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Abstract The diurnal cycle of convection in the Maritime Continent (MC) has been hypothesized to act as a
barrier to the eastward propagation of the Madden-Julian oscillation (MJO). To test this hypothesis, we use a
regional model with realistic MJO to simulate an event from the boreal spring of 2013 that weakened and stalled
over the MC. Two simulations are conducted: one that includes the diurnal cycle of insolation (CTL), and
another without it (NO_DC). The MJO in the simulations was identified and tracked using a large-scale
precipitation tracking method that distinguishes propagation and non-propagation unlike the usual Real-time
Multivariate MJO method. In the NO_DC simulation, the absence of diurnal heating reduces land precipitation,
allowing more continuous eastward MJO propagation. An analysis of moist static energy budget reveals that
MJO maintenance in NO_DC is due to increased longwave heating and reduced advection, whereas the
persistent MJO propagation in NO_DC is due to increased advection and reduced longwave heating and surface
latent heat flux. These processes, however, may vary across different parts of the MC, emphasizing the
complexity of MJO propagation across the MC.

Plain Language Summary The Madden-Julian Oscillation (MJO) is a major large-scale weather
system with a roughly 30-60-day cycle that influences tropical rainfall and global atmospheric circulation. As
the MJO moves eastward across the Indo-Pacific Maritime Continent (MC), its strength often diminishes,
making it difficult to predict. One possible reason for this weakening is the strong daily cycle of heating and
cooling over the MC's islands, which creates land-sea breezes and localized thunderstorms. To investigate this,
we used a high-resolution weather model to simulate an MJO event under two conditions: one with the natural
daily solar radiation (CTL) and one without it (NO_DC). Our results show that when the daily heating cycle is
removed, the land-sea breeze weakens and rainfall shifts from land to ocean, allowing the MJO to move more
smoothly across the region. This suggests that the absence of daily heating reduces disruptions in the large-scale
moisture and energy transport that drive MJO propagation. Our findings highlight the critical role of the daily
solar radiation cycle in shaping tropical weather. Improving how weather models represent these processes
could lead to more accurate forecasts of the MJO and its global impacts, including extreme weather events.

1. Introduction

The Indo-Pacific Maritime Continent (MC) is a geographically complex region characterized by numerous
islands and enclosed seas along the equator (Ramage, 1968). Surrounded by warm sea surface temperatures
(SSTs), the MC experiences pronounced deep convection that is amplified over land, particularly over elevated
terrain (Abhik, Hendon, & Zhang, 2023, Abhik, Zhang, & Hendon, 2023; Hagos et al., 2016; Kerns &
Chen, 2016; D. Kim et al., 2020; Rui & Wang, 1990; Salby & Hendon, 1994; Tan et al., 2022; Zhang &
Ling, 2017). This enhanced convection over the larger islands often disrupts the Madden-Julian oscillation (MJO;
Madden & Julian, 1971), the dominant mode of sub-seasonal atmospheric variability in the tropics, leading to its
weakening or stalling as it propagates through the MC (e.g., Bai & Schumacher, 2022; Hsu & Lee, 2005; Ling
etal., 2019; Pohl & Matthews, 2007; Tan et al., 2020; Yadav & Straus, 2017; Zhang & Hendon, 1997). Despite its
importance, MJO propagation through the MC remains poorly represented in many numerical models (Jiang
et al., 2020; D. Kim et al., 2009; H. M. Kim et al., 2016), posing significant challenges to its skillful prediction
(Ahn et al., 2020; Ray et al., 2011; Seo et al., 2009; Vitart & Molteni, 2010; Wang et al., 2019; X. Zhou
et al., 2024). However, recent studies suggest that this forecast barrier is not an intrinsic limitation to the MJO but
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can be mitigated with improved understanding of key physical processes and their representations in models (e.g.,
H. Kim et al., 2021; Neena et al., 2014).

One potential contributor to the MJO prediction barrier in the MC is its interaction with the region's pronounced
diurnal cycle of convection (Abhik, Hendon, & Zhang, 2023, Abhik, Zhang, & Hendon, 2023; Li et al., 2020).
Forced by strong land-sea breeze circulations, the diurnal cycle drives significant convection and precipitation,
especially over larger islands like Sumatra, Borneo, and New Guinea (Ichikawa & Yasunari, 2006, 2008; Tan
et al., 2021; Yang & Slingo, 2001; Y. Zhou et al., 2022, 2023). While the diurnal cycle plays a crucial role in
shaping the tropical climate and its variability (Houze et al., 1981; Love et al., 2011; Lu et al., 2019; Mori
et al., 2004; Rauniyar & Walsh, 2011; Yamanaka, 2016), its influence on MJO propagation remains elusive as
some MJO events are weakened over the MC, while others propagate across the MC unaffected (e.g., Barrett
et al., 2021; Peatman et al., 2014; Rauniyar & Walsh, 2011; Tian et al., 2006; Wei et al., 2020).

Some studies suggest that strong diurnal convection over land may interfere with MJO convection over adjacent
oceanic regions, weakening its signal (Sobel et al., 2010; Zhang & Ling, 2017). Numerical simulations have
shown that reducing the amplitude of the diurnal cycle of convection over land can enhance MJO propagation
(Hagos et al., 2016; Oh et al., 2013; Wei et al., 2020), possibly through moist entropy advection (Jiang, 2017)
associated with the moisture mode framework (Jiang et al., 2020) of the MJO. Furthermore, shading effects from
cirrus clouds ahead of the propagating MJO may lead to SST cooling, thereby reducing available moist static
energy (MSE) (Karlowska et al., 2024; Matthews, 2000; Suzuki, 2009; Tian et al., 2006). However, while these
processes occur on the sub-seasonal time scale, the physical mechanisms through which the diurnal cycle of
insolation affects MJO propagation across the MC remain unclear.

Moreover, while extended-range and seasonal forecast models do include the diurnal cycle of insolation, many of
these models still struggle to capture the eastward propagation of the MJO through the MC (Jiang et al., 2020;
D. Kim et al., 2009; H. M. Kim et al., 2016). This indicates that the challenge lies not in the absence of the diurnal
cycle per se, but in how diurnally-forced land—sea contrasts and related diurnal convection interact with the large-
scale evolution of MJO convection. To address this gap, we investigate the impact of the diurnal cycle of insolation
on MJO amplitude and propagation in the MC using regional model simulations. Unlike conventional MJO
tracking methods that rely on the Real-time Multivariate MJO (RMM) index (Wheeler & Hendon, 2004), we use a
recently-developed tracking approach to distinguish propagating from non-propagating MJO events. Additionally,
we conduct a budget analysis of MSE to explore the physical mechanisms through which the diurnal cycle in-
fluences the simulated MJO amplitude and propagation. The rest of the paper is organized as follows: Section 2
describes the model, data, and methods, followed by the results in Section 3 and conclusions in Section 4.

2. Methods, Model, and Data
2.1. Model and Data

To investigate the role of the diurnal cycle on the MJO, two simulations were conducted using version 4.4 of the
Weather Research and Forecasting (WRF) model with the Advanced Research WRF dynamic core (Powers
etal., 2017). The first simulation, referred to as the control (CTL) simulation, included the natural diurnal cycle of
incoming solar radiation at the top of the atmosphere (TOA). The second simulation, a sensitivity experiment
(NO_DC), maintained a constant daily mean solar flux (Figure 1b). The model domain extends from 20°S to 20°N
and from 87°E to 158°E (Figure 1a), with most analyses focused on the 10°S to 10°N region. In our experiments,
the diurnal cycle of insolation was removed across the full model domain (20°S-20°N, 87°E-158°E), ensuring
that the treatment is not sensitive to the choice of a specific sub-domain. Both simulations were performed with a
10 km grid spacing and 43 vertical levels. The 10 km grid spacing allows the WRF simulations to explicitly
resolve mesoscale land—sea breeze circulations and their associated diurnal cycle of convection, consistent with
previous studies of the MC (e.g., Ling et al., 2019; Love et al., 2011; Y. Zhou et al., 2022). Initial and boundary
conditions were obtained from the ECMWF Reanalysis v5 (ERAS) data set (Hersbach et al., 2020). Further
details on model configurations and physics parameterizations are provided in Table 1. The simulations covered
1-31 May 2013, with output recorded every 3 hr. We selected May 2013 because it featured a well-documented
MJO event that propagated into the MC and subsequently weakened, providing a clear case to examine the barrier
effect of the diurnal cycle. This event has also been studied in prior work (Ling et al., 2019; Ren et al., 2021),
reinforcing its relevance for sensitivity experiments. Moreover, this period is characterized by neutral ENSO,
thereby minimizing the influence of interannual variability and allowing us to isolate more directly the role of the
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Figure 1. (a) Model domain (87°E-158°E, 20°S—20°N) and the primary focus area (black rectangle, 90°E-155°E, 10°S—
10°N) along with topographic height (m, shaded) and sea surface temperature (K, shaded) for May 2013. (b) Top of the
atmosphere downwelling shortwave radiation (W m™) from the CTL and NO_DC simulations averaged over the simulation
period (1-31 May 2013). (c) Madden-Julian oscillation (MJO) propagation from 1 May 2013 to 31 May 2013 as represented
in the phase space based on the Real-Time MJO Multivariate (RMM) index of Wheeler and Hendon (2004).

Model (WRFv4.4) specifications and parameterizations

Reference

Horizontal resolution

Vertical layers

Temporal resolution

Model top

Microphysics

Cumulus parameterization

Surface layer parameterization
Longwave and shortwave radiation
Planetary boundary layer

Initial and boundary conditions

10 km
43

3 hourly

10 hPa

WREF Single Moment 6 (WSM6) scheme

modified Tiedtke scheme

Noah land surface model scheme
Rapid Radiative Transfer Model for GCMs (RRTMG) schemes
Yonsei University (YSU) Scheme

ERAS reanalysis

Lim and& Hong (2010)
Tiedtke (1989)

Chen and& Dudhia (2001)
Tacono et al. (2008)

Hong and Lim. (2006)
Hersbach et al. (2020)
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diurnal cycle in MJO propagation. While we acknowledge that SST biases could influence the background state,
our conclusions are based on a relative comparison between CTL and NO_DC simulations, both driven by
identical ERAS forcing. This design minimizes the impact of potential absolute SST biases on the key results of
this study.

To analyze precipitation characteristics, we use satellite observations from the Tropical Rainfall Measuring
Mission (TRMM, Liu et al., 2012). TRMM was a joint mission between NASA and JAXA designed to monitor
tropical and subtropical rainfall and improve our understanding of the global water and energy cycle. In this study,
we use the TRMM 3B42 version 7 product, which provides 3-hourly precipitation estimates on a 0.25° X 0.25°
latitude—longitude grid. The 3B42 algorithm combines information from TRMM's Precipitation Radar, the
TRMM Microwave Imager (TMI), and other passive microwave sensors, and calibrates them against rain gauge
observations to reduce bias. This data set has been widely used for studies of tropical precipitation variability,
diurnal cycle, extreme rainfall, and hydrological applications.

2.2. Methods
2.2.1. Large-Scale Precipitation Tracking (LPT)

We used the large-scale precipitation tracking (LPT, Kerns & Chen, 2016, 2020) method to identify MJO events
and track their propagation. We chose LPT because it identifies coherent precipitation systems and distinguishes
between propagating and non-propagating events, in contrast to the traditional RMM index, which often cannot
differentiate stalled convection from eastward-moving disturbances (Kiladis et al., 2014). The LPT method has
been successfully applied in prior MJO studies (Kerns & Chen, 2016; Savarin & Chen, 2023) and has been shown
to robustly capture the spatial and temporal characteristics of MJO-related precipitation. While no single tracking
metric is without limitations, LPT provides a more direct precipitation-based framework that aligns with the
objectives of our study.

The LPT method identifies large-scale precipitation features using a threshold for 3-day accumulated rainfall rate.
For this study, we set the threshold at 10 mm day ™" based on tests with thresholds ranging from 5 to 15 mm day ™.
Lower thresholds tended to merge extensive areas of warm pool precipitation into a single feature, whereas higher
thresholds resulted in fragmented, shorter tracks — neither of which is characteristic of the MJO. Only precip-
itation features with a minimum size of 400 grid points (approximately 4 X 10* km?, or 200 km X 200 km) were
considered. Additionally, the centroids of these precipitating features had to be within 15°S-15°N latitude.
Precipitation features were identified every three hours from model outputs from 01 May 2013 to 31 May 2013,
providing a detailed temporal resolution for tracking the evolution and movement of these features. This approach
allows us to effectively monitor the progression and characteristics of MJO-related precipitation across the MC.

2.2.2. Column-Integrated Moist Static Energy (MSE) Budget

The MSE is defined as the sum of dry static energy (DSE) and latent energy (LE), and is given by:

MSE=C,T+gz+L,q (1)
DSE=C,T + gz @)
LE=L,q 3)

where T is the air temperature, C,, is the specific heat at constant pressure, z is the height, g is the gravitational
acceleration, ¢ is the specific humidity, and L, is the latent heat of condensation.

The column-integrated MSE budget in pressure coordinates is given by (e.g., Ren et al., 2021):

OMSE
<

E
o >+ LH’ + SH’ + <LW>' + <SW>' + R @)

oMS
>! = —<V, - VMSE>' — <w

where < > indicates a mass-weighted vertical integral from the surface to 100 hPa, and the prime indicates
anomalies. V), is the horizontal wind,  is the vertical velocity, p is the pressure, LH and SH denote latent and
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Figure 2. The diurnal cycle of (a) mean rain rate (mm day_l), (b) 10 m winds (m s™1), (c) surface latent heat flux (W m™2),
and (d) surface sensible heat flux (W m™~2) averaged over the islands from Tropical Rainfall Measuring Mission (solid gray
line), CTL (solid black lines) and NO_DC (dashed black lines) simulations during 01-31 May 2013.
sensible heat flux at the surface, respectively, and LW and SW represent the column-integrated longwave and
shortwave radiative heating rates. The residual is denoted by R. Equation 4 shows the local tendency of MSE on
the left, while the first two terms on the right-hand side represent horizontal advection (HADV) and vertical
advection (VADYV) of MSE.
To assess the contributions of individual budget terms to the maintenance and propagation of MSE anomalies, we
project these terms onto the MSE anomalies and their tendencies, following Andersen and Kuang (2012). The
contribution of a source x to the maintenance (mm) and propagation (p) of the MJO is calculated as:
[lx" M|
Sp(x) = —— = 5
w0 = g )
llx” (oM’ /01)]|
Spx) = ; ; (6)
(@M’ /or)(oM’ /01)]|
where IlAll is the integral of A over the domain considered, and x” and M’ are MSE budget terms in Equation 4 and
MSE column-integrated anomaly, respectively.
3. Results
3.1. Impact of the Diurnal Cycle of Insolation
The NO_DC simulation exhibits a noticeably weaker diurnal variation in precipitation, with reduced rainfall over
land compared to the CTL simulation (Figure 2 and Table 2). This reduction is primarily due to a weaker con-
vection over the land (Hagos et al., 2016). Additionally, the absence of a diurnal radiation cycle in NO_DC
reduces variability in near-surface meteorological variables, such as winds and humidity, resulting in minimal
variation in surface latent and sensible heat flux (Figures 2¢ and 2d). Overall, latent heat flux in the NO_DC
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Table 2 simulation is reduced by 21.8 W m~2 (—=17.9%), and sensible heat flux de-
Precipitation (mm Day™), Surface Skin Temperature (K), Surface Latent creases by 22.4 W m~? (—54.2%) compared to the CTL. This decline in
Heat Flux (W m™2) and Surface Sensible Heat Flux (W m~2) From CTL, surface latent heat flux is due to decreased precipitation and winds (Figures 2a

NO_DC, and Their Difference (NO_DC Minus CTL) Over the Islands of the  and 2b), whereas the reduction in sensible heat flux is due to weaker near-

Maritime Continent for 01-31 May 2013

surface winds (Figure 2b) and air-sea temperature contrast (not shown).

CTL NO_DC NO_DC-CTL ) o ) ,

The effect of the diurnal cycle on MJO propagation is examined using the

Precipitation 11.2 7.7 =3.5(=31.3%) LPT method (Figure 3). In the CTL simulation (Figure 3a), the MJO dissi-
Surface temperature 299.3 300.5 1.2 (0.4%) pates around Sumatra, highlighting the barrier effect of the MC. In contrast, in
Latent heat 121.5 99.7 —21.8 (=17.9%) the NO_DC simulation (Figure 3b), the MJO persists longer, advancing
Sensible heat 413 18.9 224 (=54.2%) farther east with a propagation speed of ~5.3 m s™'. Figure 4 presents the

composite of large-scale precipitation associated with the MJO following
Kerns and Chen (2020), clearly showing the barrier effect in CTL and the
successful MJO crossing in NO_DC. By 20 May 2013, the MJO reaches New Guinea, with its centroid pro-
gressing across the MC before dissipating near 135°E. These results indicate that removing the diurnal cycle
allows the MJO to maintain its strength and propagate further across the MC compared to the CTL simulation.
The causes behind this are explored next through an analysis of the MSE budget.

3.2. Mean Precipitation and Moist Static Energy

Figure 5 illustrates the horizontal distributions of the 10-day (10-20 May 2013) mean precipitation and column-
integrated MSE, DSE, and LE (see Equations 1-3). In the CTL simulation (Figure 5a), precipitation is heavier
over the islands and lighter over the ocean. In contrast, the NO_DC simulation (Figure 5b) shows the opposite
pattern, with more precipitation over the ocean and less over the islands. The decline in precipitation over the
islands (Figure 5c) is particularly pronounced over southwestern Borneo and New Guinea.

The MSE structures (Figures 5d and 5e) are primarily driven by the LE (Figures 5j and 5k), with a high pattern
correlation coefficient (CC = 0.76), while the DSE (Figures 5g and 5h, CC = 0.39) remains relatively uniform.
This is consistent with previous studies (Ren et al., 2021). As a result, the difference in MSE (Figure 5f) between
the CTL and NO_DC simulations is mainly due to differences in LE (Figure 51). In the oceanic regions sur-
rounding the islands in the MC, MSE is higher in the NO_DC compared to the CTL (Figure 5f), resulting in
enhanced oceanic precipitation that facilitates smoother MJO propagation across the MC, and is consistent with
Ling et al. (2019).

Similar to the horizontal structure (Figure 5), the vertical structure of MSE differences (Figure 6a) aligns more
closely with the LE differences (Figure 6¢) (CC = 0.73) than with the DSE (Figure 6b) (CC = 0.39). Longitudinal
variations in MSE in the mid-to lower troposphere are primarily driven by LE, particularly between 110°E and
130°E. In contrast, DSE differences (Figure 6b) remain relatively uniform along longitudes except in the

20N = May 20 2013
10°N— 7May182013
May 16 2013
1

W= = V. | |May 14 2013

= - .
P May 12 2013
20°S 20°S M May 10 2013

T T T
90°E 105°E 120°E 135°E 150°E 90°E 105°E 120°E 135°E 150°E

0 375 750 1125 1500 1875 2250 2625 3000 3375 3750 [M]

Figure 3. Topographic height (shaded, m) and spatiotemporal evolution of large-scale precipitation objects from the (a) CTL
and (b) NO_DC simulations during 10-20 May 2013. Color shading of the contours represents time, with initial times
depicted in navy blue and later times in magenta. The black line indicates the daily path of the centroid of large-scale
precipitation objects. The average propagation speed of Madden-Julian oscillation for NO_DC based on panel b is about
53ms~" (4.1° day ™).
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Figure 4. The Daily precipitation at representative stages of the Madden-Julian oscillation life cycle in large scale precipitation from the (left) Tropical Rainfall
Measuring Mission, (middle) CTL and (right) NO_DC simulations for (a—c) 12 May 2013, (d—f) 14 May 2013, (g—i) 16 May 2013, and (j-1) 18 May 2013.

boundary layer and near 200 hPa. The area-averaged profiles of MSE differences (Figure 6d) are most pro-
nounced around 950 hPa and 500 hPa. The CTL simulation shows higher MSE over land and lower MSE over the
ocean compared to NO_DC (Figure 5). The diurnal radiation cycle amplifies daytime convection over land, which
strongly influences vertical energy transport. Ocean-dominated regions (e.g., 120°E to 130°E) in the NO_DC
simulation exhibit greater moisture and warmer temperatures in the lower layers of the troposphere (Figure 6d).
This is because the absence of the diurnal cycle reduces convection over land, leading to stronger convection over
the ocean, which efficiently ventilates heat and moisture from the planetary boundary layer (PBL) to higher
altitudes (Figure 6d).

Conversely, in land-dominated regions, the NO_DC simulation shows lower MSE than the CTL, as the removal
of the diurnal cycle weakens vertical mixing and convection, thereby limiting the ventilation of heat and moisture
from the PBL. These differences highlight the importance of vertical mixing and deep convection in controlling
heat and moisture distribution. The role of these differences in the horizontal and vertical structures of MSE
between the CTL and NO_DC simulations on the maintenance and propagation of the MJO is explored next.
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Figure 5. (Left panels) Mean (10-20 May 2013) (a) precipitation (mm day_l), column-integrated (d) moist static energy (106 J kg_l), (g) dry static energy 10°J kg_l) and
(j)latent energy (10°J kg™") from CTL over the Maritime Continent. Middle panels (b, e, h, k) are the same as the left panels but from NO_DC. Right panels (c, f, i, 1) are the
difference (NO_DC-CTL). Dotted areas in (c, f, i, 1) indicate where the difference is statistically significant at the 95% level based on a student's 7-test.

3.3. Maintenance and Propagation of the MJO

The differences in MSE closely align with the differences in LE below 200 hPa and with DSE above 200 hPa. The
largest MSE difference occurs at 500 hPa, reaching 0.8 kJ kg ™', with LE differences (0.66 kJ kg™") accounting for
82% of the total MSE difference in Figure 6d. This indicates that LE is the primary contributor to the MSE
differences between the simulations, emphasizing its critical role in influencing the vertical structure of MSE.

To assess the contributions to the maintenance and propagation of MSE anomalies, we project anomalies in the
budget terms onto the MSE anomaly and its time derivative (Equation 4). This allows us to identify the terms that
most significantly contribute to the maintenance or dissipation of the anomaly (Equation 5), as well as those that
help or hinder its propagation (Equation 6). Figure 7 (left panels) shows the fractional contributions to the
maintenance of the MSE anomaly from each term in the MSE budget. The LW emerges as the dominant source of
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Figure 6. Longitude—pressure distribution of the differences between the CTL and NO_DC (NO_DC minus CTL) for
(a) moist static energy (kJ kg’l), (b) dry static energy (kJ kgfl), and (c) latent energy (kJ kg’l) averaged over 10°S—-10°N
during 10-20 May 2013. (d) Area averaged (10°S—10°N, 90°E-155°E) profiles based on (a), (b), and (c). Dotted areas in (a,
b, ¢) indicate where the difference is statistically significant at the 5% level based on a Student's -test.
column-integrated MSE for the MJO, followed by VADV, while SH has a minimal contribution. These findings
largely agree with previous studies (Andersen & Kuang, 2012).
In maintaining the MJO MSE anomalies (Figures 7a, 7c, and 7e), VADV and LW are the primary contributors.
For instance, in regions of enhanced MJO convection, MSE is exported out of the column via vertical MSE
advection, while anomalous longwave radiation partially compensates for the MSE loss. In the NO_DC simu-
lation, smaller contributions from HADV and VADYV, coupled with larger contributions from LW, result in a
reduced damping effect on MSE compared to the CTL simulation (Wolding et al., 2016). In contrast, SW and LH
provide a non-negligible positive contribution to the MSE amplitude, consistent with findings from Ren
et al. (2021). Because radiative heating, precipitation, and moisture are closely linked for MJO, cloud-radiative
feedback acts as a destabilizing influence; however, it does not contribute to MJO propagation (Sobel &
Maloney, 2013). The differences in these contributions between the NO_DC and CTL simulations are summa-
rized in Table 3.
For the eastward propagation of MJO MSE anomalies (Figure 7, right panels), advection processes dominate,
while LH and LW act to oppose this eastward movement (Andersen & Kuang, 2012; Ren et al., 2021). Among the
advection terms, VADYV plays a more dominant role in the propagation of MSE anomalies compared to HADV. In
previous studies, HADV of MSE has been identified as a key process for recharge and discharge of moisture,
which is critical for the eastward propagation (J. K. Kim & Sobel, 2014) or stalling (Wolding et al., 2016) of the
MJO. In the NO_DC simulation, both horizontal and VADV terms are larger, indicating that they are significant
sources of MSE that facilitate the eastward propagation of the MJO. This suggests that removing the diurnal cycle
ZHOU ET AL. 9of 16
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Figure 7. (Upper panel) Fractional contributions of the individual moist static energy (MSE) budget terms (no units) to the
(a) maintenance, and (b) propagation of the Madden-Julian oscillation MSE anomaly averaged over the equatorial area
(10°S—-10°N, 90°E-110°E) during 10-20 May 2013. The middle panels are for 110°E-130°E, and the lower panels are for
130°E-150°E.
of insolation enhances the advection of MSE anomalies, allowing the MJO to propagate more smoothly. As a
result, the absence of the diurnal cycle leads to stronger and more persistent MJO, as the advection processes are
less countered by the retarding effects of LH, SH, and LW. The increased efficiency of MJO propagation in the
NO_DC simulation highlights the critical role of the diurnal cycle in modulating these processes.
Table 3
Difference (NO_DC-CTL) in Fractional Contributions of the Individual MSE Budget Terms (No Units) to the Maintenance
and Propagation of the MJO MSE Anomaly Averaged Over 10°S—10°N for Three Different Longitudinal Bands (90°E—
110°E, 110°E-130°E, 130°E-150°E)
dMSE/dt HADV VADV LH SH Lw SW R
Maintenance
90°E-110°E 0.04 —0.06 —0.05 0.02 0.01 0.12 —0.05 0.01
110°E~130°E 0.10 —0.08 —0.15 0.05 0.05 0.11 0.01 0.11
130°E-150°E 0.05 —0.09 —0.06 0.06 0.01 0.08 0.03 0.02
Propagation
90°E-110°E 0.27 0.07 0.07 0.03 0.02 0.06 —0.02 0.03
110°E-130°E 0.24 0.05 0.21 0.01 —0.04 —0.05 0.06 0.03
130°E-150°E 0.08 0.04 0.09 —0.05 —0.02 —0.04 0.08 0.02
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Figure 8. (Top panel) The 3-day running mean time series of the precipitation (black dashed line; mm day™"; right y-axis) and
advection terms (colored lines; W m™; left y-axis) from the (a) CTL, and (b) NO_DC simulations averaged over the
equatorial area (10°S—10°N, 90°E-110°E) during 10-20 May 2013. The middle panels are for 110°E-130°E, and the lower
panels are for 130°E-150°E.
Figure 8 shows the temporal evolution of precipitation and advection terms from both the CTL and NO_DC
experiments. For MJO eastward propagation to occur, horizontal and VADV or other processes are required to
supply moisture ahead of the convective center that must overcome the drying associated with suppressed surface
fluxes within anomalous easterlies. In the CTL experiment (left panels), the net MSE advection
(HADV + VADV) is generally less negative compared to the NO_DC run (right panels), particularly in the 90°E~
110°E region (Figures 8a and 8b), where precipitation also shows a clearer peak around May 10th. This suggests
that in the CTL run, there is less effective MSE transport to precondition the atmosphere ahead of the convection
center, leading to weaker precipitation in the 110°E-130°E region (Figure 8c) and stalled propagation. In contrast,
in the NO_DC simulation, the increased MSE advection (especially VADV) is sufficient to overcome the sup-
pressed surface fluxes, supporting the eastward propagation of the MJO. In many models, the representation of the
MJO is improved when the sensitivity of deep convection to free-tropospheric humidity is amplified, especially
through the inhibition of convection under dry mid-tropospheric conditions. Ultimately, eastward-propagating
ZHOU ET AL. 11 of 16
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Figure 9. Schematic diagram showing the impact of (a) inclusion of diurnal
cycle (CTL), and (b) the removal of diurnal cycle (NO_DC) on convection
and propagation of Madden-Julian oscillation (MJO). The size of the MJO
arrow indicates the strength of the MJO, while the cloud size represents the
extent of convection or precipitation. The Maritime Continent (MC) barrier
effect is more pronounced in CTL simulation with stronger convection over
the islands, whereas convection shifts to the ocean in NO_DC simulation
leading to persistent propagation of MJO across the MC.

moisture modes require a net MSE source that precedes convection. This
supports the interpretation of the MJO as a moisture mode, wherein the
balances between the sources and sinks of MSE govern both its amplification
and propagation (Sobel & Maloney, 2013).

The CTL simulation, which includes the diurnal cycle, introduces variability
in surface fluxes and radiative heating. This variability disrupts the advection-
driven propagation of MSE anomalies by modulating land-sea breeze dy-
namics and convection patterns. Daytime convection over land competes with
convection over the surrounding seas, creating a synchronized yet intermittent
convective pattern across the MC. This competition hinders the eastward
propagation of the MJO (Figure 9a), where enhanced land-based convection
disrupts the continuity of convection over the seas. In contrast, the NO_DC
simulation, which excludes the diurnal cycle, simplifies the MJO's trajectory.
Without diurnal variability, convection shifts predominantly to the sur-
rounding seas, resulting in 31.3% reduction in land precipitation and 25%
increase in oceanic precipitation (Table 4). This dominance of oceanic con-
vection supports a more robust and uninterrupted eastward propagation of the
MIJO (Figure 5b). The weakened land-sea breeze and reduced land-based
convection in NO_DC lead to smoother vertical and HADV of MSE.

These findings underscore the importance of the diurnal cycle in modulating
the MJO's interaction with the MC geography. By introducing variability in
surface fluxes and convection, the diurnal cycle disrupts MJO propagation.
This highlights the need to accurately represent the diurnal cycle in numerical
models to improve predictions of MJO behavior and associated weather
patterns.

4. Summary and Conclusion

We explored the impact of the diurnal cycle of insolation on an MJO event
that weakened significantly while crossing the MC. Two simulations were
performed: one that includes the natural diurnal cycle (CTL) and another
eliminating it (NO_DC), whereby the incoming radiation at the TOA was held

constant at its daily mean. In the CTL simulation, the diurnal cycle leads to competition between convection over

the islands and the surrounding seas, driven by enhanced daytime convection over land that creates a synchro-

nized pattern of convection over the entire MC. This weakens the MJO substantially as it moves across the MC,

with heavy precipitation activity stalling over the islands. In contrast, the NO_DC simulation shows a more
uninterrupted and robust eastward propagation of the MJO across the MC. The main results of our study are

summarized as follows:

1. In the CTL simulation, strong land convection suppresses oceanic convection, creating a barrier to MJO

propagation across the MC. In contrast, in the NO_DC simulation, the absence of diurnal cycle of insolation

weakens the land-sea breeze, substantially reducing land convection and facilitating more continuous and

persistent MJO propagation across the region (see schematic in Figure 9).
2. An analysis of the MSE budget reveals that differences in MSE between the CTL and NO_DC simulations are
primarily driven by LE, particularly in the lower-to-mid troposphere, highlighting its central role in modu-

Table 4

Precipitation (mm Day~") From CTL, NO_DC, and Their Differences
(NO_DC Minus CTL) Over the Maritime Continent (10°S—10°N, 90°E—
155°E) for 01-31 May 2013

lating MJO dynamics.

3. In both simulations, vertical and HADV of MSE act to disrupt MJO
maintenance, whereas LW, LH, and SW contribute to its maintenance. The
robust MJO maintenance in the NO_DC simulation is attributed to
increased LW and reduced HADV and VADYV. However, in the western
MC (90°E-110°E), the reduction in SW in NO_DC compared to CTL
opposes MJO maintenance.

4. In both simulations, vertical and HADV of MSE promote eastward MJO
propagation, whereas LW and LH act to hinder it. In the NO_DC

Precipitation CTL NO_DC NO_DC-CTL

All land 11.2 7.7 —3.5 (-31.3%)

All ocean 8.4 10.5 2.1 (25%)
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simulation, the persistent eastward propagation of the MJO is attributed to increased HADV and VADV, along
with reduced LW and LH. However, in the central MC (110°E-130°E), the increase in LH in NO_DC
compared to CTL opposes MJO propagation.

Our study does not attempt to resolve the full range of complexities in the MC, such as fine-scale orographic
effects, but instead focuses on isolating the role of the diurnal cycle of insolation in modulating MJO propagation.
The WREF simulations at 10 km resolution adequately represent island-scale topographic features and associated
land—sea breeze circulations, allowing us to assess the large-scale barrier effect on MJO propagation. While we
acknowledge that finer-resolution simulations and targeted sensitivity tests would better resolve localized
topographic trapping, such analyses are beyond the scope of this paper. Instead, our results should be viewed as
complementary: by removing the diurnal cycle, we demonstrate how strong land-driven convection - amplified by
topography - interacts with the large-scale MJO envelope, thereby shaping its propagation across the MC.

Furthermore, we employed an atmosphere-only regional model (WRF) without coupling to an interactive ocean,
thereby enabling a direct assessment of how land-driven diurnal heating disrupts MJO propagation without the
added complexity of air—sea feedbacks. This framework, which contrasts simulations with and without diurnal
forcing, isolates the role of diurnal insolation in shaping MJO dynamics. When combined with a MSE budget
analysis, this targeted design provides mechanistic insights into how diurnal processes disrupt or sustain MJO
propagation, offering a complementary perspective to broader multi-model and coupled-system studies. In the
future, we plan to incorporate an interactive ocean component to account for diurnal variations in SST and their
feedback on surface fluxes and MJO evolution. A better understanding of these complex physical processes is
essential for improving subseasonal-to-seasonal (S2S) predictions, not only over the MC but also globally, given
the MJO's far-reaching influence on weather and climate systems.

In summary, this study advances our understanding of the MJO by leveraging an analysis of the MSE budget
together with a novel LPT framework specifically designed to capture the eastward propagation of the MJO
convective envelope. This methodological combination distinguishes our work from earlier studies that primarily
relied on statistical composites or regional correlations to assess the role of the diurnal cycle. For example,
Peatman et al. (2014) emphasized statistical modulation of MJO rainfall by the diurnal cycle over the MC,
whereas our approach directly links the diurnal forcing to the large-scale MSE budget. Similarly, Hagos
et al. (2016) highlighted the influence of diurnal land—sea breezes on MJO propagation, but here we quantify the
energetic pathways through which such processes either sustain or hinder eastward propagation of convection.
While Birch et al. (2016) and Lestari et al. (2022) discussed aspects of diurnal modulation using regional models,
their analyses were confined to localized convection, whereas our tracking approach follows the evolving MJO
envelope across the heterogeneous MC, thereby isolating spatial contrasts in the dominance of underlying
processes.

Our findings reveal, likely for the first time, that the physical mechanisms governing MJO maintenance and
propagation across the MC are not spatially uniform. The interplay between diurnal heating and land—sea con-
trasts exerts distinct, regionally varying impacts on MSE tendencies and convective organization. This demon-
strates that the diurnal cycle does not impose a uniform influence on MJO, but rather a spatially varying one that
critically shapes the MJO as it traverses the complex geography of the MC. These results provide new insights
into why realistic simulations of the MJO remain particularly challenging for both regional and global models,
and underscore the need to improve model representation of the diurnal cycle of convection in order to improve
predictions of the MJO.
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