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Abstract
The Indonesian archipelago which has over 15,000 islands, lies in the tropics between Asia and Australia. This eventually alters
the rainfall variability over the region, which was influenced by the Asian-Australian monsoon and controlled by intraseasonal
variabilities such as convectively coupled equatorial waves (CCEW), i.e., Kelvin, n = 1 equatorial Rossby (ER), mixed Rossby
gravity (MRG), and n = 1Westward inertio gravity (WIG), including theMadden–Julian Oscillation (MJO). This study examines
a 15-year 3B42 data for trapping CCEW and MJO in the region of Indonesia during both active and extreme Western North
Pacific (WNP) and Australian (AU) monsoon phases, which are then compared with 30-year rainfall anomalies among 38
synoptic stations over Indonesia. The space–time spectral analysis is employed to filter each wave including the MJO in the
equator, then proceedingwith the empirical orthogonal function (EOF) method to seek eachwave peakwhich then coincides with
WNP and AU monsoon peaks over Indonesia. It is concluded that an extreme monsoon classification has proven to control
rainfall activity related to the CCEWandMJO at 60.66% during December through February (DJF)-WNP for only the significant
wave perturbation value. Meanwhile, the CCEW and MJO significantly increase/decrease precipitation at Day 0 for about
37.88% from the total of Day 1st to Day end. Although the contribution of the CCEWand MJO does not profoundly influence
rainfall activity during monsoon phase over Indonesia, they still modulate weather condition for more than 50%. On the other
hand, a complex topographywith a number of land–sea complexities is capable of influencing the rainfall variability in the region
as a negative relationship is associated with the CCEW and MJO either during DJF-WNP or July through August (JAS)-AU
monsoon phase.

Keywords CCEW .MJO . Rainfall variability . Indonesia . Monsoon

Introduction

The previous study has revealed that the propagation of long-
band westerly wind (10,000 km) that lasted for a period of
5 days in the upper troposphere oscillated regularly over the

tropical region (Yanai and Maruyama 1966). Despite the ab-
sence of conclusion on the existence of this wave, many stud-
ies have later focused on the tropical meteorological dynam-
ics, especially on the disturbance system associated with wind
perturbation (Yanai and Maruyama 1966; Yanai et al. 1968;
Liebmann and Hendon 1990) and convection (Takayabu and
Nitta 1993).

Since the tropical convection in the mid-atmosphere re-
leases latent heat that plays a significant role in stimulating
equatorial waves (Holton 2004), identifying the convectively
coupled equatorial waves (CCEW) using a broad spectrum of
convective/precipitating clouds becomes necessary. Lubis and
Jacobi (2014) utilized remote sensing data, namely tropical
rainfall-measuring mission (TRMM) 3B42 and examined
the equatorial waves that coupled with convection in the for-
mation of tropical precipitation. They also defined that the
active Asia-Australia monsoon in the Maritime Continent that
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triggered the precipitation to intensify particularly due to
equatorial waves, which includes TD-type wave in this region.
Meanwhile, Cho et al. (2004) distinguished the signal data
using the space–time spectral analysis method that was intro-
duced by Wheeler and Kiladis (1999) (hereafter referred to as
WK99) into boreal summer and winter.

The background theory for equatorial waves was intro-
duced by Matsuno (1966) in a famous equation named
Bshallow water,^ which assumed that the waves oscillated
transversally and were trapped in the tropical area. He then
associated his equation with the dispersion relationship for
both eastward and westward propagating inertio gravity
(IG), rquatorial Rossby (ER), Kelvin, and latter is mixed
Rossby gravity (MRG). Further studies on the dispersion re-
lationship for equatorial wave coupled with convective clouds
were developed by Wheeler and Kiladis (1999). They also
introduced a space–time spectral analysis method in the wave-
number (k) and frequency (ω) domain (WK99) using a
Fourier transform to convert space–time data series into a
wavenumber-frequency domain to attain each wave type
based on the meridional mode number (n). Previous studies
revealed that Kelvin waves have substantial influences over
Indonesia (Kiladis et al. 2009), likewise MJO (Cho et al.
2004). This is also relevant to a previous study suggesting that
the Indonesian archipelago is affected robustly by the MJO
through its ability to suppress mean sea-level pressure for
conducting convection over the region (Madden and Julian
1972). Meanwhile, by connecting intraseasonal variability
within Indonesia, a dominant local factor from land–sea atmo-
spheric interaction still becomes a prominent factor that con-
trols the weather (Hidayat and Kizu 2010). Another sugges-
tion revealed that convection over the warm pool region in-
cluding Indonesia is driven by the frequency and duration of
weak unorganized signals (Huang and Huang 2011), which
may include its local factor. Moreover, the most recent study
remarked an interaction between MJO and CCEW, even
though there is a complex interaction among these phenomena
over the Maritime Continent of Indonesia due to the complex
terrain of the region (Kikuchi et al. 2018).

The Asian-Australian monsoon plays a significant role
over Indonesia with its ability to cut down westward zonal
wind and to induce westerly wave propagation (Liebmann
and Hendon 1990; Wheeler and McBride 2005). Thus, mon-
soon plays an important aspect in coupling convection with
equatorial waves. There are eight regional monsoon domains
according to seasonal contrast in precipitation variability
(Wang et al. 2012), two of them are the Western North
Pacific (WNP) and Australian (AU) monsoon regions which
then used in this study. There are two reasons why these two
monsoon regions are considered; first is due to the pattern
similarity between climatological annual cycles of precipita-
tion rates of both monsoon regions (Yim et al. 2013), as well
as with Indonesian rainfall annual cycle from climate region A

(Aldrian and Susanto 2003). The second reason is that WNP
and AU are the monsoon domains that are closest to Indonesia
(see Fig. 1). Figure 1 confirms that positive AU monsoon
index reflects a rainy season in most parts of the Indonesian
region, while the positive WNP monsoon index indicates oth-
erwise, which will also be elaborated further in the BResults.^
The calculation of the WNP and AU monsoon indices will
describe later in the BData and methods^ section.

The objective of this study is to identify the distribution of
rainfall variability based on the evolution of each type of
CCEW (Kelvin, ER, MRG, and WIG) including the MJO,
using remote sensing data (TRMM 3B42) in the regions of
Indonesia during the WNP and AU monsoon phases. In this
study, a peak of Asian monsoon is represented by the WNP
monsoon index (Wang and Fan 1999; Wang et al. 2012; Yim
et al. 2013), whereas the Australian monsoon is represented
by the AU monsoon index (Yim et al. 2013).

This paper is further divided into four sections. The first
section describes the historical background, which mainly
contains the background theories of equatorial waves and
the regional monsoon that is affecting the Indonesian rainfall
variability. The second section explains the data and method
used to achieve the research objectives. The third section elab-
orates the preliminary results, including the comparison with
previous studies on rainfall variability distribution related to
regional monsoon indices that predominantly affect
Indonesia. The last section sums up remarks and findings from
the previous three sections, including confirmations with ref-
erence to previous studies and recommendation for further
studies.

Data and methods

Data

A 15-year-long series of daily TRMMdata (3B42V7 derived)
was used to estimate the tropical rainfall from 1 January 2001
to 31 December 2015. TRMM is used because of several
benefits, such as continuous data acquisition, finer resolution
(0.25 × 0.25°), comprehensively merged infrared-microwave
multi-satellite, and the collection and conversion of all avail-
able data into precipitation estimates (Huffman 2006). For a
detailed documentation on the dataset, this research referred to
the TRMM user handbook by the National Space
Development Agency of Japan (NASDA 2001). A 30-year
daily rainfall observation data from 1 January 1986 to 31
December 2015 of 38 synoptic stations from the Indonesian
Meteorology Climatology and Geophysics Agency (BMKG)
was also gathered to obtain an actual rainfall anomaly clima-
tologically, which will later seek the relationship with each
wave during each monsoon phase.
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In addition, the 850-hPa zonal wind of a 30-year
reanalysis data from the ERA-Interim reanalysis data
from 1 January 1986 to 31 December 2015 was utilized
to calculate WNP and AU indices related to Asian-
Australian monsoon activity. Furthermore, a 15-year
time series data from the ERA-Interim 850-hPa resultant
wind which was calculated from zonal and meridional
wind at the same level is also shown to complement the
evolution stage of each wave to fit the 15-year 3B42
data. The ERA-Interim reanalysis data was chosen due

to its long and continuous data archive and finer spatial
and temporal resolution. Moreover, it has already been
assimilated many times with observation data to reduce
the discrepancies with the real condition in the atmo-
sphere (Dee 2011). In order to obtain a detailed infor-
mation for the ERA-Interim reanalysis with data assim-
ilation system, this research is referred to the same
paper.

Inverse distance weight (IDW) method was applied to
reduce any de l ays and cos t s o f runn ing the

Fig. 1 a Annual cycle of WNP
monsoon indices for positive
(upper left) and negative (bottom
left), as well as for AU monsoon
indices for positive (upper right)
and negative (bottom right),
calculated from 850 hPa zonal
wind ERA-interim 30-year time
series data; b regional precipita-
tion domain indicated by abbre-
viation for each domain (figure
adopted from Wang et al. 2012)
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mathematical codes for a very long dataset in the com-
puter. On the other hand, heterogeneous spatial data was
also analyzed by grid for both the 3B42 and ERA-
Interim datasets.

Methods

First of all, monsoon indices were calculated to define the
regional monsoon phase peak activity, which was then

Fig. 2 An annual cycle of
extreme positive indices for WNP
monsoon (left) and AU monsoon
(right)

Fig. 3 Seasonal mean rainfall
during DJF-WNP monsoon
(upper) and during JAS-AU
monsoon (below) from 38 syn-
optic stations
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Fig. 4 Spatial seasonal mean
rainfall for active WNP monsoon
(a), extreme WNP monsoon (b),
active AU monsoon (c), and
extreme AU monsoon (d) of
15 years (1 January 2001–31
December 2015) 3B42 data
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classified into the months of both the WNP and AU
monsoons. Applying the method by Wang and Fan (1999)
and Yim et al. (2013), WNP indices was obtained from
U850 (5–15° N, 100–130° E) to U850 (20–35° N, 110–140°

E), whereas AU indices were calculated from U850 (0–15° S,
90–130° E) to U850 (20–30° S, 100–140° E). From the cal-
culation of each monsoon index, an extreme monsoon phase
was selected to classify the months of WNP and AU

Fig. 5 Geographical evolution for
MJO refers to EOF2 using lag
correlation of EOF1 and 2 from
15-year MJO-filtered TRMM-
3B42 (shading area), overlaid
with 15-year ERA-interim re-
analysis wind at 850 hPa during
DJF-WNP active monsoon (a)
and DJF-WNP extreme monsoon
(b)
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monsoons, by choosing only the days with the positive index
above its climatology (which was obtained from the average
value within the same date for 30 years). The results showed
that the months which are extremely positive for the AU

monsoon index were December, January, and February
(DJF), whereas July, August, and September (JAS) were for
the WNP monsoon index (Fig. 2). Furthermore, a simplifica-
tion of naming with Bmonsoon name–monsoon months^

Fig. 6 Similar with Fig. 5 but
during JAS-AU active monsoon
(a) and JAS-AU extreme mon-
soon (b)
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using its abbreviation is used to represent each monsoon
phase. Since, it is broadly known that naming monsoon sea-
sons is based on the dominance of its big seasonal wind over
the region rather than by its peak monsoon index, hereafter
named as DJF-WNP and JAS-AU. DJF is for the WNP mon-
soon phase, whereas JAS is for the AUmonsoon phase (dom-
inant wind blowing from the WNP and AU regions
consecutively).

The average daily rainfall from 38 synoptic stations
was calculated and plotted for both DJF and JAS periods
to exhibit any geographical rainfall distribution patterns
during the WNP monsoon and AU monsoon phases.
Figure 3 shows that during the WNP monsoon period,
most of the Indonesian region experienced a peak rainfall
activity, even though three stations (located in northern
Sulawesi and southern Maluku) experienced a dry phase.

Fig. 7 Similar with Fig. 5 but for Kelvin refers to EOF1 during DJF-WNP active monsoon (a) and DJF-WNP extreme monsoon (b)
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On the other hand, most of the Indonesian region such as
north and south Sumatera, Java, Bali and Nusa Tenggara,
South Borneo, most parts of Sulawesi, southeast Maluku
Island, and most parts of Papua suffered a dry phase dur-
ing the AU monsoon period, while the remaining areas
encountered a peak rainy period. This condition confirms
the previous study by Aldrian and Susanto (2003).
Furthermore, the results denote that the WNP monsoon

during DJF represents rainy season over Indonesia, while
the AU monsoon during JAS represents dry season for the
most part of Indonesia.

After the WNP and AU months were classified, a certain
time of active monsoon indices and extreme monsoon indices
for both monsoon months were determined. Figure 4 shows a
spatial daily rainfall distribution for certain times of WNP and
AU active and extreme monsoon phases for 15 years. It

Fig. 8 Similar with Fig. 5 but for Kelvin during JAS-AU active monsoon (a) and JAS-AU extreme monsoon (b)
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indicates that the rainfall is concentrated northerly during the
AU active and extreme monsoon (JAS), whereas located more
dispersed to the equator duringWNP active and extreme mon-
soon (DJF). There is no significant discrepancy between

active and extreme monsoon phases, with the exception of
the decrement of a daily rainfall on the south of the
Philippines during the extreme WNP monsoon. It is presum-
ably due to the cyclonic activity (i.e., tropical cyclone) in this

Fig. 9 Similar with Fig. 5 but for
ER refers to EOF1 during DJF-
WNP active monsoon (a) and
DJF-WNP extreme monsoon (b)
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region, which is absent during extreme WNP monsoon, yet
reached its peak during AU monsoon phase in the months of
JAS, which agrees with the previous study by Lodangco and
Leslie (2016). Another slight discrepancy is observed in west

Borneo, where an average of daily rainfall has slightly in-
creased during the extreme WNP phase, which is presumably
due to an enhancement of Borneo vortex activity during the
extreme WNP monsoon (cf. Koseki et al. 2014). Meanwhile,

Fig. 10 Similar with Fig. 5 but for
ER refers to EOF1 during JAS-
AU active monsoon (a) and JAS-
AU extreme monsoon (b)
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the average daily rainfall increased in the extreme AU
monsoon in Biak (north Papua). Although the reasons that
account for this phenomenon are unknown, the topo-
graphical features in Papua might play a role, particularly
when the wind flowing from the southern hemisphere
(southeast) to northern hemisphere strikes the mountains
of Jayawijaya (central Papua) and crosses the strait be-
tween Papua mainland and Biak.

After, the space–time spectral analysis was employed to
obtain the CCEW including the MJO in the equator, apply-
ing a method from WK99 to filter the 0.5° grid point of the
15-year 3B42 daily precipitation by converting the time–
space domain into a wavenumber–frequency domain. The
equivalent depth (he) applied in this study was from 8 to
90 m, and the zonal wavenumber (k) is between − 20 and
20 for the whole equatorial globe with a latitudinal window

Fig. 11 Similar with Fig. 5 but for MRG refers to EOF1 during DJF-WNP active monsoon (a) and DJF-WNP extreme monsoon (b)
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(ϕ) between 20° N and 20° S. Adapting the approach of
Zhao et al. (2013), a filtered wave that resulted from the
space–time spectral analysis was then calculated using the
empirical orthogonal function (EOF) method to exhibit
evolution. Subsequently, EOF modes 1 and 2 of the
Indonesian domain were calculated to seek the peaks of
the normalized unit of expansion coefficient, which are
above the standard deviation. Then, they were collated into

one group of data series containing the peak events of each
filtered equatorial wave. Applying the lag-correlation to-
ward EOF modes 1 and 2, hence the time sequence and
dispersion direction of each wave mode eventually
gathered.

An EOF1 and 2 group data series which are obtained from
the previous calculations and which coincide with the WNP
and AU active and extreme monsoon phases were then plotted

Fig. 12 Similar with Fig. 5 but for MRG refers to EOF1 during JAS-AU active monsoon (a) and JAS-AU extreme monsoon (b)

Arab J Geosci (2018) 11: 673 Page 13 of 28 673



spatially. A comparison was then conducted between that spa-
tial EOF1 and 2 against a spatial variance in the domain of
Indonesia for each wave and monsoon phase. Hence, the most
similar EOF with its variance was then selected, proceeding to
the next calculation to represent its most appropriate evolution
stage for each active and extreme monsoon phase. As a result
of the EOF1 and 2 resembling with its variance (figure not
shown), the MJO refers to EOF2 for both WNP and AU

monsoons, while Kelvin refers to the same mode for the AU
monsoon. However, EOF1 is referenced for Kelvin during the
WNP monsoon and for the rest of the waves (ER, MRG, and
IG1) during both theWNP and AUmonsoons. Eventually, the
evolution stages from the selected EOF were calculated on
these certain times to distinguish the wave’s evolution during
an active monsoon phase as well as during an extreme mon-
soon phase. The 850-hPa resultant wind within the same time

Fig. 13 Similar with Fig. 5 but for IG1 refers to EOF1 during DJF-WNP active monsoon (a) and DJF-WNP extreme monsoon (b)
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period was then plotted to complement the low-level atmo-
spheric dynamical condition, which will be shown in the next
section.

The rainfall anomaly was then calculated climatologically
(30-year period) at certain times, which was already men-
tioned above and for the whole 38 stations. An evolution stage
for active and extreme monsoon period, explained earlier, is
then juxtaposed with rainfall anomaly from 38 synoptic sta-
tions to obtain a depiction of rainfall anomaly based on

CCEW and MJO evolution over Indonesia. In order to make
the result easier to understand, the classification was then di-
vided into three categories; the first includes the stations with
negative rainfall anomaly (a < 0) during a negative wave per-
turbation (w < 0) which are then assumed as a rainfall-
deficiency location; the second includes the stations with neg-
ative rainfall anomaly (a < 0) during a positive wave pertur-
bation (w > 0) or positive rainfall anomaly (a > 0) during a
negative wave perturbation (w < 0) which were then assumed

Fig. 14 Similar with Fig.5 but for IG1 refers to EOF1 during JAS-AU active monsoon (a) and JAS-AU extreme monsoon (b)
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as an unrecognized relationship location, and the third in-
cludes the stations with a positive rainfall anomaly (a > 0)
during a positive wave perturbation (w > 0) which were then
assumed as a rainfall excessive location. Finally, the results of
this last process will be shown in the next section.

Results

As already described in the BIntroduction^ section, the
final result of this study is to seek rainfall variability dis-
tribution related to the WNP and AU regional monsoon

indices in Indonesia. The geographical distribution of the
CCEW and MJO evolution provides an understanding on
the general behavior of each wave in Indonesia during the
WNP and AU monsoon phases, which are predominant
and affecting weather conditions in the region. First of
all, it is important to understand the geographical distri-
bution of CCEW and MJO evolutions which is obtained
from the calculation of EOF modes 1 and 2 and from a
lag-correlation analysis in the Indonesian domain (Figs. 5,
6, 7, 8, 9, 10, 11, 12, 13, and 13). Day 0 represents the
day with the most vigorous variance obtained from the
first or the second EOF (based on the comparison with

Fig. 15 Rainfall anomaly against
MJO evolution stage (Fig. 5) from
a 15-year rainfall observational
data of 38 stations, during DJF-
WNP active monsoon (a) and
DJF-WNP extreme monsoon (b)
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its variance, as already described in the BMethods^ sec-
tion) mode maxima using a back and forth technique on
the subsequent day, which is derived from the lag value.
The plus and minus signs on the lag values indicate the
direction of wave propagations. However, these signs
were neglected due to the dissimilar sign for some waves
as the theories of equatorial waves have assumed. This
dissimilar sign was likely caused by a large dataset that
yielded a short lag.

Geographical distribution of the CCEW and MJO
evolution over Indonesia

Figure 5a, b shows a homogeneous pattern for the MJO evo-
lution stage for active and extreme WNP monsoon phases,
except that a positive perturbation is distributed to the
narrower area as well as a weaker positive perturbation
strength during the extreme phase. The MJO is initiated over
the Indian Ocean and propagates eastward, reaches its peak in

Fig. 16 Similar with Fig. 15 but
against MJO evolution stage (Fig.
6) during JAS-AU active mon-
soon (a) and JAS-AU extreme
monsoon (b)
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the Indonesia archipelago, then starts to weaken in the equa-
torial west Pacific Ocean, which is in line with an earlier study
(Madden and Julian 1972). The positive wave perturbation
mostly influences the area of the southern hemisphere of
Indonesia during the DJF-WNP monsoon phase. Parallel to
its propagation to the east, the negative wave perturbation
follows behind, which is displaced exactly 20 days after the
positive perturbation A different pattern is shown in Fig. 6a, b
for the active and extreme JAS-AUmonsoon phases. The full-
length positive perturbation extends from the northern hemi-
sphere up to the equatorial line (north part of Papua), which is
consistent with a previous study by Ramage (1971) and is
presumably due to the monsoon flow from the Arabian

mainland. The positive perturbation shifts northward during
JAS, following the solar radiation shift to the north, which also
changes an affected area of disturbance to the north. Different
from the affected area during DJF, the positive perturbation is
restricted to the northern hemisphere. This phenomenon is
presumably caused by the release of humid water vapor from
Indonesia and Malaysia during the DJF-Australian summer
monsoon (Ramage 1971), which later enhances the convec-
tion up to the northern hemisphere close to the equator, which
is absent during JAS.

Unlike the MJO, the evolution strength of Kelvin wave
during extreme monsoon in Fig. 7 exhibits a preponderant
positive perturbation compared with during active Kelvin

Fig. 17 Similar with Fig. 15 but against Kelvin evolution stage (Fig. 7) during DJF-WNP active monsoon (a) and DJF-WNP extreme monsoon (b)

673 Page 18 of 28 Arab J Geosci (2018) 11: 673



monsoon, which reached more than 4 mm/day at day 2. It
means that the extreme WNP monsoon induces convective
rain from Kelvin wave that is stronger than the MJO. This
figure shows that the Kelvin wave entered the Indonesian
region from the Indian Ocean, reached its peak mainly in the
island of Java, and started to dissipate over the eastern part of
Indonesia. During the JAS-AU monsoon phase (Fig. 8), the
Kelvin wave that crossed Indonesia reveals a tighter positive
perturbation area than during the DJF-WNP monsoon, sug-
gesting that the Kelvin wave has triggered a convective cloud
development over Indonesia at the DJF-WNP monsoon.
Nevertheless, we may still recognize some similarities with

DJF-WNP, i.e., a preponderant positive perturbation during
extreme monsoon compared with during active monsoon
phase and confined more to the equator for both the WNP
and AU monsoon phases, which will be explained later.

Dissimilar with Kelvin, ER has an opposite characteris-
tic for impacted location (Figs. 9 and 10), where ER has an
off-equatorial positive perturbation distribution both to the
north and to the south during DJF-WNP and JAS-AU,
even thoughbeing more bound to the off-equatorial north-
ern hemisphere, which is also in coherence with a previous
study by Lubis and Jacobi (2014). This is why the convec-
tive rain areas related to ER mostly lie in the northern and

Fig. 18 Similar with Fig. 15 but against Kelvin evolution stage (Fig. 8) during JAS-AU active monsoon (a) and JAS-AU extreme monsoon (b)
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southern boundaries of the Indonesian archipelago (south-
ern part of Papua and northern part of Sumatra, Borneo,
Sulawesi, and Maluku), except south Sumatera and West
Java at Day 0 during JAS-AU extreme monsoon. Similar
with Kelvin, ER also exhibits a preponderant positive per-
turbation during an extreme monsoon compared with dur-
ing an active monsoon phase for both DJF-WNP and JAS-
AU monsoon phases. The results that showed a pair of
positive (negative) perturbations structure that are sequen-
tially parallel to the equator in Figs. 9 and 10 are also
consistent with the theory proposed by Matsuno (1966)
and Kiladis et al. (2009) for n = 1 ER.

Figures 11 and 12 show that MRG triggers a convective
rain development during the DJF-WNP monsoon phase over
south Sumatera and most part of Java Island, while it does not
give any impact during JAS-AU monsoon phases.
Nevertheless, although distinct from the positive perturbation
that appears during the DJF-WNP monsoon that reflects a
convective development in the area, this presumably could
be neglected due to a weaker value of its wave perturbation,
compared with the previous waves. This is indicated by a
robust perturbation (3–4 mm/day) in the equatorial western
Pacific north of Papua during JAS, which presumably origi-
nated from the equatorial central Pacific that flows toward the

Fig. 19 Similar with Fig. 15 but
against ER evolution stage (Fig.
9) during DJF-WNP active mon-
soon (a) and DJF-WNP extreme
monsoon (b)
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Philippines (Kiladis et al. 2009). Thus, the positive signal in
the southern hemisphere during DJF-WNP has no significant
meaning compared with the ones in the northern hemisphere
during JAS-AU.

Meanwhile, IG1 indicates a peak perturbation signal in the
eastern part of the Indonesian archipelago (i.e., north Maluku
Island and Papua) for both DJF-WNP and JAS-AU monsoon
phase (Figs. 13 and 14), as noted by previous studies (e.g.,
Wheeler and Kiladis 1999; Kiladis et al. 2009). Similar to
Kelvin and ER, IG1 also indicates a prominent strengthening
convective rain activity during an extreme monsoon

compared with during an active monsoon phase particularly
at DJF-WNP over central-north Papua. However, similar to
Kelvin, this IG1 wave is also confined more to the equator
(Matsuno 1966; Gill 1982) despite being bounded toward the
northern hemisphere near the equatorial line during the JAS-
AU monsoon phase.

Rainfall variability distribution over Indonesia

The variability of rainfall anomaly related to the MJO devel-
opment during DJF-WNP seems to follow a positive

Fig. 20 Similar with Fig.15 but
against ER evolution stage (Fig.
10) during JAS-AU active mon-
soon (a) and JAS-AU extreme
monsoon (b)
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(negative) perturbation signal which indicates an increasing
(decreasing) rainfall activity over the shading area (Fig. 15).
A positive anomaly was exhibited during Day − 10 up to Day
0 over the central to eastern part of Indonesia. While an un-
defined relationship between the MJO perturbation sign and
rainfall anomaly is likely due to other local factors that dom-
inate in the region since the Indonesian archipelago has a
complex topography. Meanwhile, a northern increasing con-
vective rain development from Day − 10 to − 5, and some
areas at Day 0 (Fig. 16) indicate a similarity with what is
shown in Fig. 15, except for its being northerly bound com-
pared with during DJF-WNP. At Day 10 during the JAS-AU
extreme monsoon, three stations are still retained inWest Java

with increasing rainfall activity due to the MJO perturbation,
which implies that the JAS-AU extreme monsoon phase has
given a significant effect to enhancing convection develop-
ment in those regions. This result suggests that rainfall vari-
ability over Indonesia is significantly driven by deep convec-
tion associated with the MJO, which is parallel to what is
already pointed out by Hidayat and Kizu (2010).

Figure 17 shows that the Kelvin wave has given a signifi-
cant impact in increasing rainfall activity during both active
and extreme DJF-WNPmonsoon phase as revealed byKiladis
et al. (2009) and Horinouchi (2012), particularly at Day 0. The
areas with a predominant positive wave perturbation that are
covered by convective rain are south Sumatera, mostly Java

Fig. 21 Similar with Fig. 15 but against MRG evolution stage (Fig. 11) during DJF-WNP active monsoon (a) and DJF-WNP extreme monsoon (b)
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and south Borneo. Meanwhile, during the JAS-AU monsoon
phase (Fig. 18), a negative wave perturbation successfully
decreases the development of rain clouds, particularly for ac-
tive monsoon phase at Day − 2 up to Day 0. However, a
significant positive Kelvin perturbation at Day 2 over east
Borneo and central Sulawesi (Fig. 8) has not been able to
intensify rainfall activity in those areas.

Figures 19 and 20 show a disorganized distribution of ER
wave–rainfall anomaly relationship, although some areas still
indicate a positive relationship. One of which is the northern
part of Sulawesi during both an active and extreme DJF-WNP
monsoon phase particularly at Day 0 until Day 4 (Fig. 19).
Nevertheless, the area with an increasing rainfall in Fig. 20

also exhibited over the most part of Sumatera at Day 0 until
Day 4 during the JAS-AU monsoon phase, which follows the
positive ER perturbation over this area. This increasing wave–
rainfall anomaly area is presumably induced by a remaining of
ER southern hemisphere pair structure, which is in line with
what has already been described based on the theories
discussed earlier by Matsuno (1966) and Kiladis et al.
(2009). Meanwhile, the rainfall decrement has been apparent
over north Sumatera during the DJF-WNP monsoon from
Day 0 to Day 4 (Fig. 19), which coincides with the negative
ER perturbation crossing this area (Fig. 9).

Although, the distinct positive MRG perturbation that ap-
pears over Indonesia during DJF-WNP could apparently be

Fig. 22 Similar with Fig. 15 but against MRG evolution stage (Fig. 12) during JAS-AU active monsoon (a) and JAS-AU extreme monsoon (b)
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neglected due to a weaker magnitude of wave perturbation
(Fig. 11) compared with previous waves, in fact, the areas of
positive MRG perturbation reflect a strong relationship in
enhancing rainfall activity. Figure 21 exhibits the predomi-
nant positive rainfall anomaly where focused over south
Sumatera and Java Island at Day 0 and weaken over south
Sumatera and western Java at Day − 1 and Day 1 during
DJF-WNP monsoon phase. Meanwhile, Fig. 22 shows an
absence of impacted area by MRG during both an active
and extreme JAS-AU phase. Therefore, the MRG wave–
rainfall anomaly relationship during this phase could be
neglected. Even though some areas exhibit coherence in

positive or negative for wave perturbation and rainfall anom-
aly, yet the distribution shows an unorganized pattern, which
may be caused by other local-scale factors. However, a
stronger correlation of MRG wave–rainfall anomaly rela-
tionship during DJF-WNP exhibits a new distinctness re-
ferred from the previous study by Kiladis et al. (2009) and
Horinouchi (2012) or rather being ignored considering what
has been mentioned beforehand in this first line.

According to previous studies by Wheeler and Kiladis
(1999) and Kiladis et al. (2009) and with what has already
been described above, IG1 has given a dominant impact over
Papua, which is also shown in Figs. 23 and 24. Another area

Fig. 23 Similar with Fig.15 but against IG1 evolution stage (Fig. 13) during DJF-WNP active monsoon (a) and DJF-WNP extreme monsoon (b)

673 Page 24 of 28 Arab J Geosci (2018) 11: 673



that has a significant positive rainfall anomaly–wave pertur-
bation relation during active and extreme monsoon phases
for both DJF-WNP and JAS-AU is north Sulawesi, even

though the positive IG1 perturbation values in Figs. 13 and
14 are not too significant. Rainfall reduction impact related
to negative IG1 perturbation seems to be not clearly

Fig. 24 Similar with Fig. 15 but against IG1 evolution stage (Fig. 14) during JAS-AU active monsoon (a) and JAS-AU extreme monsoon (b)

Table 1 Percentage of negative
and positive wave–rainfall anom-
aly relation considered for mon-
soon phase classification

All value (%) Sig. value (%)

Pos (+) Neg (−) Pos (+) Neg (−)

Active monsoon phase

DJF-WNP 55.82 44.18 69.17 30.83

JAS-AU 54.16 45.84 69.71 30.29

Extreme monsoon phase

DJF-WNP 54.71 45.29 60.66 39.34

JAS-AU 53.32 46.68 59.52 40.48
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identified, which is presumably due to a lack of negative
wave perturbation area that lied over the region of
Indonesia (Figs. 13 and 14).

Percentage tables were made to ease the understanding
of wave and rainfall anomaly relationships based on three
classifications, i.e., Table 1 for monsoon phase classifica-
tion, Table 2 for evolution day classification and Table 3 for
wave’s type classification. Positive (Pos) relation was ob-
tained by calculating an equal wave–rainfall anomaly val-
ue, i.e., positive wave perturbation against positive rainfall
anomaly as well as negative wave perturbation against neg-
ative rainfall anomaly, whereas negative (Neg) relationship
was obtained by calculating a non-equal wave–rainfall
anomaly value, i.e., positive (negative) wave perturbation
against negative (positive) rainfall anomaly. Meanwhile,

considerations due to the significant wave perturbation
values seem to be necessary. Therefore, we can notice
how a considerably strong wave perturbation affects rain-
fall anomaly compared with all perturbation wave intensity
that affects rainfall anomaly over Indonesia. In this classi-
fication, a wave perturbation value more than 1 mm/day or
less than −1 mm/day (as shown in Figs. 5, 6, 7, 8, 9, 10, 11,
12, 13, and 14) was classified into a significant value group,
whereas all value group consists of all wave without value
range classification.

From Table 1, except for Sig value during all active mon-
soon phases, we notice that the entire Pos relationships during
DJF-WNP are stronger than JAS-AU positive relationships.
Wave–rainfall anomaly relationships seem to be more signif-
icant for Sig value compared with all value. Meanwhile, a
slight difference (less than 1%) was exhibited for Sig value
classification during all active monsoons for both the DJF-
WNP and the JAS-AU monsoon phases (69.17 and 69.71%,
respectively), thus we may conclude that the DJF-WNP ex-
treme monsoon phase has given more impact toward rainfall
anomaly (60.66%) particularly for a significant wave pertur-
bation value classification. Meanwhile, Table 2 shows that
wave perturbation has given the most robust impact toward
rainfall anomaly at Day 0 compared with the first and the end
days of wave evolution period. Even though Pos relationship
at Day 1st during active monsoon for all value classification is
weaker than Neg relationship (48.16 against 51.84%), other
Pos relationships are stronger than Neg relationships. Overall,
wave–rainfall anomaly relations are more significant for all
active monsoon phases than for extreme monsoon phases, as
well as stronger for Sig value classification compared with all
value classification. From these findings, we can conclude that
the wave–rainfall anomaly relationship is significant at Day 0
for a significant wave perturbation value and during an active
monsoon over Indonesia (about 37.88% from total Day in
Table 2). The wave–rainfall anomaly relationship based on
wave type presented in Table 3 indicates a random conclusion,
where a certain wave is significant for a certain classification,
i.e., the MJO–rainfall anomaly relationship is stronger during
all active monsoon phases for all wave perturbation values
(62.37%); the Kelvin wave is stronger during all active mon-
soon phases for a significant wave perturbation value
(79.56%); the ER wave is stronger during extreme monsoon
phase for all value (55.79%); the MRG wave is the most
significant wave during an extreme monsoon phase for a sig-
nificant value (78.75%). Meanwhile, IG1 looks stronger dur-
ing the extreme monsoon for all wave perturbation value clas-
sifications and during all active monsoon phases for a signif-
icant value (up to 100%). Nevertheless, due to a limited num-
ber of stations that show a positive IG1wave–rainfall anomaly
relationship (only Papua and Maluku), an exception is made
for this wave that IG1 is significant to influence rainfall anom-
aly over east Indonesia.

Table 3 Percentage of negative and positive wave–rainfall anomaly
relation considered for wave-type classification

Active (%) Extreme (%)

Pos (+) Neg (−) Pos (+) Neg (−)

All value

MJO 62.37 37.63 54.47 45.53

Kelvin 61.84 38.16 51.32 48.68

ER 52.37 47.63 55.79 44.21

MRG 48.68 51.32 49.12 50.88

IG1 46.49 53.51 57.89 42.11

Significance value

MJO 68.74 31.26 64.86 35.14

Kelvin 79.56 20.44 51.32 48.68

ER 62.05 37.95 60.78 39.22

MRG 58.33 41.67 78.75 21.25

IG1 100.00 0.00 100.00 0.00

Table 2 Percentage of negative and positive wave–rainfall anomaly
relation considered for evolution day classification

Active (%) Extreme (%)

Pos (+) Neg (−) Pos (+) Neg (−)

All value

Day 1st 48.16 51.84 52.37 47.63

Day 0 61.32 38.68 58.42 41.58

Day end 53.42 46.58 52.63 47.37

Significance value

Day 1st 64.49 35.51 55.45 44.55

Day 0 80.91 19.09 67.19 32.81

Day end 62.77 37.23 50.00 50.00
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Discussion and conclusion

We have shown the rainfall variability distribution based on
CCEW and MJO phenomenon during the Asia-Australian
monsoon phase over Indonesia. The filtered waves from 15-
year of TRMM3B42 data are compared with rainfall anomaly
among 38-synoptic stations during both active and extreme
monsoon phases. The results show that CCEW is predominant
during DJF-WNP over Indonesia while moving away toward
northern off-equatorial during JAS-AU, particularly for MRG
and IG1 (cf. Wheeler and McBride 2005; Kiladis et al. 2009;
Horinouchi 2012; Lubis and Jacobi 2014). Meanwhile, MJO
has been proven to triggers convection over Indonesia
(Madden and Julian 1972; Hidayat and Kizu 2010), even
though seems to be more predominant during DJF-WNP,
while moving toward northern hemisphere away from
Indonesia during JAS-AU. By classifying the WNP and AU
monsoon phases into all active and extreme monsoon phases
based on their climatology thresholds, a distinction between
each wave was observed, where the MJO controlled a deep
convection stronger during all active monsoon phases than
during extreme phases. On the other hand, the extreme mon-
soon phase controls deep convective clouds associated with
Kelvin, ER, MRG, and IG1 stronger compared with an active
monsoon phase, particularly during DJF-WNP for IG1.

Even though not too vigorous, there is still an influence of
wave activity against rainfall variability related to the WNP
and AU monsoons over Indonesia. As the most predominant
wave that controls rainfall variability over Indonesia, the MJO
is adequate to control rainfall anomaly during all active mon-
soon phases for all wave perturbation values, approximately
62.37% stronger than the undefined wave–rainfall anomaly
relationship. The Kelvin wave has given a significant impact
in determining rainfall activity during the monsoon phase for
more than 60%, which mainly increases rainfall anomaly dur-
ing DJF-WNP over western Indonesia (cf. Wheeler and
McBride 2005). Meanwhile, an unorganized positive wave–
rainfall anomaly relationship distribution is exhibited for an
off-equatorial ERwave, even though still evoking a remaining
wave-impacted area over northern boundaries of Indonesia,
i.e., northern Sulawesi. On the other hand, the influenced area
byMRGwave during DJF-WNP is rather being ignored by its
climatological predominant area (Kiladis et al. 2009).
However, a distinction that emerged from this study is that
there is still a high positive relationship (78.75%) especially
during the JAS-AU extrememonsoon phase for the significant
MRG value, which is consistent with findings from
Horinouchi (2012). This result may suggest that a positive
(negative) significant MRG perturbation area, indicated by
dark (light) dashed shadow area in Fig. 11, generates a posi-
tive (negative) rainfall anomaly in the southern hemisphere of
Indonesia. Meanwhile, IG1 has given a dominant impact over
the eastern part of Indonesia, even though a further study has

to be made due to the lack of observational data station in this
area (especially Maluku and Papua).

Notwithstanding, extreme monsoon phase did not robustly
contribute to influence rainfall anomaly associated with
CCEW and MJO; this monsoon classification has proven to
control rainfall activity related to CCEWandMJO during DJF-
WNP (60.66%) for only a significant wave perturbation value.
However, a positive wave–rainfall anomaly relationship seems
to be more prominent during DJF-WNP than during the JAS-
AUmonsoon phase, although there is still a wave that indicates
a prominent relationship during JAS-AU (i.e., MRG).
Meanwhile, CCEW and MJO significantly increase/decrease
precipitation at Day 0 for about 37.88% from total Day 1st to
Day end. Although the contribution of CCEW and MJO were
not too abundant to influence rainfall activity during monsoon
phase over Indonesia, these two events still modulate weather
conditions for more than 50% (cf.Wheeler andMcBride 2005;
Kiladis et al. 2009; Hidayat and Kizu 2010; Horinouchi 2012;
Lubis and Jacobi 2014). The negative impacts of these waves,
particularly MJO, are generally due to a dominant local factor
from a complex topography that lies over the region of
Indonesia, which also agree with previous studies by Hidayat
and Kizu (2010) and Huang and Huang (2011).

Eventually, as a consequence of two big oceans (the Indian
Ocean and the Pacific Ocean) that lie between Indonesia, the
interaction between ocean and atmosphere (e.g., IOD and
ENSO) should be a consideration for further study (cf. Sein
and Zhi 2016).Moreover, a further study with a more complex
data particularly over the eastern part of Indonesia is required
to obtain a more detailed analysis of the local complexities
which are influenced by the CCEW including the MJO.
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