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Abstract
This study aims to understand the process that determines the regional rain-
fall distribution in the equatorial South China Sea (SCS) and its surrounding
during the cold surge (CS) days by looking at the different vorticity phases of
active equatorial Rossby (R1) waves and the dynamics of the CSs related to the
R1 wave. The CS can be thought of as an anticyclonic outflow from midlatitude
and behaves like a dispersive group of R1 meridional modes. From the study, it
shows the vorticity of the R1 wave arranges itself in such a way that the anticy-
clonic phase is located to the west and the cyclonic phase is located to the east of
the cold CS axis. The CS winds in the equatorial SCS occur early, remain longer,
and possess a larger zonal component in the active cyclonic phase compared
with the active anticyclonic phase. During the active cyclonic vorticity phase, the
rainfall anomalies pattern in the equatorial SCS changes from a “tick-mark-like”
pattern to a “V-shape” pattern as a consequence of the westward propagation
of the wave. The probability of rainfall increases near the centre of cyclonic
vorticity, but for anticyclonic vorticity the probability increases in the southern
part of the vorticity centre. There is both increased (decreased) intensity and
probability of extreme rainfall events during the active cyclonic (anticyclonic)
vorticity phase on CS days. Overall, the rainfall anomalies are largely dominated
by changes in the intensity on wet days rather than the number of wet days.
These changes indicate the roles of the R1 wave vorticity phase in the rainfall
distribution during CS days. The timing of enhancement and suppression of rain
will provide additional valuable information to help improve forecast extreme
weather events.
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2 DIONG et al.

1 INTRODUCTION

The outbreak of very cold air from midlatitudes to the
Equator is one of the dramatic weather events in the Mar-
itime Continent (MC) during the Asian winter monsoon.
The equatorward surge of cold air is predominantly a
lower tropospheric phenomenon, and the acceleration of
northeasterly winds is generally confined below 700 hPa
and is associated with the southward intrusions of the
Siberian–Mongolian high. It often causes sustained con-
vection over the MC (Ramage, 1971; Wu and Chan, 1995;
Chang et al., 2006). As this cold air surges equatorward to
the vicinity of the South China Sea (SCS), it is commonly
known as the “cold surge” (CS) by most of the operational
forecasters in the surrounding region. This cold, dry air
from midlatitudes moistens over the SCS (Johnson and
Houze, 1987); coupled with low-level convergence, this
results in the flaring of convection in the SCS region. The
CS may also interact with the existing disturbances in the
equatorial region, such as vortices propagating westward
from the western Pacific (Cheang, 1977; Chang et al., 1979;
Chen et al., 2013) and the eastward-propagating
Madden–Julian oscillation (MJO) (Chang et al., 2005; Lim
et al., 2017; Xavier et al., 2020). The CS typically lasts from
2 days to up to a week, often leading to extreme rainfall
events and floods (Johnson and Chang, 2007; Tangang
et al., 2008; Pullen et al., 2015; Hai et al., 2017). In the
SCS region, the rainfall is concentrated mainly over the
windward side of the islands and peninsula, indicating
the roles played by the local terrain.

The equatorial waves play an important role in mod-
ulating tropical weather. Studies show a considerable
variance of tropical convection is found to be controlled
by convectively coupled equatorial waves (Roundy and
Frank, 2004; Kiladis et al., 2009). In the MC, for instance,
the convectively coupled Kelvin waves in the lower level of
the troposphere have an important impact on rainfall vari-
ability in the MC (Chen et al., 2019). Ferrett et al. (2020)
show various extreme rainfall events in southeast Asia are
linked to various modes of the equatorial wave. In their
study, one of the factors leading to the increase in the
probability of extreme rainfall events is the high-amplitude
n= 1 Rossby (R1) wave activity that intensifies the rain-
fall. Similarly, Tsai et al. (2020) find that, during the win-
ter monsoon period, the equatorial Rossby (ER) waves
show strong positive modulation on peak rainfall inten-
sity in the SCS–MC region. In another study, the con-
vectively coupled ER waves double the chance of floods
and increase the probability of extreme rainfall by 15–45%
(Latos et al., 2021; Lubis and Respati, 2021). The convec-
tion of the ER waves is often associated with their low-level
convergence (Liebmann and Hendon, 1990; Wheeler and
Kiladis, 1999; Wheeler et al., 2000; Yang et al., 2007).

Both ER waves and CSs are known to influence the
rainfall in the MC region. The rainfall linked to CSs in the
southeast Asia region is due to wind–terrain interaction,
whereas rainfall associated with ER waves is due to conver-
gence or the vorticity of the wave. Lim and Chang (1981)
show that the CS can be interpreted as linear wave
responses to midlatitude pressure forcings by using a sim-
ple shallow-water equation. In their study, they showed
that Rossby, mixed Rossby–gravity and inertia–gravity,
and Kelvin modes appear in the Tropics as part of the
response to the midlatitude forcing. The features of the
typical CS flow pattern can be observed in the Rossby
mode of response. The northeasterly CS in the equato-
rial region arises when the midlatitude-forcing-induced
Rossby waves move at different group speeds for differ-
ent meridional modes and cause the northeast–southwest
tilt. The initial gravity-wave type of motion develops into
a Rossby type of motion under the geostrophic adjust-
ment on the beta plane. The fast-moving westward lower
Hermite mode near the Equator and slow-moving higher
Hermite mode in the midlatitudes contribute to the
northeast–southwest tilt and strong northeasterly wind.
Hence, the gravity-wave type of motions in the initial stage
of the cold air outburst, which is mainly northerly, turn
northeasterly. Although the theory successfully shows
that the monsoon surge is the result of the Rossby wave
response, to the best of the our knowledge, there have
been almost no detailed observational studies carried out
to confirm the predictions of the dynamical theory. In this
study, we intend to verify the theory put forth by Lim and
Chang (1981) with the observational ER waves produced
using the European Centre for Medium-Range Weather
Forecasts Reanalysis (ERA)-Interim (INT) dataset and
explore the impact on the rainfall distribution in the MC
region during CS days in different vorticity phases of active
ER waves.

This paper is organized as follows. Section 2 describes
the data and methods, including the definitions of the
CS and the wave activity analysis. Section 3 describes the
climatology of the CS and R1 wave in November–March
(NDJFM). Section 4 explores the CS days that coincide
with the cyclonic and anticyclonic vorticity phase of active
R1 waves, the extreme rainfall distribution in MC dur-
ing CS days on active R1 wave days, and some dynam-
ics related to each different vorticity phase. Concluding
remarks are provided in Section 5.

2 DATA AND METHODS

This study covers 20 seasons of NDJFM for the period
spanning 1998–2018. The months November and March
are included in this study on the basis that CS events can
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DIONG et al. 3

T A B L E 1 Cold surge (CS) frequency

Cold surge November December January February March November–March

Total days of CS 29 (1.0%) 172 (5.7%) 237 (7.8%) 145 (4.8%) 56 (1.9%) 639 (21.1%)

Average CS days per season 1.4 8.6 11.9 7.3 2.8 32

Note: Percentages are calculated with respect to the total number of days in the 20 November–March seasons.

be observed as early as November and as late as March.
Daily mean-sea-level pressure (MSLP) and low-level wind
at 850 hPa are obtained from ERA-INT at 1× 1 and
0.75× 0.75 resolutions respectively (Dee et al., 2011). Daily
mean precipitation data are obtained from the TRMM
3B42 v7 dataset with a resolution of 0.25× 0.25◦ (Huffman
et al., 2007).

The CS events used in this study are identified using
the definition from Lim et al. (2017). The CS day is defined
when northeasterly wind averaged over the SCS (5◦–10◦N,
107◦–115◦E) at 850 hPa exceeds a threshold equalling
0.75 times the standard deviation above the long-term
mean (northeasterly windspeed exceeding 9.07 m⋅s−1) and
averaged MSLP over (105–122◦E, 18–22◦N) exceeding
1,020 hPa for at least two consecutive days or if there is
a break in northeasterly wind speed (when the northeast-
erly winds speed fall back to less than 9.07 m⋅s−1) of not
more than two consecutive days. The temporal criteria are
given as such because CSs are often observed continuously
over some time with few brief pauses. The use of MSLP
is to ensure that the CSs are associated with the strong
northeasterly winds from midlatitudes and thus eliminate
the possibility of strong winds from tropical disturbances
being flagged as CS events. Statistics of the identified CSs
are shown in Table 1.

The equatorial wave used in this study is produced
by the University of Reading under the funding of the
Weather and Climate Science for Services Partnership for
Southeast Asia project, as described in Ferrett et al. (2020).
The zonal wind, meridional wind, and geopotential height
from ERA-INT are used to produce the equatorial dataset
using the method prescribed by Yang et al. (2003). In this
method, the equatorial waves are identified by projecting
the dynamical fields in the Tropics at each pressure level
onto a set of horizontal structure basic functions described
by parabolic cylinder functions in the meridional direc-
tion and sinusoidal variation in the zonal direction. The
projection onto the waves is done independently at each
pressure level and the theoretical dispersion relationship
is not assumed. By doing so, this approach can account for
the Doppler shifting caused by the background winds. This
is particularly important, as both the mixed Rossby–gravity
and Rossby waves are sensitive to the change in the back-
ground flow. The wave data are derived by the dynamical
field only and have no prior information of precipitation.

The dataset consists of 10 pressure levels with a spatial
resolution of 1× 1 and a 6 hr temporal resolution covering
the 24◦S–24◦N latitudinal belt. The waves produced have
zonal wave numbers k ranging from 2 to 40, and a period of
2–30 days covers from 1997 to 2018. Owing to the availabil-
ity of satellite-derived precipitation data, the ER wave used
in this study covers the period from 1998 to 2018, which
accounts for 20 NDJFM seasons. The gravest meridional
mode of ER waves will be used and hereafter will be known
as the R1 wave.

The vorticity for the R1 wave is chosen to describe
the wave amplitude since the wave is dominated by its
rotational flow. Furthermore, cyclonic and anticyclonic
circulation is also discussed in the theoretical work of Lim
and Chang (1981). Therefore, the vorticity of the R1 wave
at 850 hPa is taken for NDJFM of 1998–2018 in this study.
Because the meridional structure of the waves is defined
by the parabolic cylinder functions, we can use any lati-
tude (except the node at the Equator) to define the local
amplitude of the wave field. We choose to use a latitude
of 8◦N, as this is close to the maximum of the merid-
ional velocity for the R1 wave. Days with the R1 vorticity
at a given longitude that exceed 1.0 standard deviation
from all R1 wave vorticity at that longitude from 1998
through 2018 are flagged as active wave days. Active wave
days with positive and negative vorticity in the selected
longitude will be known respectively as active cyclonic
and anticyclonic vorticity phases. Wave activity at lon-
gitude ranges 100◦–105◦E, 105◦–110◦E, and 110◦–115◦E
is considered for analysis. The statistics of the R1 wave
vorticity phases in the three different separate longitudi-
nal bands are provided in Table 2, which also provides
statistics on the co-occurrence of active R1 wave days
and CS days.

3 CLIMATOLOGY OF THE CS,
AND ACTIVE R1 WAVE

Table 1 shows that about 21% of the total 3,020 days in
20 boreal winter seasons are identified as CS days. The
composite of CS events shows that high rainfall intensity
centres are generally observed on the windward side of the
terrain, namely over the southeastern Philippines, north of
Borneo, and southeastern Peninsular Malaysia (Figure 1).
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4 DIONG et al.

T A B L E 2 Frequency of n= 1 Rossby (R1) wave and active R1 wave in 20 November–March (NDJFM) seasons

Number of days Number of active wave days

Longitudinal band Cyclonic Anticyclonic Cyclonic Anticyclonic

100◦–105◦E 1,511 1,509 454 (15%) 445 (15%)

243 (38%) 396 (62%) 54 (9%) 134 (21%)

105◦–110◦E 1,458 1,562 465 (15%) 455 (15%)

248 (39%) 391 (61%) 59 (9%) 135 (21%)

110◦–115◦E 1,453 1,567 442 (15%) 448 (15%)

300 (47%) 339 (53%) 81 (13%) 88 (14%)

Note: The frequencies of the R1 wave and active R1 wave on cold surge days are also given (in italics). Percentages in the parentheses, except on cold surge days
(in italics) are calculated with respect to the total number of days in 20 NDJFM seasons. The percentages during cold surge days are calculated with respect to
the total number of cold surge days in the 20 NDJFM seasons.

This results from the interaction between the CS winds
blowing perpendicular to the coast and the complex local
terrains found on the islands and peninsula in the MC. In
the SCS, the CS northeasterly winds converge with broad
easterly winds from the western Pacific. Rainfall is also
observed on the northwestern coast of Borneo. The north-
easterly winds parallel to the Borneo coastline provide
copious shear vorticity in this region, and thus the concen-
tration of rainfall in this region (Chang et al., 2005a). On
occasions, the shear and curvature vorticity in Borneo can
intensify into a vortex and is known as the Borneo vortex,
and this may interact with the CS and may produce heavy
rainfall events (Chang et al., 2003; Tangang et al., 2008).
These northeasterly winds that are parallel along the Bor-
neo coastline will then turn anticlockwise when they
cross the Equator and become westerly winds due to the
conservation of potential vorticity. These westerly winds
bring heavy rains to the Indonesian monsoon region.

During CS days, the composite R1 wave is organized
with anticyclonic vorticity located to the west and cyclonic
vorticity located to the east of 115◦E, as shown in Figure 1.
This suggests that the CS main axis in the SCS is located
to the east of 115◦E. The Kolmogorov–Smirnov test reveals
the distribution of the vorticity phases on CS days is sig-
nificantly different at the 0.05 significance level from all
NDJFM days. Although R1 is the gravest mode, such vor-
ticity phase arrangement and northeasterly winds that give
rise to the northeast–southwest tilt in the surge axis are
consistent with the meridional dispersion of a group of
ER waves with different meridional wave numbers under
surge condition proposed by Lim and Chang (1981). The
anomalous fields show that, during CS events, the excess
rainfall band is located near the Equator while the deficit
rainfall band is located above 10◦N (Figure 1b). These
form the wet and dry anomalies northeast–southwest tilt
parallel dipole. The dipole can be thought to arise from

the southward transport of moisture by the freshening
northeasterlies. While in the north, the advection of colder
sea-surface temperature from midlatitude into the north-
ern SCS by the CS suppresses deep convection in the
region. This northeast–southwest tilt parallel dipole also
corresponds to the differential westward movement of
Rossby wave modes. The rainfall and its anomalies have
a distinct “tick-mark-like” pattern in the SCS region, as
noted in a previous study (Lim et al., 2017), with a long
northeast–southwest band of enhanced rainfall off the
coast of Borneo and a short northwest–southeast titled
band of rainfall off the coast of Peninsular Malaysia.

Figure 2a,b shows composites of the anomalies of
active wave day precipitation from the NDJFM seasonal
mean. Of the total 3,020 days in the 20 boreal winter sea-
sons, about 30% of the total days are identified as active
wave days (Table 2). This is roughly consistent with the
wave amplitude being normally distributed. The rainfall
anomalies on R1 active wave days are located in the region
where the wave is active, with enhanced rainfall observed
around the vicinity of cyclonic phases of the active R1
wave and suppressed rainfall found elsewhere. However,
it should also be noted that the strong cyclonic vorticity
(and hence the active wave day) and the rainfall increases
could be contributed by tropical cyclones in the wave iden-
tification region, as shown by Ferrett et al., (2020). During
the anticyclonic phases of the active R1 wave, the rain-
fall anomaly distribution patterns are nearly identically
opposite. Thus, dry–wet–dry and wet–dry–wet patterns are
discernible in the cyclonic and anticyclonic phase compos-
ites respectively. It is observed that the rainfall anomalies
weaken when the R1 wave propagates westward from the
SCS into the Peninsular Malaysia and Sumatra region.
In addition to that, rainfall anomaly signals are generally
larger in the Northern Hemisphere than in the Southern
Hemisphere when the active vorticity phases are located
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DIONG et al. 5

10.0 (m·s10.0 (m·s−1−1)

(m·day(m·day−1−1) (m·day(m·day−1−1) (m·day(m·day−1−1)

10.0 (m·s10.0 (m·s−1−1) 10.0 (m·s10.0 (m·s−1−1)

F I G U R E 1 (a) Composites mean for rainfall, wind, and n= 1 Rossby (R1) wave vorticity on a cold surge (CS) day for 20
November–March (NDJFM) seasons (1998–2017); (b) CS day composite anomaly for the rainfall and wind (minus NDJFM mean) and the R1
wave vorticity; (c) NDJFM seasonal mean of 1998–2017. Rainfall (shaded contour); R1 wave vorticity (contours starting ±2× 10−6 s−1 with an
interval of 2× 10−6 s−1), 850 hPa wind (vector). Stippling indicates regions where composite rainfall is significantly different from the 1998 to
2017 NDJFM seasonal mean at the 95% confidence level based on Student’s t-test [Colour figure can be viewed at wileyonlinelibrary.com]

to the east of 100◦–105◦E. However, when there are active
vorticity phases in 100◦–105◦E, large anomalies shifted to
the Southern Hemisphere. This could be due to the mod-
ification of rainfall signals by the terrains and also, much
more likely, due to the association with tropical cyclones
in the Northern Hemisphere. Along with the anomalous
rainfall concentrated around the vorticity, anomalous rain-
fall also corresponds to the zonal wind anomaly near the
Equator. Enhanced (suppressed) rainfall anomalies are
found in the anomalous easterlies (westerlies) near the
equatorial belt, suggesting the role of the surface flux con-
vergence played by the R1 wave. In the SCS, winds are
anomalously southwesterly when the active R1 wave is in
the cyclonic vorticity phase and anomalously northeast-
erly when the R1 wave is in the anticyclonic phase. These
anomalous winds during the active wave days resemble the
theoretical wave structure. Thus, the wind circulation dur-
ing the R1 wave cyclonic vorticity phase is anomalously
opposite to the background monsoonal flow. The opposite
effect is also seen off the west coast of Java, where the wind
anomalies are enhancing the climatological westerly in the
Australian monsoon.

The effect of CS on the active R1 waves in each longi-
tudinal band is shown in Figure 2c,d, by considering only
active wave days without a CS. The impact of the CS on
the wave composite is small for the cyclonic phase and
is entirely consistent with the fact that only a small per-
centage of the active cyclonic phase coincides with a CS.
One of the largest differences is found in the anticyclonic
phase, suggesting the largest effect of the CS when the

CS coincides with the active anticyclonic phase. Figure 2d
suggests that the anomalous rainfall around the Equa-
tor found in Figure 2b in longitudinal bands 100–105◦E
and 105–110◦E is contributed by the effect of the CS. The
anomalous winds in the Northern Hemisphere are almost
in the opposite direction, whereby when the CS days are
removed from the composites the winds become souther-
lies in the SCS. This indicates that the anomalous winds
during this vorticity phase minus the CS days do not
resemble the theoretical wave structure. This suggests that
these waves may be embedded in some other large-scale
weather structures. The effect of CS days coinciding with
active waves will be investigated further in Section 4.

4 CS ON ACTIVE WAVE DAYS

4.1 CS on active wave days climatology

During CS days, the vorticity of R1 waves in the selected
longitudes is mainly anticyclonic (more than 50% of the
total surge days; Table 2), although the frequency of the
cyclonic and anticyclonic vorticity occurrences are almost
equally the same in NDJFM. The occurrences of the active
anticyclonic phase are 1.5 or 2 times higher than the active
cyclonic phase in the 100◦–105◦E and 105◦–110◦E bands
during CS days. However, for the 110◦–115◦E band, there
is no preference of phase. These statistics are consistent
with the composite mean of the R1 wave during CS days,
as shown in Figure 1, and show the vorticity of the R1
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6 DIONG et al.

3.0(m·s3.0(m·s−1−1)

16 16  (m·day (m·day−1−1)

(a)

(b)

(c)

(d)

F I G U R E 2 Composite anomaly of rainfall and low-level wind during active n= 1 Rossby (R1) wave day in the longitudinal band of
100◦–105◦E, 105◦–110◦E, and 110◦–115◦E for 20 November–March (NDJFM) seasons. (a) All active wave days with cyclonic vorticity phase;
(b) all active wave days with anticyclonic vorticity phase; (c) active wave days with cyclonic vorticity phase without cold surge (CS); (d) active
wave days with anticyclonic vorticity phase without CS. Rainfall (shaded contour), R1 vorticity (contours begin with ±2× 10−5 s−1 with an
interval of 2× 10−5 s−1), and 850 hPa wind(vector). The 20 NDJFM seasonal mean is removed from the data to get the anomaly. Stippling
indicates regions where anomaly is significantly different from the 20 NDJFM seasonal mean at the 95% confidence level based on Student’s
t-test [Colour figure can be viewed at wileyonlinelibrary.com]
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DIONG et al. 7

16  16  (m·day(m·day−1−1)
10.0(m·s10.0(m·s−1−1)

F I G U R E 3 Composite anomaly of rainfall and low-level wind during active n= 1 Rossby wave on cold surge days in the longitudinal
band of 100◦–105◦E, 105◦–110◦E, and 110◦–115◦E for 20 November–March (NDJFM) seasons for rainfall and low-level winds. (a) Wave days
with cyclonic vorticity phase; (b) wave days with anticyclonic vorticity phase. Rainfall (shaded contour), vorticity (contour), and 850 hPa
wind (vector). The 20 NDJFM seasonal mean is removed from the rainfall and wind data to get the anomaly fields. Stippling indicates regions
where anomaly is significantly different from the 20 NDJFM seasonal mean at the 95% confidence level based on Student’s t-test [Colour
figure can be viewed at wileyonlinelibrary.com]

wave favours an anticyclonic vorticity phase during CS
days. The statistics also suggest that, since most of the vor-
ticity is anticyclonic when the R1 waves are identified in
the longitude west of 110◦–115◦E, the path or the axis of
the CS northeasterlies is located between the longitude of
100◦ and 110◦E. If the CS is dynamically thought to be
the meridional dispersion of the anticyclonic phase of the
Rossby mode on the beta plane, the question remains as to
why there are CS days with a cyclonic phase of the Rossby
wave. We will explore this in Section 4.3.

Figure 3a,b shows the composite of CS days on
active R1 waves with the cyclonic and anticyclonic
vorticity phase in each longitudinal band. Generally,
the dry–wet–dry (wet–dry–wet) anomalies found in the
cyclonic (anticyclonic) vorticity phase on CS days are not
discernible as all active wave days (Figure 2) due to the
presence of shear vorticity and wind–terrain-induced rain-
fall. One obvious example is the rainfall anomalies that run
parallel to the Borneo coast (induced mainly by the shear
vorticity) and on the windward side along the east coast of
Peninsular Malaysia and the Philippines. The suppressed

rainfall anomaly regions in the active wave day only with
cyclonic vorticity in the domain (see Figure 2a) are now
replaced by the wind–terrain-enhanced rainfall associated
with the CS flow. However, in the vicinity of the cyclonic
(anticyclonic) phase of active waves, the enhanced (sup-
pressed) rainfall anomaly is still expected.

In the composite of CS days with active cyclonic vor-
ticity phase (Figure 3a), the suppressed rainfall region is
found downstream of the active cyclonic vorticity region.
As a result, when the active wave in this vorticity phase
is located in the SCS region, northeastern Peninsular
Malaysia remains anomalously dry until the active wave
in this vorticity phase starts to propagate into this region.
The north–south parallel dipole in the rainfall anomaly
is still visible but is weaker, with the rainfall in the
south extending northward and covering most of the
equatorial SCS. Therefore, the large-scale wave dynam-
ics act to extend the spatial coverage of the rainfall in
the SCS–Borneo region. When the wave propagates into
the Peninsular Malaysia region, it enhances the rainfall in
northeastern Peninsular Malaysia. As a consequence, the
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8 DIONG et al.

(m·day(m·day−1−1)

5.0(m·s5.0(m·s−1−1)

F I G U R E 4 Composite difference between the anticyclonic and cyclonic phases of the n= 1 Rossby wave on cold surge days. Shaded
(rainfall), vector (850 hPa wind). Stippling indicates regions where difference is significantly different at the 95% confidence level based on
Student’s t-test [Colour figure can be viewed at wileyonlinelibrary.com]

“tick-mark-like” pattern in the rainfall anomalies field in
the equatorial SCS becomes a “V-shape” pattern, with a
longer northwest–southeast-tilted rainfall band in Penin-
sular Malaysia. The anomalous winds in this phase do not
resemble the theoretical wind structure of the wave. This
indicates that the CS winds dominate those of the winds
associated with the wave in this phase. The rainfall and
circulation features when CSs coincide with the cyclonic
vorticity phase identified in 100◦–110◦E (Figure 3a) are
almost similar to the features during the joint occurrence
of the MJO in phases 2–4 and the CS identified by Lim
et al. (2017, fig. 6c). This indicates that the active cyclonic
phase on CS days may have almost the same character-
istics of joint occurrence of a CS and MJO in phases 2–4
(also known as the wet phase; Chang et al., 2016, figs 6–13),
whereby the low-level northeasterly winds associated with
a CS overwrite low-level southwesterly winds associated
with the MJO wet phase when both are present.

When CS days coincide with the active anticyclonic
vorticity phase (Figure 3b) located in the 100◦–105◦E
band, the anomalous rainfall and low-level winds resem-
ble the CS composite mean. This indicates that typical CSs
occur with the anticyclonic vorticity phase located in this
band. During the presence of the anticyclonic vorticity in
the region on a CS day, a clear “parallel dipole pattern”
between the Borneo coast and Indochina coast is observed
with a “tick-mark-like” pattern of positive rainfall anoma-
lies located in the SCS region. In northeastern Peninsular
Malaysia, wet anomalies are replaced with dry anoma-
lies as the wave progress to the west, a stark contrast to
the enhanced rainfall anomalies during the CS days with
the active cyclonic vorticity phase. One striking contrast

between the anticyclonic vorticity phase and cyclonic vor-
ticity phase on CS days is the anomalous northeasterly
winds in the SCS. The northeasterly wind in the anticy-
clonic vorticity phase possesses a more northerly compo-
nent and is stronger than the more zonally and weaker
northeasterly wind during the cyclonic vorticity phase.

To investigate the difference between the vorticity
phase of the wave on CS days, the difference in the
low-level winds and rainfall between the anticyclonic and
cyclonic phases (anticyclonic minus cyclonic vorticity;
Figure 4) is plotted. The difference field shows clockwise
circulation in the SCS and a counterclockwise circulation
in the Philippines region. As the wave propagates west-
ward from 110◦ to 115◦E, the southeasterly flows in Penin-
sular Malaysia are replaced gradually by the northeasterly
and easterly flows. The arrangement of the R1 wave is such
that the anticyclonic vorticity phase is to the west while the
cyclonic vorticity phase is to the east of the CS jet axis. This
arrangement allows the jet-like wind in between the con-
trasting vorticity centres. The difference in the low-level
winds shows that CS in the SCS is stronger (weaker) when
the R1 wave located in the region is in the anticyclonic
(cyclonic) phase. In this plot, the wind–terrain-induced
rainfall and the rain parallel to the coast of western Borneo
have been removed and dry (wet) anomalies are found in
the vicinity of the anticyclonic (cyclonic) vorticity phase of
the wave. This suggests that there is very little difference
in the rainfall on the Borneo coast and that the impact of
the vorticity phases on the CS rainfall is mainly in Penin-
sular Malaysia. Along the Equator, wet (dry) anomalies are
found in the region of easterly (westerly) winds, suggesting
the role of surface fluxes in the organization of convection.
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DIONG et al. 9

4.2 Extreme rainfall

In general, the CS events are known to increase the wet
days frequency by more than 30% with respect to the sea-
sonal wet days (days with rainfall≥1 mm⋅day−1) frequency
(Figure 5a) in the region where the CS rainfall dominates.
In the region of wet and dry anomalies parallel dipole,
the rain intensity increases by at least 4 mm⋅day−1 with
respect to the seasonal rain intensity in the wet anomaly
region and decreases by at least 4 mm⋅day−1 with respect
to the seasonal rain intensity (Figure 5b). The CS events
also raise the likelihood of extreme rainfall events (rainfall
exceeding the 95th percentile of precipitation of all days
in the season during the period 1998–2018) as shown in
Figure 5c. In the equatorial SCS and Java Sea where the CS
rainfall dominates, extreme frequency increases by at least
10–20%.

When the CS events are stratified according to the
active R1 vorticity phases, the rain and winds outline sim-
ilarities and differences between these phases. The rainfall
anomalies located in the vicinity of the active wave fol-
low the sign of vorticity in the Northern Hemisphere. In
regions where wind–terrain-induced rain dominates, the
rainfall anomalies are generally the same regardless of the
phase of the vorticity in the domain. However, in the local-
ity where the wave is active, the rainfall anomaly alters.
This is shown in Figure 3, where the rainfall anomaly
pattern changes from a “tick-mark-like” pattern to a “V
shape” when the local active anticyclonic domination is
replaced by cyclonic vorticity domination in Peninsular
Malaysia. Therefore, it is obvious that the phase of wave
vorticity on CS days plays an important role in the distribu-
tion of regional rainfall. The impact of the CS days in dif-
ferent vorticity phases on the regional rainfall distribution
is further investigated.

Figure 6 shows that large changes in wet days fre-
quency with respect to seasonal wet days frequency are
observed in the CS rainfall region (refer to Figure 1a).
There is clearly a difference between the CS in the
active cyclonic and anticyclonic vorticity phases, with the
increased probabilities in the anticyclonic phase occur-
ring over the southern part of the wave in the easterlies
and the cyclonic phase tending to be more coincident
with the centre of the vorticity. The magnitude of the
changes is larger in the active cyclonic vorticity phase and
in the oceanic region in both phases. In the active cyclonic
vorticity phase, wet days frequency increases by at least
more than 30–100% around the centre of vorticity. Dur-
ing the active anticyclonic vorticity phase, the wet days
frequency increases by around 30–40% in the southern
part of the wave. To the north of the anticyclonic centre,
the likelihood of wet days decreases, and this contributes
to the distinct north–south rainfall dipole, as seen in the

(m·day(m·day−1−1)

F I G U R E 5 Composite difference between (a) cold surge (CS)
wet days frequency and seasonal wet days frequency; (b) CS wet days
intensity and seasonal wet days intensity; (c) CS extreme rainfall
event frequency and seasonal extreme rainfall event frequency. Wet
days are defined as days with rainfall ≥1 mm. Extreme rainfall
events are defined as days with rainfall exceeding the 95th
percentile of seasonal rainfall. The percentage is the percentage
difference between CS wet days frequency and seasonal wet day
frequency [Colour figure can be viewed at wileyonlinelibrary.com]

rainfall composite. Contrarily, the large changes in the
wet days during the cyclonic vorticity phase blurred the
north–south rainfall dipole.

Along with the changes in the wet days frequency,
the intensity of rainfall also changes. Figure 7 shows the
changes in wet days intensity during a CS with active
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10 DIONG et al.

(a)

(b)

F I G U R E 6 Composite of wet days frequency (shaded) percentage difference with respect to seasonal wet days frequency during cold
surge (CS) active equatorial Rossby waves in the different longitudinal bands (contour): (a) cyclonic wave; (b) anticyclonic wave. The
percentage is the percentage difference between CS wet days frequency and seasonal wet day frequency [Colour figure can be viewed at
wileyonlinelibrary.com]

R1 wave days relative to the seasonal wet days intensity.
In the anticyclonic phase, along the northeast–southwest
tilt rainfall dipole (as shown in Figure 3b) there is a
large change in the rainfall intensity. The rainfall inten-
sity increases at least 4 mm⋅day−1 along the rainfall band
that runs parallel to the Borneo coast and decreases at
least 4 mm⋅day−1 in the Indochina region. As the vorticity
centre traverses the SCS, the anomalous positive inten-
sity on the northeast coast of Peninsular Malaysia weak-
ens considerably, but there are only smaller changes in
the intensity along the Borneo coast. During the CS days
with active cyclonic phase in 110◦–115◦E, the intensity of
the rainfall along the Borneo coast extends into the SCS,
whereas downstream, on the northeast coast of Peninsular
Malaysia, the intensity increase is not as large as the inten-
sity increase during the anticyclonic phase in the same
longitudinal band. This suggests that terrain-induced rain-
fall is modified by the large-scale wave dynamics where
this would be coincident with the anticyclonic phase of the
wave. As the wave propagates into the 100◦–110◦E bands,
the intensity over the whole of the east coast of Peninsular
Malaysia increases while the area of large intensity over
the SCS shrinks and is confined nearer to the coast.

In the CS days with cyclonic vorticity phase, extreme
rainfall frequency increases by at least 40% around the
vicinity of the vorticity, whereas in the anticyclonic vortic-
ity phase the extreme frequency decreases around 20% and
has a smaller area coverage (Figure 8). The large increase
in the extreme frequency in the Indochina region can be
attributed to the fact that the region is dry during this time
of the year and even a small increase in the amount of
rainfall can contribute to an amount exceeding the 95th
percentile in the region. In Peninsular Malaysia, the signal
of the extreme frequency changes gradually from negative
anomalies to positive anomalies as the active cyclonic vor-
ticity propagates from 110◦–115◦E to 100◦–105◦E. How-
ever, when the active anticyclonic vorticity propagates
from 110◦–115◦E to 100◦–105◦E, the extreme rainfall fre-
quency increase in Peninsular Malaysia remains relatively
unchanged around 0–20% except for a small decrease on
the northeast coast of Peninsular Malaysia (to around
0–10%).

To summarize, the changes in frequency for wet days
and extreme events are larger in the cyclonic vorticity,
whereas the rainfall intensity changes are almost equal
in the two vorticity phases. One of the largest differences
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DIONG et al. 11

(m·day(m·day–1–1)

F I G U R E 7 Composite of wet days intensity difference (shaded) with respect to seasonal wet days intensity during cold surge active
equatorial Rossby waves in the different longitudinal bands (contour): (a) cyclonic wave; (b) anticyclonic wave [Colour figure can be viewed
at wileyonlinelibrary.com]

between the cyclonic and anticyclonic phases is the large
increases in the intensity and frequency are confined
mainly nearer to the Equator during the anticyclonic
phase, whereas during the cyclonic phase the increase cov-
ers a wider region. The similarity between the intensity
changes features and the precipitation composite suggests
that the precipitation anomalies are dominated by changes
in intensity on wet days rather than the number of wet
days.

4.3 Evolution of the CSs and their
relation with the vorticity phase of R1

In Table 1 and Section 4.1, we have shown the exis-
tence of active R1 waves with cyclonic vorticity on CS
days. Since Lim and Chang (1981) showed that the mid-
latitude anticyclone extended into the Equator in the
northeast–southwest tilt due to the dispersion of various
meridional Rossby waves. The existence of cyclonic vortic-
ity on CS days is therefore worth investigating. As some
CSs are known to be relatively drier than others, does

the phase of R1 vorticity explain some basic differences
between surge episodes? To investigate the difference, we
look into the evolution of the composite CS events in
105◦–110◦E since the majority of an active wave on CS days
takes place in this longitude. The lead–lag anomaly com-
posites are constructed from the CS dates with the same
vorticity phase of active R1 waves by removing the NDJFM
mean. To avoid resampling the same event being com-
posite, the CS and active R1 wave dates that fall within a
±3 days period in the same vorticity sign are removed from
the composite. By doing so we ensure that the events are
defined only once. Figures 9 and 10 show lead–lag com-
posites for vorticity (contour), wind anomaly (vector), and
rainfall anomaly (shaded) for active R1 vorticity on CS
days. The days are categorized as day −6, day −4, day −2,
day 0, day+2, and day+4. Here, the minus (plus) sign rep-
resents the days preceding (following) the day when the
CSs coincide with the active R1 wave (day 0).

Figure 9 shows the evolution of the composite CS
coincides with the active R1 cyclonic phase on day 0 in
105–110 E. On day −6, R1 cyclonic vorticity is located in
the Philippines region while R1 anticyclonic vorticity is
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12 DIONG et al.

F I G U R E 8 Composite of extreme rainfall event frequency difference (shaded) with respect to seasonal extreme rainfall event
frequency during active equatorial Rossby waves in the different longitudinal bands (contour): (a) cyclonic wave; (b) anticyclonic wave
[Colour figure can be viewed at wileyonlinelibrary.com]

located in the SCS–Malaysia region. In the SCS region,
anomalous rainfall is observed along the coast of Borneo
and the southeastern coast of Peninsular Malaysia. At the
same time, rainfall is suppressed in the northeastern coast
of Peninsular Malaysia. Winds in the SCS are predomi-
nantly anomalous northeasterly. By day−4, the anomalous
northeasterly winds in the SCS strengthen considerably.
With the presence of organized R1 anticyclonic vorticity
in the SCS, the rain band along the coast of Borneo weak-
ens. On day−2, the R1 cyclonic vorticity originally located
in the Philippines now propagates westward and strength-
ens. The rainfall around this cyclonic vorticity becomes
organized and spread along the Borneo coast. To the north
of this rain band, the rainfall is suppressed. This forms
the wet and dry anomalies northeast–southwest tilt “par-
allel dipole” mentioned in Section 3. During this time, the
winds in the SCS are anomalously strong northeasterly
originating from the east Asia continent. This indicates the
CS is observed on day−2. The R1 anticyclonic and cyclonic
vorticities are located respectively to the west and east of
the CS axis. On day 0, the R1 cyclonic vorticity is now
located in 105◦–110◦E and the anticyclonic vorticity has
propagated further westward and is no longer seen here.

Correspondingly, the rain band also propagates westward.
As a result, the regionwide suppressed rainfall in Peninsu-
lar Malaysia observed on day −2 is replaced by enhanced
rain, especially over its east coast region. The CS northeast-
erly winds now become increasingly zonal. This suggests
that the northeast–southwest tilt of the CS axis becomes
more zonal. On day +2, the SCS and regions surrounding
it are now dominated by a broad easterly. Enhanced rain-
fall is now observed in the Peninsular Malaysia region due
to the R1 cyclonic vorticity. The “parallel dipole pattern”
becomes obscure on day+0 when the R1 cyclonic vorticity
propagates into the centre of southern SCS replacing the
R1 anticyclonic vorticity. The anomalous dry weather in
Peninsular Malaysia seen on day −2 with R1 anticyclonic
is replaced by anomalous wet weather on day +2 with R1
cyclonic vorticity.

Figure 10 shows the evolution of the composite CS
coincides with the active R1 anticyclonic phase on day 0
in 105◦–110 E. The CS is observed on day 0 in this vorticity
phase with R1 anticyclonic vorticity to the west and R1
cyclonic vorticity to the east of the CS axis. In the SCS
region, the winds are predominantly northnortheasterly.
The anomalous rainfall shows a “V-shape” pattern during
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DIONG et al. 13

(m·day(m·day−1−1)

5.0(m·s5.0(m·s−1−1)

F I G U R E 9 Evolution of cold surge (CS) events for active cyclonic vorticity in 105◦–110◦E from day −8 to day +5. Day 0 indicates active
wave day in the selected longitude on CS days. Vorticity contours start ±5× 10−6 s−1 with an interval of 5× 10−6 s−1. Shaded: precipitation
anomaly; contour: vorticity; and vector: wind anomaly. Anomalies are calculated by removing the seasonal mean. Stippling indicates regions
where anomaly is significantly different from the 20 November–March seasonal mean at the 95% confidence level based on Student’s t-test
[Colour figure can be viewed at wileyonlinelibrary.com]

this time with suppressed rainfall observed slightly to the
north of R1 anticyclonic vorticity in the centre of the south-
ern SCS. In the same region, the rainfall “parallel dipole
pattern” begins to emerge. As the R1 anticyclonic vorticity
propagates into the Peninsular Malaysia region on day +2,
its northern region experiences anomalous dry weather.
This resulted in the “parallel dipole pattern” becoming
more distinct. The northnortheasterly winds in the region
become eastnortheasterly. From day 0 to day +2, the CS
axis tilt increases.

From Figures 9 and 10, during the early stage of a CS,
the arrangement of the R1 vorticity is anticyclonic located
to the west and cyclonic located to the east of the CS
axis. This shows R1 anticyclonic vorticity is always located
to the west of the CS axis in the initial stage of the CS.
This arrangement allows jet-like wind in between the con-
trasting vorticity centre. Therefore, this is consistent with
the theory of Lim and Chang (1981) that showed the CS
is indeed the midlatitude anticyclone extended into the

Equator. The dispersion of various Rossby Hermite modes
that contribute to the northeast–southwest tilt of the mid-
latitude anticyclone as stated by Lim and Chang (1981) can
also be seen in the CS axis in Figures 9 and 10. This dis-
persion of the Rossby Hermite modes argument is further
supported by the evidence that the CS axis becomes more
zonal in the later part of the CS. Since the R1 mode is the
gravest mode and is located in the equatorial region, the R1
mode therefore makes up the southwest end of the CS axis.
The R1 also propagates westward faster than the higher
modes in midlatitudes. As the southwest end of the axis
(R1 anticyclonic vorticity) propagates faster westward (for
cyclonic case, from day −2 to day 0; for anticyclonic case,
from day 0 to day +2), the axis becomes more zonal. How-
ever, from the analysis of the composite, we also notice
that the midlatitude anticyclone propagates slightly east-
ward after the initial CS, which is not discussed by Lim
and Chang (1981). This also contributes to the CS axis tilt
becoming zonal.
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14 DIONG et al.

(m·day(m·day−1−1)
5.0(m·s5.0(m·s−1−1)

F I G U R E 10 As Figure 9 but for anticyclonic vorticity [Colour figure can be viewed at wileyonlinelibrary.com]

The CS events are accompanied by enhanced rain in
the SCS–MC region. Although, in general, rainfall is found
on the windward side of the terrain and along the coast of
Borneo during a CS, the rainfall distribution in the region
for the two vorticity phases is different. For instance, dur-
ing the early stage of a CS in the cyclonic phase case
(day−2, Figure 9) Peninsular Malaysia is anomalously dry,
whereas in the anticyclonic phase case (day 0, Figure 10)
Peninsular Malaysia is anomalously wet. It is also clear
from the analysis that the anomalous wet (dry) weather
in the region can be replaced with the anomalous dry
(wet) weather when the R1 anticyclonic (cyclonic) vor-
ticity propagates into the region. In short, the rainfall
pattern in the region changes along with the propaga-
tion of the R1 wave. This shows the large-scale R1 wave
dynamics do, to some extent, modify the rain distribu-
tion on CS days. To show this, the time composite rainfall
from two principal stations obtained from the Malaysian
Meteorological Department are analysed. Figure 11 shows
during the active cyclonic phase in 105◦–110◦E, rain
recorded in Kuching Station (located to the east of the
wave; Figure 11b) peaks between day −3 and day −1 and
reduces significantly afterwards. A contrasting pattern in

the local rain pattern is observed in the Kota Bahru station
(Figure 11a), which is located to the west of the wave. Sim-
ilar patterns are also observed for the extreme rain events
represented by the 99th percentile in the respective sta-
tions. To show the consistency of this rain evolution, the
difference between the 5-day mean rainfall before day 0
and the 5-day mean rainfall after day 0 are calculated for 66
CSs coincide with anticyclonic events and 38 CSs coincide
with cyclonic events. A negative (positive) difference indi-
cates a decrease (increase) in the rainfall after day 0. In the
anticyclonic events, out of 66 rainfall events recorded in
Kota Bharu and Kuching, about 66% (55%) of them show a
decrease (increase) in the 5-day mean rainfall after day 0 in
Kota Bharu (Kuching). The difference also indicates that
about 64% (61%) of the 38 rainfall events recorded in Kota
Bharu (Kuching) show an increment (reduction) in the
rainfall during cyclonic events. This shows that maximum
rain shifted from east to west for about 3–5 days during
the CS in the active cyclonic phase. The opposite happens
during the CS in the active anticyclonic phase. A caveat
here is the use of the R1 only to explain the large-scale
dynamics although some other equatorial waves may also
play a role in explaining the large-scale rain.
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DIONG et al. 15

F I G U R E 11 A box-and-whiskers plot
of daily rainfall in (a) Kota Bharu station
(6.16◦N, 102.28◦E) and (b) Kuching station
(1.49◦N, 110.35◦E) when cold surge days
coincide with active n= 1 Rossby wave
located in 105◦–110◦E on day 0 as a function
of days preceding and after. Boxes represent
rainfall within the first and third quartiles.
The line represents the median, and the
triangle represents the mean. The bottom
and top edges of the whisker represent the
1st and 99th percentiles. [Colour figure can
be viewed at wileyonlinelibrary.com]

5 CONCLUDING REMARKS

A large fraction of rainfall variability during the winter
monsoon in the southeast Asia MC is contributed by the
northeasterly CSs. The rainfall associated with the CSs is
concentrated mainly over the windward side of the islands
and peninsula, which represents strong influences of the
local terrain. Tropical waves are known to play an impor-
tant role in modulating tropical weather on a large scale.
The study aims to understand the process that determines
the regional rainfall distribution during CS days by look-
ing at the different vorticity phases of active ER waves
in three different longitude bands and also to verify the
findings of Lim and Chang (1981) by using the R1 waves
derived from ERA-INT.

On the CS days’ composite mean, the R1 wave orga-
nized itself with anticyclonic and cyclonic vorticity located
respectively to the west and east of the downstream CS.
This suggests consistency with the theory of Lim and
Chang (1981), in which the anticyclonic outflow originat-
ing from the midlatitude forcing behaves like a dispersive
group of ER meridional modes that are manifested by the
northeast–southwest tilt of the jet-like winds belt. Statistics
showed that, on the CS days, the anticyclonic vorticity
phases account for more than 50% of the total CS days.
As the anticyclonic vorticity identified is located closer to
Peninsular Malaysia, the number of anticyclonic vorticity
phases accounts for over more than 60% of the total CS
days. Likewise, the result also shows the number of CS
days with the active anticyclonic phase is more than the CS

days with the cyclonic phase. Thus, this suggests the region
to the west of 110◦–115◦E is the preferred CS axis. If the
CSs are thought to be the ER wave dispersive group in anti-
cyclonic vorticity phases, then how would the rest of the
total CS days (almost 40%) be associated with the cyclonic
vorticity? The time evolution of composite CSs from day
−6 to day +4 shows that the active cyclonic vorticity phase
in the selected longitudes is due to the westward propaga-
tion of the R1 wave. In this case, the CSs start 3 days earlier,
before the active cyclonic vorticity phase propagates into or
intensifies in the identified longitudes, and are no longer
seen by day +2. However, in the active vorticity phase, the
CS starts on day 0 and lasted no longer than day +4. This
shows that the CS events are longer in the active cyclonic
vorticity phase. In both cases, the anticyclonic vorticity
phase is located to the west of the CS axis. This is in
agreement with the findings of Lim and Chang (1981) and
reaffirms that the CSs are indeed the midlatitude anticy-
clones that extend into the Equator. The results also show
that the northeasterly winds become more zonal in both
cases. The changing of the winds indicates the changing
in the tilt of the CS axis and indirectly show that the CSs’
northeast–southwest tilt is the result of the Rossby merid-
ional dispersion. Since the R1 wave is the gravest mode and
located in the equatorial region, it makes up the southwest
end of the CS axis. Since in the cyclonic case the CS lasted
longer, the R1 anticyclonic vorticity would have propa-
gated much further westward. On that account, this con-
tributes to the tilting of the CS axis or the winds becoming
more zonal compared with the anticyclonic case.

 1477870x, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4493 by T
est, W

iley O
nline L

ibrary on [27/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


16 DIONG et al.

Heavy rainfall in the region during the winter monsoon
in the region is normally caused by CSs. Since the CSs’
impact on the rainfall is primarily driven by wind–terrain
interaction and ER wave is part of the CSs, it is natu-
ral to show the impact of regional rainfall distribution
when CSs coincide with an active wave. This reveals that
in all the vorticity phases the region immediately to the
west of the CS axis is drier during the initial stage of the
CSs due to the presence of the R1 anticyclonic vorticity
phase in this region. However, when the active cyclonic
vorticity phase propagates into the region, the rainfall
is enhanced. There is also evidence from the observa-
tion that the R1 vorticity phase modifies the local rain
when the associated large-scale organized enhanced/sup-
pressed rain propagates into the region. Therefore, this
provides information on the possible enhancement or sup-
pression of rainfall along with the westward movement
of the active vorticity phase during CSs. When the active
cyclonic phase is located in the central equatorial SCS,
the north–south parallel wet–dry dipole becomes obscure
due to the larger spatial extent of rain in the southern
pole. As the active cyclonic vorticity phase propagates into
Peninsular Malaysia, the rainfall “tick-mark-like” pattern
in the region becomes a “V-shape” pattern. The similar-
ity in the rainfall distribution between co-occurrence of
the CS–MJO wet phase and the active cyclonic phase on
the CS may indicate interaction between the R1 wave
forced by the midlatitude and those from the MJO enve-
lope. However, this is beyond the scope of the present
study. This study also shows that the changes in the
probability of wet days and frequency of extreme events
are larger in the cyclonic vorticity phase but are almost
equal for the intensity changes between the two vorticity
phases. Furthermore, the similarity between the inten-
sity changes features and the rainfall composite suggested
that the rainfall anomalies are dominated by the changes
of intensity on wet days. In addition, during the CSs, on
the northeast coast of Peninsular Malaysia, the intensity
increases (decreases) as the active cyclonic (anticyclonic)
phase propagates toward the peninsula. These changes
indicate the role of the active R1 wave in the rainfall
distribution on CS days. This, together with the timing
of the enhancement or suppression of rain, will provide
additional valuable information to help improve predic-
tions of extreme weather events.
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