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Abstract The Madden-Julian Oscillation and Cold Surge phenomena have been known to cause increased
rainfall, with the capacity to trigger hydrometeorological disasters, in western Indonesia. However, further
investigations are required regarding the interaction between these phenomena on rainfall pattern.
Therefore, this study aims to analyze the interaction between MJO and CS over western Indonesia,
particularly by using land-based rainfall observation data from multiple stations, as previous studies were
dominated by the use of gridded data from remote observations. This study utilized in-situ observation data
obtained from 4329 weather observations and rain stations between 1989 and 2018. Subsequently, quality
control performed based on data availability exceeding 70% over a 30-year period resulted in 303 selected
stations to be used for further analysis. Meanwhile, the RMM index, as well as reanalysis data of mean sea
level pressure and 925 hPa meridional wind, were also applied for MJO and CS identification. According to
the composite analysis, the effect of CS on MJO phases tends to increase precipitation by about 50%, over
western Indonesia, with maximum increase ranging from 200 to 400% over the northeastern coast of
Sumatra, around Karimata Strait (Riau Islands and West Kalimantan), as well as the northern coast of Java.
These areas are exposed to the sea and have direct access to the wind-terrain interaction. In addition, the
highest rainfall anomaly due to the MJO-CS interaction occurs around Karimata Strait, followed by northern

Sumatra and Java, with spatially averaged rainfall anomaly reaching 5 mm/day over the area.
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1.Introduction

The surplus of solar radiation energy over the tropics, as
well as the abundant water vapour availability from the
oceans trigger clouds formations, and this produces
significant rainfall over the Indonesian Maritime Continent
(IMC). This region’s high rainfall intensity is often produced
by Mesoscale Convective Systems (MCS) (Choi et al, 2011;
Doswell et al., 1996; Jong Hoon Jeong et al., 2016; Nuryanto
et al, 2019), supported by a series of weather and climate
variabilities, including the Madden-Julian Oscillation (MJO;
Hidayat, 2016; Pramuwardani et al., 2018) and Cold Surge
(CS; Chang and Lau, 1979; Lim et al, 2017; Wang et al,
2012).

Furthermore, the MJO is proven to trigger extreme
rainfall over most parts of Indonesia (Hidayat, 2016;
Pramuwardani et al., 2018; Wu et al., 2013), and this is often
followed by floods (Sudiar, 2013), leading to loss and damage
in the affected region. Tung et al, (2014) defined the MJO as
a dominant convective system in the tropics, propagating
from west to east, with a sub-seasonal period around 20-90
days. Generally, the MJO’s phase is formed and begins from
the Indian Ocean (Zhang and Ling, 2017). These convective
cloud clusters then move eastward with an average speed of 5
m s (Lafleur et al, 2015), until they reach the central Pacific
Ocean.

The MJO’s location and amplitude is analyzed from the
MJO Real-time Multivariate Index (RMM; Wheeler and

Hendon, 2004), obtained from the Empirical Orthogonal
Function (EOF) analysis. This index is calculated using daily
Outgoing Longwave Radiation (OLR) data, as well as 850 and
200 hPa zonal wind over the equatorial region (15° N - 15°S),
by first eliminating cycles, seasonal, and annual variability in
each data. RMM index is considered capable of capturing
MJO’s evolution along the equator without using
conventional time-filtering methods (Jee Hoon Jeong et al,
2005), and was therefore widely used in MJO-related studies
(Jee Hoon Jeong et al., 2005; Lafleur et al, 2015; Lim et al,
2017; Rauniyar and Walsh, 2011; Wang et al.,, 2012; Zhang
and Ling, 2017).

The rise in convective activity over IMC is also closely related
to the phenomenon of cold air surging off the Asian
continent, referred to as “Cold Surge” (Chang and Lau,
1979), impacting rainfall variability, especially over western
Indonesia. CS’s (Cold Surge) definition is derived from the
lower wind levels in southern China, the South China Sea,
and the tropical West Pacific occurring the Asian monsoon’s
increasing intensity during winter (Chang and Lau, 1979).
Simply put, CS is a stronger monsoon wind flowing
southwards from the Asian continent, carrying cold air
masses. Despite originating as an extra-tropical disturbance,
CS is able to spread to the tropics and amplify convection
over the region (Abdillah et al, 2021; Chang and Lau, 1979;
Wang et al, 2012). Therefore, CS has a significant effect
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around the southern South China Sea, ’s southern for
increasing convergence in the lower layers, and increases
vorticity around the Borneo Island (Chang et al., 2016; Lim et
al., 2017).

Due to different motion orientation between MJO and CS
(zonal and meridional), the interaction between these two
phenomena is of interest for further investigation, and has
been studied widely (Abdillah et al.,, 2018, 2021; Chang et al,
2005; Jee Hoon Jeong et al,, 2005; Pang et al., 2018; Wang et
al., 2012). Furthermore, the interaction between MJO and CS
triggered a higher increase in the rainfall over western
Indonesia, compared to situations where only one of the two
phenomena occurred over the area (Hattori et al., 2011; Lim
et al., 2017). The MJO provides favourable conditions as CS’
precursor (Abdillah et al, 2021) and for CS to amplify (Jee
Hoon Jeong et al., 2005; Lim et al.,, 2017; Pullen et al., 2015),
and possibly contribute as an essential lower-tropospheric
factor for MJO initiation (Wang et al, 2012), as well as
propagation through the MC (Pang et al., 2018). Generally,
MJO and CS-related studies are conducted on a larger scale,
by utilizing grid data from remote sensing (satellite). This
data is beneficial, easy to access, and widely used, but is
unable to capture a small pattern or produce the best
accuracy. Therefore, as a continuation of previous research,
this study aims to analyze the land-based rainfall pattern due
to the interaction of MJO and CS in western Indonesia,
to obtain more precise results as well as an improved
understanding of the interaction.

2.Methods

This study requires three main data to be successful. The
first required data is the Real-time Multivariate MJO Index
for entire study periods obtainable from the IRI Data Library
for free. Furthermore, the second is the ERA-Interim
Reanalysis dataset (Dee et al, 2011) for mean sea level
pressure (MSLP) and 925 hPa meridional wind with four
time-steps (00, 06, 12, 18) for identifying CS days, as well as
eight levels (100, 200, 300, 500, 700, 850, 925, 1000 hPa) of
zonal and meridional winds, to calculate the vorticity and
wind anomalies, with region covers 35.0°N 105.0°E 10.0°S
120.0°E and a 0.125° resolution, for a period of 30 years (1989
- 2018). This is often used to identify CS (Heo et al., 2018;
Woo et al., 2012) and is obtainable from European Centre for
Medium-Range Weather Forecasts (ECMWF) for free. The
third is daily rainfall data from in-situ observation archived
by Agency for Meteorology, Climatology, and Geophysics
(BMKG) from 4329 points throughout Sumatra, Java, as well
as West and Central Kalimantan.

This study began by identifying the MJO active phases
along November, December, January, and February (NDJF)
1989-2018. The NDJF period was selected, considering CS
activity occurred during Boreal Winter, the airflow
uniformity during the Asian Monsoon period, and the period
MJO was most prominent (Chen et al, 2017). In addition,
most of the study areas generally experienced a significant
increase in rainfall during the NDJF period, therefore the
presence of MJO and CS was expected to be maximal.

Subsequently, MJO identification was carried out using
pentad average of RMM index from 1989-2018, based on
three criteria. These criteria were, the RMM index’s
magnitude must be above one in more than one consecutive
pentad, the phases must be sequential, and all requirements
must be attained in more than six pentads, with no phase

n

being stationary for more than four pentads (Becker et al,
2011; L’Heureux and Higgins, 2008). Days where these three
requirements are attained, are referred to as active MJO days.
Meanwhile, Active CS refers to days where the averaged
meridional winds along the tracking line at 110°-117.5° E at
15° N, flowed southward with a speed above or equal to 8 m s
1 (Chang et al.,, 2005) and were preceded by a MSLP gradient
above 10 hPa between Gushi (32°15' N; 115°40' E) and Hong
Kong (22°18' N; 113°55' E), for up to three days prior
(Aldrian and Utama, 2010), to consider the time required for
CS to flow southward. Figure 1 shows a simplified Scheme of
the identification of these two phenomena.

A quality control analysis was conducted on daily rainfall
data from 4329 locations throughout Sumatra, Java, West
Kalimantan, and Central Kalimantan, by removing data with
0 values for over 100 consecutive days. Subsequently, the
accepted were filtered, and only observation points with data
availability of 70% or more between 1989 and 2018, were
selected for further analysis. Figure 2 shows this selection
resulted in 303 location points.

Furthermore, the 850 zonal and meridional wind reanalysis

3 criteria of MJO
were fulfilled
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Figure 1. MJO and CS Identification Scheme.

data were used to calculate the absolute vorticity, a measure
of the fluid rotation, used to better explain the flow’s
dynamics, and is closely related to the precipitation (Darand
and Mirzaei, 2018; Li et al., 2017). Vorticity also indicated the
presence of CS well (Chang et al, 2016; Lim et al, 2017),
therefore, vorticity anomalies pattern is also displayed in this
study. The positive (negative) vorticity in North Hemisphere
(South Hemisphere) possibly act as a proxy for cyclonic
movements, trigger increased rainfall, while negative
(positive) ~ vorticity in North Hemisphere (South
Hemisphere) triggered anti-cyclonic circulation, identical to
fair weather. The following equation was used to calculate the
absolute vorticity’s value (Holton, 2004).Where,n represents
absolute vorticity (s?'), odv/ox denotes the change in
meridional wind speed relative to the x-axis, du/dy signifies
1-5-emme the change in zonal wind speed relative to the y
axis, Q) connotes the earth rotation’s angular speed (7.29x10-°
rad s), and ¢ indicates latitude(°).

Furthermore, composite analysis was conducted on
rainfall data, absolute vorticity, as well as 850 hPa zonal and
meridional wind, to determine the phenomena’s pattern.
Subsequently, anomalies were obtained by subtracting the
composite value at specific conditions, from the
climatological value at corresponding periods (Lim et al,
2017). A Daily-lag analysis was also performed CS’s impact
on MJO phases and the interaction within the study area. In
this study, D-Day refers to the day CS reaches 15° N or the
day of interaction, where CS and MJO are both active.
Therefore, enabling CS’s impact on precipitation over the
study area to be better traced. Furthermore, spatially
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averaged rainfall anomalies over northern Sumatra, around
Karimata Strait, and Java were also compared to identify the
more specific area's rainfall pattern. Figure 2 shows these
three areas, marked by rectangles A, B, and C.

3.Result and Discussion
Based on MJO identification during NDJF period for 30
years (3600 days as additional days in leap years were
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Figure 2. The Study Area

removed), from 1989 to 2018, MJO was active for 1789 days
(49.69%). Furthermore, of these days, 327 days were active
over the Western Hemisphere and Africa, 428 days were over
the Indian Ocean, 450 days over the Maritime Continent,
while 584 days were over the western Pacific Ocean. This
percentage is a bit lower, compared to the study by Jeong et
al., (2005), where a total of 51.64% MJO occurrence was
reported. However, this difference is relatable considering
the different study periods (NDJEM for Jeong et al., (2005))
and identification techniques, where Jeong et al., (2005) only
considered the RMM index’s magnitude.

Active CS often accompany active MJO days. During the
NDJF season over 30 years, active CS was observed for a total
of 1009 days (139 periods), and an active MJO phase was
observed to be accompanied for 516 days (14.3%). Table 1
shows the number of CS days accompanied by MJO in each
phase, where MJO was 45.89% active on phases 5, 6, and 7.

According to Figure 3, MJO’s impact over western
Indonesia varies with phase. The diagram shows daily rainfall
anomalies for every observation point as scaled on the colour
bar. Also, the circle's size represents rainfall intensity at each
observation point with a legend on each map’s lower left side.
Furthermore, there are significant differences between
rainfall patterns, once MJO was active in phases 2-4 and 5-7.
In phase 2, the study area was dominated by positive
anomalies, especially in Sumatra, Kalimantan, and the
southern coast of Java. These anomalies remain present once
M]JO was active in phases 3 and 4, even on the northern coast
of Java. MJO’s effect on MC was weakened due to barrier

effect (Ahn et al,, 2020; DeMott et al., 2018; Feng et al., 2015;
Kim et al, 2017; Zhang and Ling, 2017), however, the
positive composite rainfall anomalies reach 10 mm/day on
some points over phase 4.

In contrast with phases 2-4, phases 5-7 generally trigger
negative rainfall anomalies. These negative anomalies appear
after MJO enters phase 5, and are present in most of the
study areas, with a daily intensity below 10 mm. During MJO
phase 6, the negative rainfall anomalies become more robust
and attain minimum peak, with a subsequent reduction in
daily rainfall intensity, to values below 5 mm. However,
positive rainfall anomalies begin to appear again over
southern Sumatra and Java once MJO enters phase 7.
Between Sumatra and Kalimantan, Java appears to be the
least region affected by the MJO, both during wet and dry
phases. Xavier et al, (2014) and Muhammad et al, (2021)
suggested this rise and fall in precipitation or extreme
precipitation due to MJO, have an occurrence probability of
20-50% over Southeast Asia and 40-70% over western and
central Indonesia.

The positive and negative rainfall anomaly patterns over
Sumatra and Kalimantan showed by the MJO phase 2-4 and
5-6 are majorly similar to the TRMM 3B42 dataset (Lim et
al, 2017) and composite OLR anomaly counterparts (Fujita
et al., 2011; Wheeler and Hendon, 2004). However, on the
OLR map, positive anomalies indicating suppressed
convection began from phase 5 and attained maximum level
on phase 7 - 8. This pattern shows a one-phase lag between
the OLR and precipitation parameters, where OLR is likely to
miss a phase.

Figure 4 shows the composite daily rainfall anomaly and
daily rain rate, indicating CS’ effect on rainfall over the study
area. Anomalous changes in the rainfall shown in the image
are less contrasting, compared to changes due to MJO in the
previous figure. This condition differs from the statement by
Lim et al, (2017), suggesting CS has a higher impact in
triggering extreme rainfall, compared to the Madden-Julian
Oscillation. A calculation of the rise in precipitation over the
sea possibly enables an observation of the increasing
precipitation due to CS, mainly over waters around the
southern South China Sea and expanding up to Java Sea (Lim
et al, 2017). However, MJO has a higher impact and affects a
larger area on land, compared to CS. This is because the area
receiving CS’ direct impact is smaller, compared to MJO,
only around Karimata Strait, including Riau Islands and
West Kalimantan.

Generally, the area around Karimata Strait has a random
rainfall pattern, three to one day before Cold Surge reached
15K N. The increase in positive anomalies in the areas is
observed to start evenly at D+1, and continues to increase
until D+3. This increase is significantly evident over Riau
Islands and West Kalimantan.

The effect of the CS is also evident around northern

Table 1. The number of days for each MJO phase

MJO Phase
Condition
1 2 3 4 5 6 7 8
With CS 36 24 59 65 90 94 98 50
Without CS 117 158 187 148 147 191 201 124
Total MJO days 153 182 246 213 237 285 299 174

nT



THE IMPACT OF THE INTERACTION BETWEEN

Agita Vivi Wijayanti, et al.

Phase 3 (187),

CH (mm) x
e 5

@ 10 —=
@ 15

@ 20

15
20

100°E  105°E  110°E

100°  105°E  110°E 100°  105°E  110°F 100°E  105°E  110°E
_
-10.0 -7.5 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0

Daily Anomalies (mm)
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Figure 4. Composite Analyses of rain rate (circle size) and Rainfall Anomaly (shaded) due to CS from D-3
to D+3 after the flow reached 15° N.

Sumatra, where the average rain rate around the region (95°E
- 103°E; 0° - 6°N) before CS reached 15° N was 6.69 mm/day.
This value was discovered to increase to 6.76 mm/day after
CS reached 15° N, therefore, a rise of about 0.07 mm/day was
observed. Meanwhile, around Karimata Strait, a higher
increase in average rain rate of up to 0.86 mm/day, was
detected over the region (103°E - 112°E; 3°S - 4°N). However,
Figure 4 indicates the increased rainfall is centered towards
the northern region, thus, a higher increase of up to 1.21
mm/day was observed for the 103°E - 110°E; 2°S - 4°N
region.

Wind-terrain interaction is likely to have a more
significant impact on Cold Surge. As previously mentioned,
CS was defined from the lower level wind (925 hPa), and this
wind was more likely to deal with higher land surfaces as a
terrain. Therefore, a rapid rise is bound to occur due to the
wind-terrain effect, as well as a triggering upward movement,
increasing rainfall possibility. This statement is consistent
with previous studies (Chang et al,, 2005; Lim et al.,, 2017),
reporting maximum rainfall intensity on the terrain's
windward side.

A boxplot of observed rainfall with an intensity of 1 mm/
day or above in each MJO phase (Figure 5 left) for the entire
period and observation points, shows the increasing mean
(green triangle) and maximum values (without outliers) in
cases where MJO was active on phase 2 and 3. The maximum
value begins to decrease on entering phase 4 and attains
minimum value on phase 5. Furthermore, this pattern was
quite similar considering the outliers, denoting extreme
events. Maximum outliers' value is achieved on phase 3,
while the minimum counterpart occurs on phase 7. However,
outliers' patterns for each MJO phase captured decreasing
rainfall over the study area, once MJO was active in phase 5.
In addition, the daily time lag boxplot from three days to
three days after CS reached 15° N (Figure 5 right) shows an
increasing pattern in maximum observed rainfall on the D-
day, and this pattern was persistent three days after.
However, in terms of the outliers, increasing rainfall occurs
one day after CS reaches 15° N, with decreasing consistency
two days afterward.

The interaction between Cold Surge and Madden-Julian
Oscillation phases was analyzed to determine the rainfall
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Figure 5. The boxplot of observed rainfall for each MJO
phases (left) and daily time lag for CS (right).

pattern from the D-day until three days after. Figure 6 shows
a spatial mapping of the changes in rainfall due to CS on the
phases, relative to the MJO days. The value was calculated by
subtracting the rain rate in the interaction between CS and
MJO, from the rain rate where only MJO was active, diving
the result with the rain rate where only MJO active, and
multiplied the value by 100. Each map’s lower left section
displays the spatially averaged percentage of increasing and
decreasing rain rate due to CS on MJO phases, while the
upper and lower centers show the maximum and minimum
values, respectively.

The average rise in rain rate over the study area ranges
from 29 to 68%, while the reduction in rain rate (marked by
negative value), ranges from about 21 - 43%. However, the
maximum rise increase in rain rate due to CS is about 109 -
475%, while the most significant decrease ranges from about
59 - 100%. In this study, a significant increase in rainfall due
to CS’s effect on MJO was mainly detected on the D-day to
one day after the interaction, but in phases 6 and 7, these
increases were detected to last until D+3.

Figure 6 shows 24 maps, and 20 of these maps show
maximum increase in rain rate achieved by observation
points around the north and west coast, likely to be directly
connected to the sea. Among these 20 maps, 11 maps show
the maximum increasing rain rate on northern Sumatra, 8

show the maximum value around Karimata Strait (Riau
Islands and West Kalimantan), while 1 shows the maximum
value over the northern coast of Java. This shows the three
regions where CS’ presence on MJO’s wet and dry phases
over western Indonesia are probably have the most
significant impact.

Figure 7 shows the spatially averaged rainfall anomaly
due to the interaction between these two phenomena, over
the northern Sumatra, around Karimata Strait, and Java from
the D-Day up to D+3, on every MJO phase. Northern
Sumatra, around Karimata Strait, and Java were selected for
further analyses, because these regions are expected to have a
higher impact due to the interaction of MJO and CS as
suggested by Hattori et al,, (2011), except northern Sumatra,
obtaining lesser attention before.

The matrix’s first three rows show the interaction between
CS and MJO wet days on phases 2-4, the following three rows
show the interaction on MJO dry days on phases 5-7, while
the last two rows show interaction for periods where MJO
has a less significant effect on western Indonesia.
Furthermore, the interaction between CS and MJO wet phase
appears to give the most significant rainfall anomalies over
these regions. In this interaction, positive rainfall anomalies
dominated over the regions. The area around Karimata Strait
is the most influenced region with a maximum rainfall
anomaly up to 5 mm/day on the day CS and MJO phase 2
interact. This is followed by Northern Sumatra, with a
maximum averaged rainfall anomaly of up to 4 mm/day, in
the interaction between MJO wet phase and CS on the D-
Day. Meanwhile, Java being the least affected region among
the others with a maximum averaged rainfall anomaly of 2.0
mm/day, attained a day after the interaction between CS and
MJO phase 4. In addition to the interaction between CS and
MJO wet phase, a significant rainfall anomaly was detected
over northern Sumatra a day after MJO phase 8 and CS
interact. This 4.4 mm/day rainfall anomaly is probably most
affected by CS, as MJO phase 8’s effect over northern
Sumatra was less significant.

Figure 7 also shows MJO’s dominance over CS. Along
with the MJO dry phase over western Indonesia, even on the
interaction with CS, northern Sumatra, regions around
Karimata Strait and Java are mainly dominated by negative
rainfall anomalies, with the highest values achieved in Java,
two days after the interaction between Cold Surge and
Madden-Julian Oscillation phase 7. Also, in the interaction
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