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Abstract

The “Maritime Continent” (MC) is the largest archipelago in the tropical region, consisting of

over 22,000 islands and inhabited by more than 400 million people. This region has a significant im-

pact on global atmospheric circulation, especially during the strong interannual climate variability

events, such as El Niño Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD) events, which

can have far-reaching effects on global climate patterns. The region is also affected by seasonal

variations, such as monsoons (Australian and Indian Monsoons), intraseasonal variations, such as

the Madden-Julian Oscillation (MJO), and diurnal variations due to Sea Breeze Circulation (SBC).

These multiscale variabilities influence the livelihood of the inhabitant through weather extremes

and affect the practice and sustainability of agriculture in the region, which produces globally essen-

tial crops and agricultural commodities. Unfortunately, state-of-the-art global climate and weather

prediction models suffer from persistent systematic bias in precipitation and limited prediction skills

over the MC, also known as the “MC prediction barrier.” Additionally, the MC often disrupts the

propagation of MJO, also called the “MC barrier effect.” Furthermore, the monsoon transition and

onset over the region are challenging to precisely predict due to the “false onset,” which affects the

planting time of the primary crops, eventually threatening food security. Recent studies hint that

land surface properties might contribute to these problems.

This dissertation investigates the role of land-atmosphere interactions over the Indonesian Mar-

itime Continent. Specifically, the study explores the contribution of land-atmosphere feedback to

the diurnal cycle of precipitation over the coastal regions of the Maritime Continent. This study

also examines the role of land-atmosphere interactions in MJO propagation across the MC. Finally,

this study investigates how land-atmosphere feedback modulates the onset of the wet season in

the region during the years without significant large-scale circulations. By pursuing these lines of

inquiry, the dissertation aims to enhance our understanding of the complex interactions between

land and atmosphere, increase resilience to the impacts of climate variability, and improve food

security for the millions of people living on the Maritime Continent.
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Chapter 1

Introduction

The Indonesian Maritime Continent (MC), located between the Indian and Pacific Oceans, is an

area of immense importance for global weather and climate patterns. Coined by Ramage (1968),

the term ‘Maritime Continent’ emphasizes the pivotal role played by the Indonesian archipelago in

global climate dynamics. The word ‘mar·i·time’ denotes the close association with the sea or ocean,

while ‘con·ti·nent’ signifies the vast expanse of continuous land, highlighting the unique nature of

this region characterized by countless islands interconnected over the shallow seas. This extensive

archipelago releases substantial latent heat energy compared to other tropical regions, influencing

extratropical circulation.

Furthermore, the position of MC at the intersection of major ocean basins and its complex

topography, characterized by widespread islands connected by tropical warm seas, makes it a unique

and challenging area for atmospheric and hydrologic research. In particular, land-ocean-atmosphere

interactions over the Maritime Continent are crucial in regulating the regional and global climate

(Yamanaka et al., 2018). Understanding these interactions and their impacts on weather patterns

is essential for improving our ability to forecast extreme events, such as droughts and floods, and

advancing our understanding of Earth’s climate system.

Of these interactions, ocean-atmosphere interactions over the Maritime Continent elucidate the

‘slowly varying’ climate variabilities, such as the Indian Ocean Dipole (IOD) and El Niño Southern

Oscillation (ENSO), through sea surface temperature and precipitation relationship (McBride et al.,
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2003; Nur’utami & Hidayat, 2016). However, ocean-atmosphere interactions alone are insufficient

to explain the recent challenges over the Maritime Continent (e.g., Wu et al., 2018; T. Zhang et al.,

2019); therefore, more detailed investigations are needed on the land surface role of the Maritime

Continent.

Recent modeling and observational studies highlight the essential role of land surface conditions

on rainfall characteristics over the Asian monsoon (Takahashi & Polcher, 2019) and on the onset

of the Indian monsoon (Barton et al., 2019) through the role of surface fluxes on the planetary

boundary layer (PBL). These recent findings and reviews provide a hint that the Maritime Conti-

nent land surface dynamics and its interactions with the overlying atmosphere might play a more

decisive role on weather and climate variabilities over the region than previously thought, which

warrants further investigations.

Therefore, this dissertation focuses on several key aspects of land-atmosphere interactions over

the Indonesian Maritime Continent and their implications for regional and global weather and

climate patterns, including the effect of land surface properties on sea-breeze circulations, propa-

gation of the Madden-Julian Oscillation (MJO), and monsoon onset variation. Additionally, the

implications of these interactions for agriculture in the region are explored, as the local climate

variability significantly influences crop productivity and food security.

In this chapter, we will delve into more specific details regarding the global and local importance

of the Maritime Continent and the current challenges faced over the region. These challenges

include the “MC Prediction Barrier,” which hampers accurate weather predictions in the region,

the “MC Barrier Effect on MJO Propagation,” which contributes to the altered behavior of the MJO

over the MC, and local-spatiotemporal monsoon onset variations. Additionally, we will explore the

potential importance of land surface properties and their interaction with the overlaying atmosphere

in addressing these problems.
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1.1 The Maritime Continent: Global and Local Importance

The Maritime Continent holds immense significance on both global and local scales. Encompassing

the largest archipelago within the tropics, it spans between 90◦E–160◦E longitude and 15◦S–15◦N

latitude, comprising nearly 22,000 islands of varying sizes, from the smallest island of 0.002 km2

to the largest island of 785,753 km2 (Figure 1.1). This complex geography includes high mountain

ranges, dense tropical rainforests, and large river systems, fostering a multitude of microclimates

across the region.

Serving as a geographical bridge between the Asian and Australian continents, the MC repre-

sents a unique climatic and geographical zone. Home to over 400 million people, it houses a rich

spectrum of cultural diversity across populations from the Malay Peninsula, the islands of Indone-

sia, Brunei, the Philippines, and East Timor, as well as Papua New Guinea and the northern tip

of Australia. These communities are deeply intertwined with the region’s climate, relying on its

predictability for agriculture, fishing, and other climate-dependent livelihoods.

The MC plays a pivotal role in global atmospheric circulation. Ramage (1968) first recognized

its significant role by modulating meridional latent-heat transport from the tropical heat sources

towards higher latitude heat sinks through the upper branch of the Hadley cell that moves poleward

(Dhaka & Kumar, 2023). This finding has been further supported by subsequent modeling and

observational studies (e.g., Neale & Slingo, 2003; Henderson & Maloney, 2018). The significant

latent heat energy over the Indonesian maritime continent determines the intensity of meridional

heat transport to higher latitudes, which in turn affects the jet streams (Woollings et al., 2023)

and ultimately influences global weather patterns, as the jet streams have a major impact on the

subtropical belt over mid-latitudes (Moon et al., 2022).

The climate of the Maritime Continent is characterized by a variety of factors that interact

on different spatial and temporal scales, which not only influence the region itself but also have

far-reaching global effects. From low to high frequency, the climate variabilities over the region

operate in interannual, seasonal, intraseasonal, and diurnal cycles. These climate and weather

variabilities are driven by large and small circulations such as the East Walker Cell (EWC), which



4

is responsible for the El Niño Southern Oscillation (ENSO) in the Pacific Ocean (Trenberth et al.,

1998), and the West Walker Cell (WWC), which drives the Indian Ocean Dipole (IOD) in the

Indian Ocean (Hamada et al., 2002; Meehl & Arblaster, 2011; Iskandar et al., 2018; Lin & Qian,

2019). Interhemispheric circulations that drive monsoons also play a significant role in the seasonal

variation over the region (Chang et al., 2016).

The climate variability over MC is further influenced by the tropical zonal wave and oscilla-

tion that drives the Madden-Julian Oscillation (MJO) (Madden & Julian, 1971, 1972), and sea

breeze circulation (SBC) over the extensive land-ocean interfaces throughout the maritime conti-

nent responsible for the diurnal cycles (Yamanaka, 2016). These multiscale variabilities influence

the practice and sustainability of agriculture and farming in the region (Muttaqin et al., 2019;

Apriyana et al., 2021).

The low-frequency interannual variabilities, such as ENSO and IOD, are affected by the large-

scale ocean-atmosphere interactions (Jin, 1996). However, the ocean-atmosphere perspective alone

(e.g., Xue et al., 2020) could not explain some recent challenges over the Maritime Continent,

such as the MC “Prediction Barrier” (Wang et al., 2019; Yang et al., 2019), MC “Barrier Effect

on MJO Propagation” (Kerns & Chen, 2016; C. Zhang & Ling, 2017; Kerns & Chen, 2020) and

local-spatiotemporal Monsoon onset variations over the Maritime Continent (Marjuki et al., 2016).

Furthermore, the unique features of the Maritime Continent, such as the spatial distribution of

its landmasses and land surface properties around the region, introduce additional complexities to

these problems, which eventually contribute to the region’s influence on the global climate system.

Consequently, understanding land-atmosphere interactions in the MC is crucial to link the local

processes over the region with its role in global circulations. Fortunately, recent research provides

hints that land surface properties and their interaction with the overlaying atmosphere might have

potential importance to answer the current problems.

The complex interactions and feedback between the terrestrial land surface and the atmosphere

are determined by the mass and energy fluxes between the two systems (Gerken et al., 2019). These

interactions are local in space, i.e., the interaction is considered to be between the land surface and

the column of air above it, which mutually influence the state variables of the land surface, planetary
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boundary layer, and the free atmosphere that allows for modulation of clouds and precipitation

(Misra, 2020). The connection from land surface states to atmospheric responses can be considered

two segments, i.e., 1) soil state to surface fluxes, and 2) surface fluxes to atmospheric states and

precipitation (Dirmeyer, 2011; Santanello et al., 2011). Key variables in the first segment involve

soil moisture and its correlation with evapotranspiration (SM-ET) (Betts et al., 1996; Betts, 2004),

while the second segment involves evapotranspiration and its correlation with precipitation (ET-P)

(Wei & Dirmeyer, 2012). Although the MC is not considered the “hot spot” for land-atmosphere

coupling (Koster et al., 2006), the importance of the maritime continent’s landmasses is captured

in modeling studies (Neale & Slingo, 2003; Zhou et al., 2021) and needs further observational

investigations.

1.2 Multi-scale Challenges over the Maritime Continent

1.2.1 MC Prediction Barrier

State-of-the-art global climate models and weather prediction models suffer from persistent sys-

tematic bias in precipitation and limited prediction skills over the Indo-Pacific Maritime Continent

(MC), also known as the “MC prediction barrier” (Neale & Slingo, 2003; Wang et al., 2019; Yang

et al., 2019). MC is a complex system of tropical islands surrounded by shallow-warm seas between

the Indian and Pacific oceans, and it is affected by multiscale weather and climate variabilities

(Yoneyama & Zhang, 2020). Over this region, models cannot reproduce the observed diurnal pre-

cipitation cycle. The timing of the diurnal rainfall peak deviates from the observation (Li et al.,

2017). Also, the seasonal prediction skills are low, especially during the wet season and over the

western MC (T. Zhang et al., 2016). Despite the effort to increase model resolution and explicitly

resolve convection in the model, a recent study shows that such model improvement insignificantly

enhances model performance (Argüeso et al., 2020).

Neale and Slingo (2003) suggested that MC rainfall bias, which further develops the idea of

the prediction barrier, is sourced from the incapability of the model to capture MC diurnal cycle.

Consequently, the diurnal cycle representation in models needs to be improved so the model output



6

captures the amplitude and timing of rainfall peaks as those appear in observations. However,

the most advanced models still cannot correctly reproduce the observed diurnal cycle (Li et al.,

2017; Argüeso et al., 2020; Watters et al., 2021). Although models better capture the phase of the

diurnal precipitation cycle, the amplitude of the model output is overestimated over MC landmasses.

Therefore, understanding MC diurnal cycle is a potential key to improving predictability.

1.2.2 MC Barrier Effect on MJO Propagation

The Madden-Julian Oscillation (MJO) is the dominant mode of intraseasonal variations in the

tropics, propagating to the east with a phase speed of around 5 m s−1 from the Indian Ocean to

the west Pacific Ocean (Madden & Julian, 1971, 1972). The eastward propagation of the MJO

observed over the MC demonstrates two characteristics distinct from that observed over the open

waters: 1) the MJO center tends to “detour” the equatorial MC islands southward during boreal

winter, passing over the oceanic region between Indonesia and Australia, and 2) MJO propagation

is frequently halted in the MC region (C. Zhang & Ling, 2017). Indo-Pacific Maritime Continent

also often disrupts the propagation of Madden-Julian Oscillation (MJO) from the Indian Ocean to

the West Pacific, better known as the “MC barrier effect.” Almost half of the MJO propagation

failed to cross the MC (C. Zhang & Ling, 2017). The MC barrier effect has been the subject of

several recent observational, modeling, and theoretical studies (Hirata et al., 2013; Ling et al.,

2013; Kim et al., 2014; Feng et al., 2015; Kerns & Chen, 2016; C. Zhang & Ling, 2017; Adames

et al., 2020; Ahn et al., 2020; Abhik et al., 2023). However, the exact role of MC landmasses in

the propagation of the MJO through the MC region needs to be better understood and remain a

topic of intense research (Kim et al., 2020).

Previous research has examined the function of topography and land-sea contrast on MC islands.

Their findings indicate that topography, land-sea contrast, and convection in the MC area interact

with large-scale circulation, i.e., Hadley and Walker cells, to define the mean state (Ahn et al.,

2020). Furthermore, Ahn et al. (2020) focus on isolating the role of convection in the MC islands

on MJO propagation by setting the updraft plume radius to its minimum and maximum, and

their findings show that MC land convection (vertical and meridional moisture gradient) is heavily
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affecting the basic state and MJO propagation. The study provides insight into how MJO inhibited

or grew further by parameterizing convection types; however, the mechanistic role of land surface

response to determine those convection types is ruled out.

1.2.3 Monsoon Onset Variations

The Maritime Continent lies between the Asian and Australian summer monsoons, with monsoon

rainfall typically peaking in Austral summer. Seasonal asymmetries are highly variable geograph-

ically and reflect interactions on multiple scales (Robertson et al., 2011). The onset date of the

rainy season is crucial for agriculture in the region (Naylor et al., 2002; Naylor et al., 2007). It

determines the suitable time for planting crops, while delayed onset can lead to crop failure (Boer

& Wahab, 2007). Unexpectedly, interannual climate variability explains only a tiny fraction (0–

15%) of rice yield variation (Ray et al., 2015). However, a common and significant problem for

small farmers cultivating this staple food in the region is the variation of wet-season onset, which

affects planting time (Moron et al., 2009). A delayed rainy-season onset typically leads to rice yield

reduction, decreased rice planting, and increased risk of annual rice deficits (Naylor et al., 2007).

Furthermore, the rainy-season onset is often challenging to establish in the field due to “false onset”

or “false rain”—an isolated rainfall event preceding the expected onset date but followed by a dry

spell (Marjuki et al., 2016).

There are numerous definitions of the onset of the wet season. A popular definition relates the

onset date to the first day of a wet spell with a given amount of accumulated precipitation without

being followed by a dry spell in the subsequent weeks. The thresholds are empirically derived or

parameterized to make them uniquely suitable to the local climate (Marjuki et al., 2016). Marjuki

et al. (2016) also calculated trends in onset delay for 1971–2012 and found that monsoon onset

delayed ten days per decade over a particular region of MC, i.e., Java—dominant rice-producing

area in MC. Furthermore, the probability of 30-day delay onset is projected to increase (Naylor

et al., 2007) and threaten food security. Despite the general trend and projection of the onset

delay, false onset is made more loss due to the incapability of detecting the actual onset and should

be addressed. Recent research found that monsoon dynamics were constrained by land surface
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moisture, including onset (Smyth & Ming, 2021). Meanwhile, a recent review on the monsoon

onset highlights the importance of exploring the mechanism of how land-atmosphere interactions

play an essential role in determining monsoon onset (Bombardi et al., 2019). However, further

research is required to evaluate how land-atmosphere interaction affects the timing of monsoons

and vice-versa.

1.3 Research Questions and Hypotheses

As highlighted in the preceding sections, existing knowledge gaps in the understanding of the Mar-

itime Continent’s complex system present both fundamental and applied challenges. This disser-

tation explores the processes of land-atmosphere interactions and their implication on sea-breeze

circulations, propagation of the Madden-Julian Oscillation, and monsoon onset variations. The

following three research questions have been formulated based on the unresolved issues identified

earlier, and each question will be addressed in a separate chapter of this dissertation:

1. How do variations in land surface properties—specifically land surface temperature, soil mois-

ture, and near-surface latent heat—across the Maritime Continent’s coastal regions influence

the intensity of sea-breeze (quantified by low-level onshore wind speed) and consequent diur-

nal precipitation patterns? The following sub-questions further specify the various aspects of

this main research question:

1.1. What is the relationship between variations in land surface temperature and the intensity

of sea breeze in the Maritime Continent’s coastal region?

1.2. How does surface soil moisture in the coastal regions of the Maritime Continent affect

the sea-breeze intensity and the associated precipitation?

1.3. To what extent does near-surface latent heat across the Maritime Continent’s coastal

lands contribute to changes in sea-breeze intensity and resulting diurnal precipitation

patterns?

2. How do the land surface properties over the maritime continent impact the propagation of
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the Madden-Julian Oscillation?

3. How do the land surface properties over the maritime continent modulate the variation of

monsoon onset?

For each research question, we develop a set of hypotheses, which serve as proposed mechanisms

to provide a structured approach to our investigation.

1. Land surface properties and their exchange with the atmosphere have a causal relationship

with the sea breeze circulation over the coastal regions of the Maritime Continent. More

detailed hypotheses are provided as follows:

1.1. Land-sea surface temperature gradient is the first order that drives sea breeze circulation.

Land surface temperature affects the land-sea gradient temperature and low-level pres-

sure gradient force, which further affect the sea-breeze intensity measured by low-level

onshore wind speed.

1.2. Surface soil moisture content determines the availability of moisture for evapotranspira-

tion, which adds up moisture that is brought by the sea breeze from the adjacent sea,

enhancing the available moisture in the atmosphere.

1.3. Near-surface latent heat represents the energy due to evapotranspiration, which adds up

atmospheric moisture. This leads to the intensification of precipitation if the available

moisture can be converted to clouds depending on the atmospheric stability.

2. The land convection intensities over the main islands of the Maritime Continent redistribute

the MJO convection center, further dissipating and disrupting MJO, resulting in MJO blocked

over the Maritime Continent.

3. Large variation of the onset is due to the large-scale climate variabilities. The land surface

properties over the main islands over the Maritime Continent a couple of weeks ahead of the

monsoon onset modify the onset variation within
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1.4 Overview of Dissertation Research

By systematically investigating these research questions, the subsequent chapters of this dissertation

(Chapters 2, 3, and 4) will endeavor to provide a deeper understanding of the complex interactions

within the maritime continent system. For the sea breeze analysis (Chapter 2), we will use the

Granger causality test to identify the causality between land surface properties and sea breeze

intensity. In the MJO analysis (Chapter 3), we will apply the Large-scale Precipitation Tracking

(LPT) method from Kerns and Chen (2016, 2020) to track MJO’s centroid and path and compare

those that are blocked versus those that cross the maritime continent, examining the land surface

conditions during each scenario to determine which factors might lead to MJO blocking. For the

monsoon onset analysis (Chapter 4), we will compare delayed versus early onset years without

significant large-scale climate variability, using a certain threshold to determine the effect of local

land surface conditions on monsoon onset variations. While this study may not address all existing

knowledge gaps, it aspires to contribute to the understanding of land-atmosphere interactions over

the region. The final chapter (Chapter 5) of this dissertation will synthesize the findings, discuss

their broader implications, and suggest potential avenues for future research in this domain.
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Figures

Figure 1.1: The map of the Maritime Continent that spans between 90◦E–160◦E longitude and
15◦S–15◦N latitude, covering parts of Southeast Asia, the Malay Peninsula, the islands of Indonesia,
the Philippines, New Guinea, and northern tip of Australia. The study area is marked by a dashed
rectangle. This study focuses on the Indonesian part of the Maritime Continent. An inset map in
the top right corner shows the globe in Robinson projection with the study area box.
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Chapter 2

The Role of Land Surface Properties and

Fluxes on Sea-Breeze Circulations over the

Maritime Continent

Abstract

Over the Maritime Continent (MC), the timing of the diurnal cycle of precipitation is poorly re-

solved by numerical models, regardless of the improvement of the model’s spatial and temporal res-

olution. This suggests an incomplete understanding of the physical processes driven by the complex

interactions between landmasses, the atmosphere, and the ocean. Accurate representation of these

processes is crucial for regional climate modeling and weather forecasting. In this region, diurnal

precipitation is closely related to land-sea breeze circulation, promoted by the onshore-offshore sur-

face temperature gradient. We investigated the added effect of variability in land surface properties

on sea-breeze intensity over the coastal region of the Indonesian Maritime Continent, encompassing

the five main MC islands, such as Sumatra, Java, Borneo, Sulawesi, and Papua New Guinea. Sea

surface temperature data were obtained from ERA5 at an hourly frequency and 0.25◦×0.25◦ spatial

resolution. The influence of land surface properties on sea-breeze intensity was investigated using

the high-resolution ERA5-Land dataset by ECMWF. These datasets were analyzed using Granger

Causality analysis to quantify the relationships among land surface properties and sea-breeze circu-
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lation along pre-defined transects aligned perpendicular to the coastline over the study area. Our

findings indicate that the strength of land-sea breeze circulations varies within the study region,

with some transects revealing that land surface properties moderate sea-breeze circulations. Land-

atmosphere interactions over the coastal region of the Indonesian Maritime Continent are partly

responsible for controlling land-sea breeze circulations, depending on land surface characteristics.

Current analyses relied on the global reanalysis dataset, which means that incorporating more ob-

servations and variables can help improve our understanding of the land-atmosphere feedback over

the Maritime Continent.

Plain Language Summary

This study examines the sea-breeze intensity over the Indonesian Maritime Continent, a region that

includes Sumatra, Java, Borneo, Sulawesi, and Papua New Guinea. We want to understand how

changes in the land surface, such as temperature and soil moisture, affect the strength and patterns

of the sea-breeze intensities. To do this, we used data on sea surface temperature, land surface

temperature, and near-surface soil moisture from various sources. We found that the strength of

land-sea breezes can vary in different regions and that changes in land surface properties can impact

these breezes. The interactions between land and atmosphere play a crucial role in controlling these

weather patterns, and they can depend on factors like the land’s physical features. By collecting

more data from specific locations, we can improve our understanding of how these interactions

affect rainfall in this region, which is important for agriculture, water resources management, and

weather forecasting.

2.1 Introduction

Sea breeze circulation (SBC) is a local and mesoscale wind phenomenon that occurs in many

coastal locations around the world, including over the Indonesian Maritime Continent (MC). SBC

develops when solar radiation and the differing rates at which land and water change temperature

create a pressure gradient force pointing toward the land (Miller et al., 2003). This circulation
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has a significant impact on the local wind field, air quality, convective activity, and precipitation

patterns. The sea breeze circulation has been extensively studied for more than a century, with

numerous investigations focusing on its various features, such as the sea breeze gravity current, sea

breeze frontal zone, Kelvin-Helmholtz billows, and interactions with other atmospheric instabilities.

In recent years, practical applications of sea breeze research have emerged, including sea breeze

geoengineering techniques aimed at increasing rainfall over coastal plains (Mostamandi et al., 2022).

The Maritime Continent (MC), a region characterized by a complex array of islands, seas, and

straits, lies at the heart of the tropics and serves as a critical component of the Earth’s climate

system. Encompassing countries such as Indonesia, Malaysia, the Philippines, Brunei Darussalam,

Timor Leste, and Papua New Guinea, the MC acts as a bridge between the Indian and Pacific

Oceans, linking climate variabilities over both of the basins. This unique geography, combined

with the diverse distribution of land and sea surfaces, gives rise to intricate atmospheric and

oceanic processes that significantly influence regional weather patterns and global climate dynamics

(Ramage, 1968).

Numerical models have consistently struggled to accurately simulate the observed diurnal cycle

of precipitation timing, especially over the Indonesian Maritime Continent coastal regions (Li et al.,

2017). This inability to reproduce the precipitation patterns is indicative of underlying issues in the

representation of crucial physical processes within the models. One such process, surface fluxes, has

been identified as a primary factor contributing to the rainfall biases over the Maritime Continent

(Yang et al., 2019). These biases in surface fluxes can result from inadequate parameterizations

or inaccurate representation of factors such as land surface properties, vegetation cover, and soil

moisture. As a consequence, the misrepresented processes in models can lead to significant errors

in the simulation of land-sea interactions, sea-breeze circulations, and the diurnal precipitation

patterns over the Indonesian Maritime Continent. A better understanding of the role of land

surface fluxes and their interactions with other atmospheric processes is, therefore, crucial for

improving the accuracy and reliability of weather and climate predictions in this region.

In this study, we explore the potential influence of land surface properties on modifying sea

breeze circulations over the coastal regions of the Indonesian Maritime Continent. An accurate
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representation of these interactions is essential for improving weather and climate predictions in the

region. Given the recognized biases in numerical models due to misrepresented surface fluxes, our

investigation focuses on understanding the role of land surface properties and fluxes in modulating

sea breeze circulations and their associated precipitation patterns. By examining the relationship

between land surface fluxes and sea breeze circulations, we aim to identify the key factors and

processes that contribute to the dynamics of sea-breeze circulations over the region. This analysis

provides valuable insights into the underlying mechanisms driving land-sea interactions and helps

improve the representation of these processes in models, ultimately enhancing the accuracy of

weather and climate forecasts for the Indonesian Maritime Continent and its surrounding regions.

2.2 Methodology

This study examines the impact of land surface properties on sea-breeze circulations across coastal

regions of the Indonesian Maritime Continent (MC) (15◦N–15◦S and 90◦E–160◦E) over 30 years

(1991–2020). The investigation encompasses coastal regions of the five largest islands over the MC,

including Sumatra, Java, Borneo, Sulawesi, and Papua New Guinea. Key land surface properties

and fluxes of interest include land surface skin temperature (◦C) and soil moisture (m3 m−3) from

ERA5-Land (Muñoz-Sabater et al., 2021). While soil moisture is overestimated in ERA5-Land,

however, it has a strong positive correlation with observation for tropical regions based on the

comparison with Soil Moisture Active Passive (SMAP) 9 km gridded product (Lal et al., 2022; Lal

et al., 2023).

Meanwhile, sea surface temperature (◦C) is also included in calculating the land-sea gradient

temperature, i.e., the sea-breeze driving mechanism, which was retrieved from ERA5 (Hersbach

et al., 2020). The ERA5-Land and ERA5 datasets can be accessed via the C3S Climate Data Store

(CDS) at https://cds.climate.copernicus.eu/. These hourly variables are crucial for understanding

diurnal variations in land-atmosphere interactions and their effect on sea-breeze circulations.

The comparison analysis between ERA5-Land soil moisture and SMAP 9 km gridded product

on a global scale indicates a prevalent overestimation of moisture levels while exhibiting a strong

https://cds.climate.copernicus.eu/
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positive correlation in tropical and temperate regions (Lal et al., 2022). Furthermore, the west

of the Maritime Continent region is considered the persistent hotspot, i.e., areas with consistently

high values and no significant change over 40 years. Meanwhile, the east of the maritime continent

shows intensifying hotspots (i.e., areas with high values showing significant, p¡0.05, increasing trend

over 40 years) (Lal et al., 2023).

2.2.1 Sampling Locations: Segments and Transects

With a coastline spanning over 99,000 kilometers, the Indonesian Maritime Continent possesses

the world’s second-longest coastline, surpassed only by Canada. The intricate configuration of

this coastline poses a significant challenge for conducting a thorough analysis of the sea-breeze

circulation. Consequently, a sampling methodology has been developed to facilitate the study of

sea-breeze circulation over the region. In this study, we develop ‘segments’ and ‘transects’ as the

sampling locations to obtain values of the variables for sea-breeze analysis from the gridded dataset.

Furthermore, we focus on the large islands over the Indonesian Maritime Continent, i.e., Sumatra

(473, 481 km2), Java (128, 793 km2), Borneo (743, 329 km2), Sulawesi (180, 681 km2), and Papua

New Guinea (785, 753 km2).

In simple terms, a segment is a straight line along the coast that will be used to identify and

observe the sea-breeze circulation to a certain extent of its landward and seaward sides. The length

of the segment is constrained by the shape of the coastline. To determine a segment line, we

manually traced the coastline of the medium-resolution coastlines (resolution=‘50m’) from the

cartographic Python library, Cartopy (Met Office, 2010–2015). Then, we drew virtual lines that

aligned with the straight coastlines and recorded the coordinates at each tip of the segment line.

The coordinate of segments is presented in Tables 2.1–2.5, grouped by the main islands. The length

of each segment is calculated from tip to tip using the geodesic distance function from the GeoPy

library (https://github.com/geopy/geopy). Consequently, the length and orientation of each line

segment vary depending on the complexity of the coastline (Figure 2.1). As a result, N = 81 lines

were determined as the segments with an average of 146.9 km (Figure 2.2). When added together,

the total length of the segments (N = 81) is 11,894.87 km, around 12% of the total coastline of the

https://github.com/geopy/geopy
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Indonesian Maritime Continent.

Meanwhile, the transect is defined as perpendicular lines (cross-shore) along the segments.

Each segment can have at least one transect or N transects, depending on the segment’s length and

transect spacing. Using the land-sea mask data from ERA5-Land, the transects provide coordinates

over the sea (lat1, lon1) and land (lat2, lon2) for the extraction of the gridded dataset. The land-sea

mask value is 1 for a point over land and 0 for a point over the sea, with the values in-between

representing the mixture of land and water bodies. In this study, we perform sensitivity analysis on

the transect length to explore the optimum distance between two points to extract land-sea surface

temperature differences in observing the extent of sea-breeze circulation at each segment. The

sensitivity analysis includes four transect lengths, i.e., 0.4◦ (44.4 km), 0.8◦ (88.8 km), 1.2◦ (133.2

km), and 1.6◦ (177.6 km), with the total number of transects, are N = 175, 176, 170, and 158, for

each transect length, respectively (Figure 2.3). The number of transects decreased as the transect

length increased since longer transects exceeded the width of the narrow parts of the island, e.g.,

on the northern part of Sulawesi.

To derive transects from the segments, we developed a Python function (i.e., seg2trans),

and it is available on https://gist.github.com/amuttaqin/e08fe055359d074810edf0aa93595a9c. The

seg2trans function allows us to adjust the transect length (i.e, length to the coastline, dist2coast)

and transect spacing (spacing between transects, dist2trans). In this study, we make the transect

spacing distance fixed to 0.5◦ or 55.5 km (dist2trans=0.5). Furthermore, each transect represents

the onshore-offshore direction of sea-breeze wind flows, important to determine the sea-breeze

events. This onshore direction (θbearing, 0◦ or 360◦ means North, 90◦ is East, 180◦ is South,

and 270◦ is West) varies depending on transect orientation and land-sea distribution, and can be

calculated from transects coordinates:

θbearing = atan2(sin∆λ · cosϕ2, cosϕ1 · sinϕ2 − sinϕ1 · cosϕ2 · cos∆λ) (2.1)

where ϕ1, λ1 is the transect tip coordinate over sea (lat1, lon1), ϕ2, λ2 is the transect tip coordinate

over land (lat2, lon2), and ∆λ is the difference in longitude (lon2− lon1). Then, to get the onshore-

https://gist.github.com/amuttaqin/e08fe055359d074810edf0aa93595a9c
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offshore wind magnitude, the wind vector is projected onto the transect bearing:

P = A · cos(θwind − θbearing) (2.2)

where A =
√
u2 + v2 is the magnitude of the wind (u and v is the horizontal wind component)

and ∆θ = θwind − θbearing is the angle difference between the direction of the wind and the desired

projection (onshore direction). Onshore wind magnitude is represented by positive values of P,

while offshore wind magnitude is represented by its negative values.

2.2.2 Identification and Classification of Sea-Breeze Circulations

Sea-breeze circulation is driven by the near-surface temperature gradient between land and the

adjacent sea due to the differential heating and land-sea heat capacity contrast. This temperature

gradient modifies the distribution of atmospheric pressure that causes the wind to flow onshore

during the day (sea breeze) and offshore during the night (land breeze). The land-sea temperature

difference can be considered the primary driving force of sea-breeze circulations, while other factors

may contribute to this circulation that might enhance or suppress sea-breeze circulations. One

factor that might interfere with the development of sea-breeze circulation is synoptic disturbance.

Several studies used 5 m s−1 as the threshold of wind to filter out synoptic disturbance (Savijärvi &

Alestalo, 1988; Arritt, 1993; Porson et al., 2007). However, it might be local in nature (Hughes &

Veron, 2018). An insight into the 1000 hPa wind speed from ERA5 for 30 years shows that 75% of

the observed wind speed falls below 4.6 m s−1, and these statistics sourced from N = 176 sampling

locations (transects). Assuming that synoptic wind mostly occurred above the 75th percentile, we

use the value as a threshold to remove the synoptic disturbance.

In this study, we identify the strength of sea-breeze circulations by investigating the relationship

between differential heating of land vs. sea and the onshore-offshore component of wind speed (from

ERA5-Land and ERA5, respectively). We expect that the breeze speed is directly proportional to

the land-sea temperature contrast; steeper temperature gradients lead to a faster wind breeze.

Therefore, we might expect a high correlation coefficient between these variables. In this study,
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the onshore-offshore wind component is the horizontal wind that is projected to the orientation of

the onshore-offshore direction of each transect at each segment as stated in Equation (2.2). Higher

temperature differences may lead to a stronger wind breeze, although it also might be interrupted

by other circumstances.

Coastal regions with sea-breeze signals are identified if there is a positive correlation between

land-sea surface temperature difference and onshore-offshore wind speed using a selected transect

length with the optimum length for observing the extent of sea-breeze circulations. Furthermore,

the sea-breeze signal is classified by the magnitude of the correlation, with the ‘weak’ sea-breeze

signal characterized by a correlation coefficient of less than 0.5 (r < 0.5), while r ≥ 0.5 identifies

the ‘strong’ sea-breeze signals.

2.2.3 Causality Between Land Surface Fluxes and SBCs

The connection between land surface properties, i.e., land surface temperature and soil moisture,

on sea-breeze intensity is calculated using the Pearson correlation and Granger causality analysis.

The Granger causality analysis (Granger, 1969) is used in this study to investigate the causal rela-

tionship between land surface properties and sea-breeze circulation (SBC). The Granger causality

approach is useful in determining the directionality of causation between two variables by assess-

ing whether past values of one variable help in forecasting future values of another variable. In

this study, the Granger causality analysis aims to answer the question of whether the land sur-

face properties, i.e., soil moisture, have an added impact on the intensity of sea-breeze circulation

over the Indonesian Maritime Continent. This analysis identifies regions with strong and weak

land-atmosphere feedback in shaping sea-breeze intensity.

Historically, Granger causality analysis was initially used in Economic research (Granger, 1969).

However, this method has gained more popularity in climate science (McGraw & Barnes, 2018).

In this study, Granger causality is used to determine whether surface properties (soil moisture,

m3 m−3) are useful for determining the sea-breeze intensity, which is identified by the intensity of

onshore wind speed (m s−1) at the tip of each transect. We hypothesized that land surface flux of

soil moisture can ‘Granger-cause’ sea-breeze intensity by modifying latent heat, which eventually
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slows or improve the intensity of sea-breeze circulations.

The Granger causality tests are performed using grangercausalitytests. It will test whether

the time series y Granger causes the time series x. The Null hypothesis is that the series y does not

Granger cause the time series x. Granger causality means that past values of y have a statistically

significant effect on the current value of x, taking past values of x into account as a regressor. We

reject the null hypothesis that y does not Granger cause x if the p-values are below the desired

size of the test. The null hypothesis is that the coefficients corresponding to past values of y are

zero. In this study, variables that are tested for their causality on sea-breeze intensity are near-

surface soil moisture content (m3 m−3). Granger causality is a hypothesis testing method that can

check whether each of the factors significantly affects sea breeze intensity (onshore-offshore wind

speed). We hypothesized that 3 hours lag (in advance) of land surface properties could significantly

affect the sea-breeze intensity (p < 0.05). Using the sampled segments N = 5 that span over the

Indonesian Maritime Continent, we can see the variation of this causality by location.

2.3 Results

2.3.1 Sensitivity Analysis on the Sampling Method: Transect Length

Sensitivity analysis on transect length is performed by calculating the coefficient of correlation

between land-sea temperature difference and onshore-offshore wind speed at each transect length

for each segment. There are four different transect lengths, i.e., 44 km, 88 km, 133 km, and 177

km. These numbers come from the distance in latitude longitude, i.e., 0.4◦, 0.8◦, 1.2◦, and 1.6◦,

respectively.

Combining the two factors, i.e., four transect lengths and N = 176 transects, we calculated the

correlation coefficient from N = 704 time series. The resulting correlation coefficient is presented

as a heatmap plot in Figure 2.4, grouped by islands. The result shows that there is no significant

difference in the correlation coefficient among the varying transect lengths. However, it is noticeable

that some segments exhibit strong sea-breeze signals (high correlation coefficient, blue cells), while

others only have weak SBC signals (low correlation coefficient, red cells).
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From the same figure (Figure 2.4), it can be inferred that 60% of segments over Sumatra are

considered to have strong sea-breeze signals (r ≥ 0.5). The 40% of the remaining weak SBC signals

are mostly located over the western part of Sumatra, which faces many small islands onshore. The

presence of many small islands near the coast might interfere with the sea breeze signals as multiple

islands might have their own smaller and local circulation. In contrast, the segments over Borneo

are dominated by weak SBC signals. The only segments that have strong signals were located over

the southern and northern parts of Borneo, i.e., segments number 34 and 41 (see Figure 2.4 and

refer to Figure 2.1). Overall, Sulawesi has the most common strong SBC segment (86%), followed

by Java (75%), Sumatra (60%), Papua (53%), and Borneo (16%).

For further analysis, one transect length is selected, i.e., 88 km (0.8◦). At this length, the total

transect reaches the maximum sample coverage, i.e., N = 176 transects (see Figure 2.3). As it can

be observed, a longer transect length might reduce the sampling numbers due to narrow parts of

the island that is not fit for a longer transect length.

2.3.2 Sea-breeze Identification and Classification

Sea-breeze circulations are identified over the five main islands over the Indonesian Maritime Con-

tinent using 30 years of land-sea surface temperature and 1000 hPa wind dataset. The five main

islands are Sumatra, Java, Borneo, Sulawesi, and Papua New Guinea. The coastlines over these

islands are sampled using segments and transects. The number of segments is N = 80, and it

varies between islands. The map of segments is presented in Figure 2.1. Furthermore, transects

are derived from segments. The transects, i.e., transect tips over land and sea, are used to extract

the variables from the gridded dataset. We derived four different transect lengths to explore the

optimum length for the transect to observe sea-breeze circulation over the Indonesian Maritime

Continent. The lengths of the transects include 44 km, 88 km, 133 km, and 177 km. This is de-

rived based on the transect length in latitude/longitude degrees, i.e., 0.4◦, 0.8◦, 1.2◦, and 1.6◦. The

estimated length in km is calculated using geodesic distance. The map of the transects is presented

in Figure 2.3.

Correlation between land-sea temperature difference vs. onshore-offshore wind speed on the
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selected transect length (88 km) shows several sampling locations with statistically significant

correlation, indicating signals on sea breeze circulation (Figure 2.5). This analysis also can be used

to see the classification of SBC intensity over the Indonesian Maritime Continent.

2.3.3 Land-Atmosphere Feedback on Sea-Breeze Circulations

Furthermore, we examine the effect of land surface properties on sea breeze intensity using Granger

causality analysis. Taking one sample at each of the main islands, we tested the hypothesis that

soil moisture Granger-cause the sea-breeze intensity (1000 hPa onshore-offshore wind speed) with

a lag of 3 hours (p < 0.05). The results of the Granger causality analysis are presented in Table

2.6. The table consists of the island name, segment number, F-test, and p-value. The lag for this

test is set as 3 hours, which means that we test whether the information of soil moisture 3 hours

in advance will help to predict the sea-breeze intensity. From the table, we found that the past

value of surface soil moisture (3 hours) should contain information that helps predict SBC intensity

above and beyond the information contained in past values of SBC alone. In simple terms, we

observe that soil moisture condition is Granger-cause the sea-breeze intensity.

2.4 Discussion

This study explores the potential influence of land surface properties (i.e., land surface temper-

ature and near-surface soil moisture) on shaping and modifying sea breeze circulations over the

Indonesian Maritime Continent, which is characterized by the complex interactions between the

land-sea-atmosphere. Numerical models hint that surface properties and fluxes might contribute

to modulating sea breeze and diurnal circulation (Li et al., 2017). We investigate this particular

suggestion using the ERA5 and ERA5-Land datasets. We hypothesize that land surface properties

could help predict sea-breeze intensities.

The first step to accomplish this is the identification of sea-breeze signals along the coastal

region of the Indonesian Maritime Continent. First, we define the “segments” and “transects” as

the sampling method. Segments are the straight line along the coast. Therefore, the length of the
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segment depends on the coastline shape. The most extended segment is located northeast of the

Papua New Guinea coastline due to the straight nature of the coastline. Anywhere else, the coastal

formation is complex, and segments are broken down into smaller lengths. Then, using simple

arithmetic, transects are calculated from the available segments to get the perpendicular line along

the coast. The transects aim to extract the values of land surface variables at one end and to extract

the values of sea surface variables at the other end. These values will then be used to calculate

the temperature gradient at each transect since sea-breeze circulation is governed primarily by the

temperature gradient (Miller et al., 2003). The other essential variable to obtain at each transect

is the 1000 hPa wind speed to explain the intensity of the sea breeze circulation.

We further quantify the sea breeze signals using the correlation between land-sea temperature

difference and the projected wind, the wind that is projected onto the transect line to represent

onshore-offshore wind breeze intensity. From this approach, we can identify regions in the Indone-

sian Maritime Continent with weak and strong sea-breeze signals (Figure 2.5). The bubble plot

shows bubble size and color to represent the correlation coefficient between land-sea temperature

difference vs. near-surface onshore-offshore wind. Coastal regions with strong sea-breeze signals

are identified by a correlation coefficient larger than 0.5 (r > 0.5), while weak sea-breeze signals

are identified by r < 0.5.

Furthermore, we examined the impact of land surface properties and fluxes, i.e., sea surface

temperature and soil moisture, toward sea-breeze intensity (onshore-offshore wind speed). Soil

moisture availability on the surface can be a source of near-surface latent heat. This will impact

the availability of moisture in the atmosphere due to evapotranspiration. In terms of the sea-breeze

system, it will affect the available moisture for cloud formation and diurnal inland precipitation.

The hypothesis was tested using Granger causality analysis on the sample location of the five

main islands over the Indonesian Maritime Continent with a strong sea breeze signal. We found

that land surface temperature and soil moisture can Granger-cause the sea breeze intensity with

a lag of 3 hours (Table 2.6). It means that the past values of surface fluxes up to certain lag

hours should contain information to predict sea breeze intensity in the later time. In summary,

using the Granger causality analysis, we found that land surface fluxes (i.e., soil moisture) three
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hours in advance significantly contribute to the intensity of sea breeze intensity over the Indonesian

Maritime Continent.

2.5 Conclusions

In conclusion, our study reveals that the seaward and landward extend from 40–177 km can be

utilized to observe the sea-breeze intensity using land-sea surface temperature and near-surface wind

speed. Furthermore, sea-breeze signals along the coastline of the Indonesian Maritime Continent

can also be explored using the correlation coefficient between the surface temperature gradient

and the projected wind. Some regions exhibit strong sea breeze signals, i.e., the southwest coast of

Sumatra, most of the coastline of Java, and most parts of Sulawesi, while Borneo and Papua mostly

have weak sea-breeze signals. Our findings also highlight the importance of land surface properties

in influencing sea breeze intensity. Using Granger causality analysis, we discovered a statistically

significant causality between soil moisture and sea breeze intensity. It means that past values of

soil moisture, in this case, 3 hours in advance, contain information that is useful for predicting sea

breeze circulation intensity, providing a better understanding of the land-atmosphere interactions

that drive sea breeze circulations over the Indonesian Maritime Continent.
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Tables

Table 2.1: Coordinates of segments for sea-breeze analysis along the coastline of Sumatra. The
coordinates indicate the locations of the tips of each segment. The estimated segment lengths
(len km) are calculated in kilometers. Representation of these segments on the map is shown on
Figure 2.1.

segment mainland lat1 lon1 lat2 lon2 len km

1 Sumatra 4.8500 95.4000 3.7500 96.5000 172.35
2 Sumatra 3.7000 96.8000 2.8000 97.6000 133.45
3 Sumatra 2.4000 97.7000 1.9000 98.6000 114.37
4 Sumatra 1.5000 98.8000 0.4000 99.1000 126.13
5 Sumatra -0.1353 99.7852 -1.9247 100.8829 232.54
6 Sumatra -2.2500 100.8600 -3.6400 102.2000 214.05
7 Sumatra -3.9500 102.3000 -5.9000 104.7000 342.56
8 Sumatra -2.9500 106.0000 -5.7000 105.8000 304.91
9 Sumatra -1.0200 104.3800 -1.9000 104.5000 98.29
10 Sumatra -0.7500 103.3000 -1.1500 104.3000 119.77
11 Sumatra 0.0210 103.8162 0.5620 103.3926 76.17
12 Sumatra 2.1906 100.5620 2.6828 100.2093 67.09
13 Sumatra 4.0750 98.3160 2.9300 99.9600 222.26
14 Sumatra 5.1500 97.6000 4.4000 98.2500 109.90
15 Sumatra 5.2500 96.3000 5.2500 97.4000 121.94
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Table 2.2: Similar to Table 2.1, except for sea-breeze analysis along Java coastline.

segment mainland lat1 lon1 lat2 lon2 len km

16 Java -6.772 105.536 -6.085 105.925 87.31
17 Java -6.838 105.636 -6.931 106.461 91.76
18 Java -7.314 106.480 -7.781 108.407 218.85
19 Java -7.550 108.796 -8.200 110.900 242.90
20 Java -8.241 111.227 -8.386 112.739 167.33
21 Java -8.280 113.227 -8.640 114.194 113.68
22 Java -6.609 111.052 -6.914 112.483 161.75
23 Java -6.948 110.471 -6.462 110.721 60.44
24 Java -6.770 108.600 -6.932 110.532 214.30
25 Java -6.299 108.320 -6.796 108.625 64.49
26 Java -5.952 107.099 -6.297 108.233 131.19
27 Java -6.000 106.100 -6.084 107.029 103.26

Table 2.3: Similar to Table 2.1, except for sea-breeze analysis along Borneo coastline.

segment mainland lat1 lon1 lat2 lon2 len km

28 Borneo -0.5330 109.2040 1.1000 108.9500 182.77
29 Borneo -1.2970 110.0210 -2.8890 110.2640 178.10
30 Borneo -2.9670 110.2940 -2.9380 111.6660 152.56
31 Borneo -3.4576 111.8675 -3.2064 112.9847 127.23
32 Borneo -2.9960 113.0740 -3.4700 114.4500 161.67
33 Borneo -4.1970 114.6640 -3.6000 115.9000 152.32
34 Borneo -2.9754 116.2298 -1.8069 116.3810 130.30
35 Borneo -1.6590 116.3840 -0.9020 117.2200 125.15
36 Borneo -0.2620 117.3820 0.8560 117.7880 131.62
37 Borneo 1.9850 117.7310 1.1910 118.7520 143.58
38 Borneo 3.1360 117.3340 2.3750 117.9930 111.58
39 Borneo 4.1854 117.8245 4.3468 118.3507 61.08
40 Borneo 5.9520 117.9470 5.3730 118.9880 131.90
41 Borneo 5.5130 115.7830 6.7130 116.6500 163.77
42 Borneo 4.5240 114.0350 5.0160 114.9920 119.29
43 Borneo 3.2440 113.0560 4.5030 114.0720 179.21
44 Borneo 2.7910 111.5010 3.1710 113.1220 185.04
45 Borneo 1.7590 111.1180 2.6880 111.4370 108.68
46 Borneo 1.8470 109.6190 1.4790 110.9620 154.88
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Table 2.4: Similar to Table 2.1, except for sea-breeze analysis along Sulawesi coastline.

segment mainland lat1 lon1 lat2 lon2 len km

47 Sulawesi -1.2410 119.3200 -0.7990 119.6290 59.76
48 Sulawesi -2.4030 119.0930 -1.8890 119.3530 63.77
49 Sulawesi -5.3480 119.3680 -4.3090 119.6400 118.79
50 Sulawesi -5.4190 119.3520 -5.7050 119.7440 53.73
51 Sulawesi -5.2615 120.3080 -3.2382 120.3892 223.92
52 Sulawesi -2.9555 120.2218 -2.6108 120.7506 70.07
53 Sulawesi -4.0689 121.5911 -3.5262 120.8476 102.09
54 Sulawesi -3.6423 122.2103 -4.0863 122.7252 75.37
55 Sulawesi -2.2002 121.6893 -3.1723 122.3994 133.38
56 Sulawesi -1.3324 122.5162 -1.8880 121.6966 109.96
57 Sulawesi -0.9830 121.6660 -0.7820 122.6150 107.94
58 Sulawesi -1.3560 120.6030 -1.4420 121.1450 61.06
59 Sulawesi 0.5240 121.6960 0.4100 120.9100 88.40
60 Sulawesi 0.3040 123.4910 0.4460 124.3800 100.20
61 Sulawesi 0.9320 122.9820 0.8330 123.9300 106.08
62 Sulawesi 1.3120 120.9400 0.9000 122.7730 209.04

Table 2.5: Similar to Table 2.1, except for sea-breeze analysis along the coastline of Papua.

segment mainland lat1 lon1 lat2 lon2 len km

63 Papua -1.37000 131.43000 -2.20000 132.27400 131.31
64 Papua -3.67950 133.94850 -4.44840 135.19960 162.88
65 Papua -4.50000 135.86350 -5.28300 137.84780 236.51
66 Papua -5.74660 138.19500 -6.68760 138.68440 117.31
67 Papua -8.14897 139.96780 -9.08450 140.90340 145.98
68 Papua -9.12050 141.02000 -9.23860 142.47340 160.27
69 Papua -9.34280 142.60260 -8.97140 143.29860 86.83
70 Papua -7.76020 144.86380 -8.07210 146.06000 136.34
71 Papua -8.15760 146.11460 -10.03500 147.70640 271.54
72 Papua -10.04760 147.72480 -10.32350 149.67650 216.03
73 Papua -8.13820 148.08840 -9.07560 148.58480 117.19
74 Papua -7.44650 147.18480 -8.09110 148.00190 114.91
75 Papua -6.70790 147.06560 -6.69750 147.79470 80.62
76 Papua -5.45830 145.75900 -5.96335 147.25943 175.34
77 Papua -4.83690 145.76350 -5.45370 145.73700 68.27
78 Papua -2.85675 141.44175 -4.20000 145.00000 422.33
79 Papua -1.51350 137.88350 -2.85675 141.44175 422.76
80 Papua -2.35580 136.37660 -3.48000 135.36080 167.95
81 Papua -0.36710 132.46230 -0.77440 133.87120 163.17
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Table 2.6: Granger causality analysis over five sampled segments for the five main islands over the
Indonesian Maritime Continent. Only one transect is sampled at each selected segment. Segment
is selected based on the correlation coefficient between land-sea temperature difference vs. wind
speed as shown in Figure 2.4. This hypothesis testing is determined at 95% confidence level with
the mlag=[3] or 3-hour lag. In addition, df denom=262980 for each of the sampled segments,
showing the total time (hourly) over 30 years of analysis.

Island Segment number ssr based F-test p-value df denom

Sumatra 2 1902.566 0.0000 262980
Java 21 2341.890 0.0000 262980
Borneo 41 733.857 0.0000 262980
Sulawesi 47 4547.172 0.0000 262980
Papua 72 1216.368 0.0000 262980



35

Figures

Figure 2.1: Spatial distribution of segments (depicted as red lines) used as sampling locations
for sea-breeze analysis over the Indonesian Maritime Continent (MC). The segments is numbered
(N = 81) over the five MC main islands: Sumatra, Java, Borneo, Sulawesi, and Papua New Guinea.
Labeled islands is provided in Figure 1.1.

Figure 2.2: Length distribution of segments for sea-breeze analysis over the five main islands of the
Indonesian Maritime Continent.
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Figure 2.3: Spatial distribution of transects (depicted as blue lines) used as sampling locations for
sea-breeze analysis across the Indonesian Maritime Continent (MC). The transects are divided into
four lengths: 0.4◦ (equivalent to 44.4 km), 0.8◦ (88.8 km), 1.2◦ (133.2 km), and 1.6◦ (177.6 km),
respectively, with a consistent transect spacing of 0.5◦. The number of transects varies depending
on the length of each transect.
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Figure 2.4: Correlation coefficient between land-sea surface temperature difference and onshore-
offshore wind speed for each segment (y-axis) at four different transect lengths (44 km, 88 km, 133
km, and 177 km) on the x-axis. The correlation is calculated from 30 years of hourly data, from
1991–2020. The plot is grouped by the main islands over the Indonesian Maritime Continent.
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Figure 2.5: Sea-breeze intensity identification based on the correlation coefficient between land-sea
temperature difference vs. onshore-offshore wind at each transect (averaged at each segment) at
the transect length of 88 km.
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Chapter 3

The Role of Land-Atmosphere Interactions on

the Propagation of Madden-Julian Oscillation

Across the Maritime Continent

Abstract

The Indo-Pacific Maritime Continent (MC) often disrupts the propagation of the Madden-Julian

Oscillation (MJO) from the Indian Ocean to the western Pacific Ocean, a phenomenon known as

the “MC barrier effect.” Recent studies have shown that almost half of propagating MJO events fail

to cross the MC, making this phenomenon the subject of several recent observational, modeling,

and theoretical studies. However, the role of MC landmasses, particularly its land-atmosphere

interactions, in the propagation of the MJO through the MC region needs to be better understood.

In this study, we assess the potential of land-atmosphere feedback that might impede or allow the

propagation of the MJO over the MC. Specifically, we contrast the composite land surface properties

leading to two MJO event types: “MJO-C,” i.e., MJO event that initiated over the Indian Ocean

and managed to cross the MC latitudes and longitudes into the western Pacific Ocean, and “MJO-

B,” i.e., MJO event that initiated over the Indian Ocean but completely dissipated over or nearby

the MC, after interacting with the MC landmasses. The analysis primarily focuses on MJO events

that interacted with the MC region and excluded MJO events that detoured around the MC. We
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retrieved the land surface properties over the MC from the ERA5-Land dataset at high temporal

(hourly) and spatial (0.1◦×0.1◦) resolutions. The list of MJO events and trajectories from the

Large-scale Precipitation Tracking (LPT) method were utilized to obtain the MJO propagation

characteristics, such as its initiation location and time, termination, intensity, and centroid track in

longitudes and latitudes. Lagged land-to-atmosphere feedback analysis was used to identify which

and how land surface variables primarily affect the MJO propagation behavior over the MC region.

Our results indicate that anomalously low land surface temperatures of the central and western

MC islands led to the blocking or weakening of the MJO over the Indonesian Maritime Continent.

Therefore, our study highlights the importance of land-atmosphere interactions and the role of the

MC landmasses in the propagation of the MJO through the MC region.

Plain Language Summary

The Madden-Julian Oscillation (MJO) is a sub-seasonal eastward-moving climatic disturbance that

brings convection and heavy rainfall over much of the tropics. Often, in tropical Southeast Asia,

MJO fails to reach the western Pacific Ocean from the Indian Ocean. Recent studies observed

that around half of MJO disturbances dissipate or fail to cross this scattered island region, known

as the Maritime Continent (MC). Many researchers have put their effort into investigating this

phenomenon, looking for a common explanation, yet it remains a substantial challenge. This study

focuses on the role of land surface properties from a land-atmosphere interaction perspective. We

compared land surface conditions and energy exchange with the atmosphere before two groups

of MJO events hit the Maritime Continent: MJO-C and MJO-B. MJO-C events are MJOs that

pass through the Maritime Continent and eventually reach the western Pacific Ocean. In contrast,

MJO-B events are MJOs that completely halted over or nearby the Maritime Continent due to

their interaction with the region. This study uses an MJO identification method (i.e., Large-

scale Precipitation Tracking or LPT) that can track the longitudinal and latitudinal shift of the

MJO precipitation centroid; hence it can be particularly useful to identify MJOs that interact

with or pass through the MC region and exclude MJOs that detour around the MC. This study
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reveals that cooler land surface temperature and drier soil moisture over parts of the MC tend to

block MJO propagation over the region, implying a significant land-atmosphere component to this

phenomenon. Therefore, understanding the role of land surface properties on MJO behavior over

the MC is important for improving its predictability and mitigating problems that MJO-induced

heavy rainfall can bring to the region.

3.1 Introduction

Over half a century ago, Roland Madden and Paul Julian discovered the “tropic’s pulse”—a pattern

of atmospheric variability that shifted eastward along the equator, which we now recognize as the

Madden-Julian Oscillation (MJO) (Madden & Julian, 1971, 1972; Hand, 2015). This intraseasonal

oscillation is well-known for bringing convection and heavy rainfall that moves eastward along the

tropics with a cycle of roughly 20–90 days and a speed range of 1–9 m s−1 (Chen &Wang, 2020). The

MJO is associated with extreme rainfall and contributed to flooding events over Southeast Asia (e.g.,

Baranowski et al., 2020; Da Silva & Matthews, 2021) and northern Australia (e.g., Wheeler et al.,

2009; Cowan et al., 2019). It also has extensive extratropical impacts by significantly modulating

the frequency of high-latitude blocking that alter the global circulation (e.g., Henderson et al.,

2016; Henderson & Maloney, 2018), exposing its global-scale societal impact. Over the Maritime

Continent (MC), the MJO significantly increases the probability of extreme precipitation by up to

70%, with the magnitude of the impact varying across regions (Muhammad et al., 2020). However,

the unique behavior of the MJO over the Maritime Continent remains a topic of intense research

(Kim et al., 2020).

The Maritime Continent, consisting of fractions of islands scattered along the equator from

around 100◦E–150◦E and 10◦N–10◦S, frequently hinders the propagation of MJO events, also called

the “MC barrier effect.” This is evidenced by Kerns and Chen (2016) and Zhang and Ling (2017),

who found that 40–50% of MJO events that originated over the Indian Ocean fail to propagate across

the MC, while the MJO events that propagate across the MC are mostly attenuated. This barrier

effect has received more attention after consecutive initial studies comparing propagating versus
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nonpropagating MJO events (Hirata et al., 2013; Kim et al., 2014; Feng et al., 2015). Later, the

terms propagating and nonpropagating MJO events with respect to the MC were replaced mainly

by MJO-C (MJO that crosses the MC) and MJO-B (MJO that is blocked by the MC), respectively

(e.g., Ling et al., 2019; Zhou et al., 2022). Another peculiar behavior of MJO propagation is that

it tends to detour southward around the MC during austral summer (December to February) and

northward during boreal summer (June to August) (Kim et al., 2017). Since our focus here is on

land-atmosphere interactions, we solely emphasize the direct interaction between MC land surface

properties and fluxes and MJO propagation in the context of the MC barrier effect, thereby filtering

out MJOs that deviate around the region.

Recent studies on the MC barrier effect and its proposed key mechanisms can be grouped into

four main hypotheses: land vs. oceanic convection, moisture mode thinking, air-sea coupling,

and transient dry precursor (Kim et al., 2020). The first group proposed that the development

of oceanic convection is critical to the propagation of the MJO across the MC and that MJO

convection over the ocean is occasionally disrupted by anomalously strong land convection (Zhang

& Ling, 2017). The third group partially aligns with this idea, proposing that warmer ocean

conditions favor eastward propagation of the MJO by promoting the development of convection

but providing more emphasis on ocean-atmosphere coupling (Hirata et al., 2013). Meanwhile, the

second and fourth groups concurrently support the idea that MJO propagation over MC relies

on moisture distribution over MC surroundings (Kim et al., 2014; Feng et al., 2015; Adames et

al., 2020). Taken together, these four main hypotheses have provided valuable insights into the

multiple factors that contribute to the distinctive behavior of MJO propagation over the Maritime

Continent. However, among these hypotheses, there are reinforcing as well as competing ideas

indicating that the understanding of this particular issue still needs to be improved (Kim et al.,

2020). Furthermore, these four main ideas are concerned mostly with the role of atmospheric and

oceanic parameters, leaving the potential impact of MC land surface properties and fluxes on MJO

propagation less explored. In this study, building upon the first main hypothesis and focusing

on the land-atmosphere aspect, we investigated the contribution of MC land surface properties

and energy exchange with the atmosphere on the MC barrier effect on MJO propagation over the
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Maritime Continent.

Land surface properties, such as soil surface temperature and moisture, play a role in how energy

from radiation is divided between heat that is released into the air (sensible heat) and phase change

that leads to evapotranspiration (latent heat). This energy partition can affect the formation of

local convection, suggesting feedback mechanisms between the land surface and the atmosphere

(Eltahir, 1998), yet it is challenging to observe (Taylor et al., 2012). Gerken et al. (2019) used

emergent methods, such as information flows, to reveal robust global hotspots of land-atmosphere

coupling using the global network of micrometeorological flux measurement sites (FLUXNET)

database (Baldocchi et al., 2001). However, land-atmosphere feedback over non-continental and

geographically unique regions, such as the Maritime Continent, is still inconclusive and less docu-

mented, yet it is essential (e.g., Zhang & Ling, 2017) and warrants more investigations. Therefore,

this study investigated the contribution of land-to-atmosphere feedback over the Maritime Con-

tinent on the intraseasonal variability of the MJO. We hypothesize that the leading condition of

MC land surface properties (e.g., soil surface temperature and moisture) and near-surface energy

fluxes before MJO reaches the Maritime Continent can affect the behavior of the subsequent MJO

propagation over the region, particularly through the modification of the planetary boundary layer

and local convection over MC landmasses.

3.2 Methodology

3.2.1 Types of MJO Events and the MC Barrier Effect

To investigate the effect of the Maritime Continent’s land surface properties and fluxes on the

Madden-Julian Oscillation (MJO) propagation from the Indian Ocean to the western Pacific Ocean

in the context of the “MC barrier effect,” we compare and contrast the composite land surface

properties and fluxes over the Maritime Continent (MC) islands between two types of MJO events:

MJO-C and MJO-B. The “MC barrier effect” refers to the phenomenon whereby the Maritime

Continent’s region can act as a barrier to MJO propagation, preventing it from reaching the western

Pacific. In this study, we define MJO-C (or MJO-Crossed) as the MJO event that originated from
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the Indian Ocean, propagated eastward, crossed over the Maritime Continent region, and eventually

reached and terminated over the Pacific Ocean. Meanwhile, MJO-B (or MJO-Blocked) is defined as

the MJO event that originated over the Indian Ocean and propagated eastward, but dissipated over

or near the Maritime Continent after interacting with the landmasses in the region. Furthermore,

MJOs that only persist in less than one day over the Maritime Continent are mostly located in the

vicinity of the MC and do not locate over the land. Also, if this filter is not applied, the MJO that

is detoured will falsely be considered as MJO crossed or MJO blocked. Therefore, an MJO event

will be determined if it persists ¿ 1 day over the MC.

Figure 3.1 provides a schematic illustration of two types of MJO events, MJO-C (Fig. 3.1a)

and MJO-B (Fig. 3.1b). The figure shows the trajectory of the MJO precipitation centroid as

lines with arrows originating from the Indian Ocean and directing eastward and interacting with

the Maritime Continent region (100◦E–150◦E and 10◦N–10◦S) before it passes through to the

western Pacific Ocean (>160◦E) to be defined as MJO-C, or before it dissipated over the Maritime

Continent or its immediate surrounding to be defined as MJO-B. For our analysis, it is important

to note that both MJO-C and MJO-B events should interact with the Maritime Continent region

to ensure that they reflect the influence of land-atmosphere interaction on MJO propagation, and

to eliminate other effects, such as the impact of ocean-atmosphere interaction. This is critical to

provide meaningful insights into the role of land-atmosphere interactions on MJO propagation over

the Maritime Continent.

3.2.2 Selection of MJO Tracking Methods

To classify MJO-C and MJO-B, as illustrated in 3.1, we need to track the MJO heavy-precipitation

center (or centroid), and its propagation in three dimensions, i.e., time, longitude, and latitude, to

particularly observe the latitudinal shift of the MJO centroid and differentiate the MJO event that

has interaction with the Maritime Continent and those that detoured around the MC. Commonly

available MJO indices offer MJO tracking in two dimensions (time and zonal phases). For example,

the Realtime Multivariate MJO (RMM) index provides progression and intensities of MJO con-

vective center based on the first two empirical orthogonal functions (EOFs) of the daily outgoing
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longwave radiation (OLR) anomalies and zonal winds, which are used to construct the RMM phase-

space diagram that divided into eight MJO phases/regions (Wheeler & Hendon, 2004). The RMM

index is beneficial for navigating the progression of MJO and is widely used for climate variability

monitoring and prediction. However, since the OLR and zonal winds to calculate this index are

averaged from 15◦N to 15◦S, the resulting MJO index could not pinpoint the latitudinal variation

of the propagation of the MJO centroid, which is required in this study.

Another MJO index, i.e., the Outgoing Longwave Radiation MJO index (or OMI), primarily

focuses on the OLR to diagnose the circulation feature of the MJO (Kiladis et al., 2014). The

advantage of OMI over RMM is that OLR is a more direct measure of the MJO convection center

than the wind anomalies used in the RMM index. However, the OMI index provides a phase-

space diagram similar to the RMM index without providing latitudinal information. Additionally,

instead of using OLR and winds, another method developed by (Ling et al., 2014) and improved

by Zhang and Ling (2017) uses rainfall anomalies to track MJO time-longitude evolution, which

is known as the Precipitation Tracking method. This method is straightforward to find the locus

of heavy precipitation related to the MJO convection center. Nevertheless, this method could not

provide latitudinal-shift information on the precipitation center, making the above-mentioned three

methods, i.e., RMM, OMI, and Precipitation Tracking, unsuitable for this study.

Fortunately, Kerns and Chen (2016, 2020) provide a Lagrangian object-oriented method to

locate and trace MJO convection center progression in three dimensions, which is called Large-scale

Precipitation Tracking (LPT). Briefly, LPT tracks MJO precipitation centroid with a minimum

size of 300,000 km2 and time continuity of at least 10 days using spatially smoothed 3-day rainfall

accumulation. This method provides the MJO trajectory that represents the meandering of the

MJO centroid over time, making it suitable for the objective of this study to differentiate the mode

of interactions between MJO and the Maritime Continent. Kerns and Chen (2020) made the MJO

LPT tracks dataset available at https://orca.atmos.washington.edu/data/lpt/index.html.

https://orca.atmos.washington.edu/data/lpt/index.html
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3.2.3 MJO Classification

This study utilizes the MJO LPT events and tracks dataset from Kerns and Chen (2020) to develop

an objective classification algorithm that classifies the MJO events into MJO-C, MJO-B, or MJO

that has no interaction with the Maritime Continent. To accomplish this objective, a classification

algorithm is constructed using the parameter settings in Table 3.1. In the classification algorithm,

MJO that only persists ¡ 1 day is mostly located in the vicinity of the Maritime Continent and does

not locate over the land. Therefore, this filter is important to remove MJO that detoured around

the Maritime Continent.

3.2.4 Land-to-Atmosphere Feedback Analysis

To understand how MC land surface properties affect MJO propagation, we analyze the lagged

land-to-atmosphere feedback during MJO-C and MJO-B and the difference between these two

events. Specifically, we investigate the role of land surface properties a few days before the MJO

convection center enters the Indonesian Maritime Continent region at 100◦E. These land surface

properties include soil surface temperature and top-layer soil moisture from the ERA5-Land dataset

(Muñoz-Sabater et al., 2021). The effect of seasonality on land surface properties was removed by

subtracting the values from its long-term mean. Additionally, a statistical significance test was

performed to observe the significant difference between the two land surface conditions during

MJO-C and MJO-B, and stippling is used to mark the significant values.

3.3 Results

3.3.1 MJO Precipitation Trajectories: LPT Method

In this study, we select the Large-scale Precipitation Tracking (LPT) method (Kerns & Chen,

2016, 2020) to track each Madden-Julian Oscillation (MJO) precipitation trajectory due to its

ability to capture the MJO centroid propagation in three dimensions, including time, longitude,

and latitude. LPT method provides MJO propagation track by performing the Gaussian spatial
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smoothing of 3-day accumulation of rain for every 3-hour timestep using a precipitation threshold,

e.g., 8–16 mm d−1. We use the 12-mm d−1 precipitation threshold as it has proven reasonable based

on the sensitivity analysis performed by Kerns and Chen (2016). We utilize the LPT running

output from https://orca.atmos.washington.edu/data/lpt/kc2020/20 72h/thresh12/systems/mjo

lpt list.txt and select only the eastward propagating trajectories from the list. As a result, from

June 1998 to June 2018, a total of 220 global eastward-propagating MJO events were identified

(Fig. 3.2). Around 11 percent of the MJO LPT was observed over the western Hemisphere, which

is consistent with the OLR composites for phase 8 of the RMM index (Kerns & Chen, 2020).

Figure 3.2a is similar to figure 4b in Kerns and Chen (2020) and shown here with additional

details to provide a global context of MJO LPT, and served as an essential step before discussing

the MJO behavior over the Maritime Continent (rectangular dashed line) and its land-atmosphere

interactions. In Fig. 3.2a, each MJO trajectory is depicted in color, and blue circles represent the

initial location of eastward-propagating MJO events, while red crosses represented the end location

when the MJO dissipated. The initiation location of MJO can be anywhere between 40◦E (coast

of Madagascar) all the way to 40◦W (over the Amazon rainforest), while the termination location

spread from 90◦E to 0◦. The varying circle sizes along the track represent the MJO’s intensity,

allowing the visualization of MJO intensity dynamics along the path.

The majority of the MJO events were found to have spent their lifetime over the Indian Ocean,

Maritime Continent, and Pacific Oceans. Interestingly, the Large-scale Precipitation Tracking

(LPT) method also captured a few MJO events over tropical America and the Atlantic Ocean.

When comparing these events to the canonical MJO propagation, which describes MJO propagation

from phase 1 to phase 8, only a few of the total events exhibited the canonical MJO, i.e., initiation

in phases 1-3 and dissipation in phases 7-8. The locations of western Hemisphere MJO LPT systems

are consistent with the OLR composites for phase 8 of the RMM index (Kerns & Chen, 2020).

We observed deflections of the MJO track off the equator line, particularly in the Western North

Pacific and to the south of the Pacific Ocean. These off-equator deflections can be attributed to

various factors, such as air-sea interactions and background atmospheric conditions, which can

alter the propagation and characteristics of MJO events. This finding underscores the complex

https://orca.atmos.washington.edu/data/lpt/kc2020/20_72h/thresh12/systems/mjo_lpt_list.txt
https://orca.atmos.washington.edu/data/lpt/kc2020/20_72h/thresh12/systems/mjo_lpt_list.txt
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nature of MJO propagation, emphasizing the importance of studying MJO events globally and also

regionally.

Furthermore, the LPT method revealed that the global MJO speed range was between 0–14 m

s−1, with 90% of the events having a speed range of 1–9 m s−1 (Fig. 3.2b). More than half (57%)

of the MJO events lasted only between 5–15 days (Fig. 3.2c).

3.3.2 Objective Classification of MJO Propagation

From a total of 220 global MJO events observed during the study period using the MJO LPT

method, 119 events, representing 54% of the total, were filtered out during the objective classifica-

tion process. The reason for this exclusion was that these events were not initiated over the Indian

Ocean, which is prescribed in this study to have an MJO system that had been established before

hitting the Maritime Continent. The remaining 101 MJO events were subjected to further analysis

using the objective classification method.

Upon analysis, as an aggregate, we found that approximately 39% of these remaining MJO

events belonged to the MJO-B category, while about 15% were classified as MJO-C (Fig. 3.3).

It is important to note that the MJO-B and MJO-C categories represent distinct types of MJO

events that are characterized by the interaction with the MC landmasses and the results of that

interaction. If the interaction made the MJO dissipate over the MC region, it is classified as MJO-

B. Meanwhile, if the interaction did not hinder the MJO from propagating through to the Pacific

Ocean, it is classified as MJO-C. The remaining 46% MJO events, although originating from the

Indian Ocean, did not interact with the Maritime Continent landmasses, which is the key aspect

considered in this study.

The results of the object classification were then compared to the expert judgment, which

involved visual observation and careful tracking of each MJO event to determine its interaction

with the MC landmasses. This comparison aimed to validate the performance of the objective

classification method and evaluate its accuracy in classifying MJO events, specifically that relates

to the MC barrier effect. In this comparison, depicted in Fig. 3.4, the objective classification

method demonstrate high skill levels in detecting MJO events, with a success rate of over 80% in
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identifying MJO-C event and 90% in detecting MJO-B events. These numbers indicate that the

method can effectively classify MJO events and reliably distinguish between the different categories

based on their interaction with the MC landmasses.

Furthermore, the f-score, which is a metric that combines both precision and recall to provide

a single measure of classification performance, was found to be greater than 90% for all classes

(Table 3.2). This high f-score indicates that the objective classification method performed well in

terms of both correctly identifying MJO events and avoiding false positives or negatives. Overall,

the comparison between the objective classification results and expert judgment highlights the

effectiveness of the method in capturing the key features of MJO events and their interaction with

the Maritime Continent, and the validation process serves to increase confidence in the method’s

applicability for future application.

3.3.3 Land Surface Composite and the Composite Difference

MJO classification algorithm provided details on MJO types, i.e., MJO-C or MJO-B. Then, leading

to each of the events, the land surface properties were composited. For each land surface variable,

i.e., land surface temperature and surface soil moisture, there were two composites. The difference

can be obtained from the composite by subtracting the MJO-C composite from the MJO-B com-

posite. Furthermore, a t-test at a 95% confidence level is performed to highlight the significant

difference between the two composite means. The results showed that the composite mean mostly

significantly differed over the Indonesian Maritime Continent (Figures 3.10, 3.11, 3.12, 3.13, 3.14,

3.15, 3.16, and 3.17). The stippling shows significant differences that are presented for each island

to provide more detailed representations.

3.4 Discussion

This study assesses the potential of land-atmosphere interaction to affect the propagation and

behavior of the Madden-Julian Oscillation over the Indonesian Maritime Continent. MJO normally

initiated over the Indian Ocean and moved to the east, bringing heavy rainfall along the path.
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Interestingly, the behavior of MJO is unique over the MC region. Previous studies investigate this

by exploring the possible mechanism of ocean-atmosphere interaction. However, since the MC is

a combination of land fractions, we need to look at the effect of land surface conditions on this

intraseasonal propagation.

We begin by designing a filter, or a classification method, for MJO propagation (Figure 3.1).

The filter should objectively select MJO events that clearly interact with the Maritime Continent

region (Table 3.1). As a result of that interaction, the MJO might be weakened over the MC

region or continue to move eastward. The first problem of this kind of investigation is finding a

method to capture the propagation of MJO in three dimensions, i.e., time, latitude, and longitude.

Most of the MJO monitoring methods relied on averaging information along the latitude. However,

the latitudinal shift is necessary to differentiate between MJO that actually passes through the

Maritime Continent or only detours without interacting with MC islands. One method suits this

need, i.e., Large-scale Precipitation Tracking (Kerns & Chen, 2016, 2020).

The classification method work as expected (Figure 3.5), categorizing each MJO into MJO that

is blocked by the Maritime Continent (MJO-B), or the MJO that passes through the Maritime

Continent (MJO-C) with necessary statistical distribution (Figure 3.6). The other type is reserved

for MJO, which does not interact with the Maritime Continent. The result of the classification

showed that around 40% of the MJO is blocked by the MC (Figure 3.3 and 3.7). These results

confirmed previous studies that found similar values for MJO-B (Kerns & Chen, 2016; Zhang

& Ling, 2017). MJO-B and MJO-C, that was selected in this stage, were further analyzed to

investigate the connection between the land surface condition and MJO propagation.

We used land surface data from ERA5-Land to analyze the relationship between land sur-

face temperature, surface soil moisture, and the passage of the Madden-Julian Oscillation (MJO)

through two different conditions: MJO-B (when the MJO is blocked) and MJO-C (when the MJO

crosses over the Maritime Continent). When the MJO is blocked (MJO-B), we found that the

composite of land surface temperature shows cooler-than-average temperatures. Conversely, dur-

ing MJO-C, the composite of land surface temperature indicates slightly warmer conditions. By

subtracting these two conditions, we discovered that land surface conditions and surface soil mois-
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ture in the Maritime Continent might contribute to blocking the propagation of the MJO. Further

analysis revealed that anomalously warmer land surface temperatures and drier soil moisture, par-

ticularly in the central and western parts of the Maritime Continent, tend to precede the crossing

of the MJO (MJO-C). Additionally, the composite of soil moisture during MJO-B and MJO-C

suggests that drier soil moisture might be a precursor for the MJO to cross over the Indonesian

Maritime Continent and vice versa. For a visual representation, please refer to Figure 3.8 for the

land surface temperature anomaly and Figure 3.9 for the surface soil moisture anomaly.

To test the significant difference between the two composites of land surface properties, i.e., a

couple of days before MJO-B vs. a couple of days before MJO-C, we performed a two-tailed t-test

using a 95% confidence level. The locations with significant differences between the two composites

are marked by stippling (two-tailed t-test) and presented in Figures 3.10 to 3.17. The figures are

presented by each main island to clearly shows significant regions.

We proposed that the MJO convection center might be crossed or blocked by the Indonesian

Maritime Continent due to the redistribution of convection over the main islands. This might also be

related to the strength of sea-breeze circulation. A strong sea breeze might redistribute convection

to be more inland. Then, more intensive convection over the main islands of the Maritime Continent

will redistribute the convection and further weaken the MJO convection, which is aligned with

previous studies that found suppressed precipitation over the ocean increase the possibility of MJO

to propagating through the Maritime Continent (Zhang & Ling, 2017). Surface temperature and

surface soil moisture provide indications of the near-surface energy and distribution of convection

over the Indonesian Maritime Continent. We hypothesized that the distribution of convection over

the main islands of the Maritime Continent could distribute the MJO convection center, further

weakening the MJO.

Furthermore, surface temperature and surface soil moisture provide indications of the near-

surface energy and distribution of convection over the Indonesian Maritime Continent. Surface

temperature is linked to the redistribution of convection due to the land-sea temperature gradient;

this is also linked to the sea-breeze circulation by altering the near-surface pressure gradient that

drives onshore-offshore wind. Meanwhile, soil moisture is linked to the onshore wind, which will
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enhance convection over land, while offshore wind will enhance convection over the ocean. Con-

vection over the ocean tends to strengthen and continuation of MJO convection over the Maritime

Continent. Therefore, redistribution of convection is a proposed mechanism that possibly affects

the behavior of MJO when crossing the Maritime Continent.

3.5 Conclusion

This study investigated the potential influence of land-atmosphere interaction over the Indonesian

Maritime Continent on the propagation and behavior of the Madden-Julian Oscillation (MJO).

By designing a classification method to objectively select MJO events that interact with the MC

region, the study found that approximately 40% of MJOs are blocked by the MC. The study then

analyzed the connection between land surface conditions and MJO propagation, revealing that the

anomalously warmer land surface temperatures and drier soil moisture over parts of the Indonesian

Maritime Continent (p < 0.05) tend to precede MJOs that pass through the MC. These findings

suggest that land surface conditions over the Maritime Continent might play a role in blocking

or allowing MJO propagation and highlight the need for further investigation of land-atmosphere

interactions in intraseasonal variability.
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Tables

Table 3.1: Parameters used for the objective classification to obtain MJO-C and MJO-B that
interacted with the Maritime Continent

Parameter Value Reference/Notes

Propagation speed 1–9 m s−1 Chen and Wang (2020)
Initiation location Indian Ocean (40◦E–95◦E and

50◦S–50◦N)
Resembling phases 1–3 of the
RMM index

Termination locations MJO-B Maritime Continent
(100◦E–150◦E and
10◦S–10◦N) and 5◦ extension∗

to the north, west, and south
of the MC

Resembling phases 4–5 of the
RMM index

Termination locations MJO-C Pacific Ocean (160◦E–0◦ and
50◦S–50◦N)

Resembling phases 6-8 of the
RMM index

Allowed latitude or longitude
jump of the centroid

Less than 20◦ for MJO-C Centroid jump for over 20◦ is
considered as a different event

First contact longitude 100◦E The time when the trajectory
first approached this
longitude is considered as the
first contact with MC

∗Five degree (latitude or longitude) extension is added to accomodate MJO that dissipated and
deflected not too far after interacting with the Maritime Continent.

Table 3.2: Validation of the objective classification based on expert judgement.

Class Precision Recall F1-score Support

MJO-C 1.00 0.83 0.91 18
MJO-B 0.95 0.9 0.92 41
Unrelated 0.95 0.99 0.97 140
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Figures

Figure 3.1: Schematic illustration of the propagation of the Madden-Julian Oscillation (MJO) to
indicate: a) MJO-C and b) MJO-B. MJO-C, or “MJO-Crossed,” is the MJO event that initiated
over the Indian Ocean (40◦E–95◦E and 50◦N–50◦S), propagated eastward, crossed over the Maritime
Continent (MC) region (100◦E–150◦E and 10◦N–10◦S), and eventually reached and terminated over
the western Pacific (>160◦E), as illustrated by blue arrows. Meanwhile, MJO-B, or “MJO-Blocked,”
is the MJO event that initiated over the Indian Ocean, propagated eastward, but dissipated either
over or nearby the MC region (95◦E–150◦E and 15◦N–15◦S), as illustrated by red arrows and the
dashed line.
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Figure 3.2: Global distribution of the Madden-Julian Oscillation: a) trajectories, b) speed (m s−1),
and c) duration (days), from June 1998 to June 2018, using the Large-scale Precipitation Tracking
(LPT) method (Kerns & Chen, 2016, 2020). The trajectories shown above are the eastward prop-
agating MJO using the 12-mm d−1 threshold. Rectangle with dashed lines on subplot a) denotes
Maritime Continent region.
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Figure 3.3: Aggregated results of the MJO classification

Figure 3.4: Normalize confusion matrix from the comparison between objective MJO classification
and the expert judgment.
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Figure 3.5: MJO tracks of the classified MJO: a) MJO-C, b) MJO-B, and c) Other MJOs.
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Figure 3.6: Histogram of speed and duration of MJO-C and MJO-B.
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Figure 3.7: MJO-B endpoints over the Maritime Continent.
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Figure 3.8: Surface skin temperature ERA5-Land during MJO-C, MJO-B, and the difference MJO-
C minus MJO-B.
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Figure 3.9: Surface soil moisture during MJO-C, MJO-B, and the difference MJO-C minus MJO-B.
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Figure 3.10: Surface skin temperature difference (MJO-C minus MJO-B) over Sumatra. The
stippling on the map shows a significant difference between the two composite means (MJO-C vs.
MJO-B) at a 95% confidence level using a two-tailed t-test.

Figure 3.11: Surface skin temperature difference (MJO-C minus MJO-B) over Java. The stippling
on the map shows a significant difference between the two composite means (MJO-C vs. MJO-B)
at a 95% confidence level using a two-tailed t-test.
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Figure 3.12: Surface skin temperature difference (MJO-C minus MJO-B) over Borneo and Sulawesi.
The stippling on the map shows a significant difference between the two composite means (MJO-C
vs. MJO-B) at a 95% confidence level using a two-tailed t-test.

Figure 3.13: Surface skin temperature difference (MJO-C minus MJO-B) over Papua. The stippling
on the map shows a significant difference between the two composite means (MJO-C vs. MJO-B)
at a 95% confidence level using a two-tailed t-test.
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Figure 3.14: Soil moisture difference (MJO-C minus MJO-B) over Sumatra. The stippling on the
map shows a significant difference between the two composite means (MJO-C vs. MJO-B) at a
95% confidence level using a two-tailed t-test.

Figure 3.15: Soil moisture difference (MJO-C minus MJO-B) over Java. The stippling on the map
shows a significant difference between the two composite means (MJO-C vs. MJO-B) at a 95%
confidence level using a two-tailed t-test.
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Figure 3.16: Soil moisture difference (MJO-C minus MJO-B) over Borneo and Sulawesi. The
stippling on the map shows a significant difference between the two composite means (MJO-C vs.
MJO-B) at a 95% confidence level using a two-tailed t-test.

Figure 3.17: Soil moisture difference (MJO-C minus MJO-B) over Papua. The stippling on the
map shows a significant difference between the two composite means (MJO-C vs. MJO-B) at a
95% confidence level using a two-tailed t-test.
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Chapter 4

The Role of Land-Atmosphere Feedback on

Monsoon Onset over the Maritime Continent

Abstract

The monsoon onset over the Maritime Continent (MC) gradually follows the Northwest-Southeast

progression, with the Northwestern region experiencing the onset earlier than the remaining region.

Onset variations over MC are also known to be affected by large-scale climate variabilities such as

ENSO and Indian Ocean Dipole (IOD). While large-scale climate variabilities significantly shifted

the monsoon onset, the influence of local land-atmosphere feedback on the onset variation is less

explored. This study investigates the relationship between land surface conditions over the west

part of MC and monsoon onset variation over four regions, i.e., South Sumatra, South Borneo, and

Java Island. These regions are the most affected and benefited by monsoonal rainfall for agriculture

and crop production. The monsoon onset was calculated and determined for 20 years (2000–2020)

using IMERG GPM precipitation. The onset variation was observed, and the relationship between

this variation and the variation in land surface conditions was explored using the ERA5-Land

dataset. The land surface temperature and soil moisture composite during early and delayed onset

were analyzed, revealing that local land surface conditions contribute to the 1-2 weeks variation of

monsoon onset. Specifically, the land surface temperature of nearby islands moderately contributes
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to the onset variation in South Sumatra and East Java, while soil moisture over neighboring islands

contributes to the onset variation in South Borneo and West/Central Java. Overall, this study

highlights the importance of local land surface conditions in affecting monsoon onset variations.

Plain Language Summary

Monsoon onset in the Maritime Continent follows a pattern in which the Northwestern region

experiences the onset earlier than the other regions. Large-scale climate factors like the El Niño-

Southern Oscillation (ENSO) and the Indian Ocean Dipole (IOD) are known to influence monsoon

onset. However, accurate prediction of the onset remains a challenge, causing issues for farmers who

rely on this information to decide when to plant their crops. This study examines the impact of local

land conditions on monsoon onset in areas that are heavily dependent on rainfall for agriculture

and crop production, specifically South Sumatra, South Borneo, and Java Island. By analyzing

rainfall and land surface data from 2000 to 2020, the researchers discovered that local land surface

conditions, such as temperature and soil moisture, can significantly influence the timing of monsoon

onset. The study found that higher land surface temperatures and drier soil conditions on Java

Island led to a delay in monsoon onset in the surrounding regions. This suggests that the influence

of local land conditions should be taken into account when attempting to predict monsoon onset.

By incorporating these factors, the accuracy of onset predictions could potentially be improved,

leading to better agricultural planning and management. Ultimately, this could help farmers make

more informed decisions about when to plant their crops and minimize the negative impacts of

monsoon onset variations on crop production.

4.1 Introduction

The Maritime Continent (MC), especially Indonesia, experiences a unique monsoon season, which

is affected by the Asian and Australian monsoon, and monsoon rainfall is essential for the region’s

agricultural production. Moron et al. (2010) found that monsoon onset over the MC generally shifts

from Northwest to Southeast of the equator, followed by a more zonal propagation south of the
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equator (Hamada et al., 2002). The onset of the monsoon season is crucial for agriculture because

it provides the necessary moisture for seed germination and crop growth. Therefore, accurate

information about the timing and duration of the monsoon season is imperative for farmers to

ensure favorable crop yields (Moron et al., 2010). However, changes in rainfall patterns, especially

the onset of the wet season and the temporal distribution of rainfall, can severely affect agriculture

in Indonesia (Apriyana et al., 2021).

Extended periods of dry conditions following the initial precipitation can have detrimental

effects on crops, particularly during critical developmental phases. A study conducted by (Naylor

et al., 2007) examined the potential impact of climate change and variability on rice agriculture

and found that the timing of the monsoon onset would significantly influence agriculture in Java

and Bali, Indonesia. The study predicted a 30-40% chance of a 30-day delay in monsoon onset in

2050 compared to a 9-18% chance in 2007. Such delays could lead to considerable alterations in

the annual precipitation cycle, affecting agricultural practices and productivity in these regions. In

particular, rice yields could be reduced, but this can be mitigated by adjusting planting time to

match rainfall patterns and improving irrigation practices (Amale et al., 2023).

The predictability of wet season rainfall in the Maritime Continent has been a long-standing

issue (Haylock & McBride, 2001), with the western region of the area experiencing substantial

forecast errors during the boreal winter monsoon season (Chang et al., 2020). This problem is

compounded by “false rains,” where isolated rainfall events around the expected onset date do not

signal sustained monsoon onset, causing difficulty for farmers in Indonesia (Moron et al., 2009).

Similarly, in Northern Australia, false onsets of wet season rainfall occur between 20 and 30% of

wet seasons, with increased likelihood during La Niña patterns and negative Indian Ocean Dipole,

and can lead to flash droughts that are disruptive and costly for agriculture and fire management

(Lisonbee et al., 2022).

There are primarily two techniques for determining the onset of monsoons: methods that operate

on a local level and those that function on a regional to extensive scale. Similarly, the factors

influencing the variability in the timing of monsoons can be divided into two categories: those that

stem from local-scale sources and those that originate from large-scale sources (Bombardi et al.,
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2019). Most studies have primarily investigated large-scale influences on monsoon onset, such as

the impact of El Niño and La Niña events on monsoon onset variation. For example, Robertson

et al. (2011) found that monsoon onset is delayed during El Niño years, and interannual variability

of onset date is largely in-phase across the monsoonal region of Indonesia (Moron et al., 2010).

Meanwhile, extreme La Niña events usually coincide with an early onset and (Lisonbee & Ribbe,

2021). However, land surface changes, such as soil moisture, vegetation, and anthropogenic land

cover change, can significantly impact the Asian monsoon climate and its variability through land-

atmosphere and in-situ feedback processes (Yasunari, 2007). Recent studies used regional climate

model and observation to explore the land surface feedback on the Australian monsoon system

(Notaro et al., 2017; Yu & Notaro, 2020), demonstrating the need to accurately represent land

surface characteristics and associated feedbacks of the global monsoon systems. As a result, this

research seeks to delve deeper into the role of land-atmosphere feedback in monsoon onset variability

over the monsoonal region of the Maritime Continent. We hypothesize that land surface properties

over parts of the Maritime Continent affect local monsoon onset variation over the monsoonal

region of the MC.

4.2 Methodology

4.2.1 Study Area

Indonesia is characterized by three distinct climatic regions (A, B, and C) with distinct charac-

teristics and shows both strong annual and semi-annual variability in these regions. Region A,

also known as the “monsoonal” region, is the dominant pattern over Indonesia (see Figure 2 in

Aldrian & Susanto, 2003). This region experiences strong influences of two monsoons, the wet

northwest (NW) and the dry southeast (SE) monsoon, which covers south and central Indonesia.

This study will focus on the monsoon onset over the monsoonal region of Indonesia, i.e., South

Sumatra (102◦E–106◦E and 6◦S–2◦S), West/Central Java (106◦E–110◦E and 8◦S–6◦S), East Java

(110◦E–116◦E and 9◦S–7◦S), and South Borneo (110◦E–116◦E and 4◦S–2◦S), with the land surface

analysis over the western Maritime Continent (95◦E–120◦E and 12◦S–10◦N) (Figure 4.1). These
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regions are among the most impacted by the monsoon, the most inhabited regions, and the largest

contributor to agriculture and crop production. We hypothesized that land surface conditions

over the West Maritime Continent (WMC) or parts of the WMC contribute to the monsoon onset

variation over the region.

4.2.2 Definition of Monsoon Onset

The main methods used to detect the timing of monsoons are divided into two categories: local-

scale methods and regional to large-scale methods. Bombardi et al. (2019) found that spatial

aggregation usually reduces the noise and enhances the regional monsoonal signal. Therefore, this

study will use the regional-scale method to quantify the monsoon onset by performing the area

average of daily precipitation over the selected study area. The precipitation uses GPM IMERG

Final Precipitation L3 1 day 0.1◦×0.1◦ V06 accessed from NASA Goddard Earth Sciences Data

and Information Services Centre (GES DISC) (Huffman et al., 2019). To define the monsoon onset,

we took a similar approach with Naylor et al. (2007) by defining the onset as the number of days

past August 1 when accumulated rainfall equals 200 mm, the amount of moisture needed for crop

establishment.

Meanwhile, the termination date is the latest day when the accumulated precipitation reach

or exceeds 90% of total rainfall in that year. The onset and termination are calculated from the

gridded precipitation averaged over the selected regions, i.e., South Sumatra, South Borneo, and

Java, for 20 years (2000–2020). This method provides a straightforward way to calculate the onset

as this does not include an additional calculation but is still reliable for determining the onset date.

The most prominent method used in this region is the BMKG method (Meteorology, Climatology,

and Geophysical Agency), which uses the three consecutive 10-day with a 50 mm threshold for

each period after September 1 (Marjuki et al., 2016). However, we chose the Naylor et al. (2007)

method due to the simplicity and more significant threshold for the crop requirements compared

to the other method.
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4.2.3 Land-Atmosphere Feedback Analysis on Monsoon Onset

Land-atmosphere feedback on monsoon onset over the “monsoonal” region of the West Maritime

Continent utilizes a high-resolution land surface dataset (0.1◦×0.1◦) from ERA5-Land (Hersbach et

al., 2020), accessed from the Climate Data Store (CDS) from ECMWF, which includes land surface

temperature (K) and soil moisture (m3/m3). After the onset date was calculated and the onset

variation was determined (early or delayed onset), the land surface properties were composited over

early and delayed onset. The “early onset” in this study was determined as an onset date that

is 5–15 days earlier than the mean monsoon onset (calculated from the base period 2000–2020).

Meanwhile, “delay onset” was determined as an onset that is 5–15 days later than the mean monsoon

onset. The earliest and the latest monsoon onset can reach 60 days or two months in advance or two

months delayed from the mean onset date. This range (5–15 days) is selected to avoid large-scale

climate effects on monsoon onset variations. The large-scale climatic disturbance that significantly

contributes to the monsoon onset includes El-Niño Southern Oscillation, La Niña, and Indian

Ocean Dipole. Avoiding these primary sources of significant onset variation will provide a chance

to explore the local or regional effects of land surface properties on monsoon onset variation, which

particularly become the concern of this study. The land surface conditions were then averaged

from 30-15 days prior to the onset date for each region and subsequently area-averaged for each

respective region.

4.3 Results

4.3.1 Characteristics of Monsoon Onset and Duration

Figure 4.2 presents the long-term mean (2000–2020) of the monsoon onset and duration over the

four selected regions of the West Maritime Continent. First, the onset date was calculated from

IMERG GPM daily precipitation that averaged over the selected regions (see Figure 4.1b). Next,

the monsoon onset was calculated following the method by Naylor et al. (2007). “Monsoon onset”

was defined as the date after August 1 when the cumulative precipitation exceeds 200 mm. Over
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2000-2020, the onset dates and variation were then calculated and averaged to get the box plots of

onset dates (top panel of Figure 4.2). Next, the termination date was calculated by defining when

the cumulative precipitation reached 90% of the total year precipitation. Finally, the duration of

the monsoon is simply the number of days between the onset date and the termination date. The

average value of the monsoon duration is then presented on the bottom panel of Figure 4.2.

The long-term mean of the onset date provides an apparent shifting of the onset date from

the earliest around late September, i.e., South Sumatra, to the latest around late November (East

Java and Bali). This pattern clearly shows that the monsoon over the West Maritime Continent

is propagated from the Northwest to the Southeast, confirming previous studies and validating the

monsoon onset calculation method. Most regions exhibit considerable variation of the onset date

as depicted by the tails of the box plots, except for East Java and Bali region, which has a shorter

distribution of early onset, but with two outliers. Meanwhile, the long-term mean of the monsoon

duration has another noticeable trend, which shows that the monsoon duration is decreasing. At

the same time, it propagates Southeastward over the West Maritime Continent. South Sumatra, on

average, experienced more than 250 days (more than eight months) of wet monsoon season, while

East Java only experienced less than six months of the monsoon season.

4.3.2 Interannual Variation of Monsoon Onset

Interannual variation of monsoon onset over the West Maritime Continent is presented in Figure

4.3 using a bar chart that deviated from a mean value. The long-term mean of the onset date is

depicted as a horizontal line with a value of zero, which can be different for different regions. Four

panels on the figure present each region of interest (South Sumatra, South Borneo, West/Central

Java, and East Java/Bali). The x-axis of each figure is the year range during the period of interest,

from 2000 to 2020, while the y-axis is the onset date anomaly (in days). The mean onset value

can be found in the bottom-left corner for each figure. Positive deviation from the mean onset (red

bars) is the onset date that comes later after the mean onset date or the “delay”, while negative

deviation means “early” onset. The onset deviation can generally reach two months, either early

or delayed. For example, in 2010, East Java/Bali experienced monsoon onset two months earlier
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than usual due to an intense La Niña event (Zhang et al., 2013). On the other hand, in 2019, South

Sumatra experienced two months delay in the monsoon onset, which coincides with the extremely

positive Indian Ocean Dipole (Ratna et al., 2020).

As we can see from Figure 4.3, all regions exhibit a general pattern of the monsoon onset

variation. The La Niña effect in 2010 affected not only South Sumatra but also affecting the other

regions, with slightly different intensities. Also, 2019 +IOD influenced monsoon onset over the

regions with varying responses. Other than that, there were years with significant onset variations

that were clearly affected by large-scale interannual climate variations. Therefore, the further

analysis excludes years with an apparent signal from such large-scale disturbance by applying a 5–

15 days threshold for the onset days, presented as two dashed lines above and below the horizontal

line at zero y-value. Any onset variation that falls inside the threshold is assumed to be free from

large-scale effect and further explored to find the relationship between land-surface properties over

the West Maritime Continent and the onset variation over the region.

Monsoon onset variation that excludes the large-scale effect is then grouped into early onset

years and delayed onset years for each region. This subset of years will be further used to explain the

possible connection between land surface properties and monsoon onset variation over the Maritime

Continent.

4.3.3 Land Surface Feedback on Monsoon Onset Variation

Figure 4.4 shows the composite of land surface properties, i.e., land surface temperature and soil

moisture content, during early and delayed onset. Note that the large-scale influence on the onset

variation was filtered out. This figure focuses on the South Sumatra monsoon onset variation with

a dashed line displaying the region boundary for calculating the onset from precipitation. The early

onset years for this region were 2000, 2003, 2009, and 2017, and the delayed onset year was 2007.

Referring back to Figure 4.3, 2004 was not considered a delayed onset year since the delay is less

than five days; hence it is considered a normal variation of monsoon onset. Therefore, there was

only one year, 2007, when the delay fell inside the threshold to be considered as the year of onset

delay.
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Land surface properties in Figure 4.4 were averaged from 1 month to two weeks before the onset

date, describing the “pre-onset” conditions. From this figure, we can see that drier pre-onset soil

moisture over South Sumatra and dominant parts of Java preceded early onset, while this signal

is not clear for the land surface temperature. For the delayed onset, a noticeable difference is the

warmer than usual over Thailand, Cambodia, and Vietnam, to the north of the area of interest.

Overall, the analysis of land surface properties in Figure 4.4 reveals essential patterns related to

the timing of monsoon onset over the West Maritime Continent. Specifically, the data suggests

that drier pre-onset soil moisture over South Sumatra and parts of Java are associated with early

onset. In contrast, the pre-onset land surface temperature does not show a clear signal. In contrast,

delayed onset is characterized by warmer-than-usual temperatures over Thailand, Cambodia, and

Vietnam, north of the study area. These findings highlight the potential value of using land surface

properties to predict monsoon onset and suggest that variations in soil moisture and temperature

may play an essential role in the onset of the monsoon over the West Maritime Continent.

Figure 4.5 shows the pre-onset land surface properties before the onset dates over West/Central

Java. The shaded line indicated the location where the onset dates were calculated. For this region,

years with early onset are 2000, 2003, and 2008 and years with delayed onset include 2004, 2007,

2011, and 2012. The figure shows that drier soil moisture and warmer land surface temperature over

South Sumatra lead to early onset. Meanwhile, there was no apparent difference for the delayed

onset, except that drier and warmer land surface conditions over parts of Java island led to the

delayed onset. In summary, early onset was associated with drier soil moisture and warmer land

surface temperature over South Sumatra. At the same time, no clear difference was observed for

delayed onset, except for drier and warmer land surface conditions over parts of Java island.

Pre-onset land surface properties preceding the monsoon onset for East Java/Bali are presented

in Figure 4.6. Similar to the previous two figures, the figure consisted of land surface temperature

conditions for the early and delayed onset for the left panels and soil moisture conditions for the

early and delayed onset for the right panels. From the land surface temperature, we can observe

that warmer pre-onset condition of land surface temperature over Sumatra, Malay Peninsula, and

Borneo shows a clear difference between early and delayed onset, i.e., warmer surface temperature
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over these three islands leads to delayed onset. Moisture condition seems to support the delay when

the mentioned islands have drier conditions. Therefore, we might conclude that warmer and drier

adjacent islands lead to delayed monsoon onset over East Java.

Figure 4.7 shows the land surface condition prior to the monsoon onset variation at South

Borneo. It is clear that drier and slightly warmer soil over Sumatra leads to the early onset of the

wet season at South Borneo. Meanwhile, delayed onset is preceded by warmer and drier soil over

Java and South Sumatra. In summary, the pre-onset land surface condition over South Borneo

indicates that drier and slightly warmer soil over Sumatra is associated with early onset, while

delayed onset is related to warmer and drier soil over Java and South Sumatra.

4.4 Discussion

This study investigates the possible effect of pre-onset land surface conditions on monsoon onset

variation over the monsoonal region of the West Maritime Continent. We hypothesized that land

surface conditions over the West Maritime Continent (WMC) might contribute to the variation

of monsoon onset over the region. To examine this hypothesis, we carefully select the study area

that is affected by monsoon and has great importance in utilizing the water supply brought by the

monsoon for agriculture and crop production and management (Figure 4.1).

Four regions, or provinces, for the land-atmosphere feedback analysis in this study are South

Sumatra, South Borneo, and Java Island. For each of the regions, we calculate the onset by simply

averaging daily rainfall from IMERG GPM and then defining the onset and termination dates by

following Naylor et al. (2007). Another information that can be obtained is the duration of the

monsoon season, which clearly indicated by the onset and termination date. Twenty years of onset,

termination, and duration were analyzed. The 20-year mean onset, as well as the yearly onset

variation, were obtained. Monsoon season is gradually shifted following the Northwest-Southeast

pattern (Hamada et al., 2002) and the duration of monsoon season is decreased along the path

(Figure 4.2), requiring careful consideration to manage the agriculture and water resources (Amale

et al., 2023). We also found that the mean onset dates are generally shifted to be earlier (Naylor
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et al., 2007) while this study confirms late vs early years (Moron et al., 2010).

To explore the connection between the land surface condition and monsoon onset variation,

we calculated the interannual variation of monsoon onset and observed that the delayed onset

could be as severe as a couple of months, significantly affecting farmers who relied on rainfed

agriculture and pushing others to manage water resources for agriculture and crop production over

the region. These huge variations stem from the large-scale climate variabilities such as ENSO

and IOD, indicated by similar patterns over the four regions (Figure 4.3). We then learned that

applying a threshold on the monsoon onset could filter out such large-scale effects. The threshold is

then used to define which years can be categorized as early onset years and which years as delayed

onset years. This will be useful in grouping the land surface condition and seeing the connection

between the land surface and the possible association with the onset variations.

From the land surface temperature and soil moisture composite during early and delayed onset,

we can see that land surface patterns related to the timing of monsoon onset over the West Maritime

Continent with varying conditions for different regions, highlighting the importance of local land

surface contribution on affecting the 1-2 weeks variation of monsoon onset. For South Sumatra

and East Java, the land surface temperature of the nearby islands seems moderately contribute

to the onset variation. Meanwhile, for South Borneo and West/Central Java, soil moisture over

neighboring islands appeared to contribute to the onset variations. This might occur due to the

alteration of local circulation that alter or enhance the gradual propagation of monsoon onset over

the Maritime Continent.

4.5 Conclusion

In conclusion, this study aimed to investigate the possible impact of land surface conditions on

monsoon onset variation over the West Maritime Continent. The study focused on four regions,

namely South Sumatra, South Borneo, West Java, and Central Java. The onset and termination

dates of the monsoon were calculated based on the daily rainfall from IMERG GPM. The inter-

annual variation of monsoon onset was observed, and a threshold was applied to filter out the
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large-scale climate variabilities such as ENSO and IOD. The land surface temperature and soil

moisture composite during early and delayed onset were analyzed, revealing that local land surface

conditions contribute to the 1-2 weeks variation of monsoon onset. Specifically, the land surface

temperature of nearby islands moderately contributes to the onset variation in South Sumatra and

East Java, while soil moisture over neighboring islands contributes to the onset variation in South

Borneo and West/Central Java. Overall, this study highlights the importance of local land surface

conditions in affecting monsoon onset variations and could aid in managing water resources and

agriculture production over the region.
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Figures

Figure 4.1: Study area for the land-atmosphere feedback on monsoon onset analysis: (top panel)
depicting the West Maritime Continent (WMC) that bounded by a solid line to explore land surface
conditions that might be essential in altering monsoon onset over four regions (bottom panel),
which include South Sumatra (102◦E–106◦E and 6◦S–2S), West/Central Java (106◦E–110◦E and
8◦S–6◦S), East Java (110◦E–116◦E and 9◦S–7◦S), and South Borneo (110◦E–116◦E and 4◦S–2◦S).
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Figure 4.2: Long-term average of monsoon onset and duration over the West Maritime Continent.
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Figure 4.3: Monsoon onset variation at four monsoonal regions (see Figure 4.1) over the West
Maritime Continent.
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Figure 4.4: Composite of land surface temperature and soil moisture over the West Maritime
Continent during pre-onset for the early and delayed onset at South Sumatra.
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Figure 4.5: Composite of land surface temperature and soil moisture over the West Maritime
Continent during pre-onset for the early and delayed onset at West/Central Java.
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Figure 4.6: Composite of land surface temperature and soil moisture over the West Maritime
Continent during pre-onset for the early and delayed onset at East Java/Bali.
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Figure 4.7: Composite of land surface temperature and soil moisture over the West Maritime
Continent during pre-onset for the early and delayed onset at South Borneo.
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Chapter 5

Conclusions

5.1 Key findings and implications

This dissertation has investigated the role of land-atmosphere feedback on various aspects of the

Indonesian Maritime Continent (MC) complex system. The research questions addressed three key

topics: the role of land surface properties on sea breeze circulations, the role of land-atmosphere

interactions on the propagation of the Madden-Julian Oscillation (MJO) across the MC, and the

role of land-atmosphere feedback on monsoon onset over the Maritime Continent.

Sea-breeze Analysis

The first research question addressed the effect of land surface properties on sea breeze circulation

over the Indonesian Maritime Continent. Our study reveals that some regions exhibit strong

sea breeze signals, i.e., the southwest coast of Sumatra, most of the coastline of Java, and most

parts of Sulawesi, while Borneo and Papua mostly have weak sea-breeze signals. Our findings

also highlight the importance of land surface properties in influencing sea breeze intensity. Using

Granger causality analysis, we discovered a statistically significant causality between soil moisture

and sea breeze intensity (F-test, p < 0.05). It means that past values of soil moisture (3 hours in

advance) contain information that is useful for predicting sea breeze circulation intensity, providing

a better understanding of the land-atmosphere interactions that drive sea breeze circulations over
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the Indonesian Maritime Continent.

MJO Propagation across the Maritime Continent

The second research question addressed the role of the Indonesian Maritime Continent (MC) land-

masses in the propagation of the Madden-Julian Oscillation (MJO) across the MC region. This

study investigated the potential influence of land-atmosphere interaction over the Indonesian Mar-

itime Continent on the propagation and behavior of the Madden-Julian Oscillation (MJO). The

study analyzed the connection between land surface conditions and MJO propagation, revealing

that the anomalously warmer land surface temperatures and drier soil moisture over parts of the

Indonesian Maritime Continent (t-test, p < 0.05) tend to precede MJOs that pass through the

MC. These findings suggest that land surface conditions over the Maritime Continent might play

a role in blocking or allowing MJO propagation and highlight the need for further investigation of

land-atmosphere interactions in intraseasonal variability.

Monsoon Onset

The third research question addressed the relationship between land surface conditions and monsoon

onset variation over the western part of the MC. The land surface temperature and soil moisture

composite during early and delayed onset years were analyzed, revealing that local land surface

conditions contribute to the 1-2 weeks variation of monsoon onset. Specifically, the land surface

temperature of nearby islands moderately contributes to the onset variation in South Sumatra and

East Java, while soil moisture over neighboring islands contributes to the onset variation in South

Borneo and West/Central Java. Overall, this study highlights the importance of local land surface

conditions in affecting monsoon onset variations.

Implications

Our findings have several implications for improving our understanding of the MC complex sys-

tem and its associated impacts on weather and climate. First, the results of the first research

question suggest that an accurate representation of land-atmosphere feedback processes is essential
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for improving regional climate modeling and weather forecasting, particularly in the MC region.

Second, the results of the second research question highlight the importance of understanding land-

atmosphere interactions and the role of the MC landmasses in the propagation of the MJO through

the MC region. Better forecasting of the MJO could lead to improved predictions of weather and

climate impacts associated with the MJO. Third, the results of the third research question provide

valuable insights into the factors that drive monsoon onset variation over the western part of the

MC, which can help improve the accuracy of monsoon onset predictions and better agricultural

planning in the region.

5.2 Limitations and future work

Sea-breeze Analysis

The potential limitation of the sea breeze analysis is the reliance on the available data (ERA5

and ERA5-land). While the study incorporated a range of datasets and analytical techniques,

there may be other data sources or analytical approaches that could be used to further improve

the accuracy and resolution of the analysis. In addition, the determination of segments along the

coastline was based on visual observation, which may limit the level of detail that can be achieved.

These limitations may impact the generalizability of the findings and limit the scope of the analysis.

There are several potential areas for future work on the sea breeze analysis. One potential

avenue for future research is to develop a more objective method for determining segments along

the coastline. Currently, the determination of segments relies on visual observation, which may

limit the level of detail that can be achieved. Using machine learning algorithms to learn the

coastline shape and determine segments could provide a more objective and accurate approach to

identifying segments, allowing for more detailed analyses of sea breeze circulation patterns.

Finally, future work on this chapter could include additional causality analyses beyond the

Granger causality analysis that was used in the current study. Other approaches, such as machine

learning-based causality analyses or Bayesian network modeling, could provide a more nuanced

understanding of the causal relationships among land surface fluxes, sea breeze circulation, and
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diurnal rainfall patterns along pre-defined transects. These alternative approaches could also be

used to investigate the sensitivity of sea breeze circulation to different land surface variables and

land use types, providing valuable insights for regional climate modeling and weather forecasting.

MJO Propagation

One potential limitation of the MJO propagation chapter is the limited sample size after MJO

classification. While the current study focused on MJO events that interacted with the Maritime

Continent region, excluding events that detoured around the region, this may have resulted in a

relatively small sample size for the analysis. This could limit the statistical significance of the

results and reduce the generalizability of the findings.

Despite these limitations, there are several potential areas for future work on the MJO propaga-

tion chapter. One potential avenue for future research is to expand the analysis to a longer period

of time, allowing for a more comprehensive assessment of MJO variability and dynamics. This

could help to address the issue of limited sample size and improve the statistical significance and

generalizability of the findings. Additionally, future research could focus on refining the classifica-

tion of MJO events and their interaction with the Maritime Continent region, taking into account

a range of factors, such as MJO amplitude, intensity, and trajectory.

Furthermore, future work on this chapter could explore the role of land-atmosphere feedback

in MJO propagation using more advanced modeling techniques, such as regional climate models.

These models could incorporate a range of land surface variables and processes, such as vegetation

cover, soil moisture, and surface temperature, to better capture the complex interactions between

the land and atmosphere that influence MJO propagation.

Monsoon Onset

Future research on the monsoon onset analysis could investigate the specific processes and mecha-

nisms that drive the relationship between land surface conditions and monsoon onset, using more

advanced modeling techniques, such as regional climate models. This could lead to a better under-

standing of the underlying physical processes that drive monsoon onset variation and improve the



96

accuracy of monsoon onset predictions. Finally, future work could explore the potential impacts of

climate change on monsoon onset and associated agricultural productivity, which is of particular

importance for the many small-scale farmers who rely on monsoon rains for their livelihoods.
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