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A B S T R A C T

This study investigates the interannual, seasonal, and intraseasonal variation in rainfall extremes (REs) in
Jakarta and surroundings. We used datasets of daily rainfall at three sites at coastal, inland and mountainous
environments during 1974–2016 (42 years), Sea Surface Temperature, 850-hPa zonal and meridional winds, and
Outgoing Longwave Radiation during 1979–2016 (37 years). The results show that intensity and frequency of
REs, and their relative contribution to the total rainfall, have strong relationships with the Indian Ocean Dipole
and El Niño Southern Oscillation in the dry season (Jun–Nov) but weak relationships in the wet season
(Dec–May) at all sites. During active Madden-Julian Oscillation (MJO) period, the daily average rainfall and the
number of RE days relative to all days show strong variation between MJO phases at all sites and the MJO
signature differs between the three stations. At the coastal and inland sites, there is a less marked variation of the
number of RE events relative to all days with MJO phases. Compared to lower altitudes, the high-altitude station
has a greater number of RE events relative to all days in the wet season and a lower intensity of REs relative to
total rainfall amount in the dry season. The results of the study suggest that the REs vary in each station due to
highly localised differences in responses to large-scale conditions.

1. Introduction

Rainfall extremes have been associated with environmental dis-
asters, such as floods and landslides, that have significant impacts on
society. The current thinking is that rainfall extremes (REs) are be-
coming more frequent, and intense (Westra et al., 2013), causing cri-
tical challenges to communities in dealing with climate changes (Data,
2009). In Southeast Asia, the frequency of annual extreme events in-
creased during 1960–1990s in most places (Manton et al., 2001). Ja-
karta, as one of the most densely populated areas in Southeast Asia, has
experienced massive floods in recent years, especially in 2007 due to
heavy rainfall reaching up to 235mm/day (Siswanto et al., 2016).

Megacity Jakarta, inhabited by 10.37 million people in 2017 (BPS,
2018) and located in the west of the Indonesian Maritime Continent
(IMC), has undergone significant economic loss in recent years due to
floods caused by REs. These floods events may be linked to the sub-
optimal management of water and land-use control in and around the
city (Liu et al., 2015; Wu et al., 2007, 2013; Firman et al., 2011).
However, there has been little analysis of REs despite the larger changes
in rainfall that have been observed in the extreme tail of the rainfall
distribution over the region. For example, recently, Siswanto et al.

(2017) found the floods in 2015 occurred due to very heavy rainfall of
more than 100mm in two days. Prior to that, Siswanto et al. (2016)
used historical data during 1866–2010 and found increasing trends in
rainfall more than 50mm and 100mm and the highest one-percent of
total rainfall events in a year between 1960 and 2010. A recent study by
Kusumastuti and Weesakul (2014) also has shown the trends of rainfall
extremes indices such as the highest rainfall more than 60mm and
80mm in a year increased significantly in Jakarta between 1980 and
2003. In spite of some explanation of clear increasing trends of REs,
there are no detailed analyses of the drivers and mechanisms that ac-
count for REs in Jakarta.

It has been known for some time that the monsoon is the main
source of climate variability in Indonesia including Jakarta. There are
two seasons due to the monsoonal system, wet (Sep–Feb) with the peak
rainfall in January during boreal winter and dry (Mar–Aug) that peaks
in August during boreal summer (Chang et al., 2005; Hendon, 2003).
Other large-scale climate variability drivers such as northeast cold
surges (Chang et al., 2005), El Niño Southern Oscillation (ENSO), the
Indian Ocean Dipole (IOD) and the Madden-Julian Oscillation (MJO)
also affect rainfall variability in Jakarta. Northeasterly winds (cold
surges) typically occur once or twice during boreal winter (Dec–Jan)

https://doi.org/10.1016/j.wace.2019.100202
Received 4 September 2018; Received in revised form 18 December 2018; Accepted 14 February 2019

∗ Corresponding author. School of Earth Sciences, University of Melbourne, VIC, Australia.
E-mail address: slestari@student.unimelb.edu.au (S. Lestari).

Weather and Climate Extremes 24 (2019) 100202

Available online 19 February 2019
2212-0947/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/22120947
https://www.elsevier.com/locate/wace
https://doi.org/10.1016/j.wace.2019.100202
https://doi.org/10.1016/j.wace.2019.100202
mailto:slestari@student.unimelb.edu.au
https://doi.org/10.1016/j.wace.2019.100202
http://crossmark.crossref.org/dialog/?doi=10.1016/j.wace.2019.100202&domain=pdf


and their interactions with local topography cause deep convection
over the southeast of equator (eq. Jakarta) (Zhang et al., 2016).
Hamada et al. (2012) found that interannual rainfall variability related
to ENSO and IOD has more influence in the dry season than in the wet
season. The MJO is the dominant mode of intraseasonal variability in
the region and can be associated with heavy rainfall as found by Wu
et al. (2013), who showed that the heavy rainfall that occurred in
January 2013 in Java island was due to the active MJO phase. Vincent
and Lane (2017) identified that the maximum peak of diurnal rainfall
over the land in the IMC occurs before the active phase of the MJO
passes through the region (phase 1 and 2), which was also discussed in
Peatman et al. (2014) and Birch et al. (2016). Although previous studies
have explored rainfall variability over Jakarta and surroundings related
to ENSO, IOD (Hamada et al., 2012), and the MJO (Vincent and Lane,
2017; Hidayat and Kizu, 2010), these studies have not focused on ex-
tremes.

The IMC is amongst the wettest regions of the world, but there is
large spatial heterogeneity in rainfall totals. The wettest areas include
coastal regions such as Sumatera, Java, and northwest of Kalimantan
(Mori et al., 2004). In Jakarta, located in the coastal region at the
northwest part of Java island, rainfall variability is dominated by the
diurnal cycle and induced by the local land-sea breeze circulation and
surface heating during the day (Yamanaka, 2016). Coastal areas near
the steep mountains will also strengthen the local circulation on a
diurnal time-scale (Yamanaka, 2016).

Some studies have found that both large and local-scale circulations
influence REs (King et al., 2015). Lestari et al. (2016) suggested that the
frequency of heavy rainfall in the dry (Jun–Aug) and transitional
(Sep–Nov) seasons in the east IMC is modulated by ENSO, with a bigger
influence on rainfall from the magnitude of La Niña than El Niño
phases. According to King et al. (2015), local circulation and ENSO
have also modulated REs, such as in the warm season in the northern
part of Australia. In Southeast Asia, the highest one-day rainfall amount
in a season (RX1day) is related to ENSO especially in June-July-August
(JJA) (Villafuerte and Matsumoto, 2015). Supari et al. (2017) also
showed that the duration, intensity, and frequency of REs over IMC
have a strong link with ENSO in the dry season. Although Villafuerte
and Matsumoto (2015) and Supari et al. (2017) have demonstrated the
influence of ENSO on REs over IMC, there are no further explanations
related to the IOD, MJO and local effects on REs in this region.

In summary, several studies have dealt with rainfall variability over
IMC, but less attention has been given to rainfall extremes around
Jakarta. This study will attempt to improve our understanding of which

large-scale drivers play a significant role in producing rainfall extremes
in the Jakarta region at seasonal time-scale, both during the wet and
dry seasons. We will show how interannual and intraseasonal climate
variability affect rainfall extremes and how their characteristics vary in
the seasonal time-scale from wet to dry seasons. We also analyze the
role of different MJO phases in modulating REs in Jakarta and the
surrounding area. This includes an investigation of the role of MJO in
modulating the changes of the relative contribution of REs events to
total rainfall frequency (Rcontfreq) at different thresholds with different
altitudes.

2. Data and method

2.1. Data

2.1.1. Observational data
Daily rainfall data were obtained from the Agency for Meteorology,

Climatology, and Geophysics (BMKG) Indonesia during 1974–2016 (42
years). Daily rainfall data was recorded from 7 am (= 00 UTC) on that
date to 7 am the following day. A quality check was applied before
examining datasets using four homogeneity statistical tests: the Pettitt,
the Buishand Range, the Standard Normal Homogeneity (SNHT), and
the Von Neumann (Wijngaard et al., 2003). The four tests could ex-
amine the homogeneity of the daily time-series. Basically, the Pettitt,
Buishand range and SNHT find the inhomogeneity by finding the break
in a time series. These three tests could show the year where the break
occurs. However, the Von Neumann test assumes the inhomogeneity
based on year-to-year mean variation (N). If there is a high mean-var-
iance that exceeds the expected value (N=2), then the inhomogeneity
exists (Wijngaard et al., 2003).

Three out of nine stations (Fig. 1) at different altitudes were selected
since the other six stations did not pass standard quality control: 1.
WMO ID 96745: Kemayoran (coast) (4 m), 2. WMO ID 96747: Halim
(inland) (26m), and 3. WMO ID 96751: Citeko (mountain) (920m).
The daily rainfall data at the three chosen stations meet these criteria:
1) Data should pass three out of four homogeneity statistical tests, 2)
Data period should be at least 25 years, and 3) Missing data tolerance is
less than 15 days per year or 5 days in each season of June-July-August
(JJA), September-October-November (SON), December-January-Feb-
ruary (DJF), and March-April-May (MAM). The data period used in this
study was from 1974 to 2016 with years defined as 1st June to 31st May
in the following year to align with ENSO phases.

Fig. 1. Study area. The nine meteorological stations are shown in the filled circles. The three stations at Kemayoran (coast), Halim (inland), and Citeko (mountain)
shown by filled red circles are used in this study.
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2.1.2. Gridded observational and reanalysis datasets
The monthly dataset of Extended Reconstructed Sea Surface

Temperature (ERSST) v3b was downloaded from ftp://ftp.ncdc.noaa.
gov/pub/data/cmb/ersst/v3b/netcdf/ (Huang et al., 2017) with the
spatial resolution of 2°x2° from 1974 to 2016 (42 years) (Xue et al.,
2003). The ERA-Interim 850-hPa zonal (U) and meridional (V) winds
were used with the spatial resolution of 0.75°x0.75°; (Dee et al., 2011).
Daily and monthly Outgoing Longwave Radiation (OLR) were obtained
from https://www.esrl.noaa.gov/psd/data/gridded/data.interp_OLR.
html with the spatial resolution of 2.5°x2.5° (Liebmann and Smith,
1996). The data used for OLR and wind were from 1979 to 2016 (37
years) and analysis was conducted using 3-month periods: JJA, SON,
DJF, and MAM.

2.2. Method

The rainfall indices developed by the CCl/CLIVAR/JCOMM Team
on Climate Change Detection and Indices (ETCCDI) are widely used by
the international rainfall research community to characterize the in-
tensity and frequency of rainfall extremes. Most rainfall indices re-
present rainfall extremes (REs), except PRCPTOT, WDAYS, and SDII
that describe the general rainfall distribution (Table 1). The indices
allow for quantitative analysis of REs relevant to flood events.

The indices used in this study focus on the detection of moderate to

extreme daily rainfall in a year or a season. These indices have also
been used to identify long-term trends in REs, including intensity and
frequency components over a multi-year dataset. The indices either
correspond to intensity of the most extreme rainfall events, such as the
highest consecutive 5-day rainfall total over a given period (hereinafter
RX5day) (Kusumastuti and Weesakul, 2014), or frequency of REs above
fixed thresholds, such as the number of days with rainfall above 50mm
(R50mm), or percentile thresholds, such as the 95 percentile of rainfall
(R95p) (Siswanto et al., 2016).

Table 1 shows the rainfall indices used in this paper such as in-
tensity (RX1day, RX5day, R95p, R99) and frequency (R10mm,
R20mm, R50mm, R100mm) based on the ETCCDI. We extended to use
another index such as the contribution of REs relative to distribution of
daily rainfall (Rcont) as described by Haylock and Nicholls (2000). The
purpose of using the Rcont is to capture the proportion changes of the
very heavy rainfall relative to the distribution of day-to-day rainfall
(Haylock and Nicholls, 2000).

Therefore, rainfall indices applied in this study were categorized
into three groups: 1) the intensity, 2) the frequency, and 3) the relative
contribution of REs to total rainfall. The relative contribution of REs
was determined by: 1) intensity of REs relative to total rainfall amount
(Rcontint) and 2) the number of REs days relative to a number of all
days (Rcontfreq).

We used the intensity, the frequency, the Rcontfreq, and the Rcontint

Table 1
Rainfall indices (Data, 2009).
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to analyze REs associated with El Niño Southern Oscillation (ENSO) and
the Indian Ocean Dipole (IOD). In order to understand the effect of the
Madden-Julian Oscillation (MJO) on REs, we analyzed only Rcontfreq as
the MJO varies on intraseasonal timescales it is not possible to de-
termine the Rcontint from a consecutive 5-day (RX5day) for a single
MJO phase which needs the daily basis for its calculation.

The years of strong ENSO were determined using the ERSST v3b by
calculating averaged SST over the Niño-3.4 region (5S-5N and
120–170W). Years of El Niño and La Niña were defined when the Niño-
3.4 anomaly was greater than the standard deviation of seasonal
averaged (Sep–Feb) SST (i.e. above |0.8|) (Trenberth, 1997). We found
ten years of El Niño events: 1983, 1987, 1988, 1992, 1995, 1998, 2003,
2005, 2010, 2016 and seven years of La Niña events: 1976, 1989, 1999,
2000, 2008, 2011, 2012 during the 42-year dataset of SST data.

The years of strong IOD were also calculated using the ERSST v3b
by calculating the anomaly SST difference between the west equatorial
Indian Ocean (50E-70E and 10S-10N) and the south-east equatorial
Indian Ocean (90E-110E and 10S-0N). The years of strong IOD were
defined using the standard deviation of seasonal (Aug–Oct) SST
anomalies (Saji et al., 1999). Positive IOD (pIOD) and negative IOD
(nIOD) was defined as above≥ |0.4|. We found six years of nIOD
events: 1976, 1990, 1993, 1997, 1999, 2011 and seven years of pIOD:
1978, 1983, 1995, 1998, 2007, 2012, 2013.

We also derived the monthly ENSO index (Niño 3.4) and Dipole
Mode Index (DMI) from the ERSST data. Based on defined years of
ENSO and IOD, the averaged annual cycle of REs during El Niño, La
Niña, nIOD, and pIOD were plotted to examine the differences of REs in
each event. Paired sample t-test was applied to examine the statistical
significance of their differences, but the small sample sizes limit our
interpretation of these results.

The Spearman-rank partial correlation technique was used to
identify the relationship among three parameters: rainfall indices,
Dipole Mode Index (DMI) and Niño 3.4. This correlation measures the
relationship between IOD or ENSO on indices separately as used by
Ashok and Saji (2007) and Hidayat et al. (2016). In order to understand
the changes of rainfall extremes (REs) with large-scale circulation, the
spatial correlation between indices at a single site (Kemayoran, Halim,
and Citeko) and SST, OLR, and 850-hPa wind in the surrounding re-
gions were calculated.

The impacts of intraseasonal climate variability (MJO) on REs in-
dices were examined by determining the Rcontfreq in each of the 8
phases of the MJO, as defined by the Wheeler and Hendon (2004)
index. This index was determined based on the OLR and zonal wind
data. Following these authors, the MJO signal is deemed “active” when
the amplitude is greater than 1 and calculated for JJA, SON, DJF, and
MAM to observe the seasonal changes of REs.

3. Results

3.1. Seasonal rainfall extremes associated with large-scale circulation

The subsection describes the changes in frequency, intensity, and
the relative contribution of REs to total rainfall frequency (Rcontfreq) or
intensity (Rcontint) in different seasons associated with large-scale cli-
mate modes at the three chosen stations, Kemayoran (coast), Halim
(inland), and Citeko (mountain). The stations represent different alti-
tudes, although we can not comment on how representative these sta-
tions are for the climate of the region more broadly, due to the limited
number of stations available.

We focus on the wet and dry seasons, REs and their relationships
with the large-scale climate drivers: the El Niño Southern Oscillation
(ENSO), Indian Ocean Dipole (IOD), and Madden-Julian Oscillation
(MJO). The analysis runs from June to May in the following year be-
tween 1974 and 2016. All indices of REs as shown in Table 1 are used in
this paper.

Fig. 2 shows the monthly averages of the RX1day and RX5day

during June 1974–May 2016 (42 years): ten El Niño and seven La Niña
events at Kemayoran, Halim, and Citeko. The results indicate that ENSO
might affect RX1day and RX5day in the dry season (Jun–Nov) rather
than in the wet season (Dec–May) at all stations, shown by a large
difference of the average intensity that occurs between El Niño and La
Niña in the dry season, but a slight difference in the wet season, except
in February. Other indices of REs (not shown) indicate the same effect
of ENSO in the dry season. The small number of data in each ENSO
category, however, imposes a limitation on this analysis.

In the dry season, the three stations experience an increase of
RX1day and RX5day during La Niña and a decrease during El Niño. Of
the dry season months, the differences are statistically significant in
October for RX1day, June–July and October for RX5day at Kemayoran
and in October only at Halim for both indices (p-value < 0.05). This
might indicate that the effects of ENSO on rainfall extremes are not
uniform at each station. The difference between Rcontfreq and Rcontint
at each station will be investigated further in section 3.2.

In general, in the dry season, the average of RX1day and RX5day in
La Niña years are higher than the average across all years, except in
August at Halim and July at Citeko. In contrast, these indices in El Niño
years are lower than in all years, except RX1day in August at Halim.
During La Niña, the easterly wind is much stronger than climatologi-
cally causing the expansion of the warm pool around Indonesia, re-
sulting in greater evaporation and rainfall. Conversely, during El Niño,
the easterly wind is weakened so the warm pool shifts back to the east
and the east Pacific ocean warms, producing heavy rainfall over that
region, while Indonesia experiences less rainfall or drought. Although
ENSO has a strong influence on REs in the dry season, its effect is also
asymmetric at each station. This indicates that not only ENSO but also
local forcing might play a part in the response of REs to ENSO.

A high coherence between remote and local SSTs in the dry season
has caused a stronger relationship between ENSO and rainfall in the dry
than wet seasons. In contrast, in the wet season, the anomalies of local
SST change and oppose the remote SSTs (Hendon, 2003). This may
explain the low correlations between ENSO and REs over the region in
the wet season. It is also shown in Fig. 2 that the differences in RX1day
and RX5day at all stations in the wet season are less between ENSO
phases, but at Citeko, the maximum of average rainfall in El Niño
happens one month after the peak of average rainfall in La Niña and all
years. It can be seen by the peak of the indices that occurs in Januar-
y–February during La Niña and all years but is delayed in Februar-
y–March during El Niño. Hamada et al. (2002) found that the late onset
of rainfall peaks in the wet season was present at all stations, not only
those in mountainous regions. The different result in our study might be
due to the different period used by Hamada et al. (2002) of 1961–1990
(30 years) compared to our paper (1974–2016; 42 years). However, our
study has a limitation by using only one station as a representative site
at the mountain.

Fig. 3 shows seasonal averages of RX1day and RX5day during June
1974–May 2016 (42 years): seven positive Indian Ocean Dipole (pIOD)
and six negative IOD (nIOD) events for the three stations, analogous to
Fig. 2. The Indian Ocean Dipole (IOD) appears to have more influence
on RX1day and RX5day in the dry season compared to the wet season at
the three stations. This is shown by a higher difference in the average
intensity of the indices between nIOD and pIOD in the dry season with a
smaller difference in the wet season. In the dry season, all three stations
are shown to have an increase in RX1day and RX5day during nIOD and
a decrease of these indices during pIOD. IOD influences on REs are
robust but they vary depending on the location of the stations, similar
to that of ENSO. It is also noted that larger differences in average
rainfall occur between pIOD and nIOD than between El Niño and La
Niña. This result might imply that the IOD has more influential impacts
than ENSO, although this inference is limited by our sample sizes.

In the wet season, there is no systematic difference between RX1day
and RX5day in nIOD and pIOD years, although there is a one-month
delay of the maximum rainfall of RX1day and RX5day is found during
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pIOD years relative to nIOD years.
Fig. 3 also illustrates that at Halim and Citeko, the seasonal average

of RX5day reaches a peak around up to 250mm in February during
pIOD. The pIOD often causes less rainfall resulting in drought over
Indonesia (Saji et al., 1999). However, during one pIOD event, very

high rainfall occurred on five consecutive days in early February 2007
(nearly up to 260mm on 2 February 2007) (figure not shown). As a
consequence, the seasonal average of RX5day from all pIOD events
sharply increases.

In order to see the effect of this unusual event, we take out 2007

Fig. 2. The seasonal averages of RX1day and RX5day at (a),(b) Kemayoran, (c),(d) Halim, (e),(f) Citeko stations during ENSO events (1974–2016) with 10 and 7 El
Niño and La Niña occurrences, respectively. Shaded bars show values for all years and dashed lines represent La Niña (red) and El Niño years (blue). Full lines
represent the differences that are statistically significant at the 5% level during La Niña and El Niño.

Fig. 3. The seasonal averages of RX1day and RX5day at (a),(b) Kemayoran, (c),(d) Halim, (e),(f) Citeko stations during IOD events (1974–2016) with 7 and 6 positive
IOD and negative IOD occurrences, respectively. Shaded bars show values for all years and dashed lines represent nIOD (red) and pIOD years (blue). Full lines
represent the differences that are statistically significant at the 5% level during nIOD and pIOD.
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from pIOD years, and the seasonal average of the RX5day decreases
strongly (figure not shown). This extreme phenomenon is also reported
in Siswanto et al. (2016) as the worst flood due to heavy rainfall that
occurred in the last few decades. In fact, after removing 2007 from
pIOD years, the maximum rainfall is still higher in March during pIOD
compared to all years demonstrating a late onset of the maximum
rainfall peak. However, the delay is not restricted only to Citeko but is
also observed at Kemayoran and Halim.

ENSO and IOD have weaker relationships with REs during the wet
season; however, there are later peaks of REs in February in the middle
of the wet season during El Niño and positive IOD (Figs. 2 and 3). This
was also found by Hamada et al. (2002) which found that the onset of
mean rainfall occurs late during El Niño. Saji et al. (1999) suggested
that less rainfall usually occurs during pIOD, but this is in contrast with
the occurrence of an unusual increase of RX5day at Halim during the
wet season due to very high rainfall amount on consecutive 2–3 days in
early February 2007 (that event included rain totals up to 260mm/
day). This extremely high rainfall amount caused the maximum peak of
the seasonal average of rainfall in February as shown in Fig. 3. It has
been suggested that the interactions of cold surges and local circulation
caused the heavy rainfall in February 2007 (Matsumoto et al., 2017;
Hamada et al., 2012; Wu et al., 2007). During this period, strong con-
vection developed in the evening over the mountain then propagated
northward to the coast and interacted with the cold-surge (Matsumoto
et al., 2017).

There are some possible reasons why REs are uncorrelated with
ENSO and IOD in the wet season. First, the late peak in REs means they
are not aligned with the peak influence of ENSO. Second, the local
forcing of SST might diminish the influence of ENSO (Hendon, 2003)
and the interaction of complex topography in this season (Chang et al.,
2004).

Fig. 4. The relative contribution of seasonal RX1day to PRCPTOT and its relationships with (a),(b) Niño 3.4 and (c),(d) DMI from 1974 to 2016 in DJF and SON at
Kemayoran.

Table 2
The correlations between Dipole Mode Index (DMI); Niño 3.4 and RX1day;
RX5day; PRCPTOT; the relative contribution of RX1day to PRCPTOT at
Kemayoran, Halim, Citeko (1974–2016). The bold and italic letter indicates
significant correlations at the 95% confidence level. This is based on monthly
values.

IOD/
ENSO

RX1DAY RX5DAY PRCPTOT RX1DAY/ PRCPTOT
(Rcontint)

Kemayoran
JJA IOD -0.39 -0.47 -0.47 0.42

ENSO -0.44 -0.38 -0.34 0.45
SON IOD -0.56 -0.63 -0.64 0.55

ENSO -0.39 -0.47 -0.57 0.56
DJF IOD 0.15 0.07 0.07 0.25

ENSO 0.10 0.06 0.03 0.01
MAM IOD -0.09 -0.10 -0.15 0.08

ENSO 0.07 0.02 0.02 0.07
Halim
JJA IOD -0.49 -0.46 -0.46 0.38

ENSO -0.12 -0.16 -0.21 0.58
SON IOD -0.64 -0.68 -0.61 0.59

ENSO -0.45 -0.36 -0.45 0.43
DJF IOD 0.00 -0.02 -0.09 0.12

ENSO -0.05 -0.05 0.01 0.18
MAM IOD -0.17 -0.08 -0.37 0.32

ENSO 0.13 0.07 0.22 -0.27
Citeko
JJA IOD -0.63 -0.63 -0.61 0.57

ENSO -0.24 -0.28 -0.25 0.32
SON IOD -0.44 -0.36 -0.32 0.21

ENSO -0.45 -0.24 -0.24 0.15
DJF IOD 0.11 0.18 0.15 -0.26

ENSO 0.18 0.10 0.07 0.09
MAM IOD -0.09 -0.07 0.02 -0.40

ENSO 0.06 0.20 0.14 0.08
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3.1.1. Relationships between El Niño southern oscillation (ENSO) and
Indian Ocean Dipole (IOD) with rainfall extremes

The previous section has focused on the seasonal variation of the
intensity and frequency of REs. The following section will discuss not
only the intensity of REs but also Rcontint (that is, the contribution of
rainfall extreme to the total seasonal rainfall). Furthermore, the sea-
sonal changes of the indices at Kemayoran (Fig. 4), Halim and Citeko
(not shown) and their correlation with Niño 3.4 and Dipole Mode Index
(DMI) will be explored.

Our results show how much of the seasonal total rainfall is due to
extreme rainfall events. The findings are consistent with the previous
analysis that higher variations of both indices occur in the dry season
with a significant correlation between the relative contribution of
RX1day to the rainfall amount and Niño 3.4 at the 5% significance
level. That is, for higher values of Niño 3.4/stronger El Niño years,
there is a greater contribution of REs to the seasonal total, while for
lower values of Niño 3.4/stronger La Niña years, there is a less con-
tribution of REs to the seasonal total.

It is also clear that a much higher contribution of rainfall is attri-
butable to extreme events in the dry season rather than in the wet
season, reflecting the more consistently rainy conditions in the wet
season (Table 2).

Table 2 shows correlations between REs with ENSO and IOD to
understand the effects of ENSO and IOD events on REs. The negative
correlations with both Niño 3.4 and DMI for most dry season periods
provide evidence that the seasonal average of dry season REs are
strongly affected by IOD and ENSO. The same result of strong effects of
IOD and ENSO on mean rainfall in the dry season was also discussed in
Hamada et al. (2012).

Also note the positive correlations between Rcontint and Niño 3.4/
DMI, despite negative correlations with the other indices, even when
extremes are less intense, they are making a larger contribution to the
total rainfall due to drier conditions overall.

While the analysis in Table 2 quantifies the role of IOD and ENSO in
increasing REs, the Niño 3.4 and DMI indices may not be completely
independent which may confuse the outcomes. Thus, the Spearman-

rank partial correlation is applied to quantify the changes of REs during
IOD by removing ENSO events and conversely removing IOD for ENSO.

Table 3 shows the partial correlations between REs with ENSO and
IOD. The results show that IOD and ENSO significantly correlate with
REs (r≥ |0.4| at 95% confidence level) at Kemayoran, but only the IOD
exhibits significant correlations with REs at Halim and Citeko in the dry
season (Table 3). By contrast, there are no significant correlations be-
tween IOD and ENSO with REs in the wet season: Dec–Feb (DJF) and
Mar–May (MAM). Overall, this suggests that the IOD has a stronger
effect than ENSO on REs.

There is a very clear seasonal dependence of REs at these three
stations, with large-scale circulation patterns associated with ENSO and
IOD strongly correlated with REs during the dry season. The IOD re-
lationship with REs in the Jakarta region is stronger than the re-
lationship between ENSO and REs.

3.1.2. Relationships between Madden-Julian Oscillation (MJO) and rainfall
extremes

This section describes analysis of the variations in daily average
rainfall and Rcontfreq at Kemayoran, Halim, and Citeko with phase of
the MJO. The average of the daily rainfall and how it changes with the
phase of the active MJO (amplitude > 1) in the dry and wet season is
presented in Fig. 5 and the Rcontfreq is shown in Fig. 6.

All three sites show more than three times the daily rainfall during
active MJO phases during the wet season relative to the dry season. This
is evident at Kemayoran, Halim and Citeko with the daily rainfall of
around 13, 11 and 17mm/day, respectively in the wet season compared
to only 4, 5, 5mm/day in the dry season.

Referring to the results of Peatman et al. (2014), Java island appears
to be influenced by the enhanced rainfall ahead of the main MJO en-
velope that affects most of the MC islands, but to a lesser extent than the
larger islands of Kalimantan, Sumatera and Papua New Guinea. The
diverse results presented here also suggest that these stations are in-
fluenced by complex interscale mechanisms. Nonetheless, we see a
variation of up to 50% in average daily rainfall, indicating that the MJO
is a significant source of variability in the region, albeit on a shorter

Table 3
The Spearman-rank partial correlation between Dipole Mode Index (DMI); Niño 3.4 and RX1day; RX5day; PRCPTOT; the relative contribution of RX1day to PRCPTOT
at Kemayoran, Halim, Citeko (1974–2016). The bold and italic letter indicates significant correlations at the 95% confidence level. This is based on monthly values.

IOD/ENSO RX1DAY RX5DAY PRCPTOT RX1DAY/ PRCPTOT (Rcontint)

Kemayoran
JJA IOD (remove ENSO) -0.40 -0.46 -0.51 0.39

ENSO (remove IOD) -0.37 -0.34 -0.37 0.48
SON IOD (remove ENSO) -0.38 -0.42 -0.40 0.32

ENSO (remove IOD) -0.17 -0.13 -0.28 0.49
DJF IOD (remove ENSO) 0.23 0.14 0.17 0.20

ENSO (remove IOD) 0.19 0.09 0.10 0.03
MAM IOD (remove ENSO) 0.02 -0.07 -0.11 0.10

ENSO (remove IOD) 0.06 -0.08 -0.04 0.14
Halim
JJA IOD (remove ENSO) -0.55 -0.49 -0.53 0.37

ENSO (remove IOD) -0.08 -0.13 -0.27 0.53
SON IOD (remove ENSO) -0.50 -0.59 -0.49 0.37

ENSO (remove IOD) -0.11 0.14 -0.12 0.24
DJF IOD (remove ENSO) -0.06 -0.07 -0.02 0.04

ENSO (remove IOD) -0.04 -014 0.07 -0.11
MAM IOD (remove ENSO) -0.14 -0.04 -0.29 0.40

ENSO (remove IOD) 0.14 0.07 0.21 -0.11
Citeko
JJA IOD (remove ENSO) -0.64 -0.66 -0.64 0.50

ENSO (remove IOD) -0.26 -0.32 -0.28 0.21
SON IOD (remove ENSO) -0.18 -0.18 -0.10 0.12

ENSO (remove IOD) -0.32 -0.08 -0.18 0.11
DJF IOD (remove ENSO) 0.04 0.07 0.09 -0.19

ENSO (remove IOD) 0.23 0.09 0.07 0.12
MAM IOD (remove ENSO) -0.13 -0.03 0.14 -0.42

ENSO (remove IOD) 0.06 0.23 0.15 -0.04
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intraseasonal timescale than ENSO or the IOD.
The average daily rainfall during active MJO events shows strong

variation with MJO phases at all sites. However, this variation differs
between the three stations, highlighting the complex local response to
the MJO. At Citeko, the mountainous site, there are dual peaks in daily
rainfall in phase 2 and 5, with suppressed rainfall in phase 3 and 4 and
minimum rainfall in phase 7. At the coastal site, the rainfall peaks in
phase 2, before falling in phase 3–5, and increasing again in phases 6–8.
At the inland site, rainfall peaks in phase 4, and is also elevated in
phases 6–8.

In terms of REs, at the mountainous site, we see that the contribu-
tion of extreme rain days (20mm) (Fig. 6) also peaks in different MJO
phases for the different stations. Interestingly, at Citeko, there is a peak
in phase 2 that corresponds to the peak in daily rainfall, but not in
phase 5 when there is also peak in daily rainfall. This suggests that the
phase 2 heavy rainfall may be more closely associated with convective
processes in the earlier stages of the MJO active period, while the heavy
rainfall in phase 5 may more associated with widespread stratiform rain
in the mature phase of the MJO. This is broadly consistent with the
results of Vincent and Lane (2018), who showed a greater influence of

convective processes in the early stages of the active MJO and a greater
influence of stratiform processes in the later stages.

At the coastal and inland stations, there is a less marked variation of
Rcontfreq with MJO phase, possibly as a result of the influence of
coastal and maritime processes.

In general, the peak of REs that generally occurs before and after
MJO passes through the maritime continent, is due to a strong land-sea
breeze circulation associated with heating from solar radiation which
triggers convection and increases rainfall. However, once the active
MJO phase resides over the maritime continent, cloud cover increases
and solar radiation reduces, resulting in weakened mesoscale circula-
tions. These conditions are less favorable for the development of con-
vection and, consequently, rainfall is reduced (Birch et al., 2016).

The Rcontfreq of R1mm, R10mm, R50mm and R100mm (Figures
not shown) at three stations during MJO are also computed. The active
MJO has a slight effect on increasing the Rcontfreq of R≥50mm but it
has a strong effect on increasing the Rcontfreq of R≥ 10mm and
20mm. The small effect of MJO on R≥50mm is shown by a small
contribution of REs events in the wet season that is up to 9% percent at
Citeko, and nearly 8% at Kemayoran and Halim. Among the three

Fig. 5. The total rainfall amount (R≥ 1mm) divided by a number of all days when the amplitude > 1 in eight MJO phases at Kemayoran, Halim, and Citeko stations
in Jun–Aug (JJA) and Dec–Feb (DJF) during 1974–2016.

Fig. 6. The Rcontfreq of rainfall ≥20mm when the amplitude> 1 in eight MJO phases at Kemayoran, Halim, and Citeko stations in Jun–Aug (JJA) and Dec–Feb
(DJF) during 1974–2016.
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stations, the largest percentage difference in the contribution of
R10mm occurs during phase 4, which is similar to the difference in
average daily rainfall and R20mm. However, the contribution of higher
thresholds of R50mm and R100 mm at three stations at each phase is
relatively more sparse compared to R10mm and R20mm.

We have demonstrated that the increased Rcontfreq at the coast,
inland, and mountain stations vary with the phases of active MJO
during the dry and wet season. Increased REs are more clearly observed
during the wet season compared to the dry season with more significant
impacts on the moderate REs at 10mm and 20mm rather than severe
REs at 50mm and 100mm. This result is consistent with Rauniyar and
Walsh (2011) who found that the mean rainfall varies over a different
part of the MC during the active MJO phases and is also in agreement
with Peatman et al. (2014) inferring that the average of daily rainfall
during MJO experiences a different anomaly for some regions and vi-
cinity. The MJO modulation of rainfall is spatially inhomogeneous. Our
results indicate that there are different responses from different lo-
calities in the western part of Java alone, especially when the active
MJO passes over the MC. However, we have extended the analysis from
mean rainfall to REs and focused on local-scale rather than broad-scale
regions used by previous studies.

In summary, the Madden-Julian Oscillation (MJO) is associated
with an increase of the daily rainfall and the Rcontfreq for moderate
thresholds (R10mm and R20mm), particularly at Citeko, more in the
wet than in the dry season during active MJO phases (Fig. 6). The
findings of the current study agree with the results of Peatman et al.
(2014) which found that the anomaly of daily rainfall due to MJO
varies depending on the region especially when the active MJO enters
Indonesia even though their studies have not addressed REs. By con-
trast, MJO is less associated with the Rcontfreq with the high thresholds
of R50mm and R100mm than moderate thresholds, and their varia-
tions in each phase are also weak.

3.1.3. Spatial correlations between rainfall extremes with Sea Surface
Temperature (SST), Outgoing Longwave Radiation (OLR), and 850-hPa
wind

Here we explore the mechanisms behind variability in REs in the dry
and wet seasons. Spatial correlations between the three sites of
Kemayoran, Halim, and Citeko, and Sea Surface Temperature (SSTs),
Outgoing Longwave Radiation (OLR), and 850-hPa zonal and mer-
idional winds are calculated. The results of the correlational analysis
are shown in Fig. 7.

RX5day at Kemayoran, Halim, and Citeko stations has significant
positive correlations with SSTs in the Maritime Continent (MC),
southeastern Indian (SEI) ocean, and western Pacific (WP) ocean in the
dry season in Jun–Aug (Fig. 7). Similar results are seen for Sep–Nov and
the other extreme indices (not shown) (r≥ |0.4| at the 95% confidence
level). This suggests that warmer SSTs in those regions are likely to
occur simultaneously with an increase of REs at Kemayoran, Halim, and
Citeko and indicates that warmer SSTs might be associated with the
increased of REs in the region.

In contrast, there are no clear correlations between REs and SSTs in
the wet season in Dec–Feb (Fig. 7) and Mar–May (not shown). Local
impacts, prevailing monsoonal flows, and intraseasonal forcing may be
more closely associated with REs at Kemayoran, Halim, and Citeko in
the wet season than the remote SSTs.

Similar to SSTs, OLR has significant regional negative correlations
while mean zonal wind has positive correlations over the IMC with
increased REs at the three stations in the dry season. But, correlations
are not significant in the wet season (not shown). In the dry season, the
strong westerlies from the Indian ocean and easterlies from the Pacific
ocean might induce convergence over IMC resulting in the formation of
rainfall (Fig. S1 in the supplementary material). Further, meridional
wind negatively correlates with REs in the dry season, but there are
only small areas where correlations are statistically significant (Fig. S2

Fig. 7. The correlation between seasonal RX5day at (a),(b) Kemayoran, (c),(d) Halim, (e),(f) Citeko and SSTs in DJF and JJA during 1979–2016. Stippling shows
significant correlations at the 95% confidence level.
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in the supplementary material). This suggests that local meridional
wind like land-sea breeze circulation might play a role in increased REs.
Meanwhile, in the wet season, uncorrelated zonal wind and REs is
conceivably due to local SST anomalies having a more important role
than remote SSTs (Zhang et al., 2016), thus, the local wind is poten-
tially more dominant during the season.

Strong positive correlations between SSTs and REs are consistent
with warmer SSTs in the MC, and the SEI and WP oceans coincide with
La Niña and negative IOD (nIOD) patterns that are also associated with
increased REs at Kemayoran, Halim, and Citeko. The large impact of
warmer SSTs in those regions is consistent with our earlier analysis of
IOD and ENSO impacts on the generation of REs as shown in Figs. 2 and
3.

These results suggest that warmer local SSTs associated with ENSO
and IOD play important roles in increasing REs in the dry season
(Jun–Nov) and have less influence in the wet season (Dec–May). Similar
results of these distinct impacts during different seasons for total rain-
fall amounts are also reported in previous studies (Hamada et al., 2012;

Chang et al., 2004; Hendon, 2003; McBride et al., 2003), but our ana-
lysis extends this conclusion to REs.

3.1.4. Correlations between rainfall extremes and averaged local SST in the
southeastern equatorial Indian Ocean (90E-110E, 10S-0N)

In order to evaluate the effect of local SSTs on the three stations at
Kemayoran, Halim and Citeko, the correlations between the SSTs and
rainfall extremes (REs) at those stations are calculated. The selected
area of local SSTs in the southeastern equatorial Indian Ocean (90E-
110E, 10S-0N) (as denoted by black grid box shown in Fig. 7) is de-
termined based on one of two grid box areas used to define IOD indices
(Saji et al., 1999).

Table 4 shows positive correlations between the averaged local SSTs
with PRCPTOT, RX1day, and RX5day. The intensity of REs has a sig-
nificant positive correlation with SSTs in this area in the whole dry
season (Jun–Nov) at Kemayoran and Halim but only in JJA at Citeko.

The strong positive relationships between local SSTs with
PRCPTOT, RX1day, and RX5day that occur in the dry season imply that
warm SSTs are associated with increase REs, particularly at stations
nearby to the coastal (Kemayoran) and non-mountainous (Halim) sta-
tions. Although the REs also correlate with SSTs at Citeko in the dry
season, the SST relationships occur over a shorter period than for the
two low-altitude sites.

Hamada et al. (2012) showed that during Aug–Oct, the seasonal
mean rainfall for all stations in northwestern Java has a positive cor-
relation with SST surrounding the IMC which is also in agreement with
our results. Our analysis also reveals that local SSTs are positively
correlated with REs (previous studies only focused on mean rainfall) in
JJA and SON (Table 4). This indicates that warmer SSTs tend to be
associated with increased REs over the three stations in the dry season.
The role of local SSTs is important for the variability of REs in the re-
gion because the land-sea differences induce diurnal land-sea breeze
circulations and propagation of the rain cloud (Yamanaka, 2016).

3.2. Seasonal rainfall extremes

The previous section investigated the potential role of large-scale
drivers and found significant correlations with the REs during the dry
season. In contrast, during the wet season, the impact of large-scale
drivers was found to be lower than the site to site variability. Here we

Table 4
Correlations between averaged local SST in the southeastern equatorial Indian
Ocean (90E-110E, 10S-0N) and intensity of rainfall extremes at Kemayoran,
Halim and Citeko. A bold and italic letter indicates significant correlations at
the 95% confidence level.

RX1DAY RX5DAY PRCPTOT

Kemayoran
JJA 0.36 0.29 0.35
SON 0.47 0.44 0.55
DJF -0.05 -0.04 0.03
MAM 0.16 0.17 0.18
Halim
JJA 0.49 0.50 0.49
SON 0.39 0.46 0.48
DJF 0.02 -0.13 -0.10
MAM 0.27 0.11 0.03
Citeko
JJA 0.53 0.56 0.56
SON 0.11 0.16 0.11
DJF -0.09 0.03 -0.07
MAM 0.22 0.13 0.19

Fig. 8. The Rcontfreq of rainfall ≥1mm (WDAYS), 10mm, 20mm, 50mm, 100mm in (a) JJA, (b) SON, (c) DJF, (d) MAM at Kemayoran (4m), Halim (26m), and
Citeko (920m) stations during 1985–2016.
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investigate the role of differences of the Rcontfreq and Rcontint in the
varying altitudes of three stations at the coast, inland, and mountain.

3.2.1. Frequency of rainfall extremes at the three stations
We plotted the Rcontfreq at different thresholds (rainfall ≥ 10mm,

20mm, 50mm, 100mm) at the three stations (Fig. 8). That is, 40% of
rain days in Dec–Feb had rain> 10mm, while only 10% of rain days in
Jun–Aug had rain>10mm. A large contribution of REs events happen
in the moderate categories such as R10mm and R20mm, but the per-
centage changes between these categories vary seasonally and between
stations.

Citeko, located at the highest altitude (920m), has the largest
contribution of REs events compared with the low altitude stations at
Kemayoran (4m) and Halim (26m) in the wet season (Dec–Feb). It
should be noted here that because Citeko receives more rainfall overall,
rain days> 10mm are less remarkable than at the lower altitude sites.

3.2.2. Intensity of rainfall extremes at the three stations
Unlike for frequency, the Rcontint decreases with altitude (Fig. 9).

Kemayoran has the largest contribution of REs to the total seasonal
rainfall which is in contrast to the smallest contribution of frequency of
REs in Fig. 8.

The Rcontint is highest in the dry season (Jun–Aug) and smallest in
the wet season (Dec–Feb) at the three stations. The Rcontint of RX1day,
R95p, R99p in the dry season is nearly twice as much as during the wet
season. However, there is almost the same contribution of RX5day
between the dry and wet seasons for all stations.

To summarize, Citeko, the station with the highest altitude, has the
largest contribution of REs events at moderate thresholds of rainfall
≥10mm, 20mm relative to the lower altitude sites at Kemayoran and
Halim (Fig. 8). The smallest difference in the Rcontfreq is at the high
thresholds of rainfall ≥50mm and R100 mm, although there are fewer
events at these thresholds. In contrast, the Rcontint decreases with al-
titude with the highest contribution of REs intensity at Kemayoran in
the dry season. These results describe the variations of Rcontfreq and

Rcontint at each station and in seasonal time scale over the region.
More forcing at elevated stations might cause this area to receive

more frequent rainfall due to intense orographic processes. Detailed
possible forcings need to be explored in order to understand the me-
chanisms that can induce heavy rainfall in mountain areas.

The study of large and local-scale circulations associated with REs in
Jakarta and the surrounding area have not been comprehensively ex-
plored previously. Previous studies (Siswanto et al., 2016, 2017; Supari
et al., 2017) had given some insight in exploring frequency and in-
tensity of REs, but they have not focused on how REs, and their re-
lationship with large-scale drivers, vary between sites. This research
suggests that at higher altitude stations there is a greater contribution of
REs of moderate categories (R10mm and R20mm) rather than severe
ones (R50mm and R100mm) to total rainfall. Nonetheless, our study
was restricted to three stations. This suggested relationship between
topography and REs will be investigated in a near future using data
from an operational weather radar.

4. Conclusions

Jakarta often experiences severe flooding driven by rainfall ex-
tremes (REs). Understanding variability of REs in this region and the
causes is crucial for management of future REs associated with floods.
This study has demonstrated, for the first time, that the interaction of
large-scale circulation and local drivers plays a prominent role in the
variability of REs with a strong seasonal dependence over Jakarta and
the surrounding region. Our results show that the effects of large-scale
modes like ENSO and IOD on intensity and frequency of REs occur in
the dry season (Jun–Nov) and there is a delay of the peak of maximum
rainfall in the wet season (Jan–Feb) at inland and mountainous sites. In
contrast, in the wet season, there is a strong variation of Rcontfreq of
R10 and R20mm with the phases of active MJO at the mountain site. At
the high-altitude site, there is an increase in the frequency of REs but a
decrease in the intensity.

Although this study relies only on station datasets the results have

Fig. 9. The Rcontint of RX1day, RX5day, R95p, R99p in (a) JJA, (b) SON, (c) DJF, (d) MAM at Kemayoran (4m), Halim (26m), and Citeko (920m) stations during
1985–2016.
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shown that there are complex interscale mechanisms in the formation
of heavy rainfall in the region. More research is required to explore the
variation of rainfall with varying topography shown by the spatial
distribution of REs using more dense observation data. Thus, future
study will focus on the distribution of REs from a higher time-scale
resolution data like weather radar. This work is especially relevant for
the Year of Maritime Continent (YMC) project in 2017–2019.
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