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Abstract 47 

The limitations of current Earth system models in accurately representing the propagation 48 

of the Madden-Julian Oscillation (MJO) over the Maritime Continent (MC) significantly hinder 49 

our ability to make skillful subseasonal-to-seasonal predictions of extreme weather events 50 

worldwide. Additionally, our understanding of the intricate interactions between the MJO and the 51 

MC remains incomplete. Focusing specifically on Sumatra Island, this study investigates the key 52 

processes underlying the damping effect of MC islands on the eastward-propagating MJO based 53 

on a series of idealized atmospheric-only global model simulations, which include realistic land-54 

sea distributions and topography of the MC within an aqua-planet environment. The findings 55 

suggest that the coupling between land and atmosphere, driven by interactions among clouds, 56 

radiation, land surface temperature, and convective instability, plays a critical role in reducing 57 

MJO convection over the MC. Notably, incorporating the diurnal cycle of convection in the model 58 

significantly enhances this damping effect, due to more active interactions between convection 59 

and radiation, consistent with previous modeling studies. 60 
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1. Introduction 61 

Due to its widespread influences on global weather patterns, the Madden-Julian Oscillation 62 

(MJO) serves as one of the most important sources of predictability for subseasonal-to-seasonal 63 

predictions of extreme climate and weather events (Balmaseda et al. 2020; Jiang et al. 2020b; 64 

Merryfield et al. 2020). Over the past few decades, significant community efforts have been 65 

devoted to improving the understanding of the essential physics and the prediction skill of the 66 

MJO, e.g., through coordinated international field campaigns and modeling projects (e.g., 67 

Moncrieff et al. 2012; Yoneyama et al. 2013; Jiang et al. 2015; Neena et al. 2014; Pegion et al. 68 

2019; Yoneyama and Zhang 2020; see Jiang et al. 2020b for a review). Despite these 69 

advancements, MJO prediction skill remains limited in current climate and weather forecasting 70 

models, with a typical useful lead time of 3–5 weeks (e.g., H. Kim et al., 2018; Jiang et al. 2020b), 71 

falling short of its estimated intrinsic potential predictability of about 5–7 weeks (e.g., Neena et 72 

al., 2014). 73 

 74 

Fig. 1. a) Surface elevation over the Maritime Continent (units: m). b) Spatial pattern of precipitation 75 

anomalies associated with the MJO as it approaches the MC during its eastward propagation from the 76 

Indian Ocean. This precipitation pattern is derived from a composite analysis over multiple MJO events 77 

using the GPM precipitation dataset. See text for details regarding the composite methodology. 78 

One key process limiting the predictive skill of the MJO is the deficiency of current climate 79 

models in accurately representing the interactions between the MJO and tropical landmasses, 80 
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particularly over the Maritime Continent (MC). In this region, the presence of steep mountains 81 

(Figure 1a) adds complexity to the development of MJO convection (Kim et al. 2020; Jiang et al. 82 

2020b). The MC often acts as a barrier to the eastward propagation of the MJO from the Indian 83 

Ocean to the western Pacific (e.g., Salby and Hendon 1994; Kim et al. 2014; Ling et al. 2019), 84 

with about 40% of observed MJO events dissipating over the MC region (Kerns and Chen 2020). 85 

This “MC barrier effect” on the eastward propagating MJO is clearly evident in satellite 86 

observations, as illustrated in Figure 1b. As the MJO approaches the MC, significant precipitation 87 

is primarily concentrated over the eastern Indian Ocean, off the west coast of Sumatra Island, 88 

while precipitation amplitude is notably weaker over the land region. The interactions between 89 

the MJO and the MC are not yet fully understood and remain poorly simulated in current climate 90 

models, including high‐resolution cloud-resolving models (e.g., Love et al., 2011; Peatman et al., 91 

2015; Birch et al., 2016; Hagos et al., 2016). As a result of these limitations, models struggle to 92 

predict the MJO and its downstream impacts, such as tropical cyclone genesis over the western 93 

and eastern Pacific, as well as MJO-induced extratropical Rossby-wave teleconnection patterns 94 

(e.g., Peatman et al. 2015; Birch et al. 2016; Baranowski et al. 2019; Vitart 2016; Kim et al. 2019; 95 

Wang et al. 2020; Abhik et al. 2023).  96 

Various local and large-scale processes have been proposed to explain the MC barrier effect 97 

on MJO propagation. Early studies suggest that the steep topography over the major MC islands 98 

(Fig. 1a) plays a critical role in the weakening of MJO convection (Hsu and Lee 2005; Inness and 99 

Slingo 2006; Wu and Hsu 2009). This weakening is primarily attributed to the lifting and 100 

frictional effects of the orography, which interrupts the development of anomalous low-level 101 

circulation, which is critical for triggering new convection eastward of the primary MJO 102 

convective envelope.  103 

As surface latent heat fluxes serve as the primary energy source in sustaining MJO 104 

convective instability (e.g., Maloney and Sobel 2004; Kim et al. 2011; Maloney 2009; Andersen 105 

and Kuang 2012; Jiang 2017), the damping of MJO convection over MC land may result from a 106 

lack of moist energy supply by surface latent heat fluxes due to limited moisture-holding capacity 107 

over land (e.g., Maloney and Sobel 2004; Sobel et al. 2008; Sobel et al. 2010). Furthermore, in 108 

contrast to oceanic regions where surface fluxes are mainly driven by MJO convection-induced 109 

surface wind anomalies, surface turbulent fluxes over the tropical rainforests of the MC region 110 

are primarily governed by transpiration, which is strongly dependent on incoming solar radiation 111 
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rather than winds. This fundamental difference can potentially decouple MC convection from the 112 

large-scale circulation, thereby weakening the MJO over the MC (Lee et al. 2012). 113 

The reduced MJO amplitude over the MC has also been ascribed to upscale influences from 114 

high-frequency convective systems over this region, particularly the vigorous diurnal cycle 115 

resulting from surface solar heating and associated sea- and land-breeze circulations. A prominent 116 

hypothesis regarding how the diurnal cycle influences the MJO is through the competition for 117 

moist static energy between diurnal convection and low-frequency variability (e.g., Wang and Li 118 

1994; Zhang and Hendon 1997; Neale and Slingo 2003; Oh et al. 2012; Oh et al. 2013). Vigorous 119 

diurnal rainfall variability over MC land tends to consume the moist energy available to support 120 

MJO convection, while simultaneously suppressing the development of mesoscale convective 121 

systems (MCSs) over the ocean ˗ a process critical for MJO propagation over the MC region 122 

(Zhang and Ling 2017; Ling et al. 2019). The damping of MJO convection by a strong diurnal 123 

cycle over the MC is supported by several modeling studies (e.g., Oh et al. 2013; Hagos et al. 124 

2016; Majda and Yang 2016; Ahn et al. 2020a), although the precise processes underlying this 125 

cross-scale interaction remain elusive.  126 

Recent analyses of MJO moisture and moist static energy (MSE) processes over the MC 127 

suggest that the topographically phase-locked mean moisture pattern over the MC, with moisture 128 

maxima collocated with local mountain peaks, plays a key role in the disruption of MJO 129 

convection east of the MC mountains via a drying effect driven by horizontal moisture advection 130 

(Hung and Sui 2018; Jiang et al. 2019). Specifically, over Sumatra, a belt of mountain peaks is 131 

situated along the west coast of the island and straddles the equator between 5oS and 5oN (Fig. 132 

1a). This orographic setting can effectively lead to the weakening of MJO convection over a large 133 

portion of the island east of the mountains.  134 

In addition to local processes, MJO propagation over the MC can also be subject to strong 135 

modulation by the large-scale environment over the Indo-Pacific warm pool. Recent studies 136 

suggest that the horizontal advection of background lower-tropospheric moisture or MSE by the 137 

anomalous MJO circulation plays a dominant role in MJO propagation over the Indo-Pacific 138 

warm pool (e.g., Maloney 2009; Andersen and Kuang, 2012; Kim et al., 2014; Sobel et al. 2014; 139 

Chikira 2014; Adames and Wallace 2015; Kim et al. 2017; Jiang 2017; Gonzalez and Jiang 2019). 140 

The MJO circulation exhibits a distinct east-west asymmetry, characterized by easterly Kelvin 141 

wave responses to the east and westerly Rossby wave responses to the west of the main 142 

convection. Concurrently, the seasonal mean moisture pattern over the Indo-Pacific warming pool 143 
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features a maximum center near the MC. This configuration, with a positive zonal mean moisture 144 

gradient over the Indian Ocean, leads to moistening (drying) to the east (west) of MJO convection, 145 

thereby promoting its eastward propagation (Jiang 2017; Gonzalez and Jiang 2017; Kim 2017; 146 

Lim et al. 2018; Kim et al. 2019; Ahn et al. 2020b). This same mechanism, however, favors a 147 

weakening of the MJO eastward propagation or even a westward propagation on the eastern side 148 

of the warm pool (i.e., east of the MC), due to the reversal of the zonal mean moisture gradient. 149 

The prevalence of a westward-propagating intraseasonal mode is indeed observed over the 150 

western Pacific (Feng et al. 2015; DeMott et al. 2018; Gonzalez and Jiang 2019). These results 151 

suggest that the Indo-Pacific warm pool tends to trap the eastward-propagating MJO near the MC 152 

region, and whether the MJO successfully traverses the MC can be closely linked to the zonal 153 

shift of the Indo-Pacific warm pool, for example, in association with the variability of the El Niño. 154 

Additionally, cross-equatorial cold surges associated with off-equatorial systems can also 155 

strongly alter the regional circulation and moisture patterns, effectively disrupting or redirecting 156 

MJO convection around the MC (Kim et al. 2017; Xavier et al. 2020; Lubis et al. 2023). 157 

Given the multitude of processes involved, it is difficult to identify the essential processes 158 

underlying the MC barrier effect on the MJO in the real word. In this study, by utilizing a series 159 

of idealized global climate model (GCM) simulations with a specific focus on local processes 160 

over Sumatra Island, we illustrate that the coupling between land and atmosphere, through 161 

interactions among clouds, radiation, land surface temperature, and convection, plays a crucial 162 

role in damping MJO convection over MC islands. Notably, this MC damping is effectively 163 

amplified by a temporal phase-locking mechanism among these local diurnal fields and the large-164 

scale MJO envelope.  165 

2. Model experiments, Observational dataset, and Methods 166 

2.1 The global climate model and experimental design 167 

The atmospheric GCM (AGCM) simulations analyzed in this study is based on the ECHAM 168 

AGCM version 4.6 (Roeckner et al. 1996). To better resolve development of convection over the 169 

MC region, a horizontal resolution of T106 (~ 1°) is applied for all experiments in this study, 170 

along with 19 vertical model levels. The model employs the mass flux convection scheme 171 

developed by Tiedtke (1989) for penetrative, shallow, and mid-level convection, with 172 

modifications by Nordeng (1994) that link the cloud-base mass flux to convective instability for 173 

the penetrative convection.  174 
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The land surface parameterization scheme in ECHAM4 accounts for the evolution of the 175 

soil temperature profile, soil hydrology, and snowpack over land. Soil temperature is determined 176 

via heat conduction across five layers (with thicknesses of 0.065, 0.254, 0.913, 2.902, and 5.70 177 

m from top to bottom), using net surface heat fluxes as the upper boundary condition and a zero 178 

heat flux at a 10-m depth as the lower boundary condition. Soil moisture is computed based on a 179 

one-layer bucket model (Manabe 1969), with the field capacity varying by soil type. The 180 

governing equation for soil moisture incorporates precipitation, snowmelt, evaporation, runoff, 181 

and drainage. Direct evaporation of soil moisture from bare soil and wet vegetation canopies, as 182 

well as evapotranspiration via root uptake, are explicitly parameterized (Roeckner et al. 1996). 183 

Following Jiang et al. (2020a), an idealized aqua-planet simulation is conducted to exclude 184 

complex influences from lower boundary conditions, including the land-sea contrast and 185 

orography. This model is forced by a zonally uniform sea surface temperature (SST) pattern with 186 

a latitudinal profile following Neale and Hoskins (2000) (Fig. 2a), defined as follows:  187 

𝑇௦ ൌ ൝  27୭C ൬1െ 0.5 ∗ 𝑠𝑖𝑛ଶ ቀ
ଷఝ

ଶ
ቁ െ 0.5 ∗ 𝑠𝑖𝑛ସ ቀ

ଷఝ

ଶ
ቁ൰   ∶  െ

గ

ଷ
 ൏ 𝜑 ൏

గ

ଷ

0୭C                                                                         ∶    others
                   (1) 188 

where 𝜑 is latitude. This SST profile has been referred to as the “QOBS” profile, as it closely 189 

resembles the observed annual and zonal mean SST (Neale and Hoskins 2000). To focus on the 190 

eastward propagation of the MJO during the boreal winter season, we set the model solar radiation 191 

to the perpetual condition of March, when the maximum solar radiation is located near the equator. 192 

The model sea ice is set to zero, and aerosols are switched off. Otherwise, the default physics of 193 

ECHAM4.6 is used, explicitly retaining the diurnal changes in solar radiation.  194 

As shown in Jiang et al. (2020a), this idealized aqua-planet AGCM simulation (hereafter, 195 

the “Control” experiment) successfully captures the systematic eastward propagation of 196 

intraseasonal convection along the equator, exhibiting typical characteristics of the observed MJO 197 

(see Fig. 2b). The simulated eastward propagation of intraseasonal convection is well explained 198 

by variations in moisture anomalies, consistent with the moisture mode theory of the MJO (Jiang 199 

et al. 2020a; Adames and Maloney 2021).  200 

Building upon the successful simulation of the eastward-propagating MJO in the “Control” 201 

experiment, a new experiment is conducted by embedding the MC islands into the aqua-planet 202 

environment (hereafter, the “MC” experiment; Fig. 2c). Land surface properties over the MC 203 

islands  ̶ including the land-sea mask, topography, vegetation types ̶  are adopted from the standard 204 

ECHAM4.6 configuration. To isolate the topographic effect of the MC mountains on MJO 205 



8 

 

convection, an additional experiment based on the experiment “MC” is conducted by flattening 206 

the orography over the MC land, while keeping other land surface properties unchanged (hereafter, 207 

the “MC_flat” experiment).  208 

 209 

Fig. 2. a) Spatial distribution of the zonally uniform sea surface temperature pattern used as the lower 210 

boundary forcing in the “Control” experiment based on the ECHAM AGCM; b) A snapshot of the 211 

longitude-time evolution of rainfall along the equator, averaged over 7.5°S–7.5°N (units: mm day−1), in 212 

the “Control” experiment. c) As in a), but for the “MC” experiment with a realistic land configuration over 213 

the MC region embedded in the aqua-planet environment. d) As in b), but for the rainfall evolution in the 214 

“MC” experiment.  215 

The role of the diurnal cycle in the interactions between the MJO and MC land is further 216 

examined by turning off the diurnal variations of solar radiation. Specifically, the time-varying 217 

solar zenith angle and day length at each grid point are replaced by the mean daytime solar zenith 218 
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angle and the fractional day length for the corresponding latitude, effectively applying a daily 219 

mean insolation at each grid point along that latitude (the “MC_flat_nodiurnal” experiment). As 220 

will be discussed later, these experiments suggest that the land-atmosphere coupling, as 221 

essentially captured in the “MC_flat” experiment, plays a critical role in the MC barrier effect. 222 

Therefore, a series of additional experiments are conducted based on the “MC_flat” configuration 223 

to further identify the key land-atmosphere processes underlying the damping of MJO convection 224 

over the MC (Exps. 5-10 in Table 1, to be detailed in subsequent sections).  225 

Benefiting from the perpetual March radiation conditions specified in these experiments, 226 

sensitivity tests indicate that the statistical characteristics of the MJO over the MC region derived 227 

from 5-year simulations are largely consistent with those from 10-year simulations. Therefore, 228 

the analyses presented in the subsequent sections are based on five consecutive years of 229 

integration after an initial spin-up period for each of the aforementioned experiments. 230 

  Table 1: Idealized AGCM experiments analyzed in this study  231 

Exp. # Experiment Name Descriptions 

1 Control 
Global aqua-planet simulation with lower boundary SST forcing defined the 

Eq. (1).  

2 MC 
As in “Control” but with realistic land surface properties over the MC  
(including land-sea mask, topography, and vegetation types) 

3 MC_flat As in “MC”, but with flattened topography over the MC land.  

4 MC_flat_nodiurnal As in “MC_flat”, but with diurnal variations of solar radiation replaced by 
zonally-mean values (see text for details).  

5 MC_flat_nocoupling 
As in “MC_flat”, but with land-atmosphere interactions turned off by 

overriding the model surface temperature (TS) and soil moisture (WS) 
with their climatological means from “MC_flat” at each model time step. 

6 MC_flat_TS_coupling 
As in “MC_flat”, but isolating Ts coupling by allowing Ts to freely evolve, 

while overriding WS with its climatological mean from “MC_flat”. 

7 MC_flat_WS_coupling 
As in “MC_flat”, but isolating Ws coupling by allowing Ws to freely 

evolve, while overriding TS with its climatological mean from 
“MC_flat”. 

8 MC_flat_TS_QR_coupling 

As in “MC_flat_TS_coupling”, but restricting Ts variations to those driven 
solely by surface radiative fluxes (QR), while overriding surface latent 
and sensible heat fluxes (FS) and WS with their climatological means 
from “MC_flat”. 

9 MC_flat_TS_FS_coupling 
As in “MC_flat_TS_coupling”, but restricting Ts variations to those driven 

solely by FS, while overriding QR and WS with their climatological 
means from “MC_flat”. 

10 MC_flat_TS_QR_coupling_nodiurnal 
As in “MC_flat_TS_QR_coupling”, but with the diurnal cycle of solar 

radiation turned off (replaced by zonally-mean values). 

 232 

2.2 Observational datasets  233 

Rainfall observations from the Global Precipitation Measurement (GPM) mission’s 234 

Integrated Multi‐satellitE Retrievals for GPM (IMERG) product are used to characterize the 235 

diurnal precipitation evolution and MJO convection over the MC region, as well as to validate 236 

the model simulations. The GPM IMERG provides a global precipitation product by unifying 237 
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observations from a network of partner satellites in the GPM constellation with high-resolution 238 

(0.1o), half-hourly precipitation estimates since 2000 (Huffman et al. 2019). For this study, 239 

hourly-averaged GPM rainfall observations spanning the period 2001-2023 are employed.  240 

2.3 Identification of MJO signals over the MC region  241 

To examine the influences of the MC on MJO convection in both observations and model 242 

simulations, we conduct composite analyses of precipitation anomalies for strong MJO events 243 

with their convection centers located over the eastern Indian Ocean, immediately west of Sumatra. 244 

A daily MJO index is defined by the 10-90-day band-pass filtered precipitation anomalies (after 245 

the removal of the climatological annual cycle, defined by the annual mean plus the first three 246 

harmonics) averaged over an eastern Indian Ocean box (5oS-5oN; 90o-100oE; see the blue box in 247 

Fig. 3a). The relatively broad 10–90-day frequency band is utilized here to fully capture the 248 

simulated MJO signals, which tend to exhibit a slightly higher frequency in the idealized aqua-249 

planet framework compared to observations (Jiang et al. 2020a). The peak days of strong positive 250 

and negative MJO events over the eastern Indian Ocean are then identified by local maxima or 251 

minima in the MJO index that exceed +1 standard-deviation (STD) and fall below -1 STD, 252 

respectively.  253 

For the model simulations, the MJO index is based on a 5-year integration (excluding the 254 

first three months to account for model spin-up), whereas for the GPM observations, it is derived 255 

for the extended boreal winter seasons (November to March) for the 2001-2023 period. The 256 

evolution of anomalous precipitation and other variables associated with the MJO over the eastern 257 

Indian Ocean can then be derived by averaging the 10-90-day filtered fields of these variables 258 

across the identified peak days. Since composites for positive and negative MJO events largely 259 

mirror each other with an opposite sign, we only show patterns associated with positive MJO 260 

events over the eastern Indian Ocean in the subsequent discussions, constructed by taking the 261 

difference between the positive and negative composites dividing by two. For example, Fig. 1b 262 

illustrates the anomalous precipitation pattern associated with the MJO events peaking over the 263 

eastern Indian Ocean based on GPM IMERG, derived from a composite over 43 positive and 41 264 

negative MJO events during the boreal winter seasons from 2001-2023. For 5-year model 265 

simulations, typically about 60 strong positive and 60 strong negative MJO events are selected 266 

for the composite analyses. 267 

3. Results 268 
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3.1 Representation of the MC barrier effect in idealized AGCM simulations 269 

As reported in Jiang et al. (2020a), forced by the QOBS SST pattern, the aqua-planet 270 

ECHAM4.6 AGCM simulation in the “Control” experiment successfully captures the frequent 271 

occurrence of coherent eastward-propagating MJO events (Fig. 2b). These eastward-propagating 272 

convective events largely remain intact in the “MC” experiment (Fig. 2d), as the global mean 273 

state is not significantly altered by the inclusion of the MC landmasses due to their relatively 274 

small spatial extent (figure not shown). This experimental framework thus provides an excellent 275 

opportunity to investigate the interactions between the MJO and the MC islands under a realistic 276 

land-sea configuration. While a subtle interruption of the eastward-propagating convection over 277 

the MC region can be visually discerned in this Hovmöller snapshot (Fig. 2d), the detailed 278 

damping effect is more rigorously demonstrated through the composite analysis presented in Fig. 279 

3. As previously discussed, the presence of the observed Indo-Pacific warm pool itself can exert 280 

a damping effect on the eastward propagation of the MJO near the MC. Therefore, by excluding 281 

the large-scale influences from the Indo-Pacific warm pool, the idealized zonally uniform QOBS 282 

SST pattern specified in the “MC” experiment makes it possible to cleanly isolate the local 283 

processes over the MC region that contribute to the MC barrier effect on the eastward-propagating 284 

MJO.  285 

Based on the composite method for strong positive and negative MJO events as described 286 

earlier, Figures 3a and 3c illustrate the anomalous precipitation patterns associated with the MJO 287 

over the eastern Indian Ocean in the “Control” and “MC” experiments, respectively. Compared 288 

to that in the “Control” experiment (Fig. 3a), a significant modulation of MJO convection over 289 

the MC region is readily apparent in the “MC” experiment (Fig. 3c), closely resembling the 290 

anomalous precipitation pattern in the observations (Fig. 1b). Specifically, strong MJO 291 

precipitation anomalies are primarily concentrated over the eastern Indian Ocean off the west 292 

coast of Sumatra, while remaining notably weak over Sumatra itself. Given this realistic 293 

simulation of the observed MC barrier effect on the MJO in the “MC” experiment, further 294 

investigations based on this experiment will provide critical insights into the underlying physics 295 

responsible for the MC barrier effect. Since the sharp reduction of the MJO convection over 296 

Sumatra compared to the neighboring oceanic regions in the “MC” experiment is primarily driven 297 

by changes in convective precipitation (see Supporting Figure S1; compare Figs. 3b and 3d for 298 

the “Control” and “MC” experiments), the following analysis will mainly focus on the physical 299 

processes responsible for the damping of MJO convective precipitation over Sumatra. 300 
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3.2 The crucial role of land-atmosphere interactions in the MC barrier effect 301 

To explore the potential role of the MC mountains in the MC barrier effect, an additional 302 

experiment, “MC_flat”, is conducted based on the “MC” experiment but with flattened 303 

topography over the MC (Table 1). As shown in Figs. 3e and 3f, even with the flattened 304 

topography over MC, the strong damping of MJO precipitation anomalies over Sumatra is still 305 

well represented in the “MC_flat” experiment, closely resembling that simulated in the “MC” 306 

experiment. It is noteworthy that given the limitation of the model’s ~1o horizontal resolution, the 307 

topographic effect of the MC mountains on MJO convection in reality might be underestimated 308 

in the “MC” experiment. However, the substantial damping of MJO convection captured in the 309 

“MC_flat” experiment strongly indicates that land-atmosphere interactions over the MC play a 310 

crucial role in the MC barrier effect on MJO convection. 311 

The potential role of the diurnal variations in solar radiation in the MC barrier effect on the 312 

MJO is further examined in the “MC_flat_nodiurnal” experiment, which is based on “MC_flat” 313 

but with the diurnal variations of solar radiation replaced by its zonally averaged values. While 314 

an overall weakening of MJO convective precipitation over Sumatra is still evident in this 315 

experiment (Fig. 3h), the amplitude contrast of convective precipitation anomalies between 316 

Sumatra and the eastern Indian Ocean is notably reduced compared to that in the “MC_flat” 317 

experiment (to be further discussed below). This result is largely in accord with previous studies 318 

that highlight a potential role of the diurnal cycle in enhancing the damping of MJO convection 319 

over the MC (e.g., Oh et al. 2013; Hagos et al. 2016). Furthermore, the modulation of terrestrial 320 

precipitation through diurnal surface forcings aligns with recent findings on the critical role of 321 

island-scale cloud-radiative interactions (Najarian et al. 2025). 322 

To quantify the relative contributions of land-atmosphere interactions, the MC topography, 323 

and the diurnal cycle to the total MC barrier effect, we develop an objective approach to measure 324 

the damping of MJO convection over Sumatra across different model simulations. Since the 325 

damping of MJO convection over the MC is mainly driven by changes in convective precipitation 326 

as previously discussed (Supporting Fig. S1), we calculate the ratio of MJO convective 327 

precipitation anomalies averaged over Sumatra (the red region in Fig. 3c) to those over the eastern 328 

Indian Ocean near the MJO convection center (the blue box region in Fig. 3a) in each simulation.  329 
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 330 

Fig. 3. As in Fig. 1b, but for the spatial patterns of total (left panels) and convective (right panels) 331 

precipitation anomalies in various AGCM simulations, including the “Control” (a, b), “MC” (c, d), 332 

“MC_flat” (e, f), and “MC_flat_nodiurnal” (g, h) experiments. These anomalous precipitation patterns are 333 

derived from composite analyses of multiple MJO events peaking over the eastern Indian Ocean. The 334 

value displayed in the upper right corner of each right panel denotes the corresponding convective 335 

precipitation ratio between Sumatra and the MJO convection center over the eastern Indian Ocean (see 336 

text for details). Note the different color scales for the total and convective precipitation anomalies. 337 
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For example, a ratio of 0.89 is obtained in the “Control” experiment (Fig. 3b). Given the 338 

absence of the MC land in this experiment, a ratio of less than 1 simply reflects the natural spatial 339 

decay of MJO convection away from its center. Corresponding ratios in the experiments of “MC”, 340 

“MC_flat”, and “MC_flat_nodiurnal” are 0.54, 0.62, and 0.72, respectively. Because the presence 341 

of the MC islands is the sole difference between the “Control” and “MC” experiments, the 342 

difference in their ratios (0.35; 0.89 versus 0.54) represents the total damping effect exerted by 343 

the MC islands on MJO convective precipitation. Similarly, the role of land-atmosphere 344 

interactions in the MC barrier effect can be isolated by the difference between the “Control” and 345 

“MC_flat” experiments, which yields a damping of 0.27 (0.89 versus 0.62). Furthermore, the 346 

specific role of the MC topography can be quantified by the difference between the “MC” and 347 

“MC_flat” experiments, which is 0.08 (0.62 versus 0.54). Finally, the contribution of the diurnal 348 

cycle can be estimated by the difference between the “MC_flat” and “MC_flat_nodiurnal” 349 

experiments, which amounts to 0.10 (0.62 versus 0.72). 350 

 351 

Fig. 4. Relative contributions (blue percentages) of the land-atmosphere interactions, MC topography, and 352 

the diurnal cycle to the total damping effect on MJO convection. Values on the y-axis denote the magnitude 353 

of damping exerted by each process over the MC region (see text for details).  354 

The relative contributions of land-atmosphere interactions, the MC topography, and the 355 

diurnal cycle to the total MC damping effect on MJO convection are summarized in Fig. 4. Of 356 

the total MJO damping effect over Sumatra Island in the “MC” experiment, approximately 77% 357 

is driven by land-atmosphere interactions, whereas only about 23% is attributable to the MC 358 

topography. Although the influence of the MC topography might be underestimated due to the 359 

relatively coarse model resolution used in this study, Figure 4 clearly demonstrates a critical role 360 

of the land-atmosphere interactions in damping MJO convection over the MC. Furthermore, the 361 
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results indicate that the diurnal cycle accounts for approximately 29% of the total damping effect, 362 

which aligns with findings from previous studies (e.g., Oh et al. 2013; Hagos et al. 2016).  363 

It is important to note that the impact of the diurnal cycle on MJO damping, as shown in 364 

Fig. 4, is not independent of the land-atmosphere interactions. Because the systematic eastward-365 

propagating MJO events along the equator remain largely intact across these experiments (see 366 

Supporting Fig. S2, alongside Figs. 2b and 2d), this indicates that the reduced MC damping effect 367 

simulated in the “MC_flat_nodiurnal” experiment is primarily driven by changes in local land-368 

atmosphere interactions over the MC region, rather than broader domain-wide changes in 369 

convective organization. This local interactive mechanism will be further explored below. 370 

3.3 The underlying land-atmosphere coupling processes responsible for the MC barrier effect 371 

By capitalizing on the realistic simulations of the MC barrier effect on the MJO in the 372 

“MC_flat” experiment, we now investigate the key land-atmosphere coupling processes 373 

responsible for the damping of MJO convection over the MC, with a specific focus on Sumatra.  374 

 375 

Fig. 5. A schematic depicting the interactive processes between the atmosphere and the land surface in the 376 

ECHAM4 GCM. Here, TS denotes surface temperature, WS soil moisture, QR radiative heat fluxes at the 377 

surface, LH and SH surface latent and sensible heat fluxes, and Precip surface precipitation. In ECHAM4, 378 

soil moisture is computed based on a one-layer bucket model, with the field capacity varying by soil type. 379 

Atmosphere

Land

QR LH, SH Precip

TS WS
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Atmospheric influences on land properties in the ECHAM4.6 model is primarily governed 380 

by land surface processes, specifically through variations in land surface temperature (TS) and 381 

soil moisture (WS) (see the schematic in Fig. 5). First, TS is influenced by shortwave and longwave 382 

radiative fluxes, along with latent and sensible heat fluxes at the surface. Modulations of TS, in 383 

turn, alter surface radiative and turbulent heat fluxes, thereby modifying the vertical 384 

thermodynamic profiles of temperature and moisture. Consequently, these changes in 385 

atmospheric stratification modulate convective instability, leading to condensation and associated 386 

cloud formation, which feed back onto radiation. Concurrently, variations in soil moisture (WS)  ̶387 

primarily driven by surface precipitation ̶ impact the partitioning of surface latent and sensible 388 

heat fluxes, which in turn influences TS and associated vertical thermodynamic profiles. 389 

The fact that the MC barrier effect is well captured in the “MC_flat” experiment suggests 390 

that, given the presence of MJO convection over the eastern Indian Ocean, changes in TS and/or 391 

WS driven by atmospheric conditions, and their subsequent feedbacks to the atmosphere, can 392 

effectively inhibit the development of MJO convection over the MC. In this section, we conduct 393 

additional experiments to determine whether TS or WS involved in the land-atmosphere coupling 394 

is the primary driver of the MC barrier effect.  395 

First, a new experiment is conducted base on the “MC_flat” setup, but with the land-396 

atmosphere coupling over the MC entirely muted. This is achieved by overriding both the model 397 

TS and WS with their climatological mean values (derived from the “MC_flat” experiment) at each 398 

time step (hereafter, the “MC_flat_nocoupling” experiment). As shown in Fig. 6b, the MC barrier 399 

effect completely vanishes when land-atmosphere interactions are muted using this overriding 400 

approach; instead, strongly enhanced MJO convection over Sumatra is simulated in the 401 

“MC_flat_nocoupling” experiment. This result confirms the crucial role of land-atmosphere 402 

coupling in the MC barrier effect.  403 

To further examine the relative roles of TS and WS in the land-atmosphere coupling 404 

responsible for the MC barrier effect, two additional experiments are conducted by enforcing 405 

partial coupling. In the first experiment (“MC_flat_TS_coupling”), TS is allowed to freely evolve 406 

in response to atmospheric changes, while WS is overridden with its climatology derived from the 407 

“MC_flat” experiment. Conversely, in the second experiment (“MC_flat_WS_coupling”), Ws 408 

freely evolves while TS is replaced with its climatology from “MC_flat”. As shown in Fig. 6, the 409 

damping of MJO convection over the MC simulated in “MC_flat” is largely reproduced in the 410 

“MC_flat_TS_coupling” experiment (Fig. 6c). This stands in stark contrast to the strongly 411 
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enhanced MJO convection over the MC land seen in the “MC_flat_WS_coupling” experiment 412 

(Fig. 6d). Therefore, variations in TS driven by land-atmosphere interactions play the dominant 413 

role in the MC barrier effect on MJO convection. 414 

 415 

Fig. 6. As in Fig. 3, but for the spatial patterns of convective precipitation anomalies in various model 416 

experiments based on the “MC_flat” configuration, including the “MC_flat” (a; duplicated from Fig. 3f), 417 

“MC_flat_nocoupling” (b), “MC_flat_TS_coupling” (c), “MC_flat_WS_coupling” (d), 418 

“MC_flat_TS_QR_coupling” (e),  and “MC_flat_TS_FS_coupling” (f) experiments. The value displayed in 419 

the upper right corner of each panel denotes the corresponding convective precipitation ratio between 420 

Sumatra and the MJO convection center over the eastern Indian Ocean. See Table 1 for detailed 421 

descriptions of these experiments. 422 

As variations in TS can be driven by changes in both surface radiative fluxes (QR) and 423 

turbulent (sensible and latent) heat fluxes (Fs), we conduct two additional experiments based on 424 

the “MC_flat_TS_coupling” setup to determine whether coupling with surface radiation or 425 

turbulent heat fluxes is the primary driver of the MC barrier effect. In the first experiment 426 

(“MC_flat_TS_QR_coupling”), in addition to overriding WS, the total surface sensible and latent 427 

fluxes (Fs) over the MC are replaced with their climatologies obtained from the “MC_flat” 428 
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experiment, while QR is allowed to freely evolve and couple with TS. In the second experiment 429 

(“MC_flat_TS_Fs_coupling”), in addition to WS, QR is overridden with its “MC_flat” 430 

climatology, while Fs is allowed to freely evolve and couple with TS.  431 

Results suggest that, concurrent with enhanced MJO convection over the eastern Indian 432 

Ocean, radiation-induced TS changes lead to strongly suppressed convection over a large portion 433 

of the MC land, including both Sumatra and Borneo (Fig. 6e). In contrast, the Fs-driven TS 434 

changes lead to strongly enhanced MJO convection over Sumatra (Fig. 6f). It is noteworthy that 435 

that these strong negative MJO precipitation anomalies over the MC driven by radiation-induced 436 

TS changes can be partially offset by enhanced MJO convection when allowing WS (Fig. 6d) and 437 

Fs (Fig. 6f) to vary, although non-linear interaction is expected among these complex coupling 438 

processes.  439 

These results suggest that the MC barrier effect can be primarily attributed to the land-440 

atmosphere coupling driven by radiation-induced changes in TS, a mechanism fundamentally 441 

captured in the “MC_flat_TS_QR_coupling” experiment (Fig. 6e). In the following, we conduct 442 

detailed diagnostic analyses based on this experiment to further elucidate the key land-atmosphere 443 

coupling processes underlying the MC barrier effect.  444 

Alongside the spatial pattern of convective precipitation anomalies from the 445 

“MC_flat_TS_QR_coupling” experiment (Fig. 7a, duplicated from Fig. 6e), Fig. 7b illustrates the 446 

corresponding pattern of convective available potential energy (CAPE) anomalies associated with 447 

the MJO convection center over the eastern Indian Ocean. Here, CAPE is defined as the vertically 448 

integrated buoyancy anomalies above the cloud base and is obtained directly as a model output. 449 

It is evident that the anomalous MJO convective precipitation pattern closely mirrors the spatial 450 

distribution of CAPE. Specifically, suppressed convection over the MC land, including large 451 

portions of Sumatra and Borneo, is closely linked to local negative CAPE anomalies. This robust 452 

coupling between convective precipitation and CAPE associated with the MJO is largely 453 

consistent with the recently proposed precipitation-buoyancy framework (Ahmed et al. 2020; 454 

Adames et al. 2021). This framework is further supported by a largely linear relationship between 455 

the unfiltered daily CAPE and convective precipitation, as illustrated in Fig. 7c, which plots 456 

composite daily CAPE as a function of daily convective precipitation for both the oceanic and 457 

land grids across the Indo-Pacific warm pool (70-150oE; 10oS-10oN). These composite analyses 458 

are based on sample sizes of 866,880 for land and 169,920 for oceanic regions, respectively, with 459 
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a correlation coefficient of approximately 0.98 between CAPE and convective precipitation for 460 

both regions. 461 

 462 

Fig. 7. Processes underlying the weakening of MJO convection over the MC based on the 463 

“MC_flat_TS_QR_coupling” experiment. Shown are the spatial patterns of a) anomalous convective 464 

precipitation (duplicated from Fig. 6e, but with a different domain size and color scale), b) convective 465 

available potential energy (CAPE), defined as the vertically integrated buoyancy above the cloud base, d) 466 

surface temperature (TS), and e) downward short-wave radiative flux at the surface. c) Composite daily 467 

CAPE as a function of daily precipitation for both land (green) and oceanic (red) grids over the Indo-468 

Pacific warm pool region (70-150oE; 10oS-10oN). f) A vertical-longitude cross-section of MJO buoyancy 469 

anomalies along 2oS, where the strongest MJO damping is simulated, as shown in a). The location of the 470 

MC landmass is denoted by the black bar at the bottom of panel f). 471 

Furthermore, Fig. 7d illustrates that the negative CAPE anomalies over the MC land in the 472 

“MC_flat_TS_QR_coupling” experiment (Fig. 7b) are closely associated with negative TS 473 

anomalies, which are in turn driven by local reductions in downward surface shortwave radiation 474 

(Fig. 7e) acting upon the relatively small heat capacity of the land. This reduction in surface 475 

shortwave radiation over the MC land is part of a broader negative anomalous pattern extending 476 

across the eastern Indian Ocean and the MC region (Fig. 7e), primarily driven by increased 477 

cloudiness associated with enhanced MJO convection (not shown). As further illustrated by the 478 

vertical-longitude cross-section of buoyancy at 2°S (Fig. 7f), the surface cooling over the MC 479 

landmass induced by this cloud-radiative effect strongly suppresses the buoyancy of rising air 480 

parcels and their associated entrainment, ultimately leading to reduced convective precipitation.         481 

3.4 The role of the diurnal cycle in the MC barrier effect 482 
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Since the “MC_flat_TS_QR_coupling” experiment captures the essential land-atmosphere 483 

coupling processes underlying the MC barrier effect, it offers a unique opportunity to further 484 

explore how the diurnal cycle contributes to the suppressed MJO convection over the MC in this 485 

simplified case. Motivated by our earlier finding that radiation-induced TS changes are crucial for 486 

the MC barrier effect, Figure 8 presents the diurnal evolution of anomalous convective 487 

precipitation, surface downward shortwave radiation, and TS over the eastern Indian Ocean and 488 

MC longitudes along 2oS, based on the “MC_flat_TS_QR_coupling” experiment.  489 

The results indicate that enhanced MJO convective precipitation prevailing over a large area 490 

of the eastern Indian Ocean tends to peak around 08 local time (LT, defined by the UTC+7 and 491 

applied uniformly across the longitude band; Fig. 8, blue shading). This enhanced precipitation 492 

and its associated cloudiness effectively attenuate the downward shortwave radiation over both 493 

the eastern Indian Ocean and the MC region, with a maximum reduction occurring near local 494 

noon (Fig. 8, red contours). The reduced surface shortwave radiation, acting upon the relatively 495 

small heat capacity of the land, in turn leads to strong surface cooling over the MC, with a 496 

maximum surface cooling occurring near 14 LT (Fig. 8, blue contours). Since the climatological 497 

peak of precipitation over the MC landmass typically occurs during the local afternoon, this 498 

anomalous surface cooling peaking around 14 LT  ̶  driven by MJO-induced cloud shielding   ̶ 499 

severely disrupts the thermodynamic destabilization of the boundary layer. Consequently, this 500 

generates negative buoyancy anomalies as discussed in Fig. 7, effectively suppressing 501 

precipitation over the MC land and leading to a maximum reduction in convective precipitation 502 

anomalies around 16 LT (Fig. 8, brown shading).  503 

The results illustrated in Fig. 8 thus suggest that the strong reduction in MJO precipitation 504 

over the MC land in the “MC_flat_TS_QR_coupling” experiment is driven by a diurnal phase-505 

locking mechanism resulting from land-atmosphere interactions. Specifically, widespread 506 

enhanced MJO precipitation and cloudiness in the local morning substantially reduce downward 507 

shortwave radiation, with this reduction peaking at local noon. This midday radiative deficit, in 508 

turn, drives strong surface cooling and subsequently weakens convective precipitation over the 509 

MC land during the afternoon – precisely when the climatological peak of local diurnal 510 

precipitation typically occurs.  511 

It is worth noting that the peak of convective precipitation around 08 LT over the eastern 512 

Indian Ocean during the active MJO phase simulated in the “MC_flat_TS_QR_coupling” 513 

experiment (Fig. 8) is largely consistent with the early morning precipitation peak (05-08 LT) in 514 
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observational studies (e.g., Sakaeda et al. 2018; Jiang et al. 2019). A general consistency in the 515 

diurnal evolution of total precipitation associated with enhanced MJO convection over the eastern 516 

India Ocean between model simulations and GPM IMERG is also illustrated in Supporting Fig. 517 

S3 (where results from the experiments “MC” and “MC_flat” are shown to facilitate a more direct 518 

comparison to the observations).  519 

 520 

Fig. 8. Diurnal time-longitude evolution of anomalous fields along 2oS associated with MJO convection 521 

over the eastern Indian ocean in the “MC_flat_TS_QR_coupling” experiment (as shown in Fig. 7a). Shown 522 

are convective precipitation (shading; mm day-1), surface downwelling shortwave radiative fluxes (QSW, 523 

red contours; W m-2), and surface temperature (TS, blue contours; oC). The diurnal time labelled on the y-524 

axis denotes the local time over the MC region (UTC+7). The location of MC landmass is denoted by the 525 

black bar at the bottom of the panel. 526 

When the diurnal cycle is disabled in the model, the aforementioned land-atmosphere 527 

interactive processes are expected to weaken substantially, thereby leading to a diminished MC 528 

damping effect, as previously demonstrated in the experiment “MC_flat_nodiurnal” (Fig. 3). This 529 

is further corroborated by an additional sensitivity experiment based on the 530 

“MC_flat_TS_QR_coupling” setup, but with the diurnal cycle of radiation explicitly disabled 531 

(“MC_flat_TS_QR_coupling_nodiurnal”). In this case, although the overall damping of MJO 532 

convection over the MC land is still evident, the strong negative MJO precipitation anomalies 533 

over the MC land simulated in “MC_flat_TS_QR_coupling” are no longer discernible in the 534 
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absence of the diurnal cycle. Instead, they are replaced by nearly neutral or weakly positive 535 

precipitation anomalies (Supporting Figure S4).  536 

4. Summary and Discussions 537 

The MJO serves as an important source of predictability for subseasonal-to-seasonal 538 

predictions of climate and weather extremes across the globe. However, the predictive skill of the 539 

MJO in current Earth system models is often limited due to various model shortcomings, 540 

including challenges in accurately representing the propagation of the MJO over the MC. 541 

Meanwhile, the key interactive processes between the MJO and the MC landmasses that 542 

contribute to the damping of MJO convection over the MC  ̶  known as the MC barrier effect  ̶  543 

remain poorly understood.  544 

In this study, with a particular focus over Sumatra, the key processes underlying the 545 

damping effect of the MC islands on the eastward-propagating MJO are investigated based on a 546 

series of idealized AGCM simulations, in which realistic MC topography and land-sea 547 

distribution are embedded in a global aqua-planet environment. By capitalizing on realistic 548 

simulations of the observed MC damping effect on the MJO in a base experiment (the “MC” 549 

experiment), additional sensitivity experiments suggest that the topography over the MC plays 550 

only a minor role (~23%) in the damping effect. Rather, land-atmosphere coupling through 551 

interactions among clouds, radiation, land surface temperature, and convective instability, is 552 

found to play the dominant role in damping MJO convection over the MC islands. Among these 553 

interactive processes, we find that including the diurnal cycle of convection in the model can 554 

significantly enhance this damping effect (~29%) due to a more active interaction between 555 

convection and shortwave radiation. Specifically, widespread MJO precipitation and enhanced 556 

cloudiness during the local morning substantially reduce downward shortwave radiation, 557 

culminating in a midday radiative deficit over the eastern Indian Ocean and neighboring areas. 558 

This deficit, in turn, drives strong surface cooling and subsequently weakens convective 559 

precipitation over the MC land during the afternoon ̶ precisely when the climatological peak of 560 

local diurnal precipitation typically occurs. The enhancement of the MC barrier effect on MJO 561 

convection by the diurnal cycle is consistent with findings from previous modeling studies.   562 

Importantly, while the critical role of land-atmosphere interactions in the MC barrier effect 563 

is clearly illustrated by these idealized model simulations, the impact of MC mountain 564 

topography ̶ including associated local circulations such as land-sea breezes ̶ on the MJO may be 565 
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underestimated due to the relatively coarse resolution of the AGCM used in this study. 566 

Additionally, the results in this study are derived from idealized aqua-planet simulations forced 567 

by a zonally uniform SST pattern, which excludes the influences of the Indo-Pacific warm pool 568 

base state on MJO propagation over the MC. In reality, east-west shifts of the Indo-Pacific warm 569 

pool, such as those associated with the El Niño-Southern Oscillation (ENSO), can significantly 570 

affect MJO propagation over the MC region (e.g., Gonzalez and Jiang 2017). Notably, these large-571 

scale background patterns can also modulate the local land-atmosphere interactive processes 572 

identified here. For example, while a positive ENSO condition tends to favor the continuous 573 

eastward propagation of the MJO across the MC (Gonzalez and Jiang, 2017; DeMott et al., 2018), 574 

its induced large-scale suppressed convection over the region could simultaneously enhance the 575 

local diurnal cycle, thereby amplifying the local damping effect on the MJO. Furthermore, the 576 

representation of the MC barrier effect on MJO convection could be sensitive to the model’s 577 

cumulus parameterization schemes. Therefore, the specific percentages quantifying the MC 578 

damping effect (e.g., the ~23% topographic contribution and ~29% diurnal enhancement) should 579 

only be interpreted as valuable mechanistic insights rather than universal quantitative estimates. 580 

Despite these caveats, the findings from this study offer crucial implications for the 581 

modeling community to improve the simulation of MJO propagation over the MC. Given that the 582 

aforementioned land-atmosphere coupling processes largely dictate the MC barrier effect, 583 

modeling efforts must prioritize the accurate representation of the diurnal phase relationship 584 

between MJO-induced convective cloudiness and surface downwelling shortwave radiation. This 585 

requires improvements in cloud schemes to accurately simulate cloud optical properties and their 586 

diurnal lifecycle over land. Furthermore, land surface models must correctly capture the rapid 587 

response of land surface temperature (Ts) to these radiative flux changes, which hinges on the 588 

accurate depiction of soil processes and surface heat capacity. Simultaneously, cumulus 589 

parameterizations need to accurately translate these Ts fluctuations ̶ and the associated variations 590 

in vertical thermodynamic stratification and buoyancy ̶ into the appropriate convective response. 591 

Finally, even with a realistic representation of diabatic heating, the model's dynamical core must 592 

properly depict the subsequent circulation responses over the MC region, a task that would benefit 593 

greatly from high-resolution topography. Collectively, these tightly coupled processes represent 594 

a grand challenge for current climate models. Future studies are warranted to validate the 595 

mechanisms underlying the MC damping effect using high-resolution observations and models 596 

with either parameterized or explicitly resolved cumulus convection. Ultimately, these future 597 
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investigations will help us to better understand how local processes, including the land-598 

atmosphere interactions emphasized here, as well as ocean-atmosphere interactions, coordinate 599 

with the large-scale Indo-Pacific warm pool variability in affecting MJO propagation over the 600 

MC region. 601 

 602 
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The GPM IMERG rainfall data (version 7) can be accessed from the website: 607 
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