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Abstract

The Maritime Continent (MC) is one of the most convectively active and topograph-

ically complex regions on Earth, where diurnal convection strongly influences the re-

gional hydrological environment and global circulation through interactions with large-

scale tropical circulations like the Madden-Julian Oscillation (MJO). Despite its impor-

tance, numerical weather prediction and general circulation models (GCMs) struggle

to accurately represent both the timing and intensity of the diurnal cycle of convection

and the propagation of the MJO across the MC, highlighting the need to improve our

understanding of the physical processes governing diurnal convection, which have been

shown to affect the MJO. This dissertation investigates the mechanisms that modulate

the diurnal cycle over the western MC and examines how MJO-induced large-scale en-

vironmental conditions modify these processes using convection-permitting simulations

with the Weather Research and Forecasting model.

The first part of this dissertation examines the role of cloud-radiative interactions

on the diurnal cycle of rainfall. Through the removal of cloud-radiative interactions in

the model, this study demonstrates that cloud-radiative interactions suppress daytime

island diurnal rainfall by reducing surface shortwave heating. This weakens surface

turbulent fluxes, reducing rainfall intensity and delaying convective initiation. Diurnal

rainfall sensitivity is greatest over mountainous regions, where orographic forced ascent

promotes frequent low clouds that enhance cloud shading, suppressing diurnal rainfall

and delaying convective initiation. This study demonstrates that erroneous represen-

tation of cloud-radiative interactions likely contributes to errors in the diurnal cycle,

particularly over mountainous regions, partially explaining or exacerbating the biases

in GCMs.
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The second part investigates how the MJO modulates the diurnal cycle of rainfall

through changes in the environmental moisture and circulation upon its propagation

over the western MC. A series of novel initialization and boundary condition exper-

iments are conducted to test the sensitivity of diurnal rainfall to changes in MJO-

associated moisture and/or winds. Upon the onset of the MJO enhanced phase, diur-

nal rainfall strengthened over the oceanic regions, driven primarily by the increase in

environmental moisture, likely dampening the dry-air entrainment that suppresses con-

vective intensity and persistence. The modulation of diurnal rainfall over the islands

depended on terrain-face direction, with the western sides experiencing weaker diur-

nal rainfall as stronger MJO-associated turbulent mixing diluted the land-sea thermal

gradient driving the diurnal circulation, while the eastern sides experienced stronger di-

urnal rainfall because the moister MJO environment, particularly in the mid-to-upper

troposphere, enhanced convection. This study highlights the mechanisms that drive

the modulation of diurnal rainfall upon the onset of the MJO enhanced phase and

demonstrates how MJO-associated moisture and circulation modulate the strength of

these mechanisms.

Collectively, this dissertation establishes that MJO-associated cloud-radiative in-

teractions, environmental moisture, and circulation each regulate distinct components

of the MC diurnal cycle. Cloud-radiative interactions primarily control the local

strength and timing of island convection, environmental moisture governs oceanic rain-

fall strength, and environmental winds and moisture determine the spatial distribution

of island convection. These findings improve the physical understanding of the multi-

scale mechanisms over the MC and provide a framework for evaluating the modulation

of tropical convection under large-scale changes across regional and global scales.

xix



Chapter 1

Introduction

The diurnal cycle of rainfall is the dominant component of atmospheric variability in

the tropics, rendering it vital to global weather patterns, climate dynamics, and re-

gional water resource management (Dai et al., 2007). Over the Maritime Continent

(MC), a geographically complex region of vast islands and shallow seas, millions of peo-

ple depend on a prominent diurnal cycle of rainfall to provide a consistent daily source

of freshwater. Despite the socioeconomic importance of the diurnal cycle of convection

and the critical role it plays in the global radiation budget and large-scale atmospheric

circulation (Matus and L’Ecuyer, 2017), general circulation models (GCMs) system-

atically struggle to accurately represent the diurnal cycle’s peak timing, strength, and

spatial distribution (Yin and Porporato, 2017; Tang et al., 2021; Dong et al., 2023).

Over the MC, diurnal convection is strongly modulated by larger-scale tropical distur-

bances, most notably the Madden-Julian Oscillation (MJO)—the dominant mode of

tropical intraseasonal variability (Madden and Julian, 1971). However, MJO propaga-

tion across the MC remains poorly represented in GCMs, and the modulation of the

diurnal cycle of convection by the MJO has been identified as a key process influenc-

ing its propagation through the region (Zhang and Ling, 2017; Ling et al., 2019; Bai

and Schumacher, 2022; Chen et al., 2022). Therefore, it is essential to diagnose the

mechanisms governing diurnal convection over the MC and determine how the MJO’s

large-scale environment modifies these mechanisms, thereby guiding efforts to improve

the representation of both diurnal convection and the MJO in GCMs.

The diurnal cycle of rainfall over the MC is primarily governed by the land–sea
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breeze circulations and mountain–valley winds, both of which are driven by solar in-

solation (Ray and Zhang, 2010; Wei et al., 2020; Tan et al., 2022; Lopez-Bravo et al.,

2023). Daytime solar heating acts to destabilize the boundary layer over land and

establish a land–sea thermal gradient that drives the sea-breeze circulation, promoting

low-level convergence for the initiation of convection over land. Concurrently, differ-

ential heating along mountain slopes induces strong anabatic (upslope) winds that

aid in initiating rainfall earlier and more intensely than over flat terrain (Tan et al.,

2022). At night, these flows reverse to katabatic (downslope) winds and interact with

gravity waves and the coastal land breeze to initiate and sustain offshore-propagating

convective systems (Rampanelli et al., 2004). Oceanic diurnal rainfall strength maxi-

mizes in the early morning, aided by cloud-radiative interactions that destabilize the

atmosphere through differential heating (Ruppert and Hohenegger, 2018). While these

interactions continue existing over the MC with the propagation of the MJO, they end

up modulating in strength with the changing environmental conditions, resulting in

significant changes in the land and ocean diurnal cycle of rainfall.

The MJO modulates the diurnal cycle of rainfall over the MC through intraseasonal

changes in environmental conditions (Rauniyar and Walsh, 2011; Peatman et al., 2014;

Bai and Schumacher, 2022). Ahead of the MJO’s enhanced phase of convection, diurnal

rainfall peaks over land and subsequently weakens as the system approaches; conversely,

oceanic diurnal rainfall intensifies as the MJO nears and propagates over the MC.

This suggests that the the dominate rainfall domain goes from land-to-sea with the

propagation of the MJO enhanced phase over the MC (Vincent et al., 2016; Peatman

et al., 2014). Additionally, the MC often acts as a barrier as the MJO approaches from

the Indian Ocean, resulting in the convective envelope to weaken and/or stall over

the region (Ling et al., 2019; Bai and Schumacher, 2022). Interestingly, the diurnal

cycle of rainfall over both land and ocean over the MC are more pronounced when the
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MJO successfully propagates across the region, suggesting that the diurnal cycle may

play an underappreciated role in facilitating MJO propagation (Zhang and Ling, 2017;

Ling et al., 2019). Therefore, the intraseasonal evolution of diurnal rainfall has been

suggested to be important for the continual propagation of the MJO across the MC,

but the underlying mechanisms driving the diurnal rainfall evolution remain uncertain.

The MJO strongly modulates environmental moisture, wind, and cloud-cover, all of

which affect the mechanisms that drive the diurnal cycle of rainfall over land and ocean.

The MJO convective envelope increases cloud frequency and cloud cover over the MC

(Riley et al., 2011), reducing the solar insolation that destabilizes the island boundary

layer and drives the sea-breeze circulation. At the same time, enhanced cloud-radiative

interactions increase oceanic diurnal rainfall through differential atmospheric heating

(Ruppert and Hohenegger, 2018), which collectively would strengthens the land–sea

contrast in the diurnal cycle of rainfall. Others suggest that large-scale MJO dy-

namics simply create more favorable environmental conditions over the ocean—such

as enhanced low-level zonal moisture flux convergence—to independently fuel oceanic

convective systems (Zhang and Ling, 2017). Concurrently, the spatial distribution

of diurnal rainfall over the islands has been observed to shift from western-to-eastern-

facing terrain as the MJO propagates across the MC (Ichikawa, 2006; Zhou et al., 2022).

It is clear that the MJO induced environment effects the diurnal cycle of convection

over MC, but understanding which mechanisms drive these changes and how the MJO

environment modulates their strength can provide critical insight into understanding

the barrier effect GCMs face.

Observational studies have suggested that the land-sea breeze is suppressed with

stronger background wind speeds and cloudier conditions, resulting in generally weaker

diurnal rainfall (Qian et al., 2012; Fujita et al., 2011; Qian et al., 2013). However, this

weaker diurnal rainfall is not seen across the island as background wind direction has
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found to strengthen the suppression of diurnal rainfall more over the windward side,

while slightly strengthening diurnal rainfall over the leeward side (Virts et al., 2013;

Ichikawa, 2006). Idealized modeling studies have provided the theoretical insights re-

garding how low-level background wind amplitude and direction and cloud cover can

dilute the land-sea thermal gradient unevenly along the islands coastline, thereby weak-

ening the strength of the land-sea breeze (Ichikawa, 2006; Wang and Sobel, 2017; Zhou

et al., 2023; Natoli and Maloney, 2023b; Ruppert and Chen, 2020; Segal et al., 1986).

Despite our theoretical understanding of the possible mechanisms at play, no numerical

modeling study has conducted a non-idealized experiment that explicitly tests the MJO

induced cloud-radiative, moisture, and wind influence on the diurnal cycle of rainfall, to

the authors knowledge. While numerical models are inherently approximations of the

real world, convection-permitting simulations can resolve convection while maintain-

ing the topographical and geographical configurations necessary to evaluate real-world

convective responses. We leverage their capabilities to systematically remove or isolate

specific physical controls—such as cloud-radiative interactions and large-scale moisture

and/or winds—to better isolate the physics governing tropical convection over the MC

in a way idealized or observational frameworks cannot.

This dissertation aims to identify the underlying physical mechanisms that regulate

diurnal variations across the land and ocean environments of the MC and how the MJO

can disrupt the daily cycle of rainfall through changes in environmental conditions. To

accomplish this, Chapter 2 will answer two questions focusing on how cloud-radiative

interactions over complex terrain influence diurnal convection over the MC:

1. What processes do cloud-radiative interactions influence to affect the diurnal

cycle of convection over the MC?

2. How does topography over the MC affect how cloud-radiative interactions influ-
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ence the diurnal cycle of convection?

Chapter 3 will answer two final questions that expand our understanding of the

relative large-scale influence cloud-radiative interactions, moisture, and winds have on

the mechanisms governing the intraseasonal change in the diurnal cycle of convection:

1. How does the MJO induced large-scale moisture and wind conditions influence

the diurnal cycle of convection over the MC?

2. What are the mechanisms through which large-scale moisture and circulation

influence diurnal rainfall?
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Chapter 2

The Influence of Cloud-Radiative Interactions on the

Diurnal Cycle over the Maritime Continent

This chapter has been published in the following peer-reviewed journal article. Najar-

ian, H., Ruppert, J., & Sakaeda, N. (2025). The influence of cloud-radiative interactions

on the diurnal cycle over the maritime continent. Journal of Geophysical Research:

Atmospheres, 130, e2025JD044512. https://doi.org/10.1029/2025JD044512.

WRFmodel specifications and configurations for the simulations used are published.

Najarian, H. (2025). Premjo wrf namelists. Zenodo. https://doi.org/10.5281/zenodo.17353651.

2.1 Introduction

The diurnal cycle of rainfall is the dominant component of rainfall variability, rendering

it vital to weather patterns, climate dynamics, and water resource management across

the world (Dai et al., 2007). The Maritime Continent (MC) is a region where millions

of people depend on the prominent diurnal cycle of convection to provide a consistent

daily source of rainfall (Kikuchi and Wang, 2008; Peatman et al., 2014; Lu et al., 2019;

Love et al., 2011). Despite the importance of the diurnal cycle locally and its influence

on the global radiation budget (Matus and L’Ecuyer, 2017), the latest general circu-

lation models (GCMs) continue to struggle with accurately representing the diurnal

cycle’s peak timing and strength (Yin and Porporato, 2017; Tang et al., 2021; Dong

et al., 2023). These inaccuracies are associated with errors in convective parameteriza-

tion (Wang et al., 2020), directly influencing cloud production and areal coverage and
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amplifying uncertainty in the prediction of Earth’s radiative energy balance (Zelinka

et al., 2020; Boucher et al., 2013). This especially becomes important over topograph-

ically complex regions such as the MC, where the low-resolution of GCMs can smooth

out key topographic features (i.e., valleys, steep slopes) that are vital in the diurnal

cycle of convection. Therefore, it is essential to leverage higher-resolution convection

permitting models to better understand how cloud-radiative interactions can influence

the diurnal cycle of convection.

Over the MC, cloud cover is strongly modulated by the Madden-Julian Oscillation

(MJO), with studies suggesting that the “blocking” of the MJO by the MC can be

attributed to the strength of the diurnal cycle of convection over the region (Zhang

and Ling, 2017; Ling et al., 2019). Therefore, systematic model errors in representing

the diurnal cycle of convection can influence predictions of the interaction between

the MC and larger-scale weather and climate patterns, such as the MJO (Qian et al.,

2013; Najarian and Sakaeda, 2023; Ding et al., 2024). Progress in addressing such

model inadequacies is limited by our incomplete knowledge of diurnal convective-scale

processes. This study will investigate the diurnal cycle of convection over the MC,

focusing on the influence of cloud-radiative interactions on diurnal cycle characteristics.

The islands of the MC vary in their orientation, size, and terrain heights, leading to

regionally unique patterns of diurnal convection driven by interacting land-sea breezes,

mountain-valley breezes, and insolation (Ray and Zhang, 2010; Wei et al., 2020; Tan

et al., 2022; Lopez-Bravo et al., 2023). When daytime insolation heats regions of steep

terrain, strong anabatic (upslope) winds develop and initiate rainfall earlier and/or

more strongly than over a region with flat terrain. These flows reverse to katabatic

(downslope) at night, aiding in nocturnal offshore-propagating convection associated

with the land breeze (Rampanelli et al., 2004). Offshore-propagating convection is a

prominent feature of the diurnal cycle over the MC, with studies suggesting the im-
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portance of the land breeze at near-shore distances and of gravity waves for sustaining

the propagation over greater offshore distances (Mapes et al., 2003; Vincent and Lane,

2016; Ruppert and Zhang, 2019; Peatman et al., 2025; Tang et al., 2025).

Less well understood is how cloud–radiative interactions influence the development

and evolution of diurnal convection over the MC. Clouds influence surface insolation

through mechanisms such as the cloud-albedo effect, which reduces the amount of

shortwave radiation reaching the surface, while their longwave emission can enhance

downwelling longwave radiation (L’Ecuyer et al., 2019). Low-level clouds are the most

effective at reducing insolation through the albedo effect due to their microphysical

properties that make them highly reflective relative to mid- or high-level clouds, but

also their frequent occurrence around solar noon (Burleyson et al., 2015). For example,

the reduction of surface solar heating over land by clouds may impact the afternoon-

to-evening timing and intensity of diurnal rainfall over land through changes in the

timing and strength of the sea breeze.

Theories on the diurnal cycle of convection over open ocean suggest the importance

of diurnal cloud-radiative heating and its interaction with deep convection (Sui et al.,

1997; Yang and Smith, 2006; Ruppert and Hohenegger, 2018). What is not well under-

stood, however, is if and how cloud-radiative interactions influence the diurnal cycle of

convection at the intersection of land and ocean in places like the MC. Understanding if

and how cloud–radiative interactions influence the diurnal cycle of convection over the

MC is crucial for a complete understanding of convection and climate in this region.

To our knowledge, no study to date has assessed the role of cloud-radiative interac-

tions in complex contexts such as the MC, where the land and oceanic diurnal cycle pro-

cesses intersect. Here we address this gap by utilizing a convection-permitting model

to simulate the diurnal cycle over the MC and assess the impact of cloud-radiative

interactions. In this study, we address three questions: 1) How do cloud-radiative in-
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teractions influence the diurnal cycle of convection over the MC? 2) What processes

explain the changes in the diurnal cycle of convection when cloud-radiative interactions

are removed? 3) How does the unique topography of the MC affect the cloud-radiative

feedback in the diurnal cycle of convection?

2.2 Data and Methods

We select a case between November and December 2015 that corresponds with a well-

documented strong diurnal cycle of convection and the frequent occurrence of offshore

propagating convection over the MC (Yokoi et al., 2017). Below we discuss the observed

atmospheric state and the diurnal cycle over the MC during this time period, as well

as our model experiment that tests the impact of cloud-radiative interactions on the

diurnal cycle.

2.2.1 Case Background State

The diurnal cycle of convection is influenced by the background thermodynamic and

dynamic state. The El Niño Southern Oscillation (ENSO) influences environmental

conditions such as the vertical moisture profile, wind direction and speed, and oceanic

temperatures over the MC (Lu et al., 2023), directly influencing the diurnal cycle of

convection over the MC (Bai and Schumacher, 2022; Natoli and Maloney, 2023a; Lu

et al., 2023; Peatman et al., 2014). During the chosen study period, strong El Niño

conditions were present, generally resulting in a stronger diurnal cycle of rainfall over

the western MC and a weaker diurnal cycle in the northern and eastern MC (Yokoi

et al., 2019; Lu et al., 2023).

The MJO also influences the diurnal cycle of convection over the MC by altering

the background moisture, wind, and cloud state. When the MJO convective signal is
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over the Indian Ocean, stronger background easterlies enhance the frequency of off-

shore propagating diurnal convection over the MC and overall enhance diurnal rainfall

variability as the MJO approaches the MC (Peatman et al., 2014; Ling et al., 2019;

Zhou et al., 2022). Based on the Real-time Multivariate MJO index from Wheeler

and Hendon (2004), an MJO convective signal that hovers in and out of the threshold

amplitude of 1 was present over the Indian Ocean in mid-November-to-early-December

2015 (MJO phase 2-3). If outgoing longwave radiation MJO index (OMI) is used, the

amplitude is less than 1 throughout the time period, suggesting that a low-amplitude

MJO signal was present (Kiladis et al., 2014).

The weak state of the MJO suggests that the MJO had a minor influence on the

diurnal cycle of convection over the MC (Yokoi et al., 2017). Yokoi et al. (2017)

shows a regional view of the observed offshore propagation of convection in November

and December 2015 over the western central-coastal region of Sumatra through radar-

estimated rain rates. Their results show that convection over land maximizes at around

15 local solar time (LST), and moves offshore around 18 LST. The diurnal composite

speed of offshore propagation begins at 3 m/s near the coastline, but increases in

speed to 8 m/s farther offshore. These results provide a regional expectation of how

the diurnal cycle of convection should behave in our simulations.

2.2.2 Model Setup

The Advanced Research Weather Research and Forecasting (WRF) model Version 4.3.3

is utilized in this study to simulate the diurnal cycle over the MC (Skamarock et al.,

2021). A 10.5-day control (CTRL) simulation is conducted from 1200 UTC November

22 (∼19 LST) to 0000 UTC December 3 (∼07 LST) 2015, with the first 12 hours

removed to account for model spin-up. The WRF Model configuration for CTRL

includes an outer domain of 12-km grid spacing with the Tiedtke cumulus scheme
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applied, and an inner nest of 3-km grid spacing with explicit convection (Fig. A.1).

The model has 55 vertical levels, with vertical spacing between levels increasing with

height, with a model top at 10 hPa. Model output is saved at an hourly frequency.

Both domains use the WRF Double-Moment 6-class microphysics (Lim and Hong,

2010), RRTMG radiation (Iacono et al., 2008), and the Noah Land Surface Model (Ek

et al., 2003).

To ensure the model simulates rainfall rates that closely match observational mea-

surements, sensitivity tests were conducted. The microphysical parameterization was

found to influence rain rate significantly, where the WRF double moment 6-class scheme

performed closest to satellite-based rainfall estimates from Integrated Multi-satellitE

Retrievals for the Global Precipitation Measurement Mission (IMERG) version 7 (Huff-

man et al., 2023). Observational comparison between WRF rain rate output and

IMERG over the 10 days shows consistent diurnal rainfall timing compared to CTRL,

but not in amplitude over land (Fig. A.2a). Spatial analysis of the diurnal rain rate

range difference between IMERG and CTRL show that regions with the greatest dif-

ference are generally collocated over land, particularly over regions with high terrain

(Fig. A.2b). However, IMERG rainfall estimates over orographically complex regions

are also known to deviate from rain gauge measurements (Sari et al., 2024; Xiong

et al., 2025; Ramadhan et al., 2024). Considering the uncertainty of IMERG, particu-

larly over the complex terrains, the comparison between IMERG and CTRL indicates

that the diurnal cycle of rainfall is adequately represented in CTRL.

To examine how cloud-radiative interactions influence the diurnal cycle of convec-

tion, an ensemble of sensitivity simulations is conducted, where cloud-radiative inter-

actions are turned off via the namelist option “icloud” (NCRF; these simulations are

otherwise identical to CTRL). Setting this parameter to zero excludes hydrometeors

from the radiative transfer model, effectively making all cloud transparent to radia-
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tion. NCRF simulations are initialized using CTRL data at 0000 UTC (roughly, local

sunrise) starting November 23 and run for 36 hours, repeating this for each of the first

9 days of the CTRL run. This produces an ensemble of 9 NCRF simulations, showcas-

ing how the diurnal cycle of convection evolves when cloud-radiative interactions are

excluded. This time-staggered ensemble approach minimizes the mean-state drift of

the NCRF simulations that is expected over time scales significantly beyond a day.

To analyze the difference between CTRL and NCRF, diurnal composites are cal-

culated by averaging the overlapping days between simulations (N=9 days) for a cor-

responding time of day. We leverage diurnal compositing to isolate the most robust,

repeated patterns of the diurnal cycle, while we also assess day-to-day variance to

quantify the deviation from the composite patterns. Both methods produce similar

results, so for simplicity, the diurnal composite method will only be shown. We often

utilize diurnal range as a metric to diagnose the strength of diurnal variation through-

out the study, but unless stated otherwise, results are nearly identical when substi-

tuted with diurnal maximum. Additionally, all analysis is conducted using the higher-

resolution inner domain (3-km), with domain averages calculated between 10◦S−10◦N

and 90◦E−125◦E. Changes in the diurnal composites between NCRF and CTRL are

statistically significant, determined through bootstrapping with 500 iterations with

repetition and the two-tailed 95% confidence level. The current sample size of 9 days

can introduce some biases, such as results being specific to MJO suppressed conditions.

However, the consistent results among all 9 days suggest the signal is robust. Addi-

tional analysis between December 10-20 (N=10, during RMM phase 4-5), during the

enhanced phase of the MJO, shows very similar results, suggesting the findings of this

paper are not specific to MJO phase (Fig. A.3).
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2.3 Results

2.3.1 Cloud-Radiative Influence on the Diurnal Cycle of Rain-

fall

We first examine rain rate characteristics of the diurnal cycle over the MC to under-

stand the influence cloud-radiative interactions have on the diurnal cycle. First, LST

is calculated (LST = UTC + (λ/15)), where λ represents the longitude at each grid

point. The diurnal composite of rain rate in LST is then calculated, where Fig. 2.1

illustrates the diurnal composite of rain rate in CTRL and NCRF domain averaged

over land and ocean (Fig. 2.1a) as well as the spatial difference (NCRF-CTRL) of the

diurnal composite of rain rate range (Fig. 2.1b). The diurnal rain rate range is calcu-

lated by taking the difference between the diurnal composite rain rate maximum and

minimum. Rainfall over land throughout the entire diurnal cycle increases in NCRF

compared to CTRL, with the diurnal rain rate range increasing by 34% compared to

CTRL, largely driven by the maximum. Over ocean, the NCRF diurnal rain rate range

increases by 7% compared to CTRL, driven by an increase in rainfall during the early

morning hours, and a decrease in rainfall in late afternoon hours (Fig. 2.1a). Over

the entire domain (land and ocean, labeled as “All”), diurnal rainfall in NCRF is the

same or more than CTRL, suggesting that the removal of cloud-radiative interactions

increases rainfall over the MC.

The difference in the diurnal rain rate range between NCRF and CTRL at each grid

point highlights the strong regional dependence of the impact when cloud-radiative

interactions are removed (Fig. 2.1b). The region dependence is discussed in more

detail in section 3.3, but an increase of diurnal rain rate range is apparent nearly

everywhere, including over ocean, albeit with a lower magnitude change than over land.
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Figure 2.1: a) The domain average (“All”) diurnal composite of rain rate (mm/hr, log-
scale) is calculated over the MC domain for CTRL (black, solid), and NCRF (black,
dashed). It is split into the land (orange) and ocean (blue) domain. b) The diurnal
composite of rain rate range difference between NCRF and CTRL are shown spatially,
where red shading indicates greater diurnal range for NCRF and blue shading indi-
cates CTRL has greater range. Three regions where transect analysis is conducted are
overlaid in solid black rectangles and labeled A (Sumatra Mid Central), B (Sumatra
Northwest), and C (Borneo Northwest).

The largest difference in diurnal rain rate range occurs over regions with high terrain,

suggesting a stronger cloud-radiative influence over mountainous regions, consistent

with observational findings from the Upper Indus Basin (Forsythe et al., 2015). The

removal of cloud-radiative interactions, therefore, increases the diurnal variability of

rain rate, but it also influences the diurnal timing of rainfall.

The daytime pickup of rainfall over land begins about an hour earlier in NCRF

than CTRL (Fig. 2.1a). The earlier increase in diurnal rain rate in NCRF implies
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that diurnal convection initiates earlier over land when cloud-radiative interactions are

turned off. To better assess this shift in diurnal rainfall initiation timing, we assess

rainfall initiation at each grid-point, which is defined by the occurrence of two specific

conditions: 1) the diurnal composite of rain rate (RR) is increasing (dRR/dt > 0) and

2) rain rate exceeds a predetermined rain-rate threshold. The first condition isolates

times where rain rate is increasing which is indicative of rainfall initiating. In this

study’s definition, rainfall is not initiated if the rain rate is light, therefore the second

condition becomes necessary to exclude light rainfall. After sensitivity testing a wide

range of rain rate thresholds, 1 mm/hr threshold was found to effectively capture the

diurnal rainfall initiation over both land and ocean (Text A.1, Fig. A.4).

Based on these conditions, the difference in diurnal rainfall initiation timing be-

tween NCRF and CTRL is shown (Fig. 2.2). These results reveal a strong skew to-

wards NCRF initiating rainfall before CTRL over land, with a weaker skew over ocean.

Rainfall initiation timing difference is also computed at each major island, which all

showed, on average, earlier initiation in NCRF compared to CTRL (Borneo: -0.32 hr,

Sumatra: -0.42 hr, Malay Peninsula: -0.56 hr, Sulawesi: -0.76 hr, Java: -0.96 hr).

These results suggest that diurnal rainfall initiation over the MC land is more sensitive

to cloud-radiative interactions than over ocean, initiating earlier when cloud-radiative

interactions are turned off.

Earlier rainfall initiation over land may influence the timing and strength of off-

shore propagation of convection. Therefore, changes in offshore propagating convective

signals with respect to coastal distance are examined over the three regions depicted

in Fig. 2.1b (A, B, C) that have intense convection over land and offshore propagat-

ing signals in CTRL (Fig. A.5). The Hovmöller diagrams depict the diurnal evolu-

tion of rain rate over each region as a function of distance from the coast in CTRL

(Fig. 2.3a,c,e), along with the standardized rain rate difference between NCRF and

15



Figure 2.2: The frequency distribution of the difference in diurnal-composite rainfall
initiation timing in hours between NCRF and CTRL over ocean (blue), land (orange),
and all (black). Rainfall initiation is defined for a given grid point where the rain
rate time tendency is positive and rain rate exceeds 1 mm/hr. The solid vertical
black line indicates the timing difference of zero hours, where a negative difference
indicates earlier convection initiation in NCRF. The values next to each domain in the
legend indicate the percentage of domain points that met or exceeded our criteria for
convective initiation.

CTRL (Fig. 2.3b,d,f). Standardized rain rate difference is calculated by subtracting

CTRL diurnal rain rate from NCRF and dividing by the standard deviation of CTRL

at each distance from the coast.

Over Sumatra (Fig. 2.3a,c), convection initiates over land between 10-12 LST, with

rain rate maximizing at 16 LST in CTRL, which is consistent with the observed results

in Yokoi et al. (2017) from the Pre-YMC field campaign (see their Fig. 5a). Rainfall

propagates in two directions: following the phase speed lines, convection moves offshore

at 18 LST at speeds around 3-5 m/s, while convection also moves inland at a faster

speed of 10-12 m/s. Over Borneo Northwest (Fig. 2.3e), convection initiates onshore

and propagates inland during the afternoon and early evening, with rain rates peaking

over land at 21 LST. The convection then moves offshore around 06 LST, advancing at
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Figure 2.3: CTRL diurnal rain rate composite (mm/hr) is computed at the three
regions from Fig. 2.1b, Sumatra Mid Central, Sumatra Northwest, and Borneo North-
west (a,c,e). The standardized rain rate difference of NCRF from CTRL is computed
at each respective region (b,d,f), where reds indicate greater rain rate than CTRL, and
blues indicate less. Positive/negative distances are offshore/onshore, with the verti-
cal dashed brown and black lines representing the coastline and diagonal solid brown
and black lines denoting a selection of phase speeds of offshore propagation. A 9 km
(3-grid point) moving average is applied to the rain rates over the distance-from-coast
dimension to smooth out the signal and isolate the most salient features.

a faster average speed (approximately 5–12 m/s) than over the Sumatran regions. In

all three regions, NCRF produces stronger rain rates over land, and slightly stronger

rain rates offshore (Fig. 2.3b,d,f). However, analysis of day-by-day tracking of offshore

propagating signals reveals no statistically significant changes in phase speed between

the simulations (not shown). These results suggest that while cloud-radiative interac-

tions influence the intensity of rainfall, they do not have a statistically significant effect
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on the speed of offshore propagating convection.

We further illustrate the changes in diurnal rain rate phase between CTRL and

NCRF by plotting the frequency of the diurnal rain rate maximum phase difference

between simulations (NCRF-CTRL) with respect to distance from coast over the MC

(Fig. A.6). This analysis confirms an earlier maximum of rain rate over land and near

the coastline (∼150 km offshore) in NCRF, with nearly no difference farther offshore. In

summary, we find significantly greater rain rates and earlier initiation of land convection

in NCRF, with no statistically significant impact on offshore propagation speeds. The

latter result suggests that cloud-radiative interactions and stronger land convection

do not significantly influence previously discussed mechanisms of offshore propagation

(i.e., land breezes and gravity waves).

2.3.2 Changes at the Surface due to Cloud-Radiative Interac-

tions

Turning off cloud-radiative interactions directly affects the amount of solar radiative

flux reaching the surface, which subsequently affects the atmosphere through surface

turbulent heat and longwave radiative fluxes. The focus will be primarily on MC land,

where the most significant changes in the diurnal cycle occur over land when cloud-

radiative interactions are turned off. Figure 2.4a depicts this impact averaged over

the MC land. In the absence of cloud-radiative interactions, an increase in sensible,

latent, net surface shortwave (SWdown−SWup), and net longwave flux (LWdown−LWup)

amplitude occurs. To provide context on how cloud fraction evolves with surface fluxes,

the CTRL diurnal composite of pressure-weighted and level-averaged cloud fraction is

plotted over three vertical levels of the atmosphere: 1) low-level (1000-700 hPa), 2)

mid-level (700-450 hPa), and 3) high-level (450-200 hPa) (Fig. 2.4b). We utilize the
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WRF variable output CLDFRA, which uses cloud water as a prognostic variable and a

grid-scale dependent (land vs. ocean) relative humidity threshold. While this method

does not distinguish between cloud types, it provides a general understanding of which

cloud levels influence the diurnal cycle of convection. Results show that CTRL low-level

cloud fraction is more in-phase with surface shortwave flux than mid- and high-level

clouds, which maximize near or after sunset.

The amplitude of latent and sensible heat flux is higher without cloud-radiative

interactions, driven by the increase in surface shortwave flux. There is also a one-

hour phase shift (later peak) in the surface shortwave flux without cloud-radiative

interactions, which likely explains the phase shifts in the surface latent and sensible

heat flux. The later and stronger peak of surface shortwave flux in NCRF can be

understood by noting the diurnal evolution of low-level cloud fraction, which dampens

shortwave flux in CTRL around midday (Fig. 2.4b). The stronger latent and sensible

heat fluxes in response to the stronger shortwave flux destabilize the boundary layer

earlier and more intensely, leading to earlier initiation of rainfall and more intense rain

rates, which is explored next (Fig. 2.1,2.2).

To directly tie rain rates to surface forcing, we calculate the joint frequency distribu-

tion of diurnal ranges in surface shortwave vs. sensible heat flux over land, along with

the averaged diurnal rain rate range in each bin for both simulations (Fig. 2.5a,b).

The frequency distribution is concentrated over a narrower range of higher diurnal

shortwave flux range in NCRF than CTRL due to the absence of cloud-radiative inter-

actions. NCRF also shows increasing diurnal rain rate range with increasing shortwave

and sensible flux range (Fig. 2.5a). This result suggests that a strong relationship ex-

ists between surface forcing and rain rate in NCRF, where the diurnal rainfall is higher

over regions with higher surface forcing. However, with the inclusion of cloud-radiative

interactions in CTRL, diurnal rain rate range maximizes where sensible and shortwave
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Figure 2.4: a) The diurnal composite of surface flux (W/m2) averaged over land for
both CTRL (solid) and NCRF (dashed), with sensible heat flux (SH, green), latent
heat flux (LH, blue), net shortwave radiative flux (SW, red), net longwave radiative
flux (LW, orange), and their sum (SH + LH + SW + LW , Net, black). These values
are positive downward, indicating energy input towards the surface. b) The diurnal
composite of CTRL cloud fraction over land is shown w.r.t. pressure (left y-axis) in
the shading, and the pressure-weighted and level-averaged low (1000-700 hPa, solid),
mid (700-450 hPa, dashed), and high (450-200 hPa, dotted) cloud fraction is overlaid
(right y-axis).

surface flux ranges minimize, albeit with a smaller fraction of points (Fig. 2.5b). This

result implies that surface shortwave flux more directly and locally controls rain rate

range in NCRF, while a less clear relationship exists in CTRL due to the drop in

surface shortwave flux from cloud shading.

To shed light on why CTRL maximizes in rain rate range when surface forcing range

minimizes, opposite to NCRF, the average CTRL low-level cloud fraction diurnal range

and terrain height are plotted with respect to the shortwave and sensible heat flux di-
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urnal range (Fig. 2.5c). CTRL exhibits the strong albedo effect of low-level clouds over

the regions that exhibit high rain rate range, suggesting that frequent low-level cloud

coverage is responsible for the weaker surface flux ranges (Fig. 2.5c). The high frac-

tion of low-level clouds reduces the influence of thermodynamic forcing from surface

fluxes, however, rain rates still reach their maximum when surface fluxes minimize.

The alignment of terrain height contours with the range of low-level cloud fraction is

consistent with the expected role of anabatic winds over elevated terrain, enhancing

low-level cloud formation. While the high fraction of low-level clouds suppresses surface

fluxes, the anabatic winds support convective triggering through both adiabatic cool-

ing and convergence around mountain peaks, thereby supporting the high rain rates

observed in CTRL (Fig. 2.5c). Analysis where mid- and high-level cloud fraction range

is substituted in place of low-level cloud fraction range showed a weaker relationship

with terrain height or shortwave flux range. To better understand this terrain height

dependency, we analyze variables with respect to terrain height in the next section.

2.3.3 Terrain’s Influence on the Diurnal Cycle

The diurnal relationship between CTRL cloud fraction and surface shortwave cloud-

radiative forcing (CRF) with respect to terrain height is shown (Fig. 2.6). Surface CRF

quantifies the cloud-radiative effect by taking the difference of the surface radiative

forcing between all-sky (includes cloud-radiative interactions) and clear-sky (excludes

cloud-radiative interactions) forcing, where negative values indicate a cooling effect

from clouds.

Figure 2.6 shows how the diurnal cycle of surface shortwave CRF and cloud fraction

evolves at different terrain heights in CTRL. Surface shortwave CRF decreases with

terrain height, suggesting stronger cloud-radiative influences at higher terrain heights.

A clear diurnal signal for all three cloud levels exists at all terrain heights, albeit
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Figure 2.5: The fractional frequency of occurrence of the diurnal range of shortwave
and sensible surface flux (shading) for NCRF (a), CTRL (b), normalized such that the
sum over the x and y dimensions equals one. The average rain rate diurnal range is
overlaid (contour) after smoothing using a 5-bin center-average (black, mm/hr). (c)
The low level-average cloud fraction diurnal range (1000-700 hPa, shading) and terrain
height (m, contour) is plotted for CTRL.

at lower amplitudes at the lowest terrain heights. Additionally, there is an earlier

increase in cloud fraction at higher terrain heights. Low-level cloud fraction has the

highest diurnal variability at the highest terrain heights and the strongest in-phase

relationship with surface shortwave CRF (Fig. 2.6a). Mid- and high-level clouds have

greater cloud fraction at lower terrain heights compared to low-level cloud fraction

(Fig. 2.6b,c). Mid- and high-level cloud fraction peaks after maximum solar insolation

at all terrain heights, limiting their shortwave CRF impact to later in the day. In

contrast, low-level cloud fraction increases earlier and persists throughout the day over

higher terrain, strongly inhibiting surface warming via the cloud-albedo effect.

Burleyson et al. (2015) attempted to quantify the diurnal cloud-radiative effect by

cloud type over Darwin, Australia, and found that low and deep convective cloud types

had the most impact on surface shortwave CRF. Our own analysis of the relationship

between cloud-level fraction and surface shortwave CRF confirms that low-level clouds
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Figure 2.6: The CTRL diurnal composite evolution in local solar time of low (a, 1000-
700 hPa), mid (b, 700-450 hPa), and high (c, 450-200 hPa) pressure-weighted and
level-averaged cloud fraction as a function of terrain height (m) is plotted. The surface
shortwave CRF (W/m2) is overlaid as a contour (black), with increasingly negative
values indicating stronger cloud-radiative cooling at the surface.

more strongly influence surface shortwave flux compared to mid- and high-level clouds

(Fig. A.7). These results point to a clear terrain-dependent radiative response, pri-

marily driven by frequent low-level cloud cover over higher terrain, where the diurnal

range of surface shortwave and sensible heat fluxes are small in CTRL (Fig. 2.5b).

To more closely assess the terrain-height dependence of rain rate intensity, we com-

pute the joint frequency distribution of diurnal rain rate range and terrain height

(Fig. 2.7). Because the number of samples decrease with increasing terrain height

(Fig. 2.7d), the frequency plots are normalized by the sample count at each terrain

height bin to enable comparison across terrain heights. Both NCRF and CTRL initially

show increasing diurnal rain rate range with increasing terrain height (Fig. 2.7a,b).

However, CTRL and NCRF rain rate range eventually plateaus at a terrain height of

1500 m and 1700 m respectively, with CTRL decreasing in rain rate range above 2100

m (Fig. 2.7b). The difference in rain rate range between NCRF and CTRL highlights

the increasing rain rate range difference with increasing terrain height between the
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Figure 2.7: The frequency distribution of the diurnal range of rain rate (mm/hr) versus
terrain height (m) over land, normalized by the terrain height bin, for NCRF (a),
CTRL (b), and their difference (NCRF-CTRL) (c). Corresponding average rain rate
range (green) at each terrain height bin is overlaid for NCRF (dashed), CTRL (solid),
and their difference (black, dotted). Terrain averaged frequency (a, b) and anomalous
frequency (c) of rain rate range is plotted below the heat maps (blue, solid). The
number of terrain height samples at each terrain height bin is plotted (d) (blue, solid).

simulations, where the average NCRF diurnal rain rate range above terrain heights

of 750 m is 50% greater than CTRL (Fig. 2.7c). As shown in Fig. 2.6a, low-level

clouds more frequently cover regions of higher terrain heights, which decreases sur-

face shortwave flux range in CTRL. Together with Fig. 2.7, these results suggest that

cloud-radiative interactions, primarily from low-level clouds over high terrain, decrease

surface shortwave forcing, resulting in less intense rainfall at higher terrain heights in

CTRL.

2.3.3.1 The Terrain-Dependent Diurnal Surface Flux Response

To quantify the dependence of surface fluxes on terrain height, Fig. 2.8 shows how the

average diurnal range of each surface flux component changes with terrain height. In

CTRL (Fig. 2.8b), the range of surface shortwave flux (SW) decreases with increas-
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ing terrain height due to increasing low-level cloud cover (Fig. 2.5c), which decreases

incoming surface shortwave flux through the cloud-albedo effect. In the absence of

cloud-radiative interactions, NCRF (Fig. 2.8a) exhibits slightly increasing SW with

terrain height, likely due to the thinner atmosphere at higher elevations, leading to

less clear-air attenuation of shortwave radiation. The difference in SW between NCRF

and CTRL (Fig. 2.8c) therefore strongly increases with terrain height, which directly

increases the surface latent and sensible heat fluxes.

Figure 2.8: The average profiles of diurnal range of surface flux as a function of terrain
height over land for NCRF (a), CTRL (b), and their difference (NCRF-CTRL) (c).
Surface shortwave (SW, red), longwave (LW, brown), sensible (SH, green), latent (LH,
blue), and the sum of sensible and latent (SH+LH, cyan) fluxes are shown.

The range of surface latent heat flux (LH) decreases with increasing terrain height

for both simulations (Fig. 2.8a,b), with a greater decrease in CTRL than NCRF. The

slower decrease of LH with increasing height in NCRF relative to CTRL can be linked

to the greater diurnal soil moisture maximum at the top layer (0-0.1 m) of soil in

NCRF compared to CTRL (Fig. A.8). A moister land surface in NCRF can enhance

the evaporation of water at the surface, resulting in a higher LH compared to CTRL.

The higher soil moisture values in NCRF compared to CTRL can be attributed to the

higher rain rates over higher terrain heights in NCRF (Fig. 2.5b).
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The range of surface sensible heat flux (SH) slightly decreases with increasing terrain

height for CTRL, while it increases for NCRF. For a given wind speed, SH is a function

of the disequilibrium between surface temperature and atmospheric temperature (Ts−

T2), where Ts represents the surface skin temperature and T2 represents the atmospheric

temperature at 2 m. Figure A.9 demonstrates nearly no change in this disequilibrium

with increasing terrain height in CTRL, whereas in NCRF, it increases with terrain

height because the rate of decrease of Ts with height is reduced. Greater Ts at higher

elevation can be explained by the much greater surface shortwave flux with terrain

height in NCRF than CTRL (Fig. 2.8c). The greater Ts at higher elevations in NCRF

also explains why the range of surface longwave flux (LW) increases slightly more than

CTRL (Fig. 2.8c).

The increasing difference of all surface flux ranges with increasing terrain height be-

tween simulations (Fig. 2.8c) illustrates how the absence of cloud-radiative interactions

alters the thermodynamic environment, with a strong dependence on terrain height.

These results help explain why the diurnal rain rate range difference is greatest over

regions of high terrain when cloud-radiative interactions are removed (Fig. 2.1). These

results do not account for changes in dynamics, which are explored next.

2.3.3.2 Orographically Enhanced Diurnal Lifting

To assess how these terrain-dependent thermodynamic changes at the surface affect

circulation, Fig. 2.9 depicts the joint frequency distribution of diurnal orographically

forced surface vertical motion (hereafter, simply “slope flow”) range and terrain height.

Slope flow is calculated following Luo and Yanai (1983) method,

w10 = ∇h · U⃗ (2.1)
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Figure 2.9: The frequency distribution of the diurnal range of surface (10-m) slope flow
(m/s) as a function of terrain height (m) over land, normalized by the terrain height
bin, for NCRF (a), CTRL (b), and their difference (NCRF-CTRL) (c). Corresponding
average slope flow range (green) at each terrain height bin is overlaid NCRF (dashed)
in a), CTRL (solid) in b), and their difference (black, dotted) in c). Terrain averaged
frequency (a, b) and anomalous frequency (c) of slope flow range is plotted below the
heat maps (blue, solid).

where h represents the terrain height (m), U⃗ represents the 10-m surface horizontal

winds (m/s), and w10 represents the 10-m slope flow (m/s). While land-sea breezes

may contribute to the diagnosed slope flow near the coastline, we expect this flow to

be dominated by diurnal anabatic and katabatic winds.

The results show that both simulations exhibit an increase in slope flow range with

terrain height (Fig. 2.9a,b). It is important to note that a positive linear relationship

exists between terrain height and terrain slope over the MC, such that grid points

over higher terrain are also more sloped than low terrain grid points (Fig. A.10). This

positive relationship helps explain why diurnal slope flow range increases with ter-

rain height in general: steeper terrain slopes lead to stronger buoyancy-driven diurnal

katabatic and anabatic winds.

The diurnal slope flow range difference between the simulations (black, dotted) in-
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creases with terrain height (Fig. 2.9c), suggesting that the absence of cloud-radiative

interactions enhances the anabatic and katabatic winds. The diurnal slope flow range

is split into the maximum and minimum components to investigate the individual con-

tribution to the range (Fig. A.11). The difference between NCRF and CTRL show

both the minimum (downslope/katabatic) and maximum (upslope/anabatic) winds

grow stronger in NCRF with increasing terrain height. However, as terrain height in-

creases, upslope winds contribute more to the range than downslope winds in NCRF

(Fig. A.10a), suggesting that cloud-radiative influences on daytime upslope winds are

more impactful to the range than nighttime downslope winds. The enhanced diurnal

cycle of slope flow in NCRF is consistent with the enhanced surface shortwave, latent,

and sensible flux forcing compared to CTRL (Fig. 2.8c). We also see a similar terrain

dependence of diurnal surface divergence range (Fig. A.12), consistent with the inter-

pretation that surface heating along the sloping terrain increases the diurnal cycle of

low-level vertical motion.

To visualize how the diurnal coastal surface flow changes in association with the

slope flow, the diurnal composite of CTRL 10-m wind speed at the average time of

maximum diurnal upslope flow over land ( 14 LST) and maximum diurnal downslope

flow over land (6 LST) is compared (Fig. A.13), where the magnitude and vector

difference of surface winds are taken between NCRF and CTRL (Fig. 2.10). During the

time of maximum diurnal upslope flow over land, prominent onshore flows, contributed

from both sea breezes and anabatic flows, can be seen in the afternoon (Fig. 2.10a) due

to the strong warming of the land-surface and sloped terrain by incoming shortwave

flux. NCRF produces stronger onshore winds over the entirety of the MC compared

to CTRL, likely due to the higher surface shortwave flux (Fig. 2.10b).

During the time of minimum diurnal upslope flow over land, offshore winds from

the land breeze and katabatic flows manifest due to the nocturnal cooling of the land-
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Figure 2.10: The diurnal composite of CTRL 10-m wind speed (m/s) is plotted at
times of maximum 10-m convergence over land (14 LST) (a) and ocean (6 LST) (c)
after a 30 grid-point center point average, with arrows representing the wind direction.
The wind speed difference (NCRF-CTRL) is shaded at the same times (b, d), where
reds indicate stronger magnitude winds in NCRF, while blues indicate the opposite.
The arrows represent the wind vector difference between NCRF and CTRL, where
scaling of the arrows differ between the left and right column subplots. Arrows are not
included where the magnitude of the wind speed difference (b, d) did not exceed 0.25
m/s. Terrain height at 750 m is overlaid in solid green.

surface (Fig. 2.10c). During this time, NCRF and CTRL do not have a clear signal

of differing surface winds (Fig. 2.10d). These results suggest that cloud-radiative in-

teractions influence the daytime diurnal flows more than the nighttime flows. Since

offshore convection propagates at varying local times across the MC (Fig. 2.3), alter-

native times were used in place of 6 LST; however, this did not qualitatively affect

our results. This result corroborates our previous findings of an insignificant change in

offshore propagation speed between the simulations. However, the less organized and

significant difference in wind speed at night could be related to model divergence or
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background state drift between CTRL and NCRF, and/or boundary-level dynamics or

nighttime stability, so future research should attempt to isolate the nighttime influence

of cloud-radiative interactions without the influence from the daytime. Nevertheless,

the contrast between CTRL and NCRF highlights the role of the cloud-radiative ef-

fects in shaping the distribution of the surface energy balance across the varying terrain

heights over the MC, contributing to an increase in diurnal rainfall by enhancing sea

breezes and anabatic flows.

2.4 Conclusions

The latest GCMs continue to struggle with accurately predicting the peak timing

and intensity of the diurnal cycle of rainfall, with implications for the prediction of

large-scale climate. These longstanding challenges underscore our need to improve

our fundamental understanding of the diurnal cycle of convection. Here we investigate

how cloud-radiative interactions influence the diurnal cycle of rainfall over the Maritime

Continent (MC) using a convection-permitting model, improving our understanding of

their impact on convection over regions of complex islands and steep terrain.

The background setting of our study is a period in late 2015, during the wet sea-

son, when conditions of large-scale easterly flow favored enhanced diurnal rainfall over

the islands of the MC, with prominent signatures of nocturnal offshore propagation.

The simulations were performed using the WRF model (v4.3.3), with a convection-

permitting inner domain (3-km grid spacing) over a 10.5-day period. To test the

sensitivity of the diurnal cycle of rainfall to the removal of cloud-radiative interactions,

an ensemble of nine 36-hour sensitivity simulations was conducted in which cloud-

radiative interactions were disabled (NCRF). Each NCRF run was initialized daily at

approximately local sunrise (0000 UTC) as a model restart from a continuous 10.5-day
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control simulation (CTRL). Our experiment took place during an MJO suppressed

phase, but the model experiment was repeated during the enhanced phase of the same

MJO, yielding consistent results compared to the suppressed phase (Fig. A.3). There-

fore, we can be more confident that our results are not highly sensitive to MJO phase,

but may not be generally applied during all seasons or backgrounds states.

We found that the removal of cloud-radiative interactions led to an increase in di-

urnal rainfall range over the MC land (34%) and ocean (7%). Additionally, diurnal

rainfall initiated earlier, with the greatest magnitude change over the MC land. More

intense and earlier-triggered diurnal rainfall also occurred over coastal and offshore

regions, characterized by strong signals of offshore rainfall propagation. The speed

of offshore rainfall propagation did not significantly change when cloud-radiative in-

teractions were absent. The limited sensitivity of diurnal rainfall over the ocean and

offshore-propagating rainfall to the removal of cloud-radiative interactions highlights

the need for future work to isolate oceanic cloud-radiative effects and their contribution

to nocturnal rainfall over the MC.

The diurnal rain rate range difference between NCRF and CTRL increased markedly

with terrain height, where the average NCRF diurnal rain rate range above terrain

heights of 750 m is 50% greater than CTRL. These results suggest that diurnal rainfall

is more sensitive to cloud-radiative interactions at higher terrain heights. This increase

resulted from the increasing difference in surface forcing (shortwave, longwave, sensible

heat, and latent heat fluxes) with terrain height between NCRF and CTRL. The ad-

ditional thermodynamic surface forcing at higher terrain in NCRF induced a stronger

response in orographically forced surface vertical motion through enhanced anabatic

winds and sea breezes. A less clear cloud-radiative influence was seen on katabatic

winds and land breezes during the night.

Topographically-induced clouds were found to be essential to the terrain-dependency
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described above. In CTRL, low-level clouds significantly reduce surface shortwave flux,

more strongly than mid- and high-level clouds, due to their reflective properties (the

cloud-albedo effect) and their more in-phase relationship with insolation. Mid- and

high-level cloud coverage peaks after maximum insolation at all terrain heights, lim-

iting their shortwave CRF impact to later in the day, while low-level cloud coverage

maximizes closer to maximum insolation. Low-level cloud coverage was also the high-

est over regions of higher terrain, strongly dampening the thermodynamical surface

forcing. The implication of this finding is that cloud–radiative interactions, such as

the cloud-albedo effect, weaken buoyancy-driven diurnal anabatic winds, ultimately

reducing rainfall intensity over higher and steeper terrain across the MC.

The results from this study suggest that cloud-radiative interactions are a critical

component to accurately predicting the timing and strength of the diurnal cycle of

rainfall in this region. Specifically, the decrease in surface shortwave flux from cloud-

radiative interactions strongly influences the surface sensible and latent heat flux, with

substantial impact on diurnal mesoscale circulations and rainfall. Therefore, regions

with early initiating and persistent cloud cover during the day, particularly from low-

level clouds, need to be carefully considered, as errors in the representation of cloud-

radiative interactions can significantly modulate diurnal rainfall patterns.

Our study corroborates the findings of an observational study by Forsythe et al.

(2015), indicating that mountainous regions are highly sensitive to radiative forcing

and its modification by clouds due to their elevated cloud coverage during the day.

This study identifies key mechanisms that alter the diurnal cycle of rainfall over the

MC, underscoring its complexity and highlighting opportunities for deeper investiga-

tion of the diurnal cycle in GCMs. Past studies have attributed GCM deficiencies in

diurnal rainfall to limitations in convective parameterizations (Wang et al., 2020; Tang

et al., 2022; Dong et al., 2023; Tao et al., 2024). In our study, removing cloud-radiative
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interactions led to changes in the diurnal cycle of rainfall that resemble common GCM

deficiencies (i.e., overly frequent triggering and early rainfall onset). This result there-

fore suggests the potential importance of erroneous representation of cloud-radiative

interactions, especially associated with low-level clouds over high terrain, in either

partially explaining or exacerbating these deficiencies in GCMs.

33



Chapter 3

Understanding the Environmental Influence of the

Madden-Julian Oscillation on the Behavior of the

Diurnal Cycle over the Maritime Continent

3.1 Introduction

The Madden-Julian Oscillation (MJO; Madden and Julian, 1971) is the dominant mode

of intraseasonal variability in the tropics, modulating large-scale circulation, moisture,

convection, and precipitation globally and locally over the Maritime Continent (MC)

(Jiang et al., 2020). The diurnal cycle of rainfall explains the majority of rainfall

variability over the MC Kikuchi and Wang (2008), and recent studies have shown that

its strength and spatial distribution over land and ocean is strongly modulated as the

MJO propagates across the region (Ichikawa, 2006; Qian, 2020; Zhou et al., 2022; Bai

and Schumacher, 2022; Ling et al., 2019), however, the mechanisms responsible for the

changes remain uncertain. Despite the importance of the MJO and the diurnal cycle

of convection along the MC, general circulation models (GCMs) and higher-resolution

numerical models continue to struggle in accurately representing the MJO and the

diurnal cycle of convection (Chen et al., 2022).

The diurnal cycle of rainfall remains a persistent source of model bias, with errors

in its timing, intensity, and spatial distribution (Yin and Porporato, 2017; Tang et al.,

2021; Dong et al., 2023), limiting the reliability of projections of freshwater availabil-

ity, the global radiation budget, and large-scale atmospheric circulation (Matus and

34



L’Ecuyer, 2017). Improving our understanding of the mechanisms through which the

MJO modulates the MC diurnal cycle may therefore provide a pathway toward improv-

ing model representation of both phenomena (Ling et al., 2019; Zhou et al., 2025). To

address this gap, this study investigates how MJO-induced changes in environmental

conditions influence the land–ocean distribution of diurnal rainfall across the western

MC using high-resolution, convection-permitting sensitivity experiments.

The diurnal cycle of rainfall’s land-sea contrast and its spatial distribution over the

MC islands modulates with the propagation of the MJO. Over the MC, island and

oceanic diurnal rainfall exhibit opposing intraseasonal behavior, with island rainfall

peaking ahead of the MJO enhanced phase and weakening thereafter, while oceanic

rainfall maximizes when the MJO enhanced phase is overhead (Peatman et al., 2014;

Sakaeda et al., 2017; Coppin and Bellon, 2019; Ling et al., 2019; Oh et al., 2012).

Additionally, the spatial distribution of diurnal rainfall over some of the larger islands

shifts from one terrain face to the other (i.e., western-to-eastern facing) as the MJO

propagates through the region (Ichikawa, 2006; Qian, 2020; Zhou et al., 2022; Bai

and Schumacher, 2022; Sakaeda et al., 2020). Recent studies have also linked the

successful propagation of the MJO over the MC to the strength of the land-sea contrast

in the diurnal cycle of rainfall (Zhang and Ling, 2017; Ling et al., 2019), however the

mechanisms underlying these observed features of diurnal rainfall remain uncertain.

A mechanism that remains unexplored is the increasing influence of cloud-radiative

interactions on suppressing land diurnal rainfall during the propagation of enhanced

phase of the MJO over the MC. As shown in chapter 2, cloud-radiative effects sup-

press diurnal rainfall more strongly over land than ocean; therefore, as cloud cover

increases with the onset of the MJO enhanced phase over the MC, the observed in-

creasing land–ocean contrast in diurnal rainfall may be explained by cloud-radiative

interactions.
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To capture the intraseasonal influence cloud-radiative interactions have on diurnal

rainfall over the MC, we have performed an ensemble of sensitivity experiments in which

cloud-radiative interactions are disabled when the enhanced phase of the MJO is over

the MC, following the same methodology and MJO event described in Chapter 2.2.2.

This MJO event was slightly unique because the magnitude of diurnal rainfall over

land slightly increased from when the MJO enhanced phase is over the Indian Ocean

to over the western MC (PreMJO-to-MJO), despite the increase in cloud cover and

resulting reduction in surface fluxes. This suggests that while cloud-radiative effects

dampen land diurnal rainfall from PreMJO-to-MJO, other processes must sustain it on

the intraseasonal time scale. Additionally, the cloud-radiative effect on oceanic diurnal

rainfall is much weaker compared to the intraseasonal change, indicating that, while

cloud-radiative interactions affect diurnal rainfall over land and ocean, they are not

the primary driver of the intraseasonal change in the land-sea distribution of diurnal

rainfall over the MC. This conclusion suggests that the MJO modulates other environ-

mental conditions along its propagation over the MC that are more responsible for the

intraseasonal change in diurnal rainfall over the MC.

Several mechanisms have been proposed to explain the intraseasonal evolution of

the Maritime Continent diurnal cycle. Some studies argue that the islands ultimately

compete against oceanic convection, therefore the suppression of convection over land

will inherently enhance oceanic convection (Oh et al., 2012; Ling et al., 2019; Zhou

et al., 2025), while others suggest more favorable environmental conditions over ocean,

such as a moister environment, enhances oceanic convection over the MC (Zhang and

Ling, 2017). It is likely that the suppression of land and enhancement of oceanic

convection both play a role in the intraseasonal evolution of diurnal rainfall, but the

mechanisms responsible and their relative contribution remains unclear. More recent

studies examining the intraseasonal evolution of rainfall over land attribute the western-

36



to-eastern terrain facing shift in the spatial distribution of diurnal rainfall to the dy-

namical wind response from the onset of the MJO or other large-scale wind patterns

(Zhou et al., 2022, 2023; Qian et al., 2010, 2013). Furthermore, idealized studies have

demonstrated that stronger background winds suppress island-wide diurnal convection,

particularly on the windward side, likely through enhanced coastal mixing that weakens

the land–sea temperature gradient and thereby reduces onshore flow strength (Wang

and Sobel, 2017; Natoli and Maloney, 2023b). The vast majority of the mechanisms

that have been suggested to modulate the diurnal cycle of rainfall over the MC are

strongly influenced by the background environmental conditions, such as moisture and

wind.

The MJO modulates environmental moisture and lower-tropospheric winds, di-

rectly influencing the key mechanisms that govern tropical diurnal convection. As the

enhanced phase of the MJO propagates over the MC, atmospheric moisture deepens

into the mid-to-upper troposphere and anomalous easterlies reverse to westerlies. In

regards to how atmospheric moisture can effect diurnal rainfall over the MC, a well-

known relationship exists between moisture availability and tropical oceanic rainfall,

where an increase in atmospheric moisture is associated with an exponential increase

in rainfall (Bretherton et al., 2004). This relationship is weaker over land (Hohenegger

and Stevens, 2022; Schmidt and Hohenegger, 2024), which could explain the growing

land-sea contrast in diurnal rainfall with the onset of the MJO enhanced phase. Lower-

tropospheric easterly flow can enhance convection on the leeward side while suppressing

on the windward side over the MC islands, helping to explain the changing spatial dis-

tribution of rainfall over land with the reversal of anomalous easterlies to westerlies

upon the onset of the MJO enhanced phase (Ichikawa, 2006; Wang and Sobel, 2017;

Sakaeda et al., 2020; Natoli and Maloney, 2023b). Previous studies have suggested the

mechanism responsible for the changing spatial distribution of island diurnal rainfall
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is the weakening land-sea thermal-gradient through enhanced mixing on the windward

side that suppresses sea-breeze driven convection (Wang et al., 2020; Qian et al., 2013;

Qian, 2020; Natoli and Maloney, 2023b). Despite the documented impact large-scale

moisture and circulation has on the mechanisms that influence diurnal convection over

the MC, the relative role of each environmental forcing associated with the MJO on

diurnal convection has not been explicitly tested before.

Utilizing a convection-permitting model and a set of novel experiments, we isolate

the MJO induced moisture and circulation change over the MC into their individual

and combined contribution to the intraseasonal change of diurnal rainfall over the

MC land and ocean. In this study, we address these two questions: 1) What are

the relative influences of the MJO’s large-scale moisture and circulation profile on the

diurnal cycle of rainfall? 2) What are the mechanisms through which moisture and

circulation influence diurnal rainfall?

3.2 Data and Methods

The MJO event we investigate occurred in the winter of 2015, which provided a well-

documented and strong change in the diurnal cycle of convection over its lifetime (Yokoi

et al., 2017). Below we will discuss the observed characteristics of this particular MJO

and the changing diurnal cycle of rainfall over the western MC during the study period

(November 23 to December 20, 2015). Additionally, we will discuss the methods we

leverage to answer our stated questions, including model verification and the suite

of novel experiments designed to isolate the effects of MJO-associated environmental

moisture and circulation on the diurnal cycle of rainfall.
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3.2.1 Case Background State

Based on the outgoing longwave radiation MJO index (OMI), the MJO event during

the study period (November 23 to December 20, 2015) has an amplitude of less than

1 (µ̄ = 0.7) over the Indian Ocean (Phase 2-3) between November 23 and December

03. The MJO strengthens to an amplitude greater than 1 (µ̄ = 1.75) as it propagates

over the MC (Phase 4-5) between December 10-20 (Kiladis et al., 2014). The Realtime

Multivariate Madden Julian Index (RMM) provides a similar story, suggesting our

study period consists of a strengthening MJO event that propagates from the Indian

Ocean to the MC. During this MJO event, moderate easterlies over the MC transitioned

into strong westerlies at 850-hPa, along with significant moistening of the troposphere

between the the study periods (Fig. B.1).

Observational analysis of this MJO event over the western central coast of Sumatra

by Yokoi et al. (2017) exhibit a strong diurnal cycle of rainfall that maximizes onshore at

15 local solar time (LST), and propagates offshore around 18-19 LST before the onset of

the MJO enhanced phase. During the onset of the MJO enhanced phase, both offshore

and onshore diurnal rainfall weakens, largely due to the strong westerly winds in the

lower troposphere associated with the enhanced phase of the MJO. Yokoi et al. (2017)

study is done over a relatively small region of the western MC, so extending this analysis

across the broader western MC will provide a more comprehensive understanding of

how MJO environmental conditions influence the diurnal cycle of rainfall at regional

scales, motivating the model-based analysis presented in the following subsection.

3.2.2 Model Configuration

The Advanced Research Weather Research and Forecasting (WRF) model Version 4.3.3

is utilized in this study to run a pair of 10.5-day control (CTRL) simulations between
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November 22 1200 UTC and December 03 0000 UTC when the MJO enhanced phase

is over the Indian Ocean (PreMJO) and December 09 1200 UTC - 20 0000 UTC when

the MJO enhanced phase is over the western MC (MJO), with the first 12 hours of the

simulations removed to account for model spin-up (Skamarock et al., 2021). The WRF

Model configuration for the CTRL simulation largely follows Najarian et al. (2025),

which includes an outer domain of 12-km grid spacing with the Tiedtke cumulus scheme

and an inner nest of 3-km grid spacing with explicit convection (Fig. A.1). The model

has 55 vertical levels, with vertical spacing between levels increasing with height, a

model top at 10 hPa, and output saved at an hourly frequency. Both domains use the

WRF Double-Moment 6-class microphysics (Lim and Hong, 2010), RRTMG radiation

(Iacono et al., 2008), and the Noah Land Surface Model (Ek et al., 2003). The fifth

generation ECMWF atmospheric reanalysis (ERA5) data set is used to initialize and

update boundary conditions for the models (Hersbach et al., 2020).

A deviation from Najarian et al. (2025) is made with the use of spectral nudging

at an hourly timescale of winds (u,v) and moisture (q) in the outer domain (12-km),

for long wavelengths (>1000 km), and excluding any nudging in the boundary layer.

Our specific use of spectral nudging preserves the evolving large-scale MJO circulation

and moisture anomalies over the outer domain, while allowing convection within the

inner domain to develop without explicit nudging, resulting in a more realistic domain-

average oceanic diurnal cycle of rainfall and improved representation of the MJO over

the MC. To avoid resolution-induced numerical artifacts at the boundary of the inner

nest, and to focus our analysis over the western MC region where the MJO enhanced

phase propagates, analysis will be confined further within the inner nest (Fig. B.2, red

rectangle).

40



3.2.3 Model Verification of Diurnal Rainfall Variability

To ensure the model simulates the observed intraseasonal shift in diurnal rainfall

strength over land and ocean, the Integrated Multi- satellitE Retrievals for the Global

Precipitation Measurement Mission (IMERG) version 7 satellite estimated rain rates

at 30-minute and 0.1-degree resolution is leveraged to compare against PreMJO and

MJO output (Huffman et al., 2023). Before comparisons are made, CTRL’s spatial

grid spacing is regridded to match IMERG using area-weighted averages, approxi-

mately conserving the spatial integral of precipitation during the remapping process,

while IMERG is temporally aggregated to hourly resolution by averaging consecu-

tive 30-minute samples. After converting coordinated universal time (UTC) to LST

(LST = UTC + (λ/15)), where λ represents the longitude at each grid point, the

domain average of the diurnal composite of rain rate and the the grid point diurnal

range (max−min) is calculated and compared over land and ocean points (Fig. 3.1).

We utilize IMERG’s land mask metric for both datasets after regridding and found

that defining land points as grid points with 75% water coverage or less, with all re-

maining grid points classified as ocean, best ensured coastal land regions were properly

identified as land.

While the exact values of the domain average diurnal rain rate between CTRL and

IMERG differ over land and ocean during the PreMJO and MJO periods, grid point

diurnal range increases more over ocean than over land in both IMERG (23.3% and

4.9% respectively) and CTRL (30.1% and 5.5% respectively), suggesting the estimated

shift in diurnal rainfall strength from PreMJO-to-MJO is well captured by CTRL

over the MC region (Fig. 3.1a,b). The general spatial patterns of differences in the

PreMJO-to-MJO spatial difference in diurnal rainfall range agree between CTRL and

IMERG, with a clear signal of stronger diurnal rainfall over oceanic regions during the
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MJO (offshore south of Java, the Java Sea, and offshore east of Borneo), with less

clear agreement over land (Fig. 3.1c,d). These results indicate that the shift in diurnal

rainfall from PreMJO-to-MJO for this MJO event is adequately represented over the

western MC, allowing us to confidently conduct experiments built upon the CTRL

simulations to test the MJO’s environmental influence on the diurnal cycle of rainfall.

Figure 3.1: The domain average diurnal composite of rain rate (mm/hr, log-scale) is
calculated over the MC domain for WRF CTRL simulations after spatial regridding
to match IMERG (triangles), and for IMERG after temporal aggregation to match
WRF’s hourly output (circles). Rain rates are averaged over the land (a) and ocean
(b) domains during the PreMJO (solid) and MJO (dashed) periods. c,d) The diurnal
composite of rain rate range difference between PreMJO and MJO are shown spatially
after WRF spatial regridding and IMERG temporal aggregation, where red shading
indicates greater diurnal rain rate range during the PreMJO period and blue shading
indicates greater diurnal rain rate range during the MJO period.
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3.2.4 Moisture and Circulation Sensitivity Experiments

To test the intraseasonal change in large-scale environmental moisture and circulation

on the diurnal cycle of rainfall, we leverage initialization and boundary condition ex-

periments to adjust the environmental conditions. This is done by taking PreMJO

large-scale fields—relative humidity (RH) and/or zonal and meridional winds (U,V)

from ERA5—and imposing them during the MJO period. Three experiments are con-

ducted during the MJO period in which RH (SwapRH), winds (SwapU,V ), or both

(SwapRH,U,V ) variables from the ERA5 files used to initialize and update boundary

conditions are replaced with values used during the PreMJO period (Table 3.1). To

verify that the swap simulations reproduce the intended large-scale conditions, 850-

hPa winds and vertically integrated (VI) RH calculated between 1000–100 hPa are

time-averaged over each 10-day long period (Fig. 3.2).

VI RH =

1

g

∫ 100 hPa

1000 hPa

qv dp

1

g

∫ 100 hPa

1000 hPa

qvs dp

× 100 (3.1)

qv and qvs are the water vapor mixing ratio and saturation mixing ratio, respectively,

p is pressure, g is the acceleration due to gravity and the integration is performed

from 1000 to 100 hPa. The results demonstrate that the swapped variables in the

swap experiments (i.e., VI RH in SwapRH) closely follow the PreMJO large-scale pat-

tern, indicating that the swap experiments successfully impose the desired large-scale

conditions. With the experiments working as intended, we will now examine the diur-

nal cycle of rainfall across all simulations and identify the mechanisms through which

moisture and circulation influence diurnal rainfall.
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Table 3.1: Overview of the experimental design. Three swap experiments are performed
during the MJO period by replacing ERA5 large-scale relative humidity (RH) and/or
horizontal winds (U,V) in the initialization and lateral boundary conditions with values
from the PreMJO period.

Experiment Time Period
Imposed fields
from PreMJO

PreMJO Nov 23-Dec 03, 2015 -
MJO Dec 10-20, 2015 -
SwapRH Dec 10-20, 2015 RH
SwapU,V Dec 10-20, 2015 U,V
SwapRH,U,V Dec 10-20, 2015 RH,U,V

Figure 3.2: Time-averaged vertically integrated (1000-100 hPa) relative humidity (VI
RH, %) and 850-hPa wind vectors (m/s) are calculated for each simulation.

3.3 Results

3.3.1 Moisture and Circulation Influence Diurnal Rainfall Dif-

ferently Over Land and Ocean

Since moisture is key driver of rainfall over the tropics, the modulation of moisture by

the MJO will have an influence on rain rates. To capture the change in the strength

of diurnal rainfall with the changing large-scale moisture environment, the difference
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in the average grid-point diurnal rain rate range and the grid-point time-averaged VI

RH is taken between each simulation and the MJO and averaged over all land and

ocean grid points. Between the CTRL simulations (PreMJO − MJO), time- and

domain-averaged VI RH is roughly 3% lower over land and ocean points (Fig. 3.3b),

while diurnal rain rate range is much weaker over the ocean compared to over land

(Fig. 3.3a). Swapping RH to PreMJO-like conditions during the MJO period (SwapRH)

dries the atmosphere over land to levels comparable to PreMJO, while producing an

even drier atmosphere over the ocean. Despite a comparable amount of environmental

drying in PreMJO and SwapRH , the land diurnal rainfall decreases more in SwapRH

(Fig. 3.3). This mismatch implies that either SwapRH diurnal rainfall over land is

more sensitive to drying than PreMJO, or that the spatial distribution of VI RH

varies. Qualitatively, we can see that the spatial distribution and magnitude of VI RH

vary over land and ocean between SwapRH and PreMJO (Fig. 3.2a,c), implying the

importance of MJO circulation in modulating diurnal rainfall over land.

Swapping winds to PreMJO conditions (SwapU,V ) does not dry the atmosphere as

much as SwapRH , but despite the slight drying, the the rain rate range in SwapU,V

increases from MJO over land (Fig. 3.3). These results suggest that the strength of

the diurnal cycle of rainfall over the western MC islands is strongly suppressed under

PreMJO moisture conditions (drier) and enhanced under PreMJO wind conditions

(anomalous easterlies). Swapping both RH and winds result in the driest atmosphere

over the western MC, the weakest diurnal rain rate range over ocean, and the closest

to PreMJO diurnal rain rate range over land (Fig. 3.3). On average, diurnal rain

rate range difference over ocean follows the difference in VI RH but not over land

(Fig. 3.3). This motivates an investigation of the relationship between environmental

moisture and diurnal rainfall to better understand the role of atmospheric moisture in

modulating the diurnal rainfall over land and ocean.
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Figure 3.3: The grid-point difference of (a) diurnal rain rate range (mm/hr) and
(b) time-averaged vertically integrated (1000-100 hPa) relative humidity (VI RH, %)
from MJO domain-averaged over land (brown, no hatch) and ocean (blue, hatched)
points, where X represents the corresponding simulation labeled on the x-ticks. The
black brackets represent the confidence interval at a 95% confidence level through
bootstrapping at N = 1000.

3.3.2 Predominant Role of Moisture on Oceanic Diurnal Rain-

fall

Previous studies have shown that tropical oceanic precipitation increases exponen-

tially with column moisture (the P -r relationship), as greater atmospheric humidity

reduces the negative effects of entrainment on convective updrafts, allowing convec-

tion to strengthen and produce higher rain rates (Bretherton et al., 2004; Peters and

Neelin, 2006; Holloway and Neelin, 2009). To test the influence of environmental mois-

ture on rain rate, the daily rain rate and VI RH (1000-100 hPa) is calculated for

all days (N=10 days) and binned at 1% VI RH intervals over land and ocean points

(Fig. 3.4a,b). Over land and ocean, the simulations generally align along a common

exponential curve (y-axis is log scale, Fig. 3.4a,b) despite differences in the distribution

of VI RH (Fig. 3.4c,d), showing that daily rainfall increases exponentially with VI RH

among all the simulations.
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The P–r relationship is stronger (exhibits a steeper slope) and has a greater vari-

ability in the average rain rates across all simulations (scatter points) over ocean than

over land, suggesting that oceanic rainfall is more sensitive to environmental moisture

(Fig. 3.4). Despite the stronger oceanic P -r relationship, land regions exhibit higher

daily rainfall rates under drier conditions (VI RH < 60%), implying that the expo-

nential increase in rainfall begins at lower column moisture values over land than over

ocean, consistent with prior studies (Ahmed and Schumacher, 2017; Bergemann and

Jakob, 2016). These results suggest that the drier environment associated with the

PreMJO exerts a stronger control on the oceanic diurnal rainfall, however, domain-

averaged VI RH does not necessarily explain rainfall responses in all experiments

(Fig. 3.3).

Figure 3.4: The daily rain rate (mm/day) and vertically integrated (1000-100 hPa) rel-
ative humidity (VI RH) is calculated for all days (N=10 days) and binned at 1% VI RH
intervals over (a) land and (b) ocean points for all simulations, with the corresponding
number of points (log-scale) at each VI RH bin (c,d). The scatter points represent the
time-averaged rain rate and relative humidity across the entire time period.

Despite the nearly equivalent difference in VI RH between SwapRH and SwapRH,U,V ,

47



the latter exhibits a much larger decrease (27%) in oceanic diurnal rain rate range, sug-

gesting that other factors are responsible for the change in rain rate range (Fig. 3.3).

We compare the time-averaged spatial distribution of diurnal rainfall (Fig. 3.5) and

the moisture and lower-tropospheric wind fields (Fig. 3.2) to understand whether the

spatial distribution of moisture explains the disproportionate diurnal rain rate range

response to VI RH between SwapRH and SwapRH,U,V . The time-averaged rainfall

during the MJO is widespread over the oceans and especially strong along the west-

ern half of Java and the Java sea between Java and Borneo, the region traversed by

this specific MJO convective envelope (Fig. 3.2b). These specific regions across all

simulations exhibit the largest differences in VI RH compared to MJO, which would

result in the largest difference in rainfall following the exponential P -r relationship

(Fig.3.2). This suggests that local changes in moisture is a key factor in determining

the domain-average and spatial distribution of diurnal rainfall over the ocean.

Figure 3.5: Time-averaged rain rate (mm/hr) for each simulation.

SwapRH,U,V average daily rain rate is spatially consistent with PreMJO, but the

magnitude of oceanic rainfall in SwapRH,U,V is much weaker than PreMJO over the

Indian Ocean and South China Sea (Fig. 3.5a,e). The weaker rainfall over the Indian
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Ocean can be explained by the exponential relationship between rainfall and VI RH,

whereby a given change in VI RH produces larger rainfall differences at higher VI RH

values (Fig. 3.4a). The VI RH values over the Indian Ocean region in PreMJO is

relatively high, while SwapRH,U,V is drier (Fig. 3.2a,e), resulting in a sharper decline in

average rainfall rates over the Indian Ocean region. The weaker rainfall over the South

China Sea cannot be explained by the magnitude differences since they have relatively

similar VI RH values (Fig. 3.2a,e). Therefore, processes beyond moisture, such as

changes in the offshore diurnal propagation of convection originating from Borneo,

may play an important role in modulating oceanic diurnal rainfall over the South

China Sea and explain why domain-averaged diurnal rainfall range differs between

SwapRH,U,V and PreMJO over some oceanic regions. Across all simulations, time-

averaged rainfall also varies over land, leading us to investigate how environmental

conditions influence diurnal rainfall over land in the next section (Fig. 3.5).

3.3.3 Understanding the Mechanisms Driving the Land Diur-

nal Cycle

While moisture is an important factor for land diurnal rainfall, the P -r relationship

alone does not directly explain the changes in the domain-averaged diurnal rain rate

range over land between the simulations (Fig. 3.3). The land diurnal cycle of convection

over tropical islands is strongly driven by daytime surface shortwave heating, which

destabilizes the boundary layer and initiate convection through orographic slope flow

and sea-breeze-induced onshore flow associated with the land–sea thermal gradient.

Prior research suggests that stronger background winds can weaken the land-sea ther-

mal contrast through enhanced turbulent mixing and ventilation, resulting in weaker

onshore flow and reduced instability (Wang and Sobel, 2017; Natoli and Maloney,
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2023b; Short et al., 2019; Shige et al., 2017). Prior studies have also demonstrated

that a terrain-relative (west/east, south/north) dipole in rainfall exists over major

islands of the MC and weakens and/or flips to the opposite side of the terrain face

during the onset of the MJO enhanced phase (Ichikawa, 2006; Sakaeda et al., 2020;

Qian, 2020; Zhou et al., 2022; Bai and Schumacher, 2022). Turbulent mixing and

ventilation is enhanced over the windward side of the islands which suppresses the di-

urnal coastal thermal gradient, possibly explaining the observed terrain-relative dipole

in diurnal rainfall associated with the modulation in environmental winds with the

propagation of the MJO. Therefore, we hypothesize that stronger background winds

associated with the MJO weaken land diurnal rainfall more over the windward side of

the islands through the weakening of the coastal land-sea thermal gradient and insta-

bility over land. We first develop an objective method to partition and analyze island

terrain-faces to investigate the terrain-relative dipole in diurnal rainfall.

3.3.3.1 Island Partitioning and Coastal Analysis Framework

To ensure we investigate regions that experience a strong intraseasonal shift in back-

ground wind speed and direction, we first isolate the large islands along the prop-

agation path of this particular MJO’s convective envelope—Sumatra, Borneo, Java,

and Sulawesi—thereby neglecting all smaller islands and the Malay Peninsula. Due

to the varying influence of large-scale winds on the leeward and windward side of is-

lands (Wang and Sobel, 2017; Natoli and Maloney, 2023b), we introduce a novel semi-

objective method to divide each island into their western and eastern components (or

southern and northern for Java). We divide islands at their respective maximum terrain

heights (ridge line) at each latitude (longitude for Java) of the island after applying

a variable gaussian spatial smoother onto terrain heights to avoid sharp transitions

between mountain peaks (Fig. B.3a). The amount of spatial smoother applied in the
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latitude and longitude varied between islands in order to ensure the terrain-face divide

avoided distant terrain peaks, resulting in a semi-objective approach. After the islands

are split into two components, the distance from the coast is calculated with respect to

each island terrain face coastline, where the coastline is centered at 0m, negative values

moving onshore and positive moving offshore from the coastline (Fig. B.3b,c). Due to

the importance of coastal flow over tropical islands, certain variables (i.e., winds) are

projected onto the coast-normal unit vector to calculate their coast-normal components

and subsequently averaged within a ±25km coastal band to characterize the coastal

environment, according to

X⊥(d, t) = X(d, t) · n̂ (3.2)

X represents the vector variable of interest at distance from the coastline d and time

t, n̂ is the coast-normal unit vector (positive offshore), and X⊥ is the corresponding

coast-normal component. We then take the coastal average over each terrain face

coastline

X⊥(t) =
1

N

∑
n=1

X⊥(dn, t) (3.3)

where N is the number of points and dn is the coastal bounds used (−25 km ≤ dn ≤

+25 km). Consistent with previous studies and our own findings (not shown), Java

features a more south/north contrast than the east/west contrast over other islands

Qian (2020). We simplify the terminology hereafter by including Java’s southern and

northern terrain faces within the western and eastern terrain face categories, respec-

tively.
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3.3.3.2 MJO-associated Moisture and Circulation Modulates Terrain-Face

Differences in Land Diurnal Rainfall

We first examine the relationship between land-averaged diurnal rain rate range and

950-hPa time-averaged coastal onshore flow (u⊥,950hPa) over the western and eastern

sides to see whether stronger mean winds correspond to weaker diurnal rainfall over

land (Fig. 3.6a,b). The 950-hPa level was chosen due to its position within the bound-

ary layer, allowing the detection of coastal flow without the signal being dominated by

free tropospheric winds and surface friction. From PreMJO to MJO, rainfall increases

with weaker onshore flow on the eastern side, and rainfall decreases with stronger on-

shore flow on the western side (Fig. 3.6a,b). The terrain-relative dipole in rainfall also

weakens from PreMJO to MJO, which could be associated with the changes in the mean

onshore flow, in agreement with prior studies (Fig. 3.6a) (Qian et al., 2013; Wang and

Sobel, 2017; Zhou et al., 2022; Natoli and Maloney, 2023b; Qian, 2020). These results

suggest that stronger MJO background winds suppress land diurnal rainfall, support-

ing the first part of our hypothesis, however, the underlying mechanism responsible

remains unclear.

The diurnal range of 2-m potential temperature gradient projected onto the coast

normal unit vectors (Eq. 3.2) is averaged over the coastal region (∇⊥θ2m, Eq. 3.3) to

quantify the strength of the coastal land-sea thermal gradient along each terrain side

coast (Fig. 3.6c). The diurnal land-sea thermal gradient range decreases equally over

both sides from PreMJO to MJO, likely due to the domain increase in cloud-cover as

the MJO convective envelope propagates over the western MC (not shown). The on-

and off-shore flow arises from a sea-to-land oriented pressure gradient force caused by

the differential heating between land and sea, and we can see this represented on both

terrain side coasts by showing the diurnal sea-level pressure (SLP) range (Fig. 3.6d),
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Figure 3.6: The PreMJO-to-MJO terrain face changes in (a) land-average diurnal rain
rate range, (b) coastal- and time-averaged 950-hPa onshore flow, (c) coastal-averaged
diurnal coast-normal 2-m potential temperature gradient (∇nθ2m) range, (d) coastal-
averaged diurnal sea-level pressure (SLP) range, (e) land- and time-averaged convective
available potential energy (CAPE), (f) land- and time-averaged convective inhibition
(CIN) are averaged over the four main islands (Sumatra, Borneo, Java, and Sulawesi)
over the western (teal, no hatch) and eastern (orange, hatch) terrain faces for the
PreMJO and MJO. The black brackets represent the confidence interval at a 95%
confidence level through bootstrapping at N = 1000.

following a similar method used in a prior study (Natoli and Maloney, 2023b).

On both terrain sides, the land–sea thermal gradient and diurnal SLP range both

weaken from PreMJO to MJO, suggesting that a weaker thermal gradient induces a

weaker onshore and offshore flow. Over the western side, this change is associated
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with weaker land diurnal rainfall, suggesting that stronger background flow ultimately

weakens the coastal thermal gradient driving on- and off-shore flow. However, the

eastern side exhibits an increase in diurnal rainfall strength, suggesting that diurnal

rainfall strength is not strongly modulated by a weaker land-sea thermal gradient over

the eastern side. Therefore, the mechanism driving the PreMJO-to-MJO increase in

diurnal rainfall strength over the eastern side remains to be understood.

Favorable convective environments over land can enhance diurnal convection, po-

tentially explaining why diurnal rainfall increases with decreasing coastal thermal gra-

dient over the eastern sides. To assess whether MJO-associated changes in atmo-

spheric stability contribute to this behavior, we examine the PreMJO-to-MJO land-

and time-averaged convective available potential energy (CAPE) and convective inhi-

bition (CIN) provided by the WRF-Python library (Fig. 3.6e,f) (UCAR/NCAR, 2025).

CAPE represents the accumulated buoyant energy from the level of free convection to

the equilibrium level, where larger values generally indicate a greater potential for deep

convection, whereas CIN is the accumulated negative buoyant energy from the parcel

starting point to the level of free convection, where larger values generally indicate a

greater suppression of convective initiation. Although both CAPE and CIN have limi-

tations as measures of atmospheric instability/stability, together they provide a useful

first-order assessment of the convective environment over the islands.

CAPE decreases and CIN increases from PreMJO to MJO over the eastern sides,

suggesting that diurnal rainfall should be suppressed; instead, diurnal rainfall strength-

ens (Fig.3.6a,e,f). This discrepancy suggests that either the convective environment

over the eastern side is not responsible for the strengthening of diurnal rainfall from

PreMJO to MJO, or that the limitations of CAPE and CIN obscure the processes

responsible for this strengthening. For example, CAPE specifically does not account

for the effects of air entrainment as an air parcel ascends through the troposphere,
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therefore, an environment with relatively weak CAPE could produce as much or more

rainfall if the atmospheric profile is moister. This is critical because the atmospheric

column progressively moistens from the lower-to-upper troposphere as the MJO prop-

agates across the MC, implying that a relatively drier mid- and upper-levels during

PreMJO may suppress convection through enhanced dry-air entrainment that high

values of CAPE do not capture. Therefore, we hypothesize that the environmental

moisture profile is an important control on diurnal rainfall strength over the islands,

particularly over the eastern side of islands.

To investigate the PreMJO-to-MJO evolution of moisture over each terrain face,

the land- and time-averaged VI RH between 1000-100 hPa is shown over the western

and eastern sides (Fig. 3.7a). As expected, the VI RH increases over both terrain sides

from PreMJO to MJO, while it is only the eastern side that increases in diurnal rainfall

strength over this time period (Fig. 3.6a). When the atmospheric column is divided

into low- (1000-700 hPa), mid- (700-500 hPa), and upper-levels (500-100 hPa), the

PreMJO-to-MJO increase in VI RH is significantly more as the vertical levels increase

(Fig. 3.7b-d). This result suggests that, while an increase in column moisture enhances

diurnal rainfall over land (Fig. 3.4b), wind-driven mechanisms weaken diurnal land-

and sea-breeze flows, suppressing diurnal rainfall over the western side. We next test

the sensitivity of these mechanisms to MJO-associated moisture and winds to better

understand their individual impact on diurnal rainfall.

3.3.3.3 Sensitivity of MJO-associated Environmental Moisture and Wind

on Diurnal Rainfall over Land

Our results imply that diurnal rainfall strength over the western sides are modulated

more by the strength of the land-sea thermal gradient, while the eastern sides are mod-

ulated more by environmental moisture. Therefore we hypothesize that diurnal rainfall
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Figure 3.7: Same as Fig. 3.6 but with the y-axis representing land- and time-averaged
vertically integrated relative humidity (VI RH) between (a) 1000-100 hPa, (b) 1000-700
hPa, (c) 700-500 hPa, (d) 500-100 hPa.

strength over the western sides from SwapU,V will agree more with PreMJO, whereas

rainfall values from the eastern sides from SwapRH will agree more with PreMJO,

with SwapRH,U,V exhibiting the closest overall agreement with PreMJO.

Following Fig.3.6a, the land diurnal rain rate range averaged over the eastern and

western terrain faces are shown across all simulations, identifying which swapped en-

vironmental variable modulates diurnal rainfall towards PreMJO values over each

terrain face (Fig. 3.8). Swapping the winds to PreMJO conditions (SwapU,V ) signifi-

cantly increases diurnal rainfall range over the western sides while leaving the eastern

sides unchanged compared to MJO This suggests the importance of weak mean flow

associated with the PreMJO period on diurnal rainfall strength over the western sides.

The eastern sides only decrease in diurnal rainfall range compared to MJO when
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moisture is adjusted to PreMJO conditions (SwapRH and SwapRH,U,V ), suggesting

that moisture and the advection of moisture both play important roles in determining

diurnal rainfall strength. Additionally, SwapU,V enhances the terrain-relative dipole

of rainfall, whereas SwapRH weakens or reverses it, and SwapRH,U,V most closely re-

produces the strength of the PreMJO dipole, highlighting the combined importance

of the background flow and moisture in driving the intraseasonal shift in the terrain-

relative dipole of rainfall. These results confirm that modulating the MJO-associated

environmental variables affect diurnal rainfall, but the mechanisms responsible have

not been examined across all simulations.

Figure 3.8: Same as Fig. 3.6a, but for all simulations.

We begin by investigating the relationship between the mean flow and the diurnal

coastal thermal gradient range across all simulations (Fig. 3.9a). The results exhibit

relatively little variation in mean onshore flow over the western sides compared to

the eastern, despite having near-equal variation in the diurnal coastal thermal gra-

dient range (Fig. 3.9a). However, swapping to PreMJO wind conditions (SwapU,V )

strengthens the diurnal coastal thermal gradient range as mean onshore flow weakens

over the western sides (Fig. 3.9a). This result paired with the increase in diurnal rain-

fall strength over the western sides in SwapU,V (Fig. 3.8) suggests that weak anomalous
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easterlies associated with the PreMJO time period enhance diurnal rainfall strength

on the western sides (Fig. 3.9a). Despite the strengthening coastal thermal gradient,

diurnal rainfall strength decreases on the eastern sides (Fig. 3.8, Fig. 3.9a), suggest-

ing that a different mechanism contributes to the changes in diurnal rainfall over the

eastern sides.

Figure 3.9: (a) Coastal- and time-averaged 950-hPa onshore flow and the diurnal
coastal thermal gradient range and the (b) land- and time-averaged vertically inte-
grated relative humidity (VI RH) calculated between 1000-100 hPa and land-averaged
diurnal rainfall range is shown for each simulation (marker shape) and terrain face
(color and edge line).

The results presented thus far suggest that environmental moisture plays a larger

role in modulating diurnal rainfall over the eastern sides than the western. The re-

lationship between the land- and time-averaged VI RH calculated between 1000-100

hPa and diurnal rainfall range across all simulations and terrain faces confirm our

prior results (Fig. 3.9b). A strong and clear positive relationship over the eastern side

appear in contrast to the unclear western side, confirming that environmental mois-

ture modulates diurnal rainfall over the eastern terrain faces. Additionally, imposing

PreMJO-like drier environmental conditions (SwapRH) more closely reproduces the
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diurnal rainfall strength of the PreMJO over the eastern sides. These results suggest

that environmental moisture plays an important role in modulating diurnal rainfall

over the eastern sides, where MJO-associated moisture strengthens diurnal rainfall,

partially contributing to the weakening of the terrain-relative dipole in diurnal rainfall

from PreMJO to MJO.

While the individually swapped simulations (SwapRH and SwapU,V ) showed a con-

siderable shift in the mechanisms driving diurnal rainfall towards PreMJO, swapping

both (SwapRH,U,V ) represent the mechanisms driving diurnal rainfall over the west-

ern MC the best due to the dual importance of moisture and circulation on diurnal

rainfall over the islands (Fig.3.9). This suggests the important role of moisture and

winds play in accurately representing the intraseasonal shift in diurnal rainfall over

the western MC, highlighting moisture advection in determining the magnitude and

spatial distribution of diurnal rainfall across the western MC islands.

3.3.4 Conclusions

The diurnal cycle of rainfall’s land-sea contrast and its spatial distribution over the MC

islands has been observed to modulate with the propagation of the MJO (Ichikawa,

2006; Qian, 2020; Zhou et al., 2022; Bai and Schumacher, 2022; Ling et al., 2019).

Despite the importance of the MJO and diurnal rainfall over this region, the underly-

ing mechanisms responsible for the observed intraseasonal changes in diurnal rainfall

remain uncertain. Understanding the mechanisms through which diurnal rainfall mod-

ulates with the MJO can inform efforts to improve the representation of both the

diurnal rainfall cycle and the MJO in GCMs (Chen et al., 2022; Yin and Porporato,

2017; Tang et al., 2021; Dong et al., 2023). Our investigation utilizes a convection-

permitting model to understand how the onset of the MJO enhanced phase modulates

diurnal rainfall over the western MC, which specific mechanisms are responsible, and
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how MJO-associated moisture and winds enhance or suppress those mechanisms.

We select an MJO event that occurred in late 2015 (November 23 to December 20,

2015), which provided a well-documented strong change in diurnal convection over the

MC (Yokoi et al., 2017). We conduct a pair of control (CTRL) experiments using the

WRF model to provide a baseline of diurnal rainfall evolution over the MC when the

MJO enhanced phase was over the Indian Ocean (PreMJO, November 23 to December

03, 2015) and when it was over the MC region (MJO, December 10 to December 20,

2015). To test the sensitivity of diurnal rainfall to MJO-associated moisture and/or

winds, we impose the large-scale fields during the PreMJO period—relative humidity

(RH) and/or zonal and meridional winds (U,V) from ERA5— onto the MJO period

(Table 3.1). These sensitivity experiments, named after the variables that were imposed

during the MJO period (SwapRH , SwapU,V , and SwapRH,U,V ), follow PreMJO large-

scale moisture and/or wind patterns. Utilizing these experiments, we demonstrate that

the diurnal cycle of rainfall modulates differently over land and ocean with changing

environmental moisture and circulation (Fig. 3.3).

Domain-averaged diurnal rainfall range over the ocean closely follow column-integrated

moisture, whereas the land diurnal rainfall does not (Fig. 3.3). Oceanic rainfall is more

strongly modulated by column-integrated moisture than over land (P -r relationship)

over the western MC, suggesting that the drier environment associated with the Pre-

MJO period strongly suppresses oceanic diurnal rainfall (Fig. 3.4a). The spatial dis-

tribution of moisture varies when MJO-associated moisture and winds are decoupled

(SwapRH , SwapU,V ), resulting in spatially varying diurnal rainfall, emphasizing the

important role moisture advection plays in determining the location of rainfall on the

intraseasonal timescale (Fig. 3.2, Fig. 3.5). The weaker P -r relationship (slope) over

land compared to ocean (Fig 3.4a,b) suggests that other processes outside of moisture

could be contributing to the strength of diurnal rainfall over land.
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Diurnal rainfall over tropical islands is strongly driven by the destabilization of

the boundary layer by insolation and initiate convection through orographic slope flow

and sea-breeze-induced onshore flow during the day. Enhanced turbulent mixing and

ventilation from large-scale winds have been shown to strongly dilute these drivers of

diurnal rainfall over the windward side of islands (Wang and Sobel, 2017; Short et al.,

2019; Shige et al., 2017; Natoli and Maloney, 2023b). We divide the islands into west-

ern and eastern facing components to investigate the relationship between large-scale

MJO-associated onshore flow and land diurnal rainfall and found that diurnal rainfall

over the western sides suppresses when large-scale onshore flow increases (Fig. 3.6a,b).

We associate this change to the weakening of the coastal land-sea thermal gradient

by enhanced large-scale turbulent mixing and ventilation (Fig. 3.6c). However, diur-

nal rainfall increases with decreasing coastal thermal gradient over the eastern sides

(Fig. 3.6a,c). This suggests that diurnal rainfall strength is not strongly modulated by

a weaker land-sea thermal gradient over the eastern side of islands.

The MJO strongly modulates environmental moisture, progressively moistening

the lower-to-upper levels of the troposphere, reducing the dry-air entrainment that

convection experiences to allow for deeper and persistent convection. The moisture

profile over the western sides are generally moister than the eastern (Fig. 3.7), therefore,

changes in the strength of the mechanical forcing from the sea breezes may modulate

diurnal rainfall more, while changes in moisture may modulate rainfall more over the

drier eastern sides (Fig. 3.7). The separate mechanisms modulating diurnal rainfall over

each terrain face may help explain why a terrain-relative dipole in rainfall over the MC

exists and modulates with the passing of an MJO event (Ichikawa, 2006; Sakaeda et al.,

2020; Qian, 2020; Zhou et al., 2022; Bai and Schumacher, 2022).

The relationships that drive diurnal rainfall over each terrain face are investigated

further through the swap experiments to confirm the effect of environmental moisture
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and wind on diurnal rainfall. We demonstrate that weak large-scale winds associated

with the PreMJO period (SwapU,V ) enhance western side diurnal rainfall, while the

drier conditions from the PreMJO period (SwapRH) suppress eastern side diurnal rain-

fall (Fig. 3.9). This validates our findings by suggesting the importance of circulation

on the western sides and moisture on the eastern sides in determining diurnal rainfall

strength. This is further supported by SwapRH,U,V , which best reproduces the diurnal

rainfall and underlying mechanisms of PreMJO on both sides of the islands. These

results suggest that environmental moisture and winds are both critical in driving the

mechanisms that contribute to the intraseasonal modulation of diurnal rainfall over

the islands of the western MC.

Our findings agree with prior studies that have suggested the importance of moisture

advection by the MJO to enhance diurnal rainfall over ocean (Zhang and Ling, 2017)

and the role MJO-associated circulation play in modulating the strength and spatial

distribution of diurnal rainfall over islands (Qian et al., 2013; Wang and Sobel, 2017;

Zhou et al., 2022; Natoli and Maloney, 2023b; Qian, 2020). Our findings provide new

insight by suggesting that the driver of rainfall over the islands differ between terrain

sides, emphasizing the role of moisture and winds in determining the intraseasonally

modulating terrain-relative rainfall dipole.

While our results are robust in targeting the mechanisms driving the intraseasonal

change in diurnal rainfall over the western MC, MJO events vary greatly depending on

a multitude of factors, therefore, it is critical to expand this investigation into multiple

MJO-events to better understand how these mechanisms generally modulate with the

MJO. Further analysis is required to understand whether the PreMJO-to-MJO increase

in diurnal rainfall strength over the eastern sides is due to the advection of convection

from the western-to-eastern sides, and whether large-scale moisture and/or winds play

a more dominate role in the advection. This study’s findings provide a framework for
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evaluating whether GCMs accurately reproduce the mechanisms that modulate diurnal

rainfall over the western MC, thereby improving projections at both regional and global

scales.
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Chapter 4

Summary and Conclusions

The primary objective of this dissertation was to isolate and clarify the specific phys-

ical mechanisms regulating the diurnal cycle of rainfall over the western MC and to

determine how these localized processes are modulated by large-scale environmental

variations induced by the MJO. Understanding these multi-scale interactions is crucial

for addressing systematic GCM biases, which persistently fail to capture the timing,

amplitude, and spatial distribution of both diurnal convection and intraseasonal con-

vective propagation over the MC (Yin and Porporato, 2017; Zhang and Ling, 2017;

Christopoulos and Schneider, 2021; Dong et al., 2023; Bai and Schumacher, 2022; Chen

et al., 2022). By leveraging high-resolution, convection-permitting simulations via the

WRF model, this work systematically isolated key physical controls under realistic

environmental conditions that observational and idealized modeling frameworks can-

not decouple—specifically cloud-radiative interactions (Chapter 2) and MJO-induced

moisture and circulation (Chapter 3). Together, the results demonstrate that local

topographically-driven thermal gradients and basin-scale dynamics and thermodynam-

ics are deeply coupled, providing an empirical road map for parameterization develop-

ment in daily and subseasonal-to-seasonal forecasting systems.

Chapter 2 directly addressed how cloud-radiative interactions influence diurnal rain-

fall characteristics and how island topography strongly alters this relationship. The

removal of cloud-radiative interactions in WRF (NCRF) revealed that clouds act as

a strong thermodynamic dampener on the diurnal cycle of rainfall. Disabling cloud-

radiative interactions increased the land diurnal rainfall range by 34% and the oceanic
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range by 7%, in addition to initiating convection earlier over land. This response

mirrors classic systematic errors in the GCM representation of the diurnal cycle of

convection (e.g., overly frequent triggering and premature onset), indicating that poor

representation of local cloud-radiative coupling may actively exacerbate parameteriza-

tion deficiencies.

The sensitivity of land diurnal rainfall to cloud-radiative interactions was found to

increase nonlinearly with terrain height. For terrain exceeding 750 m, the diurnal rain

rate range in NCRF was approximately 50% greater than in the control simulation.

Because the low-level cloud fraction varies in phase and attenuates solar insolation more

effectively than mid- and high-level clouds, its associated cloud-albedo effect more

strongly reduces surface shortwave flux over elevated slopes. Consequently, cloud-

radiative interactions weaken buoyancy-driven anabatic (upslope) winds and reduce

the land-sea thermal contrasts, strongly suppressing diurnal rainfall over high, steep

topography. These findings demonstrate the heightened sensitivity of diurnal rainfall

over mountainous regions to changes in cloud cover and suggest that the resulting effects

can propagate downstream to influence rainfall across entire islands, underscoring the

importance of accurately representing cloud-radiative interactions over complex terrain.

We expanded the analysis into the intraseasonal timescale and discovered that

cloud-radiative interactions do not explain the intraseasonal land-sea modulation of di-

urnal rainfall over the western MC. Therefore, chapter 3 investigates the relative impact

MJO-induced moisture and wind circulation on the mechanisms responsible for diurnal

rainfall using a series of initialization and boundary condition experiments. The land

and ocean domains respond differently to MJO-induced environmental changes over

the MC. The oceanic diurnal rainfall range closely follows changes in column-integrated

moisture (the P -r relationship), where drier environmental conditions associated with

the PreMJO phase suppress diurnal rainfall. A weaker direct P -r relationship exists
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over land compared to ocean, suggesting that diurnal rainfall is driven instead primarily

by mechanical forcing and regional circulation.

Over land, stronger large-scale westerly winds associated with the enhanced phase of

the MJO suppress localized diurnal land-sea circulations through enhanced turbulent

mixing. The local diurnal coastal thermal gradient weakens due to this enhanced

mixing, thereby suppressing diurnal rainfall over the western sides. Conversely, rainfall

intensifies over the eastern side of islands upon the onset of the MJO-associated westerly

winds. Prior studies suggest that the island “wake-effect” acts to reduce the dampening

effect that large-scale winds impose on the diurnal coastal thermal gradient (Qian et al.,

2013; Qian, 2020; Zhou et al., 2022).

However, over the eastern side, diurnal rainfall is strongest when the local coastal

thermal gradient is weakest, suggesting that the diurnally driven mechanism is not

the primary driver of rainfall over the eastern side. The strengthening diurnal rainfall

from PreMJO to MJO over the eastern side may instead be explained by tropospheric

moistening associated with the onset of the enhanced MJO phase. This deep column

moistening dampens dry-air entrainment, helping to shift the preferred terrain-relative

position of convection toward the eastern side of the islands as the MJO convective

envelope propagates across the region.

While the convection-permitting numerical model framework used in these studies

isolated several robust physical mechanisms that modulate the diurnal cycle, certain

limitations introduce important avenues for future research. Our simulations focused

on a single, well-documented wet-season MJO event in late 2015 under a large-scale

easterly background wind regime. Expanding this framework to an ensemble of multi-

season MJO events would provide key insights into how diurnal rainfall characteristics

and the strength of the proposed mechanisms vary with the seasonal shift in global

monsoonal circulation. Future studies should also isolate whether the intraseasonal
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increase in diurnal rainfall over eastern-facing terrain is dominated by local trigger-

ing within the moistened troposphere, or whether it reflects the physical advection of

mesoscale convective systems originating on western terrain faces that cross the central

mountain ranges.

The results from this dissertation demonstrate that cloud-radiative interactions

provide an important feedback on convective systems by influencing the timing and

intensity of the diurnal cycle of rainfall. These findings suggest that biases in cloud pro-

duction and evolution can directly contribute to errors in the simulated diurnal cycle,

highlighting the need for improved cloud representation in numerical weather predic-

tion and climate modes. While prior studies have examined that the sensitivity of the

diurnal cycle to convective parameterizations, the feedback cloud-radiative interactions

have on the diurnal cycle has received little to no attention before. Future work should

investigate how varying convective parameterizations modify cloud characteristics and

resulting cloud-radiative feedbacks influence convection. This dissertation also demon-

strated that objectively quantifying the spatial evolution of island rainfall provides new

insights into the role of MJO-associated background winds in modulating the diurnal

cycle prior to the arrival of the MJO enhanced phase. Since diurnal rainfall enhancing

over the MC islands before the onset of the MJO enhanced phase has been linked to

successful MJO propagation over the MC, objective diagnostics such as developed in

chapter 3 provide a valuable framework for evaluating model performance and identify-

ing deficiencies that limit the accurate simulation of MJO propagation. Improving the

representation of these processes will ultimately contribute to more reliable weather

and climate predictions across the MC and other similarly topographically complex

tropical regions.

In conclusion, this dissertation demonstrates that the mechanisms driving the diur-

nal cycle of rainfall over the MC are strongly modulated by the large-scale dynamics of
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the MJO. We have established that topographically constrained low-level cloud cover

acts as a critical negative feedback on local thermodynamic forcing by modulating

surface shortwave radiation fluxes and dampening diurnal mesoscale circulations over

mountains. Concurrently, intraseasonal variations in column-integrated moisture and

circulation dictate the spatial distribution and land-to-sea transition of the diurnal cy-

cle of rainfall. Capturing these cross-scale dynamic and thermodynamic interactions

within GCMs with parameterized convection remains essential to mitigate structural

biases and improve predictive skill across subseasonal-to-seasonal timescales.

68



Appendix A

Contents of this file

1. Text A.1

2. Figures A.1–A.13

Text A1

To ensure the skew of the diurnal rainfall initiation timing difference between NCRF

and CTRL is not strongly influenced by the choice of the rain rate threshold, sensitivity

tests were conducted between the value chosen for the rain rate threshold and the

amount of skew measured by the Fisher-Pearson’s coefficient of skewness. This method

measures the asymmetry of a distribution and quantifies how much the distribution

deviates from a symmetric normal distribution. The skew was found to always be

positive over both land and ocean (right skew, left lean) no matter the threshold used,

suggesting a higher probability of earlier initiation of convection for NCRF. Over land,

the coefficient minimized (0.16) at a threshold of 0.1 mm/hr and maximized in skew

(0.58) as the threshold reached 6.4 mm/hr. At a threshold of 1 mm/hr, the coefficient

is 0.23, just slightly above the minimum, suggesting that the threshold of 1 mm/hr

is a moderate pick over land. Similarly, over ocean, the coefficient minimized (0.08)

at a threshold of 0.1 mm/hr and maximized in skew (0.24) as the threshold reached

5 mm/hr. At a threshold of 1 mm/hr, the coefficient is 0.13, just slightly above the

minimum, suggesting that the threshold of 1 mm/hr is a moderate pick over ocean.

69



Figure A.1: TheWRFmodel simulation domain is shown, where shading represents ter-
rain height (m), the solid black rectangle represents the high-resolution nested domain
(3-km grid spacing), and the three regions where cross-sectional analysis is conducted
is overlaid in solid red rectangles and labeled A (Sumatra Mid Central), B (Sumatra
Northwest), C (Borneo Northwest).
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Figure A.2: (a) The domain average (“All”) diurnal composite of rain rate (mm/hr,
log-scale) is calculated over the MC domain for CTRL (black, solid), and IMERG
v7 (black, dashed). It is split into the land (orange) and ocean (blue) domain. (b)
The diurnal composite of rain rate range difference between IMERG v7 and CTRL are
shown spatially, where red shading indicates greater diurnal range for IMERG and blue
shading indicates CTRL has greater range. Three regions where transect analysis is
conducted are overlaid in solid black rectangles and labeled A (Sumatra Mid Central),
B (Sumatra Northwest), and C (Borneo Northwest).
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Figure A.3: Same as Fig. 2.1, but for dates December 10-20, 2015.
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Figure A.4: The maximum diurnal rain rate is calculated over land (orange) and ocean
(blue) and compared between CTRL (solid) and NCRF (dashed). Data is binned at a
1 mm/hr interval in the x-axis, and the 1 mm/hr threshold (solid, black) used in the
study is plotted for comparison. Fractional count refers to the number of counts in the
bin divided by the total number of counts. 81% of CTRL land, 85% of NCRF land,
and 62% of CTRL and NCRF ocean data is retained with a 1 mm/hr threshold.
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Figure A.5: Utilizing data from CTRL, spatial analysis of (a) the diurnal composite
of rain rate range (mm/hr) and (b) the local solar time of when the diurnal composite
of rain rate phase maximizes is shown. Rain rates were first spatially smoothed by
running a 5-grid point centered moving mean. High rainfall rates exist over regions
with high terrain, and frequent occurrence of rain rate ranges exceeding 1 mm/hr over
ocean. Additionally, some coastal regions show a smooth gradient of local solar time,
suggesting the existence of offshore propagation of convection.
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Figure A.6: The fractional frequency distribution of the difference in rain rate phase
maximum between simulations (NCRF−CTRL) is calculated as a function of distance
from coast. Negative distance from coast values represents the land, while positive
represents the ocean. The solid green line is the average time difference at each distance
from coast bin, where negative represents earlier NCRF diurnal composite rain rate
maximum timing compared to CTRL, and positive represents and earlier CTRL timing.
Earlier rain rate maximum timing exists over land and up to 150 km into the ocean in
NCRF, but becomes indistinguishable past 150 km offshore, suggesting earlier initiation
is largely constrained near and over land.
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Figure A.7: A frequency distribution between layer-averaged low (a, d, g), mid (b, e,
h), and high (c, f, i) cloud fraction and surface cloud-radiative forcing (CRF) in the
longwave (a–c), shortwave (d–f) and net (g–i) is conducted over land. The horizontal
black line represents the CRF value of zero. Positive CRF values indicate cloud-
radiative warming and negative values indicate cloud-radiative cooling at the surface.
Data points where cloud fraction was equal to zero were removed.

76



Figure A.8: The maximum (solid) and minimum (dotted) of the diurnal composite
of soil moisture (0-0.1m) is averaged at each terrain height bin in (a) NCRF, (b)
CTRL, and (c) their difference NCRF−CTRL. Minimum soil moisture follows closely
between simulations, but the difference in maximum soil moisture deviates increasingly
with increasing terrain height. This suggests NCRF soil moisture is moister as terrain
height increases compared to CTRL.
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Figure A.9: The maximum (solid) and minimum (dotted) of the diurnal composite 2m
temperature (red) and surface temperature (brown) are averaged at each terrain height
bin in (a) NCRF, (b) CTRL, and (c) their difference NCRF − CTRL. While CTRL
surface and 2m temperatures decrease at a constant rate, NCRF maximum surface
temperature deviates and decreases at a much slower rate than that of CTRL. The
temperature difference between simulations highlights the slower rate of decrease with
increasing terrain height, showing NCRF maximum surface temperatures of nearly 7
K greater than CTRL at the highest points. The difference also shows how minimum
temperatures are slightly cooler in NCRF, likely due to the absence of longwave trap-
ping at nighttime.
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Figure A.10: The fractional frequency of occurrence of the terrain height (m) and
terrain height slope (unitless) is conducted (shading), normalized such that the sum
over x and y dimensions equal one. The best-fit line is plotted in dashed green after
finding the linear relationship between both variables, along with a reference one-to-one
line. The best-fit line closely follows the one-to-one line, along with a relatively high
R2 value, both suggesting that terrain slope and terrain height are linearly correlated.
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Figure A.11: The maximum (solid) and minimum (dotted) of the diurnal composite
10-m orographically forced surface vertical motion (m/s) are averaged at each ter-
rain height bin in (a) NCRF, (b) CTRL, and (c) their difference NCRF − CTRL.
Both the maximum and minimum increasingly diverge from 0 with increasing ter-
rain height in both simulations. The difference between NCRF and CTRL show both
differences in the maximum and minimum nearly equally contributing to the higher
NCRF range compared to CTRL. The maximum in NCRF is significantly higher than
CTRL, suggesting that upslope/anabatic winds see a greater increase compared to
downslope/katabatic winds.
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Figure A.12: The frequency distribution of the diurnal range of 10-m wind divergence
(1/s) as a function of terrain height (m) over land, normalized by the terrain height
bin, for (a) NCRF, (b) CTRL, and (c) their difference NCRF−CTRL. Corresponding
average surface divergence range (green) at each terrain height bin is overlaid NCRF
(dashed) in (a), CTRL (solid) in (b), and their difference (black, dotted) in (c). Terrain
averaged frequency (a, b) and anomalous frequency (c) of divergence range is plotted
below the heat maps (blue, solid).
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Figure A.13: The local solar time of when CTRL diurnal slope flow maximizes is show
w.r.t. upslope and downslope flow. Fractional count refers to the number of counts
in the bin divided by the total number of counts. Upslope flow maximizes over all
land points around 12-16 LST, while downslope flow maximizes at 6 LST with a local
maximum at 19 LST that likely is associated with precipitation downdrafts and cold
pools over terrain.
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Appendix B

Contents of this file

1. Figures B.1–B.3

Figure B.1: The fifth generation ECMWF atmospheric reanalysis (ERA5) data set
of (a,b) zonal wind (m/s) and (c,d) specific humidity (kg/kg), time series averaged
latitudinally (10°S-10°N) over the western Maritime Continent (MC) domain for both
(a,c) PreMJO and (b,d) MJO time periods.
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Figure B.2: The outer (d01), inner (d02, white), and the domain analysis nest (red) is
shown.
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Figure B.3: (a) Terrain height (m, log-scale) is shown in the color contour, with an
overlay of the ridge line used to divide the islands into their western/eastern (south-
ern/northern for Java) counterparts. The island of Sumatra is used as an example to
show the distance from coast (km) values over the (b) western and (c) eastern sides of
the ridge lines.
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