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Abstract

Southeast Asia is a region dominated by high-impact weather, but numerical weather
prediction here is a challenge owing to the complex orography and interactions between
small- and large-scale phenomena. Localised mesoscale convective systems (MCSs) can
produce intense precipitation. Here, we track MCSs over a 5-year period in Himawari
satellite data, characterise the distribution of MCSs in the region, and investigate how
they are modulated by the Madden-Julian oscillation (MJO) and equatorial waves.
Between 10°S and 10°N in southeast Asia, MCSs account for 45-70% of the precipitation
during boreal extended winter (November-April). Over most of the region, the frac-
tional MCS contribution to rainfall is higher than average on days with extreme rainfall
(>55%). Long-lived (>12hr) MCSs contribute disproportionately, providing 85% of the
rainfall despite comprising only 34% of all MCSs. Variability in MCS rainfall accounts
for >50% of the total rainfall variability during an MJO cycle, mostly due to larger num-
bers of MCSs in convectively active MJO phases. Variations in MCS size and mean rain
rate due to shifts in the stratiform proportion provide compensating effects. In the west
of the region, a shift to faster moving MCSs in active MJO phases and slower moving
MCSs in inactive phases resulted in fast-moving MCSs having the greatest impact on the
MIJO-associated variability. Variability is larger in the west than in the east. Equatorial
Kelvin waves modulate MCS rainfall, with MCSs accounting for 20-50% of local rainfall
anomalies. This variability is again enhanced in the west. By contrast, rainfall anoma-
lies due to westward-propagating mixed Rossby-gravity waves and Rossby-1 waves are
dominated by tropical-cyclone-related rainfall. Skill at local scales may be extracted from
forecasts of subseasonal drivers such as the MJO and Kelvin waves, by understanding

how these modulate the number and characteristics of MCSs.
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1 | INTRODUCTION

Southeast Asia (Figure 1) is a region of particularly
warm sea-surface temperatures, which, combined with
its equatorial location and the position of the intertrop-
ical convergence zone, gives rise to large-scale ascent
and an unstable vertical profile. This results in intense
convection, heavy rain, and large amounts of latent heat
release, which impacts the global climate system, acting
as an atmospheric “boiler box” (e.g., Neale & Slingo, 2003;
Ramage, 1968; Simpson et al., 1993). The region is prone
to flooding and landslides due to frequent high-impact
weather (Adhikari et al., 2010; Ferrett et al., 2020), and
communities in the region are reliant on accurate fore-
casting of high-impact weather events to prepare for and
mitigate risks. Tropical cyclones and depressions are asso-
ciated with some of the more high-profile high-impact
weather events, given the high probability of flooding
from precipitation or storm surges, and wind damage
associated with these events. However, more localised
mesoscale convective systems (MCSs), which can also pro-
duce intense precipitation, also have the potential to cause
loss of property or life over the region. Southeast Asia
is of interest from a meteorological research perspective
given the complex topography of the region, as well as the
documented influence of large-scale circulation features
on local weather variability (e.g., Peatman et al., 2021).
Furthering our understanding of the connection between
heavy precipitation and both the Madden-Julian oscil-
lation (MJO) and equatorial waves is crucial for both
forecasting and improving climate models (Da Silva &
Matthews, 2021; Huang et al., 2012; Li & Stechmann, 2020;
Yang et al., 2009; Ying & Zhang, 2017).

MCSs are convective storms that grow to hundreds
of kilometres in size and can last for more than a
day (Houze, 2004). They have convective cores span-
ning ~10-100km in the horizontal, with heavy rainfall
embedded in a stratiform anvil cloud and lighter precipi-
tation that extends over a region 100-1,000 km in length
(Houze, 2018; Roca & Ramanathan, 2000). They pro-
duce a larger volume of rainfall per storm than other
deep convective systems and have a large proportion of
stratiform rain. This stratiform rain leads to a top-heavy
latent heating profile. The combined upper level heating
from all MCSs results in a strong upper level circulation
response that has a large impact on the global circula-
tion, and therefore Earth’s energy and hydrological cycle
(Houze, 1997; Schumacher & Houze, 2003). MCSs produce
more than half of the annual rainfall in the Tropics (Yuan
& Houze, 2010), and in certain seasons over land regions
the fraction can exceed 80% (Nesbitt et al., 2006; Roca
et al., 2014). The longest lived MCSs preferentially occur
over the subtropical oceans. Land MCSs have higher cloud

tops associated with more intense convection, whereas
oceanic MCSs have much higher overall rainfall produc-
tion (Feng et al., 2021). Roca et al. (2014) investigated the
rainfall associated with MCSs of varying lifetime and prop-
agation properties across the Tropics. They found systems
lasting up to 24 hr account for 80% of MCS rain whereas
those lasting <12hr contribute ~25% of MCS rain. Sys-
tems that travel >250km contribute ~60% of MCS rain,
although those that travel <500 km contribute ~80% of
MCS rain. Roca et al. (2014) analysed MCSs across much
of the Tropics; however, they had no data available for the
Maritime Continent region. Although much is now under-
stood about the types of structure seen in MCSs, under-
standing the physical processes that organise MCSs and
how they interact with larger scale atmospheric features is
less well studied (Houze, 2018).

Satellite observations make it possible to study MCSs at
the global scale via two distinct methods. The first method
makes use of geostationary satellite data to track the evo-
lution of MCSs based on their low cloud-top brightness
temperature signatures in successive images (e.g., Huang
et al., 2018; Laing & Fritsch, 1997; Roca et al., 2014). Fiol-
leau and Roca (2013) describe in detail some of the track-
ing methods that have been used. Tracking of MCSs allows
understanding of these systems from a Lagrangian point
of view, including lifetime and propagation aspects. Once
cold cloud clusters have been identified and tracked using
geostationary brightness temperature, further refinements
are sometimes made to identify which of these meet the
criteria of being an MCS; that is, that an MCS has both
convective and stratiform rain covering an extensive area
during its mature phase, and that it exists for a prolonged
period. The second method is based on low-orbit satellite
data, where advanced instruments (e.g., spaceborne radar
and microwave radiometers) provide additional measure-
ments of cloud and precipitation structures to characterise
MCSs (Liu & Zipser, 2013; Nesbitt et al., 2006; Yuan &
Houze, 2010). This does not allow tracking but identifies
cold cloud clusters that form during the mature phases
of the MCS lifecycle and allows better estimation of their
precipitation than using infrared alone. Combinations of
the two methods allows for composite statistics of detailed
MCS characteristics sampled along the MCS lifecycle (e.g.,
Bouniol et al., 2021).

The MJO is the leading mode of intraseasonal vari-
ability across the Tropics (Madden & Julian, 1971, 1972,
1994). The MJO is an eastward-propagating disturbance
located over the Indian and Pacific oceans that affects
local convection and has planetary influences through
the generation of equatorial Rossby and Kelvin wave dis-
turbances (Hendon & Liebmann, 1994). The MJO has
been observed to be a factor in determining the fre-
quency, positioning, and intensity of high-impact weather
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FIGURE 1 Map showing the
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analysis region, the two subregions (red
boxes) analysed for the Madden-Julian
oscillation, and longitudes (coloured
dashed lines) analysed for equatorial
waves (100.5°E relevant for weather in
Sumatra and Thailand, 108.5°E for Java
and Vietnam, 115.5°E for Indonesia,
particularly Borneo, 121.5°E for
Philippines and Sulawesi, and 141.5°E
for New Guinea) [Colour figure can be
viewed at wileyonlinelibrary.com]
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events, such as extreme rainfall across the Tropics (Jones
et al.,, 2004) in southwest Asia (Barlow et al., 2005) and
in southeast Asia (Da Silva & Matthews, 2021; Jeong
et al., 2008; Xavier et al.,, 2014). In Indonesia, extreme
precipitation events may be up to 70% more frequent in
the convectively active phases of the MJO (Muhammad
et al., 2020). Intraseasonal variability of convective events
tied to low-frequency eastward-propagating disturbances,
such as active MJO events, has been observed to
be greater during the boreal extended winter months
November-April (NDJFMA; Wang & Rui, 1990), with
similar variability in near-surface wind speeds amplified
during December-February (Madden, 1986). The MJO
moves further north during the boreal summer (Zhang &
Dong, 2004). Accordingly, most analysis of the influence
of the MJO on precipitation variability over southeast Asia
is focused on boreal winter, or the northeast monsoon sea-
son (e.g., Birch et al., 2016; Jeong et al., 2008; Muhammad
et al., 2020; Peatman et al., 2014; Xavier et al., 2014).

Over southeast Asia, convection is enhanced during
MJO phases 4 and 5, and it is suppressed during phases
8 and 1. A shift from shallow convection to deep con-
vection during convectively active phases (4 and 5) of
the MJO has been observed (e.g., Del Genio et al., 2012;
Stephens et al., 2004), with the deep convection occur-
ring due to moist midtropospheric conditions and strong
low-level shear (Barnes & Houze, 2013). Fractional cloud
coverage of MCSs and their contribution to rainfall were
found to increase in convectively active MJO phases
(Yuan & Houze, 2013). It has been suggested that, during
the progression of an active MJO phase across the

T T T T T
110 120 130 140 150
Longitude (°E)

Maritime Continent, small individual MCSs become larger
and deeper and aggregate to form MCS clusters with
the proportion of stratiform rain increasing (Virtz &
Houze, 2015; Zuluaga & Houze, 2013), thus mimicking
the lifecycle of an individual MCS but over a much longer
time-frame. Cheng et al. (2023) found that frequency, rain
rates, and areas of MCSs were enhanced during the con-
vectively active part of the MJO compared with clima-
tology. The enhanced convection over land and coastal
regions precedes that over the ocean by approximately
one MJO phase (Birch et al., 2016; Hagos et al., 2016; Oh
et al.,, 2012; Peatman et al., 2014). This earlier peak over
land is associated with intensified surface heating and
insolation, which in turn drives a strong land-sea breeze
circulation (Birch et al., 2016) and is particularly evident
in regions where there is a strong diurnal cycle in rain-
fall; for example, over Sumatra, Borneo, and New Guinea
(Peatman et al., 2014). Part of this spatial variability is
associated with an increase in longer lived systems over
coastal regions when precipitation is favoured (Coppin
et al., 2020).

Equatorial waves have long been associated with deep
convection and precipitation in the Tropics through obser-
vation (e.g., Chang, 1970; Kiladis et al., 2009; Liebmann &
Hendon, 1990; Takayabu, 1994; Wheeler & Kiladis, 1999;
Yanai & Murakami, 1970; Yang et al., 2007a, 2007b),
and theoretical descriptions (see Gill, 1980) describe how
they modulate atmospheric motions to create favourable
environments for deep convection and precipitation. Fur-
thering our understanding of the connection between
such waves and extreme precipitation is crucial for
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both forecasting and improving climate models (Huang
et al., 2012; Li & Stechmann, 2020; Yang et al., 2009;
Ying & Zhang, 2017). Convectively coupled waves are a
major source of tropical rainfall variability (e.g., Lubis &
Jacobi, 2015), a key element of the tropical circulation, and
strongly influence tropical cyclogenesis (e.g., Dickinson &
Molinari, 2002; Feng et al., 2023; Frank & Roundy, 2006).

Various recent studies centred on southeast Asia have
demonstrated that Kelvin waves, westward-propagating
mixed Rossby-gravity (WMRG) waves, and equatorial
Rossby waves can modulate wind fields (e.g., Peatman
et al., 2021) and synoptic weather systems (e.g., Hsu
etal., 2020) as well as rainfall over the Maritime Continent
(Ferrett et al., 2020). Both Baranowski et al. (2016) and
Sakaeda et al. (2020) respectively show that the diurnal
cycle is intensified by Kelvin waves and Rossby waves, the
latter especially over the ocean. Chen et al. (2019) further
emphasise the intensification of the diurnal cycle over
land by Kelvin waves.

Ferrett et al. (2020) show that equatorial wave activ-
ity is linked to extreme rainfall in the region. Kelvin
waves are strongly associated with extreme precipitation
over Indonesia and Malaysia, whereas WMRG waves are
associated with extreme rainfall over Malaysia and the
Philippines, and Rossby waves largely only coincide with
extreme rainfall over the Philippines. For example, over
Java, Kelvin waves contribute most significantly to rain-
fall, increasing the probability of extreme rain events over
land by up to 60% (Lubis & Respati, 2021). The n =1 equa-
torial Rossby and WMRG waves are also shown to increase
the probability by 45% and 40% respectively. Furthermore,
Latos et al. (2021) estimate that the probability of flooding
and extreme rain development over Sulawesi is doubled
by the presence of Kelvin waves and Rossby waves, using
a climatological analysis as well as examining a case study
of flooding in January 2019. In particular, MCSs are a
form of convection associated with convectively coupled
equatorial waves (Kiladis et al., 2009; Mapes et al., 2006).
The exact mechanisms through which MCSs couple to
planetary-scale modes of variability such as equatorial
waves and the MJO are uncertain. Further investigation
into the relationship between MCS rainfall and equatorial
waves and the MJO could help inform theories of MCS
coupling.

In this study, we tracked MCSs over southeast Asia
during a 5-year period using geostationary satellite data.
In this article, we provide an overview of MCS charac-
teristics during boreal extended winter (NDJFMA) and
examine how MCS rainfall is modified in different phases
of the MJO and equatorial waves. We show how the MJO
phase affects different types of MCSs, classified according
to how long they live and how fast they move, in terms of
frequency, intensity, size, and location.

2 | DATA AND METHODOLOGY

2.1 | Observational data

In order to track MCSs, we used brightness temperature
T, from the Himawari-8 geostationary satellite (Bessho
et al., 2016). Infrared retrievals from Himawari channel
13 (10.4 pm) were used as they provide a long time series
of the evolution of convective systems across southeast
Asia at a high spatial and temporal resolution. The dataset
has also been used in several multinational projects in
recent years, including the Years of the Maritime Conti-
nent project (Yoneyama & Zhang, 2020). Owing to compu-
tational expense, data were coarse gridded to 4.4 km grid
spacing with a temporal resolution of 1 hr before applying
astorm-tracking algorithm (Section 2.2.2). These decisions
are justified given previous studies that have accurately
captured MCS behaviour at such spatial resolutions in the
Tropics (Crook et al., 2019; Feng et al., 2021; Fitzpatrick
et al., 2020). We are unable to track storms on days when
consecutive data are unavailable. Although data are avail-
able from June 2015 to May 2020, there are a particularly
large number (169 times in 92 days) of consecutive missing
times between June and August 2015, compared with 71
consecutive missing times in the remaining 1,735 days to
May 2020. Therefore, our analysis period starts in Septem-
ber 2015.

Precipitation data were taken from the Integrated
Multi-satellite Retrievals for the Global Precipitation Mea-
surement (IMERG) mission dataset (Huffman et al., 2020).
The IMERG algorithm combines data from a network
of partner satellites in the Global Precipitation Measure-
ment constellation equipped with passive microwave
and infrared sensors. The IMERG product is comparable
to station data up to the 95th percentile over southeast
Asia (Da Silva et al., 2021). Data are available at 30-min
intervals on a 0.1° X 0.1° horizontal grid.

Wind data to analyse different environmental con-
ditions in different MJO phases was taken from the
fifth-generation European Centre for Medium-Range
Weather Forecasts Reanalysis (ERA5) dataset (Hersbach
et al., 2020, 2023). The data used are six-hourly, on a 0.25°
longitude-latitude grid with average grid spacing of 31 km
in the Tropics and at 850, 500, and 200 hPa.

The real-time MJO multivariate indices were obtained
from the Bureau of Meteorology real-time MJO tracking
dataset (http://www.bom.gov.au/climate/mjo/graphics
/rmm.74toRealtime.txt). We considered any day with MJO
amplitude greater than or equal to 1.0 to be an “active”
MJO day.

For equatorial waves, we used an existing dataset
that applies the method outlined by Yang et al. (2003) to
ERAS5 data (Hersbach et al., 2020, 2023). The technique
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uses spatial projection onto theoretical horizontal
wave-mode structures (the parabolic cylinder functions) at
each pressure level (e.g., Gill, 1980). Before the projection,
a broad-band spectral filter, with wave numbers k =2-40
and period 2-30days, is applied to separate eastward- and
westward-moving waves. A full description of the dataset
is available from Yang et al. (2023).

2.2 | Methods

221 | Region selection

Our analysis region spans 90-154°E, 18°S-30°N and cov-
ers all the major islands of the Maritime Continent and
mainland southeast Asia, as well as a portion of the west-
ern Pacific Ocean (Figure 1). For some of the MJO anal-
ysis we show results for two subregions, West and East
(Figure 1, red boxes), to account for the eastward propaga-
tion of the MJO. For the analysis of equatorial waves, five
longitudes (Figure 1, coloured dashed lines) were selected
to intersect different countries.

2.2.2 | MCS identification and tracking

Convective systems were tracked at hourly intervals using
10.4 pm T. Contiguous regions of cold cloud (T < 233 K)
were tracked spatio-temporally using the tracking
algorithm documented in Stein et al. (2015). Tracking
the systems using T, as opposed to precipitation allows
storms to be better captured throughout their lifetime and
provides the ability to track the large-scale organisation
of systems, even when precipitation underneath the cold
cloud shield is spatially or temporally intermittent (Klein
etal.,2018). After projecting forward existing clusters from
time ¢t —1 to time ¢ using an optical flow technique, the
tracking algorithm uses area overlap to determine which
cloud clusters from time ¢ —1 match with those at time
t. When more than one cloud cluster at time ¢ matches a
cloud cluster at time ¢ — 1, the largest cloud cluster retains
the storm ID and the other cloud cluster is defined as a
child of the original (a split). When more than one cloud
cluster at time ¢ —1 matches one cloud cluster at time ¢,
the cloud cluster at time ¢ is given the storm ID of the
larger cluster at time ¢ — 1 and the other cluster is defined
as having merged. This process is not as sophisticated as
the three-dimensional spatio-temporal multi-threshold
detect and spread method of Fiolleau and Roca (2013)
or the multi-threshold method of Feng et al. (2021) at
identifying MCSs. However, we used size and rain rate
thresholds to further classify storms as MCSs. The rain-
fall associated with each storm, R(t), was determined by

Royal Meteorological Society

interpolating the IMERG rainfall onto the Himawari grid
used for tracking and selecting just the pixels of the storm;
that is, the rainfall is that found under the cold cloud
pixels.

An MCS was classified as any storm where the contigu-
ous region of cold cloud (T}, < 233 K) reaches an area of at
least 10,000 km? at some point during its lifetime. The life-
time must be at least 6 hr and the associated rainfall must
reach a mean rate over the cold cloud of at least 1 mm-hr!
at some point during its life. The temperature and spatial
thresholds chosen are comparable to prior studies within
the Tropics (Crook et al., 2019; Feng et al., 2021; Fitzpatrick
et al., 2020; Roca et al., 2014; Taylor et al., 2017). Yuan and
Houze (2010) identified MCSs at the mature phase without
using tracking by identifying cold cloud with associated
precipitation features that met certain thresholds. A com-
parison of thresholds on sizes and rain rates in various
studies and our own is provided in Table 1.

Our tracking algorithm identifies systems that are in
fact tropical cyclones (TCs). These were removed because
the mechanisms of their genesis and maintenance are dif-
ferent to MCSs. The International Best Track Archive for
Climate Stewardship (Knapp et al., 2010) database was
used to identify all TCs in the region during the period of
our study. Tracked storms that overlap with a 5° (~500 km)
radius of the cyclone centre at any time, and any of their
descendant storms, were removed. This method removes
all storms attributable to TCs, not just those within the
TC structure, and these storms are referred to hereafter as
TC-related storms. Some of these TC-related storms may
propagate a considerable distance from the TC itself, even
to the equatorial region where TCs would not be found.
In total, we found 134,306 MCSs and 26,819 TC-related
storms across southeast Asia during the whole 5years,
and 65,219 MCSs and 11,794 TC-related storms during our
detailed analysis period of NDIFMA.

Statistics of the storms were gathered using the follow-
ing definitions:

A, the area of cold cloud (i.e., T, <233 K) at each time;

R,, the mean rain rate over the cold cloud area at each
time;

Tva, the mean brightness temperature over the cold
cloud area at each time.

We present these storm variables averaged over the
lifetime or over the time during which the storm is in a cer-
tain MJO phase. We used a Welch’s t-test (Welch, 1947) to
determine the significance of anomalies in different MJO
phases at the 95% confidence level. For rainfall accumu-
lations and numbers of storms the populations for this
significance test are by day, whereas for storm properties
the populations are from each storm.
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TABLE 1 Comparison of thresholds used in tracking and identifying mesoscale convective systems (MCSs).
Study Ty, thresholds Tracking Rainfall Further MCS criteria
Yuan and 260K, but look for None AMSR-E HCC > 800 km?
Houze (2010) minima within PF>1mm-hr! Overlapping PF > 2,000 km? and
this of <220K >70% of HCS area
>10% PF area has rain
>6 mm-hr!
Roca et al. (2014) 190-235K Three-dimensional TAPEER-BRAIN None
detect and spread under cloud
(30 min) pixels but per day
Taylor et al. (2017) 233K None TRMM2A25 radar Area >25,000 km?

OLR <167 W-m—2
(equivalent to 233 K)

Crook et al. (2019) Areal overlap

(hourly)

OLR <167 W-m~2
(equivalent to 233 K)

Fitzpatrick
et al. (2020)

Areal overlap
(hourly)

Feng et al. (2021) 225 and 241 K Areal overlap

(hourly)

This study 233K Areal overlap

(hourly)

Note: The present study is highlighted in bold.

Area >5,000 km?

Modelled extreme Area >25,000 km?
rain rate at 1800

UTC >10mm-hr!

IMERG PF>2mm-hr! CCS > 40,000 km? for more than
four consecutive hours

Contains PF>100km for more
than four consecutive hours
Heavy rain volume ratio and rain

skewness > various thresholds

IMERG under
cloud pixels

CCS > 10,000 km?
Lifetime >6 hr
Mean rain >1 mm-hr!

Abbreviations: T}: brightness temperature; AMSR-E: advanced microwave scanning radiometer for the Earth Observing System; PF: precipitation feature;
CCS: cold cloud system; HCC: high cloud complex; HCS: high cloud system; OLR: outgoing long-wave radiation; IMERG: Integrated Multi-satellite Retrievals

for the Global Precipitation Measurement.

2.2.3 | Equatorial wave identification

A dataset of equatorial waves was identified in ERAS5 data
by Yang et al. (2023), with wave types defined by a merid-
ional mode number n: Kelvin waves (n=-1), WMRG
waves (n=0), and Rossby-1 (Rossby) waves (n=1). Their
theoretical structures are shown in Figure 2a,c,e. Fol-
lowing Yang et al. (2021), the 850hPa u and v wind
components for each wave type were reconstructed at
six-hourly intervals. The amplitude and phase of each
wave were calculated using appropriate variables (referred
to as W, and W,; see Table 2) at appropriate latitudes
to characterise the wave state at our five selected longi-
tudes (Figure 1). Similar datasets based upon different
reanalysis sources have been used in previous stud-
ies (e.g., Ferrett et al., 2020; Peatman et al., 2021; Yang
et al., 2003, 2007a, 2007b, 2007c, 2021), and the accuracy
of the method has been investigated comprehensively in
Knippertz et al. (2022), where it performed well against
other identification methods. Figure 2b,d,f shows the
composite winds for each of the different wave types when
they occur at 121.5°E and indicates that this method is

capable of producing structures similar to the theoretical
structures. However, we found that the divergence pat-
terns are mostly opposite to the theoretical patterns in the
case of WMRG and Rossby-1 waves because the du/dx
term, which opposes the dv/dy term, is dominant for our
waves whereas the dv/dy term is dominant for the theoret-
ical waves. In the case of Rossby-1 waves our composites
also have strong convergence/divergence patterns at the
Equator, whereas for the theoretical structures the two
terms exactly balance at the Equator. Differences are not
surprising given that theoretical plots are for dry theory
with no land and because the meridional e-folding width
was chosen fairly arbitrarily in theoretical plots.

Amplitudes of W; and W, were normalised by their
standard deviation over the entire study period, with active
waves defined as having a standardised amplitude >1. Val-
ues of amplitude at selected longitudes were calculated
as a mean of a 5° region centred on the chosen longi-
tude. We examined the amplitudes of the waves at 850 hPa,
following Ferrett et al. (2020) and Yang et al. (2021).

The phase of an active wave was calculated by tak-
ing the inverse tangent of W;/W,, such that the phase
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FIGURE 2  Wave structures of (a, b) Kelvin, (c, d) westward-propagating mixed Rossby-gravity (WMRG), and (e, f) Rossby-1 (R1)
waves, with zonal trapping scale 6° and zonal wave number k = 6, for (a, c, e) theoretical structures and (b, d, f) composites from the Yang

et al. (2023) dataset for all times with a wave present at 121.5°E. The filled contours indicate divergence (positive, red) and convergence
(negative, blue), whereas the grey line contours indicate positive (solid) and negative (dashed) vorticity. The outermost line contours have
absolute values of 0.2 x 107> s71, and the contours, moving towards the vorticity centres, have values of 0.8 x 1075571, 1.4 x 10~ 57!, and
2x107° s7! respectively. The black vectors indicate the wind field, with scale indicated by the key at the top left of the figure. The values in
the figure are defined somewhat arbitrarily with q and v coefficients set to 1, as in Gill (1980). The figure is plotted following Yang et al. (2021,
fig. 1) [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 2
Wave type W,
Kelvin (n=-1) u
Westward-propagating mixed Rossby-gravity (n=0) —u
Rossby (n=1) —-u

can be defined by four quadrants in (W7, W;) space. For
example, for Kelvin waves the four phases are where the
wave structure is dominated by positive u, divergence,
negative u, and convergence, respectively. For each active
wave phase, the following rainfall fields were compos-
ited and the anomaly was calculated: all rainfall (from
IMERG), MCS rainfall (from our MCS tracking database),
TC-related rainfall (identified as described in Section 2.2),
and other rainfall (the residual). Since the equatorial wave
dataset is six-hourly, we estimated the total IMERG rainfall
in the 6 hr period centred on the active wave’s time step.
Statistics such as A, Ty,, and R, were not calculated for
the MCSs in different equatorial wave phases since there
are not enough storms present in different phases over the
smaller areas involved at each longitude compared with
the MJO analysis.

3 | RESULTS

3.1 | How much of the rainfall comes
from MCSs?

Rainfall from the tracked MCSs represents 45-70% of total
rainfall over the Maritime Continent islands (10°S-10°N)
(Figure 3c,d) in line with previous findings across the
Tropics (Nesbitt et al., 2006; Roca et al., 2014; Yuan
& Houze, 2010). This is true in both NDJFMA and
May-October (MJJASO). TC-related rainfall (Figure 3e,f)
is only larger than MCS rainfall over the ocean north
of 12°N and around the northwest coast of Australia
and compares favourably with that found by Peatman
et al. (2019) and Guo et al. (2017). Other rainfall (the
remainder) (Figure 3g,h) contributes most north of 15°N
in NDJFMA and south of 10°S in MJJASO, and contributes
40-75% between 10°S and 15°N.

We examined the importance of MCSs compared with
rainfall associated with TCs in weather extremes by deter-
mining how much of the rainfall comes from MCSs and
how much comes from TC-related storms when looking at
days when the daily total rainfall accumulation exceeded
different percentiles. To do this we found the percent-
age of total rain due to MCSs, TC-related storms, and
other (the remainder) on each day over the land in nine
different regions: Borneo, New Guinea, Sumatra, Malay

W, and W, for each equatorial wave mode, where u and v are zonal and meridional wind.

W, latitude W, W, latitude
0°N u 0°N
ox
10°S v 0°N
0°N v 8°N

Peninsula, Java, Myanmar and west Thailand (hereafter
referred to as west Indo-China for brevity), east Thai-
land, Laos, Cambodia and Vietnam (hereafter referred to
as east Indo-China for brevity), north Philippines, and
south Philippines (Supporting Information Figure S1). The
analysis was split into the two seasons, with the results
the mean percentage of rainfall from MCSs, TC-related
storms, and other on the days included in the different per-
centiles of total rainfall shown in Figure 4a (NDJFMA) and
Figure 4b (MJJASO).

In NDJFMA, for all regions, the contribution to rain-
fall from MCSs increases for higher percentiles, with some
regions approximately doubling their MCS contributions
for the 99th percentile compared with all days, whereas
the remainder contribution (other) decreases. For all
regions except the Philippines, MCS rainfall is greater than
TC-related rainfall at all percentiles. For all regions expect
the Philippines and Indo-China, MCSs are the dominant
contributor (>45%) to rainfall over all percentiles and con-
tribute >55% for the 95th percentile, suggesting MCSs
are the key phenomenon contributing to high-impact
rainfall. In the Philippines (especially the north Philip-
pines), TC-related rainfall becomes greater above the
90th percentile, contributing ~40% for the 95th percentile
wet days.

In MIJASO, for all regions except Indo-China and the
north Philippines, MCS rainfall is greater than TC-related
rainfall at all percentiles, and its contribution increases
for the higher percentiles; MCSs contribute >55% for the
95th percentile. However, the TC-related rainfall becomes
more dominant above the 95th percentile in Indo-China
and above the 70th percentile in the north Philippines,
suggesting TC-related storms are the major contributor to
high-impact rainfall in those locations.

Hereafter, we analyse NDJFMA only, when rainfall and
the influence of the MJO on rainfall are high over the
Maritime Continent.

3.2 | Locations and properties
of different types of MCSs

Previous studies have shown the importance of MCS life-
time on contribution to rainfall (e.g., Coppin et al., 2020;
Feng et al., 2021; Roca et al.,, 2014). Roca et al. (2014)
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FIGURE 3 (a,b) Total rainfall (mm-day!), and rainfall as a percentage of the total for (c, d) mesoscale convective systems (MCSs),
(e, f) tropical cyclone (TC)-related storms, and (g, h) other, for each season: (a, c, e, g) November-April (NDJFMA), and (b, d, f, h)
May-October (MIJJASO) [Colour figure can be viewed at wileyonlinelibrary.com]
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[Colour figure can be viewed at wileyonlinelibrary.com]

also suggested propagation distance has an impact on
rainfall contribution, with MCSs propagating more than
250 km having the largest contribution. Also, fast-moving
storms cause more problems for meteorological agencies,
in that they can arrive at a location quickly without much
warning; so, understanding these systems is important.
Therefore, here, we examine the location and properties
of different types of MCS based on lifetime and speed of
propagation. Speed of propagation is determined by using
the distance between the centroid of the storms at two
well-separated times in the lifetime (ideally end and start)
and dividing by the difference in time. When two clus-
ters of cold cloud merge, the centroid of the new storm
is unlikely to move much if one cluster is much larger
than the other. However, if the two clusters are similar in
size, the new centroid will be somewhere in the middle
of the two clusters, and the new centroid will be some
distance from the previous centroid even though the cold
cloud field has not advected. Likewise, if a cold cloud
cluster splits into two not dissimilar clusters, the centroid
of the cluster maintaining the original ID will be some
distance from the original centroid. Therefore, we

determined the speed of propagation by taking sections
of the lifetime where there were no mergers or splits of
clusters of cold cloud that were more than one-third the
previous size of the storm. The distribution of storms
across different lifetimes and speeds (Figure 5) shows
most of the storms have lifetimes of <24 hr and speeds
<12m-s~!. And those with shorter lifetimes have a greater
spread of propagation speeds; that is, the fastest moving
storms tend to be shorter lived (<24 hr).

MCSs were defined as one of four different types
according to their speed and lifetime (fast-/slow-moving,
short-/long-lived). The thresholds chosen for speed
(7m-s71) and lifetime (12 hr) are based to some extent on
previous studies (Crook et al., 2019; Lafore et al., 2017;
Mathon & Laurent, 2001; Roca et al, 2014; Yang
et al., 2017) and on the requirement to have a sufficient
number of storms in each category to allow a statisti-
cally based analysis. Note, that an MCS that propagates
at 7m-s~! for 12 hr would propagate about 300 km. MCSs
tend to initiate in the early afternoon, so a lifetime of 12 hr
distinguishes storms that survive overnight and into the
next day. For MCSs that were either first or last seen at
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the edge of the domain it is likely that we have not cap-
tured their full life. If the lifetime captured was greater
than 12hr they were classified as long-lived, otherwise
they remained unclassified. As a result, 4% of the MCSs
could not be classified. These unclassified storms only
contributed just under 2% of the MCS rainfall. A lifetime
threshold of 12 hr results in long-lived storms representing
34% by number and 85% by MCS rainfall contribution, and
short-lived storms representing 62% by number and 14%
by MCS rainfall contribution. This large rainfall contribu-
tion from long-lived MCSs is consistent with the results of
Roca et al. (2014). A speed threshold of 7m-s~! was cho-
sen to divide the population roughly in half in terms of
storm numbers and contributions to rainfall, slow-moving
storms representing 63% by number, 41% by rainfall con-
tribution, and fast-moving storms representing 32% by
number, 57% by rainfall contribution. During NDJFMA
the combined (lifetime and speed) classification resulted
in 11,415 (18%) fast-moving short-lived (Fast-Short) MCSs,
9,745 (15%) fast-moving long-lived (Fast-Long) MCSs,
28,672 (44%) slow-moving short-lived (Slow-Short) MCSs,
and 12,652 (19%) slow-moving long-lived (Slow-Long)
MCSs.

Distributions of the properties of MCSs as a function
of lifetime and propagation speed are shown in Figure 6.

6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60

Lifetime (hr)

The peak mean area A increases with lifetime but is
less affected by speed. However, A drops off rapidly for
slow-moving storms, whereas the distribution of A is much
wider (longer tail) for the fastest moving storms. Very few
short-lived or slow-moving storms have the largest areas.
The peak mean Ty, decreases with increasing lifetime,
but mean T}, becomes less variable such that the cold-
est storms tend to be the shortest lived. Speed has little
impact on peak Ty,, but the cold cloud tail is extended for
slower moving storms such that the coldest storms tend to
be slowest moving. The peak in mean R, increases with
lifetime, but mean R, becomes less variable such that the
highest values of mean R, are only seen in storms with
lifetimes <24 hr. The peak in mean R, does not change
with speed, but the high tail drops off more rapidly for
the slowest moving storms, such that moderate to high
values of mean R, are more likely to be seen in faster
moving storms.

Although Slow-Short MCSs are most numerous (44%)
and Fast-Long MCSs least numerous (15%), by the very fact
that long-lived MCSs are present for more time as well as
tending to be larger on average (Figure 6a), the NDJFMA
rainfall accumulations (Figure 7) of the long-lived MCSs
(85% of MCS rain over the whole region) are much greater
than those of the short-lived MCSs. Rainfall from all MCS
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FIGURE 6 Histograms (percentage of mesoscale convective systems; in November-April) as a function of (a, c, e) lifetime and (b, d, f)
propagation speed for (a, b) mean A, (c, d) mean Ty,, and (e, f) mean R,. The distribution of each property is normalised in each column
(lifetime bin or speed bin) because there are so few storms with long lifetimes or high speeds. Note the logarithmic scale to emphasise the
extreme values. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 7 Rainfall accumulations per day from different types of mesoscale convective systems (in November—April): (a) Fast-Short,

(b) Fast-Long, (c) Slow-Short, and (d) Slow-Long. [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 3
(MJO) phase during November-April, 2015-2020.

Number of days and number of mesoscale convective systems (MCSs) in each region in each Madden-Julian oscillation

MJO phase 1 2 3 4
Number of days 39 73 83 105
MCSs per day
West land 17.5 16.3 16.6 15.3
West sea 29.2 28.2 28.8 26.2
East land 16.6 16.3 15.3 12.7
East sea 36.3 35.6 37.7 36.5

types is greatest over or near the Maritime Continent

5 6 7 8 No MJO
92 69 94 70 282
133 15.2 14.5 14.8 14.9
223 224 229 23.2 231
13.1 123 12.4 14.2 14.0
30.8 296 28.8 28.9 31.7
3.3 | Impact of MJO phase

islands. The Fast-Long MCSs produce most of the rain
in the Maritime Continent and are particularly dominant
over southern Sumatra and Borneo, and New Guinea.
Cold cloud frequencies in terms of number of stormy
hours per 30 days (not shown) have a similar, albeit more
smoothed-out pattern.

The number of days and number of storms per day in the
West and East land and sea regions in each MJO phase are
shown in Table 3.

Rainfall accumulation anomalies for each phase of the
MJO are shown in Figure 8. Similar features are seen
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FIGURE 8 November-April rainfall anomaly by Madden-Julian oscillation (MJO) phase (rainfall for MJO phase minus rainfall for all
MIJO days) for all rainfall (left), mesoscale convective systems (MCSs; middle left), tropical cyclone (TC)-related storms (middle right) and the
remainder (other; right). [Colour figure can be viewed at wileyonlinelibrary.com]
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in MCSs to that for all rainfall, although anomalies are
greater for all rainfall as MCS rain accounts for only ~50%
of the total rain. MCS rain moves west to east between
phases 2 and 6 with less rain in phases 1, 7, and 8; land
rain anomalies are ahead of ocean rain anomalies, with
anomalies larger over ocean than land. TC-related rain
has a less clear relationship with the MJO phase, although
has dry anomalies in phases 1 and 2 and wet anoma-
lies in phases 4 and 5. Other (the remainder) rain has a
similar overall pattern to MCS rain, although of reduced
amplitude because it partly comes from deep convection
storms that are too short-lived and too small to qualify
as an MCS.

These MCS rainfall features are summarised in
Figure 9 for the two regions (West and East) over land and
ocean. In the West region the MCS rainfall is significantly
greater in phases 2—4 than in all MJO days, over both land
and sea; and it is significantly lower in phases 5, 7, and 8
over land, and in phases 1 and 6-8 over sea. The largest
anomaly is in phase2, in agreement with total rainfall
(Peatman et al., 2014, fig. 11b). In the East region, signifi-
cantly higher MCS rainfall occurs in phases 2—4 over land
and in phases 3-5 over sea, and significantly lower MCS
rainfall occurs in phases 6 and 7 over land and phases 7
and 8 over sea. The variations with MJO phase are smaller
in the east than the west, consistent with the tendency of
the eastward-propagating MJO signal to decay as it prop-
agates over the Maritime Continent (DeMott et al., 2018).
MCS rainfall patterns are similar to total rainfall
(cyan line).

Rain anomalies are dominated by long-lived storms,
and the different types behave in broadly similar ways in
the different phases (not shown). These rain anomalies
for the long-lived MCSs are summarised along with their
properties in different MJO phases for land and sea for the
two subregions in Figures 10 (West) and 11 (East).

Rainfall accumulations over the West region
(Figure 10a-d) are mostly higher in phases 2-4 and lower
in phases 5-8 (and phase 1 for sea), but not always sig-
nificantly, with the anomalies being greater and more
significant for the Fast-Long MCSs than the Slow-Long
MCSs. The total MCS rainfall is highest in phase 2 and is
dominated by the Fast-Long MCSs. Over land, Slow-Long
MCSs have their lowest rainfall accumulations in phase 5,
whereas Fast-Long MCSs have lowest rainfall accu-
mulations in phase 8. The rainfall anomalies are more
statistically significant over sea than over land, likely due
to the greater number of storms over sea.

There are more MCSs in phases 1-3 and less in phases
5-8, especially in phase 5 (Table 3). However, we find there
is a significant difference in the propagation speed of MCSs
in different phases, resulting in a greater proportion of
fast-moving MCSs and lower proportion of slow-moving

Royal Meteorological Society

MCSs in phases 2-4 and a lower proportion of fast-moving
MCSs and greater proportion of slow-moving MCSs in
phases 7 and 8 for both land and sea (not shown). We did
not find a significant shift in the proportion of long-lived
MCSs in any phase. The number of stormy hours per day
(Figure 10e-h), which is representative of the number of
MCSs (although also dependent on lifetime but not on
area) follows the pattern of rainfall anomalies well for
Fast-Long MCSs (Pearson correlation coefficient p=0.9
forland, p = 1.0 for sea) and moderately well for Slow-Long
MCSs over land (p=0.5), but does not explain the rain-
fall anomalies of Slow-Long MCSs over sea (p=0.2). The
anomalies are similar for both fast- and slow-moving
MCSs and larger over the sea than land.

Mean R, is higher in some of phases 2-4 and lower
in phases 1, 5, and 6 and higher again in phase8 for
both fast- and slow-moving MCSs over both land and sea
(Figure 10i-1) and is particularly high in phase 2 for the
Fast-Long MCSs. This follows the pattern of rainfall accu-
mulation in phases 1-5 but not in phases 6-8. In phase 8,
when mean R, is high, MCSs have lower mean A and lower
storm numbers. Mean R, is weakly correlated with rain-
fall anomalies for the Fast-Long MCSs over sea but poorly
correlated in other cases.

Mean A is highest in phases 2-5 and low in phases
1, 7, and 8 and is moderately to strongly correlated
(0.6 < p £0.7) with rainfall accumulation (Figure 10m-p)
for all but Slow-Long MCSs over land. For Slow-Long
MCSs over sea, mean A best correlates with rainfall
anomalies. The anomalies in A are greater for Fast-Long
MCSs than for Slow-Long MCSs.

In summary, in the West region, for Fast-Long MCSs,
the storm numbers, mean R,, and mean A generally
work together (positive p) to produce the rain accumula-
tion anomalies, whereas for Slow-Long MCSs the differ-
ent properties balance to give the rainfall anomalies. The
Fast-Long MCSs are the dominant contributor to the rain-
fall anomalies due to a shift to faster moving storms in the
convectively active phases and slower moving storms in
the inactive phases.

Rainfall accumulations over the East region show less
significant variability compared with the West region, but
anomalies are still more significant over sea than land
(Figure 11a-d). Over land, high anomalies are found in
phases 2—4 for both Fast-Long MCSs and Slow-Long MCSs,
and low anomalies are found in phases 6-8 for Fast-Long
MCSs and phases 5-7 for Slow-Long MCSs. Over sea, high
anomalies are found in phases 3-5 and low anomalies
occur in phases 6-8 for Fast-Long MCSs and phases 1 and
2 and phases 7 and 8 for Slow-Long MCSs. Both Slow-Long
and Fast-Long MCSs contribute to the rainfall anomalies,
although the significant negative anomaly in phase 6 for
total MCS rainfall over land is dominated by the negative

85U8017 SUOLILIOD BAITERID 8 |gedl(dde au Ag peusenob afe soppie YO ‘8sn Jo sa|nJ Joy Akeiq i aUljUO A1/ UO (SUONIPUOD-PUR-SLLLIBIL0D A3 |1 Ate.q 1 Buljuoy/:sdny) SUORIPUOD pue swie | 8y 8es *[202/20/.2] uo Akeigiauluo A8jim ‘oL Aq 299t b/z00T 0T/I0p/woo A3 1M Akelq 1 pUl|UO'STELUI//SANY WO} pepeo(umod ‘0 ‘X0/8..7T



16 QuarterlyJournaI_oﬂhe ) ERMets CROOK ET AL.
Royal Meteorological Society e
(a) West seam = 3.5 (b) West land m = 4.5
6 - . 6 .
—~ 4 ad o .
| . -
> . I
> .
-'? 2 1 . ) _g 2 4
= ’ £
= H/ - U U £ U U H
24 L . . -2 -
_4 i _4 i . . . * .
1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
(c) East seam =2.4 (d) East land m = 3.8
6 . 6
4 - a4 - ..
7 Co 7 :
> > . .
© o 24
° v
£ £ D/Q/ﬁ\ﬂ A 00
E IR
24 . . .
-4 —4 -

MJO phase

FIGURE 9

1 2

3 4 5 6 7 8
MJO phase

November—April mesoscale convective systems rainfall anomaly by Madden-Julian oscillation (MJO) phase (rainfall for

MIJO phase minus rainfall for all MJO days) averaged over (a, ¢) sea and (b, d) land and the two regions (a, b) West and (c, d) East. Boxes show
median and interquartile range, dots show 5th and 95th percentiles, and green triangles show the mean. Red (blue) boxes indicate that the

rainfall accumulation is statistically significantly higher (lower) in that phase compared with all active phases using a Welch’s ¢-test at the

95% confidence level. The mean m over all the active phases is given in the title. The cyan line shows the mean anomaly of total rain in each

phase. [Colour figure can be viewed at wileyonlinelibrary.com]|

anomaly for Slow-Long MCSs, and the significant positive
anomaly in phase 5 for total MCS rainfall over sea is dom-
inated by the positive anomaly for Fast-Long MCSs. The
peaks and troughs occur slightly later over sea than over
land.

The number of storms over East land is high in phases
1-3 and low in phases 4-7, and over East sea is high
in phases 1-4 (particularly high in phase3) and low in
phases 5-8 (Table 3). However, we see a greater proportion
of fast-moving MCSs in phases 5 and 6 and lower pro-
portion in phase 8 over land and a greater proportion of
fast-moving MCSs in phases 2 and 5 and lower proportion
in phase 8 over sea (not shown). We also see a significant

increase in the proportion of long-lived MCSs in phase 7
and a decrease in phase3 over sea (not shown). These
shifts between types impacts the number of stormy hours,
which correlates (p > 0.5) with the rainfall anomalies for
both Fast-Long and Slow-Long over both land and sea
(Figure 11e-h).

Mean R, shows a wave with highs in phases 8 and 1-3
over land and phases 2—4 over sea, and lows in phases 5-7
(Figure 11i-1). Mean R, correlates moderately well for both
types of MCS over land but only Fast-Long MCSs over sea.
High mean R, in phases 1 and 8 is compensated by low
mean A, and low mean R, in phases 5 and 6 is compensated
by high mean A.
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November-April mesoscale convective system (MCS) attributes by Madden-Julian oscillation (MJO) phase of long-lived

MCSs over the West region (land in left two columns, sea in right two columns, split by MCS propagation speed - fast to the left and slow to
the right). Anomalies of (a—d) rain accumulations and (e-h) number of stormy hours per day. Storm properties averaged over times when
storm area is >10,000 km?: (i-1) mean R,, and (m-p) mean A. Boxes as in Figure 8, except 5th and 95th percentiles are not shown to aid

clarity of interquartile range. Means m and Pearson correlation coefficients p between the mean variable and the mean rain anomaly (a-d)
over the MJO phases are given in the titles. [Colour figure can be viewed at wileyonlinelibrary.com]

Mean A follows a similar pattern as in the West region,
but peaking slightly later in phases 5 and 6 and with low-
est values in phases 1 and 8 (Figure 11m-p). In this region,
mean A is strongly anticorrelated with rainfall accumu-
lations for Slow-Long MCSs over land but moderately
positively correlated for Slow-Long MCSs over sea and
Fast-Long MCSs over both land and sea.

In summary in the East, for Fast-Long MCSs, the
storm numbers, mean R,, and mean A generally work

together (positive p) to produce the rain accumulation
anomalies, whereas for Slow-Long MCSs the different
properties balance to give the rainfall anomalies. This
is the same behaviour as seen in the West. However,
compared with the West, over East land the Slow-Long
MCSs have stronger positive correlation between rain-
fall accumulation and mean R,, and stronger negative
correlation between rainfall accumulation and mean A,
and over the East sea, the Slow-Long MCS have stronger
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FIGURE 11

correlation between rainfall accumulation and number
of storms.

We found mean Ty, in both regions is lower (deeper
convection) in phases with higher rainfall anomalies and
higher (shallower convection) in phases with lower rain-
fall anomalies (not shown). In the West region, mean Ty,
is strongly anticorrelated (i.e., intensity of convection is
strongly positively correlated) with the rainfall, whereas in
the East region this relationship is much weaker, especially
over land.

3.4 | Impact of equatorial waves

Table 4 shows the number of waves at each six-hourly time
interval that were identified as active (amplitude >1) at
each of the subregions illustrated in Figure 1.

Kelvin waves are characterised by alternating regions
of convergence and divergence (see Figure 2a). Low-level

;

T T T T 7T T T T T T T T T

12345678 12345678
MJO phase MJO phase

The same as in Figure 10 but over the East region. [Colour figure can be viewed at wileyonlinelibrary.com]

convergence will enhance precipitation by generating
updraughts associated with moist convection, which will
result in rainfall, whereas divergence at the same level
will cause updraughts to weaken and dissipate and thus
result in drier regions. Our analysis characterises the wave
phase as dominated by either convergence or divergence,
or positive or negative u, as highlighted in Table 2.
Consistent with the aforementioned argument,
Figure 12 shows anomalies associated with the different
phases of Kelvin waves at low levels (850 hPa): a strong
wet anomaly in the Kelvin wave phase associated with
convergence (Figure 12d,h,l,p,t) and a corresponding
dry anomaly in the phase associated with divergence
(Figure 12b,fj,n,r). For positive u there are smaller wet
anomalies to the east of the specified longitude that
are associated with the anomalies from the convergence
phase to the east. This pattern appears in the Kelvin wave
rainfall anomalies at all longitudes, but it is at its most
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TABLE 4 Number of 6-hr periods at each selected longitude (see Figure 1) where an active phase in a given phase exists.
Subregion —X<p<i T<p<X Zcp<™ o<k
Kelvin wave phase u +ve at 0°N Divergence u —ve at 0°N Convergence
100.5°E 558 414 516 434
108.5°E 544 454 562 432
115.5°E 530 460 556 461
121.5°E 562 440 569 467
141.5°E 505 428 568 460
WMRG wave phase ¢ —ve at 0°N v +ve at 0°N ¢ +ve at 0°N v —ve at 0°N
100.5°E 438 449 419 485
108.5°E 415 446 431 325
115.5°E 442 448 400 474
121.5°E 437 464 431 461
141.5°E 422 417 423 441
Rossby-1 wave phase u—veat0° N v +ve at 8°N (v divergence) u +ve at 0°N v —ve at 8°N (v convergence)
100.5°E 528 503 531 483
108.5°E 509 406 526 427
115.5°E 481 410 520 429
121.5°E 548 414 517 431
141.5°E 548 439 490 396

intense for the westmost longitude over Sumatra (100.5°E;
Figure 12a-d). This matches the observation in Section
3.3.1 that anomalies are generally stronger in the West
region than in the East region and corresponds with the
decrease in the Kelvin wave winds’ standard deviations
from west to east.

The rainfall anomalies are divided into different rain-
fall categories in Figure 13, which focuses on the west-
most longitude centre at 100.5°E where the anomalies are
strongest. The anomalies can be largely attributed to a
combination of MCS and other rainfall, but there is also
a smaller signature of enhanced wetness in the conver-
gence phase in the TC-related rainfall, which may be due
to MCSs associated with TC systems being classified as
TC-related rainfall.

The total rainfall anomaly in all subregions has a
large contribution from other rainfall, which is neither
associated with MCS nor TC-related rainfall. This other
rainfall may be less organised convection, which can be
triggered or reinforced by low-level convergence while
not maintaining a significant structure for a long period
of time, and similarly may be more easily dispersed by
weak diverging winds, such as those induced by Kelvin
waves. This may explain why the signal is more distinct
than for MCSs, which have more internal structure and

independent longevity. Smaller organised systems that
do not meet our size or longevity thresholds for MCS
classification may also contribute to the other rainfall.
However, the fact that up to half of the rainfall anomaly
during a Kelvin wave cycle is attributable to changes in
MCSs shows that MCSs are of considerable importance
in understanding and predicting rainfall associated with
Kelvin waves. Although we could not perform statistical
analysis on MCS properties in the different Kelvin wave
phases owing to the small number of storms present in
each phase at each longitude, we did find that the mean
MCS frequency, mean R,, and mean A of all the MCSs
whose cold cloud pixels enclosed the longitude in ques-
tion were larger in the convergence phase than in the
divergence phase for all longitudes.

WMRG and Rossby-1 waves are characterised by
cyclonic and anticyclonic vortices centred on the Equator
for WMRG waves and opposing direction vortices either
side of the Equator for Rossby-1 waves. The composited
regions of convergence and divergence were found to be
quite different from the theoretical regions in Figure 2,
likely due to the strong mostly northeasterly back-
ground flow in the Northern Hemisphere and westerly
background flow in the Southern Hemisphere, and to
different relative amplitudes of the du/ox and ov/dy
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FIGURE 12 Integrated Multi-satellite Retrievals for the Global Precipitation Measurement rainfall anomaly composites across Kelvin

waves of significant amplitude (standardised amplitude >1) at different phases of the wave (different columns) for the five longitude focus
areas (different rows) (see Figure 1). Positive (blue) values indicate a wet rainfall anomaly and negative (red) values indicate a dry rainfall
anomaly. The dashed lines indicate the latitude at which W; =u and W, = du/dx are calculated, 0°N. The Kelvin wave propagates eastwards,
moving through its phases from the left column to the right column as it propagates. [Colour figure can be viewed at wileyonlinelibrary.com]

components compared with theory. We did not find the
rainfall anomaly locations were related to the convergence
locations but more related to the cyclonic vortex. We found
that WMRG and Rossby-1 wave signals are dominated by
TC-related rainfall, with greatest total rainfall anomalies
in the positive vorticity phases (up to 70% of the total rain-
fall anomalies in the positive vorticity phase of WMRG
waves, and up to 50% of the total rainfall anomalies in the
Northern Hemisphere positive vorticity phase in Rossby-1
waves). On days where TCs are present (42% of the time
when there was a WMRG or Rossby-1 wave present),
the mean amplitudes of Rossby-1 and WMRG waves are
around 10% larger than on days where there are no TCs,

suggesting their strong connection with TCs as evidenced
in Feng et al. (2023), who found that westward-moving
equatorial waves were precursors in 60-70% of TC cases.
On days with no TCs we found a similar pattern of
total rainfall anomalies, albeit with lower amplitude. The
effects of different phases of WMRG and Rossby-1 waves
on rainfall (see Supporting Information Figures S2 and
S3) are more complex than the effects of Kelvin waves,
with interaction with topography, onshore/offshore propa-
gation, and synoptic systems such as Borneo vortices likely
to be playing a part. A clear pattern for TC-related rain-
fall anomalies is observed, whereas the pattern for MCS
rainfall anomalies and other rainfall anomalies are less
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clear. Therefore, we further investigate rainfall anomalies
for these wave modes on days when there are no
TCs present.

Figure 14 shows a more quantitative measure of the
impact of equatorial waves on MCS rainfall anomalies
averaged within a 5°-wide box centred on the selected
longitude between 0 and 20°N (the box illustrated in
the top row of Figure 13) in each wave phase for
Kelvin (Figure 14a), WMRG (Figure 14b), and Rossby-1
(Figure 14c) waves. Although 10°S-10°N could be used for
Kelvin waves, we chose to use the same box for all wave
modes to make comparison easier. The lines represent the
anomaly using all days for Kelvin waves but non-TC days
for WMRG and Rossby-1 waves. In the convergence phase
of the Kelvin wave (rightmost points), all regions show
a robust positive precipitation anomaly (20-30% of total
rainfall anomaly) and a robust negative anomaly (20-70%
of total rainfall anomaly) in the divergence phase. Differ-
ent regions have a wider spread of MCS rainfall anomalies
in the phases dominated by easterly and westerly zonal
winds, however. For example, over Sumatra and Borneo,
westerly winds appear to increase rainfall anomaly directly
over the selected longitude (possibly due to interaction
with the land or by enhancing wind-dependent surface
energy fluxes over regions where the basic zonal wind is
westerly, for example; Yang et al., 2007a), whereas over
Papua New Guinea, although there is a wet anomaly to

the east, there is a slight dry anomaly over the selected
longitude.

Different regions do not show the same behaviour of
total rainfall or MCS rainfall in all phases of WMRG or
Rossby-1 waves, suggesting that behaviour is sensitive to
the geography of the region. For WMRG phases, the sign
of the MCS rainfall anomaly matches the sign of the total
rainfall anomaly with positive anomalies in the positive
vorticity phase and negative anomalies in the negative vor-
ticity phase for all longitudes except 115.5°E and 121.5°E,
which show the opposite behaviour. WMRG MCS rainfall
anomalies are 0-50% of total rainfall anomalies on non-TC
days. For Rossby-1 phases, most regions show an appre-
ciable increase in MCS rainfall anomaly in the Northern
Hemisphere positive vorticity phase and a decrease in
the meridional divergence phase (10-50% of total rainfall
on non-TC days), but the amount of rainfall contributed
by MCS anomalies is not as large as that in the Kelvin
wave convergence phase. The range of the total rainfall
anomaly across WMRG and Rossby-1 phases on TC days
is 3-4 mm-day~!, whereas on days where there are no TCs,
the range of the total rainfall anomaly decreases to around
1 mm-day~!. MCS rainfall anomaly also decreases on days
with no TCs compared with those with TCs (not shown).

We suggest that Kelvin waves more strongly mod-
ulate MCS rainfall than WMRG or Rossby-1 waves do
because the Kelvin wave structures typically have stronger
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convergence structures than the other types of waves
(which can be seen in Figure 2). Low-level convergence
(e.g., at 850hPa, where we identify and locate these
waves) is strongly associated with MCS initiation and
development since it is essential to maintain the strong
updraughts characteristic of MCSs. More convergence
means stronger updraughts and greater organisation of
the systems. Furthermore, Kelvin wave structures tend to
be more vertically tilted than structures of WMRG and
Rossby-1 waves are, which has been noted by previous
studies examining their vertical structures (e.g., Kiladis
et al., 2009, Nakamura and Takayabu, 2022), and which
can be seen in composites of the projected wave structures

v divergence u+ve (+/-N/S {dipole)

r -0.25
| r-050
<
. +—0.75
5"<¢<-’a—"

v convergence

of the dataset we used (not shown). The greater tilt in
the Kelvin wave structure allows for two things: First, the
alignment of low-level convergence and upper level diver-
gence facilitates the existence of deep, strong updraughts
that are essential to deep convection. Second, the tilt
results in significant vertical shear, which is effective
in organising MCSs (e.g., Rotunno et al., 1988). One
final aspect of Kelvin waves that might explain their
stronger alignment with MCS rainfall is simply the fact
that Kelvin waves, unlike WMRG and Rossby-1 waves,
occur in a latitudinal range with maximum amplitude
on the Equator, where the greatest number of MCSs
occur (see Figure 3).
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In summary, the convergence phase of Kelvin waves
appears to favour MCS rainfall by enhancing MCS fre-
quency and storm-mean rain rates and areas, and their
divergence phase suppresses MCS rainfall by reducing
MCS frequency and storm-mean rain rates and areas.
Rossby-1 and WMRG waves do not modulate MCS rainfall
as strongly as Kelvin waves do, and patterns that do exist
are sensitive to local geography of the area.

4 | CONCLUSIONS

In this article we present the importance of MCSs for
rainfall in Southeast Asia (90-154°E, 18°S-30°N), demon-
strate their contribution to high-impact rainfall, and show
how they are affected by the MJO and equatorial waves.
Understanding the influence of large-scale weather pat-
terns on these storms is crucial for both aiding forecasting
and improving climate models in a region that is prone
to frequent high-impact weather. MCSs were tracked in
the region by applying a tracking algorithm to Himawari-8
brightness temperature (10.4pm) over a 5-year period
between 2015 and 2020. MCSs are further defined as those
tracked storms that last >6 hr, reach an area of 10,000 km?
and a storm mean rain rate of 1 mm-hr~!. Storms associ-
ated with TCs were also removed. In total, 134,306 MCSs
were tracked, including 65,219 MCSs in the boreal win-
ter season of NDJFMA. The rainfall within each MCS was
found using IMERG. We investigated the climatologies of
MCSs with different lifetimes and propagation speeds. We
classified the MCSs in this database according to their
lifetime (with a 12hr lifetime as the threshold between
short-lived and long-lived storms) and propagation speed
(with a 7m-s™! threshold between slow and fast storms).
We then examined the impact of MJO phase and equatorial
waves on the tracked MCSs.

MCSs account for 45-70% of total rainfall over the
domain from 10°S to 10°N. This contribution was analysed
as a function of the rainfall rate over land for nine loca-
tions across the domain. In general, the MCS contribution
is higher on the wettest days (mostly >55% for the 95th per-
centile of total rainfall), showing the importance of MCSs
for extreme weather. Long-lived MCSs dominate the rain-
fall contribution, accounting for around 85% of MCS rain-
fall, although only accounting for 34% by number. in line
with Roca et al. (2014). Storms that are fast and long-lived
contribute the most rainfall, especially over islands in
the region. Long-lived MCSs also tend to have the low-
est average brightness temperature, implying that they
involve deeper convection, and the largest areas, whereas
fast-propagating storms have the highest mean rain rates.

Analysis of the relationship between the MJO and
MCSs shows that the MCS rainfall varies with MJO phase,
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but the variation is amplified considerably more in the
West region than in the East region. The variation in rain-
fall associated with MCSs can be attributed to the number
of storms, the area-mean rainfall rate within the storms,
and the area of the storms. The contribution of each of
these varies depending on the region and the class of MCS.
In both the West and the East regions, for Fast-Long MCSs,
these three properties generally work together (positive p)
to produce the rain accumulation anomalies, whereas for
Slow-Long MCSs the properties balance in more complex
ways to give the rainfall anomalies. In the West region, a
shift from slow-moving to fast-moving MCSs occurs dur-
ing the active phases and vice versa during the inactive
phases. This makes the Fast-Long MCSs the dominant con-
tributor to the rainfall anomalies in the West region. We
found MCSs generally propagate westwards in this region.
The mean ERAS5 wind at both 850 and 500 hPa is more east-
erly in phase 2 and less easterly in phase 7 (for 850 hPa, see
Figure 8; Wheeler & Hendon, 2004), which likely causes
the MCSs to propagate faster in phase 2 than in phase 7.
We also found in both the West and East regions that the
size of the MCSs peaks in phase 5, generally coinciding
with the lowest rain rate and lowest total number of MCSs
and lagging the peak in rainfall, suggesting that MCSs are
strongly aggregated and have the largest anvils and strati-
form rainfall contributions in phase 5. This is in agreement
with the results of Virtz and Houze (2015), who found a
shift to more stratiform contributions that lagged the peak
in rainfall as an active MJO passed through the region.
On examining the vertical wind shear (200hPa minus
850 hPa) in the different MJO phases we found that the
wind shear is greatest in phases 4-7, which would enhance
the size of the anvil. Cheng et al. (2023) found an increase
in frequency, size, and rain rate during the convectively
active MJO compared with climatology but did not split
the MJO into the eight different phases shown here. Our
results show how these changes in different properties do
not all occur in exactly the same MJO phases.

A strong correlation between high rain rates and low
brightness temperature (deep convection) is observed in
the West region, but in the East region the correlation is
somewhat weaker.

Analysing the impact of equatorial waves on MCSs
showed that equatorial Kelvin waves modulate MCS fre-
quency and rainfall contribution considerably. The MCS
rainfall anomalies increase when an active Kelvin wave
is in its low-level convergence phase, and the largest rain-
fall anomalies are observed in the west of the region, as
is the case for MJO modulation of MCS rainfall. MCS
rainfall anomalies account for around 20-50% of the
rainfall anomalies in 5Xx20° regions centred on the
locations where the waves were identified; Kelvin waves
similarly modulate rainfall that is not associated with
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MCSs or TCs. Convergence at 850 hPa is the defining fea-
ture of the convectively active phase of Kelvin waves. Such
convergence is associated with all convective updraughts
to maintain continuity, so it could be linked to all types
of convective rainfall, including structures that are not
classified as organised MCSs. Low-level convergence also
serves to strengthen and intensify MCSs.

WMRG and Rossby-1 waves, however, do not modu-
late MCS rainfall anomalies as strongly, with MCS rainfall
anomalies contributing to less than 20% of the total rain-
fall anomalies around the longitude of the active part of
the wave when all days are considered. The rainfall anoma-
lies in different phases of WMRG and Rossby waves are
dominated by rainfall associated with TCs. We found that
TCs were present 42% of the time when an equatorial
WMRG or Rossby-1 wave was present, and these waves are
often precursors to TC cyclogenesis (Feng et al., 2023). On
days with no TCs present, the MCS rainfall anomalies con-
tribute up to 50% of the total rainfall anomaly but there
are considerable differences in the behaviour across phases
between different longitudes.

The enhanced MCS rainfall associated with the active
phase of Kelvin waves corresponds with results seen
in the literature (e.g., Cheng et al.,, 2023; Nakamura &
Takayabu, 2022), but studies, including Nakamura and
Takayabu (2022), suggest that enhanced MCS precipita-
tion is also increased in the active phases of Rossby-1
waves. It should be noted, however, that their study focuses
on convectively coupled waves specifically, identifying the
active phases through filtering of an infrared radiation
dataset, whereas our wave identification focuses on pro-
jected wind structures at 850 hPa, which are not always
associated with the low brightness temperatures of low
cloud. It makes sense that, in examining only convec-
tively coupled Rossby waves, their results show a stronger
correlation of wave structures with mesoscale convec-
tion. The results of Cheng et al. (2023) suggest the Kelvin
waves modulate MCS rainfall more strongly than the MJO,
whereas we find the MJO modulates MCS rainfall slightly
more strongly. However, they look at Kelvin waves during
boreal summer, when these waves are stronger and also
look at convectively coupled waves, unlike our study.

In summary, MCS rainfall over southeast Asia is a
major contributor to extreme precipitation (>55% for the
95th percentile of total rainfall) especially south of 10°N,
and is strongly modulated by the MJO (MCS anomaly
>50%) and equatorial Kelvin waves (MCS anomaly:
20-50%). MCSs are subject to significant changes to their
size, rain rate, and frequency due to the impact of the MJO.
Given the difficulties of forecasting rainfall accurately in
this region and the devastating impacts of heavy rain,
these relationships provide forecasters with useful extra
information that can be combined with the knowledge of

existing or forecasted synoptic weather regimes. The skill
of such combined forecasts of extreme rainfall would then
be dependent on the skill of the forecast model to depict
the equatorial waves and MJO, as well as the ability of
the model to represent the relationships between MCSs
and these large-scale weather features. These relationships
may also be tested in the latest weather prediction models
to aid model development.
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