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Abstract
Title: Role of Topography and Land-Sea Contrast on Precipitation in the Maritime
Continent during Madden-Julian Oscillation Propagation
Author: Haochen Tan
Advisor: Pallav Ray, Ph.D.
The Maritime Continent (MC) is the largest archipelago located between the Indian
and western Pacific Oceans. The MC is surrounded by warm seas surface temperatures
that leads to deep convection, which is also modulated by the land and its topography.
The latent heat release due to condensation in the MC plays a significant role in
modulating the global atmospheric circulation. The MC precipitation is also influenced by
large-scale atmospheric variability such as the Madden-Julian Oscillation (MJO) which in
turn is modulated by the MJO. In the recent past, the MC has gotten more attention due to
a number of field campaigns yet the understanding of precipitation variation during MJO
propagation and how they are modulated by the topography and land-sea contrast remains
a major challenge to the atmospheric community. In this dissertation, I make an effort to
understand the role of topography and land-sea contrast on the precipitation during the
propagation of an MJO event using realistic and idealized regional model simulations. I
conduct four simulations: (i) lower-resolution (12 km) simulations using cumulus
parameterization in the presence (LR) and (ii) absence (LR-Flat) of topography, and (iii)
higher-resolution (4 km) simulations without cumulus parameterization in the presence
(HR) and (iv) absence (HR-Flat) of topography. The results indicate that the important
physical processes for MJO-associated convection may be spatial different in different
parts of the MC.
iii

For second part, I explore the role of topography by removing topography in both
low and high resolution simulations. The control simulation (CTL), using observed
topography, captures the timing, magnitude, and location of the diurnal cycle of
precipitation over individual islands. The arrival of peak precipitation in FLAT is delayed
by 1 hour compared with CTL. The largest difference in the precipitation diurnal cycle
between the CTL and FLAT was found over areas with high topography (>1000 m). To
understand the evolution of diurnal precipitation, a moisture diurnal budget analysis was
conducted that indicates that the difference between the CTL and FLAT is primarily
induced by both horizontal and vertical moisture advection. I also explore the relationship
between topographic height and precipitation in detail as well as the relative contribution
of different processes below and above the planetary boundary layer.
Finally, I explore the specific contribution of individual islands to the precipitation
over the surrounding islands during MJO propagation. I designed four experiments
including a control (CTL), removal of Sumatra (E1L), removal of Borneo (E2L), and
removal of New Guinea (E3L). I found a pattern that during background easterlies prior
to MJO arrival, a systematic decrease in precipitation was found in the surrounding
islands to the west side of the removed island. But, on the eastern side of the removed
island, no systematic change in precipitation was found.
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Chapter 1
Introduction
1.1 Climate of the Maritime Continent
The Maritime Continent (MC) (Figure 1.1) is one of the three major tropical
convective centers along with Central Africa and Amazon (Figure 1.2a). It is also welldocumented that the latent heat release due to condensation from these tropical convective
sources can influence the global atmospheric circulation (e.g., Sardeshmukh and Hoskins
1988; Meehl 1987b; Rind and Rossow1984). The definition of “Maritime Continent” was
first proposed by Ramage in 1968. The MC is unique as it is the largest archipelago in the
world with mountainous terrain, narrow peninsulas, and shallow seas (Figure 1.1). This
region straddles the equator and covers over 6 million square km with a nearly equal
portion of land and ocean. The natural conditions over MC are greatly favorable for deep
convection as it is surrounded by the warmest sea surface temperature (SST, Figure 1.2b
and Figure 1.3) aided further by high terrains.

Figure 1.1 (left) Location of the Maritime Continent with (right) topography height and
sea depth. Unit in m.

1

Figure 1.2 (a) Climatological precipitation from Global Precipitation Climatology Project
(GPCP) data, averaged from 1979-2020, unit in mm day-1. (b) Climatological sea surface
temperature from Centennial in situ Observation-Based Estimates (COBE-SST) data,
averaged from 1979-2020, unit in °C. Blue box shows the Maritime Continent.

2

Figure 1.3 Climatological mean (1998-2013) of outgoing longwave radiation (shaded, W
m-2) from National Oceanic and Atmospheric Administration (NOAA) and precipitation
(contour,
mm
day-1)
from
TRMM.
OLR:
https://psl.noaa.gov/data/gridded/data.olrcdr.interp.html.
TRMM
3B42:
https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_7/summary.
The MC shows a pronounced seasonal change in both rainfall (Figure 1.4) and wind
patterns (Figure 1.5). The MC receives heavy precipitation throughout the year, although
it receives less rainfall from December to March compared to other times. The southern
portion of the MC, from July to October, particularly Borneo and Sulawesi islands, Java
islands, and the northern Australia, receives less precipitation (Figure 1.4g-j). The
monthly cycle of precipitation indicates that the peak precipitation moves from the
southern MC in boreal winter to northern MC in boreal summer (e.g., Meehl 1987; Neele
and Slingo 2003; Chang et al. 2005; Qian 2008; Love et al. 2011; Zhang et al. 2016).
Results from Meehl et al. (1987) showed that the has an east-to-west movement pattern.
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The major convective is established along the equator during inter-monsoon (April - May,
Oct - Nov) seasons. The characteristics of the U850 wind direction vary from
northeasterly to southwesterly from winter to summer over the northern MC following
the precipitation pattern. The wind direction changes from north-westerly to southeasterly from winter to summer over the southern MC (Figure 1.5).

Figure 1.4 Mean precipitation (shaded, mm day-1) from Tropical Rainfall Measuring
Mission (TRMM) data for (a) January to (i) December for 1998-2013 over 20°S-20°N,
90°E-160°E.

4

Figure 1.5 Mean zonal winds at 850 hPa (U850, shaded, m s-1) and horizontal wind vector
at 850 hPa (vector) from the ECMWF Reanalysis 5th Generation (ERA5) for (a) January
to (i) December for 1998-2013 over 20°S-20°N, 90°E-160°E. Positive (negative) values
of U850 depict westerly (easterly) flow components.

Apart from the seasonal cycle, past studies have shown that the interannual climate
variability over the MC is not the same over the entire area (Wyrtki, 1956). Three
different precipitating areas that appear to correspond to their convective connection with
the underlying SSTs were found by Aldrian and Susanto (2003). Haylock and Mcbride
(2001) showed that the precipitation patterns experience seasonal fluctuations: the dry
season is greatly associated with SST and solidly coupled to the El Niño Southern
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Oscillation (ENSO). Precipitation anomalies tend to be unrelated to SST during the rainy
season. Other studies (e.g., Mcbride et al. 2003) have concluded that it is possible that
local effects are dominating precipitation during the wet season, which can be enhanced
by geographical features over the islands in MC.

1.2 The role of the MC in large-scale atmospheric circulation
The two major large-scale atmospheric circulation patterns, the north-south oriented
Hadley Cell and east-west oriented Walker circulation, are active over the MC and IndoPacific region (Figure 1.6) with an ascending branch over the MC. The mean seasonal
tropical Pacific climate is also influenced by other large-scale characters. There are two
parts of high precipitation flank over the equator: the Intertropical Convergence Zone
(ITCZ) and the South Pacific Convergence Zone (SPCZ). For the surface winds,they
concentrate over warm SST regions, which motivates the moist air to upward movement,
contributing deep convection, and strong precipitation. The upward movingair comprises
the ascending part of the east-west oriented Walker Circulation over the western Pacific
area, and adjusting the downward flow by generating comparably dry situations over the
eastern tropical Pacific. The flow that returns from surface over the eastern to the western
Pacific appears as to the equatorial Trade winds. Substantial amount of convection from
the west and also along with the ITCZ pushes the Hadley circulation that is north-south
oriented. The surface winds related to anticyclonic directionis able to generate meridional
trade winds, which are dominated by southeasterly over south Pacific and northeasterly
over the north Pacific.
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Figure 1.6 Schematic showing the Walker (black arrows) and Hadley circulation (blue
arrows) The surface winds combine over the warm SST regions (red) so that it motivates
the moist, humid air to up motion, leading to deep convection and intense rainfall. The
upward air creates the upward part of the Walker Circulation, adjusting the downward
flow, leading to a cold situation in the eastern Pacific area (blue). Intensive convection in
the west and long the ITCZ also contributes the dry condition in the subtropical high
pressure cells.

1.3 Multi-scale interactions in the MC
The scale interactions characterize the dynamics between phenomena with different
spatial and temporal scales as well as interactions within these phenomena. The major
temporal scales influencing the MC region are diurnal, intraseasonal, seasonal, and
interannual Weng and Lau (1996) and Slingo et al. (2003) have demonstrated that the
climate of the MC is affected by multiple components of convective variability, and are
discussed next.

1.4 Diurnal variability of convection over land and ocean
One of the most major and common trends of atmospheric variability existing over
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the MC region is the localized convective activity consolidated with the diurnal cycle of
convection over the major islands. Previous studies have shown that precipitation reaches
a maximum in the morning over the ocean areas and in the late evening over the land
areas (Nesbitt and Zipser 2003; Mori et al. 2004; Ichikawa and Yasunari, 2006; Qian 2008,
2009; Wu et al. 2010; Birch et al. 2015). The panels (Figure 1.7) in here depicts the
specific characters associated with the precipitation diurnal cycle (1998-2013) over the
MC precipitation peaks over land in the evening between 1800 to 0000 local standard
time (LST) and propagates seaward, starts at 0000 to 0600 LST approaching to ocean in
the early morning. Studies have also shown that the Sumatra nighttime offshore
precipitation could be induced by the mountainous island (Wu et al. 2010). Another result
from Qian et al. (2013) confirmed that the localized land-sea breeze and its diurnal cycle
in the MC could be modulated by the seasonal change in the direction of the monsoonal
wind. The mechanism of land precipitation is explained by the following processes: With
the sunrise at around 0600 LST, the land surfaces and atmospheric temperature warm
gradually. After the convection is initiated, it can develop throughout the day. After the
sunset, radiative cooling of the land surface enhances stability so that the convective
activity is suppressed and reaches a minimum during the early morning (Qian 2008,
2013).
For oceanic areas, the longwave cooling from the top of the atmosphere is greater
than the atmospheric base. This creates a thermodynamic structure favorable for
convective activity, as the difference in cooling results in destabilization of the upper
troposphere. After the convection is initiated, it continues to develop and reaches a
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maximum during the early morning, after which shortwave absorption warms the cloud
tops and increases the static stability. Convective activity is gradually suppressed and
reaches a minimum over the sea during the afternoon. This mechanism has been studied
in detail by Randall et al. (1991), Glodenberg (1996), and Liu and Moncrieff (1998),
among others.

Figure 1.7 The timing of maximum precipitation from Climate Prediction Center
Morphing Technique (CMORPH) based on data during 1998-2013. Unit in hour in local
standard time.

The diurnal cycle of precipitation is larger over inland than over ocean. Neale and
Slingo (2003) suggested that the convective precipitation diurnal amplitude over islands
is two times larger than surrounding oceans. This discrepancy is most pronounced during
Boreal winter. The diurnal precipitation cycle can be enhanced or suppressed by the
passage of synoptic-scale or mesoscale convective systems as well as other modes of
convective variability. The most pronounced influence on the convective diurnal cycle
activity comes from the Madden-Julian Oscillation propagation (Ichikawa and Yasunari,
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2006; Peatman 2014): the diurnal cycle of convection is decreased during the MJO active
phase and strengthened during the MJO suppressed phase. The modulating effect of these
multi-scale interactions produces unique variability in the convection diurnal cycle across
different regions.

1.5 Intraseasonal variability - Madden-Julian Oscillation
The Madden-Julian Oscillation is the primary mode of intraseasonal (20-100 day)
tropical convective variability over the Indian Ocean and the western Pacific Ocean
(Madden and Julian, 1971, Figure 1.8 and 1.9). Although various researches have
discussed the feature of MJO, the reason for its genesis in the western Indian Ocean is not
entirely understood. As shown in the schematic (Figure 1.9), the MJO produces an
enhanced area of cloudiness and precipitation that covers several thousands of kilometers
and propagates slowly eastward (5 m s-1). It is also often accompanied by an area of
suppressed cloudiness and precipitation to its east or west. The enhanced/suppressed areas
of cloudiness associated with MJO are also connected to an atmospheric circulation that
spans the entire tropics.
There are multiple hypotheses available to help to demonstrate the initiation and the
MJO propagation. On the one hand, Kiladis and Weickmann (1992) discovered that the
triggering mechanism might be more efficient in the eastern Pacific areas where the
westerlies on the equator appear in the upper troposphere part, which further supports the
extratropical Rossby wave to move into the Tropics. On the other hand, using a case study,
Hsu et al. (1990) proposed that a triggering mechanism by extratropical perturbations on
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the deep convection over tropical area from a case study. Lau and Peng (1987) and Chang
and Lim (1988) introduced that the theory that the eastward Kelvin wave can cause deep
convection while it moves into the Indian Ocean in a moist and warm condition. The
consecutive coupling between the tropical convection and the circulation

Figure 1.8 The evolution of MJO from phase 1 to 8, presented by Pacific jetstream
velocity (m s-1) and outgoing longwave radiation anomaly (W m-2). Figure is taken from
https://www.climate.gov/news-features/blogs/enso/madden-julian-oscillation-has-been-ac
tive-so-far-winter-here-why-it-matters
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Figure 1.9 Schematic of the typical lifecycle of the Madden-Julian Oscillation taken from
Madden and Julian (1972). Times are specified symbolically by the letters at the left of
each chart and correspond to dates associated with the oscillation in the station’s pressure.

results in the eastward-propagating MJO in the western Pacific and the Indian Ocean.
Overall, the mechanism of how the deep convection is triggered has not been settled and
is an active area of research. Oppositely, Hu and Randall (1994) proposed a mechanism
that a self-adjustment in the tropical atmosphere is able to generate this oscillation within
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seasons between active and suppressed convection regimes even without invoking a
Kelvin wave mechanism. The hitch of this explanation is that it does not clarify the MJO
origin over the western Indian Ocean or in other places where the development of deep
convection befits the background state.
Similarly, many other mechanisms have been introduced to describe the MJO
eastward propagation. These proposed mechanisms are covered in earlier researches (Seo
and Kim 2003, Hsu et al. 2004, Sobel and Maloney 2013, Wang and Li 2018).
Nonetheless, the eastward propagation is certainly not a stable propagation at a stable
speed (e.g., Khalsa and Steiner 1988; Wang and Rui 1990a; Hsu et al. 1990; Weickmann
and Khalsa 1990; Wang and Xie 1998). About half of the MJO events is able to cross the
entire MC (Kerns and Chen 2020); others are distorted or disappeared thoroughly (Kim et
al. 2014; Feng et al. 2015; Zhang and Ling 2017). The reasons for this weakening are not
fully understood. Nevertheless, the large-scale variability associated with MJO interacts
with smaller-scale processes associated with islands and their topography. The convective
variability associated with the MJO can modulate and be modulated by localized
convection over the MC. Past studies (e.g., Sui and Lau 1992; Peatman 2014) have shown
during active (suppressed) MJO phases, the amplitude of the diurnal cycle decreases
(increases). In contrast, the topography in MC possesses the blocking effect on the lowlevel westerly flows and switches westerly to southward from the path of MJO (Wu and
Hsu; 2009). The linkage between the MJO and the initiation of El Niño events (see
section 1.6).
Modeling and predicting MJO initiation and propagation remain a challenge to the
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atmospheric community. Several attempts have been made during the Cooperative Indian
Ocean Experiment on Intraseasonal Variability in the Year 2011 (CINDY)/Dynamics of
the MJO (DYNAMO)/ARM MJO Investigation Experiment (AMIE) to address different
issues that involve: 1) the large-scale structure of dynamic features that collected from the
sounding network, 2) the cloud amount collected from the ground radars, 3) the air and
atmosphere develop the interaction, and 4) the moist static energy budget in the northern
sounding area (Zuluaga and Houze 2013; Powell and Houze 2013; Johnson and Ciesielski
2013; Ciesielski et al. 2014; Moum et al. 2014; Sobel et al. 2014). The description in the
MJO from sophisticated global climate models that applied for climate evaluation has
developed somewhat slow (Lin et al. 2006; Hung et al. 2013). This is partly due to the
parameterization modifications lean to corrupt some of the conditions of the climate mean
and become unsatisfactory for assessment purposes (Kim et al. 2011). Ultimately, the
information above implies that there are structural problems in the models. It has been
shown that high-resolution regional models (RCMs) can produce more realistic MJO
(Ray et al. 2009; 2011; Ray and Zhang 2010; Hagos 2011; Hagos and Leung 2011;
Holloway et al. 2013; Khouider and Han 2013). The target presented by several models is
tempting because convection and its coupling with large-scale dynamics are demonstrated
in an improved way in the above-mentioned models than in the models that have lower
resolution. Another benefit of using a regional climate model is that the impact of biases
from the outside the region of interest is able to decrease by determining boundary
conditions from re-analysis data, hence better performance of the MJO simulation in a
regional climate model (e.g., Ray et al. 2009; Ray and Zhang 2010).
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1.6 Interannual variability - El Niño Southern Oscillation
The El Niño Southern Oscillation (ENSO, Figure 1.10) was first noticed by the
Peruvian fishermen in the 19th century. Atmospheric circulations dominating large-scale
flow over the MC and

Figure 1.10 Schematic diagram showing the large-scale tropical conditions across the
equator during normal (non El Niño) condition (top), during El Niño (middle), and during
La Niña (bottom). Non-El Niño conditions (top): trade winds flow to the west along the
equator from South America towards Asia in the tropical Pacific Ocean. El Niño
conditions(middle): trade winds become weaker over the equator, hence leading to
weaker upwelling along the South America coast, which finally results in warmer sea
surface regions that continue eastward over the equator. La Niña conditions (bottom): the
eastern Pacific thermocline develops into shallower than average, and the sea surface
temperature decreases.
Indo-Pacific region in a zonal direction, known as the Walker circulation (Walker,
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1923,1928; Walker and Bliss 1932). The link between the interannual variations in SST
over the eastern equatorial Pacific was found in researches by Bjerknes (1966, 1969,
1972), known as the Bjerknes feedback. This coupled phenomenon, referred to as the El
Niño Southern Oscillation (ENSO), is the primary process in interannual variabilities in
tropical convection on the planetary scale that dominates the interannual variability of
global climate.
The most significant role of ENSO is the interannual variability of equatorial
precipitation over the western Pacific region. ENSO contributes significantly to
precipitation patterns in the MC regions (Haylock and Mcbride, 2001; Hendon, 2003).
The relationship between ENSO and the MC also provides a source of predictability.
McBride et al. (2003) indicated that the interannual variations of the MC precipitation
seemed to be controlled by SST anomaly that shaped a pattern like a “boomerang” in the
west Pacific, opposite to SST anomalies over equatorial eastern Pacific areas and Indian
Oceans areas. This SST anomaly pattern undergoes an annual cycle, with maximum
amplitude in the winter hemisphere. Kang et al. (2002) found that most models have
difficulty in simulating the observed negative anomalies over the MC during El Niño
events.

1.7 Objectives
This dissertation includes three primary objectives and more definite questions
shown around the main objectives:
1. To explore the impact of topography on precipitation within MJO over the ocean:
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We conduct low- and high-resolution simulations with and without topography to focus
on one MJO event during April 2009. These results, which have been published in Tan et
al. (2018), specifically addressed: (a) the role of topography on precipitation within MJO
over the ocean that is located to the east part of the major islands, and (b) the model
horizontal resolution dependence.
2. To explore the role of topography on precipitation and its diurnal cycle over land:
Here, we investigate the impacts of topography on precipitation and its diurnal cycle
during the propagation of the single MJO event (i.e., April 2009) using only the highresolution simulations. In particular, we address: (a) How precipitation change over the
land with an increase in topography height? (b) What are the different processes that
control the precipitation at the diurnal time scale? And (c) How do these processes change
below and above the PBL? For all we know, this is the first attempt to look into the
diurnal cycle of the moisture budget, and how the factors controlling the moisture budget
may change within and above the PBL.
3. To explore and understand the role of an island on a neighboring island’s
precipitation: These experiments are conducted to recognize the role of an individual
island on the neighboring islands by removing one island at a time. The questions that we
address include: (a) How does an island influence precipitation over another island in the
MC during MJO propagation? (b) How does this influence change with respect to
different background winds? This is the first study to focus on the role of an individual
island and also has been published recently (Tan et al. 2021).
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1.8 Outline
In this section, we have introduced the climate of the MC and summarized the
significance of this region in local and global climate. Chapter 2 includes the model, data,
and methodology. Chapter 3 focuses on the impact of topography on precipitation within
MJO over the ocean. Chapter 4 concentrates on the role of topography on precipitation
and its diurnal cycle over land. Chapter 6 targets the role of the individual islands on
neighboring island’s precipitation Conclusions are provided in chapter 6.
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Chapter 2
Model, data and methodology
2.1 Model
Simulations are designed by using the Weather Research and Forecasting (WRF,
Skamarock et al. 2008), version 3.6. The vertical has 41 sigma levels, and 9 levels in the
lowest 1 km. The frequency of the model output is 1 hour. The model top is fixed at 10
hPa. We use the following parameterization schemes for this study: Kain-Fritcsh (Kain et
al. 2003) scheme for cumulus parameterization; Noah land surface model (Chen and
Dudhia 2001) for surface layer scheme; the Rapid Radiative Transfer Model (RRTMG,
Iacono et al. 2008) scheme for longwave radiation; the updated Goddard scheme (Chou
and Suarez 1994; Shi et al. 2010) for shortwave radiation; the Mellor-Yamada-Janjić
(Janjić 1994) scheme for the planetary boundary layer; and the WRF Single Moment 6
(WSM6, Lim and Hong 2010) scheme for microphysics.

2.2 Data
2.2.1 Reanalysis Data
The initial and boundary conditions are obtained from the European Center for
Medium-Range

Weather

Forecasts

(ECMWF)

Re-Analysis-Interim

reanalysis

(0.25°x0.25°, 6 hourly, Dee et al. 2011). The ERA-Interim is a reanalysis of the global
atmosphere comprising since 1979 and continuing in real-time until Aug 2019. The ERAInterim project was started in 2006 to maintain a linkage between ECMWF’s previous
reanalysis, ERA-40 (1957-2002), and the next-generation reanalysis.
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2.2.2 Satellite Data
Rainfall observations are taken from the Tropical Rainfall Measuring Mission
(TRMM 3B42, 0.25°x0.25°, 3-hourly, Kummerow et al. 1998) and the Climate Prediction
Center morphing technique (CMORPH, Joyce et al. 2011), with spatial resolution at 8 km
x 8 km and temporal resolution at 30 minutes.
Outgoing longwave radiation data is from NOAA’s outgoing longwave radiation
(OLR) daily climate data record (OLR-Daily CDR). Temporal coverage is from 90°N90°S, 0°-360°E. The original output includes the 1°x 1° daily mean OLR flux at the top of
the atmosphere derived from radiance observations onboard NOAA satellites. Precipitable
water data is obtained from the MODIS Level 3 atmospheric products (MOD 08, 1°x1°,
Platnick et al. 2015).

2.2.3 Other datasets
The topography and land use data are taken from the 30-s resolution United States
Geological Survey (USGS). This data is a global digital elevation model with a horizontal
grid spacing of 30 arc seconds (~1 km). This data was derived from rasters and vector
sources of topographic information. Sea surface temperature data is from Centennial in
situ Observation-Based Estimates (COBE-SST) with 1°× 1° global gridded.

2.3 Methodology
In order to explore the dynamical procedure related to the MJO precipitation, we
conduct a column-integrated moisture budget analysis (e.g., Hsu and Li 2012; Ray and
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Li 2012; Wang et al. 2015), which is given by
q
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where q is the specific humidity, vh is the horizontal wind vector,  is the vertical
velocity in pressure coordinate, E is the evaporation, P is the precipitation and R is the
residual. The < > notation indicates a mass-weighted vertical integral from surface to
100 hPa, i.e.
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The term on the left-hand side is referred to as the moisture
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tendency, and the first and second terms on the right-hand side are the horizontal
(HADV) and vertical advection (VADV) of moisture.
Further decompositions (i.e., perturbation analysis) of HADV and VADV are:
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The bar and prime represents the time-mean and anomaly from the time-mean
respectively. The four zonal components of HADV in Eq (3) are by the: mean zonal wind
in the presence of mean moisture gradient, mean zonal wind in the presence of anomalous
moisture gradient, anomalous zonal wind in the presence of mean moisture gradient, and
anomalous zonal wind in the presence of anomalous moisture gradient. The terms in
equations (4) and (5) are similar to that in equation (3).
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Chapter 3
Role of topography on MJO precipitation over
MC
3.1 Background
In this chapter, we will further explore the mechanism through which the topography
of the MC influences the MJO and its propagation. Previous studies have demonstrated
that when the MJO propagates across the MC, it is influenced by the MC by different
factors (e.g., Inness et al. 2003; Sobel et al. 2010; Oh et al. 2013; Feng et al. 2015; Hagos
et al. 2016; Kim et al. 2017; Zhang and Ling 2017) including the complex topography of
the islands (Hsu and Lee 2005; Wu and Hsu 2009). Wang and Rui (1990b) and Hendon
and Salby (1994) suggested that frictional effects result in moisture convergence to the
east of deep convection, which in turn contributes to the eastward propagation of the MJO.
The strength of the frictional convergence depends on the underlying surface
characteristics. For example, the frictional effect might be more significant in the
mountainous land area than in the open sea.
More recent studies have further explored this interesting topic. Tseng et al. (2017)
found that topography may distort the coupled Kelvin-Rossby wave structure (e.g., Rui
and Wang 1990), and concluded that past studies based on an aqua-planet (i.e., all water)
framework (e.g., Ajayamohan et al. 2013) may have provided an oversimplified view of
the MJO. Inness and Slingo (2006) also concluded that blocking of Kelvin waves by
topography could contribute to MJO weakening in the MC. This leads to unrealistic
simulations in coarse-resolution models that poorly represent the topography (Inness and
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Slingo 2006; Wang et al. 2014; Peatman et al. 2015).
Apart from the large-scale structures of the MJO, topography can also influence the
diurnal cycle that in turn influences the MJO and atmospheric circulation in the MC. For
example, Neale and Slingo (2003) suggested that the regional models with finer
horizontal resolutions might capture the diurnal cycle in the MC more accurately than
coarser-resolution general circulation models (GCMs). This result was further confirmed
by Qian (2007), who showed that the inadequate representation of complex topography in
the MC produces systematic errors in GCMs compared to the regional models (timing
and amplitude of precipitation). However, using a cloud-system resolving global model,
Miura et al. (2007) captured the amplitude and propagation speed of an MJO event. They
found that the higher-resolution led to a better representation of topography and SST,
which led to better coupling between convection and circulation. Therefore, better
representation of topography in the MC is important for MJO simulation (e.g., Takasuka
2015; Wu and Hsu 2009).
While the importance of topography on MJO and its associated circulation in the
MC is receiving more attention, yet, many detailed structures related to the complex landsea contrast and topography in the MC are not yet fully understood. As previously
mentioned, numerical models have difficulty in simulating the MJO and its propagation
partly because of their coarse grid-spacing that inadequately represent the complex
topography together with problems due to inadequate model physics (e.g., cumulus
parameterization).
The motivation of this study is to use a high-resolution regional model with
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sophisticated physics to study the influence of topography on MJO convection in the MC
and understand the resolution dependence on precipitation with MJO. The objective here
is to evaluate the role of topography on an MJO event and its dependence on the model
resolution. The remainder of Chapter 3 is organized as follows: in section 3.2, the
selection of the MJO event and the setup of the WRF simulations is described. In 3.3, the
validation between observations and model simulation is conducted, followed by results
on topographic influence on the MJO, and further discussions.

3.2 Simulation design
We use the following sensitivity experiments (Table 3.1): low-resolution
simulations with (LR) and without (LR_FLAT) topography, and high-resolution
simulations with (HR) and without (HR_FLAT) topography. We focus on one MJO event
over the MC in April 2009 (Figure 3.1). The 30-day simulation period from 1st to 30th
April 2009 was selected. Past studies have shown that the WRF model is able to
successfully simulate MJO (Ray et al. 2011; Hagos et al. 2014; Wang et al. 2015), but
most of those studies are based on coarser resolution simulations. Hence, we perform
both low and high-resolution experiments to assess the influence of topography on the
MJO and its dependence on the model resolution. The number and spacing of vertical
levels do not change across the simulations.
This MJO event propagated close to the equator and over the MC islands, a typical
property of MJO events in the spring season (Zhang and Dong 2004; Ray et al. 2010).
This allows us to quantify the role of topography on the amplitude and propagation of this
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event. In the boreal winter, when MJO is typically strongest, it tends to propagate over the
Table 3.1 The description of simulations and their purposes in this chapter. The horizontal
resolution is 12 km for LR, LR-Flat, and LR-Flat-NG, and is 4 km for HR and HR-Flat.
All simulations were conducted over the MC region (90°-160°E, 20°S-20°N for April
2009.
Experiments
Description
Purpose
Low-Resolution (LR)
Simulation with cumulus
To explore the model’s
parameterization
ability to capture the MJO
in the MC in
lower-resolution simulation
Low-Resolution
Same as LR, but remove
To explore the role of
Flat(LR-Flat)
topography in the MC to a
topography on MJO in a
unified flat land (2m)
lower-resolution simulation
High-Resolution (HR)

High-Resolution Flat
(HR-Flat)

Same as LR, but with higher
horizontal resolution; no
cumulus parameterization
Same as HR, but remove
topography in the MC to a
unified flat land (2m); no
cumulus parameterization

To explore the role of
higher-resolution simulation
To explore the role of
topography on MJO in a
higher-resolution simulation

oceanic regions. Based on the Real-Time Multivariate MJO (RMM, Wheeler and Hendon
2004) index, this event entered the MC around 14-15 April and exited around 22 April
(Figure 3.1a). This MJO event was an active-active (AA) event (Barrett et al. 2018), i.e.,
an event that entered the MC in phase 4 with an RMM amplitude greater than 1.0 and
maintained an RMM amplitude of 1.0, or greater, as it exited the MC in phase 5. Using
reanalysis data from 1980-2015, Barrett et al. (2018) found that about 50% of the events
that propagate through the MC are in the AA category. Therefore, our chosen MJO event
is suitably representative and therefore typical across the MC. Even though the RMM
index does not show any decrease in amplitude, the convective and circulation anomalies
over the MC decreased according to the longitude-time structures of the ERA-Interim
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zonal winds at 850 hPa (U850) and TRMM precipitation in Figure 3.1b, c, respectively.
The zonal wind was predominantly westerly in the lower troposphere and easterly in the
upper troposphere in the MC area during the passage of this MJO event. A clear transition
of U850 winds from easterlies to westerlies (Figure 3.1b) and of precipitation from
negative to positive anomalies (Figure 3.1c), occurred around 13-14 April at 90°E. The
eastward propagation of U850 seems to be smoother than the precipitation, which is
interrupted by the presence of land. To the east of 120°E (i.e. east of Borneo), both U850
and precipitation propagated eastward with greater amplitudes in the presence of less land
area.

Figure 3.1 (a) Progression of this MJO event through the Real-time Multivariate MJO
(RMM) phase space for April 2009. The numbers along the red curve show the dates of
MJO propagation. (b) Longitude-time structures of daily anomalies of zonal winds at 850
hPa (U850, m s-1) from the ERA-Interim and (c) TRMM Precipitation (mm day-1), both
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averaged over 10°S-10°N.

3.3 Results
3.3.1 Structure and propagation of the simulated MJO
The LR simulation (Figure 3.2a), which uses cumulus parameterization, shows a
weak eastward propagation west of 110°E around 14-15 April. However, little to no
eastward propagation occurs east of 110°E, and seems to be dominated by westwardpropagating synoptic-scale systems (e.g., Tulich and Kiladis 2012). Also, there is less
precipitation in the adjacent areas to the east of the islands compared with observation.
Such weakening of convection has previously been reported due to orographic blocking of
the Kelvin wave embedded in the MJO (e.g., Hsu and Lee 2005; Wu and Hsu 2009;
Zhang and Ling 2017) and due to influences of the diurnal convection cycle in the MC
(e.g., Hagos et al. 2016). Whether the topography had any role in disrupting the MJO
associated precipitation is tested by removing the topography. The LR_FLAT simulation
clearly shows coherent eastward propagation in precipitation (Figure 3.2b), implying
possible topographic influences on the eastward propagation in precipitation. The
LR_FLAT simulation results also indicate that in the absence of topography, cumulus
parameterization may have the essential physics to capture convection of the MJO (e.g.,
Dias et al. 2013).
When cumulus parameterization is removed in the high-resolution simulation, the
eastward propagation (Figure 3.2c) is more organized than in the LR simulation (Figure
3.2a). The spurious westward-propagating features are also reduced in the HR compared
to the LR during April 18-23, indicating an improvement in representing those features in
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the higher resolution simulation. In particular, the MJO propagation around April 14-15 at
90°E in the observations (Figure 3.1c) is fairly well captured by the HR simulation
(Figure 3.2c). When the topography is removed in the high-resolution simulation, the
eastward propagation becomes even more organized (Figure 3.2d) compared to the HR
(Figure 3.2c). Both LR_FLAT and HR_FLAT simulations, in general, show stronger
precipitation than simulations with topography east of 130°E. The similarity of these
results indicates that the MJO propagation across the MC is not only dependent on the
model resolution but is also influenced by the complex topography and its representation
in the simulations.
It is important to also highlight that the simulations with topography (LR and HR)
have aspects that disagree with the reanalysis. For example, the eastward MJO
propagation speed associated with the precipitation in LR (Figure 3.2a) and HR (Figure
3.2c) is faster compared to that of the observations (Figure 3.1c). Whether this is due to
the computational domain of the model that is not big enough to accommodate the
Rossby gyres, or due to the lack of air-sea interactions (e.g., Flatau et al. 1997; Sobel et al.
2010) or some other reason, is not clear.
Based on the time-longitude structures of precipitation anomaly from Figure 3.2,
we found out that the precipitation anomalies are in general stronger over the ocean to the
east of the major islands (Sumatra, Borneo and New Guinea) in the MC during MJO
propagation in both Flat simulations, and is particularly evident in the LR_FLAT
simulation (Figure 3.2b). Three regions to the east of the islands are chosen for detailed
analyses in the next section, and they are shown by the dashed black boxes in Figure 3.3.
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Area A (105°-111°E, 10°S-10°N) represents the part between Sumatra and Borneo, Area
B (122°-128°E, 10°S-10°N) represents east of Borneo and Sulawesi, and Area C (150°156°E, 10°S-10°N) represents an area east of New Guinea.

Figure 3.2 Time-longitude structures of precipitation anomaly (mm day-1) from the (a) LR,
(b) LR-Flat, (c) HR and (d) HR-Flat, averaged over 10°S-10°N. Black dashed lines
indicate the MJO propagation.

To further explore the role of topography, we examine the horizontal and vertical
structure of the circulation and convection between the simulations with and without
topography and observations in Figure 3.4 and 3.5. Figure. 3.4 shows the vertical
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structure of the zonal winds in Area A. The low-level transition of winds from easterly to
westerly around April 16 in the reanalysis (Figure 3.4a) is well captured by the LR
(Figure. 3.4b) and HR (Figure 3.4d). The amplitude of the anomalies is stronger in the LR
than the reanalysis around April 16, but is somewhat weaker afterwards. In the

Figure 3.3 (a) Topography (m) and (b) Zonal profile of topography averaged from 10°S10°N. The top panel also indicates the domain (80°-160°E, 20°S-20°N) of the model
simulations. The three dashed boxes marked as A, B, and C in the top panel are the three
areas chosen for detailed analysis when the MJO propagates across these areas. Area A
(105°-111°E, 10°S-10°N) is located to the east of Sumatra, Area B (122°-128°E, 10°S10°N) is to the east of Borneo and Sulawesi, and Area C (150°-156°E, 10°S-10°N)is at
the eastern edge of the MC. The longitudinal extents of the three areas are also marked in
the bottom panel.

absence of topography in low resolution (LR_FLAT, Figure 3.4c), the westerly flow is
deeper and stronger than the LR (Figure 3.4b) around 16 April. The deep westerly flow
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between 21 April and 26 April in the reanalysis (Figure 3.4a) is better captured by the HR
(Figure 3.4d) than the LR (Figure 3.4b). The first-baroclinic mode structure of zonal
winds is evident in all the simulations, also seen in Cravatte et al. (2003). The lower-level
convergence and upper-level divergence in the ERA-interim (Figure 3.3a) around 28
April is better captured by the HR (Figure 3.4d) than the LR (Figure 3.4b). The results are
consistent over other areas.
The influence of topography on the zonal circulation during the passage of the MJO
is further discussed with respect to Figure 3.5. In the LR_FLAT over Area A (Figure 3.5b),
anomalous westerlies are much stronger than those in the LR (Figure 3.5a). The lower
troposphere is dominated by the deep vertical structure, with maximum amplitudes
around 106°E and 700 hPa. The influence over Area B from LR_FLAT (Figure 3.5d)
compared to LR (Figure 3.5c) is also quite evident. The flow is clearly interrupted by the
topography over Borneo and Sulawesi leading to weaker flow in LR than LR_FLAT.
Over area C, the effects from the New Guinea mountain range is also evident.
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Figure 3.4 Time-Vertical structure of zonal wind anomalies (contour, m s-1) for Area A
from the (a) ERA-Interim, (b) LR, (c) LR-Flat, (d) HR and (e) HR-Flat. Contours are
plotted from -10 to 10 m s-1 with an interval of 2.

Figure 3.5 Vertical cross section of zonal wind anomalies (shaded, m s-1) and temporal
mean circulation (streamlines) over Area A from (a) LR and (b) LR-Flat. Right panels are
over Area B. Shadings are plotted from 2 to 5 m s-1 for every 1 m s-1. Vertical motion has
been multiplied by 100. The calculation for Area A is for April 14-16 and for Area B is for
April 15-17.
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3.3.2 Moisture Budget
For Area A, the dominant terms of the moisture budget are shown in Figure 3.6. The
evaporation and residual terms are not shown here because they are small and vary little
across the simulations with and without topography. The MJO propagates across Area A
during April 14-16 and is indicated by an increase in anomalous precipitation (Figure 3.6).
The precipitation over Area A in the LR_FLAT increases to a maximum of 10 mm day-1,
compared to only about 4 mm day-1 in the LR. This increase in precipitation is due to an
increase in vertical advection of moisture in the absence of topography (Figure 3.6c, red).
The change in the horizontal moisture advection is small, and is decreased slightly in the
LR_FLAT simulation (Figure 3.6b). For the HR_FLAT simulation, the increase in
precipitation compared to the HR simulation (Figure 3.6a, light-blue and green) is also
due to the increase of the vertical moisture advection (Figure 3.6c). Horizontal advection
plays a minor role (Figure 3.6b). The results indicate that in the absence of topography,
the MJO propagates across the MC more coherently due to an increase in vertical
moisture advection east of the island. This effect is more pronounced in the LR_FLAT
case than the HR_FLAT case. The amplitude of change in the vertical structure of vertical
velocity and humidity are explored later to quantify the relative contribution of their
changes on the vertical advection of moisture.
For Area B (Figure 3.7), which is located to the east of Borneo, precipitation is lower
in LR_FLAT than LR (Figure 3.7a) during the passage of the MJO. This decrease in
precipitation seems to be due to a decrease in VADV (Figure 3.7c) with HADV increases
(Figure 3.7b). The HADV is also found to be larger in HR_FLAT than HR (Figure 3.6b)
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and resembles the results of Kerns and Chen (2013). The HADV term from these
simulations will be explored further. Interestingly, precipitation is larger in HR_FLAT
than HR (Figure 3.7a) and is due to an increase in

Figure 3.6 The three most important terms of the column-integrated tropospheric
(1000-100hPa) moisture budget for Area A (105°-111°E, 10°S-10°N; see Figure 3.3) from
the LR (blue), LR-Flat (red), HR (light blue) and HR-Flat (green) simulations. The black
dashed lines in each panel represents the time when the MJO propagates across Area A.
Unit is in mm day-1.

HADV (Figure 3.7b) even though VADV decreases (Figure 3.7c). For Area C, during the
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passage of the MJO (18-20 April), the precipitation is larger when topography is removed
and is mostly due to an increase in vertical advection, and is similar to Area A. This result
again indicates that in the absence of topography, the MJO can propagate across the
islands more easily.

Figure 3.7 Same as Figure 3.6 but for Area B (122°-128°E, 10°S-10°N; see Figure 3.3).

The relative contribution of different terms on the moisture budget during the
passage of the MJO is summarized in Figure 3.8. For Area A (Figure 3.8a), the VADV in
LR_FLAT (5.9 mm day-1, Figure 3.8a) is much greater than that in LR (2 mm day-1), but
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the HADV is slightly smaller. Interestingly, HADV and VADV are similar in magnitude
for LR indicating that when the topography is removed, MJO-associated vertical
advection increases dramatically over the ocean east of the islands. The results are similar
for the high-resolution simulations HR and HR_FLAT (Figure 3.8d), except that the
changes from HR to HR_FLAT are smaller for precipitation and VADV than those from
LR to LR_FLAT. Horizontal advection in HR_FLAT is also reduced compared to HR.

Figure 3.8 (left) The column-integrated moisture budget for Area A, Area B, and Area C
for LR (blue) and LR-Flat (red). Right panels are for HR and HR-Flat. The terms HADV,
VADV and P represents horizontal moisture advection, vertical moisture advection and
precipitation, respectively. The MJO propagates through Area A during April 14-16,
through Area B during April 15-17 and through Area C during April 18-20 in the model.
Units are mm day-1.
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For Area B, which is located east of Borneo, the HADV increases when the
topography is removed which is evident in both LR_FLAT (Figure 3.8b) and HR_FLAT
(Figure 3.8e) simulations. This result is different in Areas A and C, where precipitation
increase is balanced by VADV when topography is removed. This difference shows the
different behavior of different parts in MC where the precipitation may be dominated by
different processes. The HADV is higher in LR_FLAT (HR_FLAT) than LR (HR). The
similarity in the relative magnitude of terms in the simulations with different gridspacings and with and without cumulus parameterization gives confidence to our results
and conclusions.
For Area C, during the passage of the MJO, precipitation is greater in the LR_FLAT
simulation compared to the LR simulation (Figure 3.8c) largely due to an increase in
VADV, which is consistent with the greater precipitation in LR_FLAT than LR in Area A
(Figure 3.8a). HADV in Area C slightly decreases in the LR_FLAT simulation (Figure
3.8c) compared to the LR simulation. In the HR_FLAT simulation, the increase in
precipitation is small compared to the HR (Figure 3.8f), possibly because it is located
farther from the landmass.
To further explore the increase in vertical advection in the Flat simulations over Area
A and Area C, we decompose vertical advection VADV (w ∂q ) into four components,
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, and w' ∂q' . We show results for Area A (Figure 3.8) only, since
∂p

Area C was found to behave similarly. The increase in VADV in LR_FLAT compared to
Flat (Figure 3.9) is almost entirely due to w' ∂q- , i.e., advection of mean moisture by the
∂p

anomalous vertical winds. This is also true for high-resolution simulations (Figure 3.9).
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Contributions from other components of the VADV are much smaller.

Figure 3.9 The components of column-integrated vertical moisture advection VADV
during April 14-16 in Area A from LR (blue) and LR-Flat (red). Bottom panels are from
HR (light blue) and HR-Flat (green). Units are mm day-1.

Given the differences in HADV in Area B, the relative contribution of zonal and
meridional advection to the HADV over area B is explored further. In Area B, the
meridional advection is similar to the zonal advection in LR (Figure 3.10a). In the
LR_FLAT simulation, meridional advection is greater than the LR. In the HR (Figure
3.10) simulation, where the topography is better represented, zonal advection is slightly
higher than that in the LR. Overall, HADV is larger in the simulations without
topography than with topography. For both LR and HR the meridional advection is
slightly larger than the zonal advection. However, the change in the zonal advection is
larger than the change in the meridional advection when topography is removed. In the
HR_FLAT, both zonal and meridional advection increase compared to HR leading to an
overall increase in HADV in HR_FLAT. The increase in HADV is consistent in both
simulations without topography, and is primarily due to an increase in zonal advection.

38

Figure 3.10 The column-integrated tropospheric (1000-100 hPa) horizontal moisture
advection HADV, separated into zonal and meridional components during April 15-17 in
Area B from LR (blue) and LR-Flat (red). Right panel is from HR (light blue) and
HR-Flat (green). Units are mm day-1.
To explore the reasons behind the increase in HADV over Area B in Flat simulations,
we decompose zonal and meridional advection into four components (Figure 3.11). The
increase in the zonal advection in the Flat simulations (Figure 3.11a, c) is primarily due to
an increase in the anomalous moisture advection by the mean zonal winds (u
- ∂q' ). On the
∂x

other hand, increase in the meridional advection in the LR_FLAT compared to LR is due
to an increase in the mean moisture advection by the anomalous meridional winds
( v' ∂q- ). The advection of mean moisture by the anomalous meridional winds was also
∂y

found by Kim et al. (2014).

Figure 3.12 shows the vertical profile of humidity and vertical velocity for all cases
over Area A, Area B, and Area C. Between the LR and LR_FLAT simulations, the
greatest difference in humidity is in the lower and middle troposphere in Area A and Area
B, between 800-hPa and 500-hPa (Figure 3.12a, b). The maximum difference between
LR_FLAT and LR in Area A is about 1.5 g kg-1 and in Area B is about 1 g kg-1. The
removal of topography has very little effect on the humidity over Area C (Figure 3.12c),
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which is farther from the islands. The difference in vertical velocity between LR and
LR_FLAT is larger over Area A and Area C than Area B. For Area B, the changes in
vertical

Figure 3.11 (left) The column-integrated tropospheric (1000-100 hPa) horizontal moisture
advection HADV, separated into 4 zonal components and (right) 4 meridional
components during April 15-17 in Area B from LR (blue), LR-Flat (red), HR (light blue)
and HR-Flat (green). Units are mm day-1.
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Figure 3.12 (Top) Vertical profile of specific humidity q (g kg-1) from the LR (blue),
LR-Flat (red) and LR-Flat minus LR (black) for (a) Area A, (b) Area B and (c) Area C.
Bottom panels are for vertical velocity (Pa S-1). The black dotted line uses top axis.

Velocity is small from LR to LR_FLAT (Figure 3.12e). For Area C, the difference
between LR and LR_FLAT in humidity (Figure 3.12c) is small, but for vertical velocity
(Figure 3.12f) is large, leading to a large change in VADV (Figure 3.12c). For highresolution simulations, the results are similar to the lower resolution simulations, except
the difference between HR and HR_FLAT is small leading to a smaller change in VADV.
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Figure 3.13 (left) The column-integrated (a) moisture budget (b) horizontal moisture
advection HADV, separated into zonal and meridional components, and (c) zonal
advection, separated into 4 components for an area to the east of Area B (Area B1,
128°-134°E, 10°S-10°N) from the LR (blue) and LR-Flat (red). Right panels are from the
HR (light blue) and HR-Flat (green). The MJO propagates through Area B1 during April
16-18. Units are mm day-1.

Overall, the simulations with lower and higher resolutions are consistent with each
other over Area A and Area C. However, over Area B, there is a decrease (increase) in
precipitation in LR_FLAT (HR_FLAT) compared to LR (Figure 3.8b,e) due to a decrease
in vertical advection. There is a decrease in VADV in HR_FLAT also, but the decrease is
compensated by a larger increase in HADV leading to an increase in precipitation. Given
the complexity of this region, we show the results for a second area to the east of Area B
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(128°-134°E, 10°S-10°N, hereafter B1). An increase in precipitation in LR_FLAT (Figure
3.13a) and HR_FLAT (Figure 3.13b) is found to be due to an increase in HADV. The
VADV decreases slightly in both cases. The HADV is about 3 (2) times higher in
LR_FLAT (HR_FLAT) than LR (HR). This increase in HADV is found to be due to an
increase in zonal advection in Flat simulations (Figure 3.13c,d). The changes in the
meridional advection were small. The decomposition of zonal advection into four
components (Figure 3.13e, f) indicates that the increase in the zonal advection in the Flat
simulation is primarily due to an increase in the anomalous moisture advection by the
mean zonal winds (u ∂q' ).
∂x

3.3.3 Upstream effect of New Guinea Islands
Based on the moisture budget analysis, Area B, where HADV was dominant was
different from Area A and Area C, where VADV was dominant in the absence of
topography. To explore whether Area B was affected by the upstream effects of New
Guinea, we conduct one more simulation by removing topography over New Guinea
(LR_FLAT-NG in Table 3.1). In LR_FLAT-NG, the precipitation increases to the east of
130°E during the passage of the MJO event (Figure 3.14). The eastward propagation
becomes more coherent in the LR_FLAT-NG than LR, which is dominated by westwardpropagating synoptic-scale systems. To further explore the upstream effects of the New
Guinea topography, we show the moisture budget over Area A and Area B during the
passage of the MJO (Fig. 16). For Area A (Figure 3.15a), the decrease in precipitation in
LR_FLAT-NG is primarily due to the decrease of VADV. Change in horizontal
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advection is small. For Area B (Figure 3.15b), the decrease in precipitation is due to the
decrease in horizontal advection. As a result, it seems that the increase in HADV in
LR_FLAT experiment is primarily due to the downstream effects of the islands to the
west of Area B. To what extent these results will hold in a high-resolution simulation
needs to be investigated in the future.

Figure 3.14 Longitude-time structures of daily anomalies of precipitation (mm day-1)
from the (a) LR and (b) LR-Flat-NG.

Figure 3.15 The column-integrated moisture budget for (a) Area A and (b) Area B from
LR and LR-Flat-NG simulations. The terms HADV, VADV and P represents horizontal
moisture advection, vertical moisture advection and precipitation, respectively. The MJO
propagates through Area A during April 14-16 and through Area B during April 15-17.
Units are mm day-1.
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3.4 Discussion and Summary
The role of topography on a typical MJO event in April 2009 in the MC is explored
using the WRF model. Five simulations are conducted: Lower resolution (12 km)
simulations using cumulus parameterization in the presence (LR) and absence (LR_FLAT)
of

topography,

and

higher-resolution

(4

km)

simulations

without

cumulus

parameterization in the presence (HR) and absence (HR_FLAT) of topography. A fifth
simulation is performed by removing the topography over New Guinea (LR_FLAT-NG).
In the LR (Figure 3.2a), the MJO remains unorganized with no clear eastward
propagation, whereas, in the LR_FLAT (Figure 3.2b), the simulation captures the MJO
and its propagation across the MC. The HR (Figure 3.2c) and HR_FLAT (Figure 3.2d)
simulations show several similarities and differences compared to LR and LR_FLAT. For
example, spurious westward propagating features seen in the LR are reduced substantially
in the HR simulation. The MJO is better organized in the Flat simulations than the
simulations with topography in both low and high resolutions.
To illustrate the role of topography on the MJO, moisture budget analysis is
conducted along the passage of the MJO. In particular, three areas are chosen (Figure 3.3).
The Area A (105°-111°E, 10°S-10°N) falls between Sumatra and Borneo; Area B (122°128°E, 10°S-10°N) is to the east of Borneo and Sulawesi; and Area C (150°-156°E, 10°S10°N) is to the east of New Guinea. The key findings of this chapter are:
(i) In the absence of topography, vertical advection of moisture is greater to the east
of Sumatra and along the eastern edge of the MC, producing a more structurally coherent
in MJO associated convection and precipitation compared to the simulations with
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topography (Figures 3.6, 3.8). The increase in vertical advection in the absence of
topography is primarily due to an increase in the mean moisture advection by the
anomalous vertical winds (Figure 3.9).
(ii) In the center of the MC (Area B), horizontal advection (Figures 3.7, 3.8) is
seemingly important for sustaining the MJO-associated convection in the absence of
topography. This indicates the complex nature of the MC, where the dominant physical
processes are evidently different for different parts of the region. Further analysis of
horizontal advection (HADV) over Area B (Figure 3.10) and an area to the east of Area B
(Area B1, Figure 3.13) shows that the change in zonal advection is dominant in changing
the HADV in the Flat simulations compared to the simulations with topography, although
the change in meridional advection cannot be ignored during the passage of the MJO. The
change in zonal advection is found to be primarily due to the change in anomalous
moisture advection by the mean zonal winds (Figure 3.11, Figure 3.13).
(iii) In the absence of cumulus parameterization, the HR captures the MJO better than
LR possibly because the key mesoscale processes are better represented in HR. In the
absence of topography, HR_FLAT produces slightly higher precipitation to the east of the
islands (Figure 3.8, right panels). Overall, HR and HR_FLAT show several similarities
and differences compared to LR and LR_FLAT simulations. For example, the vertical
advection is stronger in HR_FLAT than HR (similar to LR_FLAT and LR) except over
Area B, but the horizontal advection plays a greater role in high-resolution simulations
than low-resolution simulations. The results indicate the sensitivity due to the horizontal
resolution of the model on the MJO.
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In summary, these results show important effects from topography in simulations of
the MJO propagation across the MC. The physical processes that are important to the
MJO are found to differ in different parts of the MC (our areas A, B, and C), suggesting
the presence of additional complexity.

47

Chapter 4
Role of topography on precipitation and its
diurnal cycle over MC
4.1 Background
The islands in the MC induce strong diurnal cycles in precipitation whose spatial
structures are further modulated by the mountains and coastlines. The land-sea contrast
leads to strong land-sea breeze circulations, which is enhanced by topography (Yang and
Slingo2001) such as Sumatra (Mori et al. 2004), Borneo (Ichkawa and Yasunari 2006),
and New Guinea (Ichikawa and Yasunari 2008). The diurnal cycle of precipitation is a
prominent mode in tropical internal variability. Thus, it has often been a target of
intensive observations in the tropics (Houze et al. 1981; Skinner and Trapper 1994;
Mapes et al. 2003; Zuidema 2003; Mori et al. 2004; Rauniyar et al 2011, 2013; Peatman
et al. 2014; Moron et al. 2015; Lu et al. 2019).
Convective rain over tropical land mass has a strong diurnal cycle that peaks in the
late afternoon over land and early morning over ocean (Yang and Slingo 2001; Yang and
Smith 2006; Kikuchi and Wang 2008; Qian 2008; Hassim et al. 2016; Vincent and Lane
2016). The diurnal cycle of precipitation in the MC has been related to the sea and land
breezes and their interactions with topography in mountainous regions. Qian et al. (2008)
attributed the nighttime maxima in precipitation over the seas around Java to the
interaction of land breezes and topographic effects such as land-breeze convergence near
coastlines. Similar conclusions were made by Wapler and Lane (2012) and Zhou and
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Wang (2006) by expanding their analysis of a single rain season to six seasons.
Observations show that a precipitation maximum is concentrated on the island in the
afternoon and in the evening, with a secondary concentration of rainfall over the sea
between large islands during late night and morning hours (Gray and Jacobson 1977;
Yang and Slingo 2001; Nesbitt and Zipser, 2003; Kikuchi and Wang 2008; Varikoden et al.
2010; Love et al. 2011; Rauniyar and Walsh 2011). This is because, during the daytime,
solar radiation heats more effectively the islands than the sea, which initiates sea breezes.
Then sea-breeze fronts converge from the coasts toward the center of each island in the
afternoon, lift moist air, and trigger convection. Furthermore, the valley winds reinforce
sea breezes, thereby enhancing convergence over mountainous islands (Qian 2008, 2019).
The importance of precipitation and its diurnal cycle in the MC is getting more and
more attention (Qian 2008; Hara et al. 2009; Rauniyar and Walsh 2011; Oh et al. 2013;
Cheong and Zheng 2018a; Lu et al. 2019). This is in particular due to the disruption of
eastward propagation of MJO by the diurnal cycle of convection (e.g., Hagos et al. 2016;
Zhang and Ling 2017). The strong daytime convection over islands often favors weak
nighttime convection over the ocean in the MC that leads to the weakening of MJO by
disturbing the atmospheric circulations (Peatman et al. 2014; Ling et al. 2019). Numerical
models have difficulty in simulating precipitation and its diurnal cycle (Dai and Trenberth
2004; Dai 2006; Jourdain et al. 2013) possibly because of their coarse grid-spacing to
represent the complex topography apart from the deficiency in model physics. For
example, most atmospheric general circulation models (AGCMs)

predict

less

precipitation over the land in MC (Houghton et al. 2001; Davis et al. 2003; Neale and
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Slingo 2003; Clark et al. 2007; Qian 2008; Koo and Hong 2010; Love et al. 2011). This is
because much of the important geographic details of the MC are not resolved at the
coarse grid-spacing of the climate models. Therefore, some small-scale dynamics might
be missing in these models. Also, a number of studies pointed that the simulated diurnal
cycle generally has a precipitation peak that is too early and too strong (Randall et al.
1991; Dai and Trenberth 2004; Sajurai et al. 2005, 2006; Dai 2006; Qian 2008; Hara et al.
2009; Koo and Hong 2010; Mori et al. 2011; Kamimera et al. 2012; Yokoi et al. 2017; Li
et al. 2020).
Recent studies over the MC using high-resolution regional models (Zhou and Wang
2006; Lee et al. 2007b; Brockhaus et al. 2008; Koo and Hong 2010; Gianotti et al. 2012;
Kwan et al. 2013; Birch et al. 2016; Hassim et al. 2016; Vincent and Lane; 2017; Im and
Elthair 2018; Argüeso et al. 2019) have found more realistic precipitation structure
compared to those in coarser-resolution models. Koo and Hong (2010) showed that
cumulus parameterization controls the timing of maximum precipitation over land points.
But their experiments were restricted to a single island and may not be extended to other
parts of the MC. These studies, in general, have shown that inadequate grid-spacing may
cause an inaccurate representation of the precipitation and its diurnal cycle.
The primary motivation behind this chapter is to understand the role of topography
on precipitation and its diurnal cycle during an MJO propagation. Although MJO events
can be significantly different from each other, a case study approach using cloudpermitting simulations may provide direction for future research. Moreover, the
computational cost for longer simulation at cloud-permitting scale makes our case study
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approach more viable. We also explore the role of different levels of topography on the
precipitation diurnal cycle because of the unique features of islands concerning sizes,
orientations, and topography height over MC (Li and Carbone 2015; Wang and Sobel
2017). And finally, we explore the dominant physical processes that control the diurnal
cycle of precipitation and whether these processes are different during the background
easterlies and westerlies. The remainder of Chapter 4 is organized as follows: section 4.2
describes the model, data, and method, followed by validation with observation in 4.3.1.
The examinations of the diurnal cycle of precipitation, its diurnal cycle, and moisture
budget are in 4.3.2 and 4.3.3.

Figure 4.1 (a) Topography (shaded, m) and averaged SST (contour, C) during April 2009
in the MC.

4.2 Simulation design
We choose the same MJO (April 2009) event that was described in section 3.2. The
simulations use one domain with 2145 x 921 grid points with 4 km grid-spacing covering
the entire MC. The domain (Figure 4.1) extends from the eastern Indian Ocean (90°E) in
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the west to the edge of New Guinea Islands (155°E) in the east. The latitudinal range is
from 12°S-12°N, which includes the major islands of the MC. In the vertical, 41 sigma
levels were applied with the model top at 10 hPa (~30 km in altitude). The model
integration time step is 18 seconds and the model output is saved hourly. The simulations
were conducted for one month (1-30 April 2009) covering the MJO event (Chapter 3,
Figure 3.1) during this time.
To determine the role of topography, two experiments are conducted (Table 4.1):
Control experiment (CTL) with realistic topography, and an experiment where all
topography above 2-m was removed (FLAT). All experiments are using the same initial &
boundary conditions with the same model domain and parameterizations. Simulated
precipitation patterns for this study are assessed by the Climate Prediction Center
morphing technique (CMORPH, 8 km x 8 km, 30 minutes; Joyce et al. 2011) dataset. The
model output was re-gridded spatially to match with CMORPH data (i.e., 4 km to 8 km)
for consistent comparisons.

Table 4.1 The description of simulations and their purposes. All simulations have
horizontal resolutions of 4 km and were conducted over the MC region for April 2009.
Experiments
CTL

FLAT

Description
Purpose
Control
simulation
without To explore the model’s ability to
cumulus parameterization
capture the precipitation and its
diurnal cycle in the MC
Same as CTL, but topography To explore the role of topography
removed in the MC to a unified flat on precipitation and its diurnal
land (2m)
cycle

To determine the role of topography, two experiments are conducted (Table 4.1):
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Control experiment (CTL) with realistic topography, and an experiment where all
topography above 2-m was removed (FLAT). All experiments are using the same initial &
boundary conditions with the same model domain and parameterizations. Simulated
precipitation patterns for this study are assessed by the Climate Prediction Center
morphing technique (CMORPH, 8 km x 8 km, 30 minutes; Joyce et al. 2011) dataset. The
model output was re-gridded spatially to match with CMORPH data (i.e., 4 km to 8 km)
for consistent comparisons.

4.3 Results
4.3.1 Observed and simulated precipitation
The observed precipitation from CMORPH for April 2009 (Figure 4.2) shows a
wide maximum over the warm pool and the Intertropical Convergence Zone (ITCZ)
between the equator and 10°N. There are notable precipitation maxima over western
Sumatra, western and southwestern Borneo and over the mountainous regions of New
Guinea. The offshore precipitation in observation is due to the increased convergence
effect, which is attributed to the inward complexity of coastlines (Biasutt et al. 2012) and
partly due to the overnight offshore propagation of precipitation from islands (Mori et al.
2004). This distribution of precipitation is not due to the advection of storm clouds
offshore, but from gravity waves over the land, which generates new convection as it
transmits away from their location of initiation (Love et al. 2011).
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Figure 4.2 (Left) Mean precipitation (mm day-1) for April 2009 from (a) Obs, (b) CTL,
and (c) Flat. Right panels (d-f) show the timing of maximum precipitation (in hour in
local time). Black lines represent the coastline and boundaries of the countries.

Figure 4.3 (a) Difference of mean precipitation (FLAT minus CTL, mm day-1), and (b)
difference of precipitation peak time (in hour in local time).
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The CTL simulation (Figure 4.2) captures the general features of the observed
precipitation, albeit it underestimates over the ocean and overestimates over the islands
(Table 4.2). The overestimation in precipitation is profound in smaller islands like
Sulawesi (0.5 mm day-1), but also in bigger islands like New Guinea (1.2 mm day-1). The
simulated ITCZ structure is weaker than that in observation. Large amounts of
precipitation are also seen along coastal nights. Like CMORPH estimates, the CTL
simulation shows the concentration of precipitation over the islands, especially over
islands of Borneo. Overestimation of precipitation over islands was also found by Bhatt
et al. 2016 and Argüeso et al. 2019). Bhatt et al. (2016) suggested that the falsification of
mechanisms that links to boundary layer transfer and convective lifting-condensationprecipitation parameterization schemes was the reason for the excessive amplitude of
precipitation over land. To address this problem, Bhatt et al. (2016) suggested that the
weakness in convective parameterization schemes was the main reason for the
excessive precipitation over land. To address this problem, Bhatt etal. proposed the use
of convection-permitting experiments. Bryan et al. (2003) arguedthat the key unresolved
processes in the buildup of moist convection, such as cloud turbulence and the
interaction between the cloud and the environment, are able to create heavier convection
and therefore may explain the issue. This weakness in the transition from convective to
stratiform rain has been established in many convection-permitting models at 1-4 km
grid-spacing (Caine et al. 2013; Vincent and Lane 2018; Argüeso et al. 2019). Despite
the evidence that the amplitude of precipitation over land is stronger in the CTL
simulation, it captured the overall pattern of precipitation compared to
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CMORPH. The bias in CTL precipitation over land is 0.2 mm day-1 and over ocean is
-2.8 mm day-1.
Compared with CTL, the FLAT experiment (Figure 4.2c and Figure 4.3) reveals the
nature of topography influence on the diurnal cycle: the mountainous precipitation
clearly weakens over Sumatra and New Guinea islands. Because the sea breeze fronts
that converge from the coasts toward the center of each island are not lifted by the
topography in the FLAT, the cumulus merger processes cannot enhance the precipitation
(Qian 2008, 2019). As a result, the land precipitation has decreased by ~20% (2.02 mm
day-1), which indicates that the topography can play a more important role in this case.
The precipitation over different areas is summarized in Table 4.2.

Table 4.2 Precipitation from Obs (CMORPH), CTL, FLAT, and their difference (CTLObs, FLAT-CTL) over MC (land and ocean), all land, all ocean, Sumatra, Borneo and
New Guinea.
Precip (mm day-1)

Obs

CTL

CTL-Obs

FLAT

FLAT-CTL

MC

6.5

4.3

-1.8

4.1

-0.2

All Land

10.9

9.8

-1.1

8.1

-1.7

All Ocean

6.1

3.3

-1.8

3.3

0

Sumatra

9.2

9.7

0.5

9.2

-0.5

Borneo

11.9

12.3

0.4

11.7

-0.6

New Guinea

10.6

11.4

1.2

10.2

-1.2

To provide a quantitative assessment of the general contrast of the diurnal cycle
over land and ocean, we present the timing of the maxima diurnal cycle of precipitation
(Figure 4.2, right). The phase of the diurnal cycle of precipitation shows that the rainfall
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peaks over the island from afternoon to midnight. The oceanic precipitation can vary
very differently: the coastal precipitation generally peaks during the early morning, with
the growing trend as the distance increases away from all coastlines. This indicates the
possible offshore migration of the diurnal cycle of precipitation (Wei et al. 2020). Other
oceanic areas like areas between Sumatra and Borneo islands have relatively late
precipitation peak time in CTL and FLAT.

4.3.2 Role of topography on diurnal cycle of precipitation
Figure 4.4 presents the evolution of the diurnal cycle of precipitation in CTL, FLAT,
and their difference over ocean, land, and individual islands. For CTL, the diurnal cycle
indicates a peak at 0600 LST (early morning) over the ocean (Figure 4.4a) and 1400 LST
(afternoon) overland (Figure 4.4b), and is consistent with previous results (Nesbitt and
Zipser, 2003; Kikuchi and Wang 2008; Qian 2008; Varikoden et al. 2010; Rauniyar and
Walsh 2011; Peatman et al. 2014; Baranowski et al. 2018; Lu et al. 2019). The CTL
simulation shows early and higher precipitation compared with observation overland
(Figure 4.4b). The phase of precipitation in CTL is similar to that from the satellite
observation (1500 LST), whereas the minimum of precipitation occurs at 0700 LST in
CTL and 0800 LST in observations. Recent studies have indicated that the phase in
precipitation is improved in response to an increase in model resolution (Grabowski et al.
2006; Hoenegger et al. 2008; Love et al. 2011; Gianotti et al. 2012; Hassim et al. 2016;
Wagner et al. 2018; Argüeso et al. 2019). The CTL produces accurate timing of the
maximum precipitation, but the minimum is later than the observations over the ocean.

57

The difference in amplitude between the observation and CTL can be >5 mm day-1 over
land and >3 mm day-1 over the ocean.
Part of the discrepancy between the model and observation may also come from the
inaccuracy in satellite precipitation over land which has not been validated extensively
in the MC due to a limited number of rain gauge measurements. For example, Hassim et
al. (2016) showed that the WRF model simulated the diurnal cycle of precipitation well
when compared with the ground-based radar measurement, where the satellite
observations are recognized to have concerns regarding a timing lag of precipitation
compared with other products. Therefore, at least part of the differences between the
model and observations may have been contributed by the satellite observations.
In the topography removal experiment (FLAT), the amplitude of the peak diurnal
cycle decreases compared to CTL (Figure 4.4a, b). This indicates that without the
orographic lifting, the sea breeze fronts that converge from the coasts toward the center
of each island during the daytime produce weakened convection that leads to less
precipitation. Over the ocean, the FLAT simulation exhibits less morning precipitation
(0.2 mm day-1) and more late-afternoon precipitation (0.13 mm day-1). This indicates that
the topography can alter the diurnal cycle of oceanic precipitation. In other words, the
FLAT experiment changes the amplitude of the diurnal cycle for oceanic precipitation.
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Figure 4.4 The diurnal cycle of precipitation (mm day-1) during April 2009 from
observation (black), CTL (red), FLAT (blue) and their difference (grey) over (a) all ocean
points, (b) all land points, (c) Sumatra, (d) Borneo, and (e) New Guinea. Note that the Yaxis labels are different for the top panel.
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Figure 4.4(c-e) shows the precipitation diurnal cycle over the major islands in the
MC. The comparison between observation and CTL over Sumatra and Borneo shows
that the timing of maximum precipitation is similar (within 1-2 hours). However, over
New Guinea, the difference in timing in peak precipitation between the observation and
CTL is large and is similar to what has been found in previous studies (e.g., Hassim et al.
2016; Vincent and Lane 2016).
In the FLAT simulation, as expected, the peak in diurnal cycle of precipitation is
reduced over the major islands in MC (Figure 4.4c-e). For Sumatra islands, the
amplitude of maximum precipitation is reduced from 26 mm day-1 at 1600 LST to 21
mm day-1 at 1800 LST. The largest amplitude difference is found to be 7.6 mm day-1 at
1600 LST. Another difference is the appearance of positive bias from topography during
1000-1900 LST, whereas the negative bias appears during 1900-1000 LST. Over Borneo
islands, the largest difference between FLAT and CTL comes earlier (1300 LST) with
4.89 mm day-1. The peak precipitation timing is the same in CTL and FLAT over Borneo
(1500 LST). The differences in amplitude and phase are similar over New Guinea
islands as well as over Sumatra, i.e. amplitude is reduced and phase is delayed.
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Figure 4.5 (a-h) The relationship between topography height (m) and precipitation
difference between the FLAT and CTL simulation (FLAT minus CTL, mm day-1) over
land at (a) 0000, (b) 0300, (c) 0600, (d) 0900, (e) 1200, (f) 1500, (g) 1800 and (h) 2100
LST. Lines with red points are the average precipitation difference below each
topography height (e.g., point at 1000 m height shows the average precipitation difference
for all topography points between 500 m and 1000 m).
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Figure 4.6 Same as Figure 4.5 but averaged over all time.

The connection between topography height and precipitation difference (FLAT
minus CTL) is further presented in Figure 4.5 and Figure 4.6. It is clear that the
precipitation difference begins to increase with topography height (>500 m) from 0900
LST to 1500 LST, which is also the time for the majority of precipitation over islands.
The overall precipitation difference below 500 m is almost canceled out (both negative
and positive precipitation difference). Figure 4.6 presents the time-averaged precipitation
difference with topography, which shows that when topography reaches above ~1000 m,
the precipitation difference between CTL and FLAT is mostly negative, illustrating that
without topography above 1000 m, the precipitation would decrease markedly in the
FLAT experiment during 0900 to 1500 LST (Figure 4.5). The average precipitation
difference is about -12 mm day-1 on land points that have topography elevation above
1000 m. To understand the underlying processes that lead to this transformation in
precipitation on topography above 1000 m, a moisture budget analysis is conducted.
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4.3.3 Diurnal cycle of moisture budget
To understand the physical processes that are responsible for the change in the
diurnal cycle of precipitation in the absence of topography, we conduct a columnintegrated moisture budget analysis. The details are described in Chapter 2.3.
The land precipitation in CTL (Figure 4.7a, solid blue, 9.85 mm day-1 in daily mean)
is mostly balanced by the HADV (solid green, 2.93 mm day-1 in daily mean) and VADV
(solid red, 5.48 mm day-1 in daily mean). In the FLAT, the amplitude of precipitation is
decreased (from 9.85 mm day-1 to 8.16 mm day-1) along with a decrease in HADV (2.93
mm day-1 to 2.46 mm day-1) and VADV (5.48 mm day-1 to 4.70 mm day-1). The timing of
peak precipitation in FLAT lags that of CTL by about an hour in the absence of
orographic lifting. Also, the peak of HADV in CTL shifts from 1600 LST to 1900 LST
in FLAT. Figure 4.7c shows the difference between FLAT and CTL for all terms in
Figure 4.7a. When the precipitation difference is largest (1400 LST, -6.4 mm day-1), the
discrepancy is primarily attributed by VADV (-4.76 mm day-1) and HADV (-1.69 mm
day-1).
The decrease in precipitation in the FLAT is most prominent over areas with higher
topography in CTL (Figure 4.7, right panels). For land with topographic elevation above
1000 m, the amplitude of precipitation in CTL (Figure 4.7b, solid blue) is much stronger
than when the entire land area is considered (Figure 4.7a, solid blue). The decrease in
precipitation in the absence of topography is also much higher (Figure 4.7b, dashed blue)
compared to CTL (Figure 4.7b, solid blue). The absence of topography eventually leads
the precipitation decrease from 24.02 mm day-1 in CTL to 12.03 mm day-1 in FLAT. The
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HADV and VADV follow the fluctuation of the precipitation (8.00 mm day-1 to 3.09 mm
day-1 in HADV, 14.36 mm day-1 to 7.20 mm day-1 in VADV). The phase of moisture

Figure 4.7 The diurnal cycle of moisture budget terms over (a) all land points, and (b)
land points above 1000 m topography. The budget terms are: precipitation (PCP, blue),
local tendency (LT, purple), evaporation (EVA, grey), horizontal moisture advection
(HADV, green), vertical moisture advection (VADV, red) and residual (Residual, black)
for CTL (solid line) and FLAT (dotted line). (c) and (d) are the same as (a) and (b), but for
FLAT minus CTL. The range in Y-axis in (c) and (d) are different from that in (a) and (b).
(e) and (f) are the barplot of mean diurnal cycle values in each terms (blue for CTL and
red for FLAT) and their differences (white). Unit in mm day-1.
budget terms in FLAT displays a lag as was seen in precipitation (Figure 4.2) implying
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that topography not only impact the magnitude of precipitation, but also its timing over
land.

Table 4.3 Mean VADV and HADV over all land and land above 1000 m for CTL and
FLAT for below PBL and above PBL. Unit in mm day-1.
VADV/HADV Simulation

CTLBelowPBL

CTLAbovePBL

FLATBelowPBL FLAT AbovePBL

VADV in all land

4.09

1.34

3.68

1.02

VADV in topo above 1000 m

10.59

3.76

5.64

1.55

HADV in all land

1.80

0.53

2.50

0.46

HADV in topo above 1000 m

3.10

0.92

2.96

0.55

The maximum precipitation difference in land point over 1000 m topography is 41 mm
day-1 (Figure 4.7d). The difference in precipitation is negative from 0700 to 1900 LST,
which is primarily contributed by VADV and HADV. For land points over 1000 m, the
HADV term becomes the primary term after 1900 LST. Figure 4.7e-f and Table 4.3
summarize the budget terms for mean diurnal cycle.

4.3.4 Change in HADV and VADV below/above PBL
To further estimate the variation of VADV, we separate the column integrated
VADV into 1) below planetary boundary layer (PBL) part and 2) above planetary
boundary layer part for both all land and land above 1000 m in Figure 4.8. The results
suggest that the major part of VADV is contributed from the PBL. However, the
difference in VADV below PBL for CTL and FLAT is much smaller over all land (Figure
4.8a, c) than the difference in VADV below PBL for CTL and FLAT in land above 1000
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m (Figure 4.8b, d). The HADV shares similar features (Figure 4.9). The results are
summarized in Table 4.3.

Figure 4.8 Diurnal cycle of VADV below PBL height part (solid line) and above PBL
height part (dotted dash line) between CTL (red) and FLAT (blue) for (a) All land and (b)
Land above 1000 m. Unit in mm day-1.

4.3.5 Change in moisture budget due to background winds
Observations have confirmed that the existence of intraseasonal variability is able to
modulate precipitation (Bertherton et al 2004; Back and Bretherton 2005; Peters et al.
2009). During the passage of MJO, the lower-tropospheric zonal wind changed from
easterlies to westerlies (Alaka and Maloney 2012; Peatman et al. 2014; Ren et al. 2019;
Wang et al. 2019). As a result,the intraseasonal variability and background state wind:
the intraseasonal variability appears in the presence of strong (weak) westerly (easterly)
with heavy precipitation (Slingo et al. 1996; Maloney et al. 2010; Inness and Slingo
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2003, Ren et al.)

Figure 4.9 Same as Figure 4.8 but for HADV.

. The time-longitude diagrams of zonal wind anomalies at 850 hPa (Figure 4.10) clearly
show that the transition from easterlies to westerlies in reanalysis (Figure 4.10a) is well
captured by both CTL (Figure 4.10b) and FLAT (Figure 4.10c), with a slightly stronger
amplitude in FLAT. Figure 4.10d-f further presents the transition of background winds.
The easterly and westerly background winds in both observation and simulations are
observed over MC as: 1-16 April for easterly and 16-30 April for westerly over MC. The
diurnal cycle of precipitation is stronger during easterly background winds (Figure 4.11a)
than westerly background winds (Figure 4.11b), which is consistent with previous
studies (Birch et al., 2016; Oh et al., 2012; Peatman et al., 2014; Rauniyar and Walsh,
2011; Sakaeda et al., 2017; Vincent & Lane, 2017; Wei et al. 2020). However, some
other studies have argued that the diurnal cycle of precipitation can be enhanced in
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Figure 4.10 Time-longitude diagrams (averaged over 10°S-10°N) of daily anomalies of
zonal winds at 850 hPa from the (a) ERA-Interim, (b) CTL, and (c) FLAT. Unit in m s-1.
(d-f) are the area-averaged (90°-160°E, 10°S-10°N) of U850 anomaly. Unit in m s-1.

active periods and reduced in suppressed periods of the MJO regardless of the land-sea
contrast (Chen & Houze, 1997; Sui et al., 1997; Tian et al., 2006).
During the easterly period, the precipitation is largely contributed by VADV before
1700 LST. The HADV starts to play an equal role compared with VADV between 17002400 LST. The VADV reaches the maximum at 1400 LST, which is earlier than HADV
(1700 LST) and precipitation (1500 LST) maxima. During the westerly phase,
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precipitation has decreased from 11.4 mm day-1 in the easterly phase to 8.2 mm day-1,
which is contributed by HADV (1.0 mm day-1) and VADV (2.2 mm day-1). The timing of
maxima for HADV shifted from 1700 LST in the easterly phase to 1600 LST in the
westerly phase. For the FLAT experiment, the expected decrease in precipitation
compared with the CTL, is equally contributed by HADV and VADV during both
easterly and westerly phases. The difference between CTL and FLAT in moisture budget
terms demonstrates that the difference of VADV almost follows the difference of
precipitation in both easterly and westerly phase except that HADV becomes more
significant after 1600 LST in the easterly phase, which is due to that the sea-breeze
converge from the coast toward to the center of each island in the afternoon.
For areas with topographic height above 1000 m (Figure 4.12), precipitation
undergoes similar diurnal variation from easterly to westerly but with relatively smaller
magnitude (decrease in 3.20 mm day-1 in CTL for all land versus decrease in 1.5 mm
day-1 in CTL for land above 1000 m) from easterly to westerly compared with
precipitation in all land (Figure 4.12a, b). However, the diurnal cycle of other moisture
budget terms almost retains their characteristics but with smaller amplitude during the
change of background winds in CTL. For the FLAT experiment, the timing of HADV
maxima shifted from 1300 LST during easterly to 1800 LST during westerly, indicating
possible influence from topography on the timing of moisture convergence. Further
difference figure (Figure 4.12c) has confirmed the shifting in HADV. The averaged
moisture budget terms over the diurnal cycle presents the variation of each term when
topography is removed during easterly and westerly (Figure 4.12).
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Figure 4.11 Same as Figure 4.7 but for (a) easterly phase and (b) westerly phase. Bottom
panels are for FLAT minus CTL for (c) easterly and (d) westerly phase.

4.4 Discussion and summary
To understand the role of topography on the diurnal cycle of precipitation in the MC
during an MJO event in April 2009, two cloud permitting simulations were conducted.
The control (CTL) simulation used true topographic height (CTL), whereas, the FLAT
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Figure 4.12 Same as Figure 4.11 but for land areas with above 1000 m points.

simulation was conducted without topography. The diurnal cycle

of

observed

precipitation is well simulated in the CTL, although the CTL overestimated over land and
underestimated over the ocean. The higher precipitation over land in the CTL than
observation is also accompanied by the earlier onset of model convection than
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observation and is similar to results from other studies (Byran et al. 2003; Caine et al.
2013; Bhatt et al. 2016; Vincent and Lane 2018; Argüeso et al. 2019). For example, Wang
et al. (2007) demonstrated that the phase of the diurnal cycle can be delayed in the model
by adding the entrainment/detrainment rates in the convective scheme. They argued that
the bias in the convection phase over land is not only dependent on the model gridspacing but also dependent on other processes in the model. Whether our CTL simulation
will improve with higher grid-spacing needs to be seen in the future, although, studies
have found that with increased resolution, the overall improvement in the timing of
maximum precipitation was not significant (Aldrian et al. 2004; Bhatt et al. 2016; Li et al.
2017). The main results of this chapter are the following:
(1) Topography plays a significant role in the timing, intensity, and location of
precipitation and its diurnal cycle over islands of MC. In the absence of topography
(FLAT), the mean precipitation becomes weaker, and the maximum diurnal precipitation
is delayed due to the lack of orographic lifting. Further analysis showed that the areas
above 1000 m were impacted most concerning precipitation and its diurnal cycle by the
topography. The impact of topography on precipitation over individual islands is strong
over Borneo and New Guinea, but is weak over Sumatra islands, possibly due to the
topography being the lowest over Sumatra.
(2) To understand the physical processes through which topography exerts an impact
on precipitation, a moisture budget analysis was conducted. This analysis showed that the
precipitation is primarily contributed by HADV and VADV by 30% and 50% over all
land. For topography above 1000 m, the contribution to precipitation is similar (33% by
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HADV and 59% by VADV). In the absence of topography, the timing and magnitude of
HADV and VADV are both affected. The timing of peak precipitation in FLAT lags that
of CTL by about an hour in the absence of orographic lifting. The peak of HADV in CTL
has shifted from 1600 to 1900 LST in FLAT. When precipitation difference (FLAT - CTL)
is largest (6.4 mm day-1), the contribution of HADV and VADV is about -4.76 mm day-1
and -1.69 mm day-1. Over higher topography levels (>1000 m), the decrease in
precipitation in FLAT is evident also. The absence of topography drives the decrease in
precipitation by about 50% (24.02 mm day-1 in CTL to 12.03 mm day-1 in FLAT). The
HADV and VADV show similar patterns as that of precipitation. The HADV term also
became the primary term after 1900 LST.
(3) The HADV and VADV on levels below and above PBL height can be
summarized in Table 3.4 and in Figure 4.13: without topography, the HADV decreases
about 16% below PBL and 25% above PBL. The VADV decreases 10% below PBL and
23% above PBL.
(4) The diurnal cycle of precipitation is stronger during easterly background winds
than westerly background winds, which agrees with past studies (Peatman et al., 2014;
Vincent & Lane, 2017; Wei et al. 2020). In the absence of topography, the expected
decrease in precipitation compared with CTL is equally contributed by HADV and VADV
during both easterly and westerly phases. The difference between CTL and FLAT in
moisture budget terms demonstrates that the difference in VADV almost follows the
difference in precipitation in both easterly and westerly phase except that HADV
becomes more significant after 1600 LST in the easterly phase, which is due to the that
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the sea-breeze convergence from the coast toward to the center of each island in the
afternoon.

Figure 4.13 Schematic diagram demonstrating the impact of topography on HADV (red
arrow) and VADV (blue arrow) between 1200 to 1800 LST for (a-c) CTL (with
topography) and (d-f) FLAT (without topography) simulations. The size of arrows
indicates the magnitude of HADV and VADV and numbers show the change compared
with CTL. The gray shading of the clouds represent the relative magnitude of
precipitation, whereas the darker color shows stronger precipitation. (g) Overall change in
HADV and VADV below PBL and above PBL.
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Chapter 5
Role of land-sea contrast on precipitation over
Maritime Continent
5.1 Background
As introduced in Chapter 1, the land-sea contrast and topography in the MC have
been found to influence the amplitude and propagation of the MJO (Hsu and Lee 2005;
Wu and Hsu 2009; Sobel et al. 2010; Ray et al. 2011; Ajayamohan et al. 2013; Hagos et al.
2016; Tseng et al. 2017; Tan et al. 2018; Ahn et al. 2020). Inness and Slingo (2006)
demonstrated that when the MJO crosses the MC, it may split into two parts: one moving
northward and the other moving southward. Eventually, the MJO is disrupted or
completely diminished (Kim et al. 2014; Feng et al. 2015; Zhang and Ling 2017). The
MC landmass can also limit the air-sea interaction, with zonal land-sea gradients of
surface latent heat flux slowing the eastward propagation of the MJO (Tseng et al. 2015).
The complex land-sea contrast and topography in the MC are able to produce effects
on the prominent tropical phenomenon such as MJO (Hsu and Lee 2015; Inness and
Slingo 2006; Wu and Hsu 2009; Kim et al. 2017; Zhang and Ling 2017). Topography is
able to block the eastward propagation of the low-level Kelvin wave signals embedded in
the MJO (Hsu and Lee 2005; Inness and Slingo 2006; Wu and Hsu 2009; Zhang and Ling
2017). The island masses can possibly reduce the air-sea interaction, hence enhance the
eastward propagation speed of the MJO (Flatau et al. 1997; Klingaman and Woolnough
2013; Sobel et al. 2010; Takasuka et al. 2015; Tseng et al. 2015). The decrease of the
precipitation and its diurnal cycle during the propagation over the MC drains less moist
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static energy, which is the essential element to trigger both diurnal and intraseasonal
convection. Thus, the presence of the precipitation and its diurnal cycle could play a
marked role in weakening the MJO in model simulation (Blade and Hartmann 1993; Oh
et al. 2012; 2013).
Despite the known influence of land-sea contrast, topography, and the competition
for moisture and convection among different islands in the MC (e.g., Qian 2007;
Rauniyar and Walsh 2011; Peatman et al. 2014; Birch et al. 2016), studies have rarely
explored the role of an individual island in the MC on the precipitation over the
surrounding islands during MJO propagation. On the other hand, previous studies have
demonstrated that the forcing from upstream is important for triggering new convection
(e.g., Lau and Peng 1987, Seo and Kim 2003, Matthews 2008). In this Chapter, we
explore the role of land convection on the large-scale circulation background and how
this change in circulation may impact precipitation over neighboring islands. Others have
explored the land-sea breeze and mountain breeze circulations (e.g., Simpson et al. 1993;
Yang and Slingo 2001; Qian 2007, 2019) in response to land convection.
Previous studies have also demonstrated that forcing from upstream is important for
triggering new convection associated with the MJO (e.g., Lau and Peng 1987; Seo and
Kim 2003; Matthews 2008). Others have explored the land-sea breeze and mountain
breeze circulations (e.g., Simpson et al. 1993; Yang and Slingo 2001; Qian 2007, 2019) in
response to land convection. Despite the known influence of land-sea contrast,
topography, and the competition for moisture and convection among different islands in
the MC (e.g., Qian 2007; Rauniyar and Walsh 2011; Peatman et al. 2014; Birch et al.
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2016), no studies have explored the role of an individual island group in the MC on the
precipitation over the surrounding islands during MJO propagation. In this chapter, we
examine the role of land convection on large-scale circulation and how this change in
circulation may impact precipitation over neighboring islands. We specifically focus on
periods with lower-tropospheric westerly winds in the MC that are commonly associated
with MJO propagation (e.g., Moum et al. 2014).

Figure 5.1 (a) Topography (in m), (b) cross section of maximum topography height over
10°S-10°N from global multi-resolution terrain elevation (GMTED, red line), model
(blue line), and difference (CTL minus GMTED, black line), (c) Time-longitude diagrams
of positive daily anomalies of zonal winds at 850 hPa (U850, contour levels in 0 and 3 m
s-1) from the ERA-Interim, and precipitation (shaded, mm day-1) from the CMORPH,
both averaged over 10°S-10°N.

There are two main motivations behind this part of the study: (1) to understand the
variability of MJO-related precipitation, and (2) to understand the distribution of
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climatological precipitation in the MC due to the presence of individual islands. These
two aspects, however, are not independent of each other. Specifically, recent work by
Kerns and Chen (2020) suggested that the MJO contributes about 40-50% of the annual
precipitation over the tropical Indo-Pacific warm pool. Therefore, MJO-related
precipitation variability is expected to affect the mean precipitation in the MC. On the
other hand, the role of the mean state on MJO variability is well established (e.g., Zhang
and Dong 2004). The rest of the Chapter is organized as follows: model, data, and
methods are discussed in 5.2, followed by results in section 5.3, and a summary in section
5.4.

5.2 Simulation design
The MJO in this study is analyzed using the WRF version 3.8.1, which is a fully
compressible, terrain-following model. The simulations are conducted with a one-way
nested configuration. The simulations have 41 sigma levels with 9 levels in the lowest 1
km, and the model top is at 10 hPa. The integration time step for all simulations is 60
seconds. The model output is saved every hour. The horizontal grid-spacing of the model
is 12 km and has 794 x 363 horizontal points, which covers the entire MC (80°-160°E,
20°S-20°N).
To quantify the role of land-sea contrast of the individual islands, four experiments
are conducted (Table 5.1): a control simulation (CTL) with realistic topography (see
Figure 5.1b) that serves as a benchmark to be compared with the sensitivity experiments,
and three sensitivity experiments that involve the land removal (and replacement with
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water) of Sumatra and Java (E1L), Borneo and Sulawesi (E2L), and New Guinea (E3L)
islands. The SSTs for the removed islands were generated by interpolating from nearby
oceanic grid points to fill the space previously occupied by land. The differences in
precipitation between the land-removal experiments and the CTL simulation are
interpreted as estimates of the influence of each removed island group. All the
experiments are conducted from April 1 to April 30, 2009, using the same initial and
boundary conditions with the same model domain and parameterizations. The reasons for
choosing this time period are described in section 2.2.

Table 5.1 The description of simulations and their purposes for Chapter 5. All simulations
have horizontal resolutions of 12 km and were conducted over the MC region for April
2009.
Experiments
Description
Purpose
CTL
Simulation with cumulus
To explore the model’s
parameterization
ability to capture the
precipitation in
lower-resolution simulation
Removal Sumatra islands
Same as CTL, but remove
To explore the role of
(E1L)
Sumatra and Java islands to Sumatra islands on other
water
islands precipitation during
the propagation of MJO
Remove Borneo and
Same as CTL, but remove
To explore the role of
Sulawesi islands (E2L)
Borneo and Sulawesi islands Borneo and Sulawesi
to water
islands on other islands
precipitation during the
propagation of MJO
Remove New Guinea
Same as CTL, but remove
To explore the role of New
islands
New Guinea island to water Guinea islands on other
(E3L)
islands precipitation during
the propagation of MJO

5.3 Results
5.3.1 Large-scale structure validation
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The observed precipitation during April 2009 shows a wide maximum over the tropical
warm pool area, with the InterTropical Convergence Zone (ITCZ) between the equator
and 10°N (Figure 5.2a). There are notable maxima in precipitation over islands of Borneo
and New Guinea, and near the southern part of Sumatra. The CTL simulation captures
this distribution (Figure 5.2c), although it underestimates precipitation over the ocean
(4.52 mm day-1 in CTL and 5.66 mm day-1 in observation) and overestimates over the
islands (9.92 mm day-1 in CTL and 7.66 mm day-1 in observation). The overestimation
over the islands in CTL shows spatially widespread precipitation instead of being
confined to specific regions as seen in observations. This is likely due to the convective
scheme that readily triggers over land thus producing higher precipitation. The observed
precipitation over Borneo shows a dipolar pattern (drier in the east half and wetter in the
west half; Qian 2019; Wei et al. 2020) that is partly captured in the CTL simulation. On
the other hand, a dry bias is noticed over the ocean, with a much smoother ITCZ structure
over the western Pacific Ocean and a noticeably dry bias over the eastern Indian Ocean.
Similar precipitation bias has been found in previous studies (e.g., Gianotti et al. 2012;
Kwan et al. 2013; Birch et al. 2016; Leutwyler et al. 2017; Im and Elthair 2018; Argüeso
et al. 2019). In particular, the dry bias over the ocean is evidently a characteristic problem
of models (Love et al. 2012). Argüeso et al. (2019) found that the improvement using
higher model resolution was limited when simulated over a large domain in the MC, but
the considerable improvement was achieved over areas with higher topography (>=1000
m) at 2-km resolution. One should also note that the satellite observations have their own
bias as well (Yilmaz et al. 2005; Ebert et al. 2007; Huffman et al. 2007; Skok et al. 2016;
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Vincent and Lance 2016). For example, Hassim et al. (2016) compared the model
simulation with ground-based radar and found that the model matched well with the radar,
suggesting that at least some discrepancy may come from the lag in the satellite data (e.g.,
Rauniyar and Walsh 2013; Kikuchi and Wang 2008).

Figure 5.2 (left) Mean precipitation (mm day-1, shaded) and horizontal winds (m s-1,
vector) at 850 hPa from the (a) observations (CMORPH and ERA-Interim), (c) CTL
simulation and (e) their difference (CTL minus observations) for April 2009. The right
panels are mean precipitable water (PWAT, mm, shaded) and winds at 10-m (m s-1,
contour) from the (b) observations (MODIS Level 3 atmospheric products and ERAInterim), (d) CTL simulation and (f) CTL minus observation.

The most distinct difference in horizontal winds at 850 hPa between the CTL and
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reanalysis occurs to the west of Sumatra, north of Borneo, and New Guinea, where the
CTL shows stronger winds (Figure 5.2e). The precipitable water (PWAT) in the CTL
experiment (Figure 5.2d) is similar to the observations from MODIS (Figure 5.2b), but a
dry bias exists over the off-equatorial western Pacific Ocean north of 5°N (Figure 5.2f).
There is a wet bias over the eastern Indian Ocean and central MC possibly due to
moisture advection that modifies the localized PWAT . The mean 10-m wind in the
reanalysis is fairly well captured in the CTL simulation also (Figure 5.2, right panels). In
general, however, the bias in easterlies is larger over the western Pacific Ocean, possibly
due to the use of coarse horizontal resolution (e.g., Tan et al. 2020), the model domain not
big enough to accommodate Rossby gyres (e.g., Ray et al. 2012), or to the lack of air-sea
interactions (e.g. Flatau et al. 1997; Sobel et al. 2010; Zhou et al. 2020), among others.
The bias in precipitation over smaller islands like Java (1.94 mm day-1) and Sulawesi
(2.21 mm day-1)

is perhaps

because these islands are under-resolved in the model.

During the MJO propagation through MC, the observed transition from easterly to
westerly winds at 850 hPa is well simulated in all experiments (Figure 5.3), providing
confidence in studying the variation in precipitation in these sensitivity experiments. The
bias in winds at 850 hPa and at the surface is prominent in the eastern Indian Ocean.
Whether this discrepancy is caused by the model physics or lower spatial resolution will
require further investigation.
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Figure 5.3 Time-longitude diagrams (averaged over 10°S-10°N) of daily anomalies of
zonal winds at 850 hPa (contours, only 0 and 3 m s-1 are shown) and precipitation
anomaly (shaded, mm day-1) from the (a) CTL, (b) E1L, (c) E2L and (d) E3L.

The easterly and westerly phases (anomaly winds) in models (Figure 5.3) are well
simulated when compared with observations (Figure 5.1c). The transition of zonal winds
at 850 hPa from easterly anomalies to westerly anomalies, and of precipitation anomalies
from negative to positive, indicates the arrival of MJO in the MC and is consistent with
the outgoing longwave radiation-based MJO index (OMI, Kiladis et al. 2014). The
positive anomalies in U850 and precipitation propagated eastward during the MJO event,
with interruptions by the landmass indicating the influence of the islands. The eastwardpropagating westerlies at 850 hPa are evident in both reanalysis (Figure 5.1c) and
simulations (Figure 5.3). The eastward propagation of the simulated precipitation,
however, is faster than observations. This common concern in WRF simulations of the
MJO indicates a deficiency of the coupling between the circulation and convection in the
model compared to observations (e.g., Lin et al. 2006; Ray et al. 2009; Hagos and Leung,
2011; Holloway et al. 2013; Hung et al. 2013; Wang and Sobel 2014). The easterly and
westerly phases in observations during April are recognized as: 1-13 for easterly and
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14-30 for westerly over Sumatra; 1-15 for easterly and 16-30 for westerly over Borneo;
and 1-17 for easterly and 18-30 for westerly over New Guinea. The easterly and westerly
phases considered in April 2009 in model simulations areas are 1-10 for easterly and 1126 for westerly over Sumatra; 1-11 for easterly and 12-26 for westerly over Borneo; and
1-13 for easterly and 14-26 for westerly over New Guinea. The above dates from model
simulations differ slightly from the reanalysis winds (Figure 5.1c) due to small differences
between the observations and simulations. Adjusting these dates does not change the
results or conclusions in the paper.

5.3.2 Precipitation pattern over removed islands and its surrounding islands
The precipitation over islands, water, and the entire MC for each experiment (Figure
5.4) illustrates that removal of Borneo has the largest impact on precipitation: a decrease
from 12.3 mm day-1 to 8.5 mm day-1 over the land, and 5.2 mm day-1 to 4.1 mm day-1 over
the ocean. Although New Guinea is the largest island in the MC, its removal does not
invoke the strongest precipitation response. This suggests that the island size alone does
not play a key role in the total precipitation.
During the background lower-tropospheric easterlies, the CTL simulation shows
strong precipitation over Sumatra and Borneo islands (Figure 5.5a). Removal of
individual islands causes changes in precipitation over the neighboring islands (Figure
5.5c, e, g). For example, when Borneo is removed (E2L), precipitation over Sumatra is
reduced (Figure 5.5e). Similarly, when New Guinea is removed (E3L), precipitation over
Sumatra and Borneo is reduced (Figure 5.5g). Both E2L and E3L experiments indicate
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that precipitation decreases to the west of the removed island in the presence of easterlies.
Moreover, the easterlies between Sumatra and Borneo become stronger in the E2L
(removal of Borneo) than in the CTL simulation. Thus, a systematic reduction in
precipitation over an island to the west of the removed island occurs in the presence of
background easterlies, but there is no systematic pattern in precipitation to the east of the
removed island (Table 5.2).

Figure 5.4 Precipitation over land (blue), ocean (red) and entire MC (green) from the CTL
(control), E1L (removal of Sumatra), E2L (removal of Borneo), and E3L (removal of
New Guinea) for April 2009. Unit in mm day-1.

During the westerly lower-tropospheric winds associated with MJO (Figure 5.5d, f, h),
the pattern in precipitation change is distinct and systematic: when an island in the MC is
removed, the islands to its east receive more precipitation, and the islands to its west
receive less precipitation. When the islands are removed, the westerlies become stronger
to the east of the removed islands. For example, in the absence of Sumatra (E1L), the
stronger westerlies between Sumatra and Borneo (Figure 5.5d) cause more precipitation
over Borneo compared to CTL. The Froude number is smaller (Fr < 0.2) for both westerly
and easterly phases over Sumatra, which is consistent with earlier results (e.g. , Qian
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2019; Riley Dellaripa et al. 2019). This low Fr indicates that the flow from the west or the
east is unable to pass over the Sumatra mountains (Figure 5.5d).

Figure 5.5 Precipitation (mm day-1, shaded) and horizontal winds at 850 hPa (m s-1,
vector) from the (a) CTL, (c) E1L (removal of Sumatra) minus CTL, (e) E2L (removal of
Borneo) minus CTL and (g) E3L (removal of New Guinea) minus CTL during the
easterly (E) anomaly period. Right panels (b, d, f, h) are during the westerly (W) anomaly
period. The removed islands are plotted with lighter black lines.

During the westerly phase when Sumatra is removed (E1L), the lack of land convection
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over Sumatra and the lack of blocking by land and topography leads to an increase in
westerlies to the east of Sumatra (Figure 5.5d). However, the flow pattern to the west of
Sumatra is more complex. Evidently the wind response due to lack of land convection
over Sumatra cancels the blocking effect. The extent to which this flow pattern is
modulated by the diurnal cycle needs to be investigated in the future.

Table 5.2 Precipitation change (%) in sensitivity experiments compared with CTL
simulation over individual islands during easterly (E) and westerly (W) lowertropospheric winds. The upward arrows show increase and downward arrows show
decrease in precipitation. The percentage represents the change in precipitation compared
to the CTL simulation (red/blue presents increase/decrease), and the bold percentage
shows when the change in precipitation is statistically significant at 95% confidence limit
using a Student’s t-test. The magnitude of change in precipitation can be found in Figure
5.7 and 5.8.

Similarly, when Borneo is removed (E2L), the stronger westerlies between Borneo
and New Guinea (Figure 5.5f), increase the precipitation over New Guinea. On the other
hand, easterlies between Sumatra and Borneo lead to a reduction of precipitation over
Sumatra (Figure 5.5f). In the absence of New Guinea (E3L), anomalous easterlies
between Sumatra and New Guinea decrease precipitation over both Sumatra and Borneo
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(Figure 5.5h).
The patterns in precipitation in these sensitivity experiments relative to the control
are summarized in Table 5.2. Clearly, there is a systematic pattern in change in
precipitation during the westerlies: removal of an island increases precipitation over an
island located to its east, whereas precipitation decreases over an island located to its west.
This behavior is consistent with the response in circulation to heating in the tropics (e.g.,
Matsuno 1966; Gill 1980) that generates

Rossby waves to the west of the heating

accompanied by lower-tropospheric westerlies, and Kelvin waves to the east
accompanied by easterlies (e.g., Rui and Wang 1990). In the absence of latent heating, for
example over Borneo when Borneo is removed (E2L), the westerlies become weaker to
the west, and the easterlies become weaker to the east (Figure 5.5f). As a result,
precipitation over Sumatra decreases, and precipitation over New Guinea increases in the
absence of Borneo because tropical convection is preferred in the presence of background
westerlies (see section 4). To understand the underlying processes that lead to this
precipitation pattern over islands during background westerlies during MJO propagation
and during background easterlies prior to MJO arrival, we conduct a moisture budget
analysis as follows.

5.3.3 Moisture budget analysis over individual islands
We use a column-integrated moisture budget analysis to analyze the role of
individual islands on precipitation over other islands. When an island is replaced with
water, the precipitation over the removed island decreases substantially compared to the
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CTL simulation due to a decrease in VADV and HADV (Figure 5.6). For example,
during the easterly phase, the precipitation decreased from 17 mm day-1 in CTL to 2.4
mm day-1 in E2L over Borneo due to a decrease in VADV (11.9 to 1.97 mm day-1) and
HADV (3.6 to -0.4 mm day-1). Interestingly, evaporation also decreased from 1.51 to
0.80 mm day-1) in E2L during the easterly phase due to a decrease in winds over the
removed island.

Figure 5.6 (top) Moisture budget for the CTL (white), E1L (blue) and E1L minus CTL
(black) over Sumatra during (a) easterly (E) and (b) westerly (W) phases. The middle
panels (c,d) are for CTL and E2L (red bar) over Borneo and the bottom panels (e,f) are
for CTL and E3L (green bar) over New Guinea. Unit in mm day-1.

89

Figure 5.7 (a) Graphical representation of the numerical experiment E1L (removal of
Sumatra, blue bar). (b) The column-integrated (1000-100 hPa) moisture budget terms for
E1L minus CTL over Borneo and (c) New Guinea. The middle panels are for the
experiment E2L (removal of Borneo, red bar), and the bottom panels are for E3L
(removal of New Guinea, green bar). All are during period of background easterlies, the
exact timing of which can be found in text. The terms P, E, V, H, and R represent
precipitation, evaporation, vertical moisture advection (VADV), horizontal moisture
advection (HADV) and residual, respectively. The shadings in (a), (e) and (i) show
topography (see Figure 5.1a for topographic height). Unit for bar charts: mm day-1.

During the easterly phase (Figure 5.7), horizontal wind-induced vertical uplift (i.e.,
vertical advection) is smaller due to divergence of the winds due to Coriolis. The
increase in easterlies may, however, increase the horizontal advection of moisture and
evaporation, but their magnitudes are found to be smaller compared to the vertical
advection of moisture. As an overall result, a small change in vertical advection can
compensate for a larger change in other terms in the moisture budget. Taking E2L
(removal of Borneo) as an example: during the easterly phase, the difference in
precipitation between the CTL and E2L over Sumatra islands are -2 mm day-1 (E2L
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minus CTL), which is balanced by evaporation (-0.75 mm day-1), VADV (-2 mm day-1)
and HADV (0.91 mm day-1). The increase in HADV is due to increased winds, and the
decrease in evaporation is due to a decline in the sea-air humidity difference even in the
presence of increased easterlies. Similarly, while an increase in easterlies (see Figure
5.5e between Sumatra and Borneo) leads to an increase in HADV, it does not increase
VADV because of the divergence by Coriolis. These results are similar in E3L (removal
of New Guinea) during easterlies, except for the HADV term, which decreases over both
Sumatra and Borneo. This decline in HADV is due to a decrease in the horizontal
gradient in humidity (8q).
8x

Figure 5.8 Same as Figure 5.7 but during the background westerlies.

During the background westerlies (Figure 5.8), precipitation over an island
increases when adjacent islands to its west
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are removed; precipitation over an island

decreases as adjacent islands to its east are removed. An increase in precipitation
compared with CTL over the islands during MJO-associated westerly winds is due to the
increase of VADV. When islands have less precipitation during the westerly phase, the
contributions are from VADV and evaporation. For example, during the westerly phase
in E1L, precipitation over Borneo and New Guinea islands increases by 6% (1 mm day-1)
and 14% (1.59 mm day-1). However, the change in precipitation over Borneo was not
statistically significant at the 95% confidence level based on the Student’s t-test. In the
absence of Borneo (E2L), 12% (1.55 mm day-1) decrease in precipitation over the
Sumatra islands (Figure 5.8d) and 27% (3.15 mm day-1) increase in precipitation over
the New Guinea islands (Figure 5.8f) were mostly due to VADV, and these changes in
precipitation were found to be statistically significant. The absence of New Guinea
islands (E3L) causes precipitation decrease over Borneo by 21% (3.33 mm day-1)
(Figure 5.8h) and over Sumatra by 13% (1.64 mm day-1) (Figure 5.8g) due to a decrease
in VADV and evaporation. This indicates that in the absence of islands, the precipitation
variation during MJO-associated westerlies is strongly linked to VADV and is clearer in
E2L than E1L. This is possibly because Sumatra being smaller than Borneo may not
excite a large-scale response as strong as Borneo. Also, note that the precipitation over
land in the MC decreases by 16%, 33% and 25% in E1L, E2L and E3L experiments,
respectively.
The extent to which the change in precipitation over the surrounding islands due to
lack of land-convection over a removed island is a direct result from change in largescale circulations, or an indirect result from change in local circulations (e.g.,
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land-sea breeze), or due to upscale transport by organized convection that affect the MJO
itself (e.g., Moncrieff 2019) would be topics of interest in the future. One of the main
issues in our coarse resolution simulation is that they may not be able to faithfully
capture the land-sea breeze that controls the diurnal cycle of precipitation, leading to
bias in the simulated diurnal cycle of precipitation in the model (not shown). This is
certain to impact the diurnal gravity waves which are excited and maintained directly by
latent heating from mesoscale convective systems over land (Ruppert et al. 2020).
Ruppert and Zhang (2019) speculated that the synchronized diurnal forcing of Sumatra
and Borneo due to their proximity benefits stronger gravity wave response compared to
if the islands were isolated. The absence of topography has only a secondary impact on
the mesoscale convective systems and gravity waves (Ruppert and Chen, 2020)

5.4 Discussion and summary
The role of land-sea contrast on an MJO event during April 2009 in the MC is
explored during both easterly and westerly background winds using four numerical
experiments: a control simulation (CTL) and simulations without the islands of Sumatra
(E1L), Borneo (E2L), and New Guinea (E3L). To explain the role of land-sea contrast on
precipitation during the easterly and westerly winds, a moisture budget analysis is
conducted over three major islands in the MC: Sumatra, Borneo and Sulawesi, and New
Guinea. The main results of this chapter are:
(1) In the presence of background lower-tropospheric easterlies, precipitation
decreases in the islands to the west of the removed island due to increased moisture
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divergence generated by the easterlies. In the absence of surface friction and reduced
latent heating of condensation due to reduced precipitation, easterlies become stronger,
leading to a decrease in vertical/horizontal moisture advection (E2L and E3L) and
precipitation over the islands to the west of the removed island. On the other hand, the
divergence of the winds due to Coriolis induces less vertical advection. The reduction in
precipitation over the removed land stems from decreased surface heating from incoming
solar radiation and the larger heat capacity of water.
(2) During the westerly lower-tropospheric winds associated with the MJO, the
change in precipitation over land is distinct and systematic: when an MC island is
removed, the islands to its east receive more precipitation and the islands to its west have
less precipitation (Table 5.2 and Figure 5.9) for two reasons. First, in the absence of
friction and obstruction over land and its topography, the westerlies become stronger to
the east of the removed island (Figure 5.9b). Second, the decrease in latent heating over
the removed island due to decrease in precipitation decreases the westerly anomaly to the
west, and easterly anomaly to the east follows the classic theory of Gill (1980). The above
processes lead to an increase in westerlies to the east resulting in increased vertical
advection of moisture and an increase in precipitation (Figure 5.8) by about 16% on
average over the islands to the east of the removed island (Figure 5.9b). On the other
hand, a decrease in westerlies to the west of the removed island leads to a decrease in
precipitation (about 10% over MC, Figure 5.9b). Note that the near-equatorial convection
is preferred over the background westerlies because Coriolis force increases the westerly
convergence (Figure 5.9c).
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Figure 5.9 (a) Schematic of precipitation over three islands located along the equator
during the MJO propagation with background lower-tropospheric westerly winds (shown
by the blue arrows). (b) Precipitation over the three islands when the middle island is
removed. In the absence of friction and obstruction by land, and reduced latent heating
over the removed island, westerlies become stronger to the east of the removed island
leading to an increase in vertical advection of moisture (VADV) and precipitation over
the island to the east of the removed island. On the other hand, the precipitation decreases
in the island to the west of the removed island. The cloud size represents the
convection/precipitation. (c) Schematic of the mechanism of near-surface convergence in
the presence of westerlies and near-surface divergence in the presence of easterlies near
the equator. The cloud size represents the convection/precipitation. The red arrows in (c)
denote the Ekman transport. EQ stands for equator.

Moreover, the westerlies also lead to oceanic downwelling due to Ekman transport
causing warmer SST near the equator. On the other hand, these westerlies can induce
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more ocean evaporation and upper ocean mixing, both of which contribute to SST cooling.
Additionally, the complex bathymetry in the MC also controls the SST variability. For
example, the water is shallow and warm between Java, Sumatra and Borneo, where
upwelling or mixing is not effective; whereas, the water is much deeper between Sulawesi
and New Guinea where upwelling/downwelling, and wind-driven mixing play a pivotal
role in SST variability (Kida and Richards, 2008; Iskandar 2010; Rachman et al. 2020).
Tests of these mechanisms, require a coupled ocean-atmosphere model, and that is
beyond the scope of this study. When an island is removed during surface westerlies,
changes in nearby precipitation mostly stem from changes in HADV and VADV (Figure
5.8). Increases in precipitation are mostly dominated by VADV but decrease in
precipitation are controlled by both horizontal (HADV) and vertical (VADV) moisture
advection (Figures 5.8 and 5.9).
In summary, it is known that precipitation over an island in the Maritime Continent
depends on the surrounding islands due to competition between them for moisture from
the ocean (e.g., Qian 2007). In this study, we show that this precipitation variation
depends on the background winds (easterly or westerly) because the background winds
change the physical processes that control precipitation over the islands (Figure 5.5). In
addition, westerly winds supply increased moisture. Since the precipitation and its diurnal
cycle can have an influence on the propagation of the MJO (Rauniyar and Walsh 2011,
Kanamori et al. 2012, Oh et al. 2012, Peatman et al. 2014), understanding of the role of
land-sea contrast can improve the representation of physical processes in the model.
Further studies regarding the interaction between the land-sea contrast and diurnal cycle
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of precipitation are required for better understanding and a more accurate forecast of the
MJO. One particular implication of our results is that the model bias in precipitation over
an island may come from the model bias in precipitation from surrounding islands and
their representations in the model. Therefore, higher-resolution models that can represent
better land-sea contrast and better use of high-resolution topography datasets may
improve the model simulation over the MC.
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Chapter 6
Conclusions
In this chapter, we summarize the key findings of this dissertation in section 6.1.
Further pertinent discussions are made in sec 6.2, followed by limitations and future work
in section 6.3.

6.1 Summary of key findings
We investigated the role of topography and land-sea contrast on precipitation and its
diurnal cycle during the passage of an MJO event using a regional model. The main
conclusions are the following:
(1) Role of topography on MJO precipitation in the MC: This was explored for the
April 2009 MJO event using four numerical experiments: low-resolution with (LR) and
without (LR_FLAT) topography; and high-resolution with (HR) and without (HR_FLAT)
topography. The results are published in Tan et al. (2018):
(i) In the absence of topography, vertical advection of moisture (VADV) is greater to
the east of Sumatra and to the eastern edge of the MC, leading to continuity in MJO
associated convection and precipitation compared to the simulations with topography
(Figure 3.2-3.7). The increase in vertical advection in the absence of topography is
primarily due to an increase in the mean moisture advection by the anomalous vertical
winds (Figure 3.8-3.9).
(ii) In the center of the MC (Area B in Figure 3.3a), the horizontal advection is
seemingly important for sustaining the MJO-associated convection in the absence of
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topography (Figure 3.8b). This indicates the complex nature of the MC, where the
dominant physical processes are evidently different for different parts of the region.
Further analysis of horizontal advection (HADV) over Area B shows that the change in
zonal advection is dominant in changing the HADV in the Flat simulations compared to
the simulations with topography, although the change in meridional advection cannot be
ignored during the passage of the MJO (Figure 3.10). The change in zonal advection is
found to be primarily due to the change in anomalous moisture advection by the mean
zonal winds (Figure 3.11).
(iii) In the absence of cumulus parameterization, the HR captures the MJO better than
LR, possibly because the key mesoscale processes are better represented in HR. In the
absence of topography, HR-Flat produces slightly higher precipitation to the east of the
islands. Overall, HR and HR-Flat show several similarities and differences compared to
LR and LR-Flat simulations. For example, the vertical advection is stronger in HR-Flat
than HR (similar to LR-Flat and LR) except over Area B, but the horizontal advection
plays a greater role in high-resolution simulations than low-resolution simulations (Figure
3.8). The results indicate the sensitivity due to the horizontal resolution of the model on
the MJO.
(2) Role of topography on the diurnal cycle of precipitation during MJO precipitation:
The main results are the following:
(i) Topography plays a significant role in the timing, intensity, and location of
precipitation and its diurnal cycle over the islands of MC. In the absence of topography
(FLAT), the mean precipitation becomes weaker, and the maximum diurnal precipitation
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is delayed due to the lack of orographic lifting (Figure 4.2). Further analysis showed that
the areas above 1000 m were impacted most concerning precipitation and its diurnal cycle
by the topography (Figure 4.6). The impact of topography on precipitation over individual
islands is strong over Borneo and New Guinea, but is weak over Sumatra islands,
possibly due to the lower altitude of topography over Sumatra.
(ii) To understand the physical processes through which topography exerts an impact
on precipitation, a moisture budget analysis was conducted. This analysis showed that the
precipitation is primarily contributed by HADV and VADV by 30% and 50% overall land.
For topography above 1000 m, the contribution to precipitation is larger (33% by HADV
and 59% by VADV). In the absence of topography, the timing and magnitude of HADV
and VADV are both affected. The timing of peak precipitation in FLAT lags that of CTL
by about an hour in the absence of orographic lifting (Figure 4.7). The peak of HADV in
CTL has shifted from 1600 to 1900 LST in FLAT. When precipitation difference (FLAT CTL) is largest (6.4 mm day-1), the contribution of VADV and HADV is about -4.76 mm
day-1 and -1.69 mm day-1. Over higher topography levels (>1000 m), the decrease in
precipitation in FLAT is evident also. The absence of topography drives the decrease of
precipitation by~50% (24.02 mm day-1 in CTL to 12.03 mm day-1 in FLAT, Figure 4.7a,
b). The HADV term also became the primary term after 1900 LST.
(3) Role of the island on precipitation over neighboring islands during MJO
propagation: The results were published in Tan et al. (2021).
(i) In the presence of background lower-tropospheric easterlies, precipitation
decreases in the islands to the west of the removed island (Figure 5.5, Table 5.2) due to
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increased moisture divergence generated by the easterlies. In the absence of surface
friction and reduced latent heating of condensation due to reduced precipitation, easterlies
become stronger, leading to a decrease in vertical/horizontal moisture advection (E2L and
E3L) and precipitation over the islands to the west of the removed island. On the other
hand, the divergence of the winds due to Coriolis induces less vertical advection. The
reduction in precipitation over the removed land stems from decreased surface heating
from incoming solar radiation and the larger heat capacity of water.
(ii) During the westerly lower-tropospheric winds associated with the MJO, the
change in precipitation over land is distinct and systematic: when an MC island is
removed, the islands to its east receive more precipitation and the islands to its west have
less precipitation (Figure 5.5 and Figure 5.9, Table 5.2) for two reasons. First, in the
absence of friction and obstruction over land and its topography, the westerlies become
stronger to the east of the removed island. Second, the decrease in latent heating over the
removed island due to a decrease in precipitation decreases the westerly anomaly to the
west, and easterly anomaly to the east, follows the classic theory of Gill (1980). The
above processes lead to an increase in westerlies to the east resulting in increased vertical
advection of moisture and an increase in precipitation by about 16% on average over the
islands to the east of the removed island (Figure 5.8 and Figure 5.9). On the other hand, a
decrease in westerlies to the west of the removed island leads to a decrease in
precipitation (about 10% over MC). Note that the near-equatorial convection is preferred
over the background westerlies because Coriolis force increases the westerly convergence
(Figure 5.9c)
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6.2 Further Discussion
There are some elements relevant to this dissertation that merit further discussion:
(i) Previous studies (e.g., Kim et al. 2017; Zhang and Ling 2017) have demonstrated that
most models can reproduce some aspects of the MJO characteristics, but all have some
weaknesses representing MJO features like amplitude or propagation across the MC (e.g.,
Slingo et al. 1996, Sperber et al. 1997, Jones et al. 2000). The inability of the numerical
models to correctly simulate the MJO and its propagation is primarily thought to be due
to their coarse grid-spacings that cannot resolve complex topography and due to
inadequate model physics (e.g., cumulus parameterization). In our low-resolution
simulation with topography (LR), the model yields less realistic results compared to its
high-resolution counterpart (HR). Also, many models that have problems in capturing the
MJO propagation across the MC, are able to capture MJO-like disturbances when land is
removed (e.g., Ajayamohan et al. 2013; Yoshisaki et al. 2012; Takasuka et al. 2015). Our
study shows, at least for the MJO event considered, that topography alone can inhibit
MJO propagation in low-resolution simulation using cumulus parameterization.
(ii) The implied role of land-sea contrast in this study arguably comes from both the
land surface properties and topography. In particular, a recent study by Jiang et al. (2019)
using the ERA-5 reanalysis (Hersbach et al. 2020) has shown that precipitation associated
with the MJO is collocated with the topographic features in the MC. On the other hand,
Rupert and Chen (2020), using numerical simulation, found that the basic-state forcing by
land is the only factor that substantially enhances the total rainfall amount over the
islands in the MC. Wang and Sobel (2017) found a non-monotonic relationship between
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prevailing winds and precipitation in their highly idealized islands. The thermally forced
circulation associated with the sea breeze is strong when the prevailing winds are weak,
but it weakens with increasing wind speed as horizontal advection of temperature reduces
the land–sea temperature contrast, while mechanically forced gravity waves associated
with surface inhomogeneity strengthen with wind speed. As a result, the change in the
circulation regimes with wind speed leads to the non-monotonic behavior in precipitation.
During the easterly phase, in the presence of weaker prevailing winds, the diurnal cycle in
precipitation is stronger than that during the westerly phase in the presence of stronger
prevailing winds and is particularly evident over Sumatra in our simulations. This result is
consistent with Wang and Sobel (2017). However, a decrease in precipitation diurnal
cycle is not apparent from easterly to westerly phases over Borneo and New Guinea in
both observations and model simulations, indicating that added complexity may alter the
idealized results of Wang and Sobel (2017). More work in the future is needed to fully
understand the model behavior concerning its diurnal cycle in precipitation.
(iii) We have invoked the Gill model to describe and interpret part of our results.
The spatial extent of heating over the islands is small, in particular over Sumatra, and the
Gill solution may not be well suited. Apart from the scales of heating, the Gill model also
had a number of other simplifications (e.g., linear with a simple damping term, no land,
etc.). As a result, a clear Gill response in our full physics model with topography and
other complexities is not expected. But, even with so many differences, the similarity of
our results to the Gill model is surprising. For example, Sumatra being a smaller island,
may not be able to excite a Kelvin-Rossby response that is as strong as that by Borneo.
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For example, the E2L experiment (removal of Borneo, Sulawesi, and the surrounding
islands) leads to a much stronger wind response than in E1L, presumably because the
overall size of the removed islands in E2L is much larger than that in E1L.
(iv) During the westerlies, an increase in convection over an island located to the
east of the removed island is due to the combined effect of Gill response and removal of
the physical obstacle that allows westerlies to propagate further east. The separation and
quantification of the influence of these two processes on precipitation, and how they may
be further influenced by the diurnal cycle warrants further study in the future because we
are yet to have a consensus regarding the MJO-diurnal cycle association. Some studies
have suggested that the MJO diminishes the diurnal cycle during the active phase and
enhances the diurnal cycle during the suppressed phase (Sui and Lau 1992; Sui et al. 1997;
Rauniyar and Walsh 2011). On the other hand, studies have shown that the diurnal cycle
of deep convection over land is enhanced during the active MJO compared to the
suppressed MJO phase (Tian et al. 2006; Suzuki 2009; Oh et al. 2012; Lu et al. 2019).
(v) Although we simulated a single MJO event over a short time period, our results
may help understand the distribution of climatological precipitation patterns in the MC.
For example, when Borneo (E2L) and New Guinea (E3L) are removed, the precipitation
is reduced substantially over the islands of Sumatra. This indicates that Sumatra receives
more precipitation due to the presence of Borneo and New Guinea, irrespective of
whether background winds are easterlies or westerlies. Similarly, Borneo receives less
precipitation due to the presence of Sumatra, but more precipitation due to the presence of
New Guinea. Overall, however, the influence of New Guinea on Borneo seems to be
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more dominant than Sumatra, leading to an increase in precipitation over Borneo due to
the presence of neighboring islands. On the other hand, New Guinea receives more
precipitation during easterlies and less precipitation during westerlies in Sumatra and
Borneo’s presence. Therefore, the net effect of other islands on precipitation climatology
over New Guinea depends upon the relative time-span and intensity of rainfall during the
easterlies and westerlies. This statement can be tested using similar simulations but over a
much longer period. We plan to follow this line of research in the near future.
(vi) I have also explored the role of urban landscape over Manila to understand its
role on the diurnal cycle of precipitation. However, due to the lack of ground-based data,
we could not verify the model output. Instead, we used the knowledge that we learned
from this exercise over Houston because of availability of urban datasets. This work
resulted into three papers (Brownlee et al. 2017; Tan et al. 2019; Ray et al. 2021).
In short, despite competition for moisture among neighboring islands (e.g., Qian
2007), the presence of a large number of islands in the MC provides a more conducive
environment for increased precipitation in the MC islands. Our results are consistent with
Sarr et al. (2019), who in a paleoclimate study showed that the Sunda shelf induced an
increase in the seasonal rainfall cycle over itself, with higher precipitation rates during the
transitional rainy season. The shelf’s response is characterized by the seasonal
enhancement of moisture convergence and continental precipitation driven by the land
surface’s thermal properties. Sarr et al. (2019), however, did not estimate the effect of the
Sunda shelf on neighboring islands.
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6.3 Limitations and future work
There are limitations of this study that need future investigations, and are discussed
next:
1. The role of topography on MJO precipitation:
(i) We considered one MJO event during the spring season (April 2009) when the
MJO is typically closest to the equator (Zhang and Dong 2004). This event was an activeactive (AA) event, i.e., an event that entered the MC in phase 4 with an RMM amplitude
greater than 1.0 and maintained an RMM amplitude of 1.0 or greater through its exit of
the MC in phase 5 (Barrett et al. 2018). Therefore, the extent to which our results may be
valid for other MJO events that do not propagate over the MC needs further investigation.
In particular, previous studies (e.g., Stachnik et al. 2015) have suggested that the
propagation of the MJO through the MC might be related to the strength of the MJO
itself or to the interactions between the MJO convective envelope and other tropical and
extratropical wave features. Nevertheless, the case study approach can quantify the
physical processes associated with the MJO convection that need to be better observed
and understood. Two recent field experiments (Years of the Maritime Continent, YMC;
and Propagation of IntraSeasonal Tropical Oscillation, PISTON) are anticipated to
provide further insights.
(ii) Our model has weaknesses in reproducing the MJO rain, and as such, the

sensitivity tests based on the LR and HR simulations should be treated with caution. In
particular, the possibility that the role of topography on the MJO was overestimated due
to poor simulation of the MJO rain in LR cannot be ignored. However, our results are
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consistent with other studies (e.g., Tseng et al. 2018), where low-resolution simulations
with their inadequate representation of topography combined with the deficiency from
cumulus parameterization have difficulty in simulating MJO across the MC.
(iii) The improvement in the simulated MJO in the HR compared to the LR may
come not only from the absence of cumulus parameterization but also from the better
representation of topography in higher resolution simulation. Similarly, the sensitivity of
our results to different cumulus parameterizations in the MC on the MJO is not known.
These results, however, have shown that in the absence of topography, cumulus
parameterization may have the essential physics to capture the MJO in the MC, which is
consistent with the conclusions of Dias et al. (2013).
2. The role of topography on precipitation and its diurnal cycle over land:
(i) Previous studies have shown that different land-use fractions may also play a role
in the diurnal cycle of precipitation. For flat islands, the greater surface roughness is able
to have an influence on the high wind regime, while it is much less important in the lowwind regime. This suggests that mechanical land-sea contrast is an important factor even
without topography (Peatman et al. 2014, Wang et al. 2017).
3. The role of topography on MJO precipitation:
(i) Although we simulated a single MJO event over a short time period, our results
may help understand the distribution of climatological precipitation patterns in the MC.
For example, when Borneo (E2L) and New Guinea (E3L) are removed, the precipitation
is reduced substantially over the islands of Sumatra (Figures 5.7 and 5.8, Table 5.2). This
indicates that Sumatra receives more precipitation due to the presence of Borneo and New
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Guinea, irrespective of whether background winds are easterlies or westerlies. Similarly,
Borneo receives less precipitation due to the presence of Sumatra, but more precipitation
due to the presence of New Guinea. Overall, however, the influence of New Guinea on
Borneo seems to be more dominant than Sumatra, leading to an increase in precipitation
over Borneo due to the presence of neighboring islands. On the other hand, New Guinea
receives more precipitation during easterlies and less precipitation during westerlies in
Sumatra and Borneo’s presence. Therefore, the net effect of other islands on precipitation
climatology over New Guinea depends upon the relative time-span and intensity of
rainfall during the easterlies and westerlies. This statement can be tested using similar
simulations but over a much longer period. We plan to follow this line of research in the
near future.
(ii) Moreover, the westerlies also lead to oceanic downwelling due to Ekman
transport causing warmer SST near the equator. On the other hand, these westerlies can
induce more ocean evaporation and upper-ocean mixing, both of which contribute to SST
cooling. Additionally, the complex bathymetry in the MC also controls the SST variability.
For example, the water is shallow and warm between Java, Sumatra, and Borneo, where
upwelling or mixing is not effective; whereas, the water is much deeper between Sulawesi
and New Guinea where upwelling/downwelling, and wind-driven mixing play a pivotal
role in SST variability (Kida and Richards, 2008; Iskandar 2010; Rachman et al. 2020).
Tests of these mechanisms require a coupled ocean-atmosphere model, and that is beyond
the scope of this study. When an island is removed during surface westerlies, changes in
nearby precipitation mostly stem from changes in HADV and VADV (Figure 5.8).
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Increases in precipitation are mostly dominated by VADV but decreases in precipitation
are controlled by both horizontal (HADV) and vertical (VADV) moisture advection
(Figures 5.8 and 5.9).
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