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The influence of the Madden-Julian Oscillation (MJO) in its early phases on the diurnal cycle of rainfall in
Peninsular Malaysia during boreal summer was investigated. A composite of daily rainfall revealed noticeable
differences among west coast (WC), the Foothills of Titiwangsa (FT), Inland (IN), and the east coast (EC) regions.
During the initial MJO phases, there is a tendency for increased (decreased) rainfall probability along WC, FT,
and IN (EC). Notably, the most significant variations in precipitation tend to occur in the late afternoon to
evening (approximately 1400-2000 Malaysia Standard Time), when sea-breeze convergence and orographic
effects organize convection. The peak diurnal rainfall intensity could either double or halve the climatological
hourly rainfall mean, especially during Phase 2. Diurnal amplitude changes are quantified using evening
dominance over WC and near Titiwangsa Range (FT,IN), while EC exhibits weaker dominance. The MJO's distant
effects on Peninsular Malaysia result in alterations to the diurnal rainfall pattern during the early MJO phases
when the primary convection centre remains over the Indian Ocean. These conditions create a favourable
environment for local convection to dominate due to the weakening of the southwest monsoon wind. Along the
west coast, an intensified sea breeze results in enhanced onshore moisture transport that fuels local convection.
In contrast, the east coast is drier because opposing sea-breeze and monsoon flows reduce moisture transport
toward the northeastern coast. Overall, the MJO modulates the monsoon background, strengthening regional
forcing and enhances the west—east coast rainfall contrast.

1. Introduction orographic effects, which can be amplified or suppressed by intra-
seasonal changes in the large-scale environment.
During boreal summer in Peninsular Malaysia because the MJO

signal peaks near the northern hemisphere of the equator, extending

The main driver of intraseasonal rainfall variability over Maritime
Continent is widely known as the Madden-Julian Oscillation (MJO)

(Madden and Julian, 1972). It modulates regional meteorological ele-
ments like temperature, wind, and precipitation, while altering the
timing and intensity of diurnal cycle of rainfall, and air quality causing
substantial variations over the Maritime Continent (Jud et al., 2020;
Qian, 2020; Tan et al., 2022; Zelinsky et al., 2019; Zhu and Li, 2023).
However, the MJO signal over the Maritime Continent, especially in
Peninsular Malaysia is spatially non-uniform. It is strongly modulated by
seasonal background circulation, land-sea contrasts, topography, fric-
tional moisture convergence, and land-surface processes (Barrett et al.,
2021; Kikuchi, 2020; Li et al., 2020; Zhang and Dong, 2004). This sea-
sonality is important for Peninsular Malaysia because its rainfall is
strongly shaped by diurnal cycle driven by land-sea breeze and
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from the Bay of Bengal through the South China Sea to the eastern Pa-
cific Ocean (Zhang and Dong, 2004). Its propagation moves northward
through the equatorial region by passing through the MC via the South
China Sea and the Philippine Sea (Wang and Rui, 1990; Zhang and Ling,
2017). On the other hand, the Boreal Summer Intraseasonal Oscillation
(BSISO) is a key feature of subseasonal climate variability that exhibits
northward and north-westward propagation during this period (Jiang
et al., 2004; Kikuchi, 2020). While the BSISO predominantly propagates
in a north-south direction, the MJO is confined to east-west propagation
along the equator (Wang et al., 2018). The significant correlation be-
tween BSISO1 index and Real-time Multivariate (RMM) highlights the
eastward propagation of the MJO (Lee et al., 2013). This difference in
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propagation patterns results in each phenomenon influencing tropical
weather in distinct ways.

Prior research on the impact of the MJO on rainfall in the Maritime
Continent has primarily focused on boreal winter due to the higher
frequency of strong MJO signal days during this period (Zhang and
Dong, 2004; Zhou et al., 2022; Zhu and Li, 2023). Nevertheless, wet
rainfall anomalies observed during suppressed-to-transition stages over
the Maritime Continent (Phases 1 to Phase 3) (Birch et al., 2016; Da Silva
and Matthews, 2021; Lim et al., 2017). Over the western Maritime
Continent, the diurnal cycle of rainfall increases (decreases) during the
early (late) intraseasonal phases (Lu et al., 2019; Oh et al., 2012).
Rainfall tends to peak over land before the arrival of active convection
and shift offshore as the convective envelope becomes established over
the Maritime Continent (Birch et al., 2016; Zhou et al., 2022). Although
boreal summer generally exhibits weaker convective amplitude than
boreal winter over the Maritime Continent, the timing of the diurnal
rainfall peak remains unchanged (Marzuki et al., 2024). However,
despite evidence of the wet anomalies and diurnal cycle modulation
over the broader Maritime Continent, the regional characteristics and
physical mechanisms during boreal summer remain poorly understood
over Peninsular Malaysia. This knowledge gap is important because
rainfall over Peninsular Malaysia is strongly influenced by coastal con-
trasts (Strait of Malacca and South China Sea), complex terrain, and
mountain-valley circulation (Fujita et al., 2010; Jamaluddin et al., 2019;
Tan et al., 2022). Therefore, improving understanding of how boreal-
summer MJO phases modulate the diurnal rainfall cycle over Penin-
sular Malaysia is essential for interpreting sub-seasonal rainfall vari-
ability in this region.

This study utilises the RMM index to investigate the impact of the
eastward propagation of MJO during its early phases on Peninsular
Malaysia, focusing on the diurnal cycle of rainfall and wind circulation
during the boreal summer. The paper is organized as follows: Section 2
details the data sources and methodology. The study's results are pre-
sented in Section 3, followed by discussions in Section 4. Finally, the
summary is provided in Section 5. Overall, this study aims to enhance
our understanding of how the early phases of MJO impact local rainfall
variability during the boreal summer in Peninsular Malaysia. This con-
tributes to improving the accuracy of subseasonal and seasonal weather
forecasts for the region.

2. Data and method

For rainfall datasets, meteorological station data provided by the
Malaysian Meteorological Department (MMD) and a gridded dataset
from the Global Precipitation Measurement (GPM) Final Precipitation
L3 project with a 0.1° horizontal resolution were utilised (Kidd and
Huffman, 2011). The observation datasets consist of hourly rainfall
measurements from 22 rain-gauge stations located across Peninsular
Malaysia (99°E - 105°E, 1°N - 8°N) (Fig. 1). Stations were retained if
data completeness exceeded 98%, and missing values were preserved in
the original dataset and treated as missing during the analysis. Hourly
rainfall data were analysed to assess diurnal-scale variations. In this
study, gridded datasets were included due to the limited availability and
sparse distribution of hourly station data for climate simulations.
Therefore, gridded data were utilised to observe broader spatial distri-
butions of rainfall anomalies over both land and ocean. The daily
observation data represent accumulated 24-h data for a period
commencing at 0800 Malaysia time, corresponding to +0 UTC in the
recorded gridded data. To assess the reliability of the gridded dataset,
106 daily station data points were plotted alongside GPM data to
compare patterns, as detailed in Section 3.1. Peninsular Malaysia was
subdivided into four distinct sub-regions: West Coast (WC) (n = 6),
Foothill of the Titiwangsa Range (FT) (n = 5), Inland (IN) (n = 5), and
East Coast (EC) (n = 6) (Jamaluddin et al., 2019) (Fig. 1). This subdi-
vision was adopted to account for the strong regional modulation of the
diurnal rainfall cycle over Peninsular Malaysia. The latitude-longitude
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Fig. 1. Topography of Peninsular Malaysia and location of 24 rain-gauge sta-
tion data. The rectangular dotted show the area for vertical profile of moisture
flux divergence at 99.5°E-101.5°E and 5° N - 6.75°N, 100.5°E-102.5°E and 2.5°
N -3.5°N, 101.75°E-103.5°E and 5.25° N - 6.25°N, and 102.75°E-104.75°E and
3° N - 4°N.

Table 1

Location and elevation of twenty-four rain gauge data station across Malaysia.
Station Station Name Latitude Longitude Elevation
1D “) ©) (m)
West Coast (WC)
48,601 Bayan Lepas 5.30 100.27 2.8
48,602 Butterworth 5.47 100.38 2.8
48,603 Alor Setar 6.20 100.40 3.9
48,604 Chuping 6.48 100.27 21.7
48,620 Sitiawan 4.22 100.70 7.0
48,650 KLIA Sepang 2.73 101.70 16.3
48,665 Malacca 2.27 102.25 8.5
48,670 Batu Pahat 1.87 102.98 6.3
Foothills of Titiwangsa (FT)
48,623 Lubok_Merbau 4.80 100.90 77.5
48,625 Ipoh 4.57 101.10 40.1
48,647 Subang 3.12 101.55 16.5
48,648 Petaling Jaya 3.10 101.65 60.8
48,651 Kuala Pilah 2.73 102.25 144.0
Inland (IN)
48,642 Batu Embun 3.97 102.35 59.5
48,649 Muadzam Shah 3.05 103.08 33.3
48,653 Temerloh 3.47 102.38 39.1
48,672 Kluang 2.02 103.32 88.1
48,679 Senai 1.63 103.67 37.8
East Coast (EC)
48,615 Kota Bharu 6.17 102.28 4.6
48,616 Kuala Krai 5.53 102.20 68.3
sge1g  Kuala . 5.38 103.10 5.2

Terengganu_Airport

48,619 K.K.Terengganu 5.33 103.13 5.33
48,657 Kuantan 3.78 103.22 15.3
48,674 Mersing 2.45 103.83 43.6
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coordinates and elevations of these stations are provided in Table 1.

The Real-time Multivariate index (RMM) developed by Wheeler and
Hendon (2004) is a widely used indicator in numerous research studies.
The RMM is designed to define the phase and amplitude of the MJO by
projecting daily anomaly data onto the two-leading pairs of empirical
orthogonal functions (EOFs) derived from the combination of Outgoing
Longwave Radiation (OLR), 850-hPa zonal winds, and 200-hPa zonal
winds, equatorially averaged over 15°S to 15°N. MJO days are consid-
ered in the calculation when the amplitude is higher than 1.0. This study
utilised the RMM by the Bureau of Meteorology Australia (BOM) to track
MJO (available at http://www.bom.gov.au/climate/mjo).

The analysis covers approximately 18 years (2001-2018) across all
datasets and focuses on the 3-months of boreal summer
(June—July-August). This period was selected based on the availability
of quality controlled hourly rain-gauge observations over Peninsular
Malaysia to ensure a uniform and directly comparable analysis between
station observations and gridded datasets. A rainy day is defined as a day
with at least 1 mm of rainfall. The significance of MJO modulations in
terms of the probability of a rainy day for each MJO phase was assessed.
The probability of a rainy day at each station was averaged within sub-
regions for each phase. Intraseasonal variations in rainfall were exam-
ined by calculating anomalies for the early phases of the MJO using the
RMM index. Rainfall anomalies were calculated for both daily and
hourly rainfall data depending on the analysis. These anomalies were
obtained by subtracting the corresponding JJA climatological mean
(daily or hourly) from the observed rainfall for each phase. The seasonal
climatological mean was calculated by averaging the rainfall values for
boreal summer over the entire period. Subsequently, composite mean
rainfall anomalies were created by averaging rainfall anomalies across
Phase 1 to Phase 4. The statistical significance of the rainfall composites
was evaluated using a Monte Carlo resampling method (Wilks, 2011).
This random sampling was repeated 300 times to obtain robust esti-
mations, and the results were assessed at the 5% significance level using
a two-sided test.

To observe variations in regional air movement, a comprehensive
dataset of wind circulations, moisture flux divergence, specific humid-
ity, and air temperature were obtained from the fifth generation of the
European Centre for Medium-Range Weather Forecasts (ECMWF)
Reanalysis, known as ERA5 (Hersbach et al., 2020). The analysis focuses
on the lower troposphere (1000-800 hPa), which directly controls
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moisture transport and convective convergence, and the mid-upper
troposphere (800-100 hPa) to characterise large-scale modulation of
the atmospheric column. To assess thermodynamic conditions, com-
posite temperature anomalies were analysed alongside moisture flux
divergence to identify phase-dependent changes in atmospheric stability
and the land-sea thermal contrast associated with diurnal rainfall vari-
ability. In addition, to examine changes in atmospheric circulation, the
hourly composite vertical profile of moisture flux divergence was ana-
lysed at 99.5°E-101.5°E and 5° N - 6.75°N, 100.5°E-102.5°E and 2.5° N —
3.5°N, 101.75°E-103.5°E and 5.25° N — 6.25°N, and 102.75°E-104.75°E
and 3° N - 4°N was analysed (Fig. 1).

3. Result
3.1. MJO impact on daily rainfall

The results indicate that anomalous daily rainfall and 850-hPa wind
patterns across Peninsular Malaysia are strongly associated with MJO
phases (Fig. 2). Distinct daily rainfall patterns emerge along the west
and east coasts of Peninsular Malaysia for each phase. In Phase 1, dry
conditions are observed in parts of the northeastern Peninsular
Malaysia, while the west coast experiences notably wetter conditions.
Progressing to Phase 2, significantly wetter conditions are recorded
across the west coast, contrasting with drier conditions along the
northern east coast. Additionally, prevailing easterly anomalies domi-
nate Peninsular Malaysia and its surrounding areas during the early
phases, indicating a weakening of the southwesterly monsoonal wind
(Fig. 2b). Comparatively, during boreal winter during Phases 1 and 2 are
characterised by drier conditions across Peninsular Malaysia (Da Silva
and Matthews, 2021; Lim et al., 2017). This highlights the seasonal
differences in eastward-propagating MJO-associated weather conditions
between boreal summer and winter in Peninsular Malaysia.

During phase 3, wet rainfall anomalies across Peninsular Malaysia
begin to diminish over land while remaining dominant over the sur-
rounding seas, resulting in fewer stations with significant rainfall
anomalies across the peninsula. A northwesterly wind flow crosses
Peninsular Malaysia toward its southern region, with stationary wind
patterns are observed over the South China Sea near the northeastern
coast of the peninsula. Rainfall anomalies are generally higher over the
ocean than over land. By Phase 4, weather conditions over Peninsular
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Fig. 2. a) Composites of daily station rainfall anomaly (mm/day) and for Phase 1 to Phase 4 and daily climatology rainfall over the Peninsular Malaysia, significant
value with bold triangle and b) Composites of daily GPM rainfall anomaly (mm/day) and wind at 850-hPa (m/s) for Phase 1 to Phase 4 and daily climatology rainfall

over the Peninsular Malaysia, significant value with shaded area.
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Malaysia shift, with drier conditions on the west coast and wetter con-
ditions along the east coast. The westerly wind anomaly intensifies the
southwesterly monsoonal wind from Sumatra, crossing Peninsular
Malaysia toward the South China Sea. Overall, the impact of the MJO is
more pronounced along the west coast than on the east coast across most
phases. The patterns of significant values between station data and the
gridded dataset align closely, suggesting that the gridded dataset is
suitable for further analysis of the diurnal cycle, as discussed in the next
section.

The probability of rainy days in the West Coast (WC) region increases
by approximately 1.38% in Phase 1, 10.93% in Phase 2, and 8.4% in
Phase 3 compared to the boreal summer (JJA) baseline (See Fig. 3.). In
Phase 4, this probability decreases by about 2.82%. Moving toward
central Peninsular Malaysia, stations in the Foothill of Titiwangsa Range
(FT) and Inland (IN) regions show a similar pattern, with increased
probabilities for rainy days during the early phases. Both FT and IN
regions experience increases of around 4.28% to 4.44% in Phase 1 and
notable rises of approximately 9% to 11% in Phase 2, with FT showing
slightly higher values than IN. In Phase 3, IN records a 5.1% increase in
rainy days, while FT shows a smaller increase of 3.96%. Both regions
then exhibit a decline in the probability of rainy days in Phase 4, ranging
from 7.98% to 8.46%. In contrast to the other regions, the East Coast
(EC) shows a decrease in the probability of rainy days from Phase 1
(—2.39%) to Phase 2 (—0.41%). This trend reverses in the later phases,
with an increase of 3.24% in Phase 3 and a slight rise of 0.43% in Phase

45 T T T T T

Percentage (%)

JUA P1 P2 P3 P4

S
(&}

N N w w P
o (&) o o o
T

Percentage (%)

=
3]

10

JJA P1 P2 P3 P4

Atmospheric Research 339 (2026) 109052

4. These results show a phase dependent shift in where rainy-day
probability is enhanced, with the strongest increases concentrated
over WC, FT, IN in Phases 1-2 (peaking in Phase 2), while the EC be-
comes wetter later (Phase 3-4). This pattern is consistent with the
propagation MJO as the convective envelope approaches the Maritime
Continent. As a robustness check, the daily rainfall composites were also
recomputed separately for El Nino-Southern Oscillation (ENSO) years
(not shown). Additional composites stratified by ENSO phase (not
shown) indicate that the main phase-dependent spatial rainfall anomaly
patterns remain qualitatively consistent across ENSO conditions. ENSO
primarily affects the magnitude of the anomalies rather than the overall
spatial pattern.

3.2. MJO impact on diurnal cycle

In addition to the significant differences in rainfall diurnal patterns
associated with MJO phases, notable variations were observed in eve-
ning rainfall, which tended to occur between 1400 MST and 2000 MST,
especially over FT and IN (Fig. 4 (b,c)). In contrast, a negative rainfall
anomaly was recorded over the EC during the same period (Fig. 4(d)).
For the WC, the rainfall anomaly was most pronounced in the early
morning from 0100 MST to 0400 MST. Compared to the climatological
hourly average rainfall, the anomaly during the early MJO phases can
either increase or decrease the diurnal rainfall peak by up to twice the
normal amount. According to Joseph et al. (2008), the heightened
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convective activity in the afternoon can be attributed to the convergence
of sea breeze and crosswinds emerging from gaps in the Titiwangsa
Range highlands. The interaction of sea breezes from the west, east and
the southern part of the east coast further enhances afternoon convec-
tion. The narrowness of the peninsula and the absence of mountain
ranges in the southern region of Peninsular Malaysia (Fig. 1) increase
the likelihood of collisions between the west coast and east coast bree-
zes. This pattern of increased rainfall along the west coast of Peninsular
Malaysia is also observed during the inter-monsoon period.

To quantify the influence of intraseasonal variability on the ampli-
tude of the diurnal cycle rainfall, we computed the normalized relative
amplitude (NRA) (Rauniyar and Walsh, 2011) (Table 2). NRA defined as
the mean rainfall during 0000-1100 MST minus that during 1200-2300
MST, normalized by the JJA climatological mean rainfall. Negative
(positive) NRA indicates an evening (morning) dominant rainfall rela-
tive to climatology. Overall, the strongest intraseasonal modulation
occurs over the western and central region (WC, FT, IN). Over WC, NRA
is negative in Phase 1-2 (—0.209, —0.174) and turn positive in Phase
3-4(0.351, 0.069), indicating a shift from evening to morning dominant
rainfall. Over the regions near the Titiwangsa Range (FT, IN), NRA is
strongly negative during Phases 1-2, ranging from —0.537 to —1.191 in
FT and from —0.708 to —0.584 in IN. This indicates a strong enhanced
evening dominance. In later phases, FT becomes positive in Phase 34
(0.566, 0.839). Meanwhile IN remains negative through Phase 3
(—0.739) before shift to positive in Phase 4 (0.856), coincident with
suppressed evening rainfall (—0.155 mm/h) and near zero morning
anomalies (0.002 mm/h). In contrast, EC shows weaker modulation,

Table 2

Composite hourly rainfall anomalies relative to the seasonal climatology for WC,
FT, IN, and EC during selected phases. For each region and phase, the table lists
the average evening anomaly (12-23 MST), average early-morning anomaly
(00-11 MST), and the normalized diurnal amplitude. The positive (negative)
NRA indicates a stronger morning (evening) dominance of rainfall relative to

climatology.

Region  Phase  Evening anomaly Morning anomaly Normalized
(12-23 MST) (00-11 MST) Relative Amplitude
(mm/h) (mm/h) (NRA)
WC 1 0.015 —-0.031 —0.209
2 0.108 0.069 -0.174
3 0.071 0.150 0.351
4 —0.062 —0.047 0.069
FT 1 0.136 0.022 —0.537
2 0.280 0.026 -1.191
3 0.002 0.123 0.566
4 —-0.191 —0.013 0.839
IN 1 0.137 0.006 —0.708
2 0.146 0.039 —0.584
3 0.131 —0.004 —0.739
4 —0.155 0.002 0.856
EC 1 —0.042 —0.013 0.139
2 0.042 0.033 —0.044
3 0.070 0.044 —0.122
4 —0.048 0.016 0.308

with small NRA values with positive in Phase 1 and Phase 4 (0.139,
0.308) and slightly negative in Phase 2-3 (—0.044, —0.122). Overall, the
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diurnal cycle amplitude is strongly modulated over WC and the regions
near Titiwangsa Range (FT, IN), while changes over EC are compara-
tively weak.

The differences in rainfall anomaly peaks between the sea and land
can be observed in the morning (0200 MST) and late evening (1800
MST) using the GPM rainfall dataset (Fig. 5). Climatological patterns
indicate that rainfall predominantly occurs over the ocean during the
early morning, particularly in the Strait of Malacca. By late evening,
rainfall shifts to land areas across Peninsular Malaysia, with heavy
rainfall concentrated in the northeastern part of the region. During the
early phases of the MJO, the rainfall anomaly peak is observed in the
morning over the Strait of Malacca, while the evening anomaly peak
covers the west coast and inland areas of Peninsular Malaysia. In
contrast, reduced rainfall is observed in the northern part of the east
coast, including adjacent areas of the South China Sea. In phase 3, the
early morning rainfall anomaly peaks in the northwest of the region.
Meanwhile, in the evening, the rainfall anomaly becomes more
dispersed with less rainfall observed throughout Peninsular Malaysia. As
the MJO progresses into Phase 4, wet and dry conditions show distinct
patterns that differ from those in the earlier phases of the MJO.

Heavy rainfall along the west coast of Peninsular Malaysia is corre-
lated with the prevailing wind pattern (Jamaluddin et al., 2019; Joseph
et al., 2008). Although minor discrepancies exist due to differences in
gridded data resolution, the diurnal variation in rainfall (Fig. 5) closely
mirrors the temporal evolution of low-level moisture flux divergence
(Fig. 6). The climatological maximum convergence and wind patterns
exhibit an eastward movement toward the east coast region, particularly
in the evening. The planetary boundary layer becomes unstable due to
solar heating at the surface and in the atmosphere, with this instability
peaking during the day and causing maximum convergence near the
Titiwangsa Range in the afternoon.

During the early phases of the MJO, particularly in Phase 2,
convergence and divergence are unstable near the Titiwangsa Range.
More substantial convergence anomalies with slower wind speeds occur
along the west coast. Additionally, northeasterly anomaly winds weaken
the climatological southwesterly winds. As a result, the diurnal peak
becomes prominent in the late evening across most parts of west coast of
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Peninsular Malaysia. In Phase 3, in the morning, the strong convergence
in the northern part of the west coast, and strong divergence in the
central part of the west coast near the Strait of Malacca result in a
positive rainfall anomaly across much of the northwest coast. By the
evening, strong and unstable divergence near the Titiwangsa Range
weakens the climatological pattern. In Phase 4, the remaining low
divergence near the eastern side of the Titiwangsa Range along with
westerly winds transporting moisture away, resulting the in drier-than-
normal conditions across Peninsular Malaysia.

Fig. 7 shows composite temperature anomalies over Peninsular
Malaysia in JJA for Phase 1-4 at 0200 MST and 1800 MST, together with
the JJA climatology. In Phase 1 and 2, cooler than normal conditions at
0200 MST are apparent over the peninsula. This is consistent with
enhanced nocturnal cloudiness and nearby convective activity over
nearby. By 1800 MST, the negative temperature anomalies are
concentrated over the coastal of west coast and Strait of Malacca (peak
at Phase 2). In contrast, relatively warmer anomalies along parts of the
east coast suggest reduced cloud cover and weaker convective cooling
compared with the west coast. This further emphasizes the different
between west and east coast anomalies. During Phase 3, negative
anomalies remain widespread over Peninsular Malaysia from 0200 to
1800 MST. This indicates generally cooler land conditions and a weaker
land-ocean thermal contrast. By Phase 4, temperatures become warmer
than normal over land at 0200 MST, and by 1800 MST the warm
anomalies extend offshore. This indicates that a reduced cloud cover and
supressed convective cooling overall.

4. Discussion

During boreal summer, the impact on rainfall in Peninsular Malaysia
appears to be more significant during the early suppressed phases
associated with the eastward-propagating MJO than during the active
MJO phases. The early MJO phases lead to two distinct weather pat-
terns: i. wet conditions across most areas of Peninsular Malaysia,
particularly along the west coast, and ii. dry conditions in the northern
part of the east coast region (Fig. 2). Our analysis reveals that the rainfall
anomaly can either increase or decrease by up to twice the
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climatological mean during the late evening rainfall peak (Fig. 4). This
diurnal modulation is quantified by the normalized relative amplitude
(NRA) (Table 2), which shows the strongest phase dependence over WC
and the regions near the Titiwangsa Range (FT and IN), with evening-
dominant rainfall, especially in Phase 2. In contrast, EC exhibits weak
NRA, with a smaller shift from morning to evening rainfall. The dis-
cussion will further examine the diurnal cycle variations during the

early suppressed phases of the MJO (Phases 1 to 3) and the active MJO
phase (Phase 4) in Peninsular Malaysia. Additionally, differences in the
diurnal cycle between the west and east coast regions will be explored.

In this study, the “regional effects” refer to the coastal and topo-
graphic controls that shape the diurnal cycle of rainfall (sea-land bree-
zes, coastal exposure to the Strait of Malacca and South China Sea, and
the Titiwangsa Range). The MJO acts as primarily as a large-scale
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modulator by altering the background monsoonal flow and thermody-
namic environment, thereby strengthening or suppressing the regional
diurnal response. The southwesterly monsoonal wind plays a crucial role
in enhancing the sea breezes during boreal summer in Peninsular
Malaysia. The oscillations in the local sea breeze are responsible for
changes in the maximum diurnal rainfall peak during various MJO
phases. The collision between anomalous high-speed sea breezes and
gap flows from mountainous areas leads to a significant increase in
rainfall from the afternoon to late afternoon across the region. Consis-
tent with the rainfall behaviour, the composite temperature anomalies
show cooler-than-normal conditions during Phases 1-3 (especially
Phase 2), indicating stronger convective cloudiness. Meanwhile, Phase 4
shifts to warmer anomalies, indicating suppressed convective over land.
Further evidence was provided by analysing the vertical profile of
moisture flux divergence over the west coast, divided into various sec-
tions, as follows: i. 99.5°E — 101.5°E averaged at 5°N — 6.75°N, and ii.
100.5°E - 102.25°E averaged at 2.5°N — 3.50°N (Fig. 8). Similarly, for
the east coast, the selected areas were: i. 101.75°E — 103.5°E averaged at
5.25°N - 6.25°N, and ii. 102.75°E — 104.75°E averaged at 3.0°N - 4.0°N

02 MST

18 MST

02 MST

18 MST

a) Vertical profile moisture flux divergence average from 5°N — 6.75°N

Phase 1 Phase 2 Phase 3
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(Fig. 9). The study examined horizontal moisture flux patterns between
1000 hPa and 100 hPa at 0200 MST and 1800 MST. The vertical profile
of specific humidity anomalies demonstrates that the local sea-land
breeze plays an important role during Phase 1 to Phase 4 of the MJO
in Peninsular Malaysia (Fig. 10).

On the west coast, the JJA climatology represents the general pattern
of moisture flux divergence during the early morning when atmospheric
stability is typically higher. This stability often results in mild moisture
convergence near the surface and minimal divergence aloft. The
concentrated convergence flux closer to the low-level atmosphere near
the ocean indicates less moisture accumulation over the land. By late
evening, the climatology shows pronounced moisture convergence at
low-level due to peak heating supported by the divergence aloft directed
toward the land. This pattern reflects the influence of land heating and
the inland movement of oceanic moisture during the evening.

In the early morning of Phase 1 and Phase 2, the atmospheric sta-
bility with minimal anomalous divergence near surface facilitates
moisture accumulation away from the land. However, in the late eve-
ning of Phase 1, moderate low-level anomalous convergence and
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a) Vertical profile moisture flux divergence average from 5.25°N — 6.25°N

Phase 1

Phase 2

Phase 3

Phase 4

Atmospheric Research 339 (2026) 109052

JA - Climatology

100

7 w0 2
36 E
200 - 200 /7 : 200 22
Z 7 5
3001, , z 300 ////// 20{ 4 4 e - .. 4 2
3
w00 400 : wf ~ ~ ~ « « <« J4 5 s
= -
Vs s0{r - - = - - 500 a5
= o %
N o JEEEES, . g o . ’§§
-8
700 700 ————— 700 12
800 800 e 800 — 20 x
850 850 —_—— — — 850 E
~ - B
0 &z &Y R S Mg = =7
1000 1000
1018 102.2 102.8 103.2 102.8 101.8 102.2 102.8 103.2 101.8 102.2 102.8 103.2 101.8 102.2 102.8 103.2 =
10gigmys 10gikgmys 10gikgmys 10gkgmis Lo grigmys
Phase 1 Phase 2 Phase 3 Phase 4 JJA - Climatology T
100 100 40 2
7 6 €
200 . wf .4 20 2 g
300 . ! . > & s 300 4 5 5 300 > > i ! 3 a ta 2
&/ L0 3
w | 7, - / ! . o« . B -
& K4 7% 74 777/8% .k
D s o2 L - = = s00 4~ - - so0 ‘5
= 7 o %
AREa B . e S e e =%
2 a1 600 7; e
(-
Tuf
-162
a0 B x
850 T = -28%
A
23 S -1 F =22

102.2

102.8

10 gitkgmis

-10 -8

102.8

10 gitkgmis

102.8

10 gitkgmis

-4

-2 o 2
Moisture Flux Divergence Anomaly (g/(kg-m)/s)

b) Vertical profile moisture flux divergence average from 3°N - 4°N

Phase 1

Phase 2

Phase 4

1000

1018 102.8 1032

10 gikgmlis

JJA - Climatology

100 100 100 100
200 » //// //// 200 200 200
400 . / e . 400 -~ 400
—
s . . o o o e s00 ML~ so S . . . . .
b 7
N s/ — — — — —, 600 600 SR
° %
700{ e — — L 700 700
800 \7—,&.—._._.____ 800 B e
a0 Zxa— poes T T T TR
& P B qgp it B L L =
1000 000 1000 +- +
Toos 1052 1058 o2 1048 058 10a2 1032 08 1082 loos 132 1o%8 sz 1048 lo2s 152 lovs 14z 1048
10 g/(kg-m)/s 10 g/tkg'm)/s 10 g/(kgm)/s 10 g/tkg'm)/s 10 gflkg'm)/s
Phase 1 Phase 2 Phase 3 Phase 4 JIA - Climatology
100 100 100 100 -
Z
200 200 200 2 200 y/ . Z
00 00 - 400 04/0 S /7
I
o] -~ . . . . 500
s
0 0] — — — s 600
-~
700 { j Ep— 700
o //—_,_,_
a0 — = o) e e ———
3% L= — = 90 g
= —
“ 1000

1038

1038

1042

1032

10 gitkgmyis 10 gltkgm/s

10 gltkgm/s

1048 1028 1032

1038

104.2 1028 1038 104.2 1048

10 gllkgmis 10 gllkgmis

r & - 2 - a >

i & ” 0

Fig. 9. Vertical profile of moisture flux divergence from 1000 hPa to 100 hPa for east coast Peninsular Malaysia at a) 101.75°E — 103.5°E averaged at 5.25°N —
6.25°N, and b) 102.75°E - 104.75°E averaged at 3.0°N — 4.0°N with significant value at 95% (shaded) at 0200 MST and 1800 MST.

minimal anomalous upper-level divergence create conditions for mod-
erate convective potential along the west coast. In Phase 2, the inter-
action between monsoonal and anomalous winds, along with the
opposing interaction between anomalous surface-level convergence and
significant anomalous divergence aloft, combined with climatological
surface divergence and low-level convergence, supports more intense
evening convection and a pronounced onset of convective activity.
During the early morning Phase 3, peak convective activity in the
northwest region is driven by strong anomalous surface to low-level
convergence, with wind directed toward land which create a favour-
able condition to sustain convective energy overnight, indicating read-
iness for an active convective cycle. Meanwhile, in the central west
coast, strong anomalous low-level divergence interacting with climato-
logical low-level convergence enhances upward transport moisture. By
Phase 4, a gradual decline in activity with slightly more energy present
in late evening than in the morning is observed. This pattern aligns with
the daily heating cycle leading to reduced convective energy at night.
On the east coast, the southwesterly sea-land breeze during boreal
summer winds is stronger compared to that on the west coast. At 0200
MST, divergence dominates at low levels offshore and extends from low

to mid-levels over land. This indicates limited near-surface moisture
accumulation and reduced upward moisture supply. The moisture
divergence flux levels over land areas are slightly higher than those on
the west coast, potentially indicating a stronger diurnal influence in the
region. At 1800 MST, the northeast region exhibits strong moisture
convergence near the surface driven by daytime heating over land. The
surface winds indicate flow that is either inland-directed or coast-
parallel, implying that moisture is transported toward the coastal zone
and supports cloud formation and rainfall. Meanwhile, near the south-
east coast, low-level winds show strong divergence near land, indicating
that moisture is not accumulating at the surface but is instead trans-
ported away, resulting in reduced surface rainfall. This contrasts with
the west coast, where low-level convergence is more frequently
observed during the evening, supporting moisture accumulation and
enhanced rainfall. The modulation of the local sea breeze over the west
coast region was consistent with previous studies (Qian, 2008; Qian
et al., 2013).

In Phase 1, moisture flux slightly increases compared to the JJA
climatology, with a modest rise in anomalous divergence near the sur-
face at 0200 MST. By 1800 MST, the interaction between monsoonal and
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anomalous winds along with mild moisture convergence near the sur-
face and low-level divergence limits the upward transport, reflecting a
weaker pattern. During Phase 2, high anomalous moisture flux diver-
gence over land inhibits cloud formation, reducing rainfall over the east
coast. As a result, the east coast receives less rainfall compared to the
west coast which experiences wetter conditions. In Phase 3, land cooling
stabilises conditions, reducing upward moisture flux and supporting a
low-level offshore flow. This movement transports residual moisture
from land to ocean resulting in limited precipitation over land at 0200
MST. By 1800 MST, daytime heating over land triggers strong convec-
tion, drawing moist air from the ocean toward land at lower levels.
Rising moisture then diverges back to the ocean at low to mid-level
forming a convective loop that supports rainfall over land while redis-
tributing moisture offshore. In Phase 4, the anomalous moisture flux
divergence profile weakens, leading to minimal upward flux and weaker
convection However, localized shallow convection can still occur under
weak divergence anomalies (Figs. 8-9), and the associated low-level
moisture conditions are examined using Fig. 10. In general, the char-
acteristics of the local sea breeze along the east coast are similar to those
observed along the west coast. However, observations during the early
phases are evident in i. the shallow depth of the sea breeze and ii. the
stronger return flow caused by the prevailing monsoonal wind (Fig. 8,
Fig. 9). These differences contribute to the contrasting rainfall anomalies
between the west and east coasts of Peninsular Malaysia.

The vertical profile of specific humidity anomalies averaged at 5.0°N
- 5.75°N from 95°E to 105°E, covering Sumatra to Malaysia, was ana-
lysed to assess local and large-scale influences (Fig. 10). In Phase 1,
localized positive anomalies indicate wetter conditions from Sumatra to
the west coast of Peninsular Malaysia, while negative anomalies suggest
drier conditions on the east coast. These anomalies are strongest in the
lower troposphere and weaken with altitude suggesting a predominantly
regional influence driven by coastal effects, diurnal heating, and land-
sea interactions. In Phase 2, positive anomalies intensify over Sumatra
and the west coast, while the east coast remains dry at low levels. The
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vertical extension of positive humidity anomalies indicates a deeper
moist layer and enhanced convective potential. However, the anomalies
remain spatially limited, indicating that the influence is predominantly
regional, with larger-scale variability providing only secondary modu-
lation. By Phase 3, positive anomalies intensify from Sumatra to
Peninsular Malaysia, with moisture extending into the mid and upper
troposphere, indicating a broader and more sustained presence of
moisture. Sumatra remains dry due to local effects, while Peninsular
Malaysia moistens through coastal and convective processes. In Phase 3,
positive moisture anomalies extend into the mid-troposphere, indicating
a deeper moist layer than in Phases 1-2. In Phase 4, the contrast between
the west and east coasts becomes evident, with dry conditions on the
west coast of Peninsular Malaysia and convective conditions on the east
coast. Overall, these results show that moisture anomalies over Penin-
sular Malaysia evolve systematically from suppressed to transition
phases (Phase 1-3), when moistening strengthens and deepens over the
peninsula. In the active phase (Phase 4), the maximum moisture shifts
toward east coast.

5. Summary

Rainfall anomalies in Peninsular Malaysia are influenced by inter-
action between large scale intraseasonal forcing associated with
eastward-propagating MJO-related and regional controls include
southwest monsoon background flow, coastal land-sea breeze circula-
tions, and the orographic influence of Titiwangsa Range. The key
contribution of this study is that during boreal summer, the strongest
wet modulation of the diurnal cycle occurs in the early suppressed to
transition phases (Phases 1-3). In these phases, convection is shifts in
both timing and location between the Strait of Malacca/west coast and
east coast/ South China Sea, even though the main MJO convective
centre remains over the Indian Ocean. In contrast, the diurnal modula-
tion shifts with dry weather over west coast in Phase 4 (active MJO).

A comparison between the west and east coast regions revealed
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distinct convective behaviours. During MJO Phases 1-2, Peninsular
Malaysia is generally wetter especially along the west coast, while
moisture-flux divergence and specific-humidity profiles show enhanced
moistening in the west and drier low-level conditions over the east coast.
At the same time, the thermodynamic response shows cooler near-
surface temperature anomalies during the early phases, consistent
with enhanced cloudiness and precipitation-related cooling over the
peninsula, with the strongest cooling during Phase 2. The enhanced
diurnal cycle modulation is also quantified by normalized relative
amplitude (NRA), which shows strongest phase dependence over WC
and the regions near Titiwangsa Range (FT,IN) with evening dominant
rainfall. These results indicate that local convection along the west coast
and the Titiwangsa-adjacent interior is amplified when MJO-related
circulation anomalies weaken the southwest monsoon background
flow and favour stronger sea-breeze convergence and onshore moisture
supply. In Phase 3, regional processes dominated moisture dynamics.
Nighttime cooling stabilised the atmosphere, promoting offshore flow,
while daytime heating over land triggered convection, drawing moist air
from the ocean and sustaining potential rainfall across Peninsular
Malaysia. By Phase 4, Peninsular Malaysia experienced a reversal of
earlier conditions. The west coast became drier, while some areas in
northeastern Peninsular Malaysia experienced wetter conditions. This is
primarily due to regional diurnal processes drive the pattern, and the
MJO related large scale anomalies modulate its intensity.
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