
ABSTRACT

HAKIKI, MUHAMMAD. Precipitation Over Indonesia in Observations and Global Reforecasts
and Impact of the Madden Julian Oscillation. (Under the direction of Anantha Aiyyer).

This study examines the impact of MJO phase on the rainfall over four provinces of

Indonesia. The data set consist of global ensemble reforecasts and Observation from 1985–

2018. Statistical analysis of rainfall probability distribution show that all four provinces have

different daily rainfall patterns, highligting the heterogeneity of the locations. The variability

of rainfall show non normal distribution, with Gamma and Weibull distribution as the best

fitting toward either observation data or satellite data. We examine the spread and root

mean square errors (RMSE) using the ensemble reforecasts. In general, the reforecasts

show under-dispersion, with the spread much smaller than RMSE. We also find that the

spread and RMSE are sensitive to the phase of the MJO. During the convective (suppressed)

phase, the ensemble spread is higher (lower) than its long-term average. This shows that

the forecast skill is further degraded during the active phase of the MJO. This highlights the

difficulty in making accurate forecasts over the maritime continent.
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CHAPTER

1

INTRODUCTION

1.1 Background

Indonesia is a maritime continent that lies on an equatorial line in the Paci�c and Indian

Oceans, between Asia and Australia continents. It is an area where the Hadley Cell and the

Walker Cell circulations con�uence. Those circulations broadly in�uence the precipita-

tion variability in the Indonesia Archipelago (Aldrian et al. 2007). Meanwhile, Indonesia's

physical geographical and topographical conditions include coastal, highlands, lowlands,

mountains, and islands. These features contribute to the spatial distribution of rainfall

variability in Indonesia (Duran 2014). For instance, narrow straits are produced by many

island coastlines. Paci�c Ocean water �ows through those straights to the Indian Ocean,

and vice versa (Gordon 2005). This �ow is called the Indonesian through�ow (ITF). It inter-

acts with both oceans and surrounding atmospheric conditions, resulting in a variety of

precipitation and wind. Conditions such as the El Nino-Southern Oscillation (ENSO), the

Indian Ocean Dipole (IOD), the Madden Julian Oscillation (MJO), monsoons, the Paci�c

Decadal Oscillation (PDO), and the world climate (Lukas et al. 1996) affect the weather

in Indonesia. Those physical factors induce climate variability in Indonesia, particularly
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Figure 1.1: Degree of exposure to natural hazards in Indonesia (sources:UNOCHA, 2006)

precipitation.

Consequently, Indonesia is a country affected by climate hazards, including �oods,

storms, landslides, wild-land �res, and droughts, as presented in Fig. 1.1 (Moediarta and

Stalker 2007). Reports of disastrous events have been issued by the National Disaster Man-

agement Agency (BNPB) of Indonesia from 1815 until 2018 state that 97.72 percent of the

disasters were related to extreme hydrometeorological phenomena. Those phenomena

include �ood, water spout, tornado, drought, forest �re, tidal wave, and landslide. Rain is

the most signi�cant climate factor in terms of its variability in both time and space.

Rainfall is the climate element that is most often studied in Indonesia because of the

high diversity of both place and time. This situation is caused by Indonesia's topography

and geographic location. The location in�uences the weather in a wide-scale pattern.

Indonesia is an archipelago with diverse topography (Aldrian and Djamil 2008), including

mountainous regions and beaches that strongly in�uence rainfall variability. The difference

of solar heating on various surface types, including land, sea, lowland, and highlands,

induces gradients to higher pressure on some local regions (Qian 2008). The result of these

conditions causes the high amount of rainfall on the diurnal cycle over islands due to

convergence of orographic rainfall and sea-breezes between and over islands (Qian et al.

2010). Intense precipitation over islands occurs in the mostly afternoon and evening and
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then moves over the seas amongst the large islands during the late evening and morning

(Qian 2008).

The Indonesian monsoon is related to the East and Southeast Asian monsoons (Tjasyono

et al. 2008). The movement of the sun anomaly produces monsoon activity from Asia to

Australia annually. It is a major factor that affects the diverse rainfall, especially during the

winter. The Asia monsoon event triggers a cold surge that enhances rainfall in Southeast

Asia. Boreal winter (a cold surge from Siberia) penetrates to the equator. It brings the water

vapor mass, where it causes up to 50–75% of the precipitation in the Indonesian Sea during

the East Asian winter monsoon according to climatological rainfall (Fauzi and Hidayat

2018).

The MJO is an intra-seasonal phenomenon with a 20 to 90 day period (MJO; (Madden

and Julian 1971)). This MJO-phase circulation (tropical convection) over a large area promi-

nently affects the variability and quantity of rainfall over particular Indonesian provinces

and seas (Hidayat and Kizu 2009). Precipitation anomalies associated with the MJO have

amplitudes that increase from 10 to 30% over the islands and from 60 to 70% over the seas

compared to the climatological mean (Fauzi and Hidayat 2018).

The atmospheric dynamics are very complicated in Indonesia. The problems will exac-

erbate when all forces align, leading to extreme increases or decreases in rainfall. The MJO

and the cold surge can synchronously escalate rainfall over 100–150% in certain Indonesian

regions affected by those events (Fauzi and Hidayat 2018). However, the Coupled Equatorial

Waves (CCEW) and MJO contributions do not in�uence rainfall activity throughout the

monsoon phase. The extreme phase of the monsoon did not appear to have a strong effect

on anomalous rainfall related to the CCEW and the MJO. In contrast, the classi�cation of

the CCEW and the MJO appears to be responsible for up to 60.66% of the rainfall connected

to the CCEW and the MJO throughout the rainy season (Pramuwardani et al. 2018).

Thus, NOAA GEFS reforecasts give a signi�cant advantage to divining random errors in

the model. Reforecasts statistically adjust weather and climate forecast toward observed

data to ameliorate the errors and enhance objective guidance (Hamill et. al., 2006). All in all,

a better insight into the MJO variability during every phase and its impact on daily rainfall

and convection can have an important effect on sub-seasonal and seasonal forecasting.
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1.2 Problem Statement

Indonesia's weather affects climate-dependent economic sectors, such as manufacturing,

agriculture, mining, and quarrying, which are the most important contributors to the na-

tional economy (Division 2018), with 67.1% to the Indonesian gross domestic product (GDP).

EM-DAT, the international disaster events database, denotes that events from 2003 to 2017

induced approximately $16.8 billion in total damages driven by severe earthquake / tsunamis

and �ood events. The impact cost of extreme weather events on the economy will be approx-

imately $ 8.8 billion in 2050 as a consequence (Haryanto et al. 2020). The number of human

casualties and economic losses might be even higher than was predicted. Accurate weather

forecasting is a requirement for preventing the impact of those disasters. Accurate weather

forecasting affects daily decisions in all sectors and aspects of Indonesian society, such as

public health, water resources, infrastructure, economy, agriculture, and environmental

protection.

Recently, the BMKG (the national meteorology agency in Indonesia) tested several

numerical weather prediction (NWP) models. These models included the ECMWF (Europe),

ACCESS (Australia), ALADIN (France), UKMO (Great Britain), and GFS (USA). NWPs tend not

to be able to predict the weather with signi�cant accuracy. The ECMWF model appears to

inadequately de�ne the complexity of land-sea interactions, which are especially important

around Indonesia. This model simulation of rainfall showed low accuracy over Indonesia

(Kidd et al. 2013)

BMKG developed a weather research forecaster (WRF) for the operational forecast.

The WRF accuracy of daily rainfall forecasts produced for the Jabodetabek (Jakarta, Bogor,

Depok, Tangerang, and Bekasi) regions has been assessed by verifying the prediction.

Operational BMKG, speci�cally designed for very heavy (extreme) rain predictions, has not

produced good results even though the result tends to overestimate (Gustari et al. 2012).

The rainfall veri�cation of NWP and WRF from 2015 until 2017 shows low accuracy ranging

from 50 to 70 percent (Fathoni 2018). The average forecast skill of the models is about 70%

(BMKG, 2017).

The Maritime Continent's complex topography means the exact nature of the MJO

propagation through this region is unclear. Model simulations of the MJO are often poor over

the region, leading to local errors in latent heat release and global errors in medium-range

weather prediction and climate simulation (Peatman et al. 2014). Furthermore, the MJO
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is a peculiar oscillation. It is episodic, and every case has a variable speed of propagation

and duration. Moreover, there is a strong seasonality, whereas MJO events are more likely

to happen in the winter and spring, and a strong interannual variability. Henceforth, this

makes predicting the MJO a challenging task for NWP models (Vitart and Molteni 2010).

1.3 Research Methodology

The National Oceanic and Atmospheric Administration (NOAA) has published an extensive

global ensemble reforecast dataset (Hamill et al. 2013)using a version of the NCEP Global

Ensemble Forecast System (GEFS). This dataset determines the systematic forecast errors

with the diagnosis and statistical correction in medium-range ensemble forecasts.

This research aims to clarify the in�uence of the natural intraseasonal oscillation on the

rainfall variability over Indonesia using station rainfall data and satellite data. By performing

an empirical orthogonal function analysis with Real Multivariate MJO (RMM) index, the

basic state of the MJO was constructed by determining the calculation of its phase and

amplitude. This goal is to create accurate maps and understand rainfall anomalies during

the wet and dry phases of the MJO veri�ed by GEFS.

1.4 Study Objectives

This study examines precipitation observations over selected provinces of Indonesia and

assesses the forecast skill in the GEFS reforecast during different MJO phases. Particularly,

this study is designed to address some principal questions: (a) What are the observed

rainfall characteristics in Indonesia locations? (b) What is the impact of the MJO on rainfall?

(c) What is the forecast skill in the GEFS ensemble as a function of the MJO phase? Is the

skill worse or better during the active or the suppressed phases?

Hence, this study aims to improve weather forecasts during the MJO phase by thoroughly

analyzing the daily trends of extreme precipitation. Results indicate that GEFS reforecast

makes a good prediction of how the MJO activity has a signi�cant impact on rainfall over

Indonesia during either the active or passive phase. However, this study only considers the

changes over the last three decades (1985–2018) because of data limitations.
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1.5 Conceptual Framework

The research is organized into four chapters, described below, that provide the introduction,

veri�cation, and conclusions and recommendations.

• Chapter I – Introduction

This chapter presents the research background, formulation of the problem statement,

research methodology in general, and the objective and organization of the study.

The keys to comprehending this research are provided in this chapter.

• Chapter II - Statistic Rainfall in Indonesia Provinces

In this chapter, we will attempt to address the statistical rainfall in the studied provinces.

We determine the type of rainfall, rainfall distribution, observation rain gauge data,

and satellite data.

• Chapter III - Forecast analysis and veri�cation

This chapter describes the results of forecast data analysis veri�ed with observation

data and satellite on every MJO phase for particular periods. The research questions

meet the answers in this chapter. We convey the discussions of the review for the

output of reforecast data related to the MJO phase.

• Chapter IV - Conclusion and Recommendation

In the last chapter, we examine and conclude the result of this research.
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CHAPTER

2

STATISTIC OF INDONESIA

PRECIPITATION

2.1 Type of Rainfall Indonesia

The East and Southeast Asian monsoons contribute to the Indonesian monsoon. The

parts of Indonesia that lie in the southern hemisphere are more humid during the west

monsoon than during the east monsoon. Hence, the monthly rainfall distribution indicates

a maximum in the west monsoon season and a minimum in the east monsoon season.

Moreover, the monsoon can be strengthened by local winds to increase the amount of

rainfall abundantly (Tjasyono et al. 2008).

There are three main types of rainfall patterns over Indonesia in Fig. 2.1: the monsoonal

type, the equatorial type, and the local type. The local type is in�uenced by the local

conditions and has a monthly distribution opposite of the monsoonal type. The monsoon

type pattern has a peak and a trough for every season. This pattern is strongly affected

by two monsoons, the wet monsoon from the northwest from November to March and

the dry monsoon from the southeast from May to September. Meanwhile, the equatorial
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Figure 2.1: Type of rainfall patterns in Indonesia. The Monsoon Type is yellow, the Equato-
rial Type is green, and the Local Type is red . (sources: BMKG, 2018)

type rainfall pattern shows two peaks for every season, statistically between October and

November and then between March and May. Those two peaks are related to the movement

of the Intertropical Convergence Zone (ITCZ, once known as “the doldrums”) from the

southward to the northward or vice versa (Aldrian and Dwi Susanto 2003).

Ocean has been proven that it is possible to affect the increasing quantity of rainfall in

the local region, or Maluku (Lee 2015). This condition occurs along the eastern route of the

ITF (passages of water migrate from the Paci�c Ocean to the Indian Ocean throughout the

Indonesian seas (Gordon and Fine 1996)). Therefore, some locations cannot be categorized

by those types because they have highly variable rainfall throughout the year (Aldrian and

Dwi Susanto 2003)

2.2 Research Locations

2.2.1 Provinces

Our research area is an Indonesian archipelago extending from 15 °S to 8°N and from 90

to 140°E. We concentrate on the provinces of Aceh, Central Java, Maluku Island, and West
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Papua (Fig. 2.2) due to the variation of the geographical condition, rainfall pattern, and

forecasting challenges.

(a) (b)

(c) (d)

Figure 2.2: Aceh Province (a), Central Java Province (b), Maluku Island Provinces (c) and
West Papua Provinces (d).

Aceh is the most northern and western province of Indonesia in Sumatera Island,

whereas the Indian Ocean is on the west, and the Strait of Malacca is on the east. In the

central part, there is Bukit Barisan mountain ranges. The southwestern coast is dotted

with swamps. Mount Leuser is a volcanic mountain and one of three prominent peaks on

the Leuser Range. The interior volcanic mountains are covered by temperate and tropical

rainforests (Aceh 2005).

The north side of Central Java looks toward the Java Sea, and the south side looks toward

9



the Indian Ocean. The northern coastal region and south coast have a narrow lowland.

The middle part of this province is mountainous. In Central Java, 38% of the area has a

slope between 0–2%, 31% of the area has a slope between 2–15%, 19% of the area has a

slope between 15–40%, and the remaining 12% of the area has a slope greater than 40%

(Central Java 2017).

The Maluku Islands include an estimated 1027 islands; of the total area, 90% is the sea.

Most of the islands are tropical rain forests and mountainous, and the rest are dry and hilly.

Some islands are �at and swampy. Rainforest covers most of northern and central Maluku.

The islands of North Maluku are mostly of volcanic origin (Maluku and North Maluku 2016).

Furthermore, West Papua is bordered by the Paci�c Ocean on the north, by the Cender-

awasih Bay on the Northeast, by the Banda Sea on the south, and by Berau Bay on the west.

Forest covers most of West Papua. It is the land surface which is in the form of cliffs and

slopes. Mangrove swamps abound in the low-lying coastal areas (West Papua 2018).

2.2.2 Pattern of Daily Rainfall

There are hundreds of meteorological stations in this region. We use the major observa-

tional stations recommended by the World Meteorological Organization–National Oceanic

and Atmospheric Administration (WMO–NOAA) on the database of the Global Historical

Climatology Network (GHCN ; Vose et al. (1992)) from BMKG stations. In Aceh province,

we use �ve stations: CutBau, Blangbintang, CutNyakDien, and Indrapuri. In Central Java,

we identify �ve stations: Tegal, Cilacap, KlimSemarang, Maritim Semarang, and Ayani

Semarang. In Maluku Island, we use ten stations: Galela, Labuha, Sanana, Ternate, Nam-

lea, Amahai, Kairatu, Bandaneira, Geser, and Tual. Finally, in West Papua, we employ four

stations: Jefman Sorong, Manokwari, Biak and Fak-Fak).

The mean daily rainfall over a year in each region from 1981 until 2019 is depicted Fig. 2.3

and Appendix B. The �gures show different patterns for each region. In Aceh province, the

stations show one peak (November to March) and one trough (June to September) except

for CutBau. It is in�uenced by an equatorial location with two peaks (March–April and

October–November) and one trough (July–August. In Central Java, all stations have one

peak (November to April) and one trough (September to February). Central Java is strongly

affected by the monsoonal phase.
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(a) (b)

(c) (d)

Figure 2.3: Aceh Province (a), Central Java Province (b), Maluku Island Provinces (c) and
West Papua Provinces (d).

The Maluku Islands show three patterns. The Namlea region has one peak (November

to April) and one trough (June to September). Labuha has one peak (April to August) and

one trough (June to September), the opposite of the Namlea Region. Sanana has two peaks

(November to December and April to August) and one trough (September to October). The

Namlea pattern relates to the monsoonal phase. The Labuha pattern is affected by the local

geography, and the Sanana pattern relates to the ITCZ movement.

In the southern Maluku Islands, Tual is in�uenced by the monsoonal with a peak (De-

cember to February) and a trough (June to September). The local factor strongly in�uences

Amahai, Kairatu and Geser with a peak (June to August) and a trough (November to January).

In addition, the ITCZ affects rainfall on Bandaneira with two peaks (December to February

and May to June) and a trough (August to September).
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West Papua encounters two patterns. The Fak-Fak region has one peak (December to

April) and one trough (July to October). Sorong and Manokwari show one peak (June to

August) and one trough (September to March) that is the opposite of the Fak-Fak region. Also,

Biak has two peaks (April to July and December to February) and one trough (September to

October). The Fak-Fak pattern relates to the monsoonal phase. The Sorong and Manokwari

pattern relates to the local geography, and the Biak pattern refers to the movement of the

ITCZ.

The standard deviation of rainfall in Aceh and Central Java is smaller throughout the

entire year than in others. It shows a strong coherent pattern for those areas. However,

the other two regions have stronger interannual cycles. A similar pattern in both Aceh or

Central Java denotes the wide extent of the dry season (Aldrian and Dwi Susanto 2003).

2.3 Rainfall Distribution

Statistics on the amount of daily rainfall for 24 rain gauge stations in four provinces are

analyzed in C, where the mean, standard deviation, coef�cient of variation, skewness,

kurtosis, precipitation maximum, number of wet days and dry days, and the maximum

amount of daily rainfall of each station are presented. Cut Nyak Dien and Fak-Fak received

the highest mean daily rainfall of all the stations. The standard deviation of the rainfall is

high at these stations, indicating the considerable variation in daily rainfall. Therefore, the

variation of daily precipitation is greater in east Indonesia, with a higher standard deviation.

Hereinafter, the irregularity of the daily rainfall is presented by the coef�cient of variation

(CV). The higher CV de�nes a greater level of dispersion around the mean. On average,

most stations show a CV value that is more than 200 percent except Sanan and Semarang

Maritim. This result indicates that the variability of rainfall is high in those provinces.

Skewness values greater than zero indicate that the rainfall data from those stations have

non-normal distribution and are asymmetric to the right. A high positive kurtosis indicates

that more values are distributed in the tails than around the average for all stations. The

World Meteorological Organization (WMO) rainfall intensity classi�cation standards are

shown in 2.1.

The quantity of precipitation is not always correlated to the number of wet days for

several stations. For instance, Biak has the highest number of wet days compared to other

stations, but it does not have the highest mean rainfall amount. Many other stations are
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Table 2.1: Criteria Of Rainfall Intensity

Rainfall Criteria Hourly Intensity Daily Intensity
Very Light Rain < 0.1 mm < 5.0 mm
Light Rain 0.1 - 5.0 mm 5.0 - 20 mm
Moderate Rain 5.0 - 10 mm 20 - 50 mm
Heavy Rain 10 - 20 mm 50 - 100 mm
Very Heavy Rain > 20 mm > 100 mm

(Source : BMKG, 2010)

correlated, however. Fak-Fak Station shows a high number of wet days that relate to high

mean precipitation and maximum precipitation. Higher average rainfall quantity is not nec-

essarily due to the high number of wet days. Heavy and extreme rainfall possibly contributes

to the total (Suhaila and Jemain 2007).

Fig. 2.4 shows the rainfall distribution represents the cumulative daily rainfall using 36

years of data from January 1981 until December 2018 in 24 stations. It is non-dimensional

and begins at a value of zero and ends at 1.0. Fig. 2.4 and Appendix D, using either a

rain gauge or tropical rainfall measuring mission (TRMM) data, produce non-normal

distribution. TRMM data appears to be more distributed under the normal model with

higher right skewness than rain gauge data.

Various probability distribution models have been applied to the precipitation data

model to provide an understanding of its pattern and characteristics. Gamma distribution

has been used as a probability distribution to de�ne precipitation data patterns (Aksoy,

2000). This distribution can depict the precipitation characteristics. Hosking and Wallis

(1997) described other probability distributions that could be used to including the Gumbel

distribution, distribution of lognormal (LN), Weibull distribution, distribution of Pearson

type III (P3), generalized Pareto distribution (GPA), generalized extreme value distribution

(GEV), and the generalized logistic distribution (GLO)Hosking and Wallis (1997).

To verify the distributions describing the rainfall amount, we test the normality of rainfall

data with the goodness of �t tests: normality, Kolmogorov-Smirnov, and chi-squared test.

Kolmogorov-Smirnov is a test calculating the maximum discrepancy amongst an empirical

and a hypothetical cumulative distribution (Massey 1951). The chi-squared test presumes

that the observational quantity is quite large, so its distribution presents a good estimation
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