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Abstract

The Maritime Continent (MC) archipelago in southeast Asia experiences heavy rain-

fall all year round, modulated by processes over a range of spatial and temporal

scales. Scale interactions between these processes, combined with complex coastlines

and orography, make understanding the regional meteorology more difficult. Limita-

tions to our process knowledge mean errors persist in weather and climate models for

the MC, with these errors propagating globally. In this thesis, several understudied

atmospheric and oceanic coupled processes, on meso-to-synoptic scales, are analysed.

The first novel finding is that mid-level dry air intrusions, which are transient

phenomena of extratropical origin, suppress convection over the southern MC, while

enhancing rainfall on their eastern margin towards northern Australia, by influencing

low-level wind circulations between the tropics and extratropics. Secondly, the char-

acteristics of mesoscale ocean eddies are derived across the entire MC through usage

of satellite altimetry data. Eddy-induced sea surface temperature and surface heat

flux anomalies lead to minimal imprint on the atmosphere, an unexpected result given

the significant eddy-associated signatures observed elsewhere. Lastly, high-resolution

convective-permitting simulations show that Sumatra squalls, observed over the west-

ern MC, have dynamical structures as seen more broadly for tropical squall lines.

Compared to previous studies, the diurnal cycle, vertical wind shear, density cur-
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rents, moisture flux convergence and low-to-mid-tropospheric winds are shown to

more directly influence Sumatra squall evolution.

Further interactions between processes investigated in this thesis, and the more

extensively studied large-scale modes of variability, include how the Madden-Julian

Oscillation may influence dry air intrusion occurrence, and how equatorial waves

modulate Sumatra squall propagation. Improvements to our knowledge of these key

processes and associated interactions which influence rainfall variability will positively

impact our ability to model, forecast, and predict severe weather over the MC.
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Chapter 1

Introduction

Components of this chapter were published in Weather (2025).
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Chapter 1: Introduction

Tropical convection traditionally refers to the extensive clusters of clouds and

storms which lay within the Tropics of Cancer (23.5◦N) and Capricorn (23.5◦S). The

Tropics are characterised by weak shifts in temperature across the year, with al-

ternative descriptions specifying this wide region as where the diurnal changes to

temperature are greater than the annual variability across the seasons (Riehl, 1979).

Convection here is broadly influenced by high sea surface temperatures (SSTs) and

low-level humidity, which encourage moist convergence and resultant destabilisation

of the lower-troposphere.

Motion within the tropical atmosphere differs fundamentally to that observed

in the mid-latitudes. Balances between the pressure gradient and Coriolis forces,

associated with quasi-geostrophic theory, apply to the mid-latitudes, with deviations

from this approximation due to inertia. This inertia, however, is small relative to

the magnitude of the Coriolis force, which strengthens poleward. In contrast, with

Coriolis forces tending to zero towards the Equator, quasi-geostrophic approximations

break down in the Tropics. Instead, motion is influenced primarily by convective

processes and diabatic heating of the atmosphere.

A fundamental component of circulations on planetary scales is contributed to by

tropical convection. Broadly following the convective-radiative (quasi-)equilibrium

framework, tropical convection acts to collectively remove instabilities induced by

the large-scale surface fluxes and radiative cooling (Arakawa and Schubert, 1974;

Yano and Plant, 2012). Intense near-equatorial solar heating, contrasting that re-

ceived towards the poles, lends itself to forming the Hadley overturning circulation,

where air warms and rises at the Equator, cooling and eventually subsiding as it

moves poleward. Low-level convergence of trade winds close to the Equator leads
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Chapter 1: Introduction

to the development of the Intertropical Convergence Zone (ITCZ), with convection

here providing the necessary source of ascending air for the Hadley circulation, con-

centrated in particular regions known as hot towers (Riehl and Malkus, 1958; Riehl,

1977). Changes to SST patterns through ocean currents also assist in the development

of zonally-oriented Walker circulations, Monsoons, unique to the various geographic

regions across the Tropics, represent seasonal shifts in circulation and precipitation

patterns, relative to the ITCZ, with a strong influence held by land-sea differences in

rates of heating.

However, balances pertaining to the described equilibria do not hold for smaller

spatial scales, as convection actively reduces local atmospheric static stability, with

a characteristic self-enforced positive feedback loop. Notably over the ocean, con-

vection can itself lower surface pressure further due to the induced vertical motion,

supplementing the large-scale convergence and instability which enabled storm initi-

ation (termed as conditional instability of the second kind, CISK). Intensification of

convection may also be due to the winds associated with convection inducing surface

heat exchange (WISHE) to fuel continued storm activity (Smith, 1997).

Changes to the environment, such as induced vertical wind shear and presence

of synoptic atmospheric waves, can also assist in convective intensification and its

eventual organisation. Self-aggregation of convection may also take place without the

need for broader environmental shifts, driven by feedbacks and heterogeneities pro-

duced by the convection itself. Such feedbacks can be due to mechanisms including

the generation of cold pools from precipitation downdrafts which localise moisture

convergence and ascent, and the radiative effects of cloudy versus clear sky condi-

tions in influencing local circulations (e.g.Gray and Jacobson, 1977; Tao et al., 1996;
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Holloway et al., 2017).

Therefore, a range of cloud configurations and meteorological patterns can be ob-

served across the Tropics over a range of scales, from those associated with planetary-

scale dynamical and thermodynamical balances, to transient and synoptic-scale mod-

ifications of the environment by convection. Two distinct convective modes can be

derived from these broad patterns. The first, deep convection, relates to the intense

ascent extending to the mid-to-upper-troposphere, associated with the previously

mentioned hot towers, presenting either as just one convective cell associated with

a strong updraft, to the organisation of convective cells to form larger, long-lived

systems, often associated with cumulonimbus. Shallow modes of convection, on the

other hand, have a more limited vertical extent constrained to the lower-troposphere,

associated with cumulus and stratocumulus (e.g. Johnson et al., 1999).

Deep convection will remain the focus for the remainder of this thesis. With a key

role in the vertical transport of heat, energy, momentum, and moisture within the

atmosphere, as well as contributing intense amounts of rainfall on the more local-to-

regional scales, understanding the processes intrinsic to deep convection, and its role

in overall meteorology, in the Tropics is paramount. This thesis, however, focuses on

a specific region of the Tropics known as the Maritime Continent (MC).

The MC refers to thousands of islands and many shallow seas in southeast Asia

(Figure 1.1a). The MC experiences heavy rainfall and deep convection all year round

(Figure 1.1b–e), which is a result of the high SSTs and variable topography charac-

terising the region. Regional rainfall is observed to be twice that of the global mean

(Yamanaka et al., 2018). Since deep convection and the associated latent heat re-

lease from intense rainfall across the entire Tropics enables the generation of Rossby
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waves and the subsequent propagation of these waves towards the extratropics (Jin

and Hoskins, 1995), the MC is considered a crucial region for influences on the global

weather and climate system, if not the most crucial (Ramage, 1968).

On seasonal-to-annual timescales, rainfall patterns are modulated by the inter-

play between the South Asian and Australian monsoon circulations to the north and

south, respectively (Figure 1.1b-e). These circulations, particular the South Asian

monsoon, are crucial in the redistribution and transport of moisture which primes

the environment for the development of deep convection. Across the MC, there tends

to be more rainfall in the boreal winter (December-February, or DJF) due to the

development of the northeast monsoon, and lower amounts in the boreal summer

(June-August, or JJA) as moisture is redirected by the southwest monsoon towards

mainland southeast Asia (e.g. As-syakur et al., 2013).

Highlighted previously for the entire Tropics, additional processes beyond the

monsoon circulations, and the roles of high SSTs, influence the environmental state.

However, many additional processes influence the environmental state within the

MC, modulating regional patterns in convection (Yamanaka, 2016). These processes

operate over a wide range of scales, from larger-scale modes of variability to more

local and transient variability regulated by finer-scale processes. The geographical

complexity of the MC, however, relative to other regions of the Tropics, lends itself to

developing unique scale interactions, as well as geographical variability in responses

to forcings, thereby making understanding the environment of the MC comparatively

more difficult (Yamanaka, 2016).

The intensity of rainfall experienced over the MC causes many detrimental im-

pacts, such as flooding and landslides which can lead to significant health crises and
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Figure 1.1: (a) Map showing the topography of the Maritime Continent, with some
of the constituent islands labelled. Panels (b), (c), (d) and (e) show the climato-
logical means of IMERG GPM (Huffman et al., 2020) precipitation rates for De-
cember–February (DJF), March–May (MAM), June–August (JJA), and Septem-
ber–November (SON) respectively, from 20 years of data from December 2000 to
November 2020. Black arrows represent mean ERA5 (Hersbach et al., 2020) 850 hPa
wind for the equivalent time period, highlighting seasonal shifts in primarily the South
Asian (north), but also the Australian (south), monsoon circulations which influence
Maritime Continent meteorology. 6
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loss (Torti, 2012; Wijayanti et al., 2017). With a population of over 500 million people

residing across the MC, better understanding the processes which govern the regional

rainfall patterns is crucial. However, weather stations, providing key ground-based

observations, are unevenly distributed across the MC (Koh and Teo, 2009), with ac-

cess to the data itself difficult. Therefore, we rely on broader-scale observations such

as from satellites, as well as regional-to-local-scale climate models to improve our

understanding. Conducting more extensive research into the meteorology of the re-

gion will help to improve flood forecasting systems and other solutions for minimising

regional vulnerability to disaster and emergency.

The introduction to this thesis provides a review of the key features related to the

severe weather observed across the MC, and highlights both the growth in knowledge

and remaining gaps. Firstly, processes well-understood to impact MC rainfall are

outlined in Section 1.1, with an exploration of the various scale interactions that

exist between some of these processes in Section 1.2. In Section 1.3, the ability of

current state-of-the-art weather and climate models in representing these processes,

and any deficiencies that have persisted, are addressed, including where improvements

are needed, while also discussing future climate projections of MC rainfall. Section

1.4 provides an overall scope for further research in this field, outlining the core

motivations, related to the impact and forecasting capabilities of severe weather over

the MC, and the identified knowledge gaps. This chapter concludes with the aims

and structure of this thesis.
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1.1 Key processes

The MC experiences rainfall all year round and several processes regulate regional

precipitation patterns. The background environmental state of the MC is modulated

by large-scale modes of variability, with local and more transient variability regulated

by finer-scale processes. These processes are described in schematic form in Figure

1.2, and discussed in order from the larger-scale and more predictable, to the finer-

scale associated with higher orders of variability in patterns of convection.

1.1.1 Interannual variability: El Niño Southern Oscillation

and Indian Ocean Dipole

The El Niño Southern Oscillation (ENSO) is one of the two modes of variability

influencing the MC on interannual timescales, with notable broad influences on global

climate (e.g.McPhaden et al., 2006). ENSO consists of two phases – El Niño and La

Niña – which each have different broad impacts on rainfall in the MC (e.g. Haylock

and McBride, 2001; Rauniyar andWalsh, 2013). The large-scale circulation associated

with ENSO consists of a strengthened Walker circulation over the MC during La

Niña. This circulation is weakened during El Niño. Changes to circulations are

modulated by SSTs in the central-eastern tropical Pacific, with warmer SSTs linked

to El Niño and colder SSTs linked to La Niña. Equatorial easterlies weaken during

El Niño, shifting the preferential location of convection further east, which results in

reduced large-scale rainfall (negative anomalies of up to around 3mmday−1 relative to

climatology) over the MC (Figure 1.3a). La Niña results in strengthening equatorial

easterlies and large-scale ascent over the MC, enhancing large-scale rainfall (positive
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Figure 1.2: A set of schematics briefly summarising various processes which influence
rainfall patterns over the Maritime Continent. These are at (a) interannual timescales,
associated with the Indian Ocean Dipole (IOD) and El Niño Southern Oscillation
(ENSO), shown for their respective negative phases, (b) intraseasonal timescales,
associated with the Madden–Julian Oscillation (MJO) and equatorial waves and (c)
diurnal timescales, associated with land-sea breeze dynamics. In (b), labels at the
top of the panel highlight approximate geographical locations in which the MJO is
active at each phase. In (c), cyan ovals are as in (a) and (b) but for rainfall associated
with diurnal convective propagation.
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anomalies of up to around 3mmday−1 relative to climatology), shown in Figures 1.2a

and 1.3b. These relationships are more distinct in the dry season (Hendon, 2003),

though Jia et al. (2016) highlight that for strong El Niño and La Niña events in the

wintertime, rainfall is reduced and enhanced, respectively, in the northern and eastern

MC by up to 5mmday−1.

The Indian Ocean Dipole (IOD) is another mode of variability important on in-

terannual timescales (e.g. Saji et al., 1999; Saji and Yamagata, 2003), and has similar

phases to ENSO. During the positive IOD, high and low SSTs are observed in the

western and eastern Indian Ocean, respectively. The converse applies to the negative

IOD. These SSTs produce a Walker-like circulation with enhanced easterlies across

the Indian Ocean during the positive IOD, leading to enhanced descent over the MC

and uplift over eastern Africa. Suppression of rainfall is primarily observed over the

western portion of the MC during this phase (Figure 1.3c). The negative IOD has a

circulation opposite to that of the positive IOD. Therefore, the negative IOD favours

an increase in rainfall over the MC, as displayed in Figure 1.2a alongside the La Niña

signal originating from the Pacific, though rainfall enhancement is primarily observed

from the southwestern MC to mainland southeast Asia (Figure 1.3d).

1.1.2 Intraseasonal variability: Madden–Julian Oscillation

and equatorial waves

The Madden–Julian Oscillation (MJO, Figure 1.2b) is the main source of intrasea-

sonal variability in the Tropics, with a long-period oscillation of roughly 30-90 days

(e.g.Madden and Julian, 1994). Wheeler and Hendon (2004) derived eight MJO

phases through empirical orthogonal function analysis of top-of-atmosphere outgoing
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Figure 1.3: Rainfall anomalies over the Maritime Continent for (a-b) the El Niño and
La Niña phases of the El Niño Southern Oscillation, (c-d) the positive and negative
phases of the Indian Ocean Dipole, and (e-l) the eight phases of the Madden-Julian Os-
cillation, as described by Wheeler and Hendon, 2004. These anomalies are relative to
the mean across 20 years of GPM rainfall from December 2000-November 2020. Val-
ues of n represent the number of days within each of the phases, over which composites
are constructed. MJO RMM1 and RMM2 data (Wheeler and Hendon, 2004) are used
to define the active phase of the MJO, where if the amplitude (

√
RMM12 +RMM22)

exceeds 1, an MJO event occurs. ONI data for ENSO is derived from the average sea
surface temperature anomaly of the central-eastern tropical Pacific. DMI data for
IOD is derived from the anomalous sea-surface temperature gradient between the the
western equatorial and southeastern equatorial Indian Ocean. Both ONI and DMI
data are broadcast to daily equivalents and later smoothed with a 31-day running
mean. El Niño events are defined for days where ONI is ≥ 0.5◦C, and La Niña events
are defined where ONI is ≤ -0.5◦C. Positive IOD events are defined for days where
DMI is ≥ 0.2◦C, and negative IOD events are defined where DMI is ≤ -0.2◦C.
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longwave radiation and zonal wind at 850 and 200 hPa. These phases describe the

eastward propagation of the active, or convective, phase of the MJO through the trop-

ical warm pool from the Indian Ocean to the West Pacific. The active (suppressed)

envelope can be characterised by rainfall anomalies exceeding±5mmday−1 in regions,

relative to climatology (Figure 1.3e–l). Applying the convention of Wheeler and Hen-

don (2004), the active phase of the MJO is observed over the MC during Phases 4–5.

Over the MC, Liang et al. (2022) showed that the MJO can be attributed to around

60% of total rainfall, and 50% of total extreme rainfall.

The MJO propagates at a speed of around 5m s−1 as SSTs and induced surface

heat fluxes help to prime the atmosphere to the east for further convection, at a

feedback timescale of around seven days, suppressing convection to the west (Hendon

and Glick, 1997; Woolnough et al., 2000, 2001; Zhang, 2005). Several theories attempt

to explain MJO propagation, as outlined in a thorough review by Zhang et al. (2020).

One key theory involves moisture modes, where MJO propagation is dictated

by tropical moisture anomalies (e.g. Adames and Maloney, 2021). Instability to this

mode occurs even though precipitation is a strongly increasing function of saturation

in the tropical atmosphere (Raymond and Fuchs, 2009), as this instability is non-

linear. Precipitation does not simply remove humidity from the environment, with

the convection itself leading to increased moisture import and further excitation of

convection, through latent heat release, leading to a positive feedback loop. Cloud-

radiative feedbacks, such as the increased longwave warming effect of deep convec-

tion, and surface fluxes through heightened SST anomalies and enhanced wind-driven

evaporation in the lower-levels, further prime the troposphere and associated convec-

tive environment. These non-linearities can in turn affect MJO propagation and the
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structure of the associated moisture field (e.g. Sobel and Maloney, 2013; Adames and

Wallace, 2015; Chen and Wang, 2019; Wang et al., 2020).

Synoptic-scale inertial gravity waves embedded within the MJO are also thought

to enable eastward propagation (e.g. Yang and Ingersoll, 2013). The theory does not

explicitly incorporate moisture, other than in enabling precipitation to occur once

convective instability has developed. Convection can help to excite gravity waves

to transport mass away from convection, producing a cycle of convective excitation.

Other studies also suggest the active envelope consists of both mesoscale and synoptic-

scale components (Majda and Stechmann, 2009), thereby challenging the canonical

view of the MJO being a purely large-scale mode.

One of the other key theories relates MJO characteristics to equatorial wave dy-

namics (e.g. Hendon and Salby, 1994; Maloney and Hartmann, 1998; Matthews, 2000).

Equatorial waves have theoretical structures described by solutions to the shallow wa-

ter equations (e.g.Matsuno, 1966; Gill, 1980). Examples of equatorial waves include

Kelvin (eastward-moving with no meridional velocity component), mixed Rossby-

gravity (non-zero meridional velocity, with eastward- and westward-moving solutions)

and equatorial Rossby waves (westward-moving). These waves are trapped near the

Equator due to equatorward reductions in the magnitude of the Coriolis force towards

zero values, and can be excited by processes such as diabatic heating of the tropical

atmosphere.

During the active phase of the MJO, a tongue of low pressure strengthens to

the east, associated with a Kelvin wave, with pressure troughs to the northwest and

southwest, associated with Rossby waves (Matsuno, 1966; Gill, 1980). The opposite is

observed for the suppressed phase of the MJO. Through this hypothesis, MJO physics
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can be related to equatorial waves through the feedbacks between these dynamics and

the moist properties of the large-scale convective field (Wang et al., 2016).

However, equatorial waves are also independently influential on meteorology across

the Tropics and the MC. As shown by filtered satellite observations of outgoing long-

wave radiation (Wheeler and Kiladis, 1999), equatorial waves help to organise and

can couple with tropical convection on synoptic to sub-seasonal timescales, thereby

affecting the probability of rainfall. Ridout and Flatau (2011), for example over the

western MC, show that these waves are key in shifting regions of low-level moisture

convergence. Significant increases in extreme precipitation can be observed when high

amplitude waves are present over the MC. Senior et al. (2023) found extreme precip-

itation may be around 60% more likely when convectively coupled Kelvin waves are

observed over western Sumatra. Latos et al. (2021) found extreme rainfall to be twice

as likely over Sulawesi when these waves are present, and up to eight times as likely

if there is additional activity from other equatorial waves. Ferrett et al. (2020) found

extreme precipitation over the broader MC can be up to four times more likely in the

presence of high amplitude waves. However, each wave has a spatially variable degree

of influence on rainfall patterns across the MC (Yang et al., 2003; Ferrett et al., 2020;

Peatman et al., 2021).

1.1.3 Diurnal cycle

The intensity of diurnal temperature fluctuations was described previously as a key

descriptor of the broader tropical atmosphere. The diurnal cycle is the most fun-

damental process controlling variability in convection over the MC on local scales,

modulated by complex land-sea interactions, making its role much more distinct than
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that over other regions of the Tropics (e.g. Yang and Slingo, 2001). These interac-

tions develop initially through daytime insolation, where increased warming of the

land relative to the ocean, due to differences in heat capacity, sets up a land-sea tem-

perature contrast. This contrast forces sea breeze convergence onto land, through the

induced pressure gradient, and upslope mountain winds, forming deep convection and

precipitation into the afternoon and evening inland/on mountain flanks (Qian, 2008).

Overnight, the land cools more rapidly than the ocean, reversing the pressure gradi-

ent, forming land breezes and downslope mountain winds, and in some cases, resulting

in offshore propagation of the convection that formed overland. These processes are

depicted in Figure 1.2c.

Mechanisms associated with the propagation of convection offshore overnight re-

main an active area of research. Authors such as Mori et al. (2004) and Yokoi et al.

(2017) provide thorough overviews of existing hypotheses. These include various in-

teractions between the ambient wind, gravity waves, cloud structure, and thermal

instability produced by diabatic processes over land (e.g. Satomura, 2000; Nesbitt

and Zipser, 2003; Warner et al., 2003; Hassim et al., 2016; Peatman et al., 2023).

Mori et al. (2004) and Yokoi et al. (2017) both state that offshore propagation and

subsequent decay of convection over land is likely driven by a combination of these

theories.

The diurnal cycle in rainfall is common to most islands in the MC, with a distinct

diurnal peak in the maximum rainfall from the afternoon to the late evening over land,

compared to the morning over the ocean (Figure 1.4). The impact of the diurnal

cycle is variable across the region, though. For example, changes in wind regimes

and circulations both day-on-day and over the MC can modulate the strength of
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Figure 1.4: Local solar hour of maximum rainfall for each gridpoint across the entirety
of the Maritime Continent, derived from the mean diurnal cycle of 20 years of GPM
rainfall from December 2000-November 2020.

the diurnal cycle over land, with additional higher-order components of variability

influencing diurnal characteristics further (e.g. Peatman et al., 2021; Mustafa et al.,

2024). Therefore, the role of the diurnal cycle cannot be generalised for the entire

region.

1.1.4 Synoptic circulations

There are other well-documented processes which influence rainfall patterns in the

MC; however, they operate on more variable and synoptic spatial and temporal scales.

For example, cold surges are phenomena which form due to strengthened prevailing

low-level northerly-to-northeasterly winds due to cold air outbreaks originating from
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the Siberian High (e.g.Koseki et al., 2013). Cold surges bring enhanced rainfall at

their leading edges due to perturbing pre-existing monsoonal flow. Closely related

to, and often induced by, cold surges are Borneo vortices (e.g. Hardy et al., 2023;

Crook et al., 2025). These form in the later phases of the northeasterly monsoon over

the South China Sea and are one of the main drivers of rainfall in regions such as

Malaysia.

On top of these, tropical cyclones are also impactful in the MC. Tropical cyclones

are well-known destructive weather systems with impacts felt worldwide – in the

MC, compared to other processes, these systems tend to mostly detrimentally impact

the northern MC, primarily in boreal summer, through induced precipitation and

wind extremes (e.g. Takahashi, 2011; Li et al., 2022). Tropical cyclones in this region

have the potential to reduce larger-scale rainfall over the MC through changes to

the wind field, leading to anomalous region-wide subsidence and moisture divergence

(e.g. Scoccimarro et al., 2020; Li et al., 2024). Latos et al. (2023) identified that

environmental spin-up driven by processes such as equatorial waves and the MJO

can also cause unusual near-equatorial tropical cyclones to form.

1.2 Scale interactions

While various key processes have particular direct impacts on MC rainfall, additional

interactions between them exist on a range of spatial and temporal scales. These

interactions make the meteorological patterns across the region more difficult to un-

derstand.
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1.2.1 MJO–diurnal cycle interactions

A well-known scale interaction exists between the MJO and the diurnal cycle. Gener-

ally, it is expected that the active (suppressed) envelopes of the MJO lead to increases

(reductions) in large-scale rainfall over the MC. Oh et al. (2012) noted that the strong

MJO winds and their interactions with monsoonal flow can in fact disrupt conver-

gence, and therefore convective characteristics, over islands on diurnal timescales.

Their study highlighted a reduction in average land rainfall by around 0.5mmhr−1

as the MJO active envelope passes over the MC from the Indian Ocean. Convergence

and therefore convection may, as a result, be concentrated over the ocean, though

with a smaller increase in oceanic rainfall relative to the decrease in rainfall over

land.

Additionally, Peatman et al. (2014) showed that a ‘vanguard of precipitation’

jumps ahead of the active MJO envelope by one phase (around six days) while the

MJO is in its suppressed phase over the MC (depicted schematically in Figure 1.5).

This phenomenon is influenced by the strong diurnal cycle over land, where changes

in the amplitude of the diurnal cycle account for 80% of the changes in daily mean

rainfall during an MJO cycle. Related to equatorial wave dynamics, frictional and

topographic moisture convergence is driven by the eastward pressure gradient. Clear

sky conditions, which promote destabilisation of the atmosphere through incoming

insolation, ahead of the main convective envelope combine with the low thermal

inertia of the land, allowing a rapid response to the diurnal cycle, moistening the

environment to the east and enabling convection to develop. Thus, the islands act

as a precipitation barrier to the smooth MJO propagation across the MC (e.g.Qian,

2008; Birch et al., 2016; Ajayamohan et al., 2021).
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Figure 1.5: Schematic outlining a scale interaction between the Madden-Julian Os-
cillation and the diurnal cycle. Convergence of moisture (MFC) ahead of the active
envelope, combined with diurnal heating of the land, leads to convection initiating
around one phase ahead of the active envelope (dark blue ovals).
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1.2.2 ENSO–diurnal cycle interaction

Similar to the MJO, ENSO interacts with the diurnal cycle. During El Niño, when

there is suppressed convection over the MC, the diurnal cycle may be excited due

to increased incoming solar radiation, giving precipitation anomalies of the opposite

sign over the islands, relative to the ocean (Rauniyar and Walsh, 2013). Peatman

et al. (2021) also deduced that, for Sumatra, on more local spatial scales, El Niño

events exhibit a more offshore style of wind regime, leading to divergence in the MC

lower-troposphere. The opposite is observed for La Niña, where heightened onshore

flow can suppress the diurnal cycle by limiting seaward propagation of convection,

reducing the contribution from diabatic effects over land.

Lu et al. (2023) observed opposite geographical relationships between modifica-

tions of the diurnal cycle amplitude between El Niño and La Niña. In their study, the

amplitude is enhanced over the western MC and reduced over the east in El Niño, with

the opposite findings for La Niña, attributed to shifts primarily in ENSO-regulated

background moisture and convergence. However, diurnal winds were identified as

being four times as important in modulating these interactions in the eastern MC,

compared to the west. These findings emphasise the two-way interactions between

the diurnal cycle and large-scale modes of variability.

1.2.3 Equatorial wave–diurnal cycle interactions

Equatorial waves also have the potential to interact with the diurnal cycle. Bara-

nowski et al. (2016) showed that Kelvin waves can enhance island precipitation, as

well as increase the probability of wave propagation across the MC, if they arrive

in phase with the diurnal cycle. Sakaeda et al. (2020) found that Kelvin waves can
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also modulate the diurnal amplitude by modifying the lower-tropospheric wind field,

thereby enhancing perturbations in moisture and vertical motion over land. Geng

et al. (2020) observed similar results for mixed Rossby-gravity waves.

1.3 Model representation

The observational network across the MC is constrained by both the number and

distribution of meteorological stations (e.g.Koh and Teo, 2009), with the shallow

bathymetry in areas also limiting the potential for intensive ocean data collection

due to the highly variable environment modulated by strong currents and waves.

These limitations feedback onto other datasets which depend on existing knowledge

often obtained from observations. Weather and climate models enable us to fine-tune

parametrisation schemes and general model set-up to both capture processes better

and to also test hypotheses in more idealised scenarios.

Simulations of MC precipitation, however, show many biases within models when

compared to observations. The prediction of atmospheric and oceanic variables over

the MC is challenging because of the complex regional geography and influences from

remote forcings. Errors that persist within the MC have the potential to propagate

globally through the induced Rossby waves originating from vertical heating over

the region (Neale and Slingo, 2003; Qian, 2008; Love et al., 2011). These features

additionally feedback onto the way in which we accurately predict weather. Large-

scale spatial variability in precipitation tends to have greater predictive skill than

at more local scales (e.g. Ferrett et al., 2021). Skill is inevitably dependent on the

characterisation of key processes within models.
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1.3.1 Resolution

Increasing horizontal model resolution has been shown to improve model perfor-

mance through better representation of MC island geography and associated land–sea

breeze circulations (e.g. Schiemann et al., 2014; Rashid and Hirst, 2017). Neale and

Slingo (2003) and Qian (2008) highlighted, through island-removal experiments, that

under-representation of the complex geography of the MC and associated circula-

tions/dynamics can alter simulated rainfall by around 15%. Tan et al. (2021) found

that by varying which island was removed in sensitivity experiments can significantly

impact the role of the lower-tropospheric zonal winds in modulating the magnitude

and sign of moisture convergence and rainfall intensity over neighbouring islands.

Inclusion of the islands can help to improve interactions with larger-scale modes

of variability (Holloway et al., 2013), whilst making responses of convection to island-

specific processes, such as gravity wave forcing, more realistic (Love et al., 2011).

Precipitation sensitivity to complex orography is reduced, thereby confining wet biases

over smaller areas (Argüeso et al., 2020).

However, studies have emphasised that changes in resolution are only effective at

the coarsest scales, up to a ‘threshold’ (e.g. Pearson et al., 2014). In GCMs, Neale and

Slingo (2003) state a threefold increase in horizontal resolution is still insufficient to

resolve diurnal processes. Rainfall can become too strong at higher resolution, with

poor timings in the diurnal cycle over the islands (Li et al., 2017). Therefore, some

processes still remain unresolved even with fining of horizontal grid spacing.
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1.3.2 Parametrisation

With increases in computing power, convection-permitting models (CPMs), where

convection is represented explicitly, are shown to better resolve both rainfall and

the land-sea breeze circulations (e.g. Birch et al., 2016). These CPMs provide more

realistic temperature and moisture tendencies compared to their parameterised coun-

terparts (Holloway et al., 2012).

While CPMs agree with existing hypotheses such as the impacts of the diurnal

cycle on rainfall and improving characteristics of spatially heterogeneous features,

biases persist. In particular, these issues are often linked to diurnal rainfall charac-

teristics, with potential for overestimation of land-based precipitation and feedbacks

onto large-scale modes of variability (e.g. Birch et al., 2016; Hassim et al., 2016; Vin-

cent and Lane, 2016; Ajayamohan et al., 2021).

These findings imply unresolved processes that require parametrisation remain.

Further modification of parameterised processes can also help, such as through cloud

property schemes and prescribed ocean conditions (e.g. Su et al., 2022; Okugawa et al.,

2024). However, fundamental issues in employed model physical parametrisations,

which represent sub-grid processes, are linked to limitations in current knowledge.

1.3.3 Coupling

Xue et al. (2020) produced a review on the role of coupling in modelling studies

across the MC, highlighting that there are unresolved physical processes and inad-

equate representation of the ocean–atmosphere system, which can be alleviated by

the introduction of coupling. Coupling is beneficial in managing atmospheric-ocean

feedbacks, such as those related to SSTs, heat fluxes, wind and moisture, which can
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correct deficiencies in intraseasonal variability in precipitation (Pegion and Kirtman,

2008; Klingaman and Woolnough, 2014; DeMott et al., 2019).

A more diurnal representation of SSTs when implementing coupling is increasingly

preferable (e.g. Bernie et al., 2007). Diurnal rectification and air-sea feedbacks induced

by sub-daily coupling can result in more accurate diurnal evolutions of convection,

while also improving tropical mean state SST and precipitation distributions (Bernie

et al., 2008; Li et al., 2020).

This imposed diurnal SST is sensitive to vertical resolution. By mixing the upper

ocean to various depths to simulate coarsened vertical resolution, Karlowska et al.

(2024) noted weakened diurnal SST variability; thereby, in their study, weakening the

feedback with the MJO and reducing regional rainfall. Similarly, Ma and Jiang (2021)

found increased vertical resolution warmed the surface ocean, helping to enhance

moisture gradients and convergence, convective instability and vertical circulations

to the east of the active envelope, strengthening MJO propagation.

Mean biases in the environmental state can affect the sensitivity to coupling

(Klingaman and DeMott, 2020). Coupling may be insufficient to fully correct mean-

state biases, which remain reliant on model configuration, including parametrisations

and imposed sensitivities (Klingaman and Woolnough, 2014; DeMott et al., 2019; Li

et al., 2020).

1.3.4 Future projections

Our modelling capabilities of the present climate inform our projections for the future.

As the MC already experiences extreme rainfall regulated by processes operating

over a wide range of spatial and temporal scales, it is important to assess how these
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patterns may change with global warming. Models can help extend inferences gained

from observational analysis of rainfall trends over recent decades, both spatially and

temporally, given these may tend to be very location-specific (e.g. Li et al., 2018).

Various studies as part of the Coordinated Regional Climate Downscaling Ex-

periment (CORDEX) aimed to provide climate information at finer spatial resolu-

tions, using dynamical downscaling to capture more regional and synoptic variability

(e.g. Supari et al., 2020; Tangang et al., 2020; Ngai et al., 2022). By analysing various

indices reflective of both wet and dry extremes, these studies find reductions in mean

future rainfall of up to 30% in boreal summer, primarily across Indonesia. In boreal

winter, equivalent increases are observed over the northern MC and mainland In-

dochina. These results were noted to be due to changes to the monsoonal circulation

and the associated moisture convergence in the future climate.

Kang et al. (2019), through application of CMIP5 scenarios to regional climate

model projections, found a significant decrease in intermonsoon rainfall, linked to

shifts in the regional meridional circulation. Hsu et al. (2025) observed an amplifica-

tion of wet and dry extremes with global warming, driven by solely dynamic processes,

and combined moist thermodynamic and dynamic processes, respectively.

Studies have also highlighted (extreme) rainfall may be modulated by shifts in

larger-scale forcing (Liang et al., 2022). Chen et al. (2023) found an eastward shift

in the ENSO-related rainfall dipole across the MC in the dry season, with additional

amplifications of the drying (wetting) commonly associated with El Niño (La Niña).

Ghosh and Shepherd (2023) found, using CMIP6 scenarios, similarly strong changes

in dry season rainfall driven by shifts in the forcings associated with both basin-wide

warming and the equatorial SST gradient across the Pacific Ocean, tied to ENSO.
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However, studies have noted that climate models struggle to reproduce the correct

SST patterns and trends across the Pacific, which will feedback onto the Walker

circulation and related large-scale flows, thereby potentially affecting projections for

the MC (e.g.Dhame et al., 2025).

While Chen et al. (2023) reported that even historically biased models do not have

significantly different future projections, uncertainty across ensemble members will

persist. Each member, in isolation, will have varying ability to successfully capture

key processes highlighted, or alluded to, in the ‘Resolution’, ‘Parametrisation’, and

‘Coupling’ sections, such as evolution of the mean state, processes intrinsic to natural

climate variability or local-scale effects (Xiao et al., 2022; Ghosh and Shepherd, 2023).

As a result, projections may offer too broad a range of potential outcomes, which could

reduce their overall reliability.

1.4 Scope for research

Through this literature review, an insight into various components associated with

the literature around the meteorology observed across the MC has been provided.

Active research in this scientific area is crucial given the risks posed to communities

in the region due to extreme rainfall. There are several key processes influencing

rainfall patterns over the MC, including the diurnal cycle and larger-scale modes of

variability, such as the MJO, ENSO, IOD and equatorial waves. These processes

interact with one another, leading to complex regional precipitation patterns, further

impacted by additional synoptic-scale and transient processes. These interactions

cannot be generalised for the entirety of the region, with studies requiring to focus
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on particular constituent islands within the archipelago.

The resultant limitations in our knowledge of meteorological processes in the MC,

as well as the inherent difficulty in predicting convection, mean that systematic biases

exist in the simulation of precipitation. These biases have been addressed through

significant efforts in improving the way in which we model convection, a function of the

increase in computational power overtime. Increasing the horizontal resolution within

simulations allows us to better visualise island-specific processes, which are sensitive

to the representation of complex topography in the region. Removing the requirement

for parametrisation of various processes also gives a more realistic representation of

convection. The unique geographical configuration of the MC means that coupling

to the ocean helps to correct air-sea interactions, such as surface heat flux exchange,

which affect convective processes.

Even with these developments in modelling capabilities, the representation of

precipitation and convection continues to deviate away from observations. The re-

quirement for better representation of key processes will also be crucial for future

projections of MC rainfall, given the potential for significant shifts in the nature of

convection across the region. We remain dependent on newer observations to help

inform us on the finer-scale, complex interactions that significantly influence the en-

vironmental state of the MC. In turn, these observations would provide insight into

the components within existing models that need readdressing, particularly sub-grid

processes that often remain parameterised. The advent of sub-kilometre modelling

approaches across the Tropics will inevitably prove beneficial for better representa-

tion of convection, which may be coupled with more intensive statistical and machine

learning approaches. These approaches may help with analysing features previously
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difficult to pick out from non-linear, higher-order variability and complex relation-

ships between a range of environmental parameters in the region.

1.4.1 Motivation

The primary driver for research into rainfall patterns over the MC, as stated through-

out, comes through the impact and detriment that the region experiences due to se-

vere weather. Primary impacts include flooding, landslides, damage to infrastructure

and loss, with regards to both health and economy (e.g. Torti, 2012; Wijayanti et al.,

2017; Narulita and Ningrum, 2018). Impacts are a function of factors such as event

severity, duration and probability, demographic, socioeconomic status, displacement

and healthcare access (e.g. Hashim and Hashim, 2014; Jang et al., 2021). Risk has

been further exacerbated through rapid urbanisation, ecosystem changes and gen-

erally slow developments towards more resilient infrastructure (Emam et al., 2016).

With particular emphasis on the latter, developments for mitigating disaster may

show disparities between wealthier urban, and poorer rural, areas, thereby modifying

risk levels (Hamel and Tan, 2022). Therefore, accurate forecasting of rainfall over the

MC is crucial.

However, our ability to accurately predict weather across the MC is highly variable

in both space and time (Zhang et al., 2016; Ferrett et al., 2023). On seasonal-to-

subseasonal (S2S) scales, larger-scale variability is easier to predict - for example, skill

in MJO prediction, particularly in the wet season, is up to around four weeks ahead

(Wang et al., 2019; Abhik et al., 2023). Local-scale variability is harder to predict even

with convective-permitting forecasts, due to the importance of the representation of

the diurnal cycle, associated with the complex geography of the region (Ferrett et al.,
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2021), and (sub-)cloud-scale processes remain parametrised. For limited-area models

(LAMs), as an example, there is additional influence of errors in process representation

at the boundaries, driven by global models (Wolf et al., 2024).

Wang and Li (2020) note that increases in ensemble members, which each have

better, and diverse, process characterisation, may provide one route for improved

forecasting. Sharma et al. (2023) add that being selective of ensemble members

which, together, maximise skill can help to improve the spread and reduce error

in forecasts, while increasing the temporal scales in which skill is maintained up

to. Other studies have developed pattern-conditioned and hybrid forecasts which

incorporate knowledge related to broader planetary to synoptic-scale circulations,

and statistical relationships between key processes and rainfall, which improve skill

(e.g. Ferrett et al., 2023; Gonzalez et al., 2023). Newer developments are now shifting

towards using machine learning methods which can benefit near-real time forecasting

(nowcasting) of regional meteorology (Smith et al., 2024).

Fundamentally, process knowledge is most important for better forecasting, with

research into rainfall patterns across the MC, using observations, models, and other

datasets, feeding into the diagnostics used in numerical weather prediction (NWP).

However, it should be emphasised that better prediction of these hazards will not

solely improve the prediction of impacts or early warning. Outlined in the World

Weather Research Programme (WWRP) High Impact Weather project of the World

Meteorological Organisation (WMO), value chain frameworks (Golding et al., 2019)

are increasingly becoming fundamental in providing a bridge from the observations

to effective warnings and action. These frameworks implement informational needs

of the end users, combining physical understanding and forecasting of hazards with
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the decision and communication aspects of warnings (e.g. perception of, and the re-

lationship of hazard with, risk and impact).

The work conducted as part of this thesis is therefore done with the aim to con-

tribute to the pipeline from process understanding - the focus of the conducted re-

search - going towards better warnings, training of forecasters, decision-making and

disaster preparedness. Within this chapter, extensive work has been outlined related

to process knowledge, from large-scale modes of variability to the diurnal cycle to

scale interactions between various phenomena. Several knowledge gaps have been

identified, and are outlined in the three following subsections. These gaps relate

primarily to transient and/or synoptic-scale to mesoscale processes across the MC,

which remain understudied.

1.4.2 Knowledge gap 1: tropical-extratropical interactions

As highlighted earlier in this chapter, the latent heat originating from the intense

rainfall and convection over the MC interacts with atmospheric processes elsewhere.

This interaction comes through the generation and propagation of Rossby waves, and

associated transferral of energy, towards the extratropics (Jin and Hoskins, 1995).

Ramage (1968) coined the region to be an ‘atmospheric boiler box’ as the MC is im-

portant in influencing global atmospheric circulation. Therefore, the region represents

a source of broader tropical-extratropical interactions.

A primary source of the influence of the extratropics on the MC are cold surges

(e.g.Koseki et al., 2013), as described in Section 1.1.4, which originate from Northern

Hemisphere cold air outbreaks. These surges perturb the monsoonal flow, leading

to anomalies of enhanced rainfall on synoptic spatial and temporal scales. From
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the Southern Hemisphere, similar interactions have been proposed, linked to dry air

intrusions (DAIs), researched briefly in a few studies specific to regions within the

MC (e.g.Murata et al., 2006; Seto et al., 2006; Feng et al., 2021).

Disturbances forming along extratropical wave trains promote the descent of

DAIs from the upper-troposphere/lower-stratosphere (e.g. Browning, 1997; Funatsu

and Waugh, 2008; Casey et al., 2009). These transient intrusions perturb tropical

humidity, impacting regional meteorology (e.g. Brown and Zhang, 1997; Knippertz,

2007; Ryoo et al., 2008). Breaks in tropical precipitation and convective suppression

are observed through modification of the convective profile and associated energet-

ics (e.g.Mapes and Zuidema, 1996; Yoneyama and Parsons, 1999; Parker et al., 2016;

Fletcher et al., 2020). DAIs themselves can also modify the lower-level wind and mois-

ture field, with low-level convergence at their leading edge lifting nearby warm, moist

air, thereby organising deep convection and increasing rainfall downstream (e.g. Allen

et al., 2009; Berry and Reeder, 2016; Ward et al., 2021).

DAIs have been observed over the southern MC with potential links to changes to

the convective environment, and associated wind and moisture fields (Murata et al.,

2006; Seto et al., 2006; Feng et al., 2021). However, studies have not extensively anal-

ysed these processes beyond individual events. Given regional rainfall can be influ-

enced by synoptic-scale and transient variability, DAIs warrant further investigation.

Additionally, as regional models for the MC are prescribed with particular lateral

boundary conditions, transients such as these intrusions may not be fully captured.

Understanding the key regulatory mechanisms and resultant impacts on rainfall will

help better understand the perturbations they induce on the environment, building

to how they are represented along model boundaries.
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1.4.3 Knowledge gap 2: mesoscale air-sea interactions

Ocean-atmosphere processes are known to be important in the MC - primary research

that has been conducted revolves around heat fluxes that emerge from the warm pool

in which the MC sits. When integrated over the MC, these fluxes can modify local-to-

large-scale circulations in the atmosphere. These studies tend to compare the broader

role of ocean-atmosphere coupling in models in modifying atmosphere processes, as

highlighted in Section 1.3.3 (e.g. Xue et al., 2020).

On finer spatial scales, little work has been conducted with relation to the role of

air-sea interactions in modifying rainfall patterns in the MC. Elsewhere, in the world,

air-sea interactions at these scales have been analysed by using mesoscale ocean eddies

(spatial and temporal scales on the order of 100 km and 10-100 days respectively;

e.g. Chelton et al., 2011) as a representation of fine-scale variations in SSTs. These

anomalies are key in facilitating the aforementioned air-sea interactions (e.g. Frenger

et al., 2013; Bôas et al., 2015; Seo et al., 2023). Induced surface heat fluxes can

modify the lower-tropospheric wind field and atmospheric boundary stability which

can then lead to changes in cloud and rainfall.

Mesoscale ocean eddies represent a key component of the mixing associated with

the MC, generated particularly along narrow passages or straits, and through inter-

action between currents (e.g. Ffield and Gordon, 1996; Sprintall et al., 2014; Wang

et al., 2021). No studies have assessed the air-sea interactions attributed to mesoscale

ocean eddies across the MC - limited studies exist for these interactions across the

Tropics more broadly (e.g. Liu, Li, Chen, Fang and Li, 2018; Roman-Stork et al., 2021;

Aguedjou et al., 2023). These studies found potential roles of the SST anomalies at-

tributed with mesoscale ocean eddies to influence atmospheric properties. As the MC
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operates as a broad heat and energy source for the development of convection, testing

whether anomalies at finer-scales have an influence may help inform the running of

coupled ocean-atmosphere models for NWP, and how complex they need to be, in

representing these mesoscale features.

1.4.4 Knowledge gap 3: diurnal land-sea interactions

Across the MC, the diurnal cycle is well-known for influencing land-sea breeze circula-

tions, helping in the development of convection over the islands (e.g.Qian, 2008). As

outlined in Section 1.1.4, a unique phenomenon, where convection is generated in the

afternoon over the land and then propagates offshore overnight, is observed over the

entirety of the region. This convection may manifest as lines of storms represented

by mesoscale convective systems (MCSs; e.g. Peatman et al., 2021).

Numerous studies have explored the propagation of convection offshore from is-

lands across the MC, and the specific storm-scale dynamics associated with them.

Of particular focus has been the island of Sumatra in the western MC. Research

has identified the role of processes such as the background wind field, density cur-

rents, gravity waves and local-scale thermodynamics in modulating the convection

propagation offshore towards the Indian Ocean (e.g. Peatman et al., 2023, 2025).

Minimal work has focused on convection propagating eastwards from western

Sumatra. Studies have highlighted regional variability in the propagation of rainfall,

from north to south Sumatra, dependent on seasonal shifts in monsoon circulation

(e.g. As-syakur et al., 2019). Compared to westward-propagating systems, eastward-

propagating convection must travel further across Sumatra to reach the coast, and

associated extreme rainfall is not as pronounced or frequent, driven by reduced in-
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teractions with wind-induced convergence (e.g.Marzuki et al., 2021). Hence, this

direction of convection propagation may not receive as much attention.

There is limited knowledge of the specific details of the storm-scale dynamics asso-

ciated with eastward-propagation convection. A Sumatra squall is an MCS that forms

over Sumatra and propagates roughly eastward, observed primarily in the intermon-

soon seasons and southwest monsoon, impactful in the nighttime to early morning

over Singapore and Peninsular Malaysia (Lo and Orton, 2016). Initial work by Chan

et al. (2019) showed Sumatra squalls have features akin to classical squall structure

gained from knowledge elsewhere in the world (e.g. Houze, 2018). Sumatra squall ini-

tiation is thought to be formed due to low-level convergence over either the Barisan

mountains of Sumatra, or over the Malacca Strait. Propagation and intensification,

similar to studies such as Peatman et al. (2023), were shown by Chan et al. (2019) to

be linked to interactions with the wind field and density currents. Recently, Nguyen

et al. (2025) found interactions between Sumatra squalls and modes of variability

such as the MJO and equatorial waves, which influence MCS characteristics region-

wide (e.g. Crook et al., 2024).

Understanding both large-scale and storm-scale drivers of the convection propa-

gating eastward over Sumatra is beneficial for applications in NWP across the western

MC. With more knowledge of these processes, modelling and forecasting capabilities

can be enhanced for the region by informing key diagnostic variables that are crucial

for convective characteristics to form.
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1.4.5 Thesis aims and structure

This PhD thesis broadly aims to contribute to improving our understanding of the

variability in MC rainfall, by analysing a variety of key processes and scale interactions

through usage of a combination of observational, reanalysis and model data. Several

identified knowledge gaps were outlined in the previous subsection, and are explored

in Chapters 2-4.

The main objectives of this PhD are to:

• Investigate the role of mid-level dry air intrusions on meteorology over the

Maritime Continent.

– Where are dry air intrusions sourced from?

– What causes dry air intrusion development and propagation towards the

Maritime Continent?

– How do these transients influence regional rainfall patterns?

• Investigate the atmospheric response to mesoscale ocean eddies across various

Maritime Continent seas.

– What are the characteristics of mesoscale ocean eddies in the Maritime

Continent?

– Can the SST signatures of these eddies significantly influence atmospheric

properties such as wind, cloud and rainfall?

– Are the eddy characteristics and influences on the atmosphere different to

those observed elsewhere in the globe?
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• Investigate the dynamics associated with Sumatra squalls.

– What processes influence the evolution of Sumatra squalls?

– How similar are Sumatra squalls to squall lines observed across the Mar-

itime Continent, and elsewhere?

– What phenomena or environmental characteristics explain any differences

associated with these weather systems?

Chapter 2 investigates the processes associated with mid-level dry air intrusions

over the southern MC, just one form of tropical-extratropical interaction. This study

uses reanalysis data to identify dry events through analysis of anomalies in mid-

tropospheric humidity near to the MC, coupled with parcel trajectory analysis to

determine attribution to dry air intrusions. From here, key regulatory mechanisms

are analysed, and impacts on rainfall are determined. Such work provides further

knowledge on this understudied process and the importance of interactions at the

boundaries of the region.

Ocean-atmosphere interactions related to the SST anomalies associated with mesoscale

ocean eddies are analysed in Chapter 3. Satellite altimetry data is used to track and

gain insight into the characteristics of these eddies, for which reanalysis data is col-

located upon to determine atmospheric responses to the eddies across the MC. With

the increased focus in ocean-atmosphere coupled modelling studies for the region,

this work will help to provide a bridge between solely oceanic and atmospheric stud-

ies with key information into the importance of the spatial and temporal scales for

which air-sea interactions are significant in influencing MC meteorology.

In Chapter 4, analysis of convective-permitting simulations of Sumatra squalls is
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conducted, to gain insight into the associated storm-scale dynamics of these systems

over the western Maritime Continent. This work gives deeper knowledge into their ini-

tiation, propagation, intensification and dissipation mechanisms, and was conducted

in partial collaboration with scientists at the Centre for Climate Research Singapore

(CCRS). The research will enable the exploration and identification of diagnostic

variables that could be useful for forecasting and modelling these squalls further.

Chapter 5 summarises the results in Chapters 2-4, synthesising them to construct

overall conclusions, while determining the impact of the work and any recommenda-

tions for future research.
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Mid-level dry air intrusions over

the southern Maritime Continent

Published in Quarterly Journal of the Royal Meteorological Society (2024).

38



Chapter 2: Mid-level dry air intrusions

Abstract

Patterns in extreme precipitation across the Maritime Continent in southeast Asia

are known to be modulated by many processes, from large-scale modes of variability

such as the Madden–Julian Oscillation, to finer-scale mechanisms such as the diur-

nal cycle. Transient mid-level dry air intrusions are an example of a feature not

extensively studied over the Maritime Continent, which has the potential to influence

rainfall patterns. Here, we show that these dry air intrusions originate from upper

level disturbances along the subtropical jet. Mid-level cyclonic circulation anomalies

northwest of Australia from December to February (DJF) intensify westerlies in the

southern Maritime Continent, advecting dry air eastward. In contrast, mid-level an-

ticyclonic circulation anomalies northwest of Australia from June to August (JJA)

intensify southern Maritime Continent easterlies, advecting dry air westward. The

resultant transport direction of associated air parcels is also dependent on the sea-

sonal low-level monsoon circulation. Dry air intrusions are important in influencing

low-level wind and rainfall patterns, suppressing rainfall over seas near the southern

Maritime Continent in both seasons, as well as over southern Maritime Continent is-

lands in DJF and the Indian Ocean in JJA. In both seasons there is enhanced rainfall

to the east of the intrusion, where there is moist return flow to the extratropics. This

study highlights the importance of synoptic-scale extratropical features in influencing

meteorological patterns in the Tropics.
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2.1 Introduction

The Maritime Continent (MC) in southeast Asia consists of an archipelago of thou-

sands of islands and several shallow seas (Figure 2.1a). High sea-surface tempera-

tures and variable topography make the region conducive to the formation of deep

convection all year round. Rainfall over the MC (Figure 2.1b-c) is twice the global

mean (Yamanaka et al., 2018), with mean precipitation rates exceeding 10mmday−1

(Ichikawa and Yasunari, 2006). The associated latent heat release influences the global

atmospheric circulation and climate through Rossby wave generation and subsequent

propagation towards the extratropics (Jin and Hoskins, 1995). The MC has therefore

been termed an ‘atmospheric boiler box’ (Ramage, 1968).

Deep convection over the MC encompasses multiple spatial and temporal scales,

and several mechanisms modulate precipitation patterns. These processes include

the diurnal cycle of solar heating (e.g.Mori et al., 2004; Qian, 2008; Yokoi et al.,

2017), large-scale modes of variability such as the Madden–Julian Oscillation (MJO;

e.g.Madden and Julian, 1971, 1972, 1994), El Niño–Southern Oscillation (ENSO;

e.g. Haylock and McBride, 2001), the Indian Ocean Dipole (IOD; e.g. Saji et al.,

1999; Saji and Yamagata, 2003), and equatorial waves (e.g.Wheeler and Kiladis,

1999; Yang et al., 2003; Ferrett et al., 2020). Scale interactions also exist between

processes, adding further variability, and therefore complexity, to our understand-

ing of convective organisation, water vapour profiles, and cloud structure over the

MC (e.g. Rauniyar and Walsh, 2013; Peatman et al., 2014, 2021). Limitations in our

knowledge of these mechanisms lead to errors in model-simulated precipitation pat-

terns over the MC, primarily due to issues in resolving finer scale features, or because

of the parametrisation design (e.g. Yang and Slingo, 2001; Neale and Slingo, 2003;
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Qian, 2008; Birch et al., 2016; Vincent and Lane, 2016).

Another feature with the potential to influence regional precipitation patterns is

a dry air intrusion (DAI), which is a descending tongue of low specific, and relative,

humidity and high potential vorticity (PV), hundreds of kilometres in width, injected

from the upper troposphere/lower stratosphere (Danielsen, 1968; Appenzeller and

Davies, 1992; Brown and Zhang, 1997). Extratropical wave trains act as a source of

DAIs, as shown by back trajectory analysis (e.g. Cau et al., 2005, 2007; Casey et al.,

2009) and neural networks (Silverman et al., 2021). Amplification of disturbances

along the upper level subtropical jet leads to isentropic folding of the tropopause and

anticyclonic Rossby wave breaking, forcing descent of upper level dry air (Numaguti,

1995; Bithell et al., 1999; Funatsu and Waugh, 2008)). The resultant direction that

dry air is transported depends on factors such as the jet position and the background

wind field (Homeyer and Bowman, 2013).

The frequency of DAI events has large spatial variability. Waugh and Polvani

(2000), Stohl (2001), Casey et al. (2009), and Raveh-Rubin (2017) produced clima-

tologies of DAI occurrence (the latter two offering global coverage). DAIs are most

prevalent over the Pacific and Indian oceans, occurring more often in the winter sea-

son for each hemisphere. However, they contribute to anomalously dry air all year

round.

Atmospheric soundings show DAIs sit atop sharp stable layers, produced by

anomalous long-wave cooling of the top of the underlying moist air (Mapes and

Zuidema, 1996; Zhang and Chou, 1999; Johnson et al., 2001). The radiative and

convective profile in the Tropics can therefore be perturbed by humidity fluctuations

attributed to DAIs coming from the extratropics (Brown and Zhang, 1997; Ryoo
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Figure 2.1: (a) Map showing the topography/elevation of the Maritime Continent,
with some of its constituent islands and seas labelled. (b-c) The climatological
means of Global Precipitation Measurement precipitation rates for (b) December
2000–February 2001 to December 2019–February 2020 (DJF) and (c) June–August
2001 to June–August 2020 (JJA). Black arrows represent 850 hPa wind.
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et al., 2008). Such disturbances can affect the moisture field and the low-latitude

circulation, thereby impacting regional meteorology and environmental conditions

(e.g. Rodwell, 1997; Knippertz, 2007).

Localised, transient breaks in tropical precipitation on daily-to-weekly time-scales

can be associated with DAIs. This link has been observed in regions such as the tropi-

cal West Pacific during the Tropical Ocean Global Atmosphere Coupled Ocean–Atmosphere

Response Experiment (TOGA COARE; e.g.Mapes and Zuidema, 1996; Yoneyama

and Parsons, 1999; Lucas and Zipser, 2000; Lucas et al., 2000; Parsons et al., 2000) and

the Indian subcontinent, such as through the Interaction of Monsoon Precipitation

and Convective Organisation, Atmosphere, Surface and Sea project (INCOMPASS;

e.g. Parker et al., 2016; Fletcher et al., 2020; Volonté et al., 2020).

Mid-level DAIs cap the moist boundary layer, decreasing boundary-layer parcel

buoyancy and increasing convective inhibition. Gradual increases in boundary-layer

equivalent potential temperature and potential instability lead to convective available

potential energy build-up (Brown and Zhang, 1997; Yang et al., 2009; Parker et al.,

2016). Increases in convective available potential energy allow convection to erode the

dry air layer, primarily through convective cloud detrainment. Convective recovery

is, however, non-steady, being influenced by both local factors (e.g. the diurnal cycle,

orography, convective structure, and surface feedbacks) and remote factors (including

synoptic circulations and dynamics originating from the extratropics) (Mapes and

Zuidema, 1996; Brown and Zhang, 1997; Redelsperger et al., 2002; Fletcher et al.,

2018; Volonté et al., 2020).

DAIs can also result in low-level convergence, vertical motion, and increased con-

vection when encountering warm, moist air masses on eastward margins and leading
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edges, through isentropic displacement and reductions in potential stability ahead of

upper-level troughs (e.g. Funatsu and Waugh, 2008; Vaughan et al., 2017). Distur-

bances along the jet stream and their resultant DAIs can therefore steer and organise

deep convection, through which increases in rainfall may be observed (Allen et al.,

2009; Berry and Reeder, 2016). However, the environment near to the intrusion must

be moist enough to be conducive to the formation of deep convection (de Vries et al.,

2016, 2018; Kumar et al., 2019). As DAIs themselves modify the lower-level wind

field, they can therefore enhance the moisture flux enabling convection downstream

(Rodwell, 1997; Knippertz, 2007; Ward et al., 2021).

Despite insights gained from previous studies across the Tropics, DAIs have not

been extensively studied in relation to MC precipitation. Murata et al. (2006) and

Seto et al. (2006) used rawinsonde, radar, and surface meteorological data and identi-

fied DAIs over Sumatra. Murata et al. (2006) noted events where there is convective

suppression behind eastward-propagating squall lines. Seto et al. (2006) found this

suppression to be associated with intensification of westerly winds. More recently,

Feng et al. (2021) used the Sumatran Global Positioning System array to investi-

gate summer intraseasonal variability in precipitable water vapour, a property that

influences the propagation of the satellite signal. DAIs over Sumatra were associated

with interactions linked to Rossby waves propagating in the Southern Hemisphere

midlatitudes. However, these studies use a small number of events in their analysis

and do not explicitly analyse impacts on rainfall in the region.

Rodwell (1997) highlighted that limits to the accuracy of seasonal forecasts and

predictability of rainfall can be influenced by synoptic-scale/transient events such as

DAIs, particularly if a single event provides significant contributions to the seasonal
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anomaly. Anomalies associated with DAIs could represent a significant challenge for

accurate seasonal forecasts as the slowly varying lower boundary conditions, evolving

from initial conditions, cannot anticipate transient events such as DAIs. Further

research into processes regulating regional precipitation will benefit society in the MC,

as communities experience serious floods and landslides as a result of extreme weather.

Better meteorological understanding will improve forecasting potential and ensure

socioeconomic security for the 500 million people living in the MC, alleviating current

vulnerability to disaster and loss (Wijayanti et al., 2017; Narulita and Ningrum, 2018).

In this study, we aim to identify mechanisms that enable the occurrence of DAIs

and their impact on rainfall over the southern MC and to establish any seasonal dif-

ferences. We use 42 years of European Centre for Medium-Range Weather Forecasts

Reanalysis v5 (ERA5) data to identify dry events near the MC through analysis of

variance and anomalies in humidity. Section 2.2 outlines the methods used, includ-

ing the data utilised, the choice of study location, the workflow in identifying dry

events, and computation of air parcel trajectories to determine attribution to DAIs.

We present the results in Section 2.3, including parcel trajectories, regulatory mech-

anisms of mid-level dry events, and impacts on regional rainfall patterns. Section 2.4

synthesises these results to see whether there are similarities between this work and

past studies, or whether processes and impacts related to dry events are unique for

this region. Conclusions are provided in Section 2.5.
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2.2 Methods

2.2.1 Data

ERA5 data of global climate and weather (Hersbach et al., 2020) are used to in-

vestigate DAIs. Instantaneous hourly ERA5 data (at a horizontal grid spacing of

0.25◦× 0.25◦, equivalent to 26 km) from 1979 to 2021 (42 years) were used. Data

were used for 20 levels from 50 hPa to 1000 hPa at 50 hPa vertical resolution, for the

domain of 20◦N–60◦S, 60◦–160◦E. The hourly data were then used to determine daily

means for each variable across the domain. Daily mean rainfall data from the Global

Precipitation Measurement (GPM) mission, preprocessed using the Integrated Multi-

Satellite Retrievals for GPM (IMERG) Version 06 algorithm (Huffman et al., 2020),

were also used. The IMERG algorithm inter-calibrates gauge data with precipitation

estimates from satellite infrared and microwave sensors. GPM data were available at

horizontal grid spacing, for 20 years from December 2000 to November 2020.

Daily means were averaged over all years for each variable to produce a climato-

logical mean daily annual cycle, which was later smoothed using a 30-day mean.

2.2.2 Dry event identification

The analysis of the variance in daily mean specific humidity at 700 hPa was conducted

for each season, in order to identify regions exhibiting fluctuations in mid-level hu-

midity. A box was selected based on the spatial pattern of the variance. As shown

in Figure 2.2a, the highest variance in mid-level specific humidity is observed ei-

ther side of the MC. Prominent locations of high variance include the eastern Indian

Ocean southwest of Sumatra and Java, and the southwestern tropical Pacific Ocean
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near New Guinea and Australia. A box was selected covering the region of 9◦–20◦S,

95◦–115◦E, near to Sumatra and Java. This box encloses the eastern periphery of the

first high-variance region identified, located between 10◦–20◦S and 80◦–100◦E.

The method of identifying dry events presented is illustrated schematically in

Figure 2.2b. Anomalies in 700 hPa daily mean specific humidity were first calculated

relative to the associated days and months within the smoothed mean annual cycle,

averaged over the identifier box. These anomalies were then normalised by dividing

by that same day within the smoothed mean annual cycle. Dry days were defined

as days where normalised specific humidity anomalies are below the fifth percentile,

computed for each season from 1979–80 to 2020–21. If a dry day has a normalised

specific humidity anomaly more negative than the 10 days preceding and following it,

the dry day represents the middle, or ‘day 0’, of a dry event, which is a local humidity

minimum. This method is chosen so that events associated with an individual DAI

are isolated, ensuring they are not accounted for more than once. Effects of DAIs

are noted up to 8–15 days after an intrusion (in TOGA COARE; e.g. Yoneyama and

Fujitani, 1995; Parsons et al., 2000), so defining events with a 10-day window either

side of a minimum in normalised specific humidity anomalies can be justified.

2.2.3 Trajectory analysis

A Lagrangian trajectory analysis is used to track air parcels associated with dry

events, as used in previous studies (e.g. Casey et al., 2009). Advection of each parcel

only requires details of the three-dimensional wind field, used to track the location and

physical properties of these particular parcels for time periods of interest. Trajectories

were calculated by determining a first guess (denoted with a prime symbol) position
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Figure 2.2: (a) Variance in daily mean specific humidity at 700 hPa for the entire time
period of analysis from December 1979 to November 2021. The black box (9◦–20◦S,
95◦–115◦E) represents the selected region in this study for identification of mid-level
dry events. (b) An illustration of the method described for identifying dry events.
The soild line is a time series of normalised 700 hPa specific humidity anomalies for
a particular season and year. The top dashed line represents zero anomaly, and
the bottom dashed line represents the fifth percentile of normalised 700 hPa specific
humidity anomalies as calculated across all 42 years for a particular season. Paler
dots represent dry days, and darker dots represent day 0 of dry events, where the
anomaly is at its most negative relative to neighbouring days.

of a parcel at time t+∆t, given by

r′t+∆t = rt + vt(rt) ·∆t , (2.1)

where r is the three-dimensional spatial coordinate of the air parcel, and v is

the three-dimensional wind velocity field at position r (e.g.Wernli and Davies, 1997;

Draxler et al., 1998). ∆t represents the time step, which is 1 day for forward trajectory

analysis and -1 day for back trajectory analysis. An adjusted mean wind is determined

from

v̄ = 0.5[vt(rt) + vt+∆t(r
′
t+∆t)] , (2.2)
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to give the final position of the air parcel

rt+∆t = rt + v̄ ·∆t . (2.3)

Trajectories were computed for each grid point within the identifier box (9◦–20◦S,

95◦–115◦E) at day 0, where both latitude and longitude co-ordinates are integers (12

× 21 points). As ERA5 data is at 0.25◦ horizontal resolution, and data is downloaded

at 50 hPa vertical resolution, when a guess position is not located on these defined

grid points or levels, tri-linear interpolation is applied to determine the values of v as-

sociated with their position r. If r exists outside the domain (20◦N–60◦S, 60◦–160◦E,

for vertical pressure levels between 50 and 1000 hPa), the trajectory is terminated.

We find that using a daily-mean wind input does not fundamentally change the mean

trajectory path compared with using an hourly input (not shown).

2.2.4 Association with modes of variability

Dry events were grouped into associations with the phases of ENSO, IOD, and MJO

to determine associations between dry events and larger scale controls. Details on the

data representing these modes of variability can be found in Table 2.1. Ratios were

calculated from the frequencies of these events by dividing the fraction of events in

each phase relative to the total number of events per season by the fraction of days

in each phase relative to the total number of days in each season across the 42 years.

This calculation provides a ratio between event frequency and day frequency with

respect to each phase. If this ratio equals 1, the phase is as likely to occur during

dry events as it is all days. If the ratio is 2, then the phase is twice as likely to occur
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during dry events.

Table 2.1: The indices used in analysing links between the states of selected modes
of variability and the occurrence of dry events. Details on their derivation and the
definition of events related to the various modes are also provided.

Mode Index and Derivation Event Definition
ENSO Monthly Ocean Niño Index (ONI,

NOAA, 2019) - derived from the
average temperature anomaly in
the surface waters of the central-
eastern tropical Pacific.

El Niño events are defined
where ONI ⩾ 0.5◦C for
5 successive months, and
La Niña events are defined
where ONI ⩽ -0.5◦C for 5
successive months.

IOD Monthly IOD Dipole Mode Index
(DMI, Saji and Yamagata, 2003)
- derived from the anomalous sea-
surface temperature gradient be-
tween the the western equatorial
and southeastern equatorial In-
dian Ocean.

Positive IOD events are de-
fined where DMI ⩾ 0.4◦C
for 3 successive months.
Negative IOD events are de-
fined where DMI ⩽ -0.4◦C
for 3 successive months.

MJO Daily real-time Multivariate MJO
series 1 and 2 (RMM1 and
RMM2) - the principal compo-
nents of the two leading empiri-
cal orthogonal functions (EOFs),
defined by EOF analysis of the
combined field of outgoing long-
wave radiation and wind, which
define the phase of the MJO
(Wheeler and Hendon, 2004).
The amplitude is defined as√
RMM12 +RMM22.

MJO events occur when the
amplitude for a specific day
exceeds or is equal to 1.
Where the MJO amplitude
is below 1, we label an event
as being under ‘Phase 0’.

Statistical significance of links between dry event occurrence and large-scale modes

of variability was tested through bootstrapping. For each season, we randomly subset

a set of days of equivalent length to the number of events identified per season, where

the state of each mode for each day is determined. We perform the calculations of
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ratios as described previously for these sets of days, relative to the distribution of

days in the whole season across the phases of each mode. This process is repeated

1000 times to produce a distribution of ratios for the state of each mode for each

season. Percentiles for the original ratios relative to the bootstrapped distribution

are then calculated. These percentiles allow the determination of the significance of

association with modes of variability relative to a selected confidence interval.

2.3 Results

This section outlines the results obtained from this study. Section 2.3.1 provides de-

tails on the number of dry events identified, outcomes from parcel trajectory analysis

for case studies, and for all dry events. Section 2.3.2 seeks to provide reasoning for

such trajectories through understanding mechanisms regulating the occurrence of dry

events. Statistical links between dry event occurrence and phases of various modes

of variability are provided in Section 2.3.3. Lastly, Section 2.3.4 shows the results in

analysing changes to rainfall patterns during dry events.

2.3.1 Dry event characteristics and parcel trajectories

Employing the chosen method described in Section 2.2.2, we identify 201 dry events

over the 42-year period of analysis. Focusing on December–February (DJF) and

June–August (JJA), we find 47 and 56 dry events respectively, equivalent to just over

one event per season per year.

We first analyse where air parcels associated with identified dry events originate

from and are advected to, using the parcel trajectory equations provided in Section
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2.2.3. Initial analysis is performed on select events, and Figure 2.3 shows results

for events that had normalised specific humidity anomalies equivalent to the event-

average per season. These are the January 9, 2020 (Figure 2.3a–c), and July 26, 2020

(Figure 2.3d–f), dry events for DJF and JJA respectively.
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(f) JJA Event Vertical Trajectory

Figure 2.3: Air parcel trajectories for the (a–c) January 9, 2020, December–February
(DJF) and (d–f) July 26, 2020, June–August (JJA) dry events: (a,d) back, (b,e)
forward, and (c,f) vertical trajectories.

Back trajectory analysis shows that air parcels associated with the selected DJF

dry event originate largely from the extratropics in the southeast Indian Ocean

(30◦–50◦S), 6–9 days prior to the peak of the dry event (Figure 2.3a), descending

from 200 to 500 hPa (Figure 2.3c). Forward trajectories show that, on average, air

parcels remain confined within near-equatorial latitudes from 5◦ to 20◦S (Figure 2.3b),
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descending further to the near surface for up to 10 days after the peak of the dry

event before reascending to upper levels (Figure 2.3c). Some parcels, however, as-

cend rapidly just after day 0. Most air parcels are advected eastward towards New

Guinea and northern Australia in the southeast, with a slightly smaller portion west-

ward towards the Indian Ocean. Some trajectories recurve back towards the Southern

Hemisphere extratropics.

For the selected JJA dry event, air parcels largely originate from the extratrop-

ics as well, though slightly further north than in DJF, between 20◦and 40◦S, in the

southeastern Indian Ocean 3–6 days prior to the peak of the dry event (Figure 2.3d),

descending from the upper levels between 300 and 500 hPa (Figure 2.3f). An addi-

tional (albeit much smaller) source of air parcels is located over the Tropics around

New Guinea and the western Pacific, up to 12 days prior to the peak. Forward tra-

jectories show that most air parcels are advected towards the eastern Indian Ocean,

within 6 days of the peak (Figure 2.3e). After this, up to 15 days after the peak of the

dry event, many trajectories are directed northeastward towards mainland southeast

Asia and the northern MC. Few trajectories return to the extratropics to the south

of Australia. On average, air parcels continue descending in some cases beyond 10

days after the peak of the dry event (Figure 2.3f).

Figure 2.4 shows the distribution of air parcels associated with all dry events in

DJF and JJA, to corroborate the aforementioned analysis based on individual events.

Solid contours represent the limits of the trajectory to the number of days listed above

the figure panels for DJF and JJA. Filled contours represent the difference between

these distributions, where positive (negative) values represent where more DJF (JJA)

air parcels are located. The JJA distribution is rescaled to have the same number of
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parcel trajectories as DJF, by multiplying the distribution in JJA by the number of

events in DJF (47), divided by the number in JJA (56).

At 10–15 days before the event, JJA parcels are located further to the north of the

MC between 0◦ and 15◦ S and 80◦–160◦E, whereas DJF parcels are located further

south over the Indian Ocean between 15◦–35◦S and 60◦–130◦E. (Figure 2.4a). Going

forward in time, average trajectories suggest parcels most commonly enter the domain

from the upper troposphere between 200 and 500 hPa (Figure 2.4g) and extratropics

over the southern Indian Ocean to the west (Figure 2.4b). This is observed most

strongly during DJF 5–10 days before the peak of the dry event, but also in JJA.

Just before the peak of the dry event, most DJF parcels are close to the identifier

box where trajectories began (Figure 2.4c). However, the JJA distribution suggests

parcels can come from the extratropics during the 5 days before the event peak,

with some advected southwestward from the Tropics. The extratropical source to the

southwest is, however, common to both DJF and JJA regardless of how far back in

time one goes, though JJA has an additional (yet smaller) source coming from the

Tropics east of New Guinea.

Up to 5 days after the dry event peak, DJF parcels are mostly advected eastward

across the MC towards New Guinea, with some also advected westward (Figure 2.4d).

Up to 10 days after the event, the eastward propagation noted in DJF persists (Figure

2.4e). Compared with DJF, JJA parcels are, on average, advected northwest towards

India, but some are also advected northeastward over Sumatra and Malaysia towards

mainland southeast Asia (Figure 2.4d–f).

Air parcels associated with the trajectories linked to dry events have a charac-

teristic descent from 10 days before the event peak to 10 days after (Figure 2.4g).
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Figure 2.4: The distribution in dry-event-related air parcels as calculated through
(a–c) back and (d–f) forward trajectory analysis. Solid contours represent the limits
of the trajectory to the number of days listed above the figure panels for Decem-
ber–February (DJF) and June–August (JJA). This is indicated by contours where
the sum of parcels across the days, labelled above the figure panels, is 10 parcels.
Filled contours represent differences between the distribution in each season, where
the difference is the JJA distribution subtracted from the DJF distribution, where
the JJA distribution is rescaled to have the same number of parcel trajectories as
DJF, done by multiplying the distribution in JJA by the number of events in DJF
(47), divided by the number in JJA (56). This rescaling allows a difference between
JJA and DJF to be calculated (otherwise there will be a tendency for differences
to shift towards the negative with more parcels present in the domain in JJA than
DJF, by virtue of the difference in number of events). (g) The distributions for each
season as a function of time and vertical pressure level, summed over all longitudes
and latitudes. Solid contours represent the limits of the vertical trajectory to the day
labelled on the x-axis for DJF and JJA. These limits are indicated by contours, where
the sum of parcels is 1000 parcels.
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However, DJF parcels, compared with JJA, originate from the upper levels further

back in time, taking longer to descend to the mid-levels. After the event, JJA parcels

have a stronger descent signal than DJF parcels do, which has a broader vertical

distribution, linked to an increase in the number of parcels that end up reascending

to the upper levels.

2.3.2 Regulatory mechanisms

Here, we provide insight into mechanisms regulating dry event occurrence for events

identified in DJF and JJA. Figures 2.5 and 2.6 show lead–lag composites of specific

humidity anomalies for DJF and JJA events.

During DJF, up to 7 days before the peak of the dry event, a moist anomaly de-

velops over northern Australia (Figure 2.5a). Mid-level westerly anomalies form over

the southern MC, with a mid-level cyclonic circulation anomaly developing north-

west of Australia. Between days -4 and -2, a dry anomaly south of the MC evolves,

driven by southerly advection from the extratropics (Figure 2.5b). At upper levels,

this advection is linked to disturbances along the subtropical jet, where a cyclonic

circulation anomaly develops southwest of Australia, bounded by anticyclonic circu-

lation anomalies either side. Mid-level circulation anomalies almost parallel those at

the upper levels, extending further northward towards the MC. Westerlies over the

southern MC are enhanced, and the intensified return flow to the extratropics east of

the mid-level cyclonic anomaly increases the moist anomaly over Australia.

Around day 0, while the dry anomaly intensifies, upper level disturbances in the

extratropics dissipate (Figure 2.5c). However, the anticyclonic circulation anomaly

over Australia persists, resulting in a preserved moist anomaly there. The mid-
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Figure 2.5: Lead–lag composites for 700 hPa specific humidity anomalies for the 47
dry events identified in December–February (DJF) from 1979–80 to 2020–21 for (a)
days -7 to -5, (b) days -4 to -2, (c) days -1 to +1, and (d) days +2 to +4. Paler and
darker arrows represent composite 700 hPa and 200 hPa anomalous wind respectively,
calculated as the average of wind anomalies for each event relative to the DJF mean
annual cycle. Anomalous wind at each level less than 2m s−1 is not shown. Solid con-
tours represent 200 hPa wind speed at 20m s−1 and 30m s−1, indicating the position
of the DJF subtropical upper level jet. The black box represents the domain used for
identifying dry events as in Figure 2.2.
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Figure 2.6: As in Figure 2.5, but for the 56 dry events identified in June–August.
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level cyclonic circulation anomaly near the MC develops a northwest–southeast tilt,

centred just off northwestern Australia, and the previously enhanced westerlies begin

to weaken. Between days +2 and +4, the dry anomaly begins to dissipate and spreads

out longitudinally, with the moist anomaly over Australia also reduced (Figure 2.5d).

Anomalous mid-level westerlies in the southern MC are weaker than prior to the dry

event peak, linked to the weakened mid-level cyclonic anomaly.

For JJA, between days -7 and -5, a dry anomaly forms to the east over north-

ern Australia and seas adjacent to MC islands (Figure 2.6a). This anomaly stems

from upper level disturbances further east over eastern Australia, with southeast-

erly advection towards the MC. However, composite mid-level wind anomalies here

are weak. The pre-existing dry air migrates westward over Java, the Lesser Sundas,

South Sulawesi, the Maluku Islands, and neighbouring seas (Java and Flores; Figure

2.1a) between days -4 and -2 (Figure 2.6b). A new upper level disturbance develops

to the southwest of the selected box over the southeastern Indian Ocean, leading to

southerly-to-southeasterly advection at the upper levels. This advection is linked to

an anticyclonic circulation anomaly, intensifying easterlies at mid-levels to the west

of the MC, as well as dry air advection into the Tropics.

Around day 0, strong upper level anticyclonic and cyclonic circulation anomalies

are observed to the west and over Australia respectively (Figure 2.6c). A mid-level

anticyclonic circulation anomaly extends into the Tropics, increasing the intensity of

the dry anomaly. The dry anomaly is centred to the south of the MC, though is

spread over Java and adjacent seas, due to pre-existing dry air advected from the

east. The mid-level circulation anomaly is tilted northwest–southeast, with moist

anomalies either side of the dry anomaly of similar tilt. The days following day
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0 are associated with dissipation of upper level anomalies near the Tropics, with

propagation of anomalies further to the east (Figure 2.6d). These anomalies lead to

a new stream of anomalous dry air passing over Australia. Dry air originally near to

the MC spreads out longitudinally, and the moist anomaly has propagated further

east.

In both DJF and JJA, circulation anomalies at both upper levels and mid-levels

are observed. Figure 2.7 shows time–longitude cross-sections of geopotential height

for days -7 to 0, for both the upper level extratropics and mid-level near-Tropics

(identifier box region) for both seasons. The choice of these boxes at these levels are

in line with the geographical positions of upper and mid-level circulation anomalies

noted in Figures 2.5 and 2.6. In DJF, cyclonic anomalies prior to the peak of the

dry event are associated with an upper level trough in the extratropics, which is

strongest at day -3 (Figure 2.7a). Descent accompanies the southerly advection of

dry air to the west of the trough. Anomalies at the mid-levels can also be linked

to a persistent mid-level ridge and trough (Figure 2.7b). Though the ridge does not

significantly intensify over time, the trough deepens around day -3. On the other

hand, the prevalent extratropical anticyclonic anomaly in JJA is attributed to an

upper level ridge (Figure 2.7c). In contrast to DJF, the mid-level trough is not

observed to be more intense than the ridge to the west (Figure 2.7d). Anomalies of

descent accompany the southeasterly advection to the east of the ridge.

The results here show that upper level disturbances within the subtropical jet,

developing around 5 days prior to the dry event peak, are a key precursor to dry

event occurrence in both seasons. These disturbances drive descent of dry air towards

the Tropics. In addition, enhancement in mid-level cyclonic circulation centred over
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Figure 2.7: (a-b) Hovmöller plots of 200 hPa and 700 hPa geopotential height anoma-
lies from days -7 to 0 for the 47 dry events identified in December–February (DJF)
from 1979–80 to 2020–21. Anomalies at 200 hPa are averaged over 20◦–40◦S, and
anomalies at 700 hPa are averaged over 9◦–20◦S. (c-d) As in (a-b), except for the
56 dry events identified in June–August (JJA). Solid lines represent the longitudinal
limits of the identifier box as in Figure 2.2. For panels (a) and (c), paler and darker
dashed contours represent 0.005Pa s−1 and 0.010Pa s−1 vertical velocity anomalies
respectively, indicating regions of descent. The dashed contours in panels (b) and (d)
represent 0.010Pa s−1 and 0.020Pa s−1 vertical velocity anomalies respectively.
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northwestern Australia strengthens mid-level southerlies in DJF, enabling advection

of dry air towards the MC. This circulation also produces anomalous southern MC

westerlies that advect dry air eastward. On the other hand, in JJA, an enhancement

in mid-level anticyclonic circulation just to the west of Australia strengthens mid-level

southerlies, though directing dry air to the same region as in DJF. This circulation,

too, enhances easterlies south of the MC, which advects dry air westward towards

the Indian Ocean. For both seasons, these dry events can therefore be associated

with DAIs. Gradual weakening of enhanced wind circulations in DJF and JJA lead

to eventual dissipation of the dry anomalies. In both seasons, moist anomalies are

observed to the east of the intrusion, tilted in a direction paralleling the trajectory

of dry air. Additionally, for both DJF and JJA, it is apparent that the upper-

level wind circulation anomalies propagate eastward while the mid-level wind and

specific humidity anomalies propagate westward. From Figure 2.7, these propagation

rates can be estimated from the geopotential height anomaly field as roughly 6m s−1

eastward and 4m s−1 westward, respectively.

2.3.3 Association with modes of variability

The previous section established anomalous circulations unique to DJF and JJA that

acted as key regulatory mechanisms to the onset of a dry event. These circulations

could be due to the state of the large-scale environment as modulated by modes of

variability.

To investigate this possible link, the dry events in DJF and JJA were grouped

into their associations with the state of ENSO, IOD, and MJO, as shown in Table

2.2 under columns labelled ‘Frequency’. These values were converted to ratios as
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described in Section 2.2.4, with results shown in columns labelled ‘Ratio’.

Table 2.2: Dry event frequency (‘Frequency’) for both DJF and JJA across the states
of each mode of variability analysed. Provided are ratios indicating event frequencies
compared to the number of days within each season associated with each state of each
mode (‘Ratio’) as described in Section 2.2.4. Percentiles of these ratios are obtained
by comparison to the distribution of 1000 bootstrapped samples, also described in
Section 2.2.4. Where these percentiles are below the 5th percentile or above the
95th percentile, ratios are highlighted in bold and are italicised. MJO phases are
associated with geographical locations as follows: Phases 2 and 3 (Indian Ocean),
Phases 4 and 5 (Maritime Continent), Phases 6 and 7 (West Pacific), Phases 8 and
1 (Western Hemisphere and Africa), as per Wheeler and Hendon (2004). Phase 0
represents times when the MJO amplitude is below 1 and therefore weak.

Mode State DJF (Fre-
quency)

DJF
(Ratio)

JJA (Fre-
quency)

JJA
(Ratio)

ENSO El Niño 16 1.04 12 1.08
Neutral 15 0.94 31 0.94
La Niña 16 1.02 13 1.08

IOD Positive 2 1.79 10 1.25
Neutral 45 1.01 43 0.98
Negative 0 0.00 3 0.75

MJO Phase 0 14 0.87 24 0.99
P2 and P3 2 0.27 12 1.41
P4 and P5 7 0.90 8 1.25
P6 and P7 13 1.29 7 1.04
P8 and P1 11 1.98 5 0.50

No statistically significant associations between dry events and the state of ENSO

or IOD in either season are found. The MJO, on the other hand, shows statistically

significant links with dry events in each season. In DJF, the MJO is significantly more

(nearly twice as) likely to be in phases 8 and 1, and significantly (nearly four times)

less likely to be in phases 2 and 3 when there is a dry event. In JJA, the MJO is

significantly more likely to be in phases 2 and 3 and phases 4 and 5, and signficantly

(two times) less likely to be in phases 8 and 1 when a dry event occurs. Following
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the associations between geographical location and MJO phase as in Wheeler and

Hendon (2004), the MJO active envelope is more likely to be away from (near to) the

MC when a dry event occurs in DJF (JJA), and vice versa. Therefore, there appears

to be seasonal differences in associations between phase of the MJO and dry event

occurrence.

2.3.4 Impact on rainfall

In this section, we analyse the impact of decreased mid-level humidity on regional

rainfall patterns. We use the dry events that take place in the available GPM data

record from 2000–01 to 2019–20 as GPM does not go as far back as ERA5. This

subset provides 25 and 27 dry events for DJF and JJA respectively. Precipitation

anomalies associated with each event are composited by lag time and then normalised

with respect to the mean rainfall rate at that grid point per season (Figure 2.1b-c).

During DJF dry events, negative rainfall anomalies develop over the northwest

of Australia, up to 6–10 days before the peak of the dry event (Figure 2.8a). The

rainfall anomalies become larger and more widespread, aligning with the negative

specific humidity anomalies between days -5 to -2 (Figure 2.8b). Positive anomalies

in normalised precipitation rate are observed to the east over and offshore of the

northwest Australian coastline. Around day 0, positive rainfall anomalies dissipate,

but continued northward propagation of dry air coincides with decreases in rainfall,

with strongest reductions at the core of the dry anomaly, south of Java (Figure 2.8c).

Anomalies south of the MC dissipate and disperse after the dry event peak. These

are now more prevalent further west towards the Indian Ocean (Figure 2.8d). Slight

negative rainfall anomalies are observed over the Lesser Sundas and the neighbouring
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Flores and Banda seas to the northeast (Figure 2.1a). Between days +6 and +10,

most of the negative rainfall and humidity anomalies have dissipated, though more

localised dry air and reduced rainfall signatures persist (Figure 2.8e).
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Figure 2.8: Normalised precipitation rate anomalies with respect to the mean rain-
fall per grid point for dry events in (a–e) December–February (DJF) and (f-j)
June–August (JJA) within the available GPM record from 2000–01 to 2019–20 (25
for DJF and 27 for JJA), for days -10 to +10. Anomalies have been binned into
sets of days, with smaller bins closer to day 0, which each set of data is averaged
over. Dashed contours represent negative specific humidity anomalies averaged over
these events, where increases in contour thickness reflect decreases (becoming more
negative) in the mean specific humidity anomaly by 0.5 g kg−1, starting at -0.5 g kg−1.
The black box represents the domain used for identifying dry events as in Figure 2.2.

For JJA dry events, there are pre-existing anomalies of reduced rainfall across the

region up to prior to the dry event peak (Figure 2.8f-g). Rainfall reductions are noted

over Java, the Lesser Sundas, south Sulawesi, and the Java and Flores seas (Figure

2.1a). Only 2–5 days prior to the dry event peak are anomalies originating from the

south observed, along with negative specific humidity anomalies, just to the northwest

of Australia. Increases in rainfall are noted to the east over Australia. Widespread

reductions in rainfall, coinciding with the humidity anomalies, are observed around

day 0 (Figure 2.8h). The pre-existing anomaly from the east leads to reductions over
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the southern MC. The rainfall anomaly from the south shifts northwest towards the

Indian Ocean with the reductions in humidity. Positive rainfall anomalies develop

to the east of the dry anomaly over the Lesser Sundas and northern Australia, with

a northwest–southeast tilt. Both negative and positive rainfall anomalies dissipate

over the region up to 5 days after the dry event peak (Figure 2.8i). Some anomalies

shift westward and southeast towards Australia, where there are further reductions in

rainfall, matching the trajectory of the humidity anomalies. After day +6, observed

anomalies dissipate (Figure 2.8j).

2.4 Discussion

Using the results obtained in Sections 2.3.1 to 2.3.4, we present the mechanisms

controlling dry event occurrence and their impacts on rainfall in the southern MC

schematically in Figure 2.9a-b for DJF and JJA.

Analysis of parcel trajectories and precursor anomalies showed that air parcels

associated with dry events can be attributed to DAIs, originating from upper level

disturbances along the subtropical jet. The approximate geographic location of the

DAI origins - to the southwest of Australia over the southern Indian Ocean - and

eventual destination to the south of the Maritime Continent aligns with that in the

Lagrangian trajectory analysis of Cau et al. (2007). These processes are likely to be

related to Rossby wave breaking, as indicated by similar upper level wind anomaly

patterns shown in past studies (e.g. Numaguti, 1995). Parallels can also be drawn in

terms of dry air sourcing and pathways leading up to a dry event, as seen in Feng

et al. (2021). This work extends Feng et al. (2021)’s observations across a longer time
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Figure 2.9: Schematic showing the mechanisms regulating the occurrence of dry
events, due to extratropical mid-level dry air intrusions, to the south of the Mar-
itime Continent, and their impacts on Maritime Continent rainfall, for (a) Decem-
ber–February (DJF) and (b) June–August (JJA). Arrow size is not representative of
intrusion characteristics, merely representing direction and vertical motion.

period of analysis for more events. Sole and direct attribution of the dry anomalies to

disturbances along the upper-level jet (around 200 hPa) should be treated with some

caution, as mean trajectories suggest the dry air is sourced between 300-400 hPa

(e.g. Figure 2.2g), though these disturbances aloft may still assist in transport to

lower-levels.

Negative humidity anomalies observed coming from the east in JJA up to 7 days

prior to the peak of the dry event may be attributed to the greater frequency of

austral wintertime DAIs (e.g. Casey et al., 2009). Figure 2.2a highlighted a high-

variance region in mid-level specific humidity between New Guinea and Australia.

This region may be where the pre-existing dry air originates from, which reaches the
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MC prior to the intrusions analysed originating from the south over the Indian Ocean

in JJA.

There are visible differences, however, in terms of the mechanisms regulating the

occurrence of dry events in each season. First, air parcels associated with DAIs take

less time to arrive into the Tropics in JJA compared with DJF, and those found

in the domain up to 15 days prior to the dry event peak are located within more

equatorial latitudes in JJA than in DJF. This observation is likely to be a product

of the northward migration of the subtropical jet and intertropical convergence zone

(‘climatologically wet region’) during the austral winter (as depicted in Figure 2.9b

compared with Figure 2.9a), as well as strengthening of the jet stream, leading to

faster advection of air parcels. Indeed, a study by Ndarana and Waugh (2011) note

primarily latitudinal, compared to longitudinal, shift in the location of Rossby wave

breaking events between boreal winter and summer in a climatology for the Southern

Hemisphere. However, not all points within the box are dry even when a dry event

occurs. Therefore, trajectories starting in the Tropics tend to be those not associated

with the dry event itself.

Second, shifting of the jet northward in JJA is likely to be altering the direction

of dry air trajectories into the MC from southerly to southeasterly, with changes

to geopotential height anomalies noted. Past studies have found links between jet

characteristics and resultant trajectories of DAIs (e.g. Homeyer and Bowman, 2013).

However, the observed trough in DJF and ridge in JJA (dotted circles in Figure

2.9) may be a result of the events that have been composited. The eventual north-

west–southeast tilt attributed to the mid-level trough anomalies in the region of the

dry anomaly around day 0 is expected due to refraction of midlatitude wave trains
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towards the Tropics (e.g. van der Wiel et al., 2015).

Third, the most pronounced differences between DJF and JJA are in forward tra-

jectories associated with dry events themselves. DJF air parcels have greater re-ascent

after the dry event peak (shown as fading arrows in Figure 2.9a), compared with that

in JJA. In addition, JJA air parcels are advected towards the Indian Ocean, with

some further northeast from this position up to mainland southeast Asia, compared

with DJF, where there is dominantly eastward advection towards New Guinea and

some advection westward towards the Indian Ocean. The first association is that the

lower level (850 hPa) climatological wind field, provided in Figure 2.1b, characteristic

of the monsoon circulation in each season, suggests mean westerly motion in the lower

levels in DJF across the southern-central MC, with easterlies slightly further south,

while still within the box latitudes (up to 20◦S). The lower level monsoon circulation

explains the largely eastward propagation of air parcels in DJF after continued descent

below 700 hPa. Figure 2.1c, on the other hand, shows the opposing monsoon circu-

lation for JJA, where there are strong low-level mean easterlies across the southern

MC, which would explain the largely westward advection of parcels. To the northwest

of the MC into the Indian Ocean near to the Bay of Bengal and mainland southeast

Asia, the low-level monsoon circulation reverses from northeasterly (as in DJF) to

southwesterly, providing reasoning for eventual advection of air parcels towards the

mainland. Therefore, parcels that continue descent after the peak of the dry event

will likely be entrained in the mean monsoon low-level circulation, influencing their

eventual trajectory.

Impacts on rainfall generally follow the trajectories presented in Figures 2.3 and

2.4. In both seasons, dry air coming from the extratropics suppresses rainfall over the
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sea in the identifier box, in agreement with results from campaigns such as TOGA

COARE over the tropical west Pacific (e.g. Parsons et al., 2000). In DJF, dry air

propagates eastward, resulting in a suppressed rainfall signal over the Lesser Sundas

of Indonesia, and neighbouring seas after the dry event. In JJA, rainfall reductions

over the islands of the MC are linked to the pre-existing dry air originating from

the east. As JJA trajectories are largely (north)westward, no further reductions over

the MC can be attributed to the dry events studied, though rainfall suppression is

apparent going into the eastern Indian Ocean.

An increase in rainfall to the east of the dry anomalies, which have a tilt paralleling

that of the dry air trajectory itself, was also observed. When analysing key mech-

anisms regulating dry events, there was flow to the extratropics at both mid-levels

and upper levels to the east of troughs, resulting in increases in mid-level specific

humidity. Such moist anomalies are found in similar positions to observed positive

rainfall anomalies over northwestern and northern Australia, as well as the Lesser

Sundas, implying that roughly around day 0 it is possible to get increases in rainfall

just to the east. Berry and Reeder (2016) observed similar positive rainfall anoma-

lies, where Australian summertime monsoon bursts took place to the east of an upper

level trough. Allen et al. (2009) note similar increases in tropical convection in this

region and were able to attribute it more directly to the leading edge of a descending

dry air mass from the extratropics. Several researchers have associated amplifica-

tion of upper level troughs with enhanced convection at the edges and to the east

of descending dry air masses elsewhere, thereby steering convection (e.g. Tompkins,

2001; Pohl et al., 2009; de Vries et al., 2016). DAIs and the associated disturbances

themselves are driving the flow of moist air necessary to form convection, observed
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in past studies such as Knippertz (2007) and Ward et al. (2021) over Africa.

Our investigation into associations between dry events and large-scale modes of

variability (Table 2.2) found no significant link between dry event occurrence and both

the phases of ENSO and the IOD. Berry and Reeder (2016), for example, also found no

significant link between upper level troughs (which regulate Australian summertime

monsoon bursts) near to the study region and ENSO. Pohl et al. (2009) found the

opposite results for southern Africa, suggestive of global variability in associations

between upper level disturbances and the large-scale modes of variability.

In contrast with ENSO and IOD, significant links with the MJO have been noted.

For DJF, it was observed that the MJO active phase is significantly more likely to

be in phases 8 and 1 and less likely to be in phases 2 and 3 when a dry event occurs.

For JJA, when a dry event occurs, the active phase is significantly more likely to be

in phases 2 to 5 and less likely during phases 8 and 1. In more condensed terms,

when a dry event occurs, the MJO active phase is significantly more likely to be in

the vicinity of the MC during JJA and less likely during DJF. The opposite is noted

when the MJO active phase is away from the region. Therefore, we find similar results

to Berry and Reeder (2016) for DJF (JJA was not examined in their work).

We hypothesise that the link between MJO phase and dry event occurrence is due

to circulation anomalies that are driven by the large-scale tropical environment, most

dominantly regulated by the MJO on intraseasonal time-scales (Madden and Julian,

1971, 1972, 1994), which may be a product of equatorial wave theory associated

with MJO dynamics (e.g. Hendon and Salby, 1994; Maloney and Hartmann, 1998;

Matthews, 2000). During the active phase, a tongue of low pressure strengthens to

the east, associated with a Kelvin wave, with pressure troughs to the northwest and
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southwest, associated with Rossby waves (Matsuno, 1966; Gill, 1980). The opposite is

observed for the suppressed phase of the MJO. The potential for DAI trajectories to

be modified by Rossby waves has in the past been researched over the Indian Ocean

in the Dynamics of the MJO field campaign (Kerns and Chen, 2014; Chen et al.,

2016). Their observations included a strong MJO event and DAIs over the Indian

Ocean. A noted interaction linked DAIs to westward-propagating synoptic Rossby

gyres in the active envelope. These gyres induced low-level wind circulations drawing

the dry air eastward into the equatorial region west of the envelope, contributing to a

1- to 2-day break in the rainfall during the MJO active phase, favouring a transition

to the suppressed phase. This interaction was validated in various simulations (Wang

et al., 2015; Kuznetsova et al., 2019).

Mid-level westerly anomalies persist over the southern MC in DJF (double arrows

in Figure 2.9a), linked to the enhanced negative geopotential height anomaly and

cyclonic circulation over northwestern Australia. With the strengthened mid-level

trough in DJF enhancing both descent of dry air from upper levels and equatorward

and eastward advection, a similar interaction to that in Kerns and Chen (2014) may

be taking place. When the active phase of the MJO is away from the MC, westward-

propagating cyclonic circulations, originating from the active envelope, may enhance

westerly flow near to the region of study. In the opposite phases, with reversals of

anomalous vortices associated with the MJO, there may be easterly intensification,

which is the reason for such air parcels propagating westward (Figure 2.9a). In JJA,

opposite anomalies are noted (Figure 2.9b), though mid-level easterlies are not as

persistent as the westerlies observed in DJF, likely linked to the anomalous geopo-

tential signature being weaker. With dry events more likely when the active phase
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of the MJO is to the west or over the MC, mid-level ridges (or anticyclonic circula-

tions) are to have greater prevalence near to the region linked with the suppressed

phase of the MJO being further to the east. There may be easterly intensification

towards the Indian Ocean due to the anticyclonic circulation characteristic of these

ridges. Therefore, MJO phase may exert a control on both mid-level circulation and

geopotential characteristics noted in each season, potentially interacting with DAIs,

particularly with the apparent westward shift in the mid-level geopotential height

anomalies (Figure 2.7) which could be characteristics of the aforementioned equato-

rial Rossby waves. Deeper exploration of such associations, however, are beyond the

scope of this study and would require further research.

2.5 Conclusions

We have investigated the occurrence of dry events south of the MC and underly-

ing mechanisms in observations for DJF and JJA. Air parcels associated with dry

events in both seasons originate from the extratropics in the southern Indian Ocean,

as shown by back trajectory analysis, 5–10 days prior to the peak of the dry event.

These air parcels are associated with synoptic mid-level DAIs regulated by amplifica-

tion of upper level disturbances along the subtropical jet up to 5 days before the dry

event peak. Descent of dry air takes place to the west of the upper level trough and

east of the ridge. DJF intrusions are dominated by southerly mid-level advection and

a mid-level cyclonic circulation anomaly (trough) northwest of Australia, whereas

JJA intrusions have slight southeasterly flow of dry air from the extratropics due

to a mid-level anticyclonic circulation anomaly (ridge) northwest of Australia. The
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circulation anomaly in DJF enhances westerlies in the southern MC, allowing advec-

tion further east. In contrast, the anomaly in JJA enhances easterlies to the west,

enabling westward advection. There are interactions between the low-level monsoon

circulation in JJA, where northeasterly flow in DJF near mainland southeast Asia

and the Bay of Bengal reverses to southwesterly, directing air parcels further north-

ward. Opposing tropical–extratropical flow to the east of intrusions in both seasons

transports moisture over Australia and the Lesser Sundas. Though, in both seasons,

DAIs descend from around 10 days before the peak of the event to 10 days after,

there is eventual re-ascent of air parcels in DJF, with more prolonged low-level flow

in JJA. Transport mechanisms, influenced by circulation and geopotential anomalies,

attributable to DAI occurrence may be linked to the MJO.

Dry air originating from the extratropics suppresses rainfall, supporting work from

other studies analysing convective suppression in the Tropics linked to DAIs. Rain-

fall suppression signatures largely follow intrusion trajectories, where reduced rainfall

may be found in DJF in the southern MC over the Lesser Sundas and neighbour-

ing seas, following the eastward propagation. JJA, on the other hand, has limited

rainfall reductions over the southern MC linked to the intrusions analysed. Instead,

DAIs originating from further east lead to reductions over Java, Sumatra, southern

Borneo, and neighbouring seas. Anomalies linked to the intrusion propagate to the

Indian Ocean. In both cases, reduced rainfall can be seen developing around 5 days

prior to up to 5 days after the dry event peak. In addition, signatures of positive

rainfall anomalies are found to the east of the dry anomalies, indicative of enhanced

convection linked to convergence of moist air coming from the Tropics to the extra-

tropics encountering the eastward propagation of upper level disturbances and the
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negative humidity anomalies. These have been observed elsewhere in the Tropics.

This work has extended past work, through usage of 42 years of data compared

with select days to weeks in other studies, which were limited by the constraints

of observations. However, our approach requires further validation from case study

analysis of events linked to DAIs. Such validation is necessary particularly because of

the limitations of sample size in terms of number of dry events per season, identified

using the method employed. More events are required to provide confirmation of

statistically significant links between dry events and the precursor mechanisms, pro-

cesses that modulate their trajectories, and also their impacts on rainfall. All three

of these links are potentially more visible on finer time-scales, so will need further

analysis beyond what has been achieved here. Case study analysis will reveal the

finer details on what controls dry event occurrence and impacts on convection and

rainfall over the MC. Future work may also involve repeating the analysis presented,

but for other regions of the MC.

Impacts originating from both the abrupt pauses in convection, enabling recharge

in boundary-layer moisture, and also enhanced rainfall/steering of convection on mar-

gins through dynamical uplift and low-level interactions, are critical to understand.

Future work should involve incorporation of both reanalysis and model data, as this

will allow testing of the representation of synoptic processes such as DAIs in global

and regional simulations, while increasing our understanding of the associated mech-

anisms particularly over the MC. These include interactions with the climatological

mean circulation, as well as potentially large-scale modes of variability. Precise details

on the influence of the MJO and whether it influences circulation and geopotential

anomalies regulating DAIs were not covered in this research and would require fil-
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tering of the MJO signal in relation to these events. Interactions between DAIs and

background modes of variability, however, may vary across the MC, as the modes

exert different controls on meteorology based on geographical location. Therefore,

more generalised assumptions on their interactions over the whole of the MC cannot

be made based on what was learnt from studying the southern portion of the region.

Regardless, our work has provided insight into key processes and impacts linked

to DAIs (in terms of both rainfall suppression and enhancement), supporting and

expanding on past studies. Improving our general understanding of MC precipitation

patterns will provide benefits for forecasting and issuing severe weather warnings,

as well as validation of numerical weather prediction models. Any improvements to

regional systematic biases and our understanding of more complex processes will also

ultimately contribute to improved situational awareness for local agencies, decision-

makers, and communities.
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Abstract

Mesoscale ocean eddies contribute to the mixing and transport of water properties

throughout the global ocean. Sea surface temperature anomalies associated with

these eddies can influence atmospheric boundary layer stability, and thus the forma-

tion of clouds. The Maritime Continent experiences the modulation of convection

and precipitation by processes operating over multiple spatial and temporal scales.

However, mesoscale air-sea interactions, such as those associated with the eddies the

region generates, remain understudied. Applying a sea surface height-based eddy

detection and tracking algorithm, we show that lower latitude eddies, such as those

in the Maritime Continent, are generally fewer in number, weaker, and shorter-lived,

but larger and faster-propagating, compared to those at higher latitudes. Crucially,

we highlight that eddies in the Maritime Continent can significantly modify air-sea

heat exchange and the near-surface wind field. However, changes to column water

vapor, cloud, and rainfall are less distinct. Compared to the Kuroshio Extension, a

representative case study for the extratropics, atmospheric anomalies associated with

eddies in the Maritime Continent are weaker, and decreasing in magnitude toward the

lower latitudes. We hypothesise that weaker sea surface temperature anomalies asso-

ciated with eddies in the Maritime Continent, coupled with their faster propagation

and intraseasonal variability in convection over the region, reduce the likelihood and

intensity of the instantaneous atmospheric imprint. This study therefore emphasises

the importance of the spatial and temporal scales with regard to air-sea interactions

and their influence on cloud and rainfall across the Maritime Continent.
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3.1 Introduction

The Maritime Continent in Southeast Asia, consisting of thousands of islands and

many shallow seas (Figure 3.1), represents a ‘low-latitude chokepoint’ of the global

oceans (Lee et al., 2019). This region is the only connection between different ocean

basins in the tropics, where the Indonesian Throughflow (ITF) flows from the West

Pacific Ocean to the southeast tropical Indian Ocean (Gordon, 2005; Sprintall et al.,

2014). The resultant exchange and transformation of water masses in this region

holds importance to the coupled ocean-atmosphere climate system (e.g.Godfrey,

1996; Makarim et al., 2019).

Tidal mixing and upwelling are dominant contributors to changes in water prop-

erties in the Maritime Continent, with vertical diffusivity in the constituent marginal

seas being an order of magnitude greater than in the open ocean (Ffield and Gordon,

1996; Jochum and Potemra, 2008; Koch-Larrouy et al., 2010; Nagai et al., 2021).

Mixing, primarily occurring along narrow passages or straits, is affected by the wind

field, which can be modulated, for example, by the monsoon circulation and larger-

scale modes of variability (e.g.Wirasatriya et al., 2021; Susanto and Ray, 2022). A

key component of mixing is represented by mesoscale ocean eddies.

Mesoscale ocean eddies are ubiquitous in the global ocean, with spatial and tem-

poral scales on the order of 100 km and 10–100 days, respectively (Chelton et al.,

2011; Kurian et al., 2011). Mesoscale ocean eddies dominate the kinetic energy

signature of the ocean (e.g. Storer et al., 2022), and are generated through both

barotropic and baroclinic instabilities, produced by interactions between wind, cur-

rents, and bathymetry. These eddies are dominantly nonlinear as they rotate faster

than their lateral propagation, and are in approximate geostrophic and hydrostatic
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Figure 3.1: Map of the Maritime Continent located in Southeast Asia with several of
the constituent seas and neighboring oceans labelled: Arafura Sea (AS), Banda Sea
(BS), Celebes or Sulawesi Sea (CS), Gulf of Thailand (GT), Java Sea (JS), Indian
Ocean (IO), Pacific Ocean (PO), Philippine Sea (PS), South China Sea (SCS), and
Sulu Sea (SS).
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balance in the horizontal and vertical dimensions, respectively (e.g. Chelton et al.,

2011). Important in the transport of heat, salt, nutrients, and biogeochemical tracers

(e.g. Hausmann and Czaja, 2012; McGillicuddy, 2016; Melnichenko et al., 2017), ed-

dies exhibit regional and seasonal variability in their propagation pathways, lifetimes,

amplitudes, and mechanism of genesis (e.g. Halo et al., 2014; Mason et al., 2017; Zu

et al., 2022).

The various deep basins and narrow tidal straits within the Maritime Continent,

and their interactions with wind and currents, are crucial in generating mesoscale

ocean eddies (e.g. Chen et al., 2020; Wang et al., 2021; Pang et al., 2022). Mesoscale

ocean eddies also contribute to changes in transport along the ITF (e.g. Ismail et al.,

2021; Hao et al., 2022). Eddy characteristics across the Maritime Continent vary

based on basin size, sea surface temperature (SST), ocean currents, coastline distance,

and bathymetry (Ffield and Gordon, 1996). Eddies in the seas of the Maritime

Continent are mostly short-lived, with lifespans less than 30 days (Hao et al., 2021),

and are more prevalent in the northern seas forming the inflow of the ITF (Purba

et al., 2020). As a result, studies have found intraseasonal variability in surface

ocean characteristics is more strongly linked to mesoscale ocean eddies, as opposed

to larger-scale forcing, in the northern seas (Napitu et al., 2015).

Mesoscale ocean eddies consist of two polarities - anticyclonic and cyclonic (e.g.

McGillicuddy, 2016). These eddies, if located sufficiently far away from the Equator,

are close to being in hydrostatic and geostrophic balance. Therefore, thermal wind

relationships can explain links between their induced respective positive and negative

sea surface height (SSH) anomalies, low and high sea level pressure (SLP) anomalies,

and development of characteristic SST signatures.
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Signatures in SST associated with mesoscale ocean eddies act as the facilitator

for interactions between these ocean features and the atmosphere (e.g. Frenger et al.,

2013; Bôas et al., 2015; Liu et al., 2021; Gulakaram et al., 2023; Seo et al., 2023).

Warm-core eddies release heat to the atmosphere through induced surface heat fluxes,

which can strengthen winds and produce anomalous wind convergence. These changes

can lead to enhanced instability in the atmospheric boundary layer, thereby enhancing

vertical mixing, potentially leading to more cloud and rainfall. In contrast, cold-core

eddies draw in heat from the atmosphere, which can weaken winds and result in

anomalous wind divergence. The boundary layer is therefore more stable, with less

cloud and rainfall. Both anticyclonic and cyclonic eddies can have warm and cold

cores dependent on processes governing eddy vertical thermohaline structure (e.g. Liu

et al., 2020; Sun, An, Liu, Liu, Yang, Tan, Dong and Liu, 2022).

The relationship between the SST anomalies associated with eddies and influence

on the atmosphere additionally results from the balance between advection and ver-

tical mixing. When advection is weak, winds converge over the warm flank of an

SST front due to the pressure gradient force (the pressure adjustment mechanism;

e.g. Lindzen and Nigam, 1987; Small et al., 2008). In contrast, when advection is

strong, due to enhancement of wind speed over a warm anomaly in the surface ocean,

winds converge downstream (the vertical mixing mechanism; e.g.Wallace et al., 1989;

Chelton et al., 2004; Park et al., 2006). These mechanisms can have competing influ-

ences on the atmospheric boundary layer (Jiang et al., 2019).

It is important to acknowledge that the background environmental state can mod-

ify the characteristics of eddies and their imprint on the atmosphere. For example,

interactions with more transient processes, such as synoptic weather systems, can
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add additional ocean-atmosphere feedbacks (Souza et al., 2021; Gulakaram et al.,

2023). Studies have also suggested seasonality in the response to, and characteristics

of, eddies in regions such as the northwest Pacific, with more intense anomalies in the

wintertime due to enhanced SST anomalies (Liu, Chang, Kurian, Saravanan and Lin,

2018; Sun, Li, Yan, Zhou and Zhou, 2022). In addition, interactions between eddies

and large-scale modes of variability, which regulate the environmental wind and SST

field, have been observed (Roman-Stork et al., 2021).

The Maritime Continent is a region known for the modulation of atmospheric

stability, convection, and rainfall by a variety of processes operating over multiple

spatial and temporal scales. Processes include large-scale modes of variability, such as

the Madden-Julian Oscillation (MJO, e. g. Madden and Julian, 1994), and finer-scale

and more local phenomena such as the diurnal cycle of solar heating (e.g.Mori et al.,

2004). Studies have also investigated the role of air-sea interactions in the Maritime

Continent (see Xue et al., 2020, for a comprehensive review, primarily focusing on

modelling capabilities).

Though the characteristics of eddies within the Maritime Continent are well un-

derstood, their relationship with air-sea interactions has not been studied. In fact,

minimal research has been conducted into this relationship across the tropics. By us-

ing observational data to track eddies in the tropical Atlantic Ocean and analyse the

associated mean atmospheric responses across the domain, Aguedjou et al. (2023)

found a minimal imprint of mesoscale ocean eddies on the atmospheric boundary

layer, such as in surface heat fluxes and precipitation. Toward the subtropics, such as

in the South China Sea, responses in surface heat fluxes, wind, and other atmospheric

properties, obtained from satellite observations, are noted in studies such as Liu, Li,
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Chen, Fang and Li (2018). As the waters of the Maritime Continent act as an abun-

dant heat source favoring the formation of convection, it is important to investigate

if surface ocean anomalies even at the mesoscale can leave an imprint on the tropical

atmosphere. Such analysis would, for example, help to inform decisions related to

running coupled ocean-atmosphere models for numerical weather prediction and the

complexity and/or resolution they require, by better understanding the role of the

ocean, in the Maritime Continent.

In this study, we aim to identify the general properties of mesoscale ocean eddies

in the Maritime Continent, and to determine if there is an atmospheric response to

these eddies, which has not been analysed in the existing literature. We use 20 years

of satellite altimetry data to detect and track eddies, which are collocated in ECMWF

(European Centre for Medium-Range Weather Forecasts) Reanalysis v5 (ERA5) data

(Hersbach et al., 2020) to produce composites. These composites are used to analyse

whether SST anomalies at the mesoscale can interact with the atmosphere signifi-

cantly enough in the Maritime Continent to affect cloud and rainfall properties, as

seen in other regions. Section 3.2 presents the methodology used for eddy detec-

tion and tracking, construction of eddy composites for analysis of the corresponding

atmospheric response, and statistical testing of the significance of these responses.

We show results in Section 3.3, which cover the characteristics of eddies, and eddy

composites in various surface and atmospheric variables. Section 3.4 compares these

results to those obtained in previous studies, to establish hypotheses for the extent,

or lack, of atmospheric responses to eddies in the Maritime Continent. Conclusions

are given in Section 3.5.
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3.2 Methodology

3.2.1 Eddy detection and tracking

Eddy detection is crucial for understanding eddy-induced ocean dynamics, and sev-

eral methods have been developed primarily utilising satellite altimetry data. These

methods include the Okubo-Weiss parameter method (e.g. Frenger et al., 2013), where

eddies are classified based on vorticity determined from the geostrophic components of

velocity, and the flow and vector geometry methods (e.g. Nencioli et al., 2010), which

utilise closed contours of the stream function field. The most popular method is the

SSH anomaly method. This method is parameter-free, as defined eddy edges, which

depend only on a single extremum, and compared to other methods, performance is

better, for example, in terms of signal-to-noise ratios and avoidance of excess eddy

detection (e.g. Chelton et al., 2011).

Here, we use and adapt the eddy detection and tracking algorithm, py-eddy-

tracker, of Mason et al. (2014). This open-source algorithm requires SSH data input,

either using sea level anomalies (SLA; deviations of the sea surface from the mean

sea surface) or absolute dynamic topography (ADT; the difference between the in-

stantaneous SSH and the marine geoid, equivalent to the sum of SLA and the mean

dynamic topography). While SLA and ADT are both effective in the identification of

eddies, Pegliasco et al. (2021, 2022) suggest the usage of ADT as it is more sensitive

to regions with strong SSH gradients and where recurrent mesoscale features exist, or

for coastal regions, and both closed and semiclosed basins, such as in the Maritime

Continent. ADT is also more sensitive to tracking smaller eddies and longer tra-

jectories, and less sensitive to detecting meanders in currents as eddies (Halo et al.,
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2014).

We obtained data for ADT (from here referred to just as SSH anomaly) through

the Data Unification and Altimeter Combination System (DUACS; Taburet et al.,

2019). DUACS is the operational multimission production system of altimeter data

developed by Centre National D’Études Spatiales (CNES)/Collecte Localisation Satel-

lites (CLS). Data products are estimated by merging along-track measurements from

different altimeter missions from GEOSAT to Jason-3. These data are provided

by Archiving, Validation and Interpolating of Satellite Oceanographic data (AVISO),

available through the Copernicus Marine Environment Monitoring Service (CMEMS).

SSH anomalies, relative to a 20-year mean, were predetermined by the data provider

and available at 0.25◦ × 0.25◦ horizontal grid spacing. We use 20 years of continuous

daily data from December 2000 to November 2020.

The eddy detection algorithm removes a large-scale smoothed field, obtained from

a Gaussian filter with a zonal (meridional) major (minor) radius of 10◦ (5◦), from the

SSH anomaly data, which accounts for their lateral propagation, visible in SSH data

(Mason et al., 2014). Eddies are then identified using interpolated contours of this

high-pass filtered data, calculated at intervals of 1 cm from -100 to 100 cm. Each 1 cm

SSH interval is analysed in turn, searching downward from the previously mentioned

limits to 0 cm, until a closed contour is detected. From this closed contour, the

algorithm employs a set number of criteria for labelling a feature as an eddy, as

described in Mason et al. (2014). These criteria include constraints to the number of

pixels within the final closed contour, a maximum shape error relative to an ideal fit

circle, and the requirement for only one local maxima or minima within the closed

contour. Once an eddy is identified, it is relabelled as the effective perimeter, with an
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associated effective radius, which represents the radius of a circle with the same area

as that enclosed by the effective perimeter. The effective radius, hereon referred to as

R, therefore equals
√

a
π
, where a is the eddy area. Various properties are computed

for each eddy, such as centroid, radius, amplitude, and area. Estimates of the along-

track propagation rate were determined for each eddy using the centroids determined

using the algorithm.

Pixels for SSH anomaly data, which correspond to the eddy are masked, represent-

ing regions unavailable for further eddy identification. Separation distances between

centroids at times t and t + 1 are computed for eddy pairs of the same polarity.

t+ 1 candidates for eddies continuing the track at time t are chosen using the ellipse

method as in Chelton et al. (2011). This method restricts cross-track jumping, using

bounds of an ellipse with a zonally oriented major axis, 150 km radius east-west and

75 km radius north-south from the local extremum of the eddy. If multiple candidate

eddies fall within an ellipse, the candidate eddy, which is a continuation of the track,

is identified according to the minimum of a set of dimensionless similarity parameters

(Penven et al., 2005):

St,t+1 =

√(
∆d

d0

)2

+

(
∆a

a0

)2

+

(
∆A

A0

)2

(3.1)

where ∆d is the separation distance, ∆a the difference in eddy area, and ∆A the

difference in amplitude, between eddies at times t and t+1. Denominators represent

characteristic values, here using those in Hao et al. (2021). A smaller value of S

implies higher similarity of an eddy pair and therefore likely continued propagation

of the eddy at time t. Any unused candidate eddies are labelled as new eddies. Eddy

tracking continues by iteration over the time period of analysis.
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3.2.2 Eddy composite construction

We use ERA5 reanalysis data (Hersbach et al., 2020) from December 2000 to Novem-

ber 2020 for constructing eddy composites. ERA5 is consistent with its ocean coun-

terpart, ORAS5 (Ocean ReAnalysis System 5; Zuo et al., 2018), using both HadISST2

SST and the OSTIA sea-ice concentration to constrain surface boundary conditions.

ORAS5 operates at an eddy-permitting resolution (0.25◦ × 0.25◦) and is noted to

provide an appropriate representation of the SST and sea level variability, which can

be attributed, for example, to eddies in the ocean. Therefore, there is comfort in

using the ERA5 data to represent the atmospheric response to these eddies, modu-

lated by their SST anomalies. Hourly, instantaneous, and single-level ERA5 data are

available at a horizontal grid spacing of 0.25◦ × 0.25◦. For time-dependent data such

as surface heat fluxes, we calculate daily means as an average of the variables over

the 24 hr. Accumulated data such as precipitation and water vapor are presented as

daily totals.

For each variable, a high-pass spatial filter, using a 6◦ × 6◦ Hann window, is

applied, which has been used in previous studies (e.g. Bôas et al., 2015; Delcroix

et al., 2019; Aguedjou et al., 2023). Application of high-pass spatial filters help to

isolate signals with wavelengths larger than the extent of the window functions used,

representing a larger-scale reference level. This reference can be removed from a

particular variable field to produce a spatially filtered anomaly, which captures solely

mesoscale variations, for example, here, in the surface and atmospheric properties

analysed. We also remove the smoothed mean annual cycle of the filtered data set

derived from the first three harmonics, to produce anomalies that are both spatially

and temporally filtered. To construct fitted circular composites, the eddy centroid
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and the radius at the mature phase, where eddy amplitude is a maximum, are taken.

A two-dimensional high-resolution Cartesian grid is created for each eddy, where the

eddy is normalised by its radius R up to 3R. Filtered values are then interpolated to

this uniform grid representing the normalised eddy. Eddies are further separated into

their relevant warm-core and cold-core subgroups. To define warm-core (cold-core)

eddies, the mean SST anomalies within 2
3
of the eddy radius (Delcroix et al., 2019)

must be greater than 0.1◦C (less than 0.1◦C). The eddies were also rotated so that

the mean environmental surface wind vector is westerly (e.g. Liu et al., 2021; Frenger

et al., 2013). Anomalies to the right of the composite centers can then be described

as ‘downstream’.

Other studies employ additional thresholds in eddy amplitude, radius at maxi-

mum amplitude, and duration, to improve the quality and robustness of results. For

example, these thresholds would allow attribution of results to the strongest, largest,

or longest-lasting eddies, respectively. Employing a threshold on the radius does not

significantly reduce the number of eddies we analyse, compared to amplitude and

duration. Using an amplitude and/or duration threshold had little impact on the

spatial structure and magnitude of the anomalies we analyse (not shown), as well as

reducing the number of eddies composited significantly. Therefore, we choose not to

employ additional thresholds to the SST threshold when grouping and compositing

eddies.

3.2.3 Comparison to the environment

To determine if composite signals in anomalies associated with the identified eddies

are distinguishable from the background environment, we randomly sample selected
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regions within our domain of analysis a number of times, roughly equivalent to the

number of eddies within each labelled category of eddies for that region. See Section

3.3.2 for further details on the selected regions. An equivalent number of longitudes

and latitudes are generated within the constraints of the region to represent eddy

centroids. These random samples are composited in a similar way to the real eddies,

using the mean values of eddy radii within each region, and performed for each spa-

tiotemporally filtered variable. A t-test is applied for each composited set of eddies,

where we chose a significance level of 5% to highlight whether a particular grid point

within an eddy composite is significantly different, and therefore, distinguishable from

the background environment. It should be noted that this method is sensitive to the

number of eddies examined in each region, with background anomalies closer to zero,

less ‘patchy’, and more distinguishable from eddy-associated anomalies where there

are more eddies (not shown).

3.3 Results

3.3.1 Eddy characteristics

Figure 3.2 shows the geographical variability in eddy characteristics across the anal-

ysed domain. There is a distinct eddy-poor belt across the equator, with approx-

imately 150 eddies crossing a particular grid point (Figure 3.2a). Several regional

hotspots within the tropics, particularly in the Maritime Continent, can be observed,

including the Sulawesi and Sulu Seas (Figure 3.1), near to the inflow of the ITF,

where the number of eddies per grid point is 200–300. This value is what appears

to be typically observed at higher latitudes. Hotspots away from the tropics have
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more than 400 eddies per grid point. These areas include seas near Japan, extending

eastward into the northwest Pacific Ocean, within the Kuroshio Extension.

Eddies across the tropics have smaller mean peak amplitudes in their SSH anoma-

lies (approximately 2 cm), reaching up to 4 cm in the previously mentioned hotspots

within the Maritime Continent (Figure 3.2b). These peaks are much lower than in

subtropical eddy-rich regions such as the Bay of Bengal and South China Sea, where

amplitudes can be up to and above 10 cm. Even more striking is the mean amplitude

exceeding 10 cm in most of the northwest Pacific, primarily east of Japan toward the

central northern Pacific, as well as toward Kamchatka and the South China Sea.

There is a distinct latitudinal gradient in the mean radius of eddies (Figure 3.2c).

Across the open ocean, mean radii in the tropics are between 110 and 130 km, going

down to around 50–70 km toward the extratropics. Within the seas of the Maritime

Continent, mean radii of eddies are smaller than in the tropical open ocean, up to

80 km in the internal seas, and much lower near the coastlines.

Mean eddy duration largely follows the distribution of the number of eddies, where

eddies in the tropics are short-lived with maxima of 10 days (Figure 3.2d). Regional

eddy hotspots have slightly longer lifetimes, up to 15 days in the northeastern seas

of the Maritime Continent, and up to 20 days toward the southeast tropical Indian

Ocean. These values are smaller than values of up to 40–50 days in regions such as

the Bay of Bengal. These eddies are also much more short-lived than those in the ex-

tratropics where lifetimes reach above 50 days in the open ocean. In the northwestern

Pacific, bands of shorter lifetimes, one located around 35◦N and another extending

from Kamchatka southward past Japan toward Taiwan, are observed. Here, eddies

have lifetimes of maximum 20 days.
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Eddies in the tropics, particularly in the open ocean, have greater mean propa-

gation rates, up to around 25 km (Figure 3.2e). Within the internal seas of the Mar-

itime Continent, propagation rates reduce to around 15–20 kmday−1. Tending toward

higher latitudes, mean propagation rates are much lower, around 5–10 kmday−1

3.3.2 Eddy characteristics: regional comparison

We focus our study on three regions in the Maritime Continent. These regions are

shown as the southern three polygons in Figure 3.2f, with their spatial extents chosen

for consistency with existing literature. From south to north, these are the southeast

tropical Indian Ocean (e.g. Yang et al., 2015; Ismail et al., 2021; Wang et al., 2021;

Zu et al., 2022), hereon referred to as the SETIO, the Sulawesi Sea (e.g. Hao et al.,

2021, 2022), and the South China Sea (e.g. He et al., 2018; Liu, Li, Chen, Fang and

Li, 2018; Liu et al., 2020). Eddies were associated with a particular region if they

reach peak amplitude when their centroid is within the respective spatial bounds of

each region. All three regions are known for the generation of mesoscale ocean eddies,

primarily through the interaction of ocean currents and resultant changes to water

properties.

However, the South China Sea is the only region in the Maritime Continent, which

has been studied, with regards to air-sea interactions associated with eddies. There-

fore, we also choose a well-known extratropical region, the Kuroshio Extension, within

the northwest Pacific, to facilitate a comparison with existing studies. The Kuroshio

Extension is an environment rich in high amplitude eddies, produced by ocean cur-

rents, which interact to form a strong meridional SST gradient (e.g. Chelton et al.,

2011; Cheng et al., 2014). Studies within the Kuroshio Extension have investigated
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Figure 3.2: (a) Distribution of the number of eddies identified from December 2000
to November 2020, where sums are calculated within bins of 1◦ × 1◦. The other
four panels represent the mean amplitude (b), radius (c), duration (d), and propa-
gation rate (e) of all eddies. Values in panels (b)-(d) are calculated from sums of
eddy properties when each eddy is at peak amplitude, whereas the propagation rate
(e) is calculated along track and plotted where eddy is at peak amplitude. Panel
(f) highlights the Kuroshio Extension (yellow), South China Sea (green), Sulawesi
Sea (pink), and southeast tropical Indian Ocean (SETIO; blue) from north to south
respectively, which are the regions used in later analysis.
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Table 3.1: The number of anticyclonic and cyclonic eddies identified in each region.
Values in brackets represent the number of eddies used for later composites after
imposing an absolute threshold of 0.1◦C on the core of the eddy. This value is also
presented as a percentage of the total number of eddies for each polarity.

Anticyclonic eddies Cyclonic eddies
Kuroshio Extension 16456 (14137 = 85.9%) 16192 (13653 = 84.3%)
South China Sea 10476 (5934 = 56.6%) 10335 (5832 = 56.4%)
Southeast Tropical
Indian Ocean

8638 (3716 = 43.0%) 8261 (3605 = 43.6%)

Sulawesi Sea 4382 (2121 = 48.4%) 3224 (1621 = 50.3%)

the signatures of eddies at the surface and depth (Sun, An, Liu, Liu, Yang, Tan,

Dong and Liu, 2022), in addition to surface heat flux anomalies and impacts on the

atmospheric boundary layer (Ma et al., 2015, 2016). A comparison of this region

with those in the Maritime Continent allows testing and validation of the existing

methodology, and provides reassurance that the approach taken is suitable.

Table 3.1 shows the number of eddies identified in each of the four regions. A

sharp reduction in the number of eddies is noted, as observed in Figure 3.2a, from the

extratropics in the Kuroshio Extension (a total of 32648), to near-equatorial regions

such as the Sulawesi (a total of 7,606). Histograms showing the distribution of mean

amplitudes, radii, duration, and propagation rates of tracked eddies in the selected

regions are provided in Figure 3.3. Here, we separate eddies into anticyclonic and

cyclonic eddies.

The mean amplitude of eddies in the Sulawesi Sea and SETIO are similar, around

2.5 cm for anticyclonic eddies (Figure 3.3a) and 3 cm for cyclonic eddies (Figure 3.3b).

Eddies in the South China Sea are around 1–1.5 cm stronger than those in the other

two Maritime Continent regions. Kuroshio Extension eddies are much stronger, over

5 times that of eddies in the Sulawesi Sea and SETIO. In all three regions other than
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the South China Sea, cyclonic eddies have greater amplitude than anticyclonic eddies.

The mean radius associated with eddies in the Sulawesi Sea and Kuroshio Ex-

tension is similar (70–80 km) for both anticyclonic eddies (Figure 3.3c) and cyclonic

eddies (Figure 3.3d). South China Sea eddies are greater in size, around 83 km in

radius, though SETIO eddies are the largest out of the four regions, with radii above

90 km. Cyclonic eddies are greater in size than anticyclonic eddies in the Sulawesi

Sea and SETIO, whereas the two eddy types are similar in size in the South China

Sea and Kuroshio Extension.

Sulawesi Sea eddies are the most short-lived, lasting around 9–10 days (Figures

3.3e and 3.3f). South China Sea anticyclonic eddies (cyclonic eddies) last for 4 days

longer (2 days less) than those in the SETIO, but both sets of eddies last for twice

as long as Sulawesi Sea eddies. In contrast, Kuroshio Extension eddies can last for

between 3 and 4 weeks. South China Sea and Sulawesi anticyclonic eddies last longer

than their respective cyclonic eddies, and the opposite is observed for the other two

regions.

There is similarity between the mean propagation rates of anticyclonic eddies

(Figure 3.3g) and cyclonic eddies (Figure 3.3h) in each region, with differences of

only up to around 1 kmday−1. SETIO eddies propagate the fastest, with means up

to around 15 kmday−1. These rates are up to 4 kmday−1 greater than those in the

Sulawesi Sea, but almost double the propagation rates observed in the South China

Sea and Kuroshio Extension.
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Figure 3.3: Histograms of the amplitude (a–b), radius (c–d), duration (e–f), and
propagation rate (g–h) of anticyclonic and cyclonic eddies, respectively, identified
in the studied eddy hotspots. The Sulawesi Sea, southeast tropical Indian Ocean
(SETIO), South China Sea, and Kuroshio Extension are marked by pink, blue, green,
and yellow colours, respectively. Dashed vertical lines mark the mean of each variable
for the eddies in each region, as indicated in the legend. Upper limits for each variable
on the x-axis are chosen to aid visual clarity.
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3.3.3 Eddy composites

Here, we present composites of the property anomalies associated with mesoscale

ocean eddies in each of the hotspot regions (Figures 3.4 to 3.7) in order to identify

possible spatial patterns. We analyse interactions at the air-sea interface associated

with eddies using sensible and latent heat fluxes (SHF and LHF, respectively, defined

as positive for fluxes upwards into the atmosphere) and wind divergence at 10m.

Total column water vapor (TCWV), cloud liquid water (TCLW), and rainfall are

also plotted for understanding changes to atmospheric moisture and cloud presence,

which may be linked to the induced air-sea interactions. Note that colour scales for

the three Maritime Continent regions (Figures 3.5 to 3.7) differ for some variables

compared to the Kuroshio Extension (Figure 3.4) to better visualise results and to

account for geographical variability in the responses. Any eddies with absolute SST

anomalies below 0.1◦C, as outlined in the methodology, were discarded. The total

number of eddies therefore used in these composites is shown in brackets in Table 3.1.

Region 1: Kuroshio Extension (the extratropics)

Absolute eddy-averaged SST anomalies in the Kuroshio Extension region are around

0.6◦C across the four eddy types analysed, with anomalies extending to beyond 2R

(Figure 3.4). There is strong correspondence between SST and SHF anomalies in

the Kuroshio Extension, where absolute eddy-averaged anomalies can reach values

around 10 Wm−2 (Figures 3.4a-d). These anomalies are significantly different from

the background environment. Similar correspondence can be observed between SST

and LHF anomalies (Figures 3.4e–h). Eddy-averaged LHF anomalies are nearly dou-

ble the SHF anomalies and are similarly significant compared to the background

97



Chapter 3: Mesoscale ocean eddies

environment. The sign of both surface heat flux anomalies extend over 2R, with

fluxes out of (into) the ocean for warm-core (cold-core) eddies.

There is also a degree of correspondence between SST anomalies and centers

of wind divergence anomalies (Figures 3.4i–l). Anomalous convergence (divergence)

is observed over warm (cold) eddies, with these anomalies also noted downstream.

Absolute eddy-averaged anomalies are around 10−6 s−1, and are also significantly

different from the background environment.

Changes to TCWV anomalies have similar spatial structure to the wind divergence

anomalies, aside from warm cyclonic eddies (Figures 3.4m–p). Generally, warm-core

(cold-core) eddies have increases (decreases) in TCWV near to centers of surface

convergence (divergence), which are off-center relative to the SST anomaly. Abso-

lute eddy-averaged anomalies are up to around 1 kgm−2, while values corresponding

to regions with pronounced wind divergence anomalies approach 2 kgm−2. TCWV

anomalies are significant relative to the background environment. TCLW anomalies

tend to follow the spatial distribution as seen with TCWV, where increases (decreases)

in TCLW by up to 0.05 kgm−2 occur relative to warm-core (cold-core) eddies (Figures

3.4q–t). The signal of these anomalies relative to TCWV, however, is slightly weaker.

Rain anomalies over Kuroshio Extension eddies have absolute eddy-averaged val-

ues around 0.05mmday−1, reaching up to 0.1mmday−1 within the center of the

composites (Figures 3.4u–x). There is strong spatial coherence between the SST

anomalies associated with the eddies and the rain anomalies, with increases (reduc-

tions) in rain over warm (cold) eddies. These anomalies are significant relative to the

background environment.
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Figure 3.4: (a–d) Eddy composites of surface sensible heat flux anomalies, shown in
filled contours, for the four categories of eddies (anticyclonic warm, anticyclonic cold,
cyclonic warm, and cyclonic cold, respectively) in the Kuroshio Extension, plotted
up to 3R from the centroid. Contours represent sea surface temperature anomalies
in increments (reductions) of 0.05◦C, starting from 0.1◦C (-0.1◦C) for warm (cold)
eddies. Values of indicate the number of eddies composited within each panel. ‘Eddy-
averaged’ (averaged up to 1R) anomalies in sea surface temperature are provided next
to these. (e–h), (i–l), (m–p), (q–t), and (u–x) are the same as (a–d), except filled
contours now represent surface latent heat flux, 10m wind divergence, total column
water vapor, total cloud liquid water, and rain anomalies, respectively. The values
in the bottom right of each panel represent ‘eddy-averaged’ values for each property.
Dots represent regions where there is no significant difference between the eddy com-
posites and the background environment, using a t-test at the 5% significance level,
as described in Section 3.2.3.
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Region 2: South China Sea (northern Maritime Continent)

SST anomalies associated with eddies in the South China Sea are between 0.2 and

0.25◦C, and extend to 1.5–2R (Figure 3.5). Eddy-averaged SHF anomalies within

the South China Sea are not as strong as those in the Kuroshio Extension - around

2Wm−2 - but are spatially coherent with the SST anomalies and significantly dif-

ferent from the background environment (Figures 3.5a–d). Spatial coherence and

significance is also the case for LHF anomalies, where absolute eddy-averaged values

are up to around 10Wm−2 (Figures 3.5e–h). Heat fluxes out of (into) the ocean are

associated with warm-core (cold-core) eddies.

In this region, wind divergence anomaly centers are located downstream of eddies

(Figures 3.5i–l). Downstream convergence (divergence) is associated with warm (cold)

eddies in the rotated composites. Absolute anomalies are slightly weaker than in the

Kuroshio Extension, being just shy of 10−6 s−1. Nonetheless, these anomalies are

statistically significant relative to the background environment.

The distribution of TCWV anomalies (Figures 3.5m–p) roughly follow that of

wind divergence. Enhancements (reductions) in TCWV of just over 1 kgm−2, related

to centers of surface convergence (divergence), are associated with warm-core (cold-

core) eddies. It must be noted that these anomalies are not as spatially coherent

with respect to the SST anomaly itself, though the anomalies are significant. The

robustness of the signal in TCLW is of similar strength (Figures 3.5q–t). Peaks in

absolute TCLW anomalies are around 0.05 kgm−2 at the center, though are not as

robust for warm anticyclonic eddies (Figure 3.5q).

Rain anomalies are generally not statistically significant relative to the background

environment (Figures 3.5u–x). Eddies in the South China Sea have near-zero eddy-
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Figure 3.5: (a–d) Eddy composites of surface sensible heat flux anomalies, shown in
filled contours, for the four categories of eddies (anticyclonic warm, anticyclonic cold,
cyclonic warm, and cyclonic cold, respectively) in the South China Sea, plotted up
to 3R from the centroid. Contours represent sea surface temperature anomalies in
increments (reductions) of 0.05◦C, starting from 0.1◦C (-0.1◦C) for warm (cold) ed-
dies. Values of indicate the number of eddies composited within each panel. ‘Eddy-
averaged’ (averaged up to 1R) anomalies in sea surface temperature are provided next
to these. (e–h), (i–l), (m–p), (q–t), and (u–x) are the same as (a–d), except filled
contours now represent surface latent heat flux, 10m wind divergence, total column
water vapor, total cloud liquid water, and rain anomalies, respectively. The values
in the bottom right of each panel represent ‘eddy-averaged’ values for each property.
Dots represent regions where there is no significant difference between the eddy com-
posites and the background environment, using a t-test at the 5% significance level,
as described in Section 3.2.3. Note that, compared to Figure 3.4, the colour scales for
surface heat flux and total cloud liquid water anomalies have been changed for better
visualisation of results between the three regions of the Maritime Continent.
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averaged rain values, with no observable signal related to the eddy. However, they do

get the correct sign in cases where warm-core and cold-core eddies have anomalies of

0.1mmday−1 and -0.1mmday−1, respectively.

Region 3: southeast tropical Indian Ocean (southern Maritime Continent)

Eddy-related SST anomalies in the SETIO are just over 0.15◦C, with spatial extents

confined to around 1R (Figure 3.6). Absolute eddy-averaged SHF anomalies are

weaker than in the South China Sea, between 0.6 and 0.9Wm−2 (Figures 3.6a–d).

However, there remains spatial correspondence with SST anomalies, and SHF anoma-

lies are significant relative to the background environment. Absolute eddy-averaged

LHF anomalies are around 5 times greater than that the SHF anomalies (Figures

3.6e–h). Anomalies in LHF are also significant from the background environment.

As in the previous two regions, heat fluxes are observed coming out of (into) the

ocean for warm-core (cold-core) eddies.

Anomalous convergence (divergence) is associated with the warm-core (cold-core)

eddies in the SETIO (Figures 3.6i–l). The magnitude of these anomalies are similar

to those in the South China Sea, though there remains spatial coherence with the SST

anomalies, particularly for the cyclonic eddies (Figures 3.6k and 3.6l). In compari-

son, the anticyclonic eddies have responses both over the eddy center and downstream

(Figures 3.6i and 3.6j). Wind divergence anomalies in all eddy categories are signifi-

cant relative to the background environment.

Despite the anomalies seen in SHF, LHF, and wind divergence, TCWV anomalies

do not appear to have a coherent spatial structure relative to the SST anomalies (Fig-

ures 3.6m–p). Absolute TCWV anomalies around the composite exceed 3 kgm−2, and
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Figure 3.6: (a–d) Eddy composites of surface sensible heat flux anomalies, shown
in filled contours, for the four categories of eddies (anticyclonic warm, anticyclonic
cold, cyclonic warm, and cyclonic cold, respectively) in the southeast tropical Indian
Ocean, plotted up to 3R from the centroid. Contours represent sea surface tempera-
ture anomalies in increments (reductions) of 0.05◦C, starting from 0.1◦C (-0.1◦C) for
warm (cold) eddies. Values of indicate the number of eddies composited within each
panel. ‘Eddy-averaged’ (averaged up to 1R) anomalies in sea surface temperature are
provided next to these. (e–h), (i–l), (m–p), (q–t), and (u–x) are the same as (a–d),
except filled contours now represent surface latent heat flux, 10m wind divergence,
total column water vapor, total cloud liquid water, and rain anomalies, respectively.
The values in the bottom right of each panel represent ‘eddy-averaged’ values for each
property. Dots represent regions where there is no significant difference between the
eddy composites and the background environment, using a t-test at the 5% signif-
icance level, as described in Section 3.2.3. Note that, compared to Figure 3.4, the
colour scales for surface heat flux and total cloud liquid water anomalies have been
changed for better visualisation of results between the three regions of the Maritime
Continent.
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are only significant relative to the background environment where anomalies reach

these magnitudes. Similar spatial incoherence is attributed to the TCLW anoma-

lies (Figures 3.6q–t). While negative TCLW anomalies (eddy-averaged means of

-0.03 kgm−2) are associated with cold eddies (Figures 3.6r and 3.6t), which show co-

herence with the wind divergence anomalies (Figures 3.6j and 3.6l), there is not as

strong an association as that seen for example, in the Kuroshio Extension and the

South China Sea.

While eddy-averaged rain anomalies are greater than those in the South China

Sea, responses in the SETIO show little direct association with the SST anomaly,

contrasting the other variables (Figures 3.6u–x). Centers of positive and negative

sign, significant from the background environment, are dotted around the composites.

Only cold cyclonic eddies have a slightly similar response to that observed in the

Kuroshio Extension (Figure 3.4).

Region 4: Sulawesi Sea (near-equatorial Maritime Continent)

Absolute SST anomalies associated with eddies in the Sulawesi Sea are similar to those

in the SETIO, extending to 1–1.5R (Figure 3.7). Mean eddy-averaged SHF anomalies

are weak, with absolute eddy-averaged values ranging between 0.5 and 0.8Wm−2

(Figures 3.7a–d). LHF anomalies are around 2–3 times the magnitude of the SHF

anomalies (Figures 3.7e–h). While both anomalies are statistically significant, the

responses are not as centered over the SST anomaly as in the SETIO, aside from

the anticyclonic eddies (Figures 3.7a–b and 3.7e–f). Nevertheless, the eddy-averaged

signal is suggestive of heat fluxes coming out of (into) the ocean for warm-core (cold-

core) eddies.
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Figure 3.7: (a–d) Eddy composites of surface sensible heat flux anomalies, shown
in filled contours, for the four categories of eddies (anticyclonic warm, anticyclonic
cold, cyclonic warm, and cyclonic cold, respectively) in the Sulawesi Sea, plotted up
to 3R from the centroid. Contours represent sea surface temperature anomalies in
increments (reductions) of 0.05◦C, starting from 0.1◦C (-0.1◦C) for warm (cold) ed-
dies. Values of indicate the number of eddies composited within each panel. ‘Eddy-
averaged’ (averaged up to 1R) anomalies in sea surface temperature are provided next
to these. (e–h), (i–l), (m–p), (q–t), and (u–x) are the same as (a–d), except filled
contours now represent surface latent heat flux, 10m wind divergence, total column
water vapor, total cloud liquid water, and rain anomalies, respectively. The values
in the bottom right of each panel represent ‘eddy-averaged’ values for each property.
Dots represent regions where there is no significant difference between the eddy com-
posites and the background environment, using a t-test at the 5% significance level,
as described in Section 3.2.3. Note that, compared to Figure 3.4, the colour scales for
surface heat flux and total cloud liquid water anomalies have been changed for better
visualisation of results between the three regions of the Maritime Continent.
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Anomalies in wind divergence show less spatial coherence with the SST anomalies,

as in the SETIO (Figures 3.7i–l). Anticyclonic eddies have divergence (convergence)

centered slightly over the warm-core (cold-core) eddies, but this is not the case for the

cyclonic eddies where the signal is weaker and patchier. Therefore, the association

between the eddies, their SST anomalies, and wind divergence is fairly weak, even if

individual anomaly centers are significant from the background environment.

As in the SETIO, there is no visible coherence between eddy SST anomalies and

anomalies in TCWV (Figures 3.7m–p). There is generally a random distribution of

centers of either strongly negative and positive TCWV anomalies of absolute values up

to 3 kgm−2 . Only cold anticyclonic eddies show coherence with existing observations,

where anomalies of surface divergence (Figure 3.7j) appear to correspond to negative

TCWV anomalies at the center of the eddy (Figure 3.7n). The anomalies vary in

statistical significance, and these results are similar to what is observed for TCLW

(Figures 3.7q–t), where the signal, while largely paralleling that of TCWV, appears

to be patchier.

Rain anomalies also have little correspondence with the eddy SST anomalies (Fig-

ures 3.7u–x). While the absolute eddy-averaged values are stronger than the SETIO

and South China Sea, at a maximum of 0.03mmday−1, the signal is also patchy, where

anomaly centers dotted around the composites remain significant from the background

environment. These anomalies can exceed absolute values of 0.1mmday−1. An excep-

tion would be the anticyclonic eddies, where slightly positive and negative anomalies

are located over the centers of the warm-core and cold-core eddies, respectively (Fig-

ures 3.7u and 3.7v). This response, however, remains less robust than that in the

Kuroshio Extension (Figure 3.4).
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3.4 Discussion

In Section 3.3.1, we identified a belt of short-lived, and low in number, eddies across

the equator, while eddies were more prevalent and longer-lived at higher latitudes

(Figure 3.2). Eddies are much smaller at higher latitudes as expected from the Rossby

radius of deformation. However, eddies in the internal seas of the Maritime Continent

are also smaller than other near-equatorial regions. The duration and distribution of

these eddies had spatial similarity to the peak amplitude of identified eddies. The

speed of eddy propagation also showed latitudinal dependency. These results were

even more apparent when analysing the eddy characteristics through regional distri-

butions and means (Figure 3.3).

The properties and distribution patterns of eddies we show here agree with previ-

ous studies, including those for the Kuroshio Extension and extratropics (e.g. Chelton

et al., 2011; Cheng et al., 2014) and across the Maritime Continent (e.g. Hao et al.,

2021; Ismail et al., 2021; Wang et al., 2021). Propagation speed has been noted to de-

crease with latitude, with speeds similar to those of Rossby waves closer to the tropics

(Ni et al., 2020; Chen et al., 2022). Geostrophic balance and associated steady-state

assumptions break down towards the Equator, meaning tendencies in near-surface

currents are no-longer negligible, leading to more transient and faster-propagating

eddies. Such faster propagation speed at lower latitudes may make it harder to de-

tect eddies, leading to a visibly eddy-poor tropics (Fu et al., 2010). Chelton et al.

(2007), on the other hand, suggest that most of the energy propagation in the tropics

is presented as Rossby waves instead of mesoscale ocean eddies. In the Maritime Con-

tinent, however, the fewer number of eddies in many of the internal basins is largely

due to shallow bathymetry, preventing the existence of mesoscale ocean eddies in the
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first instance.

It is important to highlight that data resolution may be a barrier in fully char-

acterising eddies within the internal seas of the Maritime Continent, due to complex

regional geography, which may not be fully resolved with the employed data set.

Nonetheless, the employed SSH data set, widely used in studies at the mesoscale,

remains the highest horizontal resolution data available for such an extensive time

period of analysis.

The Kuroshio Extension is shown to have eddy-averaged absolute SST anomalies

of around 0.6◦C (Figure 3.4). These SST anomalies have strong spatial correspon-

dence with surface heat fluxes (absolute values of around 10Wm−2 and 20Wm−2 for

SHF and LHF, respectively) and wind divergence. These results are statistically sig-

nificant relative to the background environment. Patterns in wind divergence anoma-

lies in the Kuroshio Extension could favor either the pressure adjustment mechanism

(Lindzen and Nigam, 1987) or the vertical mixing mechanism (Wallace et al., 1989),

as anomalies in divergence are centered dominantly over the eddy or just downstream.

We also observe significant TCWV and TCLW anomalies, which correspond roughly

to the spatial signature in wind divergence. Spatially coherent rain anomalies aver-

aging to absolute values of around 0.05mmday−1 are of similar magnitude to that

observed in previously cited literature (e.g.Ma et al., 2015, 2016). Given our results

for the Kuroshio Extension are consistent with the literature, there is confidence in

applying this methodology to the remaining areas.

The statistical significance and magnitude of anomalies vary in the Maritime Con-

tinent, however. Eddies in the South China Sea exhibit absolute eddy-averaged SST

anomalies of nearly 0.25◦C, and anomalies of around 2Wm−2 and 10Wm−2 for SHF
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and LHF, respectively, statistically significant relative to the background environment

(Figure 3.5). Similarly, significant wind divergence anomalies just downstream of the

eddies were observed. Eddy-averaged anomalies in TCWV and TCLW are similar

to the Kuroshio Extension. Rain anomalies, while being of the correct sign over the

eddy itself, are near-zero. These results are consistent with that of Liu, Li, Chen,

Fang and Li (2018), where a potential response in column water vapor is observed,

but not so strongly in precipitation.

The other two regions of the Maritime Continent - the SETIO (Figure 3.6) and

Sulawesi Sea (Figure 3.7) - show weaker SST anomalies (just over 0.15◦C), along with

weaker absolute eddy-averaged SHF (0.5–1Wm−2) and LHF anomalies (3–4.5Wm−2

and 1–2.5Wm−2 for the two regions, respectively). Wind divergence anomalies differ

between the SETIO and Sulawesi Sea eddies, with a signal over and downstream of

the eddies in the SETIO, but a slightly less robust response in the Sulawesi Sea.

All anomalies remain statistically significant relative to the background environment.

However, TCWV, TCLW, and rain anomalies are also fairly patchy in each region.

No coherent signal can be directly attributed to the eddies, even though the anomaly

centers themselves are of great magnitude, which could potentially be due to the

lower number of eddies within the composites. The observed anomalies are, largely,

statistically insignificant relative to the background environment.

These results suggest a potential weakening of the spatial coherence between the

eddy-associated SST anomalies and relevant analysed variables as one tends toward

the lower latitudes. This weakened response, particularly in the cloud and rain field,

supports the work of Aguedjou et al. (2023), who found similarly weak anomalies in

precipitation associated with mesoscale ocean eddies in the tropical Atlantic Ocean.
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We could attribute our results to the background SST characteristics of each region.

As ocean currents at higher latitudes produce more pronounced SST gradients, the

mesoscale ocean eddies formed have greater associated SST anomalies. In addition,

as the Coriolis parameter tends to zero towards the Equator, thermal wind balance

explains reductions in SSH amplitude and the intensity of SST anomalies. These

greater SST anomalies at higher-latitudes may induce a more robust, and statistically

significant, response in the analysed variables in the extratropics compared to regions

such as the Maritime Continent (Liu, Li, Chen, Fang and Li, 2018).

Even though we identify a robust signal in the SST and surface heat flux anomalies

in the Maritime Continent, these anomalies may be too weak to affect the atmosphere

instantaneously or on shorter timescales in a similar vein as seen for the extratropics.

In a numerical modelling study, Skyllingstad et al. (2019) had to artificially input a 3K

SST anomaly 500 km in width, relative to an ocean of homogeneous background SST,

for there to be a response in the formation of tropical convection. These anomalies are

much greater than the SST anomalies and sizes associated with eddies in the Maritime

Continent. We also observed faster propagation rates of eddies within the Maritime

Continent (Figures 3.3g and 3.3h), which may additionally reduce the likelihood of

an instantaneous atmospheric response. However, preliminary analysis conducted

through recategorisation of eddies in the Maritime Continent by the propagation rate

did not show sufficient evidence to support this hypothesis (not shown).

Several studies within and near the Kuroshio Extension identified that impacts

of eddies on the atmospheric boundary layer, such as through vertical velocity and

wind, may only reach 800–900 hPa (e.g.Ma et al., 2016; Sun, Li, Yan, Zhou and

Zhou, 2022). Our results suggest moistening (drying) of the column over warm-core
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(cold-core) eddies in the Kuroshio Extension and South China Sea, with potential

increases (reductions) in cloud primarily in the Kuroshio Extension. The magnitude

of the anomalies however suggest a relationship with shallow convection, compared

to deeper convection. Rainfall anomalies associated with extratropical eddies have

been observed to exceed 0.2mmday−1 which, in regions such as the Southern Ocean,

explain only a small portion of the variance (Frenger et al., 2013).

Initial analysis (not shown) found minimal vertical response in the atmosphere to

eddies in the Maritime Continent, beyond the surface anomalies as shown in Figures

3.5 to 3.7. While it is therefore unlikely for eddies to affect rainfall patterns signif-

icantly in tropical regions such as the Maritime Continent, which experience much

more rainfall all-year round, the magnitude of anomalies in rain and moisture even

in the extratropics are still very small, as shown here. Therefore, it should be ac-

knowledged that though anomalies appear more significant toward the extratropics,

there remains a generally weak instantaneous response beyond the lowermost portion

of the atmosphere.

While Aguedjou et al. (2023) find a generally minimal atmospheric response to

mesoscale ocean eddies across the tropical Atlantic and Roman-Stork et al. (2021)

note a weak response in the Bay of Bengal, Gulakaram et al. (2018) find a potential

lag between eddies at peak amplitude and anomalies in the Bay of Bengal. However,

in follow-up work (Gulakaram et al., 2023), relationships are suggested to be blurred

by feedbacks on intraseasonal timescales. Souza et al. (2021) conducted case study

analyses in the Brazil-Malvinas Confluence, identifying a clear response to eddies only

when transient atmospheric systems were stable, removing potential intraseasonal

variability. The importance of intraseasonal variability in modulating the atmospheric
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response to eddies was also highlighted by Roman-Stork et al. (2021). The signal we

observe in the Maritime Continent may also be weaker than in the extratropics as

the precipitation is more convective, sporadic, and variable in nature, which may not

be well resolved in the data used. Therefore, a coherent and statistically significant

response, especially one that is instantaneous, in the Maritime Continent, is unlikely

being a region with such high amplitude atmospheric variability, influenced by many

processes particularly at intraseasonal scales.

3.5 Conclusion

In this study, we have used satellite altimetry data to detect and track eddies over a

large domain including the Maritime Continent. We observe reductions in the num-

ber, mean peak amplitude, and duration of eddies, and increases in the propagation

rate, at lower latitudes compared to higher latitudes, consistent with other studies.

Eddy hotspots, compared to the surrounding environment, were observed particu-

larly where prominent currents interact, such as in the Kuroshio Extension and at

the inflow of the Indonesian Throughflow.

By constructing normalised eddy composites, we identify the strongest eddy-

associated sea surface temperature anomalies in the Kuroshio Extension, used as

an extratropical case study. Surface heat flux and wind divergence anomalies in the

Kuroshio Extension are also the greatest in magnitude, and significantly different

from the background environment. Column water vapor, cloud liquid water, and rain

anomalies associated with the eddies are spatially coherent with sea surface temper-

ature anomalies, and statistically significant relative to the background environment,
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though are small in value.

However, anomalies associated with eddies in the Maritime Continent weaken

closer to the equator. In the South China Sea, southeast tropical Indian Ocean,

and Sulawesi Sea, eddies still show significant surface heat flux and wind divergence

anomalies, spatially coherent with the sea surface temperature anomaly. For the

South China Sea, there are also observable responses in column water vapor and cloud

liquid water, but no detectable rain anomaly. Neither the southeast tropical Indian

Ocean or Sulawesi Sea show distinct or coherent responses in these three anomalies.

All three regions, in general, show atmospheric response, which lean toward statistical

insignificance when compared to the background environmental variability.

These results suggest that latitudinal changes to the eddy-averaged sea surface

temperature anomaly, dependent on the background sea surface temperature, are

driving the responses noted. With the resultant enhanced heat flux and wind diver-

gence anomalies associated with eddies in the extratropics, eddies are more likely to

influence instability in the extratropical atmospheric boundary layer through modifi-

cations of column moisture, compared to tropical regions such as the Maritime Con-

tinent. These instabilities could alter the likelihood of cloud formation and rainfall.

However, it should be noted that while the signal within the Maritime Continent may

not be as strongly captured due to the nature of convection in terms of spatiotempo-

ral variability, the faster propagation rates of eddies likely restrict an instantaneous

response in the atmosphere from being as visible, which remains an open hypothesis

to explore.

While the usage of a longer time period of analysis than existing studies allows

compositing of a larger number of eddies, this analysis is limited to the instantaneous
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atmospheric response. In reality, part of the response may be associated with spatial

variability and potential lead-lag relationships. To better realise the finer details

regarding air-sea interactions associated with mesoscale ocean eddies, case studies

using observational data and analysis of high-resolution model simulations would be

required.

Future studies could consider the influence that other processes, which contribute

to atmospheric variability in the Maritime Continent, have on the observed response

to the eddies. The extent to which, for example, transient weather systems, larger-

scale modes of variability, and the background environment in general affect com-

posited responses, as shown in studies focusing on other regions, could then be high-

lighted and better understood. Evaluating the influence of these eddies on particular

levels in the lower troposphere would give insight into the vertical structure of the

atmospheric response, beyond the surface level. Such analysis would need data sets

of higher vertical resolution, constrained in particular to the lowermost levels. Ad-

ditionally, it would be worth assessing whether responses exist at finer scales, using

high-resolution atmospheric simulations imposed with a background ocean containing

eddies.

Nevertheless, our work has filled a gap in the literature related to the atmospheric

response to eddies in the Maritime Continent. This study has highlighted a dis-

tinct difference between the Maritime Continent and the extratropics in both the

characteristics of mesoscale ocean eddies and their associated interactions with the

atmosphere. Our results will contribute to better understanding the role of the ocean

in influencing the stability of the atmosphere in the Maritime Continent, particularly

at the mesoscale, while also informing the degree of importance that representing and
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resolving ocean eddies in existing weather and climate models holds.
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Abstract

A Sumatra squall is a squall line which propagates roughly eastward towards Penin-

sular Malaysia and Singapore. These storms are characterised by intense rainfall and

wind gusts, causing infrastructural damage, flooding, and economic losses, though

limited knowledge exists of Sumatra squall dynamics. We use high-resolution convective-

permitting model simulations to analyse mechanisms specific to the initiation, propa-

gation, intensification, and dissipation of two Sumatra squalls. Convection initiation

over the mountains of Sumatra is driven by diurnal forcing, a feature associated with

convection development over islands across the Maritime Continent. Other charac-

teristics associated with these Sumatra squalls share similarities with squall lines ob-

served elsewhere. Interactions between large-scale environmental vertical wind shear,

lower-tropospheric wind shear ahead of the leading edge, density currents and low-to-

mid-tropospheric southwesterlies - associated with an equatorial Kelvin wave - assist

in Sumatra squall propagation and intensification. These processes modify moisture

flux convergence at the leading edge which, when reduced, due to weakened interac-

tion between lower-tropospheric shear and density currents, leads to Sumatra squall

dissipation. Strengthened southwesterlies throughout the life cycle of the second

Sumatra squall advect convection and associated moisture perturbations over the

Indian Ocean towards Sumatra, enhancing convective development initially driven

by the diurnal cycle. The equatorial Kelvin wave preconditions the environment by

inducing convergence, and enhances storm propagation by strengthening the south-

westerlies. This work emphasises how mesoscale dynamics, such as through diurnal

variability, interact with planetary-scale processes such as equatorial waves, which

can then influence squall line evolution, going towards better predictability, mod-
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elling, and forecasting of these high-impact weather systems.

4.1 Introduction

Mesoscale convective systems (MCSs) consist of aggregated deep convective clouds,

and grow up to 100s of kilometres in horizontal scale, with the deepest centres of

convection up to 100 km in width (Houze, 2004). While precipitation is concen-

trated in these convective cores, rainfall is also associated with a stratiform cloud,

attributed with lighter precipitation, 100s of kilometres in length (Houze, 2018). Stud-

ies have shown that the heavy rainfall from MCSs can influence upper-level and

global circulation, and therefore the overall energy, radiative and hydrological system

(e.g. Schumacher and Houze, 2003; Houze, 2004, 2018).

Across the mid-latitudes and subtropics, such as in North America and Northern

Africa respectively, MCSs rely on the interaction between cold and dry, and warm

and moist, air masses along fronts, with low-level jets supporting the development

of convergence and lift at the mesoscale through advection of heat and moisture

(e.g.Maddox, 1983; Bluestein and Jain, 1985; Rowell and Milford, 1993). However,

in tropical environments such as over West and Central Africa, where environments

are warmer and moister, synoptic-scale waves hold more importance in modulating

the low-level convergence for MCS generation (e.g. Fink and Reiner, 2003).

More than 50% of the total annual tropical rainfall is attributed to MCSs (e.g. Nesbitt

et al., 2006; Feng et al., 2021). Longer-lasting MCSs (duration of >12 hours) account

for a greater proportion (around 75%) of this rainfall (Roca et al., 2014). Over the

Maritime Continent in Southeast Asia, Crook et al. (2024) showed that longer-lived
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MCSs, as defined in Roca et al. (2014) and Roca and Fiolleau (2020), are responsi-

ble for a large amount (40-75%) of the precipitation from November to April, and

contribute strongly to extreme rainfall days. MCS characteristics over the Maritime

Continent are also influenced by processes such as the Madden-Julian Oscillation

(MJO) and equatorial waves (Yuan and Houze, 2013; Crook et al., 2024).

One type of MCS observed over the western Maritime Continent (Figure 4.1) is a

Sumatra squall, an example of a tropical squall line. This technical term was devel-

oped by Singaporean and Malaysian weather forecasters for squall lines which prop-

agate roughly eastward from Sumatra towards Singapore and Peninsular Malaysia,

across the Malacca Strait. Sumatra squalls are particularly impactful during the early

morning, primarily in the intermonsoon months (boreal spring and autumn) and dur-

ing the southwest monsoon in boreal summer (Lo and Orton, 2016). These squall

lines are characterised by intense precipitation and extreme winds, leading to flood-

ing, damage to infrastructure, disruption to both road-based and maritime traffic,

and storm surges.

Chan et al. (2019) showed that characteristics of a Sumatra squall case study

resembled that of ‘classical’ squall line structure (e.g. Redelsperger and Lafore, 1988;

Rotunno et al., 1988; Weisman et al., 1988; Houze, 2004; Alfaro, 2017; Houze, 2018).

For example, they are characterised by convective cell generation at the leading edge,

with the development of an ascending front-to-rear flow and a rear inflow jet, embed-

ded within a larger-scale sheared environment.

Various mechanisms have been proposed and identified to explain the initiation of

Sumatra squalls. The first, and most common, hypothesis involves the diurnal cycle,

one of the fundamental modes of variability across the region, as well as the entire
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Figure 4.1: A map of the study region (as zoomed in from the green box within the
figure inset showing the entirety of Southeast Asia). The black dashed box represents
the region which is averaged over in the southwest-northeast direction (parallel to
the Sumatran coastline), for analysis of the first Sumatra squall case study in the
SINGV model data, described in Section 4.2.3. The purple dashed box represents the
box over which a transect is derived for the second Sumatra squall case study. Filled
contours represent elevation from GLOBE (Hastings and Dunbar, 1999).
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Tropics (e.g. Yang and Slingo, 2001; Qian, 2008). Daytime insolation sets up a land-

sea temperature contrast, as the land has a lower heat capacity. A pressure gradient

is produced, causing sea breeze convergence onto the land. Coupled with upslope

mountain winds, deep convection and precipitation form inland into the afternoon

and evening. These processes have been well-studied for MCSs which propagate in

the opposite direction towards the Indian Ocean, as well as convection propagating

offshore from other islands across the Maritime Continent (e.g. Hassim et al., 2016;

Peatman et al., 2021; Natoli and Maloney, 2023; Peatman et al., 2023).

Other hypotheses suggest that cloud formation late at night over the Malacca

Strait may be important for Sumatra squall initiation (Yi and Lim, 2007). This pro-

cess is driven by boundary layer convergence between the katabatic winds and land

breezes from eastern Sumatra and Peninsular Malaysia. Convergence, driven by noc-

turnal cooling of the land, can lead to the sustaining and intensification of convection

(Galvin, 2009; Fujita et al., 2010). These processes cause enhanced convection over

Peninsular Malaysia (Hai et al., 2017; Nor et al., 2020).

For the same analysed case study, Chan et al. (2019) showed that propagation of

a Sumatra squall is facilitated predominantly by westerly winds in the low-to-mid-

troposphere. Ambient wind is a known feature in steering convection which develops

initially over islands of the Maritime Continent (e.g. Sakurai et al., 2005; Yanase et al.,

2017; Natoli and Maloney, 2023). Linked to the diurnal cycle, further propagation

can be favoured by the formation of land breezes and downslope mountain winds

overnight. Development of density currents, in addition to cold pools originating from

the convection itself, may also be important (e.g. Yulihastin et al., 2021; Peatman

et al., 2023). These processes, coupled with the local wind and variations in low-
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level humidity, can modulate lower-tropospheric moist convergence, key for convective

intensification (e.g. Fakaruddin et al., 2022; Peatman et al., 2025).

A recent composite analysis study by Nguyen et al. (2025), using a radar-derived

database of Sumatra squalls, found results supporting the hypothesis of these squall

lines originating from both the Barisan mountains of Sumatra and the Malacca Strait.

Noting a greater occurrence of these MCSs under La Niña conditions, as well as MJO

conditions that set up westerly winds and eastward storm propagation, Nguyen et al.

(2025) also highlighted the importance of convectively coupled equatorial waves. In-

teractions with equatorial waves have been shown to intensify rainfall and potentially

influence convection propagation across the region in previous studies (e.g. Ferrett

et al., 2020; Peatman et al., 2021; Senior et al., 2023).

Though regional models capture the broad rainfall patterns associated with Suma-

tra squalls (Dipankar et al., 2020; Sun et al., 2020), and aforementioned studies pro-

vide insight into some of the characteristics associated with these squall lines, knowl-

edge of key processes over a variety of scales is limited. While current understanding

shows parallels to similar MCSs propagating away from Sumatra towards the Indian

Ocean (e.g.Mori et al., 2004; Yanase et al., 2017; Yokoi et al., 2017; Bai et al., 2021;

Peatman et al., 2023), further outlining of mechanisms influencing the initiation and

propagation, as well as dissipation, of Sumatra squalls is needed. Lo and Orton (2016)

and Chan et al. (2019) both suggest that better understanding is needed of the role

of factors such as the background vertical wind shear, thermodynamic profile, and

synoptic circulations on Sumatra squalls themselves.

Process understanding related to the drivers of Sumatra squalls ultimately feeds

back onto our modelling, forecasting and numerical weather prediction (NWP) capa-
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bilities across the Maritime Continent, which are greater for larger-scale variability

on seasonal-to-subseasonal timescales, and lower for finer-scale and more transient

phenomena (e.g. Ferrett et al., 2021). This addition to our knowledge is therefore

necessary to meet the needs of both local communities and stakeholders, due to in-

frastructural damage and financial losses which are a result of extreme rainfall and

winds associated with Sumatra squalls.

In this study, we provide further insight into the multi-scale dynamics associ-

ated with Sumatra squalls, by conducting case study analysis using high-resolution

convective-permitting simulations. The ability of these simulations in representing

Sumatra squalls, compared to satellite observations, is first analysed. We then iden-

tify the role of the vertical wind and moisture fields, shear, and density currents in

modifying Sumatra squall properties across the various stages of the MCS life cy-

cle. Interactions between the large and synoptic scales in influencing Sumatra squall

characteristics are explored, which have not been investigated so far on a case study

basis. Through this, we can also determine any similarities or differences relative to

the knowledge gained from other studies across the Maritime Continent, and else-

where across the globe.

4.2 Methodology

4.2.1 Case description

Our analysis focuses on two Sumatra squall case studies. The first of these propagated

over Singapore in the late morning on 26 April 2019. The Meteorological Service

Singapore (MSS) stated in a report that a daily total rainfall of 118.7mm at Changi
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Airport was recorded, the highest amount in a day in April 2019 (MSS, 2019). The

following day, a second Sumatra squall developed, propagating towards the Karimata

Strait and Borneo. Reports from Badan Meteorologi, Klimatologi, dan Geofisika

(BMKG) in Indonesia reported torrential rains, flooding, and landslides in Bengkulu,

Sumatra, with daily rainfall up to over 200mm on 27 April 2019 (Paski et al., 2021).

4.2.2 Data

Rainfall data was derived from Integrated Multi-Satellite Retrievals for Global Pre-

cipitation Measurement (IMERG) Version 06 (Huffman et al., 2020). IMERG inter-

calibrates data from rain gauges with estimates obtained from satellite infrared and

microwave sensors. IMERG data is available at half-hourly temporal resolution, and

at a horizontal grid spacing of 0.1◦ × 0.1◦.

Cloud top brightness temperature from the Himawari-8/9 satellites is used for

evaluating convective intensity (Bessho et al., 2016). Here, we use band 13 which

detects infrared radiation with a wavelength of 10.4µm and spatial resolution of

2 km. Both observational datasets are used for the dates of the case studies analysed.

To determine the state of the MJO at the time of the case study, we use daily real-

time multivariate MJO series 1 and 2 (RMM1 amd RMM2 respectively) data (Wheeler

and Hendon, 2004). Outlined in Ferrett et al. (2020) and Crook et al. (2024) and

fully described in Yang et al. (2023), a dataset of equatorial waves identified using the

methodology in Yang et al. (2003) was also used. This method uses European Centre

for Medium-Range Weather Forecasts (ECMWF) Reanalysis v5 (ERA5) data Hers-

bach et al. (2020), available at a horizontal grid spacing of 0.25◦ × 0.25◦. ERA5 wind

anomaly data is regridded to 1◦ × 1◦ horizontal spacing, and filtered for variability
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within the period of 2-30 days and zonal wavenumbers of 2-40. Data is then spa-

tially projected onto parabolic cylinder functions, representing theoretical horizontal

wave-mode structures, and associated wind fields, for equatorial Kelvin, Rossby (n=1

and n=2) and Westward-moving Mixed Rossby-Gravity (WMRG) waves (Gill, 1980;

Yang et al., 2003).

4.2.3 Model simulations

We use the Singapore NWP model known as SINGV (e.g. Huang et al., 2019; Di-

pankar et al., 2020), a high-resolution convective-permitting model, which has been

used previously for applications in data assimilation, ensemble prediction, and urban

modelling. SINGV has a horizontal grid spacing of 1.5 km × 1.5 km, with the at-

mosphere represented using the Met Office Unified Model (MetUM) with Regional

Atmosphere 2 (RA2T) physics (Bush et al., 2023), a fully non-hydrostatic model,

forced with initial and lateral boundary conditions from ERA5 every 3 hours. SINGV

operates over 80 terrain-following vertical levels up to a model top of 38.5 km, with

output used in this work provided on 16 pressure levels between 100-1000 hPa.

The model employs a Prognostic Cloud fraction and Prognostic Condensate (PC2)

scheme Wilson et al. (2008) to reduce the occurrence of spurious convection with

high rainfall rates. The boundary layer parameterisation follows that of Boutle et al.

(2014), combining the one-dimensional scheme of Lock et al. (2000) and the three-

dimensional Smagorinsky-Lilly scheme (Lilly, 1962). Cloud microphysics and ra-

diative processes are represented in the schemes of Wilson and Ballard (1999) and

Edwards and Slingo (1996) respectively. SINGV also integrates the Joint UK Land

Environment Simulator (JULES) for land surface modelling (Best et al., 2011).
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Uncoupled (atmosphere-only) versions of the SINGV simulations were run. Two

simulations were initialised on 24 and 25 April 2019 (0000 UTC) and run until 26 April

and 27 April 2019 (2300 UTC) respectively, to cover the life cycles of each Sumatra

squall. Modelled cloud top brightness temperature was calculated from modelled

top-of-atmopshere outgoing longwave fluxes using the empirical conversions of Yang

and Slingo (2001). Additional simulations for each case study were run at different

initialisation times, though no significant differences were noted between the results

of the original and additional squall line simulations (not shown).

4.3 Results

4.3.1 Synoptic overview: observations

On 25 April 2019 at 1600LT (UTC+7, representing Sumatran local time), convec-

tion and rainfall associated with the first Sumatra squall begin to develop along the

Barisan mountains over Sumatra (Figure 4.2a). Convection continues to intensify and

organise into the evening and nighttime, primarily over southern and central Sumatra,

as it propagates eastwards (Figures 4.2b-c). By the early morning, convection has

strengthened and merged to form a distinct, continuous line of convection oriented

parallel to the coastline (Figures 4.2d-e). This Sumatra squall is aligned along the

Malacca Strait in the morning, briefly intensifying as it approaches and propagates

over Singapore and southern Peninsular Malaysia (Figures 4.2f-g). After the Sumatra

squall passes over the land, a period of reintensification begins over the South China

Sea (Figures 4.2h-i), and by 1900-2200LT, the first Sumatra squall has dissipated

(Figures 4.2j-k).
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At 0400LT on 26 April, extensive convection is observed to the southwest of Suma-

tra (Figure 4.2e). This northwest-southeast oriented band of rainfall persists through

the late morning and early afternoon, while propagating towards the western coast

of Sumatra (Figure 4.2f-h). By 1600LT, convection leading to development of the

second Sumatra squall has aligned itself along the entirety of the Barisan mountains

(Figure 4.2i). Convection then propagates eastward, reaching eastern Sumatra by

nighttime, at which time the entirety of Sumatra is covered in extensive cloud and

scattered, intense rainfall (Figure 4.2j-k). This Sumatra squall intensifies briefly as

it enters the Karimata Strait to the east of Sumatra, and persists through the night-

time, to the morning of 27 April (Figures 4.2l-n). The second Sumatra squall then

continues to propagate outside of the domain of analysis towards Borneo (Figures

4.2o-p).

The Sumatra squalls in this case study took place during Phase 3 of the MJO

(Figure 4.3a). During this phase, the convectively active envelope of the MJO is

located between the central Indian Ocean and the western Maritime Continent. The

two Sumatra squalls are represented by the precipitation in the Hovmöllers in Figures

4.3b-e. Both Sumatra squalls are aligned with and therefore roughly propagate at

the speed of the convergent phase of a Kelvin wave (Figure 4.3b). Positive relative

vorticity is induced by a passing WMRG wave at the time of the events (Figure

4.3c). As each Sumatra squall intensifies and propagates eastward, a Rossby (n=1)

wave is in its convergent phase while also inducing positive relative vorticity (Figure

4.3d). Minimal Rossby (n=2) wave activity is observed - very weak convergence and

relative vorticity is induced by this wave during the initial stages of Sumatra squall

development (Figure 4.3e).
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Figure 4.2: Himawari brightness temperature (shaded contours) and IMERG rainfall
(contours, shown in increments of 2.5mmhr−1, from 2.5-20mmhr−1, from blues to
bright greens) for the analysed pair of case studies between 25 April 2019 at 1600 LT,
to 27 April 2019 at 1300 LT. Panels are plotted in intervals of 3 hours. Coastlines
are shown in yellow.
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For the duration of these case studies, Kelvin waves are most important in mod-

ulating the lower-tropospheric convergence, while WMRG waves induce positive rel-

ative vorticity. The Rossby waves induce convergence and positive relative vorticity

at different stages of the Sumatra squall lifetimes, rather than the entire duration.

4.3.2 Synoptic overview: model comparison to observations

The next step of this study is to assess how the SINGV model performs in repre-

senting these Sumatra squalls. Modelled rainfall and cloud cover associated with the

environment at the time of two Sumatra squall studies are shown in Figures 4.4 and

4.5 respectively. Comparisons to observations are shown in Hovmöller plots in Figure

4.6.

We focus firstly on the simulation initialised on 24 April 2019 run for the first

Sumatra squall. At 1600LT on 25 April, convection and rainfall forms along the

Barisan mountains in the model (Figure 4.4a). Convection located over the central-

southern portion of the Barisan mountains merges and propagates eastward over

central and eastern Sumatra overnight and into the early morning of 26 April (Figures

4.4b-c). The most intense rainfall is concentrated at the leading edge of the region

of developed deep convection. Convection then aligns itself along the Malacca Strait

and eastern coast of Sumatra at 1000LT (Figures 4.4d). The Sumatra squall then

spans more broadly across Peninsular Malaysia, Singapore, and eastern Sumatra in

the afternoon, with extensive cloud cover trailing the band of deepest convection and

rainfall (Figure 4.4e). The system dissipates in the nighttime over the South China

Sea (Figure 4.4f).

Within both observations of the first Sumatra squall (Figure 4.6a) and its model
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Figure 4.3: (a) Real-time Multivariate MJO (RMM) plot for 18 April-2 May 2019
(filled scatter points, moving in an anticlockwise direction). The red line represents
25-27 April 2019 when the two case study Sumatra squalls were observed. (b) Kelvin
wave-attributed 850 hPa divergence, shown in filled contours, from 24 April 2019 0700
to 29 April 2019 0600 LT. Solid purple contours represent positive relative vorticity,
and dashed contours negative relative vorticity, associated with the wave, plotted in
increments of 0.5 s−1, from -2 s−1 to 2 s−1, apart from the zero value. IMERG rainfall
is provided in blue to green contours for values from 1-10mmhr−1 in increments of
1mmhr−1. Variables have been interpolated to and averaged over the transect shown
as a dashed black box in Figure 4.1. Key locations are indicated above panels: Indian
Ocean (IO), Sumatra (SUM), Malacca Strait (M), Peninsular Malaysia/Singapore
(PM/SG), and South China Sea (SCS). (c-e) are as in (b) but for WMRG, Rossby
(n=1), and Rossby (n=2) waves. Note that the colour scaling for (b) and (d) are
different from (c) and (e) for visual clarity.
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simulation (Figure 4.6b), convection initiates in the late afternoon to early evening

over the Barisan mountains (approximately 400-450 km along-transect). While inten-

sification over eastern Sumatra occurs at similar times, rainfall is much more intense

in SINGV - for example, increases of 2-4mmhr−1 in the model relative to observations

are noted for convection initiating over and then propagating from the Barisan moun-

tains, earlier in the afternoon. The cold cloud shield trailing the MCS too appears

to be deeper and more extensive. The brief convective reintensification period after

propagating over Peninsular Malaysia and Singapore, in observations, is not captured

in the model. Though there is a roughly 3 h delay in the lifecycle of the squall line

from intensification to dissipation, both Sumatra squall propagation trajectory and

rate (approximately 7m s−1) remain fairly consistent between observations and the

model.

In the simulation for the second Sumatra squall, a band of convection is oriented

northwest-southeast to the west of Sumatra over the Indian Ocean in the morning of

26 April (Figure 4.5a). This convection propagates eastwards towards the Sumatran

coastline in the afternoon (Figure 4.5b) through to the evening. At this time, intense

rainfall and convection also develops over central to southern Sumatra. Convection

intensifies and merges primarily over southern Sumatra, while propagating eastward

overnight towards eastern Sumatra (Figure 4.5c). The Sumatra squall forms a distinct

line almost parallel to the eastern Sumatra coast as it reaches the Karimata Strait in

the early morning on 27 April, where intense rainfall is concentrated at the leading

edge of the associated deep convection (Figure 4.5d). At 1000LT, the Sumatra squall

propagates over the Karimata Strait, with a greater extent of convection oriented

in the north-south direction (Figure 4.5e). This Sumatra squall maintains intensity
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Figure 4.4: Cloud top brightness temperature (filled contours) and precipitation (con-
tours, shown in increments of 2.5mmhr−1, from 2.5-20mmhr−1, from blues to bright
greens) for the first SINGV simulation initialised on 24 April 2019 0000 UTC, or 0700
LT. Panels are plotted in intervals of 6 hours, from 25 April 2019 1600 LT to 26 April
2019 2200 LT. Coastlines are shown in yellow.
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as the region of deepest convection and heavy rainfall propagates eastwards towards

Borneo, outside of the domain, in the afternoon, with extensive trailing cloud (Figure

4.5f).

Convection over the Barisan mountains associated with the second Sumatra squall

in the early evening is weaker in observations (Figure 4.6c) than in the model (Figure

4.6d), as exhibited by the differences in rainfall intensity. Rainfall is more intense

in the model throughout the lifetime of this Sumatra squall, primarily during the

initial development phase over the Barisan mountains where rain is at least 2mmhr−1

greater over the transect. Similar to the first case study, the modelled trailing cloud

shield is more extensive relative to the region of most intense convection. The model

also captures more continuous propagation of convection from the Eastern Indian

Ocean towards Sumatra, which precedes further intensification over the mountains.

Propagation rates are, however, consistent between both datasets (approximately

9m s−1), with less of a delay in evolutionary stages compared to the first case study.

Overall, the SINGV simulations capture both Sumatra squalls well, justifying their

use in the following analysis. Both systems are characterised by eastward propagation

of convection from the Barisan mountains in Sumatra overnight. However, initiation

of the first Sumatra squall appears to be solely over the mountains, whereas propa-

gation of convection from the Eastern Indian Ocean may assist in the development of

the second Sumatra squall. Rainfall over the mountains is more intense as a result.

The second Sumatra squall, compared to the first, also propagates further eastward,

and with a greater propagation rate.

However, the model has some discrepancies in the convection simulated, such as

greater rainfall intensities, morphology of the cold cloud shield, and the broader geo-
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Figure 4.5: As in Figure 4.4, but for the second SINGV simulation initialised on 25
April 2019 0000 UTC, or 0700 LT. Panels are plotted in intervals of 6 hours, from 26
April 2019 1000 LT to 27 April 2019 1600 LT.
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Figure 4.6: (a) Hovmöller plot of Himawari brightness temperature (filled contours)
and IMERG rainfall (contours) for the first Sumatra squall analysed. Rainfall is plot-
ted from 1mmhr−1 to 10mmhr−1 in increments of 1mmhr−1. Variables have been
interpolated to the grid shown in dashed black lines in Figure 4.1 and then averaged
to create a roughly southwest-northeast oriented transect. (b) is as in (a), but cloud
top brightness temperature (filled contours) and rainfall (contours) derived from the
first SINGV simulation. (c) and (d) are as in (a) and (b) for the second Sumatra
squall, where data is now interpolated to the dashed purple box in Figure 4.1. (d),
compared to (b), represents data from the second SINGV simulation. Key locations
are indicated above the panels: Indian Ocean (IO), Sumatra (SUM), Malacca Strait
(M), Peninsular Malaysia/Singapore (PM/SG), South China Sea (SCS), Karimata
Strait (KS) and Borneo (B).
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graphical distribution of convective clusters. Errors largely stem from the enhanced

convective intensity during the initiation phase. Differences in timings of the squall

line evolution are identified primarily for the first case study. Despite these issues,

the model simulates squall lines which resemble those which would be described as

Sumatra squalls.

4.3.3 Vertical profile analysis

Both Sumatra squalls occurred within a sheared large-scale environment, relative to

the climatological profile (Figure 4.7). Southwesterlies during the first Sumatra squall

intensify between 600-900 hPa to around 5m s−1, and northeasterlies in the upper-

levels to values down to -10m s−1 (Figure 4.7a). This vertical wind shear is much

more intense during the second Sumatra squall, with southwesterlies extending up to

500 hPa, peaking at 10m s−1 at 750 hPa (Figure 4.7b). Upper-level northeasterlies,

as with the first Sumatra squall, reach values of -10m s−1.

Figure 4.8 shows vertical cross-sections of the along-transect wind and mois-

ture flux convergence (MFC, as described in Banacos and Schultz, 2005), derived

through rotation of the zonal and meridional components of the wind field to the

direction shown in Figure 4.1, for the first Sumatra squall. At 1600LT, southwest-

erlies are present between 700-850 hPa with northeasterlies intensifying with height

from around 600 hPa upwards (Figure 4.8a). Winds in the lowermost troposphere

converge over the Barisan mountains, with development of updrafts characteristic of

diurnally-driven convection. MFC peaks over the Barisan mountains up to around

600 hPa (Figure 4.8b). Convection propagates away from the mountains in both di-

rections during the nighttime, though southwesterlies and downslope mountain winds
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Figure 4.7: Mean along-transect wind across vertical levels during the time periods
of analysis for (a) the first and (b) the second Sumatra squall analysed in the case
studies. Along-transect winds are derived from the zonal and meridional components
of the wind field rotated relative to the grids shown in Figure 4.1. Winds are then
calculated as averages over the respective boxes used for the analysis of each Sumatra
squall for 6 hourly time steps. Positive values are approximately southwesterlies.
Red dashed lines represent the April climatological ERA5 along-transect wind over
the vertical levels, determined for each box over 20 years from 2001-2020.
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aid predominantly eastward propagation and MFC (Figures 4.8c-d). Low-level north-

easterlies develop from the South China Sea towards Sumatra, which when combined

with lower-tropospheric southwesterlies over Sumatra lead to convergence, and both

strengthened updrafts and MFC up to around 500 hPa in the early morning of 26

April (Figures 4.8e-f). Near-surface reductions in virtual potential temperature also

develop, indicating the presence of density currents. Downdrafts develop to the rear

of the Sumatra squall (roughly 400 km along-transect, Figures 4.8e-f), tied to intensi-

fication of low-to-mid-tropospheric southwesterlies. To the west of Sumatra, density

currents also form, with a shift from near-surface southwesterlies to northeasterlies,

indicative of the land breeze.

In the later hours of the morning, convection propagates towards Peninsular

Malaysia (Figure 4.8g). Southwesterlies and updrafts over the Eastern Indian Ocean,

as well as downdrafts to the rear of the Sumatra squall, strengthen. Southwesterlies

are noted in the lowermost levels, though low-level (moist) convergence at the lead-

ing edge of the Sumatra squall weakens (Figure 4.8h). By 1600LT, while mid-level

southwesterlies propagate further eastward, strengthening over the Eastern Indian

Ocean, both the low-level northeasterlies ahead of the Sumatra squall and the den-

sity current dissipate, as the Sumatra squall passes over Peninsular Malaysia (Figure

4.8i). Downdrafts to the rear of the Sumatra squall, core convective updrafts and

the associated MFC (Figure 4.8j) also weaken, and from here on, the Sumatra squall

dissipates (Figures 4.8k-l).

Figure 4.9 shows similar cross-sections but for the second Sumatra squall. Intense

updrafts are observed at the leading edge of enhanced mid-tropospheric southwest-

erlies over the Eastern Indian Ocean in the morning of 26 April (Figure 4.9a). In
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Figure 4.8: Cross-sections of along-transect wind (left) and moisture flux convergence
(right), both shown in filled contours, interpolated to, and then averaged over, the
dashed black grid in Figure 4.1 in the northwest-southeast direction for the first
Sumatra squall, from 25 April 2019 1600 LT to 26 April 2019 2200 LT at 6 hourly time
steps. Vector arrows represent along-transect and vertical winds. Grey solid (dashed)
contours represent vertical velocities at -0.5 and -0.25 (0.125 and 0.25) Pa s−1, where
the larger magnitude values are drawn in thicker contours. Negative vertical velocities
represent ascent. Blue contours represents virtual potential temperature from 302-
304K in increments of 1K to represent the density current. Regions filled in black
represent where topography is present.
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this region, strong MFC is noted up to around 600 hPa (Figure 4.9b). Low-level

winds directed towards the Barisan mountains from either side help in intensifiy-

ing the updrafts over land, while the convection over the ocean propagates further

eastward (Figure 4.9c), thereby broadening the region of intense MFC (Figure 4.9d).

Overnight, merging between diurnally-forced convection, and that advected onshore

by the enhanced southwesterlies, leads to intensification of the Sumatra squall (Figure

4.9e). Increases in low-level northeasterlies ahead of the Sumatra squall, as well as

development of a density current, enhance MFC and lift at the leading edge (Figure

4.9f).

In the early morning of the following day, the second Sumatra squall has prop-

agated further eastward from Sumatra towards the Karimata Strait, with strength-

ened of southwesterlies to the rear, which descend downslope to lower-levels east of

the mountains (Figure 4.9g). The leading edge of the Sumatra squall is aligned with

the front of the developed density current. Low-level northeasterlies ahead of the

Sumatra squall have dissipated, with progressive weakening of the broad region of

MFC associated with convective activity (Figure 4.9h). Offshore flow is also observed

towards the Eastern Indian Ocean from Sumatra, with an associated density current.

Continued Sumatra squall propagation in the morning to afternoon is modulated by

the intensified southwesterlies in the lower-troposphere (Figure 4.9i). With continued

propagation, MFC weakens slightly (Figure 4.9j), though unlike the first Sumatra

squall, the second Sumatra squall continues to propagate eastward outside of the

domain of analysis (Figures 4.9k-l).

In summary, the two Sumatra squalls analysed have several similarities. Diurnal

forcing is important in modulating low-level winds and MFC onto the Barisan moun-
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Figure 4.9: As in Figure 4.8, but for the second Sumatra squall, from 26 April 2019
1000 LT to 28 April 2019 0400 LT at 6 hourly time steps, where data is interpolated
to, and averaged over (northwest-southeast), the dashed purple grid in Figure 4.1.141
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tains in the late afternoon, key for Sumatra squall initiation. As the systems intensify,

they form characteristic ascending front-to-rear flows associated with Sumatra squall

dynamics, assisted by lower-tropospheric shear induced by the low-level northeast-

erlies ahead of the Sumatra squall. Enhanced MFC and lift at the leading edge is

influenced further by the development of density currents extending eastward over

Sumatra from the mountains overnight and into the morning. Extensive southwest-

erlies in the low-to-mid-troposphere are noted to the rear of the Sumatra squalls,

helping in storm propagation and the formation of a rear inflow jet. Reductions in

the MFC, influenced by the loss of the low-level northeasterlies and density current,

lead to dissipation of the first Sumatra squall. This mechanism is likely to be the case

for the second Sumatra squall, further into its lifetime, when there may be reductions

in MFC as it propagates further eastward, though this is not directly determinable

from this analysis as the squall line moves outsides of the domain.

A few differences can also be noted. The second Sumatra squall is characterised by

much stronger southwesterlies to the rear, and upper-level northeasterlies, through-

out its lifetime. Slightly weaker low-level northeasterlies ahead of the second Sumatra

squall are also present, but are not as distinct as the difference associated with the

southwesterlies. Additionally, convection is advected onshore from the Indian Ocean

by these southwesterlies prior to development of this Sumatra squall over the moun-

tains, leading to a broader region of MFC up to the mid-troposphere.
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4.4 Discussion

In this study, two Sumatra squalls observed in late April 2019 were analysed (Figure

4.2). In observations, the first Sumatra squall formed as individual convective cells

over the Barisan mountains in the afternoon on 25 April 2019, propagating eastward

and merging into an intense Sumatra squall overnight. This Sumatra squall propa-

gated over Peninsular Malaysia and Singapore in the following morning, before the

system dissipated over the South China Sea, after a brief period of reintensification.

The second Sumatra squall was generated in the afternoon on 26 April 2019. Con-

vective cells similarly developed over the Barisan mountains, with onshore (eastward)

propagation of convection from the Eastern Indian Ocean assisting in Sumatra squall

development and increases in rainfall over Sumatra. Convective cells merged as the

system propagated eastward during the nighttime. This Sumatra squall continued to

propagate over the Karimata Strait, towards Borneo, throughout the following day,

while maintaining intensity.

Analysis of the dynamics of these Sumatra squalls was conducted using SINGV

convective-permitting high-resolution simulations (Figures 4.4 to 4.6). While the

SINGV model generally produces more rainfall associated with both Sumatra squalls,

holds some spatial and temporal mismatches in convective characteristics, and does

not capture the period of reintensification associated with the first Sumatra squall,

other elements of the Sumatra squall life cycles are represented well. These include

generation of convection, primarily over the mountains, geographical locations of

enhanced convective activity, and propagation in terms of both speed and direction.

Both Sumatra squalls occurred within a large-scale sheared environment (Figure

4.7), and shared several similarities in their dynamics (Figures 4.8 to 4.9), as high-
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lighted in the schematic in Figure 4.10. Initiation of the Sumatra squalls is tied to the

diurnal cycle, with low-level onshore flow and MFC over the Barisan mountains peak-

ing in the afternoon (Figure 4.10a). Intensification of convection relies on the MFC at

the leading edge of the Sumatra squall, modulated by lower-tropospheric shear which

affects the horizontal gradient in moisture fluxes particularly in the lower-levels (Fig-

ure 4.10b). Here, low-level northeasterlies ahead of the Sumatra squall interact with

southwesterlies to the rear, as well as downslope winds and density currents origi-

nating from western Sumatra, thereby enhancing lift and transport of moisture to

upper-levels. Updrafts tilt at the upper-levels in line with the presence of strong

northeasterlies, producing a distinct ascending front-to-rear flow. Sumatra squall

propagation through the night is mediated by low-to-mid-tropospheric southwester-

lies, assisting in the development of a rear inflow jet. Dissipation of the Sumatra

squalls, shown primarily in the first case study, is influenced by the loss of the low-

level convergence driven by the interaction between near-surface northeasterlies and

southwesterlies, thereby reducing the amount of moisture supplied for sustaining con-

vection (Figure 4.10c).

Sumatra squalls are therefore similar to ‘classical’ MCSs deduced from global ob-

servations and modelling studies with regards to mechanisms of initiation, propaga-

tion and intensification (e.g. Houze, 2018), including studies focused more specifically

on the Maritime Continent (e.g.Qian, 2008; Hassim et al., 2016; Peatman et al., 2021,

2023, 2025). Diurnally-varying land-sea breeze circulations influence MFC over land,

which then enables development of deep convection. Vertical wind shear, between the

lower-to-mid-levels and upper-levels, for example comparing the 300 hPa and 700 hPa

levels, in the large-scale environment is important for maintaining squall line struc-

144



Chapter 4: Sumatra squalls

Figure 4.10: (a-c) Schematics of cross-sections of Sumatra squalls showing mecha-
nisms of (a) initiation in the afternoon, (b) propagation and intensification during
the nighttime, and (c) dissipation the following day, based on the two case study
Sumatra squalls. The black ‘hills’ represent the locations of the Barisan mountains
and Sumatra (left), and Peninsular Malaysia and Singapore (right). (d) and (e) show
the interactions across the region linked to equatorial waves and synoptic-scale vari-
ability during the two analysed Sumatra squalls respectively, which are hypothesised
to explain differences in their characteristics. In all panels, the length of arrows re-
flects the intensity of the winds for that specific feature.
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ture (e.g. Rotunno et al., 1988), and lower-level vertical wind shear is key here for

squall line organisation.

This low-level shear, here influenced by northeasterlies ahead of the squall line,

is key in modulating moist convergence and lift within the leading edge through in-

teractions with descending flow to the rear, known to increase updraft intensity and

minimise susceptibility to entrainment (Rotunno et al., 1988; Alfaro, 2017; Mulhol-

land et al., 2021; Baidu et al., 2022; Abramian et al., 2023). The southwesterlies also

act to bolster the role of the rear inflow jet (e.g. Raymond, 1984; Redelsperger and

Lafore, 1988), in mediating propagation and further displacement of boundary layer

air. Deeper analysis would be required to determine precisely how much of the en-

hancements in wind to the rear of the MCS is due to changes in broader environmental

wind, or modification of the local dynamics by the MCS itself.

The presence of density currents, which could be due to a combined effect of

mountain winds, land breezes and cold pools, too acts to influence the overall inflow

of moist air and modulate convective instability. These density currents help in de-

veloping localised regions of convergence at their leading edges, and can then interact

with the low-level shear ahead of the squall line which balances the circulation and

vorticity induced by the density current, thereby enhancing tropospheric moisten-

ing and lifting crucial for maintenance of deep convection (e.g. Rotunno et al., 1988;

Weisman et al., 1988).

These results build on the findings of Chan et al. (2019) from their case study

analysis, as well as the study of Nguyen et al. (2025). Compared to the aforemen-

tioned studies which focus primarily on the more mature phases of the MCS life

cycle, we have provided additional understanding more specifically of the initiation
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of Sumatra squalls and the processes that modulate their propagation and intensi-

fication, in terms of the observed patterns of MFC and wind. Similar interactions

were also documented in Peatman et al. (2023) and Peatman et al. (2025) in their

work on convection propagation towards the Indian Ocean, Nor et al. (2020) who

identify the importance of orography and associated land-sea breeze circulations in

modifying convective characteristics around peninsular Malaysia, as well as Hassim

et al. (2016) in studies over New Guinea. Weakening of MFC and the coincident

interactions associated with the wind field and density currents inevitably will min-

imise intensification, resulting in a dissipating Sumatra squall. Therefore, knowledge

of MCS activity from elsewhere in the MC can be extended to these systems.

Comparing the two Sumatra squalls, the second Sumatra squall exhibits much

stronger southwesterlies to the rear, leading to a faster propagation rate. These

southwesterlies are centred within the mid-troposphere (around 750 hPa) prior to its

descent, similar to Warner et al. (2003), contrasting the low-level jet observed at

mid-latitudes and the subtropics (e.g.Maddox, 1983; Rowell and Milford, 1993; Salio

et al., 2007). In addition to diurnal forcing of Sumatra squall intiation, convection

is advected onshore from the Eastern Indian Ocean to Sumatra by these southwest-

erlies, where convection aligns with the leading edge of the strongest winds. These

processes precede late afternoon Sumatra squall development, supplying a greater flux

of moisture within the low-to-mid-troposphere and enhancing the overall strength of

convection.

Both Sumatra squalls occurred during an active MJO (Figure 4.3a), but were more

distinctly embedded in the convergent phase of an equatorial Kelvin wave (Figure

4.3b). The presence of this wave enhances larger-scale convergence, which helps

147



Chapter 4: Sumatra squalls

Sumatra squall intensification, particularly with relation to the environment of the

first Sumatra squall, as it arrives in phase with the diurnal cycle (Figure 4.10d). Large-

scale convergence is known for modulating the potential for convection generation

(e.g.Crook and Moncrieff, 1988) - elsewhere in the Tropics, synoptic waves help to

organise convection (e.g. Fink and Reiner, 2003). Various studies have indicated the

role of Kelvin waves specific to the region of study in conditioning low-level flow and

moisture, helping to organise and develop convection further and intensify rainfall

(Kiladis et al., 2009; Ridout and Flatau, 2011; Latos et al., 2021; Nakamura and

Takayabu, 2022a,b; Senior et al., 2023; Nguyen et al., 2025).

For the second Sumatra squall, convection may be advected by the intensified low-

to-mid-tropospheric southwesterlies, modulated by the Kelvin wave (Figure 4.10e),

as the MCS propagates roughly at the along-transect component of the speed of

this equatorial wave (approximately 9-10m s−1, Figure 4.3b). The presence of the

Kelvin wave is also indicated further by enhanced northeasterlies at upper-levels which

develop with time, thereby influencing the large-scale shear in the environment. The

convection that propagates from the Indian Ocean may be tied to the outer rainbands

of tropical cyclone Lorna, located southwest of Sumatra during this period of analysis

as highlighted in Paski et al. (2021), which may be brought onshore by winds induced

by the Kelvin wave. The earlier onset of convection for the second Sumatra squall

may be explained by the maximum Kelvin wave-induced wind arriving in phase with

the peak in the diurnal cycle. The resultant intensified southwesterlies will also aid

in propagation of the second Sumatra squall both faster and further, relative to the

first Sumatra squall.

Baranowski et al. (2016) and Senior et al. (2023) both note extreme rainfall in-
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tensification particularly when Kelvin waves arrive in phase with the diurnal cycle.

Therefore, the phasing between the diurnal cycle and Kelvin waves may determine

the predictability of Sumatra squalls, though greater in-depth analysis into the proba-

bility of Sumatra squall occurrence for days where these phenomena operate in phase

with one another will be required. We have, however, provided deeper mechanistic

understanding of the interactions between the planetary-scale and mesoscale in re-

lation to Sumatra squall characteristics, building on from the composite analysis of

Nguyen et al. (2025). While the Kelvin wave speed, and the associated coupling with

squall line characteristics, is less trivial to determine from the simulations, it can be

inferred that a similar Kelvin wave exists in the model as the lateral boundaries are

forced by ERA5, used to determine equatorial wave characteristics in Figure 4.3.

In addition to the Kelvin wave, however, positive relative vorticity was induced

by a WMRG wave, during the Sumatra squalls analysed (Figure 4.3c). Equatorial

Rossby waves also induced varying degrees of lower-tropospheric convergence and

positive relative vorticity (Figures 4.3d-e). Nguyen et al. (2025) highlighted that

equatorial Rossby waves (particularly n=1) and WMRG waves may be more crucial

for the direction of propagation of Sumatra squalls. Conditions related to heightened

equatorial wave activity, particularly when waves are superimposed on one another,

are known to increase the probability of extreme rainfall and intensity of convection

(e.g. Ferrett et al., 2020). High-resolution global models, which can represent equa-

torial wave activity well, should be analysed, or squall lines could be treated on a

case-by-case basis as in this study through insertion of equatorial wave combinations

in convective-permitting simulations, to better determine the role of equatorial waves.

A key limitation of this study is the usage of a small number of case studies,
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constrained primarily by the availability of simulation data. Sumatra squalls, as

with any phenomenon studied through event-based analysis, are expected to vary

in characteristics. Shifts in direction of propagation, moisture transport, origins and

orientation of Sumatra squalls may also vary with season (Pratiwi, 2023; Nguyen et al.,

2025). The more precise role, for example, of diurnal forcing for convection initiation

over the Barisan mountains, compared with nocturnal land breeze convergence for

development over the Malacca Strait, another process known to be key for Sumatra

squall initiation, could be determined by further case study analysis.

Analysis of more Sumatra squalls will additionally assist in understanding the

specific roles of, and balance between, lower-tropospheric shear and density currents

in MFC leading to convective intensification. Peatman et al. (2023) noted difficulties

in analysing the importance of density currents in depth, given origins may stem

from both land-sea breeze circulations, as well as cold pools resulting from rainfall

evaporation. Studies such as Grant et al. (2018) have successfully employed tracers for

examining the role of cold pools in idealised simulations of MCSs. Cellular formation

at the leading edge, dissipation to the rear, and merging of convective cells were

also not explicitly captured in this work, as well as interactions with other processes

known for potential links with MCS dynamics and propagation, such as gravity waves

(e.g. Redelsperger and Lafore, 1988; Mapes et al., 2003; Tulich and Kiladis, 2012;

Peatman et al., 2023).

Detailed thermodynamical processes intrinsic to the Sumatra squalls, such as

the extent of diabatic heating associated with updrafts (e.g. Raymond, 1984; Alfaro,

2017), are also crucial to understand. Bickle et al. (2021) highlight that over Africa,

thermodynamical processes may be more important in modulating squall line char-
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acteristics compared to shear. Peatman et al. (2025) captured variability in local

thermodynamics in modulating the storm-relative inflow, which influence convective

instability associated with offshore-propagating systems over Sumatra.

The simulation of the squall lines and overall model configuration should also

be evaluated further. It was noted that the SINGV model, while producing Sumatra

squalls, does not produce perfectly accurate simulations of their evolution as captured

in observations. Dipankar et al. (2020), while stating that modelled rainfall associated

with Sumatra squalls is more similar to observations than coarser global models, note

temporal mismatches in onset and overall persistence of rainfall, in addition to remain-

ing wet biases, common in convective-permitting models more broadly. Errors may

originate through, for example, the lateral boundary conditions employed, sub-grid

processes represented by microphysics and dynamics schemes, and running uncoupled

simulations. Therefore, future work would require altering model configurations, such

as introducing ocean-atmosphere coupling which may modulate the land-sea breeze

dynamics and associated convergence, incorporating nested domains to provide po-

tentially more reliable lateral boundary conditions, and assessing sensitivity to the

various parameterisation schemes in ensemble approaches, which was explored to a

degree in Dipankar et al. (2020). These avenues would provide a more rigorous and

statistical assessment of model performance in simulating Sumatra squalls, which

would prove useful for future research related to this topic.
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4.5 Conclusions

This study analysed two Sumatra squall case studies in late April 2019. In obser-

vations, these squall lines formed over the Barisan mountains of Sumatra during

the afternoon, before intensifying overnight as they propagated roughly eastward

towards Peninsular Malaysia, Singapore, and neighbouring seas. High-resolution

convective-permitting simulations were used to understand the dynamics of these

Sumatra squalls. These simulations captured key features of the evolution of the

Sumatra squalls, such as in their initiation and propagation.

The two Sumatra squalls were shown to fit the ‘classical’ picture of tropical squall

lines with reference to the key mechanisms of initiation, propagation and intensifica-

tion. Sumatra squall initiation in the afternoon was modulated by diurnally-induced

onshore flow and MFC. Convection organised and intensified through enhancements

of this (moist) convergence, influenced by interactions between density currents and

downslope winds to the rear, and lower-tropospheric wind shear mediated by low-

level northeasterlies ahead, of the leading edge. Large-scale environmental shear

maintained characteristic ascending front-to-rear flow, while low-to-mid-tropospheric

southwesterlies assisted in developing a rear inflow jet, enhancing squall line propa-

gation. Sumatra squall dissipation occurred at times of reductions in low-level MFC,

with corresponding weakening of the interaction between the aforementioned south-

westerlies and northeasterlies, either side of the leading edge.

Equatorial waves were active during the period of analysis - in particular, both

Sumatra squalls occurred while an equatorial Kelvin wave propagated over the re-

gion. This wave likely assists in development and intensification of the first squall

line through modulation of large-scale lower-tropospheric convergence. In contrast,
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the Kelvin wave is more crucial for propagation of the second Sumatra squall, through

strengthening of low-to-mid-tropospheric southwesterlies to the rear. These enhanced

winds additionally advect convection onshore from the Eastern Indian Ocean to Suma-

tra, preceding diurnally-induced convection development over the Barisan mountains

leading to squall line initiation. Crucially, the arrival of the equatorial Kelvin wave in

phase with the diurnal cycle highlights the potential for predictability of these events.

This study has provided greater understanding of the variety of processes which

are important for dynamics associated with these Sumatra squalls. Crucially, stages

of the entire life cycle of these squall lines, compared to the mature phase which

was the focus of previous studies, have been analysed. Similar to studies of squall

lines across the Maritime Continent, diurnal forcing is a key feature in initiating

these Sumatra squalls over the Barisan mountains through the induced sea breezes,

upslope winds and MFC. Both large-scale, and mesoscale low-level, shear, in addition

to density currents, influence squall line structure, as well as the convergence and lift

which are important for intensification of convection. Broader tropical MCS theory

can thereby be applied to these specific local weather systems.

Several differences have also been highlighted in the characteristics of these Suma-

tra squalls, both by comparison to one another, and to ‘theory’, where interactions

with synoptic variability and equatorial wave dynamics influence the mechanisms of

initiation, propagation and intensification of the Sumatra squalls. This study has

therefore emphasised the importance of phenomena operating over various scales,

from large-scale modes of variability to mesoscale shifts in dynamical processes, in

modifying Sumatra squall characteristics, and thereby extending knowledge of these

particular MCSs.
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Future work should analyse large-scale phenomena and determine their associa-

tion with Sumatra squall occurrence, and key mechanisms (e.g. the wind and moisture

field) as a means of generalising Sumatra squall dynamics. Additional interactions

between these dynamics and equatorial waves will need further exploration to deter-

mine their influence on the development and propagation of Sumatra squalls. Further

case study analysis using high-resolution coupled convective-permitting climate sim-

ulations will provide deeper insight into the specific dynamics and thermodynamics

underlying the key mechanisms associated with the evolution of Sumatra squalls.

Overall, this addition to our knowledge of Sumatra squall dynamics will prove

valuable for regional weather forecasters and modelers, through informing the envi-

ronmental and storm properties that may need to be considered for improved fore-

casts of these high-impact weather systems, and other extremes. Ultimately, these

improvements will benefit work towards better practices related to disaster awareness

and management.
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Conclusions

This thesis aimed to improve our understanding of a range of key atmospheric and

oceanic coupled processes which influence rainfall patterns across the MC in Southeast

Asia. This region experiences extreme rainfall all year round, which causes extensive

flooding and landslides, leading to health crises and economic losses. Process knowl-

edge is fundamental to understanding where and when models fail, and the reasons

for their biases, in addition to improving the ability to forecast and predict weather

patterns associated with this rainfall, which ultimately feeds into early warning and

disaster mitigation practices.

Rainfall across the MC is modulated by large-scale modes of variability, such

as the MJO, ENSO, IOD and equatorial waves, to synoptic-scale processes such as

cold surges and tropical cyclones. The diurnal cycle acts as another key mechanism,

primarily influencing local variability in convection through effects on mesoscale pro-

cesses such as land-sea breeze circulations and gravity waves. All of these processes

have unique scale interactions which make understanding the regional meteorology
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more difficult, impacting both model representation of convective processes and the

predictive skill for the MC. Model biases, such as in the timing of diurnal cycle

have overtime been corrected through increasing model spatial resolution, explicitly

representing convection within CPMs, and incorporating atmosphere-ocean coupling.

However, some biases persist due to the limitations in our process knowledge.

As highlighted in Chapter 1, several knowledge gaps in the literature were iden-

tified. These gaps were primarily associated with transient and/or synoptic-scale to

mesoscale processes, which tend to be more difficult to accurately capture in NWP

for the region, compared to larger-scale variability. Tropical-extratropical interactions

were investigated in Chapter 2 by considering the role of mid-level dry air intrusions

in influencing rainfall characteristics over the southern MC. In Chapter 3, the char-

acteristics of mesoscale ocean eddies were derived more extensively across the MC,

compared to previous studies, and their impact on the atmosphere through induced

air-sea interactions was examined. Finally, the dynamics of Sumatra squalls, which

are high-impact weather systems observed over the western MC, were analysed in

high-resolution convective-permitting simulations in Chapter 4 to build upon the un-

derstanding gained from the limited existing literature on this topic. The key results

associated with these research avenues are summarised in the following section.
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5.1 Overview of results

5.1.1 Regional rainfall is influenced by extratropical synoptic-

scale transients

There is limited knowledge as to how the Tropics and extratropics interact in mod-

ulating rainfall over the MC, particularly on synoptic spatial and temporal scales.

Previous studies have mainly focused on cold surges which originate from distur-

bances associated with the Siberian High in the Northern Hemisphere (e.g.Koseki

et al., 2013). Cold surges lead to increased rainfall and strengthened winds particu-

larly over Peninsular Malaysia, Borneo and Java.

Another form of tropical-extratropical interactions are mid-level dry air intrusions

(DAIs), which originate from upper-level disturbances along the jet stream. DAIs can

lead to suppresion of convection (e.g.Mapes and Zuidema, 1996; Parker et al., 2016),

while there is convective enhancement at the margins, due to differences in their char-

acteristics compared to the surrounding environment (e.g. Allen et al., 2009). Over

the MC, several studies have identified dry air coming from the Southern Hemisphere

extratropics towards Sumatra and Java, leading to the shifting of locations of con-

vection in specific case studies (Murata et al., 2006; Seto et al., 2006; Feng et al.,

2021). However, no general ties between these upper-level disturbances, DAIs, and

modulation of convection over the region had been made in existing research.

In Chapter 2, by identifying dry events over the southern MC using 42 years of

reanalysis data, intense dry anomalies at mid-levels were shown to originate from the

subtropical jet in the Southern Hemisphere. Here, upper-level disturbances, likely to

be attributed to Rossby wave breaking, act as a key source of dry air. Particular
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circulation anomalies at the mid-levels help to regulate the direction of DAI propa-

gation in different seasons, additionally influenced by the seasonally-varying low-level

monsoon circulation. Beneath DAIs, there is suppression of rainfall.

These intrusions additionally influence low-level wind circulations. Transport of

dry air from the extratropics to the Tropics leads to an induced return flow of moist

air to the extratropics to the east of these intrusions. In these regions, rainfall is

enhanced, due to the contrast between DAIs and surrounding environmental charac-

teristics. Additional interactions with the MJO were statistically derived, where the

MJO active envelope is more likely to be remote from the MC during a dry event in

boreal winter, but near to the MC for events occurring in the boreal summer. The

MJO, and associated equatorial wave dynamics, may exert a control on the circula-

tion anomalies influencing DAI propagation, and therefore the resultant influences in

rainfall.

5.1.2 Minimal atmospheric response to mesoscale ocean ed-

dies beyond the near-surface

Chapter 3 shifted focus towards interactions between the atmosphere and ocean.

Atmosphere-ocean interactions within the MC have primarily been studied in rela-

tion to large-scale modes of variability such as the MJO, where coupling between the

ocean and atmosphere are intrinsic to the development and sustenance of this mode,

particularly as the active envelope crosses the MC. Further, the importance of air-sea

coupling for the representation of key meteorological processes in regional models,

through modification of surface heat fluxes, wind and moist convergence, has been

emphasised in the literature, as outlined in an extensive review by Xue et al. (2020).
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On finer spatial and temporal scales, atmosphere-ocean interactions remain under-

studied for the MC. One way of better understanding these interactions is through

studying mesoscale ocean eddies.

Mesoscale ocean eddies are generated by barotropic and baroclinic instabilities

throughout the global ocean, and contribute to the modulation of water properties

such as through the transport of heat and salt (e.g.McGillicuddy, 2016). These eddies

may also have particular SST signatures, facilitating ocean-atmosphere interactions

through induced surface heat fluxes. Atmospheric boundary layer stability and verti-

cal mixing are modulated by these interactions, which can influence the development

of cloud and rainfall (e.g. Bôas et al., 2015; Seo et al., 2023).

These eddies are known to be generated in the MC due to the presence of deep

basins and narrow tidal straits, and are key in modulating transport associated with

some of the major currents in the region (e.g. Ismail et al., 2021; Hao et al., 2022).

Studies within the MC have primarily focused on eddy characteristics such as life

spans and regions of genesis. Research into the relationship between mesoscale ocean

eddies here and air-sea interactions, on the other hand, remains limited.

By using an eddy detection and tracking algorithm which incorporates 20 years of

sea surface height data derived from satellite altimetry (Mason et al., 2014), key spa-

tial differences in eddy characteristics between the MC, neighbouring tropical regions

and the extratropics were noted. Lower-latitude eddies tend to be fewer in number, are

of weaker amplitude and have shorter lifetimes, but are larger and faster-propagating,

compared to those at higher-latitudes. These results are consistent with more global

analyses of eddy characteristics (e.g. Chelton et al., 2011)

Focusing on several identified eddy hotspots within the MC, and collocating
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tracked eddies with reanalysis data, these eddies modify surface heat fluxes between

the ocean and atmosphere, influencing near-surface wind convergence. The effect of

these eddies on column water vapour, cloud and rainfall was found to be less im-

pactful. Compared to the Kuroshio Extension, a well-known eddy hotspot in the

extratropics, SST and surface heat flux anomalies away from the Tropics associated

with mesoscale ocean eddies are shown to be much more intense, with correspondingly

more distinct and statistically significant influences on cloud and rainfall.

An instantaneous response of the atmosphere to mesoscale ocean eddies therefore

may be diminished in the MC, compared to the extratropics. This reduction in

response is through the weaker SST anomalies associated with tropical eddies, coupled

with faster propagation of these mesoscale features, as well as intraseasonal variability

in convection, which is known to feedback onto the surface ocean and modify the

eddy-induced air-sea interactions.

5.1.3 Improved understanding of multi-scale mechanisms in-

fluencing squall line dynamics

Lastly, this thesis explored the dynamical evolution, such as in the initiation, propa-

gation and dissipation, of squall lines, which are a type of MCS. MCS characteristics

are well-studied across the globe, and in the Tropics are known to account for a signifi-

cant proportion of observed rainfall, including in the MC (e.g. Roca et al., 2014; Crook

et al., 2024). One type of MCS which is impactful in the MC is a Sumatra squall,

which propagates roughly eastward from Sumatra towards Singapore and Peninsular

Malaysia, primarily during the intermonsoon and southwest monsoon periods (Lo and

Orton, 2016; Nguyen et al., 2025).
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Previous studies have highlighted that Sumatra squalls have characteristics similar

to squall lines observed elsewhere, such as in their convective and vertical wind struc-

ture (Chan et al., 2019). Hypotheses have linked their initiation to diurnal land-sea

breeze circulations over the Barisan mountains of Sumatra, and the Malacca Strait.

Propagation is mediated by the low-to-mid-tropospheric wind field, in addition to the

presence of density currents. Both theories for initiation and propagation hold simi-

larity to knowledge of convection propagation across the MC (e.g.Hassim et al., 2016;

Peatman et al., 2023). However, specific analysis of the dynamics of Sumatra squalls

at the storm-scale has so far not been covered extensively enough in the literature.

In Chapter 4, high-resolution convective-permitting model simulations were used

to analyse the life cycles of two Sumatra squall case studies which occurred in April

2019. Both Sumatra squalls were shown to initiate primarily through diurnal forcing

over the Barisan mountains. These systems had characteristic squall line structure

such as having distinct ascending front-to-rear flows and rear inflow jets. Large-scale

environmental shear influenced the vertical structure, and supported the resultant

development, of the Sumatra squalls. Low-to-mid-tropospheric southwesterlies inter-

acted with density currents and low-level northeasterlies - the latter of which induced

shear ahead of the squall line leading edge - leading to squall line propagation and

intensification. These features enhanced the moisture flux convergence (MFC) which

strengthened convection. Reductions in this MFC, driven by weakening of the afore-

mentioned processes, led to Sumatra squall dissipation.

Equatorial waves were highly active during this period, for which both Sumatra

squalls were embedded within the convergent phase of a Kelvin wave. This wave may

contribute to convergence in setting up the environment for development of the first
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Sumatra squall. The second Sumatra squall occurred in the presence of intensified

southwesterlies in the low-to-mid-troposphere, which advected convection onshore

towards Sumatra from the Indian Ocean, enhancing the development of convection

over the mountains prior to squall line formation. The intensified southwesterlies may

also be modulated by the Kelvin wave which then enhanced the propagation of the

second Sumatra squall.

Interactions from the storm-scale to planetary-scale therefore both influence the

evolution of Sumatra squalls. Additionally, the importance of the diurnal cycle in

convective initiation, coupled with the equatorial waves in modulating further de-

velopment and propagation, highlight event predictability, as past research indicates

that the phasing between these two processes can increase the likelihood of extreme

rainfall and intensification of convection.

5.2 Contribution of research to the field

Each of the results chapters have given unique insight into processes which have

not been covered extensively in meteorological research across the MC. Research

into large-scale processes such as the MJO, ENSO and IOD provide us with key

knowledge on influences on rainfall over intraseasonal to interannual timescales, and

have greater predictive skill. However, synoptic-to-mesoscale and transient processes

are more difficult to predict. These processes will also have more direct impacts on

communities within the region due to the spatial and temporal scales at which they

operate over. Improved knowledge of these processes and interactions at the finer-

scales will benefit regional weather forecasters in better understanding and predicting
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this higher-order variability in convection and rainfall characteristics.

5.2.1 Individual research themes

The work in Chapter 2 provided further insight into the importance of processes from

the extratropics in influencing MC convection. DAIs are chronically understudied in

the region, especially compared to cold surges from the Northern Hemisphere, and

this work has highlighted how crucial these intrusions are in modulating environmen-

tal conditions on synoptic scales. Knowledge of these transients are important par-

ticularly for regional modelling practices, where lateral boundary conditions, driven

by global models or reanalysis datasets, are prescribed, which may not necessarily

represent these processes effectively enough.

Previous studies have primarily shown that DAIs suppress convection due to cap-

ping of the atmospheric boundary layer. However, the enhancement of convection and

associated rainfall to the east of these intrusions was an important finding in Chapter

2, exhibiting similarity to monsoon bursts over Australia (Allen et al., 2009; Berry

and Reeder, 2016). Knowledge of these enhancements of extreme rainfall are a neces-

sity, particularly for the MC where convection initiation and eventual intensification

can be spontaneous. The precursor mechanisms identified in this work could provide

additional insight into forecasting these changes to the convective environment a few

days in advance, as indicated by the lagged response to upper-level disturbances in

the Southern Hemisphere.

Furthermore, these intrusions provide one route in interpreting the so-called trop-

ical oceanic moist margin (Mapes et al., 2018). This margin, portrayed as an al-

most linear boundary between regions of high and low column moisture on seasonal
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timescales, exhibits significant non-uniformity in its latitudinal positioning between

the Tropics and extratropics on daily-to-subseasonal timescales. Highlighted further

in work by Robinson et al. (2024, 2025), variability along this margin can be mod-

ulated by a host of weather systems and regimes, such as through synoptic-scale

perturbations in mid-tropospheric humidity driven by extratropical DAIs, as just one

source.

Analysis of the air-sea interactions associated with mesoscale ocean eddies in the

MC, and resultant atmospheric responses in Chapter 3 provided a bridging route

within the TerraMaris project between the dominantly atmospheric research, and

any ocean-focused studies. The study of Azaneu et al. (2024), as part of the afore-

mentioned project, noted mesoscale variability in SST anomalies driven by surface

heat fluxes near Java during an MJO event using observational data. This variabil-

ity was modulated by an ocean eddy, highlighting processes at these scales as being

crucial for modelling the MJO itself.

Chapter 3 therefore sought to answer whether these eddies can significantly mod-

ify atmospheric and convective properties. While mesoscale ocean eddies were shown

not to lead to a significant atmospheric response in the MC, beyond affecting the

surface heat flux and wind convergence fields, this work remains novel and the first

of its kind for the region, filling a gap in the literature related to the MC. For exam-

ple, statistically-informed links between the SST anomalies associated with mesoscale

ocean eddies, and various atmospheric characteristics, were identified. The work also

emphasised the statement made by Azaneu et al. (2024), where spatiotemporal scales

of air-sea interactions across the region are key considerations for ocean-atmosphere

coupled modelling at higher horizontal resolutions, raising questions as to how in-
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traseasonal variability could influence the associated feedbacks (e.g. Roman-Stork

et al., 2021; Souza et al., 2021).

Additionally, and beneficial specifically to the oceanographic community, this work

improved the quantification of the number and the characteristics of eddies across the

region using extensive satellite observations, which were previously limited to specific

basins using more local observations, or for limited time periods (e.g. Purba et al.,

2020; Hao et al., 2021). While common eddy tracking approaches tend to negate

the near-equatorial regions due to questions as to whether, for example, satellites

can necessarily detect these faster moving eddies (Fu et al., 2010), extending analysis

further towards the Equator still highlights hotspots of mesoscale ocean variability.

Previous research into Sumatra squalls had not performed as extensive analysis

into key initiation, propagation and dissipation mechanisms of these squall lines (Chan

et al., 2019). While Nguyen et al. (2025) addressed interactions with large-scale modes

of variability over hundreds of subjectively identified squall lines from the Singaporean

radar database, in Chapter 4 the more specific roles of equatorial waves dynamics on

Sumatra squall characteristics, in environmental pre-conditioning and mediating the

propagation of these systems, were highlighted.

Sumatra squall research is an actively growing field. Chapter 4 provided both

greater knowledge of these weather systems, while also highlighting their predictabil-

ity through links with the diurnal cycle of solar heating, and equatorial wave activity.

Past studies highlight the importance of the phase locking of these processes in en-

hancing potential for extreme weather (e.g. Baranowski et al., 2016). These results

therefore will give insights for the forecasting community on key diagnostic variables

and processes to focus on with regards to predicting, and even improved modelling,
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of these squall lines.

However, it is crucial to note that while Sumatra squalls have similar fundamental

building blocks to their dynamical structure and life cycle as for those of other squall

lines elsewhere across the world, and to those originating from other islands of the MC,

these systems were shown to not be wholly generalisable. Differences in the wind and

moisture fields, modulated by differences in the role of equatorial waves and synoptic-

scale processes, affect the timing of the key convective processes. Therefore, while

composite analysis may benefit in producing more general conclusions to squall line

characteristics (Nguyen et al., 2025), case study analysis is a much more useful tool

for deeper analysis into the variability in dynamics and thermodynamics of convective

systems for the region (e.g. Chan et al., 2019; Peatman et al., 2023, 2025).

5.2.2 Synthesis

On top of their standalone contributions to process knowledge, it is important to

determine how the different research themes intersect with one another. Direct links

between the themes are inherently difficult to hypothesise due to differences in where

the key processes explored are most relevant, both geographically and relative to the

vertical extent of the atmosphere. Considering the broader field this thesis contributes

to, focus can be placed on key drivers of (mesoscale) convection and precipitation

variability while synthesising the knowledge gained from each chapter.

Chapter 2 built on past studies which have emphasised the role of DAIs (and other

extratropical transients operating over synoptic timescales) in perturbing the wind

and moisture fields which then modify regional meteorological patterns (e.g. Tompkins,

2001; Allen et al., 2009). Specific to convection propagation over the western MC as
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covered in Chapter 4, Murata et al. (2006) and Seto et al. (2006) both noted convec-

tive suppression tied with intensification of westerly winds and reductions in mid-level

humidity behind eastward-propagating squall lines over Sumatra. These anomalies

originated from the Indian Ocean, but could potentially be traced back to the extrat-

ropics as indicated in Feng et al. (2021). Similar enhancements primarily in the mid-

to-lower-level wind field are observed trailing MCSs across the MC (e.g. Satomura,

2000; Yanase et al., 2017; Natoli and Maloney, 2023).

The role of synoptic variability in the local wind field, building from the knowledge

gained in Chapter 2, could therefore be assessed further in its relationship to the

propagation and development of MCSs. In addition, the results in Chapter 4, which

indicated the importance of intensified winds potentially associated with local tropical

cyclone activity as well as equatorial waves in the evolution of Sumatra squalls, as

deduced for MCSs more generally across the region (e.g. Ridout and Flatau, 2011;

Peatman et al., 2021), can be factored in. Direct attribution of other synoptic features

such as cold surges (e.g.Koseki et al., 2013; Tan et al., 2024) and Borneo vortices

(e.g. Crook et al., 2025) to variability in the vertical structures of, and rainfall intensity

associated with, MCSs across the MC is an active area of research.

Variability in convection is also inherently sensitive to coupling of atmospheric

and oceanic processes given the geographical nature of the MC. Processes occurring

across subseasonal timescales will however hold more importance compared to the

instantaneous and synoptic timescales analysed in Chapter 3. While transient ocean

eddies are insufficient in modifying the boundary layer structure across the MC due to

their associated weak SST and surface heat flux anomalies, lower-frequency variability

in SST characteristics may enable more sustained and detectable destabilisation of
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the lower-troposphere. The MJO is a prime example of where changes to the SSTs

can influence environmental preconditioning (such as through enhanced moisture flux

convergence) for tropical convection on these timescales (Woolnough et al., 2000).

Subseasonal changes to SST and ocean boundary layer conditions, contributing

a large component towards the environmental mean, have indeed been noted to in-

fluence variability in the characteristics of more locally-generated convection in the

MC. In model studies, prominent mean state biases in SST, in regions such as to

the west of Sumatra, feedback onto local land-sea breeze circulations, thereby in-

fluencing the diurnal cycle of convection (Dipankar et al., 2019; Li et al., 2020) to

which MCS activity over land is strongly constrained by (e.g. Peatman et al., 2023).

Similar studies note the sensitivity of land breeze convergence and resultant storm

development over regional seas to temperature contrasts between the ocean and the

land (e.g. Fujita et al., 2010). These studies, coupled with the discussion in Chapter

3, provide impetus for further studies into the importance of air-sea coupling and

general representation of the surface ocean in modulating MC convective variability,

which remains overlooked in the literature.

More broadly, however, the research conducted within this thesis has provided

better understanding of the rainfall variability and associated dynamics across the

MC. Though these processes inherently have poorer predictive skill, due to the scales

over which they operate, interactions were identified with known modulators of rain-

fall characteristics such as the MJO, equatorial waves, and the diurnal cycle, which

are easier to predict. Therefore, the dynamical and thermodynamical processes which

form the foundations of the regional meteorology could give preexisting means for bet-

ter forecasting changes to the environmental state on the more transient and synoptic
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scales. Provided these interactions are known prior, the processes researched here will

be more easily integrated into our knowledge of, and represent crucial components to

explaining variability in, convection across the MC.

5.3 Future work

5.3.1 Broader impacts of extratropical transients on the Trop-

ics

A key limitation of the mid-level DAI analysis is the spatial scale employed. While

broader dynamical precursors can be observed deep into the extratropics, the work in

Chapter 2 only focuses on a domain located south-to-southwest of the MC, which is

small relative to the longitudinal extent of the region. Therefore, future work should

consider perturbations to mid-level humidity across the entire tropical-extratropical

boundary north and south of the MC. This approach would tackle a further issue

of the small number of events analysed per season (around 50, over 42 years), and

increase the number available for calculating composites around the regions of the

driest anomalies. This increase in event number will improve the reliability of statis-

tical tests conducted as part of this thesis, although characteristics may vary across

the domain.

Methodologies for this analysis could apply machine learning techniques which

have been used to identify the origins of DAIs (e.g. Silverman et al., 2021). These

techniques can be modified for detection of the extremes in mid-tropospheric drying

at the boundaries, and then work backwards in space and time. The dry perturbation

definitions outlined in Robinson et al. (2024) may be a useful metric to utilise. Simi-

169



Chapter 5: Conclusions

lar methodologies could be applied for better determining the Rossby wave breaking

structure that is likely to be associated with the development of the DAIs. Disen-

tangling the role of the intensity of the DAIs, in terms of the actual anomaly, areal

coverage, and degree of penetration into the moister mid-to-low-troposphere, will

also be useful for characterising differences in dry event influences on the convective

environment.

Links between the events covered in studies such as Feng et al. (2021) did not

consider the direct implications of DAIs on convection and rainfall. Impacts on

convective-scale characteristics, primarily driven by the capping of the moist bound-

ary layer, which may too exhibit finer-scale temporal variability, need to be better

quantified. Field campaigns such as TOGA COARE provided abundant knowledge on

processes within and near to convective clouds during periods with DAIs (e.g.Mapes

and Zuidema, 1996). Therefore, case study analysis of DAI activity needs to be

conducted. Similar intensive analyses, using high-resolutions CPMs, could also give

deeper insights into the dynamical and thermodynamical processes which influence

rainfall and convective characteristics both beneath and at the eastern margins of the

intrusions.

Improved knowledge of the roles of the MJO on DAI activity may also be gained.

The existing hypothesis of the interaction between the MJO and the dry anomalies,

provided in Chapter 2 and inferred from observational findings in Kerns and Chen

(2014), is unexplored and needs further grounding. Kerns and Chen (2014) noted an

interaction between DAIs and equatorial Rossby waves embedded within the active

envelope of the MJO as part of the DYNAMO field campaign. Dry air was entrained

in the low-level circulations induced by these waves, leading to synoptic-scale breaks in
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rainfall. Future research could determine whether these environmental conditions are

necessary for enhanced DAI activity, or if they act as a bolster for their propagation

into the Tropics.

The representation of DAIs and similar synoptic-scale processes needs to be eval-

uated using both global nudged and regional (e.g. limited-area) model simulations, to

assess the potential for transients to be captured within imposed lateral boundary con-

ditions, driven by global model physics. Sensitivity tests could be employed to modify

these boundary conditions and either diminish or enhance the role of extratropical

forcing on the Tropics, to evaluate the role of DAIs on the regional environment.

5.3.2 Mesoscale air-sea interactions across the Maritime Con-

tinent

In Chapter 3, it was highlighted that ERA5 is largely consistent with ORAS5, and

therefore provides a good representation of SST variability, with horizontal grid spac-

ing of 0.25◦ × 0.25◦ that may still capture interactions at the mesoscale. Ideally,

to better represent the associated signatures of mesoscale ocean eddies on the atmo-

sphere, spatial data resolution would need to be much finer to reduce the requirement

for interpolation of data. This fining of spatial resolution would more effectively high-

light the variability and magnitude in anomalies such as in the surface heat fluxes

and modifications of the wind field.

The vertical resolution of the datasets used in the analysis needs to also be much

finer, to extend this work to the influence of eddies specifically on the boundary layer

and lower-troposphere (e.g.Ma et al., 2016), if not directly on broader convection.

The BARRA reanalysis (Su et al., 2019) could be one data source employed as it
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provides atmospheric data, over Australia and the MC region, at higher horizontal

(12 km versus 31 km) and vertical (70 versus 37 pressure levels) resolution than ERA5.

Observational data for both oceanic and atmospheric variables, across a long

enough time period (multi-decadal) and a fine enough horizontal grid spacing to rep-

resent mesoscale ocean eddies (maximum 0.25 ◦ × 0.25 ◦), would also benefit further

analysis built from Chapter 3. Gulakaram et al. (2023) used extensive observational

data and blended products derived from satellites for their study over the Bay of

Bengal. However, the datasets are often coarser, up to 1◦ × 1◦, larger than the mean

radius of eddies derived in Chapter 3. Therefore, high-resolution (eddy-permitting)

atmosphere-ocean coupled model simulations may be the solution for improving on

existing research.

An alternative approach to this analysis would be to incorporate idealised simu-

lations where model parameters associated with eddy-like features can be modified.

Adjusting the SST anomalies induced by the eddies themselves, as well as their spa-

tial scales and propagation rates, would help to evaluate whether this forcing can

significantly lead to an atmospheric response in the deep Tropics. However, the re-

quirements for triggering convection in these environments solely from these enforced

anomalies are unlikely to be observed in the real world, as deduced by previous work

(Skyllingstad et al., 2019). Additional sensitivity experiments would be required to

remove background variability on intraseasonal timescales, hypothesised by previous

studies to blur the atmospheric response to these eddies (e.g. Souza et al., 2021), as

the interactions between the atmosphere and the ocean are inherently two-way.

The work carried out within Chapter 3 assumed that the relationship between

SST anomalies in the surface ocean and atmospheric variables is near-instantaneous.
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Other studies, including Gulakaram et al. (2018), suggest the response to ocean eddies

may in fact be lagged. However, even in research focused on extratropical hotspots

of eddy activity, the imprint of an eddy on the atmosphere remains small relative to

the mean state (e.g. Frenger et al., 2013). A more viable theory is that impacts on

the atmosphere may be more substantial when considering the combined effects of

eddies across a region. Studies often quantify high eddy activity using metrics such

as eddy kinetic energy and induced mixing (e.g. Pang et al., 2022).

Past research into MJO related air-sea interactions in the SETIO, identified in

Chapter 3 and previous studies as a regional eddy hotspot, highlighted SST patterns

observed in MJO events that cross the MC are not wholly explained by surface heat

flux patterns (Zhang and Ling, 2017). Mesoscale ocean eddies could be contribut-

ing to these MJO-related SST patterns, in turn affecting surface heat flux signatures

which feedback onto the MJO, as in Azaneu et al. (2024). Deriving a correlation be-

tween eddy activity, and SST variability and induced surface heat fluxes, for example

through machine learning and statistical methods, may help to better understand the

air-sea interactions associated with mesoscale ocean eddies. The cumulative effect

of the upward surface heat fluxes generated by greater mesoscale activity, driven by

warm eddies in the surface ocean, on the atmospheric boundary layer and convection

in the MC is one potential research direction.

5.3.3 Continued analysis of Sumatra squalls

Further research into Sumatra squalls includes the development of methods for ob-

jective identification of these weather systems, given existing radar-based datasets

are subjective (Nguyen et al., 2025). This analysis could use regional high-resolution
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climate model outputs, and derive the leading edge from horizontal gradients in vir-

tual potential temperature, a useful indicator of the density currents which assist in

modifying convergence and lift associated with the squall lines (Peatman et al., 2023).

Machine learning could also be applied to track the evolution of these squall lines,

providing estimators of their primary regions and timings of genesis, intensification

and dissipation. This direction of research may help in generalising and compositing

over squall line cases, as it would account for the variability in the morphology and

locations of the systems themselves.

Additional simulations had been run to complement those used in Chapter 4,

with case studies taken from the squall line dataset used in Nguyen et al. (2025). The

analytical methods used in this thesis for the two Sumatra squall events can easily be

applied for these new case studies. However, case study analysis needs to be run at

higher spatial (sub-km) and temporal (sub-hourly) resolution to capture finer-scale

convective processes, such as individual cellular generation and structure. Analysis

also needs to be broadened to include squall lines which occurred in seasons beyond

the boreal spring, and for other years than just 2019. As highlighted in Chapter 4,

Pratiwi (2023) and Nguyen et al. (2025) both emphasise a shift in direction of squall

line propagation, orientation, and attributed moisture transport between seasons,

primarily due to changes in the low-level monsoonal circulation and the ITCZ location.

Various sensitivity experiments may better our mechanistic understanding of Suma-

tra squall dynamics and thermodynamics. Orographic and island removal experi-

ments have previously been conducted to evaluate the effects of the diurnal land-sea

breeze circulations and induced MFC (e.g.Qian, 2008; Tan et al., 2021). These exper-

iments would prove beneficial for understanding how important these processes over

174



Chapter 5: Conclusions

the Barisan mountains are for Sumatra squall initiation beyond the two analysed case

studies. These diurnally-varying circulations and thermodynamical processes are im-

portant to examine further with relation to nocturnal convergence over the Malacca

Strait, which is noted to also assist in convective generation and eventual organisation

of these squall lines (e.g. Yi and Lim, 2007; Nguyen et al., 2025).

Further experiments could involve modification of generated density currents,

which assist in lift associated with the squall lines, originating from downslope kata-

batic winds, land breezes, and cold pools. The specific role of cold pools, for exam-

ple, has been highlighted in the past using tracers in idealised simulations of tropical

oceanic convection (Grant et al., 2018), and suggested for future work related to case

studies of convection propagation from Sumatra towards the Indian Ocean (Peatman

et al., 2023, 2025).

Similar sensitivity experiments can be used to implement, enhance or even dimin-

ish the activity of equatorial waves, which in Chapter 4 were determined to potentially

influence the environmental pre-conditioning and propagation of the squall lines. This

work would follow on from past research highlighting the importance of equatorial

waves for the region (e.g. Ferrett et al., 2020; Senior et al., 2023). Work conducted

by a Masters student at the University of Leeds over the past year had found for case

studies of Sumatra squalls in early May 2019 that equatorial wave activity was min-

imal, yet squall line generation and propagation was maintained. Equatorial waves

could therefore provide a bolster and more favourable environment for these squall

lines to generate, but may not be a core necessity.
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5.3.4 From field campaigns to modelling studies

Fundamentally, our ability to model and forecast weather within the MC, as addressed

throughout this thesis, is limited by the observational network, both over land and

within the neighbouring seas. Observational data provides us with the ground-truth

of, and therefore foundations to understanding, key processes associated with the

regional meteorology, while also being important in data assimilation for reanalysis

and models.

This PhD project was involved within the TerraMaris research community, which

was initially meant to operate as a field campaign during the boreal winter between

Java and Christmas Island, to provide greater insight into regional convective char-

acteristics. The benefit of field campaigns, such as flights through convective systems

and neighbouring environments, radiosonde deployments, usage of unmanned aerial

vehicles including drones, research cruises, and ocean buoy placements, are well-

known. These techniques have been used widely across southeast Asia, in projects

such as the Years of the Maritime Continent (YMC, Yoneyama and Zhang, 2020).

As part of this proposed fieldwork, there was potential to understand the effects of

changes to mid-level humidity on the convective profile - initial conceptualisation of

the work in Chapter 2 came from observations during TerraMaris forecast dry runs.

Observational data would benefit this avenue of research further, providing knowl-

edge of sub-daily and convective-scale processes relevant for DAIs and modulation

of the environment. Similarly, potential for ocean-based fieldwork was suggested for

studying eddy-induced air-sea interactions, building from the work in Chapter 3. The

Caravela uncrewed vessel, for example, has been used in research for cloud forma-

tion in the western tropical Atlantic, and can both enable deployment of autonomous
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sea gliders, and collect both meteorological and oceanographic data (Siddle et al.,

2021). This vessel could be used to follow mesoscale ocean eddies and better un-

derstand interactions between surface ocean mesoscale variability and the lowermost

atmosphere.

Studies for convection propagation from Sumatra towards the Indian Ocean have

also incorporated observational data derived from field campaigns (Yokoi et al., 2017;

Peatman et al., 2021, 2023). In these cases, various atmospheric datasets from

the YMC International programme near Bengkulu, Sumatra (Yoneyama and Zhang,

2020) were obtained through the radiosondes that were deployed from the Research

Vessel Mirai, located offshore of the southwest coast of Sumatra, as well as an au-

tomatic weather station and ship-based radar systems. These datasets provide not

just high temporal resolution, but also the necessary ground-truth to validate results

using reanalysis and model datasets. Unfortunately, similar field campaign data does

not exist for the other side of Sumatra - observational data that could be exploited

come primarily through ground-based radar.

To develop a new field campaign to address the remaining research questions, in

addition to those raised by the broader meteorological community for the MC, is both

a time- and finance-related issue. However, with increases in computational power

overtime, weather and climate modelling has improved remarkably, providing alterna-

tive approaches for research. As outlined in the introduction to this thesis, increasing

horizontal grid spacing within models (e.g.Qian, 2008), resolving convection explicitly

(e.g. Birch et al., 2016), and introducing ocean-atmosphere coupling (e.g. Xue et al.,

2020) have helped in improving the representation of the island geography, land-sea

breeze circulations, interactions with large-scale modes of variability, and resultant
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rainfall patterns across the MC. While CPMs depend on observations for model de-

velopment, they continue to provide us with means of testing hypotheses, as models

can be fine-tuned for the needs of the user - these include for specific sensitivity tests

such as those outlined in the future work recommendations within this chapter.

Ultimately, approaches exploiting the growing number of high-resolution, and of-

ten atmosphere-ocean coupled, CPMs remain the most realistic, even if biases persist

in the most state-of-the-art models relative to observations. Atmosphere-ocean cou-

pled convective-permitting regional climate simulations were developed as part of

TerraMaris for the entirety of the MC over 10 boreal winters, using the MetUM

at 2.2 km horizontal grid spacing (Howard et al., 2024). These models captured phe-

nomena such as the diurnal cycle and equatorial waves well, and provide an abundant

data source for future research. Each of the three results chapters within this thesis

have either incorporated (Chapter 4), or work has suggested using (Chapters 2-3),

CPMs. With the correct model physics set-up, coupling, boundary conditions, and a

sufficient available data period length, all processes analysed in this thesis could be

examined further in tandem.

5.4 Summary and concluding remarks

In conclusion, the analysis conducted within this thesis has broadened our knowledge

of processes which influence rainfall patterns across the MC. Each chapter, from

exploring tropical-extratropical interactions, to the atmospheric imprint originating

from mesoscale ocean variability, to the dynamics and environmental controls on

MCS activity, has given novel insight into understudied phenomena crucial for better
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understanding the meteorology of the region.

Mid-level DAIs, as studied in Chapter 2, originating from upper-level disturbances

along the subtropical jet stream, were shown to propagate towards the MC, leading

to general convective suppression, with enhancement of rainfall towards the east on

encountering moist return flow from the Tropics. Mesoscale ocean eddy characteris-

tics were better understood more extensively across the MC, compared to previous

studies, in Chapter 3. Analysis of the air-sea interactions associated with these ed-

dies suggested tropical environmental characteristics mean their atmospheric imprint

is weak, when compared to the extratropics. Lastly, improved understanding of the

associated dynamics and thermodynamics relevant to the initiation, propagation and

dissipation of Sumatra squalls was gaiend in Chapter 4. Additional interactions with

the diurnal cycle and equatorial waves both influence squall line evolution and em-

phasise the predictability of these events.

Research into mid-level DAIs highlighted the importance of considering the vari-

ability between the tropical and extratropical atmosphere on synoptic spatial and

temporal scales on regional rainfall patterns, while the scales of importance for ocean-

atmosphere interactions in the MC were discussed in Chapter 3. Sumatra squall

research has highlighted multi-scale processes and interactions which will benefit ef-

fective forecasting and modelling of these high-impact weather systems.

All three of these processes are crucial to examine, as the spatial and temporal

scales they operate over, along with the complexities associated with any related scale

interactions, limit their predictive skill, compared to larger-scale modes of variability.

However, the identified interactions with these more predictive large-scale modes, as

well as the diurnal cycle, could improve skill, while better integrating the studied
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processes into the broader picture of MC rainfall variability.

The directions of future research related to these topics are numerous, which would

help to expand on the knowledge gained through this thesis, or to answer some of

the broader questions that remain. Such ideas include modifying approaches used in

analysis to assess the credibility of both the employed datasets and methodologies

used here, as well as the development of new tools or sensitivity tests to better

quantify the importance of various atmospheric and oceanic processes for particular

meteorological phenomena. These topics are generally independent from one another,

though there is scope for the associated research outcomes and broad themes to be

synthesised as suggestions for new studies, requiring deeper conceptualisation.

While future work would also benefit from an increase in the availability of obser-

vational data gained through intensive field campaigns, more realistically the usage of

the abundance of new state-of-the-art high-resolution, and coupled, CPMs, along with

continually developed machine learning techniques, will enable further investigations

into the research questions both addressed and suggested. Deeper process knowl-

edge, particular at the finer-scale, is fundamental to improving the model physics and

schemes used in NWP, thereby benefiting the weather forecasting community in the

region. These benefits will then, further down the line, contribute to better eventual

hazard management and mitigation approaches for stakeholders and communities

across the MC.
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Latos, B., Peyrillé, P., Lefort, T., Baranowski, D. B., Flatau, M. K., Flatau, P. J.,
Riama, N. F., Permana, D. S., Rydbeck, A. V. and Matthews, A. J. (2023), ‘The
role of tropical waves in the genesis of Tropical Cyclone Seroja in the Maritime
Continent’, Nature Communications 14, 856.

Lee, T., Fournier, S., Gordon, A. L. and Sprintall, J. (2019), ‘Maritime Continent
water cycle regulates low-latitude chokepoint of global ocean circulation’, Nature
Communications 10.

193



REFERENCES REFERENCES

Li, D., Chen, Y., Messmer, M., Zhu, Y., Feng, J., Yin, B. and Bevacqua, E. (2022),
‘Compound wind and precipitation extremes across the Indo-Pacific: climatology,
variability, and drivers’, Geophysical Research Letters 49, e2022GL098594.

Li, X., Lu, R., Chen, G. and Chen, R. (2024), ‘Western North Pacific tropical cyclones
suppress Maritime Continent rainfall’, npj Climate and Atmospheric Science 7, 251.

Li, X., Wang, X. and Babovic, V. (2018), ‘Analysis of variability and trends of pre-
cipitation extremes in Singapore during 1980–2013’, International Journal of Cli-
matology 38, 125–141.

Li, Y., Gupta, A. S., Taschetto, A. S., Jourdain, N. C., Luca, A. D., Done, J. M. and
Luo, J. J. (2020), ‘Assessing the role of the ocean–atmosphere coupling frequency
in the western Maritime Continent rainfall’, Climate Dynamics 54, 4935–4952.

Li, Y., Jourdain, N. C., Taschetto, A. S., Gupta, A. S., Argüeso, D., Masson, S. and
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