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ABSTRACT

Convective storms, which play a critical role in producing severe weather events, are often associated with
mesoscale convective systems (MCS). The most favorable tropical regions for MCS development include the
Indonesian Maritime Continent (IMC), with Borneo Island being a prominent area. Borneo Island features unique
topography and is influenced by the surrounding oceans, resulting in MCS with the largest average size and most
extended lifespan compared to other islands within the IMC. Previous studies on MCS focused on occurrence
statistics and case studies. However, analyses distinguishing characteristics of MCS and non-MCS precipitation
remain limited over the IMC. This study examines the diurnal and seasonal variations and their respective
contributions over Borneo Island. MCS identification and tracking were performed using the Flexible Object
Tracker (FLEXTRKR) algorithm. The results indicate that MCS precipitation typically occurs from nighttime to
early morning, while non-MCS precipitation primarily occurs during the daytime until the evening. Furthermore,
MCS precipitation occurs more frequently over the ocean, while non-MCS precipitation is primarily observed over
land. Seasonally, MCS precipitation is most prominent during the December—January—February (DJF) season,
particularly over the South China Sea, parts of West Kalimantan, Sarawak, Central Kalimantan, and the Java Sea.
Conversely, MCS precipitation is less dominant during the June—July—August (JJA) season. The contribution of
precipitation produced by MCS exceeds 50% of the total precipitation, whereas non-MCS precipitation contributes
approximately 20-40%. The differences in precipitation produced by MCS and non-MCS clouds will affect for
soil water content, vulnerability to hydrometeorological disasters, and further understanding of climate and
weather.
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1. Introduction

Convective storms, which can produce severe
weather events such as heavy rain, hailstorms, strong
winds, and thunderstorms are often associated with
mesoscale convective systems (MCS) [1,2]. MCS
exhibit various shapes and sizes, including convective
and stratiform cloud systems, with precipitation and
anvil cloud areas extending 100 km or more. These
systems significantly contribute to total rainfall in
tropical and mid-latitude regions and influence global
large-scale atmospheric circulation, energy balance,
and the hydrological cycle [3,4,5]. The extreme
weather events associated with MCS can result in
economic and social losses, including damage to
communication  systems,  public facilities,
transportation systems, and agriculture. [6].

The tropical region is the most favourable area for the
development of MCS, particularly in the Intertropical
Convergence Zone (ITCZ), the western Pacific warm

pool, and the maritime continent, including Borneo
Island. [7]. MCS contribute to more than half of the
total rainfall in tropical regions, and in certain seasons,
precipitation from MCS over land areas can exceed
80% [8]. The main characteristic of MCS is a larger
horizontal scale and a most extended lifetime than
other convective clouds, persisting for several hours
with storms lasting more than a day [9]. Particularly,
Borneo Island has an MCS with the largest average
size and most extended lifetime compared to other
islands in the maritime continent [10].

Research on MCS in the Indonesian Maritime
Continent (IMC) primarily focuses on their properties
and related case studies [11,12,13,14]. Previous
studies of MCS over Borneo Island have concentrated
on a specific type of MCS known as Mesoscale
Convective Complexes (MCC). The contribution of
MCC precipitation in Central Kalimantan and the
South China Sea near Kalimantan occurs in all
seasons, consistent with the seasonal frequency
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distribution of MCC [15]. Such conditions may be
related to cold surges and the Borneo vortex, which
can cause synoptic-scale cyclonic disturbances. The
MCC in Central Kalimantan develops in the
afternoon by orographic convective interaction with
other convective clouds around the MCC. Westerly
wind from Sumatra, northerly wind from the South
China Sea, and southerly wind from Java interact with
sea breezes and the effects of topographic uplift from
mountains. MCC reaches its maximum size at
midnight and begins to disappear in the morning [16].

Furthermore, MCS has various shapes, sizes, and
characteristics that distinguish it from other
convective clouds. Its precipitation also differs from
that of non-MCS systems. MCS tends to produce
higher precipitation with a longer duration. MCS
rainfall is more concentrated on a spatial and
temporal scale compared to non-MCS rainfall, which
is more temporally and spatially distributed. In
Central America, MCS rainfall is 7 times heavier than
non-MCS rainfall, but its frequency is 3—5 times less
frequent on a spatial scale and 2 times less frequent in
time [17]. MCS and non-MCS rainfall also have
different diurnal cycles, MCS rainfall peaks at night
and non-MCS rainfall peaks in the afternoon [1, 2],
3]. It is important to know the characteristics of
precipitation because it will have different impacts:
continuous moderate-intensity rain will seep into the
soil and benefit for plants. In contrast, large amounts
of precipitation in a short time can cause floods and
landslides [18]. Moreover, this understanding is
crucial due to significant impact on groundwater
resources, agricultural productivity,
hydrometeorological disaster preparedness, and
climate resilience. Therefore, understanding the
characteristic differences between MCS and non-
MCS precipitation is essential, particularly on the
island of Borneo, which features unique topography
and is influenced by the surrounding ocean. This
study aims to examine the contributions of MCS and
non-MCS precipitation and to analyze the diurnal and
seasonal variations of MCS precipitation over Borneo
Island.

2. Data and Methods

Data. This study utilizes satellite data with
Brightness Temperature (BT) Global Merged IR V1
parameters [19] and precipitation feature (PF) using
Integrated Multi-satellite Retrievals for GPM
(IMERG) V06B [20]. These data were collected over
the Borneo Island study area during the period 2011—
2020. The 10-years datasets were selected for a
general comparison that can represent the
characteristics of MCS precipitation in the area.
Global geostationary satellite BT data, with a
temporal resolution of 30 minutes and a spatial
resolution of 4 km, are used to identify and track
convective clouds associated with MCS [21]. One of

the two BT data sets is taken to identify and track
deep convective clouds associated with the hourly
MCS. GPM IMERG VO06B precipitation data is
precipitation estimation data originating from a
passive microwave (PMW) sensor using a motion
vector of water vapor [20] with a temporal resolution
of 30 minutes and a spatial resolution of 0.1° x 0.1°.
The 30-minute IMERG precipitation data were
averaged to represent hourly precipitation amounts to
reduce computational magnitude. Previous research
on tracking MCS using hourly data suggests that such
temporal resolution is sufficient to discern MCS [3].

Methods. MCS identification and tracking uses the
Flexible Object Tracker (FLEXTRKR) algorithm [22]
with BT and PF data to track cloud cold shield (CCS)
and precipitation associated with MCS. The
FLEXTRKR algorithm enables the comprehensive
analysis of the entire life cycle of MCSs, from
development to dissipation, thereby allowing the
calculation of precipitation produced in all phases of
MCS. High-resolution tracking of convective clouds
is fundamental to capturing the temporal and spatial
development of MCS events and their associated
precipitation patterns. The methodology allows for an
in-depth examination of MCS behavior and
precipitation patterns, providing valuable insights
into the dynamics and impact of these systems over
Borneo Island. Additionally, the use of high-
resolution satellite data and sophisticated tracking
algorithms helps to enhance the accuracy of MCS
identification and precipitation estimation, thereby
contributing to more reliable weather forecasting and
climate studies in the region. The comprehensive
dataset and advanced analytical techniques employed
in this study enable the clear distinction between
MCS and non-MCS precipitation, thereby providing
a Dbetter understanding of their respective
contributions and characteristics.

Analysis of the mesoscale convective Systems that
often occur in the central United States using
geostationary satellite imagery was introduced by [2],
namely mesoscale convective complex (MCC). The
identification of another type of MCS with different
shapes from MCC was carried out by [23], namely
persistent elongated convective Systems (PECSs).
Based on the shape, area, and duration [26], classified
another smaller type, the meso-f circular convective
Systems (MBCCS) and meso-f elongated convective
Systems (MBECS). Then [24], classified an even
smaller type, namely small meso-f circular
convective Systems (SMBCCS) and small meso-3
elongated convective Systems (SMBECS). Based on
the various types of MCS, the author uses the
minimum value of the MCS type contained in the
studies of [24, 25] so that it meets the following
criteria:

1. Interior BT <-52° C and cloud shield <-32° C
2. Cold cloud Systems (CCS) > 3 x 10* km?
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3. The duration of these two conditions is > 3 hours
(the minimum MCS value over the Maritime
Continent based on research by [25])

Each type of MCS has a different size and duration,
so it has the potential to produce different
precipitation intensites. This study focuses on
precipitation associated with both MCS and non-
MCS convective clouds. The minimum value of
convective clouds from the MCS was selected based
on the method used in [22], allowing for the inclusion
of various MCS cloud types. In this case, we do not
categorize the cloud types but instead take the
minimum value from the existing MCS classification.

Furthermore, precipitation is categorized as either
non-MCS or MCS-related. Non-MCS precipitation
refers to rainfall events not associated with Mesoscale
Convective Systems. This classification is derived by
simply subtracting MCS precipitation from the total
precipitation, ensuring a straightforward separation of
the two categories.

3. Result and Discussion

Diurnal variability of MCS and non-MCS
Precipitation. As shown in Figure 1, the diurnal
variability of MCS precipitation over Borneo Island
was analyzed by dividing the data into four seasons:
December-January-February (DJF), March-April-
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May (MAM), June-July-August (JJA), and
September-October-November (SON). Each plot
presents local time on the y-axis and longitude on the
x-axis. MCS precipitation is calculated based on the
hourly average value at each grid point in longitude.
The diurnal amplitude of precipitation is calculated
using the amplitude at the first harmonic (n=1), which
captures the daily cycle by representing the difference
between peak and minimum precipitation values
within a 24-hour period.

MCS precipitation during the DJF season is dominant,
while JJA shows the least. A distinct diurnal cycle is
observed, with precipitation peaks occurring in the
early morning or late afternoon, varying across
seasons. The highest amplitude consistently occurs
between longitudes 112°E and 114°E, indicating that
MCS precipitation is concentrated in the central
region of Borneo Island, particularly over areas with
complex topography such as mountains and plateaus.
This aligns with findings from [26, 27], which show
that MCS development frequently occurs in
mountainous regions due to horizontal pressure
gradients and alternating mountain-valley wind
systems. These wind systems enhance convective
activity, as demonstrated in [28]. Mountain and valley
winds, which alternate in diurnal cycles, contribute to
convective activity, particularly in regions with
complex topographic features, such as Borneo Island
[15].
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Figure 1. Hovmoller diagram of average MCS precipitation for each season in the latitude range of 9° S — 6° S
(Borneo Island). The shading color represents the average MCS precipitation (mm/hour), and the red
line represents the precipitation amplitude (mm/hour).
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Figure 2. Same as Figure 1, but for non-MCS precipitation.

In contrast, Figure 2 illustrates the diurnal variability
of non-MCS precipitation across all seasons. Non-
MCS precipitation is generally less dominant overall
but occurs more frequently from morning until noon.
During the MAM season, non-MCS precipitation
peaks, particularly between 115°E and 117°E, while
in the DJF season, it appears more evenly distributed
but remains less dominant than in MAM. The
amplitude of non-MCS precipitation is consistently
higher in the 115°E—117°E region across all seasons,
suggesting that these areas are more susceptible to
localized, short-duration rainfall events.
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Figure 3. Time series graph of mean precipitation
(mm/h) for MCS (thick line) and non-MCS
(dashed line) over Borneo Island, covering
the latitude range of 4°N to 7°N and the
longitude range of 108.5°E to 119.5°E.
Each color represents a different season:
blue for the DJF season, green for the
MAM season, red for the JJA season, and
yellow for the SON season. For each
season, the statistical analysis includes
three key metrics: amplitude (magnitude of

variation), phase (timing of peak
precipitation), and variance (spread of the
data).

Figure 3 compares the diurnal cycles of MCS and
non-MCS precipitation, demonstrating that MCS
precipitation is significantly more dominant,
particularly during the DJF season, when it can be
more than double that of non-MCS precipitation.
MCS events predominantly occur from night to early
morning, like patterns observed in Central America,
where MCS precipitation peaks during the same
timeframe [29]. Meanwhile, non-MCS precipitation
generally peaks from midday to late afternoon. These
findings align with previous studies on the mesoscale
convective complex (MCC) development process
over Kalimantan, where surface wind convergence—
comprising westerly winds from Sumatra, northerly
winds from the South China Sea, and southerly winds
from Java—contributes to convective cloud uplift,
with MCC systems reaching their maximum size at
midnight and dissipating by morning [16].

Seasonal variability of MCS precipitation. As
shown in Figure 4, MCS precipitation over the ocean
is more dominant than over land. Precipitation
produced by MCS appears dominant in the West
Kalimantan, Sarawak, Central Kalimantan, and Java
Sea regions, especially in the DJF season with daily
precipitation intensity values above 10 mm/day.
MCS-related precipitation dominates the South China
Sea region near Borneo during the DJF and SON
seasons. In Central and West Kalimantan,
precipitation predominantly occurs during the DJF
(December—January—February) and MAM (March—
April-May) seasons compared to other periods. In the
JJA season, MCS precipitation is seen to be less
dominant than in other seasons.
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Figure 4. Spatial distribution of average MCS precipitation (shaded, mm/day) each season.

Figure 5 shows the frequency of MCS precipitation,
which represents the number of precipitation events
generated by MCS. What is calculated here is not the
intensity of the precipitation but the number of
precipitation events. The frequency of MCS rain on
Borneo Island varies greatly depending on the season
and location. The frequency of MCS precipitation is
dominant in the Central Kalimantan, West
Kalimantan, and Sarawak regions throughout the
season, except for the JJA season, which is only
dominant in the South China Sea. The frequency of
MCS rain is highest in the DJF season compared to
other seasons in almost all areas of Borneo Island.

During the MAM (March—April-May) season, MCS
precipitation is more pronounced over land than over
oceanic regions. This aligns with findings from [30],
which observed that MCS events occur more
frequently over land compared to coastal and open
ocean areas. The disparity is linked to synoptic-scale
environmental conditions, particularly baroclinic
instability prior to the onset of summer—a
mechanism also documented in Southern Africa [31].
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The dominance of mesoscale convective system
(MCS) precipitation during the DIJF season is
influenced by the substantial intrusion of air masses
from the East Asian landmass, which experiences
winter, toward the South China Sea. This monsoonal
wind generates strong landward airflow and
excessive rainfall along island chains and coastal
landmasses. During winter over the Asian continent,
the northeast monsoon winds intensify periodically
over one to several weeks, enhancing low-level
cyclonic vorticity off the northwestern coast of
Borneo. Consequently, the Borneo Vortex becomes
highly active during the boreal winter [32,33].

Conversely, during the summer season over the Asian
landmass, the intrusion of air masses is weaker,
resulting in reduced precipitation. Precipitation
dominance is primarily observed over inland Borneo,
driven by the wake effect, wherein sea breeze
circulation is enhanced on the sheltered side of the
island, leading to more significant rainfall on the
leeward side of mountain ranges exposed to synoptic
winds [34].
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Figure 5. Spatial distribution of MCS precipitation frequency percentage (shaded; percent) each season.
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Figure 6. Spatial distribution of MCS precipitation contribution in Borneo Island (shaded; percent) each season.

Contribution of MCS and non-MCS precipitation.
Figure 6 highlights the contribution of MCS to total
precipitation across Borneo Island. The MCS
contribution peaks during the DJF season, with
dominant regions including West Kalimantan, East
Kalimantan, the South China Sea, Sarawak, South
Kalimantan, and North Kalimantan, where MCS

precipitation accounts for over 50% of total rainfall.
This dominance may be linked to synoptic-scale
phenomena such as cold surges and the Borneo
Vortex, which enhance MCS cloud development,
particularly during cyclonic disturbances near Borneo
[35,36].
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Non-MCS precipitation refers to the proportion of
precipitation produced by non-MCS clouds relative to
total precipitation. It is calculated by subtracting
MCS precipitation from total precipitation. As shown
in Figure 7, the contribution of non-MCS
precipitation over Borneo Island generally ranges
from 20% to 40%. Non-MCS precipitation tends to be
more dominant over the land than the ocean,
exhibiting an inverse relationship with MCS
precipitation. The highest contribution of non-MCS
precipitation occurs during the JJA season across
most areas of Borneo Island. In other seasons, non-
MCS precipitation is more dominant in specific
regions, including parts of Sabah, Sarawak, North
Kalimantan, and South Kalimantan.

Although we did not specifically discuss precipitation
trends in Borneo Island, it is important to address this
topic briefly. As previously discussed, MCS
(Mesoscale Convective Systems) precipitation
contributes up to 50% of the total precipitation, while
non-MCS precipitation accounts for approximately
20-40%. Recent studies highlight a significant
warming trend across Borneo, particularly in its
eastern regions. Temperature data from 1991 to 2020
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show increases of 0.5°C to 2.5°C compared to the
baseline period of 1951-1980. This rise in surface
temperatures has contributed to shifts in rainfall
patterns, including a decline in prolonged light
rainfall events and a corresponding increase in short-
duration, high-intensity rainfall [37].

Based on simulations conducted by [38] to assess the
impact of land use and vegetation changes on rainfall
in Borneo Island, the results indicate that
deforestation, which converts forests into open land
or areas with high albedo, can reduce rainfall.
Deforestation decreases evapotranspiration, increases
albedo, and suppresses radiative energy and sensible
heat, thereby inhibiting convection and reducing the
supply of moisture supply to the atmosphere.
Consequently, rainfall in Borneo is reduced.
Conversely, changes in vegetation type that lower
evapotranspiration efficiency without altering albedo
can increase rainfall. Enhanced sensible heat and
reduced latent heat can promote more active
convection and draw in horizontal atmospheric
moisture flow. As a result, even though
evapotranspiration decreases, rainfall may still
increase.
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Figure 7. Same as Figure 6, but for non-MCS precipitation.
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4. Conclusion

Studies on MCS and non-MCS precipitation
characteristics on Borneo Island found different
characteristics in diurnal and seasonal variation
patterns and their contributions. MCS precipitation
shows an apparent diurnal cycle, with peaks at night
until early morning. Meanwhile, non-MCS
precipitation occurs during the day until the evening.
In addition, MCS precipitation is more frequent over
oceanic regions than over land, while non-MCS
precipitation follows the opposite pattern.

Seasonally, MCS precipitation peaks during the DJF
season. The highest intensities are observed in the
South China Sea, parts of West Kalimantan, Sarawak,
Central Kalimantan, and the Java Sea during DJF,
whereas MCS precipitation is less dominant in the
JJA season. The contribution of precipitation
produced by MCS reaches more than 50%, while non-
MCS precipitation only occurs around 20-40% of the
total precipitation. Knowledge of the differences in
precipitation characteristics produced by MCS and
non-MCS clouds is essential for hydrometeorological
disaster preparedness, agriculture, and understanding
climate and weather.
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