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Abstract

The western Maritime Continent (MC) and Southeast Asia lie at the heart of
the largest area of high precipitation on Earth. Extreme precipitation is one
of the major high-impact weather events to affect the population of over 500
million in this region. The deep convection associated with this extreme pre-
cipitation is difficult to forecast, even with modern high-resolution numerical
weather prediction with explicit convection. However, larger-scale organised
convective systems, such as the Madden-Julian Oscillation (MJO), can be skil-
fully predicted to 3—5 weeks lead time. The MJO has a well-known precipitation
signal, and it is likely that it also modulates extreme precipitation. Here, the
extreme precipitation signal of the MJO is analysed in detail for the western MC
and Southeast Asia using 19 years of high-resolution Integrated Multi-satellitE
Retrievals for Global Precipitation Measurement (GPM IMERG) data. The prob-
ability of experiencing extreme precipitation increases robustly by a factor of
two, and decreases by a factor of half, dependent on location and the phase
of the MJO. The spatial pattern of these changes in extreme precipitation does
not describe a smooth eastward propagation, but shows rapid variation over
short distances, tied to the complex distribution of land and sea within the
archipelago. There is also a seasonal dependence of this MJO modulation in
some locations. A more detailed analysis of the effect of the MJO on extreme
precipitation is presented for the major cities in the region. Extreme precipita-
tion days over the MC are generally linked with an amplification of the diurnal
cycle. However, although an active MJO increases the frequency of extreme pre-
cipitation days and therefore an amplified diurnal cycle, there was no further
amplification of the diurnal cycle in the active MJO, compared with extreme
precipitation days during non-active MJO periods.
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1 | INTRODUCTION

Extreme precipitation is one of the main forms of
high-impact weather (HIW) events in the MC. Extreme
precipitation is closely associated with devastating floods
(Rodysill et al., 2019), which are frequent in the MC and
have major societal impacts (Adhikari et al., 2010). In
Indonesia, 30% of natural disasters were associated with
flooding events (Dewata and Umar, 2019). These events
are all the more devastating in the MC because the popula-
tion in these countries is particularly vulnerable (Hijioka
etal., 2014).

In recent decades, the frequency and the intensity of
extreme rainfall have increased in the MC (Endo et al.,
2009), and a further increase is projected in the future
in the context of global climate change (Mandapaka and
Lo, 2018). Precipitation in the MC also varies strongly on
other time scales: interannual (Juneng and Tangang, 2005;
Zhang et al., 2016), interseasonal (Meehl, 1987; Kang et al.,
2019), intraseasonal (Peatman et al., 2014; Xavier et al.,
2014) and diurnal (Love et al., 2011; Peatman et al., 2014;
Birch et al., 2016). Accurate predictions of extreme precip-
itation in the MC are therefore crucial and can limit the
impact of such events. However, state-of-the-art weather
prediction models struggle to forecast precipitation cor-
rectly in this region, partially as a result of complex inter-
actions between topography and different scales of motion
(Chang et al., 2005; Qian, 2008; Birch et al., 2016).

The MJO (Xieetal., 1963; Madden and Julian 1971) is a
large-scale weather system that crosses the tropical Indian
Ocean, MC and Pacific Ocean from west to east within
approximately 30-60 days. During boreal summer, it devel-
ops a northward component of propagation in addition to
the eastward component (Yasunari, 1979; Krishnamurti
and Subrahmanyam, 1982), and is often known as the
Boreal Summer Intraseasonal Oscillation (BSISO; Jiang
et al., 2004) during this season. The MJO cycle is conve-
niently divided into eight phases using the real-time multi-
variate MJO (RMM) index of Wheeler and Hendon (2004).
An alternative eight-phase representation is provided by
the univariate outgoing long-wave radiation (OLR)-based
MIJO index (OMI), which is based solely on the convective
signal of the MJO (Kiladis et al., 2014). The MJO has been
identified as the main source of predictability in the tropics
and can be skilfully predicted 3-5weeks ahead by global
weather forecasting models (Kim et al., 2018; Wang et al.,
2019). Since the MJO has a major impact on mean and
extreme precipitation in the MC (Matthews et al., 2013;
Peatman et al., 2014; Xavier et al., 2014), better character-
ization of this impact could improve the predictability of
HIW in the MC.

Xavier et al. (2014) used Tropical Rainfall Mea-
suring Mission (TRMM) satellite-derived precipitation
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(Kummerow et al., 2000), the APHRODITE gridded rain
gauge dataset (Yatagai et al., 2012) and local rain gauge
data from Singapore to evaluate the impact of the MJO on
precipitation extremes in the MC. They found that extreme
precipitation over the equatorial (averaged from 10° S to
10° N) land and sea areas of the MC was strongly enhanced
during the active period of the MJO (averaged over RMM
phases 24 in this region), while also concluding that pre-
cipitation extremes in certain regions such as north-west
Borneo, eastern Malaysia and north-east Borneo did not
appear to be related to the MJO.

The objective of this paper is to build on previous stud-
ies to further quantify the impact of the MJO on precipita-
tion extremes over the western MC. We take advantage of
the longer time series (nearly 20 years) of high-resolution
satellite precipitation data that are now available. This
allows us to investigate the effect of the MJO on extreme
precipitation with finer time discrimination (using the
eight individual MJO phases) and finer spatial discrimina-
tion (at the grid point scale). These are key components as
the MJO precipitation cycle is known to vary significantly
in its timing and strength over relatively small spatial
scales (Peatman et al., 2014). The general characteristics of
the MJO are known to vary strongly with season (Zhang
and Dong, 2004), with topography (Matthews et al., 2013)
and between land and sea (Peatman et al., 2014; Birch et al.,
2016), and the effects of these on extreme precipitation
are examined. We also investigate the role of the diur-
nal cycle in extreme precipitation and the MJO. Finally,
this study aims to provide an estimation of the confidence
of change of precipitation extremes due to the MJO in
the MC.

Section 2 describes the datasets used in this study. Pre-
liminary analysis of the climatological mean precipitation
and extreme precipitation distributions are presented in
Section 3. The main analysis of the impact of the MJO on
extreme precipitation is presented in Section 4, an analysis
of the diurnal cycle of extreme precipitation and its modu-
lation by the MJO is provided in Section 5 and conclusions
are drawn in Section 6.

2 | DATA

The analysis is based on the Integrated Multi-Satellite
Retrievals (IMERG) product, version V06B, from the
Global Precipitation Measurement (GPM) project (Huff-
man et al., 2019). This product is based on measurements
from a constellation of satellites, equipped with passive
microwave (PM) and geo-infrared (IR) sensors. The PM
measurements give more accurate, direct estimations of
precipitation rate but have limited spatial and temporal
coverage. Meanwhile, the IR measurements only measure
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precipitation indirectly, but have almost complete spatial
and temporal coverage.

Among PM satellites, the GPM core observatory is
considered to carry the most advanced instruments for
precipitation detection (Skofronick-Jackson et al., 2018). It
was launched in February 2014 and is the successor to the
TRMM satellite (Huffman et al., 2007). As well as provid-
ing accurate precipitation measurements for the IMERG
product, the TRMM satellite and the GPM core observa-
tory serve for inter-calibration of the whole IMERG PM
satellite constellation, in their respective eras.

Prior to inter-calibration, the TRMM and GPM core
observatory estimates are seasonally corrected over land
areas by the Global Precipitation Climatology Project
(GPCP) satellite-gauge product (Adler et al., 2018). The
IR data, which essentially measure cloud-top features
rather than precipitation directly, are trained and cali-
brated against the PM estimates using an artificial neu-
ral network cloud classification system (PERSIANN-CSS;
Nguyen et al., 2018).

All precipitation estimates are gridded on to a 0.1° X
0.1° longitude-latitude spatial grid. A Kalman smoother is
then used to combine all the precipitation estimates into a
single half-hourly estimate (Joyce and Xie, 2011). In this,
the IR estimates are incorporated into a Kalman filter in
the form of an observation correcting the PM ‘forecast’.

The resulting half-hourly estimates over land are then
multiplied by the ratio between the GPCP monthly gauge
estimate with the monthly sum of half-hourly estimates
derived in the early steps of the IMERG algorithm. The
IMERG product is thus a multi satellite-gauge precipita-
tion dataset for which data are provided with a 30-min time
interval on a global 0.1° x 0.1° grid.

Many studies have identified improvements of precip-
itation estimates by IMERG relative to its predecessors
TRMM and PERSIANN in Southeast Asia (Prakash et al,
2016; Kim et al., 2017; Tan and Santo, 2018; Xu et al., 2019).
To our knowledge, IMERG has not yet been compared with
the Climate Prediction Center MORPHing (CMORPH,
Joyce et al., 2004) dataset in the MC. Studies of IMERG
and CMORPH in other regions show no clear evidence
that one systematically outperforms the other in detect-
ing extreme precipitation (Wei et al., 2018; Lee et al., 2019;
Alsumaiti et al., 2020; Xiao et al., 2020). A recent study
using nearly 20 years of gauge precipitation from Singa-
pore, and taking into account their spatial sampling error,
found that IMERG accurately represents extreme precip-
itation in this region (Mandapaka and Lo, 2020). Fang
etal. (2019) concluded that IMERG captures well the over-
all spatial patterns and probabilities of extreme rainfall
over China, despite potentially under- or overestimating
extreme precipitation, which makes it useful for studying
the climatology of extreme rainfall, as in the present study.

2000

1000

Elevation (m)

500

90°E 100°E 110°E 120°E 130°E

FIGURE 1 Topography of the western MC. Black boxes
correspond to the nine selected high-precipitation areas, and
magenta boxes correspond to the seven selected high-population
areas, which are used for the analysis in Sections 4.4 and 4.5
(respectively). The magenta numbers refer to cities: Yangon (1),
Bangkok (2), Ho Chi Minh City (3), Manila (4), Kuala Lumpur (5),
Singapore (6) and Jakarta (7) [Colour figure can be viewed at
wileyonlinelibrary.com]

Here, we use the IMERG precipitation dataset from
January 1, 2001 until December 31, 2019 over the western
MC (90-130° E, 20° S to 20° N). Daily mean values were
first calculated from the 30-min IMERG data.

A topography dataset was used to distinguish between
sea, lowland and mountain regions. The General Bathy-
metric Chart of the Oceans (GEBCO) topography dataset
was regridded from its 30 arc-second native resolution
to the coarser 0.1° X 0.1° longitude-latitude IMERG grid
(Figure 1).

3 | CLIMATOLOGICAL
DISTRIBUTION OF MEAN AND
EXTREME PRECIPITATION

The annual mean precipitation over the western MC is
above 5mm-day~! over most of the domain, with large
areas receiving over 10 mm-day~! on average (Figure 2a).
The spatial distribution of mean precipitation is heteroge-
neous, with notable maxima over the coast of Myanmar,
the equatorial eastern Indian Ocean and the west coast of
Sumatra, north-west and central Borneo, and the eastern
Philippines and western Pacific along 10° N. This precipi-
tation distribution is consistent with earlier studies using
the TRMM product (As-syakur et al., 2016; Hassim and
Timbal, 2019), to which GPM IMERG is a direct successor.

A map of the median precipitation (i.e. the 50th per-
centile of daily mean precipitation rate; not shown) shows
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Distribution of (a) mean precipitation rate and (b) 95th percentile of daily mean precipitation rate, over the western MC

from IMERG, for the period from January 1, 2001 to December 31, 2019. The black and magenta boxes are as in Figure 1 [Colour figure can

be viewed at wileyonlinelibrary.com]|

reduced values (not exceeding 8 mm-day~!) when com-
pared with the mean, indicating that the distribution of
daily rainfall is positively skewed, with a relatively small
number of high-precipitation days having a large impact
on the mean.

Extreme rainfall on a given day was defined to have
occurred if two criteria were satisfied, where the daily
mean precipitation rate must exceed: (a) a fixed percentile
(95th or 99th) of the distribution of daily mean precipita-
tion rate at that grid point, and (b) an absolute threshold
of 20 mm-day~!. Note that, in locations where the fixed
percentile exceeds the absolute threshold of 20 mm-day !,
the second criterion is redundant. In locations where the
fixed percentile is below the absolute threshold, the first
criterion is redundant.

The spatial distribution of the 95th percentile
(Figure 2b) is similar to that of the mean (Figure 2b), with
the coastal areas of northern Myanmar, southern Myan-
mar, western Cambodia, eastern Peninsular Malaysia,
north-western Philippines, eastern Philippines, western
Sumatra, north-west Borneo and eastern Sulawesi in par-
ticular being regions of high extreme precipitation. These
regions are denoted by black boxes in Figures 1 and 2a,b,
and are analysed in greater detail in Section 4.4.

Separate analyses (not shown) of the distribution of
extreme rainfall over the western MC for boreal winter
(October-March) and summer (April-September) empha-
sise seasonal features, consistent with the migration of the

Asian-Australian monsoon system northwards in boreal
summer and southwards in boreal winter. These include
seasonal maxima over Myanmar (Htway and Matsumoto,
2011), Cambodia and the north-western Philippines dur-
ing boreal summer, and the eastern coast of Peninsular
Malaysia, and the eastern Philippines during boreal winter
(Tangang et al., 2017; Basconcillo et al., 2016).

The 95th percentile of grid point daily precipitation
(Figure 2b) falls below 20mm-day~! in the southern
regions of the domain south of 10° S, reflecting the rela-
tively low mean precipitation in this region (Figure 2a).
Such a low value cannot be considered as extreme precip-
itation, hence the addition of the second criterion of an
absolute threshold. The highest 95th percentile values in
the study region exceed 50 mm-day~! over: western Myan-
mar, western Sumatra, western Borneo and the eastern
Philippines. Therefore, precipitation extremes, as defined
in our study, range from relatively modest events to gen-
uinely high-impact events.

The choice of a higher percentile of daily precipi-
tation rate would have retained only the most extreme
daily precipitation events. To this end, the analysis was
repeated using the 99th percentile, giving qualitatively
similar results to the analysis using the 95th percentile.
However, due to the much smaller sample size of extreme
events using the higher threshold, the results were less
robust, and the main results are presented using the 95th
percentile.
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4 | IMPACT OF MJO ON EXTREME
PRECIPITATION
4.1 | Standard MJO cycle of precipitation

The MJO makes a large contribution to the intraseasonal
variability of precipitation in the MC, as shown by Figure 3,
which presents mean precipitation anomalies computed
for each of the standard eight MJO phases using the OMI
(Kiladis et al., 2014). In MJO phase 1 (Figure 3a), the

Precipitation rate anomaly over the western MC for: MJO phase (a) 1, (b) 2, (c) 3, (d) 4, (e) 5, (f) 6, (g) 7 and (h) 8, and (i)

main envelope of enhanced MJO precipitation (positive
anomalies) is over the western Indian Ocean, outside of
the domain in the figure here. The majority of the MC
experiences suppressed precipitation (negative anoma-
lies). However, a ‘vanguard’ of precipitation has advanced
ahead of the main area, over western Sumatra and western
Borneo, as noted by Peatman et al. (2014).

During phase 2 (Figure 3b), the main envelope pro-
gresses eastward and poleward, such that by phases 3
and 4 (Figure 3c,d) it covers the western MC, and all
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FIGURE 4

Reference frequency f; of observing daily extreme precipitation (above the 95th percentile of grid point precipitation, and

above an absolute threshold of 20 mm-day~!) during (a) boreal winter (October-March), (b) boreal summer (April-September). Note that the

maximum possible value of f; is exactly 0.05 (dark-blue shading) [Colour figure can be viewed at wileyonlinelibrary.com]

areas there experience enhanced precipitation. The mag-
nitude of these positive precipitation anomalies is typ-
ically 4-8 mm-day~!, representing a modulation of the
mean precipitation (Figure 2a) of over 50%. During phase
5 (Figure 3e), a vanguard of suppressed precipitation
advances along the equator to cover Sumatra, Borneo, Java
and Sulawesi, while the surrounding oceanic regions are
still experiencing wet conditions. During phases 6, 7 and 8
(Figure 3f-h), the main envelope of suppressed convection
covers the western MC, as the active part of the MJO moves
eastward and poleward over the western Pacific. Finally,
a composite precipitation anomaly from all the days in
which there is no MJO activity (Figure 3i), defined as the
magnitude of the OMI index being less than one, shows
very weak anomalies with no coherent structure.

4.2 | Methodology

To quantify the change of precipitation frequency with
MJO phase, the observed ‘reference’ frequencies f, of
extreme precipitation events over both boreal winters
(Figure 4a) and boreal summers (Figure 4b) for the whole
study period (2001-2019) was first calculated. By construc-
tion, this equals 0.05 over most of the domain, but is lower
over the northern parts of the western MC (mainly during
boreal winter) and over the southern parts of the west-
ern MC (mainly during boreal summer) because of the

additional absolute 20 mm-day~! threshold. The observed

frequency of extreme precipitation within each individ-

ual MJO phase f, was then calculated. Then, the ratio, or

relative frequency

_b
Jo

was calculated to examine the change of frequency of
extreme precipitation within each MJO phase. A value of
R, > 1 indicates that extreme precipitation is more likely
in a particular MJO phase, whereas R, < 1 indicates that
extreme precipitation is less likely.
To evaluate if the change of frequency R, is significant,
a statistical test was performed following Hall et al. (2001).
For each MJO phase, the null hypothesis is that the prob-
ability of occurrence of an extreme precipitation event is
not changed. The test statistic Z, is defined as
fo=Jo

Zp =" ()

Ry €y

where s = 1/fo(1—fo)/N is an estimator of the stan-

dard deviation of the frequency of extreme precipitation
days, and N is the number of days in that MJO phase
(Table 1). Under the null hypothesis, the test statistic Z,
is distributed according to a binomial distribution, which
approximates to the standard normal distribution here
because of the large number of events (N = 200). Hence, in
a two-tailed test at the 5% level, the frequency of observing
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TABLE 1
boreal season

Number of days N in each MJO phase and

MJO phase Winter Summer Total
1 229 207 436
2 274 323 597
3 313 276 589
4 264 157 421
5 215 243 458
6 273 307 580
7 289 240 529
8 288 180 468
None 1,317 1,544 2,861
Total 3,462 3,477 6,939

precipitation extremes in a particular MJO phase is said to
be significantly different from the mean frequency of pre-
cipitation extremes when Z < —1.96 or Z > 1.96. In prac-
tice, for fo = 0.05 and N = 200, then s = 0.0154, and for
significance at the 5% level, then f, < 0.020 or f, > 0.080,
and R, < 0.40 or R, > 1.60. Hence, there must be at least
an approximate 60% decrease or increase in the relative fre-
quency of observing extreme weather in a particular MJO
phase for the effect to be statistically significant. This sig-
nificance level will vary slightly because the number of
days N in each MJO phase varies, and in the far northern
and southern parts of the domain where f; < 0.05.

4.3 | Spatial patterns of extreme
precipitation within the MJO

Mabps of this relative frequency R, in each MJO phase show
that the MJO exerts a large and significant impact on the
probability of observing extreme precipitation in both sea-
sons (Figures 5 and 6). The spatial patterns of extreme
precipitation frequencies in both seasons (Figures 5 and 6)
approximately follow those of the mean annual precipita-
tion anomalies (Figure 3), with some noticeable changes
according to season. During MJO phase 1-2, the probabil-
ity of observing extreme precipitation in the convectively
suppressed regions along 10° N and 10° S is reduced to
below R, = 0.5 of its reference value (Figures 5a and 6a),
that is, a 50% decrease, with significant areas with R, <
0.33, a 67% decrease. On the equator, off the western coast
of Sumatra and over the Karimata Strait between Sumatra
and Borneo, there is an enhanced probability of extreme
precipitation (R, > 1.4, a 40% increase), consistent with
the vanguard of precipitation there at this time. We note
that the vanguard signal is also present during boreal
summer, showing that this a pattern of both the BSISO and
the MJO.

As the MJO/BSISO envelope of convection moves east-
ward and poleward, so too does the change in proba-
bility of observing extreme precipitation. Large regions
where R, > 2 (a 100% increase in probability of extreme
precipitation) are observed: over the equatorial eastern
Indian Ocean during phase 2-3 (Figures 5b,c and 6b,c);
to the south of Java, over the Java Sea, Banda Sea and
Molucca Sea during phase 4 (Figures 5d and 6d); and
over the South China Sea, the Philippines and the Philip-
pine Sea, and over the Timor Sea during phases 4 and 5
(Figures 5d,e and 6d,e). Similarly, large regions where R, <
0.50 (a two-fold decrease in probability of extreme precipi-
tation) are observed: the Banda Sea and Timor Sea during
phases 1, 2 and 3 (Figures 5a-c and 6a—c); the Karimata
Strait and western Borneo in phases 6 and 7 (Figures 5f,g
and 6f,g); the eastern Indian Ocean during phases 6, 7 and
8 (Figures 5f-h and 6f-h); the South China Sea during
phases 8, 1, 2 and 3 (Figures 5a-c,h and 6a-c,h).

Using the TRMM satellite precipitation data, Xavier
et al. (2014) did not identify any increase of precipitation
extremes during MJO phases 2-4 in both eastern Peninsu-
lar Malaysia and north-west Borneo for the winter season
(November—March). In contrast, our results show that the
MJO influences the probability of extreme precipitation in
these regions. Such qualitative differences may be related
to their merging of MJO phases 2-4 and/or the reduced
spatio-temporal resolution of TRMM compared with GPM
IMERG.

The modulation of precipitation extreme frequency by
the BSISO appears to be more pronounced during boreal
summer than by the MJO during boreal winter for all
regions to the north of 5° S, with a slight northward shift of
the patterns in this season. The reverse is true for regions
south of 5° S, where the BSISO has less impact in boreal
summer than the MJO does in boreal winter. This is con-
sistent with the southward ‘detour’ of the MJO in boreal
winter (Kim et al., 2017), compared with the BSISO in
summer, and the northward propagation of the BSISO.

In general, the whole of the western MC experi-
ences increased probability of extreme precipitation dur-
ing phase 4 (Figures 5d and 6d) and decreased probability
during phase 8 (Figures 5h and 6h). As expected, there
are only small, incoherent areas of weakly enhanced or
reduced probability of extreme precipitation when the
MIJO is inactive (Figures 5i and 6i).

4.4 | Effect of topography and season
on extreme precipitation within the MJO

In this section, we investigate the effect of land-sea con-
trasts and topography on extreme precipitation in the MJO,
and also the importance of the seasonal cycle. Here, R,
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ratios were averaged over the nine specific regions of par-
ticularly high extreme precipitation identified in Section 3:
northern Myanmar, southern Myanmar, western Cambo-
dia, eastern Peninsular Malaysia, north-western Philip-
pines, eastern Philippines, western Sumatra, north-west
Borneo and eastern Sulawesi (black boxes in Figures 1 and
2a,b).

In addition to calculating R, values for the standard
95th percentile chosen for extreme precipitation, R, val-
ues were also calculated for: (a) exceedance of both the
99th percentile and the absolute 20 mm-day~! threshold,
as a measure of even more extreme precipitation, and
(b) exceedance of the median (50th percentile), with no

absolute threshold, as a measure of the change in average
precipitation by the MJO for comparison with changes in
extreme precipitation.

Grid points within each of these boxes were classified
into three categories using the mean topographic altitude
averaged over the relevant IMERG grid box: (a) lowland,
altitude between 0 and 500 m, (b) mountain, altitude above
500m and (c) sea, with altitude not exceeding 0 m. Dif-
ferences between the MJO signal in average precipitation
have already been identified between land and sea (Peat-
man et al., 2014) and between lowland and mountainous
regions (Matthews et al., 2013). Hence, the distinction was
made here to investigate whether this also applies to MJO


http://wileyonlinelibrary.com

Quarterly Journal of the DA SILVA AND MATTHEWS

Royal Meteorological Society

20°N

10°N

N ¥
- e e 25~ -4 :
10°s&:”- v R fh 10°s|% ; e
< - &
(a) MJO Phase 1 ’ (b) MJO Phase 2] " (c) MJO Phase 3] . o
90°E 100°E 110°E 120°E 130°E 90°E 100°E 110°E 120°E 90°E 100°E 110°E 120°E 130°E
20°N 20°N

10°N [ 10°N

0°
10°S v_,” TS Ra 10°S - - y . ),(
(d) Mjo Phase 4} i - (€) MJO Phase 5] . -, i ’ (f) MJO Phase 6 -7 B
ALY H , Pi = S H 1 i
90°E 100°E 110°E 120°E 130°E 90°E 100°E 110°E 120°E 130°E 100°E 110°E 120°E 130°E

20°N

=5 20°N -
| 10N |t 1\ ‘ 1

10°N ¥
N
Al B
LY
0° : 0° RN
: “\. WL, : \ X
i N, SEPSER Ie N o
<, . 3
. . S Rl s
10°5 % : ] 10°S o — 10°S
h(g) MJO Phase 7 T B (h) MJO Phase 8) ) (M No mjo
— 2o &g 4 — )
90°E 100°E 110°E 120°E 130°E  90°E 100°E 110°E 120°E 130°E  90°E 100°E 110°E 120°E 130°E
0.33 0.50 0.60 1.00 1.40 2.00 3.00
Ratio
FIGURE 6  AsFigure 5 but for boreal summer (April-September) [Colour figure can be viewed at wileyonlinelibrary.com]

changes in extreme precipitation. Additionally, the major-
ity of the population in the MC live in lowland areas
(Gaughan et al., 2013), so any differences between lowland
regions and mountain or sea will be important for societal
impacts.

44.1 | Lowland regions

To take into account the potential influence of season on
the MJO impact on precipitation extremes, analyses were
done separately for October-March (boreal winter) and

for April-September (boreal summer). For each region
and season, the median of the R, ratios is plotted against
MIJO phase for lowland grid points in Figure 7). Clear
MIJO cycles in extreme precipitation can be seen in each
of the nine regions; note that statistically significant val-
ues are denoted by the large markers. In general, the ratios
for extreme precipitation (95th percentile, dashed lines in
Figure 7; 99th percentile, dash—dot lines in Figure 7) devi-
ate more from the reference ratio R, =1 than the ratios
for the median precipitation (50th percentile, solid lines in
Figure 7). This implies that the MJO has a larger impact
on the occurrence of extreme precipitation than it does
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on average precipitation. Even though all nine regions
are in the western MC, where the large-scale envelope
of the MJO is in its enhanced convective phase during
phases 3, 4 and 5 (Wheeler and Hendon, 2004), there is
considerable variation in the peak phase for extreme pre-
cipitation between the region, from as early as phase 2 for
western Sumatra (Figure 7g) to as late as phase 1 for the
north-western Philippines (Figure 7e).

Northern Myanmar (at 16-20° N) shows a strong
BSISO cycle in extreme precipitation during boreal sum-
mer (red lines in Figure 7a), with significantly reduced
occurrence of extreme precipitation in phase 2-3 and
increased occurrence in phase 6-7, the latter being signif-
icant for the 99th percentile of precipitation extremes.

During boreal winter (blue lines in Figure 7a), there
are no significant changes in extreme precipitation during
the MJO cycle, but the cycle of median precipitation has
shifted from summer, with a minimum in phase 5 rather
than 3. However, note that the reference frequency f; is

below 0.02 here in winter, hence there are very few extreme
events.

In southern Myanmar, the peak of extreme precipita-
tion frequency occurs at an earlier stage (phases 5-6) of
the BSISO cycle during boreal summer and with a reduced
amplitude (red lines in Figure 7b). The signal is similar
in western Cambodia, which also exhibits a more pro-
nounced increase of precipitation extreme frequency in
MIJO phase 7 during boreal winter (significant for the 99th
percentile; Figure 7c).

Conversely to the previous northern regions, eastern
Peninsular Malaysia displays a peak of average precip-
itation earlier in the MJO cycle during boreal winter
(MJO phase 3) than during boreal summer (phase 4). The
changes of extreme precipitation frequency are significant
only during boreal winter, with a reduction in MJO phase 1
and an increase in MJO phase 3.

The MIJO cycle of extreme precipitation in the
north-western Philippines is large during boreal summer
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(red lines in Figure 7e), with suppressed extreme pre-
cipitation in MJO phases 2-5 (significant in phases 2-3)
and a sharp increase during MJO phase 1, for which very
extreme precipitation (99th percentile) is nearly four times
more frequent. This feature is not present during boreal
winter (blue lines in Figure 7e), where average precipi-
tation and precipitation extremes are mostly reduced by
the MJO. The MJO has no significant impact on extreme
rainfall in the eastern Philippines in boreal winter but
does significantly increase their frequency in MJO phase 6
during boreal summer (Figure 7f).

The MJO cycle for extreme precipitation over western
Sumatra follows the cycle for average (median) precipita-
tion (Figure 7g), with a statistically significant increase in
the probability of extreme precipitation in phases 2 and 3
and a decrease in phase 6, both during boreal summer. The
cycle displays a similar behaviour during boreal winter, but
the peaks are no longer significant. Over north-west Bor-
neo, the MJO cycle of precipitation is similar to that of
western Sumatra, with a significant increase in the prob-
ability of extreme precipitation in phases 2 and 3 and a
reduction in phases 5 and 6 of boreal summer (Figure 7h).

For eastern Sulawesi, there are significant increases
in extreme precipitation during MJO phase 4 in boreal

summer (red lines in Figure 7i), commensurate with the
standard large-scale envelope of MJO convection over the
MC. However, no significant changes in precipitation are
observed here in boreal winter.

In general, changes in extreme precipitation at the 99th
percentile tracked those at the 95th percentile, but were
noisier and less robust, and less likely to be statistically
significant. This indicates that the limits of the finite obser-
vational dataset are being reached when analysing these
very extreme events.

44.2 | Mountain regions
The analysis was repeated but just using the mountain grid
points (elevation above 500 m) for each of the nine regions
(Figure 8). Perhaps surprisingly, there was little qualitative
difference between the MJO cycles in extreme precipita-
tion in the mountain and lowland grid points. However,
the robustness of the precipitation extreme changes due to
the MJO may differ between lowland and mountain grid
points.

The signal-to-noise ratio is enhanced for phase 6 in
boreal summer in western Cambodia (Figure 8c), for phase
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4 in boreal summer in north-west Borneo (Figure 8h)
and for phase 5 in boreal winter in eastern Philippines
(Figure 8f). Conversely, the increased frequency of extreme
precipitation events in southern Myanmar is no more sig-
nificant for mountain grid points in MJO phase 5-6 during
boreal summer. Finally, the boreal summer peak of pre-
cipitation extremes in eastern Philippines in MJO phase 5
disappeared for mountain grid points.

44.3 | Ocean regions

The analysis was repeated again, but just using the
ocean/sea grid points for each of the nine regions. Qual-
itative differences in the behaviour of the MJO cycle in
extreme precipitation were observed between the ocean
and the land. Sea grid points in the region of south-
ern Myanmar and in the region of western Cambodia
(Figure 9b,c) display a significant peak frequency of very
extreme precipitation (above the 99th percentile) during
MIJO phase 6 and 5 (respectively) in boreal summer. In
the same regions, the boreal winter peak of precipitation

extreme frequency tends to occur one phase earlier (in
phase 6) than for the lowland grid points.

The frequency of extreme precipitation in the sea grid
points of eastern Peninsular Malaysia does not signifi-
cantly change for each phase of the MJO during boreal
summer, an observation also valid for the lowland grid
points. In boreal winter, however, the significant peak fre-
quency of extreme precipitation during phase 3 of the MJO
in lowland and mountain grid points is present in MJO
phase 4 for the sea grid points. This is reminiscent of the
vanguard of precipitation which mostly affects the western
coast of Sumatra, and the north-western coast of Borneo
ahead of the main MJO core envelope (Peatman et al.,
2014; Birch et al., 2016). For the case of eastern Peninsu-
lar Malaysia, the presence of the MJO core in the west of
this region may enhance north-easterly flow (Xavier et al.,
2014) and create extreme precipitation through mechani-
cally forced convection (Wang and Sobel, 2017).

The situation is the reverse in eastern Sulawesi, where
the peak of precipitation extreme frequency is one phase
earlier (BSISO phase 3) for the sea grid points than for the
lowland grid points (BSISO phase 4) in boreal summer.
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4.5 | Impact of the MJO on extreme
precipitation over the major cities of the
western MC

The analysis in Section 4.4 was conducted over the main
areas of extreme precipitation in the western MC, as identi-
fied in Figure 2b. However, these regions are generally not
the most populated areas (Gaughan et al., 2013). Hence,
a similar analysis is now carried out for the main popula-
tion centres in the western MC to assess the main societally
relevant impact of the MJO on extreme precipitation. The
cities chosen are: Manila (population 24 million), Jakarta
(29 million), Bangkok (17 million), Ho Chi Minh City (8
million), Kuala Lumpur (7 million), Singapore (7 million)
and Yangon (7 million). The corresponding regions that
were selected are indicated by magenta boxes in Figures 1,
2a,b. No distinction was made between lowland, mountain
and sea grid points. We note that these city areas (magenta
boxes) are much smaller than the physical centres of high
precipitation analysed in Section 4.4 (black boxes), hence
the results are not as robust and prone to fluctuations.

Nevertheless, the analysis provides a useful indication on
what can be typically expected from the MJO on a city
scale.

Yangon (Figure 10a) shows a similar pattern to north-
ern Myanmar, with twice the probability of very extreme
precipitation during MJO phase 6 during boreal sum-
mer, but also a significant, three-fold increase of very
extreme precipitation during boreal winter in MJO phase
7. Bangkok (Figure 10b) shows no significantly increased
probability of extreme precipitation during the MJO.
Extreme precipitation changes in Ho Chi Minh City
(Figure 10c) are similar to those in nearby western Cam-
bodia, with a 50-80% increase in MJO phases 6-7 during
boreal winter, and a slightly lower increase in summer
in MJO phase 5. The results for Manila (Figure 10d)
reflect the north-western Philippines region it is embed-
ded in, and show up to a three-fold increase in the
probability of very extreme precipitation during MJO
phase 1 during boreal summer, and a 50% increase of
extreme precipitation in MJO phase 6 during boreal win-
ter. Kuala Lumpur (Figure 10e) has a maximum frequency
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of extreme precipitation during phases 2-3 in both sum-
mer and winter. Although it is very close geographically,
Singapore (Figure 10f) experiences a significant increase of
precipitation extremes one phase later, in MJO phases 3—4
during both seasons. Finally, although Jakarta (Figure 10g)
has a significant MJO cycle in median precipitation, it
does not experience any significant changes in extreme
precipitation during the MJO.

5 | DIURNAL CYCLE ON
EXTREME PRECIPITATION DAYS
AND MODULATION BY THE MJO

5.1 | Mean diurnal cycle and diurnal
cycle on extreme precipitation days

The diurnal cycle of precipitation is particularly strong
over the MC (Yang and Slingo, 2001; Love et al., 2011).
However, it is not clear if the diurnal cycle is a key
ingredient of extreme precipitation days: is the diurnal
cycle swamped by large-scale weather systems, or is it

enhanced? Hence, two versions of the diurnal cycle were
calculated. First, the mean diurnal cycle was calculated for
each of the high-rainfall regions, separately for lowland,
mountain and ocean grid points (solid lines in Figure 11 for
boreal winter and Figure 12 for summer). Second, the diur-
nal cycle was recalculated for each region, but only using
the extreme precipitation days (dashed lines in Figures 11
and 12).

In most locations, the diurnal cycle on extreme pre-
cipitation days (dashed lines) is an amplified version of
the mean diurnal cycle (solid lines). For example, over
north-west Borneo in boreal winter (Figure 11h), the mean
diurnal cycle shows its expected behaviour with a peak
in the late afternoon (1800 LST) over the lowland region
(green solid line). Over the mountain region (brown solid
line), the peak is later at approximately 2100 LST, consis-
tent with the migration of the peak rainfall inland from
the coastal lowlands to the mountains in the interior (Love
et al., 2011). In contrast, the peak over the ocean region
(blue solid line) is in the early morning at 0600 LST.

This preservation of the diurnal cycle during these
extreme precipitation days shows the fundamental role
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TABLE 2 MIJO active phase for extreme precipitation, for

each of the nine selected high-precipitation areas for boreal
winter (October-March) and summer (April-September)

seasons

Location

Northern Myanmar
Southern Myanmar
Western Cambodia

Eastern Peninsular Malaysia
North-western Philippines
Eastern Philippines

Western Sumatra
North-west Borneo

Eastern Sulawesi

Note: The percentile from Figure 7 used to select the active phase is
shown in brackets. A dash indicates that no active phase is defined (no

phase significant at the 95th percentile).

that the diurnal cycle plays over the MC. It is certainly not
the case that the diurnal cycle is just a ‘default’ pattern
that is obliterated by larger-scale forcing during extreme
weather. Instead, the extreme weather forcing interacts
with and amplifies the underlying diurnal signal. Recent

Winter

7 (95th)
7 (99th)
3 (95th)

studies have shown that large-scale dynamics may impact
not only the amplitude but also the timing of the diurnal
cycle of precipitation in these tropical islands (Wang and

Sobel, 2017; Zhu et al., 2020). While this latter characteris-

Summer
6 (99th)
5 (95th)
5(95th)

MC.

tic may occur in some individual extreme weather events,
our study suggests that most of the extreme weather forc-
ing does not offset the diurnal cycle of precipitation in the

This amplification of the diurnal cycle on extreme pre-

= cipitation days is mirrored to a greater or lesser extent

1(99th)
6 (95th)

across all the regions. The diurnal cycle is particularly
strong over the large equatorial island regions of west-

ern Sumatra, north-west Borneo and eastern Sulawesi

2 (95th)
3 (95th)
4 (95th)

(Figures 11 and 12g-i), with relatively little seasonal
dependence, as there are no clear wet and dry seasons
here. The diurnal cycle is rather pronounced in boreal win-

ter over the boreal regions of northern Myanmar, south-

ern Myanmar and western Cambodia, during their dry

season (Figure 1la-c), and weaker in their wet season
during boreal summer (Figure 12a-c). Eastern Peninsular

Malaysia exhibits similar behaviour, with a weak diurnal
cycle in boreal winter (Figure 11d) and a strong diurnal
cycle in boreal summer (Figure 12d), even though there
is little seasonal difference in total rainfall. The suppres-
sion of the diurnal cycle during boreal winter is consistent
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with the findings of Jamaluddin et al. (2018), who found
that an increase in cloud cover during daytime in the
north-easterly monsoon flow stabilised the atmosphere,
decreasing the amount of convection during the daytime
and hence reducing the amplitude of the diurnal cycle.

The two Philippines regions experience a greater pro-
portion of large-scale organised weather systems such as
tropical cyclones and typhoons (Prat and Nelson, 2013),
and have much weaker diurnal cycles (Figures 11 and
12e,f) (Bowman and Fowler, 2015), especially in boreal
winter.

5.2 | Diurnal cycle on extreme
precipitation days within the MJO active
phase

The MJO is known to have a significant impact on the
amplitude of the mean diurnal cycle of rainfall (Oh et al.,
2012; Peatman et al., 2014). Hence, in addition to affecting
the frequency of daily extreme precipitation (Section 4),
the MJO may also have an effect on the amplitude of the
diurnal cycle of these extreme precipitation events. Addi-
tionally, there may be an impact on the timing of the diur-
nal cycle. Previous studies have typically used the TRMM
rainfall dataset, which has only 3-hourly time resolution.
It is unlikely that a change in timing of the diurnal cycle
would be as large as 3 hrs, hence previous analyses would
have been unable to detect any such change. Here, we
take advantage of the 30-min time resolution of the GPM
IMERG dataset to investigate whether the MJO exerts a
change in the timing of the diurnal cycle during extreme
precipitation events.

To address this issue, we first define the most ‘active’
MJO phase for extreme precipitation (Table 2) for each of
the nine selected high-precipitation areas (black boxes in
Figure 1). The active MJO phase for extreme precipitation
for a region is defined as the phase in which the extreme
precipitation ratio R, for lowland grid points (calculated
using the 99th percentile, that is, from the dash-dotted
lines in Figure 7) is a maximum. However, if this is not
statistically significant (no large marker at the relevant
point in Figure 7), the ratio using the 95th percentile is
used instead (i.e. from the dashed lines in Figure 7). If this
is not significant, then no active MJO phase for extreme
precipitation is defined.

We then calculate a third version of the diurnal cycle,
using only the extreme precipitation days within the active
MIJO phase for that region (dot-dashed lines in Figures 11
and 12). In general, there is very little difference between
the diurnal cycle on extreme precipitation days during the
active MJO (dot-dashed lines in Figures 11 and 12), com-
pared with the diurnal cycle from all extreme precipitation

Royal Meteorological Society

days, regardless of MJO phase (dashed lines in Figures 11
and 12). This similarity applies to both the amplitude and
timing of the diurnal cycle.

For example, for lowland north-west Borneo in boreal
summer, the frequency of extreme precipitation days dur-
ing the active MJO (phase 3) is R, = 1.5 times higher than
the background frequency. This is significant at the 95th
percentile (red dashed line in Figure 7h; Table 2). However,
the diurnal cycle on extreme precipitation days in MJO
phase 3 (green dot-dashed line in Figure 12h) is almost
identical to the diurnal cycle over all extreme precipitation
days (green dashed line in Figure 12h). The interpretation
is that, while an active MJO makes extreme precipitation
days more likely to occur, it does not increase either the
total amount of rain that falls on those extreme precipi-
tation days or the diurnal variability. A similar pattern is
observed for the ocean grid points in north-west Borneo
(blue dot-dashed and dashed lines in Figure 12h). There is,
however, a slight increase in the amplitude of the diurnal
cycle over the mountain grid points in north-west Borneo
(brown dot-dashed and dashed lines in Figure 12h), but
not in the daily total.

The similarity between the diurnal cycle on extreme
precipitation days in the MJO active phase and the diur-
nal cycle on all extreme precipitation days persists across
the islands of the equatorial MC in boreal summer: west-
ern Sumatra, north-west Borneo and eastern Sulawesi
(Figure 12g-i). The remaining locations (Figures 11 and
12a-f) where an active MJO phase was defined also
generally conform to this similarity. One may, however,
notice that precipitation extremes are more intense in the
north-western Philippines during the MJO active phase
of boreal summer (phase 1) and increased precipitation
extreme intensities during the first hours of the day in the
boreal summer MJO active phase of both northern and
southern Myanmar (Figure 12a,b).

6 | CONCLUSIONS

We have presented an analysis of the effect of the MJO on
extreme precipitation over the western MC. The availabil-
ity of the GPM IMERG dataset allowed this to be carried
out at far higher spatial and temporal resolution than pre-
viously. Extreme rainfall was defined locally, at the grid
point scale, when the daily total precipitation exceeded a
percentile (either the 95th or 99th) of the daily precipi-
tation distribution, and also an absolute threshold (set to
20 mm-day!). Statistical significance was assessed with
the use of a normality test. Our analysis confirmed the
great influence that the MJO has on precipitation extremes
in the MC. The MJO impact on precipitation was found
to be stronger for extreme precipitation than for average
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precipitation in each of the nine selected areas of high
precipitation in the MC. The frequency of observing an
extreme rainfall day increased significantly, by over a fac-
tor of 2 over large areas during the MJO active convection
phase. Similarly, it decreased by more than a factor of 0.5
over large areas during the MJO suppressed phase.

However, the pattern of extreme precipitation within
each MJO phase shows spatial complexity. It is not the case
that a blanket statement can be made such as extreme pre-
cipitation being more likely across the western MC during
phases 2-4. Instead, the pattern of extreme precipitation is
strongly tied to the complex distribution of land, sea and
topography, much as the pattern of mean rainfall is within
the MJO (Peatman et al., 2014; Birch et al., 2016). This
feature may explain why we found significant changes
of extreme precipitation frequencies within the MJO in
north-west Borneo and eastern Peninsular Malaysia dur-
ing boreal winter, in contrast to the findings of Xavier
etal. (2014), whose TRMM extreme precipitation frequen-
cies were averaged for MJO phase 2-4. In boreal winter,
the sensitivity of precipitation extremes to the phase of
the MJO is higher in the Southern Hemisphere, consistent
with the MJO ‘detour’ observed in this season (Kim et al.,
2017). Conversely, the BSISO has more impact on extreme
precipitation frequency in the Northern Hemisphere dur-
ing summer and is associated with a slight northward shift
of the patterns.

For this analysis, a distinction was made between
lowland (below 500 m elevation), mountain (above 500
m) and ocean/sea regions, as physical controls on pre-
cipitation may be different between these regions, and
the main population centres are in lowland regions, so
a more discriminatory analysis will allow results to be
applied in a more socially useful manner. Over the low-
land regions, in MJO phase 2-3, a vanguard of extreme
precipitation propagates into the equatorial first (western
Sumatra, eastern Peninsular Malaysia and north-west Bor-
neo), reaching eastern Sulawesi in phase 4, then expanding
northward into western Cambodia and southern Myan-
mar in phases 5-6, and northern Myanmar in phase 6. The
frequency of extreme rainfall peaks in the eastern Philip-
pines in phases 5-6 but in the north-western Philippines
in phase 1. The MJO/BSISO signal in extreme precipita-
tion frequencies was shown to be dependent on season,
particularly for the northern regions of the MC, which
exhibit clear wet and dry seasons, but also in eastern
Sulawesi, for which both boreal winter and summer are
wet seasons. These differences can be attributed to the
seasonal migration of the Asian-Australian monsoon and
also the fundamental difference between the MJO and
the BSISO. We note that the vanguard of extreme pre-
cipitation which propagates into the equatorial regions
of the MC is not a specific feature of the MJO (boreal

winter) but is also present in the BSISO cycle in boreal
summer.

Perhaps surprisingly, the temporal MJO cycle of
extreme precipitation frequency at the mountain grid
points of each region followed that of the lowland grid
points fairly closely. Some caution is needed when using
satellite rainfall products over mountainous regions of the
MC. For example, station data from Papua New Guinea
gave mean rainfall amounts and MJO rainfall anomalies
with twice the values of those calculated from the satellite
TRMM rainfall product over the mountains, but with very
similar values over the lowland (Matthews et al., 2013).
Hence, the amplitude of the extreme rainfall over the
mountain grid points may be underestimated. However,
this would not affect the relative frequencies presented
here. The MJO cycle of extreme precipitation frequency
at the ocean grid points of each region also generally fol-
lowed a similar pattern to their lowland and mountain
equivalents.

The choice of boxes made in our study did not allow us
to retrieve the vanguard of precipitation for western Suma-
tra and north-west Borneo in our analysis of the temporal
MIJO cycle of extreme precipitation frequencies. In eastern
Peninsular Malaysia, however, a vanguard of extreme pre-
cipitation was identified over the land areas, ahead of the
peak frequency of median precipitation in the MJO cycle.
The latter vanguard of extreme precipitation is probably
linked to the same physical processes as proposed by Peat-
man et al. (2014); Birch et al. (2016) for western Sumatra
and north-western Borneo. Our study suggests that these
process may occur only during the boreal winter and are
associated with extreme precipitation events rather than
average precipitation.

The analysis was performed using the OMI for its abil-
ity to capture the poleward propagation of the MJO/BSISO
during boreal summer. The MJO RMM index (Wheeler
and Hendon, 2004) is also a widely used MJO index,
although less able to capture poleward propagation (Wang
et al., 2018). We therefore repeated the analysis replacing
the OMI by the RMM index. While the main conclusions
of the present study still hold when using the RMM index,
results in specific areas such as those analysed in our study
may differ according to the MJO index used. We there-
fore recommend to use the OMI for the application of our
results in such localised areas.

These common results between lowland, mountain
and ocean grid points within a region may be explained by
the ubiquitousness of the diurnal cycle as the leading phys-
ical process governing rainfall over the MC. Rather than
being washed out by any large-scale forcing, the diurnal
cycle on extreme precipitation days was shown to actually
increase in amplitude compared with average precipita-
tion days. Given that the diurnal cycle within a region links
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the lowland, mountain and ocean through development
of convection in coastal lowland areas through sea breeze
circulation through the day, with propagation inland to
the mountains, and offshore over the ocean in the evening
(Love et al., 2011; Birch et al., 2016), then the development
of extreme precipitation over one surface type will then
propagate across the others, leading to them all tending to
show a peak in the same MJO phase. Consequently, it was
found that the diurnal cycle of extreme precipitation dur-
ing the MJO active phase does not differ much from the
mean diurnal cycle of extreme precipitation.

Finally, an analysis of extreme rainfall through the
MIJO cycle was presented for the major cities or population
centres in the western MC. The observed signal was strong
enough to be significant (for both median and extreme
rainfall) at the city scale. Hence, this observational result
can provide useful guidance for forecasts based on the
current and predicted state of the large-scale MJO. Addi-
tionally, with the advent of routine numerical weather pre-
diction at convective resolving scales over large domains
(Jucker et al., 2020), these observational results may be
used as a test-bed to assess future forecast skill.
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