panels show how the seasonal
heavy rainfall contribution is distributed across the individual months expressed as a fraction of total heavy rainfall
contribution. Please note that the color scale has been adjusted for better representation. The gray contour lines indicate
topography.

number of clusters and grouping samples to create a branch of the dendrogram (Fiddes et al., 2021; Hastie
et al., 2009).

2.7. Reanalysis Data ERAS

The European Center for Medium-Range Weather Forecasts (ECMWF) Reanalysis Sth Generation (ERAS) data
are used to compute composite analyses of zonal and meridional wind components. First, wind components were
vertically averaged over 925-850 hPa for austral summer from 2016 to 2021 by MJO phases. Similar composite
analysis was performed for the vertically integrated moisture flux convergence from the surface of the Earth to the
top of the atmosphere and for streamlines to verify the effects of the enhanced and suppressed convective phases
of the MJO over the large-scale patterns and moisture availability. The MJO phases were selected by the RMM
index, filtering the dates when the amplitude of the RMM index was greater than or equal to 0.8 to include
significant MJO events.

3. Results
3.1. Austral Summer Island-Scale Heavy Rainfall

The percentage of rainfall from heavy rainfall events for austral summer (DJF: 2001-2021) is shown in Figure 1a.
Central Sumatra exhibits the maximum percentage of heavy rainfall contribution at 55% and this decreases in the
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Figure 2. The maps display the number of observations with daily total
precipitation exceeding the 80th percentile threshold for each month
between 2001 and 2021. December is shown in the top panel, January in the
central panel, and February in the bottom panel.

southern region of Sumatra. Although the selection of heavy rainfall events
was only based on the PSI over land, the rainfall composite shows large re-
gions of influence over the eastern Indian Ocean (IO) and the Malacca Strait
and the connection between heavy rainfall in Sumatra and rainfall over
Malaysia and Singapore. The same set of days identified as heavy rainfall
days over Sumatra also contributed significantly to the total rainfall in the
surrounding areas. The patterns over the surrounding seas of Sumatra may
indicate local and regional sources driving severe weather in Sumatra at
different scales. Examination of the fraction of the seasonal contribution of
heavy rain that occurred in each month shows different temporal patterns
(Figure 1b for December and Figure lc for January and Figure 1d for
February). These panels display how the seasonal contribution of heavy
rainfall is distributed between individual months. Areas with values around
~25% in January are located primarily over central and northern Sumatra, the
IO, and the internal seas of the MC. February shows the lowest fraction of
seasonal heavy rain in Sumatra (Figure 1d), suggesting that a proportion of
rainfall in that month may not be associated with heavy or large-scale island
rainfall events. This indicates that the mechanisms driving austral summer
heavy rainfall vary from month to month, as would be expected due to the
seasonal migration of the Intertropical Convergence Zone.

3.2. Seasonal Migration of Rainfall in Sumatra

As noted, a seasonal shift of heavy rainfall occurs from December to February
southward during the austral summer. To verify the mean seasonal effects and
how the storm environment migrates from the Northern to Southern Hemi-
sphere in Sumatra, the number of observations with daily total precipitation
exceeding the 80th percentile (fPg,) threshold was calculated using IMERG
data for 20 years. Figure 2 shows the monthly evolution of the frequency of
fPgy. The maximum frequency is in December over the northern region of
Sumatra and the internal seas of the MC and the eastern IO. January shows a
homogeneous distribution in both hemispheres slightly increasing near the
southeastern coast of Sumatra and the Java Sea. A seasonal shift occurs in
February in the northern region of Sumatra; the maximum is located in the
southern region and offshore Sumatra over the eastern 10. This result is
consistent with the heavy rainfall contribution shown in Figure 1. Not only
does heavy rain contribute more to the total in the earlier part of the DJF
season but heavy rainfall occurs on more days in the earlier part of the DJF
season. This indicates that the results in Figure 1 arise through multiple events
rather than the contribution of a few extremely heavy events on a small
number of days.

The occurrence of MCSs associated with heavy rainfall events is influenced
by the diurnal variability of atmospheric conditions such as background wind
flow, moisture, static stability, and local forcing and larger-scale convective
behavior driven by tropical modes, including the MJO and other
convectively-coupled equatorial waves. The following section presents the
results of choosing the subset of heavy rain days based on the PSI.

3.3. Intraseasonal Effects on Heavy Rainfall Events

The relationship between the large-scale enhanced rainfall and the intra-
seasonal variability is examined by selecting each heavy rainfall event from

the PSI and classifying by MJO phases from the RMM index (Wheeler & Hendon, 2004), which uses outgoing
longwave radiation (OLR) satellite observations and upper-level wind data from reanalysis data. Initially, 371
heavy rainfall events were detected based on PSI for the austral summer of DJF, 2001-2021. Two hundred ninety-
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Figure 3. Composite of the percentage of heavy rainfall events to accumulated seasonal precipitation for austral summer
(2001-2021) from IMERG data. (a) The MJO-enhanced convective phases (2-3-4), (b) The MJO-suppressed convective
phases (7-8-1), (c) transition phases (5-6), and (d) the probability density functions (PDFs) of the PSI for two different MJO
conditions over Sumatra are shown: the solid green line represents the MJO-enhanced convective phases (2-3-4), whereas the
solid blue line corresponds to the MJO-suppressed convective phases (7-8-1). Please note that the color scale changes for a
better representation.

four of these events occurred when the MJO amplitude >0.8, indicating that heavy rainfall events tend to occur
during the active MJO (phase: 2-3-4, which we refer to as the MJO-enhanced convective phases over Sumatra).
~22% of the 371 events occurred on days in phases 7-8-1 (which we refer to as the MJO-suppressed convective
phases over Sumatra), and ~63% occurs in phases 2-3-4. This result highlights the influence of the large-scale
convective environment of MJO-enhanced phases on widespread heavy rainfall in Sumatra. This is different
from previous results that have used composites of total rainfall with MJO phase, because our definition of
widespread persistent rainfall events does not necessarily include the populations of short-lived cells that cluster
around the coastlines and topography due to diurnal processes.

A common description of the enhanced convective MJO phases is that the MJO develops over the 10 in phases 1
and 2, propagates eastward over the MC in phases 3 and 4, and moves away from the MC over the western Pacific
in phases 5-8. Figures 3a—3c show composite analyses of the percentage of contribution of heavy rainfall events
to total precipitation by the enhanced and suppressed convective phases of the MJO. In phases 2, 3, and 4, the
large-scale enhanced convective envelope of the MJO moves over the western MC, and heavy rainfall contri-
bution is higher than the MJO-suppressed convective phases over Sumatra. The dominant contribution comes
from phases 2 and 3, which is also consistent with Peatman et al. (2014) and Da Silva and Matthews (2021) as
shown in Figure 4. The lowlands over the east coast and the mountain ranges near the west coast of Sumatra show
the highest percentage contributions of heavy rainfall (Figure 3a). The large percentage of rainfall contribution
over the ocean suggests the influence of both the large-scale environment and intense coastal activities. The MJO-
suppressed convective phases (phases 7-8-1) illustrate a more local signature of intense rainfall that may be linked
to the diurnally forced organized convective systems over mountain ranges and the interior area of Sumatra in
Figure 3b (lowland) with less connection to the rainfall contribution over the Malay Peninsula, Singapore, the
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Figure 4. Composite of the percentage of heavy rainfall events to accumulated seasonal precipitation for austral summer
(2001-2021) from IMERG data by MJO phases. Note that subplots of MJO phases 2, 3, and 4 have a different color palette
for representation.
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eastern IO and the internal seas of the MC. Figure 3¢ shows a small contribution near coastlines, lowlands, and the
northern region of Sumatra that may influence storm behavior over the coastal area in the Malacca Strait as seen in
MJO phase 6 (Figure 4). This result, as shown in Figure 4, expands the ratio analysis of extreme precipitation in
Da Silva and Matthews (2021), showing detailed areas in Sumatra with a large influence from extreme rainfall
based on MJO phases.

To illustrate how heavy rainfall varies with different MJO phases, we calculated the probability density functions
(PDFs) of the PSI for both suppressed and enhanced convective phases of the MJO. Figure 3d shows that while
heavy rainfall events (PSI > 0.4) occur under both conditions, they are more frequent and intense during the
enhanced convective phases. This increased occurrence reflects a stronger contribution from high-intensity
events, which are typically associated with more severe weather conditions during these phases.

3.4. Large-Scale Moisture Contribution and Circulation During Heavy Rainfall Events

During the MJO-enhanced convective phases, the spatial distribution of the moisture advection and convergence
can be controlled by large-scale atmospheric processes (MJO: 2, 3, and 4 in Figure 5), where more moisture is
transported from the IO by anomalous westerlies near the equator in the lower troposphere (925-850 hPa)
associated with changes in the strengthening of large-scale circulation during the heavy rainfall events (not
shown). In contrast, during the MJO-suppressed convective phases, large-scale dependency reduces due to the
regional subsidence over the western MC. Vertically integrated moisture flux convergence (VIMFC) is used to
underline the large-scale dynamics and moisture contribution during heavy rainfall events. Figure 5 shows the
composites of VIMFC-ERAS for each MJO phase on heavy rainfall days during the austral summer and the MJO
induces more moisture convergence in phases 2, 3, and 4 over the IO, and this structure tends to be weak in phase
8. Our analysis suggests a strong equatorial zonal moisture flux convergence in the western MC. The strength of
convective activity associated with each MJO phase varies as it propagates across the MC. However, the com-
posites of VIMFC suggest an intense moisture convergence over the mountain ranges of Sumatra and coastal
areas during the heavy rainfall days for all MJO phases. The VIMFC also show a variety of patterns over the IO
and the internal seas of the MC. This convergence is especially pronounced over the coastal areas and orographic
regions of Sumatra where topographic lifting enhances moisture accumulation. These persistent and intense
VIMEC areas provide favorable conditions for the initiation and maintenance of deep convection, which are key
ingredients for the development of MCS.

Figure 6 shows the composite pattern of VIMFC anomalies for all heavy rainfall events identified using the PSI
with MJO phases defined by RMM index amplitudes >0.8. The baseline was calculated for all days with RMM
amplitudes >0.8 in each MJO phase from 2001 to 2021. The dots in Figure 6 indicate anomalies statistically
significant at the 95% confidence level. Significant anomalies are located throughout Sumatra and its surrounding
seas (Dotted in Figure 6), and the northward extension of the positive anomaly of the VIMFC (Reanalysis, ERAS)
is consistent with the percentage of seasonal rainfall associated with heavy events in Figure 1 (Satellite-based
rainfall, IMERG). To understand the role of the MJO in providing moisture to the region, events with an
amplitude of the RMM index <0.8 were selected to produce a VIMFC composite. The results suggest that these
events are associated with weaker VIMFC anomalies over Sumatra (Figure S2 in Supporting Information S1) in
contrast to the more intense anomalies observed during events with MJO amplitude >0.8. This result supports the
idea that MJO plays a key role in enhancing moisture transport and convergence over the region during heavy rain
days. However, the findings also indicate that, regardless of the MJO phase or its convective contribution, a
sufficiently strong anomaly in large-scale moisture flux is still necessary to trigger widespread heavy rainfall
particularly when acting in conjunction with local forcings.

Figure 7 shows the composite mean 925-850 hPa streamlines and relative vorticity anomalies during heavy
rainfall events for each MJO phase. Four dominant circulation regions can be identified: (a) a seasonal cyclonic
circulation north of Sumatra and over the eastern 10, whose strength depends on the magnitude and incidence
angle of background flow from the central region of the MC and the angle of incidence of the flow on the
mountain ranges in the Malay Peninsula, producing a downstream vorticity maximum in northern Sumatra
(Hardy et al., 2023; Koseki et al., 2014). (b) A semipermanent low-level vortex west of Borneo, which promotes
low-level convergence and cyclonic circulation over south-central Sumatra (Fine et al., 2016). (c) The Australian
monsoon circulation forms a second center of cyclonic vorticity in the equatorial southern 10 during MJO phases
1-3. This offshore vortex south of Sumatra is favored by both easterly and westerly low-level flows interacting
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Figure 5. Composite of vertically integrated moisture flux convergence (VIMEC; g m~2s™") from ERA5 for MJO phases 1-8
during the austral summer. Composites are based on heavy rainfall days identified using the Precipitation Severity Index
(PSI) with active MJO phases defined by the RMM index (amplitude >0.8). The number of heavy rainfall days is indicated in
brackets for each MJO phase.

with the mountain ranges in Sumatra (See the blue stars in panel MJO phase 2 of Figure 7) consistent with
previous work showing that mountain-induced flow blocking and splitting are key drivers of wake vortex for-
mation with additional modulation by MJO phase (Fine et al., 2016; Johnson et al., 2023). (d) The enhanced
convective phases of the MJO over the equatorial IO (phases 2—4, not shown) and the complex interactions when
its cloud envelope reaches the MC.
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Figure 6. Composite anomalies of vertically integrated moisture flux convergence (VIMFC; g m~2 s71) from ERA3.

Composite of VIMFC for all heavy rain and MJO for the austral summer. Heavy rain days were chosen using the PSI and
MIO phases given by the RMM index with amplitude >0.8. The baseline was calculated for all days with RMM amplitudes
>0.8 in each MJO phase from 2001 to 2021. Dots indicate statistically significant at the 95% level of VIMFC anomalies.

The interplay between westerly flow over the eastern IO and northeasterly flow over the internal seas of the MC,
modified by blocking and splitting around the mountain ranges of Sumatra, plays an important role in shaping
cyclonic vorticity patterns in the internal seas of the MC and intensifying rainfall over Sumatra. Upstream
blocking of equatorial westerlies contributes to cyclonic circulations in both hemispheres, whereas positive
relative vorticity anomalies in the Java Sea can combine with these terrain-induced effects to further enhance
heavy rainfall events. The composites for heavy rain days also reveal that MJO phases 5 to 8 exhibit a positive
anomaly along with equatorial westerlies in the eastern IO. This phenomenon can be attributed to the propagation
of convectively coupled Kelvin waves as noted by Fine et al. (2016).

3.5. Diurnal Variations During Heavy Rainfall Events in Sumatra

The diurnal rainfall variations in Sumatra and associated offshore propagating rainfall signatures have been well
established in several studies (Bai et al., 2021; Lopez-Bravo et al., 2023a, 2023b; Mori et al., 2004; Peatman
et al., 2023; Sakaeda et al., 2020; Short et al., 2019; Vincent & Lane, 2016; Wei et al., 2020; Wu et al., 2008).
However, the previous works have not evaluated particularly the diurnal evolution of heavy rainfall over Sumatra.
To address this gap, we apply a hierarchical clustering technique to spatially averaged rainfall over land for each
heavy rainfall day identified by the PSI. This approach differs from previous studies by explicitly characterizing
the timing and magnitude of rainfall accumulation over land during heavy rainfall days rather than focusing on
average diurnal cycle of rainfall (Da Silva & Matthews, 2021; Vincent & Lane, 2017). Note that these are
specifically clusters of heavy rainfall events, and diurnal variations can be driven by large-scale conditions.
Sometimes, the diurnal cycle is enhanced, for example, the MJO enhances the diurnal cycle of rainfall and clouds
(Lopez-Bravo et al., 2023b; Peatman et al., 2014, 2023). Other times, the diurnal cycle is modified, for example,
in the presence of a CCKW, as found by Senior et al. (2023).

Six clusters of the average rainfall over time are identified during heavy rainfall events over land in Sumatra.
Figure 8a shows the average rainfall of the events in each cluster. The average rainfall has been normalized by the
maximum spatially averaged rainfall in phase 5. Figure 8b displays the relative frequency of the maximum
rainfall time for each cluster, indicating how often the peak rainfall occurs at each hour expressed as a fraction of
the total number of heavy rainfall days classified within that cluster. The most frequent rainfall pattern (cluster 4,
194 events) corresponds to the diurnal precipitation cycle with a maximum of rain between 17:00 (LST, UTC+7
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Figure 8. Cluster analysis of hourly accumulated rainfall over land in Sumatra during heavy rainfall events. The Y-axis shows
the normalized cluster average of accumulated precipitation over land in Sumatra, and the X-axis indicates the local standard
time in Sumatra (LST, UTC+7 for Sumatra). (a) Normalized average precipitation: each line represents the average
accumulated rainfall for the number of events within each cluster category. The average rainfall has been normalized using
the maximum rainfall cluster over time. (b) The heat map shows the relative frequency of the maximum rainfall time for each
cluster calculated as the proportion of heavy rainfall events on which the maximum rainfall occurs at a given hour relative to
the total number of heavy rain days within each cluster. The colors on the Y-axis match the colors in the legend of panel (a).
The events were identified using the PSI derived from IMERG V6. Period: 2001-2021; Method: Hierarchical clustering.

for Sumatra) and 21:00 LST and decreases toward the morning hours. Cluster 5 (26 events) exhibits a diurnal
pattern similar to Cluster 4 with an increased amount of rainfall, and the maximum peak is recorded at 19:00 LST
(Figure 8b). Cluster 2 (83 events) also shows an evident diurnal rainfall variation peaking between 17:00 LST and
20:00 LST with a rainfall reduction over Sumatra relative to clusters 4 and 5. However, the main difference is the
early peak of rainfall at 07:00 LST, which can explain an accumulative effect linked to a rainfall event of the
previous day or early in the morning of the diurnally forced rainfall. In contrast, cluster 1 (17 events) shows that
rainfall peaks after 20:00 LST with a persistent amount of rainfall during the night, indicating that the time
window of the maximum peak of rainfall increases. This can indicate persistent rainfall and the extended lifetime
of storms associated with MCSs. The persistence effect is also observed in cluster 3 (27 events). A cumulative
effect can be observed with developing rainfall from 00:00 UTC (07:00 LST). Some heavy rainfall events exhibit
a relative maximum at 17:00 LST (not shown) to finally peak around 01:00 LST, showing the nighttime diurnal
regime of heavy rainfall and the bimodal signature of the diurnal cycle in Sumatra (Lopez-Bravo et al., 2023b).
Finally, Cluster 6 (24 events) indicates an early peak rainfall between 15:00 LST and 19:00 LST and decreases
during the afternoon. These results are consistent with Vincent and Huang (2022), who showed that the morning
incoming shortwave radiation could modulate both the timing and amplitude of the afternoon rainfall peak. These
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Table 1 results show that even though island-scale rainfall events require the support
Number of Days in Each MJO Phase-Himawari-8 AHI for DJF and of the large-scale environment, they still exhibit a strong diurnal cycle.

Amplitude >0.8

Phase Number of days 3.6. Cloud Top Properties During Heavy Rain Events
1 4 Although intraseasonal variability plays an important role in promoting large-
2 19 scale convection over the western region of the MC, the heavy rainfall events
3 22 also depend on the day-to-day variations of wind and moisture that drive the
4 20 cloud distributions over the eastern 10 and the MC under both MJO-enhanced
S 5 or suppressed conditions. However, cloud populations over Sumatra are also
associated with organized mesoscale convective systems with a pronounced
C 7 temporal variability during the austral summer. In this section, the analysis
7 3 has been limited to the Himawari-8 AHI era (Six austral summers-DJF: 2016—
8 8 2021) to explore the multicell environment of diurnally driven convection

during heavy rainfall events in Sumatra.

Movie S1 shows the diurnal variations of cold cloud regions based on the brightness temperature of the 10.4 pm
spectral band from Himawari-8 AHI data covering latitude 16°S—10°N and longitude 83°E-115°E with 2 km
spatial and 1-hourly temporal resolution. The PSI has been used to select dates associated with heavy rainfall
events in Sumatra, identifying 92 days as heavy rainfall events during the austral summers 2016-2021. Table 1
presents the number of days by phase of the MJO. Note that the highest frequencies occur in the enhanced
convective phase of the MJO. Despite the limited samples, geostationary data have been used to explain the
features of mesoscale systems associated with heavy rainfall events. First, the 10th percentile of BT (4 shows the
coldest region over the western region of the MC (green and blue colors in Movie S1). This result highlights the
large-scale effect over the cold cloud top distribution regionally at the intraseasonal scale with large cold areas
during the enhanced convective phase of the MJO (MJO: 2, 3, and 4). However, the coldest areas show sub-
structures embedded into the large-scale convective envelope, which are linked to diurnally driven convection
over the major islands of the MC and the Malay Peninsula. These substructures have been identified by Naka-
zawa (1988) and discussed by Kiladis et al. (2009) showing that the MJO often has embedded within several
species of eastward and westward propagating waves, including Convectively coupled Kelvin waves and
propagating inertio-gravity waves. In contrast, the diurnally driven convection controls the cloud population
distribution during the suppressed convective phase of the MJO (MJO: 7, 8, and 1). Additionally, the local diurnal
signatures of cold cloud tops indicate a large variability of deep convective structures consisting of multiple cold
cloud cores as is proposed by Feng et al. (2021) and Lopez-Bravo et al. (2023a). These cores frequently propagate
both offshore and onshore over Sumatra during heavy rainfall events. For example, inland propagation observed
during MJO phase 8 in Movie S1.

3.7. Heavy Rainfall Events and Cold Cloud Area and Cold Cloud Core

We hypothesize that embedded convective cold cores within extensive cold cloud shields are a primary driver of
heavy rainfall over Sumatra. The formation, intensity, and organization of these cores are modulated by diurnal
variability and large-scale MJO-related atmospheric conditions. Although these cold cores generally control
rainfall patterns, heavy rainfall can occasionally occur even with fewer convective cold cores, reflecting con-
tributions from mesoscale and large-scale circulations. To explore this hypothesis, the cold cloud area and cold
cloud core area were detected separately in every hourly Himawari-8 scene over the 6 years of DJFs. Figure 9
shows an example of the cold cloud area and cold cloud core identification over Sumatra. The BT 4 associated
with a heavy rainfall event is indicated by the gray shading in Figure 9; the green and yellow shaded indicate the
cold cloud area and cold cloud core, respectively.

Figure 10 presents the mean diurnal cycle of cold cloud areas and cold cloud core areas over land in Sumatra
during the Himawari-8 AHI period. The analysis compares all days during the austral summer (DJF; 532 days,
2016-2021) with heavy rainfall days (92 days, 2016-2021) identified using PSI and IMERG data. The orange and
light blue lines represent the average over all DJF seasons, whereas the red and blue lines indicate composites for
heavy rainfall events. Shaded regions denote the 95% confidence intervals. The results show that the total cold
cloud area and the cold cloud core area increase during heavy rainfall events compared to the seasonal average,
indicating a larger cloud area of deeper and colder convective clouds. The increase in cold core areas suggests
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Figure 9. The brightness temperature of 10.4 um (K) in shaded gray at 05:00 LST 12 January 2021. The green and yellow
shaded indicate the cold cloud area (240 K) and cold cloud core (213 K), respectively. Data from Himawari-8 AHI.
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Figure 10. Analysis of cold cloud tops over land Sumatra derived from Himawari-8 AHI brightness temperature channel 13
over six austral summers (2016-2021). The average cold cloud area (left y-axis, 10% km?) for DJF is shown in the solid light
blue line, whereas the average cold cloud area during heavy rainfall events in DJF is shown in the solid dark blue line. The
average cold cloud core area (right y-axis, 10° km?) is shown in the solid orange line for the seasonal mean and the solid red
line for heavy rainfall events in DJF. Color-shaded areas indicate the 95% confidence interval for the weighted mean.
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Figure 11. Analysis of cold cloud tops based on brightness temperature channel 13 from Himawari-8 AHI. (a) Cold cloud
Area (Y-axis, 10° km?) for six austral summers (DJF, 2016-2021). Dashed gray line shows the mean for all MJO phases:
(2016-2021) and color lines display the averages for each MJO phase and LST bin. (b) As panel (a) for heavy rainfall events.
(c) cold cloud core (Y-axis, 10° km?) for six austral summers (DJF, 2016-2021). Dashed gray line shows the mean for all
MIJO phases: (2016-2021). (d) As panel (c) for heavy rainfall events. The blue color lines indicate the active phases of the
MJO (2-3-4), and the warm colors display the inactive phases of the MJO (6-7-8). The black solid line represents MJO Phase 1,
whereas MJO Phase 5 is shown by the dotted magenta line. Color-shaded areas indicate the 95% confidence interval for the
weighted mean across MJO phases for the cloud area and cloud core area at each LST. Note different y-axis for representation.

stronger convective updrafts, whereas the observed delay in the diurnal peak indicates shifts in convective or-
ganization and timing. Together, these changes support a link between heavy rain and the presence of more
organized deep convection over Sumatra.

Figure 11 extends this analysis by decomposing the diurnal cycle by MJO phase (for MJO amplitude > 0.8). This
decomposition reveals significant variations in cloud coverage patterns in different phases, reflecting the influ-
ence of large-scale intraseasonal variability on convective organization. Differences in diurnal signatures between
seasonal mean and heavy rainfall composites further indicate contributions from multiple scales of variability,
including mesoscale convective systems and a broader modulation of MJO.

The relative prevalence of cold cloud areas and cold cloud cores is expected to strongly reflect the transition from
locally forced convection during the MJO-suppressed convection phases to large-scale background convection
during the MJO active phases. Figure 11 reveals a number of relevant points about the relative occurrence of cold
cloud areas and cold cloud cores. Considering all DJF days within 6 years (Figures 11a and 11c), there is an
expected increase in the cold cloud areas during the convectively active phases of the MJO: 2-3-4. The cold cloud
cores follow almost the same pattern on all days with the notable exception of phase 3 (Figure 11c), which shows a
decrease in the cold cloud core areas. This is consistent with the large-scale envelope of the MJO that supports the
intraseasonal rainfall pattern for all days in cold cloud areas (Figure 11a) and cold core areas (Figure 11c).

A more complex story emerges when considering only the heavy rainfall days within the period (Figures 11b and
11d). Similar to the result for all DJF days, there is a decrease in the cold cloud cores in phase 3 (Figure 11d),
indicating that heavy rainfall is occurring despite a small number of cold cloud cores. Figure 11d shows a
maximum cold cloud core area during heavy rainfall events in the transitional phase between the convective and
the MJO-suppressed convection phase 5 over Sumatra. This signature corresponds to Cluster 1 in Figure 8 where
88% of heavy rainfall days occur in that phase. This supports our interpretation that the peak in cold cloud core
area in MJO Phase 5 reflects locally forced convection; in this phase, the large-scale convective environment is
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dominated by the MJO-suppressed convection phases over Sumatra, and convection is primarily initiated by land
and sea breezes. In phase 7 (Figure 11d), we see a decrease in the peak cold cloud cores area during heavy rainfall
events, indicating that heavy rainfall may occur in this phase outside of the context of widespread cold cloud
cores. The reason for this is not immediately obvious but may be related to some aspect of the large-scale cir-
culation, as we note higher levels of relative vorticity to the north of Sumatra in this phase relative to the other
suppressed convective phases.

4. Discussion

This study aimed to examine the contribution of widespread, persistent rainfall to the total rainfall climate in
Sumatra and to relate this rainfall to the MJO and the cloud morphology. Large-scale precipitation is influenced
by the intraseasonal variability itself, moisture transport, and large-scale circulation patterns, whereas locally
forced precipitation is influenced by surface forcing, topographic forcing, microphysics, column moisture, and
local convergence patterns, although we acknowledge that these factors are not isolated from one another.

By examining the rainfall in the region around Sumatra on days that had been identified as heavy island-scale
rainfall days, it is shown that in the convectively active phases (phase 2-3-4), heavy rainfall over Sumatra is
part of the larger-scale envelope of the MJO. In phase 7, 8, and 1, heavy rainfall days over Sumatra do not occur
concurrently with heavy rainfall days in the wider region, indicating a more local forcing. These results were
linked to the cloud top temperature observations: In phase 3, there is a minimum in the relative area of cold cloud
cores to cold cloud areas on days of heavy rainfall, indicating that on these days, cold cloud cores may play a
lesser role in producing island-scale heavy rainfall likely related to rainfall within MCS with embedded cores. In
phase 7, there is also a minimum in the relative area of cold cloud cores, but in this case there is much less rainfall
overall over Sumatra, little connection to regional precipitation, and also less cloud overall. This likely represents
less vigorous convection and less convective development.

The dual analysis of heavy island-scale rainfall and cloud tops uniquely links the spatial distribution and intra-
seasonal variability of rainfall to the type of convection underpinning the rainfall. This supports the argument that
modeling rainfall extremes and intraseasonal rainfall variability in the tropics may require convective-permitting
modeling approaches even when the precipitation is aggregated to island-scale.

Combining satellite-based precipitation from IMERG, cloud top features from Himawari-8 AHI, and reanalysis
data have allowed us to explore the processes driving heavy rainfall events. This includes their local diurnal
convective signatures in both rainfall and cold cloud tops, which are modulated by the intraseasonal-scale
variability over Sumatra. However, this study only examined heavy rainfall events using remote sensing prod-
ucts. Ground-based precipitation observations were not included due to the lack of available data, and gridded
precipitation, products such as the Asian Precipitation-Highly-Resolved Observational Data Integration Towards
Evaluation of Water Resources were not homogeneous for a long-term analysis over Sumatra. This is a limitation
of the current study because satellite-based precipitation products are subject to large uncertainties in the esti-
mates of rainfall intensity and location of rainfall patterns (Tan et al., 2019; Tapiador et al., 2020; Watters
et al., 2021). Previous studies have also identified a time lag in the maximum peak of diurnal precipitation of
~1 hr in the IMERG data set (Tan et al., 2019; You et al., 2019). This data set gives a well-resolved representation
of deep convective clouds, which is relevant over land in Sumatra because, for a 2-day time scale, we assume most
rainfall comes from deep convective clouds. This approach may be less relevant in areas where a high proportion
of the total precipitation comes from, for example, marine stratocumulus clouds.

Identifying organized and intense rainfall events and diurnally forced convection as an essential element of the
tropical water cycle offers an opportunity to understand the role of organized convection from mesoscale
convective systems in heavy precipitation in the MC. Our results suggest that heavy rainfall events contribute
significantly to seasonal rainfall during the austral summer DJF in Sumatra. This finding is consistent with that of
Peatman et al. (2014), Vincent and Lane (2016), Schumacher and Rasmussen (2020), Da Silva and Mat-
thews (2021), Latos et al. (2021), and Crook et al. (2024) who have discussed the importance of mesoscale
convective systems in tropical extreme-precipitation events and their role as a critical component of the hy-
drologic cycle.

We also show that the seasonal signature of intense rainfall frequency explains the local meridional variation
associated with the annual migration cycle of the Intertropical Convergence Zone (ITCZ) and the impact on storm
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Figure 12. Average austral summer variation in rainfall with time of day and MJO phase for 2001-2021 from IMERG data
similar to Peatman et al. (2014) and Vincent and Lane (2017).

distribution during summer. This is consistent with Sakurai et al. (2005), who studied changes in the diurnal
propagation regimes and transition times of the cloud populations due to wind variations in the lower troposphere
linked to the annual migration of the ITCZ. These results also agree with Kerns and Chen (2018) and Peatman
et al. (2023), who provide evidence of the DJF seasonal rainfall and how persistent stronger winds and continuous
convergence produce intense night-morning precipitation by the migration of the ITCZ. Additionally, six pre-
dominant diurnal regimes of heavy rainfall over land in Sumatra reflect prerainfall conditions. These patterns are
characterized by various aspects of rainfall, including timing, intensity, persistence, duration, and spatial extent.
These characteristics are derived from a cluster analysis conducted prior to the peak of the rainfall, which
indirectly indicates different environmental conditions.

The effects of intraseasonal-scale variability on the contribution of heavy rainfall events to total daily rainfall have
been highlighted in our investigation. This is an important finding in understanding the spatial distribution of the
percentage of rainfall linked to heavy rainfall by MJO phases with the highest contribution in the MJO phases 2, 3,
and 4. The findings are directly in line with previous results by Oh et al. (2012), Peatman et al. (2014), and Yokoi
et al. (2017), who found that a dominant offshore wind produces a typical diurnal cycle signature with intense and
deep convection over the land and coastal regions. This increases the probability of heavy rainfall events due to
changes in the diurnally driven convection in Sumatra with the induced largest diurnal amplitude occurring ahead
of the propagating convective envelope of MJO as has been explained by Peatman et al. (2014), Birch
et al. (2016), and Vincent and Lane (2016, 2017). However, these studies have uniquely considered the rainfall
intensity to conclude that extreme/heavy rainfall is more intense in MJO phase 2, as shown in Figure 12, which
reproduces earlier work of Peatman et al. (2014) and Vincent and Lane (2017) but with high resolution data from
IMERG. Our analysis has shown that although phase 2 shows the strongest rainfall intensity in mean conditions,
the occurrence of rainfall events with a weaker intensity is more significant in phase 3 of the MJO, which is
reflected in the accumulated seasonal rainfall signature. In contrast, the suppressed convective phase of the MJO
showed inland contributions. This result agrees with Vincent and Lane (2016) and Vincent and Huang (2022),
who explore the influence of large-scale moisture variations in controlling afternoon-night diurnal rainfall in
Sumatra, which this study suggests is also relevant during heavy rainfall events.

From a broader perspective, understanding the evolution of heavy rainfall over land in Sumatra under the
enhanced and suppressed convective phases of the MJO is directly related to the evolution of mesoscale
convective systems and the multiscale interaction of the diurnally driven convection. The results demonstrate:
first, the complex developments of cold cloud populations by MJO phases due to nonlocal features over the
western region of the MC. The large-scale variability shown here in the eastern 10 is consistent with studies by
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Salby and Hendon (1994), Maloney and Hartmann (1998), Matthews (2000), Peatman et al. (2014, 2021), and
Baranowski et al. (2016). These earlier studies proved how the changes in moisture convergence and induced
wind anomalies from large-scale circulation can drive the cloud variability over the MC, thereby affecting the
diurnally driven convection over the major islands of the MC during the MJO phases. Second, organized
mesoscale convective systems are key to shaping the characteristics of heavy rainfall over inland Sumatra. Here,
the unprecedented high-resolution geostationary observations from Himawari-8 AHI make it possible to char-
acterize cloud top features to investigate the diurnally driven convection in Sumatra, building on the recent studies
by (Lopez-Bravo et al., 2023a, 2023b). This new approach highlights the size of cold convective systems and cold
cloud cores during heavy rainfall events for austral summer DJF. Furthermore, comparing cold cloud area
composites reveals an interesting tendency; cold cloud area and cold cloud cores increase during heavy rainfall
events. This is consistent with what has been found in previous geostationary-based studies (Feng et al., 2018,
2021; Lopez-Bravo et al., 2023a; Schumacher & Rasmussen, 2020).

Rainfall related to mesoscale convective systems is one of the main contributors to seasonal rainfall and the
hydrological cycle at local and regional scales (Da Silva & Matthews, 2021; Schumacher & Rasmussen, 2020).
Our findings on diurnally driven convection and severe weather regimes suggest that heavy rainfall produces
sustained precipitation over the mountain ranges and lowlands of Sumatra. This result ties well with recent
previous studies wherein the role of heavy and extreme rainfall contribution and diverse effects of mesoscale
convective systems have been explored worldwide (Feng et al., 2021; Schumacher & Rasmussen, 2020). These
studies have demonstrated the link between heavy rainfall and flash floods and have also shown the effects of
extreme rainfall on the population in North America, South America, and East Asia. However, the fraction of total
rainfall shows the important contribution of MCS in Feng et al. (2021) and Schumacher and Rasmussen (2020). In
addition, our study has provided new insight into cloud variability during the enhanced and suppressed convective
phases of the MJO. We have further noted that the intraseasonal sources of variability of heavy rainfall are
diverse; rainfall over Sumatra is very sensitive to the amount of water vapor due to large-scale and mesoscale
conditions, which are responsible for the transport of water vapor towards regions of the genesis of the diurnally
driven convection. These results can be relevant to other modes of variability over Sumatra, including Kelvin
waves and ENSO.

5. Conclusions

The aim of the present study was to examine the large-scale and local influence on the fraction of cold cloud tops
and rainfall associated with heavy rainfall events over Sumatra during austral summer December-January-
February (DJF). This work has used state-of-the-art geostationary observations from Himawari-§8 AHI and
satellite-based rainfall from IMERG to better understand the occurrence of widespread heavy rainfall over
Sumatra and MJO-induced variability and cloud variability linked to heavy rainfall events over Sumatra, which is
important for weather and climate prediction. Two analyses were performed to describe the spatial distribution of
heavy rainfall in Sumatra and key cloud top characteristics of mesoscale convective systems: (a) satellite-based
rainfall from IMERG for DJF (2001-2021) and (b) cold cloud tops from Himawari-8 AHI for DJF (2016-2021).
Our results highlight the ability to show high-resolution satellite-based cloud top and rainfall patterns that allows
the analysis of the influence of intraseasonal-scale variability over the diurnally driven convection in Sumatra.

We tested the extent to which widespread local and large-scale changes in background winds, moisture, and
cloudiness can modulate heavy rainfall and diurnally driven convection over land in Sumatra. However, the
relationship is complex because island-scale heavy rainfall differs from localized convection driven by sea
breezes and topography forcings. This localized convection can still occur during phases when the MJO is
suppressed and is not exclusive to any particular MJO phase. Nevertheless, we find commonalities between all
heavy rain events, regardless of the MJO phase, and some changes in the nature of the cloud environment with the
MJO phase. The following conclusions can be drawn from the present study:

¢ The new understanding of heavy rainfall over land based on satellite-rainfall and Precipitation Severity Index
has shown that the highest fraction of rainfall on island-scale heavy rainfall days occurs over the central region
of Sumatra with a relevant area of influence near Singapore and the Malay Peninsula.

o The study has shown the relevant role of intraseasonal-scale variability of the MJO in modulating the fre-
quency and intensity of heavy rainfall events in Sumatra. MJO phases 2, 3, and 4 exhibit the highest
contribution to total daily rainfall with phase 2 showing the strongest rainfall intensity over the land in
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Sumatra. However, MJO phase 3 has a notable occurrence of less rainfall intensity events during DJF, which
has not been discussed and reported from previous investigations on heavy rainfall and the diurnal cycle of
rainfall in the MC (Da Silva & Matthews, 2021; Peatman et al., 2014; Vincent & Lane, 2017).

o There is significant variation with the MJO phase between the cold core area and cold cloud area during heavy
rainfall days. We hypothesize that this reflects the proportion of rainfall associated with individual convective
towers and MCSs, which reflect the different regimes between MJO suppressed and active phases.

This study has also explored the diurnal signatures of accumulated rainfall over land in Sumatra. The clustering
analysis identified six diurnal cycle signatures during the heavy rainfall events over land in Sumatra. Four main
diurnal patterns with three subvariants associated with the rainfall intensity over Sumatra were found: (a) these
widespread heavy rain events, even though they require large-scale forcing, still have a very pronounced diurnal
effect. (b) In the most common clusters (2 and 4), there is also early morning/nighttime rainfall, indicating
nondiurnal effects and a large-scale convective environment from the previous day.

One of the findings emerging from this study is that the MJO phase influences the island-scale heavy rainfall
while still requiring a significant diurnal component. The MJO-suppressed convective phases (Phases: 7-8-1)
showed more local signatures of intense rainfall of the diurnally forced organized convective systems over
mountain ranges and the interior area of Sumatra. In phases 2, 3, and 4, the large-scale enhanced convective
envelope of the MJO moves over the western MC, and the contribution of heavy rainfall increases over land in
Sumatra. Background wind-induced and solar insolation variations reduce during the enhanced convective phases
of the MJO over Sumatra. This results in a compound effect of the diurnally driven inland flow associated with the
land-sea-breeze system, orographic lifting, and large-scale circulations. As indicated by the moisture flux
convergence analysis from ERAS, the amount of moisture transported into the western region of the MC is
controlled by the large-scale convective environment-equatorial wave dynamics and its effects over the low-level
wind regimes and cyclonic conditions. The effects of large-scale and mesoscale convective environments explain
the contribution of heavy rainfall inland Sumatra by MJO phase and other sources of intraseasonal tropical
variability.

The influence of large-scale environment and local effects were further examined using the cold cloud top derived
from Himawari-8 AHI for six austral summers (DJF, 2016-2021). First, analysis of the brightness temperature
from channel 13 (10.4 pm spectral band from Himawari-8 AHI) revealed complex developments of cold cloud
populations by MJO phase due to local and nonlocal features over the western region of the MC and the eastern
Indian Ocean. Second, the study has also shown that the size and spread of the cold cloud top of convective
systems and cold cloud cores increase with the MJO phase during heavy rainfall events relative to all days.
Diurnally driven convection in Sumatra is commonly explained as quasilinear convective systems (Lopez-Bravo
et al., 2023a; Love et al., 2011; Short et al., 2019; Vincent & Lane, 2016). However, the cold cloud area exceeds
100,000 km? with deep cloud tops, and low cloud top temperature, during heavy rainfall events, which supports
organized convection and may develop as mesoscale convective complexes, causing severe weather conditions
and hazardous rainfall associated with flash flood events in Sumatra.

In general, this study strengthens the understanding of heavy rainfall and cloud population and the effects of the
intraseasonal-scale tropical variability over the diurnally driven convection over Sumatra. The findings of this
research provide

» insights for describing the local effects and contribution of heavy rainfall to seasonal rainfall inland Sumatra,
¢ enhancing the comprehension of diurnal rainfall signatures of heavy rainfall events,

¢ quantifying the influence of large-scale and mesoscale convective environment by MJO phase,

¢ describing the effects between heavy rainfall events and diurnal evolution of mesoscale convective systems.

Widespread heavy rainfall, as diagnosed by the PSI, is different from localized heavy rainfall and may have
critical hydrological implications. The methodology and analysis presented in this paper lay the groundwork for
potential prediction or now-casting of such events. Moreover, the finely balanced co-contribution of the local and
large-scale forcing highlights the challenge of making climate-scale projections of heavy rainfall in the MC.
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Appendix A: Precipitation Severity Index

The Precipitation Severity Index (PSI) includes rainfall intensity of each grid point, time persistence, and affected
area in Equation Al:

T

(1+d) AZZ Z RR R HI(RRW’RR erc,;)

i=l j=l t=T—d perci;

PSI; = (A1)

0if RR; < RRBO,-},-

ij,r =

I(RR; 1, RRyere, ) =
(RRi, er) Lif RR;;. > RRy,,

1,7

The PSI is calculated as the ratio between the daily accumulated rainfall (RR;;,) and a percentile of the clima-
tology (RRperc,,) at each grid point (i, j), and time step T(PSIy). Different thresholds were tested (80th, 90th, and

95th percentiles) to detect regions with heavy daily rainfall. In this study, we set the threshold as the all-day 80th
percentile for each grid point to exclude grid points with precipitation below this value on day T(RR; ; ; < RRperCu)

by means of the function I(RR; ; ., RR ercw). The ratios at each grid point for day T and the previous d days consider

a persistence of 2 days considering rainfall was continuous and larger than RRp,, at the same grid points @@))-

The cell size was considered by the area of one grid cell (Ax)’. The ratios are summed over the valid grid point
over Sumatra (N X M) along directions i and j. The daily PSI value is normalized by the area of Sumatra

A = N-M-(Ax)* and (1 + d) to consider adding grid points with persistent rainfall. Note that A correction for
latitude stretching of the grid was performed before the computation of the PSI.
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