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ABSTRACT

The western Maritime Continent exhibits a pronounced regional diurnal cycle of rainfall, to
which the propagating Mesoscale Convective Systems (MCSs) make a significant contribution.
Using an automated tracking algorithm based on brightness temperature, we quantify the
contribution of MCSs to the regional diurnal cycle over Singapore and the South China Sea. MCSs
affecting the Singapore sector show two distinct peaks in the diurnal cycle, one in the early
morning and the other in the afternoon. These two diurnal peaks reflect the superposition of two
opposing MCS propagation pathways: eastward-propagating events originating from Sumatra and
westward-propagating events originating from the South China Sea and Borneo, respectively.
These propagation regimes occur under systematically different large-scale wind profiles.
Eastward and westward propagation are associated with distinct lower- and mid-tropospheric zonal
wind conditions, whereas upper-tropospheric winds provide less separation between the two
regimes. Seasonal changes in MCS directionality are consistent with changes in the preferred low-
level wind direction. The Madden-Julian Oscillation (MJO) modulates the relative frequency of
eastward- and westward-propagating events and thereby influences the regional diurnal cycle
through its effect on the environmental wind profiles. These results show that the regional diurnal
cycle over the western Maritime Continent is shaped not only by local land-sea thermal contrasts
but also by distinct populations of propagating MCSs whose preferred pathways are modulated by

the large-scale environment.
SIGNIFICANCE STATEMENT

Rainfall near Singapore and the South China Sea does not follow a single daily cycle. It is the
consequence of two different storm pathways, with one group moving eastward from nearby
Sumatra and another moving westward from Borneo and the South China Sea. These two storm
populations peak at different times of day and together regulate the regional daily rainfall cycle.
Their preferred propagation directions are linked to differences in the environmental wind profile,
which is modulated by large-scale tropical variability such as the Madden-Julian Oscillation.
Therefore, the daily rainfall cycle in the western Maritime Continent depends on large-scale
atmospheric conditions. Capturing this connection is important for simulating regional rainfall

variability in weather and climate models.
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1. Introduction

In the tropics, the diurnal cycle of convective activity and precipitation is a fundamental mode
of atmospheric variability and is especially pronounced in coastal and archipelagic regions with
complex topography (Yang and Slingo 2001). The Maritime Continent exhibits exceptionally
strong diurnal rainfall variability because its dense distribution of islands and shallow seas creates
sharp land-sea thermal contrasts and vigorous coastal circulations (Neale and Slingo 2003;
Sakaeda et al. 2017, 2020). Over islands and coastal regions, daytime solar heating destabilizes
the boundary layer over land, while sea-breeze and mountain-valley convergence favor convective
initiation. Overnight, the reversal of coastal circulations together with enhanced nighttime low-
level convergence over water favors rainfall over the adjacent seas (Mori et al. 2004; Ichikawa and
Yasunari 2006, 2008). Because of its large amplitude, the diurnal cycle accounts for a substantial
fraction of regional rainfall variability and projects strongly onto the mean precipitation over the
Maritime Continent (Neale and Slingo 2003). Yet models still struggle to represent both the phase
and amplitude of this cycle (Neale and Slingo 2003; Love et al. 2011; Christopoulos and Schneider
2021; Tang et al. 2021; Watters et al. 2021), and these errors contribute to substantial biases in
mean rainfall and latent heating over the Maritime Continent, which can also affect remote regions

through planetary wave responses (Neale and Slingo 2003; Love et al. 2011).

The diurnal cycle is shaped not only by convection that forms and rains locally, but also by
organized propagating systems that move away from their genesis regions. Among the most
important of these are Mesoscale Convective Systems (MCSs), which typically span hundreds of
kilometers and consist of convective cores embedded within broad stratiform rain areas that persist
well after initiation (Mapes and Houze 1993; Houze 2004, 2018). Over the Maritime Continent,
MCSs often develop over islands during late afternoon and early evening before moving offshore
overnight (Mori et al. 2004; Ichikawa and Yasunari 2006; Wu et al. 2009; Yokoi et al. 2019). A
prominent example is Sumatra squalls, eastward-propagating lines of thunderstorms that typically
initiate over Sumatra or the Strait of Malacca, cross Peninsular Malaysia and Singapore, and
continue into the South China Sea (Lo and Orton 2016; Chan et al. 2019; Nguyen et al. 2025).
These squalls are often accompanied by heavy rainfall and strong near-surface wind gusts that
substantially disrupt regional aviation and maritime operations (Lo and Orton 2016). They usually

reach Singapore in the early morning, several hours after their initial development (Lo and Orton
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2016; Nguyen et al. 2025). Thus, the diurnal rainfall cycle at a given location depends not only on
local convective initiation, but also on the timing, pathway, and frequency of propagating MCSs

that arrive from their genesis regions.

The propagation of MCSs has been attributed to several processes that are likely to act together
rather than in isolation. In squall-like MCSs, cold-pool outflows can trigger the successive
regeneration of convective cells ahead of the main rain area, while low-level wind shear helps
organize the convective line and sustain propagation in a preferred direction (Moncrieff and Miller
1976; Rotunno et al. 1988; LeMone et al. 1998; Weisman and Rotunno 2004). In coastal
environments, diurnal terrain heating or earlier convection can also generate gravity waves that
propagate away from their source. These waves can precondition the surrounding environment for
convection and trigger new cells ahead of the parent system (Mapes 1993; Mapes et al. 2003; Love
et al. 2011; Peatman et al. 2023). Both mechanisms explain rainfall propagation beyond simple
advection and highlight the important role of the background wind profile, which influences the
organization and propagation of convection along cold-pool boundaries and the dynamical and
thermodynamic response to gravity-wave forcing. Consistent with this view, previous studies have
shown that offshore rainfall migration around Sumatra, Borneo, and New Guinea occurs
preferentially on different coasts under different wind regimes (Ichikawa and Yasunari 2006, 2008;

Yanase et al. 2017; Yokoi et al. 2019).

This sensitivity to the environmental wind profile provides a natural link between MCS
propagation and large-scale atmospheric variability. If changes in the wind profile favor one
propagation pathway over another, large-scale disturbances that systematically alter the profile
should also affect the preferred direction of MCS propagation, and, in turn, the regional diurnal
cycle. Existing studies have already shown that the Madden-Julian Oscillation (MJO) and other
equatorial waves modulate the phase and amplitude of diurnal rainfall over the Maritime Continent
(Peatman et al. 2014, 2015; Vincent and Lane 2016; Dias et al. 2017; Sakaeda et al. 2017, 2020).
However, this modulation has been examined mostly in terms of rainfall amount, cloud type, and
land-sea contrasts. Recent work has further shown that the MJO and equatorial waves can
modulate MCS propagation speed over Southeast Asia (Crook et al. 2024). But it remains unclear
how the preferred direction of MCS propagation changes with the large-scale dynamical

environment and how these changes modify the regional diurnal cycle.
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To address these issues, this study examines the propagation characteristics of MCSs over the
western Maritime Continent and investigates how MCS populations with different propagation
directions contribute to the regional diurnal cycle. We focus on the western Maritime Continent,
with particular attention to Singapore and the adjacent South China Sea, where offshore convective
systems from both Sumatra and Borneo frequently converge over this important corridor for
aviation and maritime traffic. Using a tracking-based climatology, we identify the dominant
propagation regimes and quantify their separate contributions to the regional diurnal cycle. We
then compare the environmental wind profiles associated with these regimes to assess how
different background wind conditions favor eastward or westward propagation. Finally, we
examine how the MJO changes the frequency of these regimes through its modulation of the
environmental wind field. Section 2 describes the data and methodology, including the tracking
algorithm and the climatology of MCSs over the western Maritime Continent. Section 3 presents
the results for the Singapore-South China Sea sector. Section 4 provides the discussion and

conclusions.

2. Methodology

a. Data

MCSs in the present study are identified using the NCEP/CPC merged geostationary satellite
infrared brightness temperature (75) dataset (Janowiak et al. 2001, 2017). This dataset merges
observations from all available geostationary satellites and has an approximately 4-km spatial
resolution and a 30-min temporal resolution. This dataset has been shown to be suitable for

tracking deep convective systems (e.g., Feng et al. 2021; You and Deng 2022).

For the large-scale environmental fields, this study uses the fifth-generation ECMWF
atmospheric reanalysis data (ERAS), with a horizontal resolution of 0.25°x0.25° (Hersbach et al.
2020). For precipitation, we use version 7 of the Integrated Multi-satellitE Retrievals for GPM
(IMERG) Final Run, produced by NASA’s Precipitation Processing Center (Huffman et al. 2023).
IMERG provides satellite-based precipitation estimates at a 0.1°x0.1° spatial resolution and a 30-

min temporal resolution. MJO phases are defined using the daily Wheeler-Hendon Real-time
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Multivariate MJO (RMM) index (Wheeler and Hendon 2004). Days of RMM amplitude less than
1 are excluded from the MJO analysis.

b. MCS detection method

MCSs are identified from infrared brightness temperature using the object-based tracking
algorithm developed in You and Deng (2022) and You et al. (2024). At each time step, contiguous
cold cloud regions with 75» <221 K are first identified as candidate cloud objects. A candidate is
then classified as a cold cloud system (CCS) if its total area exceeds 30,000 km?. Tracks are
constructed by linking CCSs between successive brightness temperature images. A CCS is treated
as the same system if the overlapping area between two consecutive objects exceeds 50%,
evaluated either forward or backward in time. An MCS is finally defined as a CCS that persists for

at least 6 hours.

Threshold choices in Tr-based tracking vary substantially across studies because they depend
on both the dataset and the scientific objective (Dias et al. 2017; Houze 2018). This issue is
particularly relevant to the Maritime Continent, where upper-level clouds do not always
correspond closely to the location or intensity of surface precipitation (Yamada et al. 2010;
Peatman et al. 2014). We therefore adopt a strict definition with a cold cloud threshold of 221 K
and a minimum area threshold of 30,000 km?. These thresholds are stricter than those used in many
tropical MCS studies (e.g., Dias et al. 2017; Cheng et al. 2023; Crook et al. 2024) and are intended
to favor actively precipitating systems. In our analysis, this choice effectively removes cases with

weak precipitation and yields a sample that better represents the rain-producing systems of interest.
¢. Climatology of MCSs over the western Maritime Continent

MCS detection is conducted in the western Maritime Continent region (6°S—6°N, 93°-120°E)
from 2000 to 2024. The climatological genesis and occurrence frequencies are computed on the 4-
km brightness-temperature grid by counting MCS cloud pixels at genesis and throughout the full
lifetime of each MCS, respectively (the same approach is used for the other MCS climatology
maps). The resulting MCS climatology (Fig. 1) is broadly consistent with previous studies. MCS
genesis is concentrated over the major terrain of Sumatra and Borneo and along their western
coastal regions. Total MCS occurrence extends further offshore, especially off western Sumatra
and Borneo. The genesis and occurrence patterns of MCSs agree well with earlier studies on the

region’s rainfall (Yang and Slingo 2001; Mori et al. 2004; Ichikawa and Yasunari 2006). The broad
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spatial consistency between MCS occurrence (Fig. 1b) and the precipitation distribution (Fig. 1c¢),
particularly around Sumatra and Borneo, further suggests that the tracking captures the main rain-
producing systems. Values near the boundaries of the tracking domain should be interpreted
cautiously because systems entering or leaving the domain may have incomplete tracks and may

be less likely to satisfy the duration threshold.

MCS activity also exhibits a pronounced seasonal cycle and substantial interannual variability
across the region (Fig. 2). Over the western Maritime Continent, MCS frequency shows a modest
peak during March-May and a much stronger peak from October through January. During these
periods, low-level westerly and northwesterly flows in the intermonsoon seasons support
convective organization and offshore propagation (Lo and Orton 2016; Lu et al. 2021; Nguyen et
al. 2025). On the interannual timescale, MCS frequency closely matches the amount of
precipitation (Fig. 2b). Severe drought years in this region, such as 2015 and 2019 (Anyamba et
al. 2019; Ha et al. 2023), are characterized by low MCS frequency. The strong correlation between
rainfall and MCS frequency in this region on monthly and interannual timescales (Figs. 2b-c)
indicates that variability in organized convection is a major component of regional rainfall

variability.

Within this broader domain, Singapore and the equatorial South China Sea form a particularly
suitable region for examining MCS propagation. This sector lies between Sumatra and Borneo,
two major MCS genesis regions in the western Maritime Continent, and is therefore affected
frequently by systems propagating in multiple directions. It also forms an important corridor for
regional aviation and maritime traffic, making the timing and propagation of MCSs practically
important. The Results section therefore focuses on the propagation and characteristics of MCSs

affecting this region.
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Fig. 1. Climatological distribution of MCS genesis and occurrence over the western Maritime
Continent during 2000 - 2024. (a) Annual mean MCS genesis frequency and (b) annual mean
MCS occurrence frequency, both expressed as counts of identified MCS cloud pixels per 0.04° x
0.04° grid cell per year. Genesis is computed from MCS cloud pixels at the first tracked time,
whereas occurrence is computed from MCS cloud pixels throughout the full lifetime of each MCS.
(c) Annual mean precipitation from IMERG (mm day™).
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Fig. 2. Precipitation and MCS occurrence frequency over the western Maritime Continent.
(a) Monthly climatology and (b) interannual time series of precipitation (mm day™!; black) and
MCS occurrence frequency (green). (c¢) Scatterplot of monthly precipitation against MCS
occurrence frequency; the black line is the linear regression fit.
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3. Results

a. MCS propagation and the regional diurnal cycle

We first analyze tracked MCSs whose cloud pixels overlap a box covering the Singapore sector
(0°=2.5°N, 102.5°-105°E). The occurrence map for this subset shows a footprint extending from
central Sumatra across the Malay Peninsula into the equatorial South China Sea (Fig. 3a). The
annual cycle of this subset (Fig. 3b) follows the seasonality of MCS activity over the western

Maritime Continent discussed in Section 2 (Fig. 2a).

The diurnal cycle of MCS occurrence within the Singapore box has an interesting double-peak
pattern (Fig. 3c). The early-morning maximum is consistent with the timing of eastward-
propagating convection from Sumatra (Mori et al. 2004; Lo and Orton 2016; Nguyen et al. 2025).
If this Sumatra-origin population were the only contributor, however, the local MCS cycle would
be expected to show only a single morning peak. The additional afternoon maximum therefore
points to a second population with a different timing and likely a different propagation pathway.
Previous observational studies in this region have shown that diurnal rainfall migration over the
Maritime Continent can occur in multiple directions, including both offshore and onshore
migration around major islands (Yanase et al. 2017; Yokoi et al. 2019). The two peaks in Figure

3¢ thus likely reflect separate MCS populations with different propagation directions.

10
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Fig. 3. MCS activity in the Singapore sector. (a) Climatological distribution of MCS cloud pixels
from events overlapping the Singapore box (black box; 0°-2.5°N, 102.5°-105°E). (b) Seasonal
cycle and (c) probability density function of the diurnal cycle of MCS occurrence frequency within
the Singapore box.

To test this hypothesis, we divide the Singapore-sector events into the eastward- and westward-
crossing categories using 104°E (approximately the longitude of Singapore) as a reference
longitude (Fig. 4). Eastward events are defined as systems whose centroid longitude (averaged
across all cloud pixels) is located west of 104°E at genesis and moves to the eastern side of that
line by the end of the event, while westward events are defined in the opposite sense. This
definition provides a relatively clean separation of systems approaching Singapore from the east
and west, respectively. Note that the full cloud shield at genesis in Figure 4 can slightly extend

across 104°E even when the MCS cloud centroids are all located on one side of the longitude.

The two categories show a clear contrast in genesis region, seasonality, and diurnal cycle. The

genesis cloud pixels of eastward events are located mainly over Sumatra, whereas those of

11
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westward events are located primarily over the sea and coastal region to the east of the box (Fig.
4b). The seasonal activity of MCSs of both directions shows double peaks around March-June and
September-November (Fig. 4c), broadly corresponding to the two monsoon-transition periods. The
two curves add up closely to the total activity in Figure 3b. However, westward events show much
higher activity in September-November than during the March-June peak, whereas eastward
events show similar activity in the two seasons. We will demonstrate in Section 3b that this
seasonal change in MCS directionality is related to changes in the preferred wind direction over

this region.

(a) Eastward genesis (b) Westward genesis it
5°N ? ) |

AR 0.8

0° 0.6

0.4

505 1 0.2

100°E 105°E 110°E 100°E 105° 110°E
0.0

(c) Seasonality (d) Diurnal cycle
0.08 |
—eo— East —e— East
2T West 0.07 A —e— West
10 0.06 1
8
& - 0.05
a [a)
O 61 & 0.04
4 0.03
2 0.02
04 0.01
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 0 6 12 18 23
Hour (SGT)

Fig. 4. Eastward- and westward-crossing MCSs affecting the Singapore sector. Climatological
distribution of genesis cloud pixels for (a) eastward- and (b) westward-crossing MCSs. The vertical
dashed line marks 104°E. (c) Seasonal cycle and (d) probability density function of the diurnal
cycle of MCS occurrence frequency for eastward- and westward-crossing events, computed from
time steps during which MCS cloud pixels overlap the black box. The black boxes in panels (a)
and (b) denote the Singapore sector (0°-2.5°N, 102.5°-105°E).

Their diurnal cycles are also very different (Fig. 4d). Eastward events peak over Singapore in

the early morning, while westward events peak in the afternoon. This timing difference is

12
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physically consistent with their distinct source regions and travel paths. Convective initiation over
Sumatra is typically favored from late afternoon through evening due to the sea breeze and
mountain-induced convergence. The convection then propagates eastward for several hours before
affecting Singapore during the morning. By contrast, westward events originate from the nearby
coastal and maritime region to the east and contribute primarily to the local afternoon peak. Each
of these two populations corresponds to one of the diurnal cycle peaks seen in Figure 3c, showing
that the local diurnal cycle over Singapore is shaped by MCS regimes with distinct propagation

directions.

To place the Singapore-sector results in a broader regional context, we expand the target area
eastward to the equatorial South China Sea (2.5°S-2.5°N, 103°-109°E). This larger box provides
a more robust sample and is also the natural region in which to compare propagation pathways
because it lies between Sumatra and Borneo. The genesis distribution already shows two preferred
source regions (Fig. 5a), one over Sumatra and the other near the western coast of Borneo. The
genesis regions are clearly separated when the events are grouped by eastward and westward
propagation direction. For this expanded analysis, we separate events simply by their zonal
displacement, with eastward events defined by an end longitude greater than the start longitude
and westward events defined by the opposite. For this larger domain, this provides a clean
separation of eastward- and westward-propagating systems, as shown in Figure 5c-f. In both
categories, the dominant pattern is offshore propagation from the major islands into the South

China Sea.

13
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Fig. 5. Genesis and occurrence distributions of MCSs affecting the equatorial South China
Sea. Climatological distribution of cloud pixels (a) at genesis and (b) during occurrence for MCSs
with cloud pixels overlapping the equatorial South China Sea (black box; 2.5°S-2.5°N, 103°-
109°E). (¢), (d) As in (a), (b), but for eastward-propagating events. (e), (f) As in (a), (b), but for
westward-propagating events.

These two categories leave markedly different footprints on the regional diurnal cycle (Fig. 6).
Eastward-propagating events peak first off Sumatra and near Singapore in the early morning, and
the occurrence maximum then extends further eastward into the South China Sea by late afternoon.

Westward-propagating events show the reverse sequence with occurrence first peaking off the

western coast of Borneo in the early morning and then extending westward toward Singapore and

14
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Sumatra. These two populations exhibit nearly opposite diurnal evolutions, and together they
produce the broader regional counterpart of the double-peak cycle identified over the Singapore
box (Fig. 4c). The regional diurnal cycle is thus not simply a daily oscillation of local convective
activity, but a manifestation of preferred propagation pathways that recur at characteristic times of

day.

(a) Eastward max time

24

18

100°E 105°E 110°E

(b) Westward max}time

00

100°E 105°E 110°E
Fig. 6. Local time of maximum occurrence for MCSs overlapping the equatorial South China

Sea (black box, same as in Fig. 5). (a) is for eastward- and (b) is for westward-propagating events.
Times are shown in Singapore Standard Time (SGT).

Previous studies suggest that these pathways do not occur with equal frequency under all
environmental conditions. Off western Sumatra, for example, nighttime offshore migration was

observed on fewer than half of the observation days during the 2017 Years of the Maritime

Continent (YMC) campaign and was clearly favored under specific lower-tropospheric shear
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conditions (Yokoi et al. 2019). On longer timescales, the likelihood of offshore propagation from
Sumatra also varies with large-scale conditions under the influence of the MJO, ENSO, and the
Indian Ocean Dipole (Peatman et al. 2014, 2025; Nguyen et al. 2025). Therefore, the relative
importance of each regime and the corresponding timing pattern in Figure 6 can vary across a
range of timescales. This highlights the importance of modulation by the larger-scale conditions,

especially the environmental wind profiles, which motivates the analysis in Section 3b.

b. Environmental control of the MCS propagation direction

We first look at two representative cases, one eastward-propagating and one westward-
propagating, together with their zonal wind profiles derived from ERAS (Fig. 7). In the eastward
case, the cloud and precipitation move eastward within a pronounced lower- to mid-tropospheric
westerly jet extending from Sumatra into the South China Sea (Figs. 7a-b). The wind structure is
consistent with the profiles generally considered favorable for Sumatra squalls (Peatman et al.
2025). In the westward case, the wind profile features mild mid-tropospheric easterlies and weak
westerlies confined near the surface. In both cases, the lower-tropospheric shear is consistent with

the direction of MCS propagation (Rotunno et al. 1988; LeMone et al. 1998).
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Fig. 7. Examples of eastward- and westward-propagating MCS events. (a), (c) Hovmoller
diagrams of IMERG precipitation (contours; mm h™!; contour interval is 2 mm h'!) and brightness
temperature (shading), averaged over 2°S-2°N, for the eastward- and westward-propagating cases,
respectively. The two red dashed lines correspond to the western and eastern boundaries of the box
in Fig. 5 (103°E and 109°E). (b), (d) Vertical cross-sections of mean zonal wind from ERAS during
the corresponding event periods, averaged over 2°S-2°N. The black areas denote terrain estimated

from surface pressure averaged over 2°S-2°N.
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The wind profiles of these two cases are broadly consistent with the seasonal composites (Fig.
8). Across seasons, eastward events are associated with westerly anomalies throughout the
troposphere, whereas westward events show a pronounced low-level shear structure, with near-
surface westerly anomalies below easterly anomalies in the mid-troposphere. The overall anomaly
patterns are similar across seasons. In both propagation classes, upper-tropospheric anomalies tend
to be westerly, indicating a weakening of the climatological easterlies aloft. The upper-
tropospheric wind anomaly is thus not the main discriminator of MCS propagation direction in the
investigated domain. As shown in Figure 9, the distributions of 700 hPa zonal wind anomalies for
eastward and westward events are clearly distinct, whereas the distributions of 200 hPa zonal wind
anomalies show little separation. Previous work has similarly emphasized the importance of lower-
tropospheric wind structure for rainfall propagation direction, while upper-level flows can matter
more for the advection of anvil clouds and stratiform structures than for the propagation of the

rain-producing system itself (Yamada et al. 2010).
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Fig. 8. Seasonal composites of zonal wind anomalies associated with eastward- and
westward-propagating MCS events. Shown are vertical cross-sections of mean zonal wind
anomalies (with the seasonal mean subtracted) averaged over 2°S-2°N for eastward events (top
row) and westward events (bottom row). The black areas denote terrain estimated from surface
pressure averaged over 2°S-2°N.
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Fig. 9. Probability density functions of zonal wind anomalies associated with eastward- and
westward-propagating MCS events. Zonal wind anomalies (with the annual mean subtracted) at
(a) 700 and (b) 200 hPa, averaged within the black box in Fig. 5, for eastward (red) and westward
(blue) events. Vertical dashed lines indicate the median values for eastward and westward events.
(c) Daily 700 hPa zonal wind anomalies (with the annual mean subtracted) for April-June (AMJ;
black line) and September- November (SON; gray line), averaged within the black box in Fig. 5.
The vertical dashed lines are the same median values for eastward and westward events as in (a).
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Seasonal changes in MCS directionality in the Singapore-South China Sea sector (not shown;
qualitatively similar to Figure 4c) are consistent with changes in low-level wind direction. Figure
9c shows the daily 700 hPa zonal wind departures from the annual mean during the two periods of
peak MCS activity: April-June (AMJ) and September-November (SON). The number of days with
eastward wind anomalies exceeding the median value associated with eastward MCSs (red dashed
line), above which eastward MCSs are much more frequent than westward MCSs (Fig. 9a), is
similar in AMJ and SON. In contrast, days with westward wind anomalies stronger than the median
value associated with westward MCSs are much more frequent in SON than in AMJ. This
difference explains why eastward events occur at similar frequencies in AMJ and SON, whereas

westward events are much more frequent in SON, as shown in Figure 4c.

It is also notable that the propagation speed of both cases in Figure 7 is about 15 m s7!, clearly
faster than the environmental wind in each case throughout the troposphere. These systems
therefore cannot be interpreted as passive advection by the background flow alone but have their
own intrinsic propagation dynamics. The speed is also of the same order as the phase speeds
reported for diurnally forced gravity waves in tropical coastal regions and earlier Maritime
Continent studies (Mapes et al. 2003; Love et al. 2011), suggesting that gravity waves may
contribute to the rapid propagation of these events. Recent studies of offshore propagation over
Sumatra indicate that coherent propagation can occur with land-breeze and cold-pool density
currents maintaining the main convective line while gravity waves precondition the environment
further ahead (Peatman et al. 2023, 2025). While the relative importance of these mechanisms may
vary from case to case, the overall picture is that MCSs propagate through a combination of density

current and gravity wave dynamics, with the environmental wind profile setting a favored direction.
c. MJO modulation of MCS propagation

Since the preferred direction of MCS propagation is closely tied to the environmental wind
profile, large-scale disturbances that systematically alter that profile should also shift the relative
frequencies of eastward- and westward-propagating events. We therefore examine how MCS
propagation direction is affected by different phases of the MJO, the major contributor to tropical
intraseasonal variability. As shown in Figure 10, the frequencies of the two propagation types vary
substantially across the MJO lifecycle, defined here using the RMM index as mentioned in Section

2 (days with RMM amplitude smaller than 1 are excluded from the analysis). Previous studies of
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the regional diurnal cycle have generally emphasized stronger land convection ahead of the active
MIJO envelope and a delayed, more oceanic rainfall signal when the active envelope is over the
region (Peatman et al. 2014, 2015; Sakaeda et al. 2017, 2020). In the more local Singapore-South
China Sea sector considered here, the picture is not entirely consistent. Westward-propagating
events (with a delayed diurnal cycle near Singapore) are most frequent in phase 2, when the main
MIJO convective envelope is still over the Indian Ocean and approaching the western Maritime
Continent. Eastward-propagating events (with an earlier diurnal cycle near Singapore) are most
frequent in phase 6, when the envelope has shifted east of the Maritime Continent into the western

Pacific.

MCS Direction by MJO Phase

160 1 160 mm Eastward

mm \Westward

1401

1204

1004

801

60

40 1

201

MJO Phase
Fig. 10. Occurrence frequencies of eastward- and westward-propagating MCSs across
different MJO phases, defined using the RMM index. Days with RMM amplitude smaller than 1
are excluded.

The changes in the MCS propagation direction across MJO phases are consistent with the
associated atmospheric circulation anomalies. Figure 11 shows the large-scale convection and
atmospheric circulation anomalies (30-90-day bandpass filtered) associated with eastward and
westward events. In both lag-regression maps, the OLR anomalies show a coherent eastward-
propagating convective signal characteristic of the MJO. As indicated by the low-level

streamfunction, eastward events occur when the large-scale circulation favors anomalous westerly
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flow over the western Maritime Continent, whereas westward events occur when the circulation
favors anomalous easterly flow. Therefore, on the intraseasonal timescale, the wind profile changes
associated with eastward and westward cases shown in Figures 7-9 are embedded within broad
circulation anomalies rather than arising purely from local changes. The preferred MCS direction
over the western Maritime Continent is thus linked to large-scale disturbances such as the MJO
that modulate regional atmospheric circulation. When the MJO convective envelope shifts east of
the western Maritime Continent (phase 6), the low-level westerly flow is more favorable for
eastward propagation into the Singapore-South China Sea sector. By the same reasoning, westward
events are more prominent when the MJO convective envelope is approaching from the Indian
Ocean (phase 2), when the large-scale circulation produces anomalous low-level easterlies in this

sector.

Taken together, our results suggest that the MJO’s influence on the regional diurnal cycle in
the Singapore-South China Sea sector manifests in part through shifts in the relative importance
of opposing propagation regimes under different wind conditions. While earlier studies have
mainly emphasized MJO modulation of the diurnal cycle through changes in land-sea contrast and
in cloud cover and cloud type (e.g., Sakaeda et al. 2017), our results add that, on a more regional
scale, part of this modulation also operates through changes in the preferred propagation direction
of MCSs under different environmental wind profiles. Accounting for MCS propagation is
therefore important for understanding the local diurnal cycle. This finding also points to a potential
source of predictability, because changes in the regional diurnal cycle could be anticipated from

the evolving state of the large-scale atmospheric circulation.
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Fig. 11. Intraseasonal circulation and convection anomalies associated with eastward- and
westward-propagating MCS activity. Lag regressions of 30-90-day bandpass-filtered OLR
(shading; W m™) and 700-hPa streamfunction (contours; m? s'; blue dashed for negative
anomalies and red solid for positive anomalies; contour interval is 2.8x10° m? s™') onto the
occurrence frequency of eastward-propagating MCSs (left column) and westward-propagating
MCSs (right column).

4. Concluding Remarks

23



430
431
432
433
434
435
436
437
438
439
440
441

442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457

458
459
460

Using a brightness-temperature-based tracking climatology, this study examined how
propagating MCSs shape the diurnal cycle over the western Maritime Continent. We focused on
the events affecting Singapore and the South China Sea sector, where organized convection from
both Sumatra and Borneo frequently propagates. The results show that the regional diurnal cycle
over the western Maritime Continent cannot be understood as a purely local response to land-sea
thermal contrast. In the Singapore sector, MCS occurrence exhibits two preferred peaks in local
time, produced by two MCS populations with opposite propagation directions. Eastward-
propagating systems originate primarily over Sumatra and contribute most strongly to the early
morning peak, while westward-propagating systems form over the South China Sea and Borneo
and contribute most strongly to the afternoon peak. A similar conclusion holds when the analysis
is expanded to the equatorial South China Sea. The regional diurnal cycle is therefore the result of

a combination of MCS regimes with distinct propagation directions.

The shift between MCS propagation regimes is closely linked to the environmental wind
profile. Eastward and westward propagation occur under different lower- and mid-tropospheric
zonal wind conditions, while upper-level winds provide less separation between the two regimes.
MCSs often propagate faster than the environmental wind throughout the troposphere, indicating
that these systems have their own propagation dynamics. In this sense, the environmental wind
acts less as a steering flow than as a large-scale constraint that favors one propagation pathway
over another. Seasonal changes in MCS directionality are consistent with changes in the preferred
wind direction, explaining why westward MCSs occur much more frequently in September-
November, when anomalous low-level westward winds are more common during the Northern
Hemisphere cool season. Large-scale disturbances such as the MJO can thus modulate the relative
frequency of MCSs with different propagation directions by setting up different wind profiles.
Westward-propagating events are favored most strongly when the MJO convection is over the
Indian Ocean and reaching the Maritime Continent and the western Maritime Continent is
dominated by low-level easterly anomalies, while eastward events are favored most strongly when
the MJO convection has passed over the Maritime Continent into the western Pacific and low-

level westerly anomalies are dominant.

Our findings suggest a useful two-step view of the tropical diurnal cycle. One part of this
problem is about convective initiation, which depends more on local dynamical and

thermodynamic forcing such as surface heating and coastal and topographic convergence. The

24



461
462
463
464
465
466
467
468
469
470
471

472
473
474
475
476
477
478
479
480
481

482

483

484
485
486
487

488

489

second part is about the subsequent propagation of organized convection, including its preferred
direction and speed, which depends more on mesoscale dynamics and the environmental wind
profile and is continuously modulated by passing large-scale disturbances. Although MCSs are not
merely a response to an imposed large-scale state, the slowly varying circulation anomalies
considered here, such as those associated with the MJO, are often assumed to have their own
dynamics beyond the feedback from convective processes. It thus remains useful to interpret the
large-scale atmospheric circulation as a quasi-external constraint that systematically favors certain
propagation pathways on certain timescales. This perspective also has clear implications for
modeling. The realistic simulation of large-scale variability is indispensable for capturing MCS
propagation and the diurnal cycle, beyond allowing the model to trigger convection at the correct

local time.

The propagation mechanism of MCSs remains an important open question. Over the Maritime
Continent, MCS propagation is likely maintained by a combination of cold-pool density currents
and gravity-wave dynamics (Love et al. 2011; Peatman et al. 2023). It is worth noting that these
two are not necessarily independent mechanisms. Some studies of squall-line MCSs have
suggested that the cold pool and the associated rear-inflow could arise as part of a broad gravity-
wave adjustment to convective and stratiform heating rather than being solely driven by
evaporative cooling and melting beneath the stratiform region (e.g., Pandya and Durran 1996;
Houze 2004). An interesting future direction will therefore be to examine how these mechanisms
interact under different propagation regimes with varying environmental wind profiles and large-

scale states.
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All data used in this study are publicly available. The atmospheric variables at pressure levels
were obtained from the fifth-generation ECMWF reanalysis dataset (ERAS), available through the

Copernicus Climate Data Store (https:/cds.climate.copernicus.eu/datasets/reanalysis-eras-

pressure-levels). Brightness temperature data were obtained from the NOAA/NCEP/CPC merged
infrared brightness temperature product, archived by NASA GES DISC as the GPM_MERGIR
dataset (https://disc.gsfc.nasa.gov/datasets/GPM_MERGIR 1/summary). Outgoing longwave

radiation was obtained from the CERES SYNldeg product (https://ceres.larc.nasa.gov/data/).

Precipitation was obtained from IMERG (https://gpm.nasa.gov/data/imerg). The Wheeler-Hendon

Real-time Multivariate MJO (RMM) index used to define MJO phases was obtained from the

Australian Bureau of Meteorology (https://www.bom.gov.au/climate/mjo/).
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