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SUMMARY

The Indonesia is uniquely located in the most active convection area of the world, and
influenced by global, regional, and local conditions; e.g. Asian-Australian monsoon, tropical
convective zones, intra-seasonal oscillation, and complex land-sea-topography. Because that rain
gauges are only located over land and not in the Indonesian sea area, comprehensive study of the
rainfall variability over Indonesia is difficult. Using the remotely sensed meteorological satellite
data is one of the solutions to record the rainfall data in the land and ocean areas simultaneously.
This study aims to determine the quality of satellite rainfall data called the Tropical Rainfall
Measuring Mission (TRMM) Multi-Satellite Precipitation Analysis (TMPA) products (TRMM
3B42 for 3-hourly data and TRMM 3B43 for monthly) and their applications for Indonesian
region to understand spatio-temporal patterns of climatic rainfall characteristics that are impacted
by two main factors including the monsoon and atmosphere-ocean interactions near Indonesia.
Hence, this study is motivated by the lack of studies on rainfall variability over Indonesia using
long-term satellite meteorological data. This study attempts to analyse and introduce the quality
of daily-monthly satellite TMPA products, especially over the Bali area, and use them to explain
Indonesian rainfall characteristics from the aspects of diurnal rainfall cycles, the impact of
monsoon activity, land-sea distribution, topography diversity and the interaction with the El
Nifio—Southern Oscillation (ENSO; hereafter conventional El Nifio) and the El Nifio Modoki.

Chapter 2 describes the first result of this research. This chapter shows the comparison
results of daily-monthly rainfall from TMPA 3B42 daily and 3B43 monthly products with rain
gauge measurements over Bali. The main objective of chapter 2 is to advance our quantitative
understanding of the capability of TMPA products for the analyses of climatic-scale rainfall. The
results indicate that TMPA products tend to underestimate the rainfall with large errors on daily
timescales but show better agreement on monthly timescales. In general, the TMPA products are
usable and valuable in analysing climatic-scale rainfall, particularly over the areas without rain
gauge measurements.

Chapter 3 illustrates the second result of this research. This chapter presents the TMPA

product analysis for 3B43 monthly data to understand the variabilities of Indonesian rainfall on



annual, seasonal and monthly time scales, as well as their connection with monsoon activity,
land-sea scattering, and topography distribution. The results show that the oceans, islands,
monsoons, and topographical diversity clearly affect the spatial patterns of Indonesian rainfall.
The high-rainfall events in Indonesia peak during the December-January-February seasons and
the low-rainfall events occur during the June-July-August seasons. Most of the highest annual
and monthly rainfall typically occurs over island areas.

Chapter 4 presents the third result of this research. This chapter explains the role of monsoon,
topography, and El Nifio Modoki on the rainfall variability in the Maritime Continent (MC) by
analysing the long-term monthly TRMM 3B43 data. The results indicate that the north-south MC
precipitation is associated with and generated by the monsoon patterns. In addition, the large-
scale circulations are linked with heavy rainfall over this land-ocean region. The conventional El
Nifio (El Nifio Modoki) has a higher impact on rainfall variability than El Nifio Modoki
(conventional El Nifio) especially during northern winter and spring (northern fall), while two
phenomena similarly affect during northern summer.

Chapter 5 displays the fourth result of this research. The main objective of chapter 5 is to
describe spatial and seasonal differences in the diurnal rainfall cycles using long-term (17-year)
3-hourly TRMM 3B42 data over the Sumatera Island. The results point out for the first time that
early-afternoon initiation of daily rainfall not only in the Barisan Mountains in the west of island
but also in the east-coastal small islands. Westward and eastward migrations of rainfall areas
from the Barisan Mountains vary with seasons and regions, with the most remarkable westward
migration during September-October-November season in the central region and the least

remarkable one during June-July-August season in the southern region.
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CHAPTER 1

Introduction

1.1 Rainfall and Meteorological Satellite

Rainfall is a key variable for the Earth’s water cycle and energy balance and also plays a
major role in monitoring water-related natural hazards and water resource management. The
Indonesian Maritime Continent (IMC) is uniquely located in the most active convection area of
the world, and influenced by global, regional, and local conditions; e.g. Asian-Australian
monsoon, tropical convective zones, intra-seasonal oscillation, and complex land-sea-topography
(Chang et al., 2005; Qian, 2008; Hidayat and Kizu, 2010; Rauniyar and Walsh, 2011). The
Asian-Australian monsoon creates an annual rainy and dry season cycle (Robertson et al., 2011).
The intra-seasonal (30-90 days) Madden—Julian oscillation (MJO) phase is associated with
extreme high and low precipitation events (Wu and Hsu, 2009; Oh et al., 2012; Kanamori et al.,
2013; Wu et al., 2013), whereas complex land-sea-topography affects diurnal rainfall quantities
(Qian et al., 2010; Peatman et al., 2014). The rainfall diversity affects the all associated events
and creates high annual and inter-annual space-time climate variability in this region.

The Indonesia is a region with a large population and has extensive agricultural areas (Ito et
al., 2011). Rainfall variability, indeed, influences the way of life for several hundred million
peoples in the region. Therefore, knowledge about Indonesian fresh water sources is important
for the living population depending on the water supply for drinking, industrial purposes and
agricultural irrigation (de Angelis et al., 2004). Accountable information on precipitation is
needed for improving climate and meteorological forecasts at several spatial and temporal scales.
However, the reliable information of Indonesian rainfall characteristic is missing due to the
absence of a dense rain-gauge network (Aldrian et al., 2003; Prasetia et al., 2013), because rain
gauge data are often not available over the most unpopulated land areas, and gauge observations
are not performed for ocean areas.

Rainfall is a critical weather element for determining the habitability of different parts of the

Earth, yet it is difficult to obtain adequate measurements with surface-based instruments due to



its small-scale variability in space and time (Huffman et al., 2010). One key in improving the
reliability of rainfall analysis is to simply increase the number of surface-based observing
stations with good data quality and well-balanced spatial interval. However, establishing such an
observing system is still expensive. Continuous and long-term time series data of rainfall are
particularly important with respect to highly-variable nature of rainfall on spatial and temporal
domains. One of the importance of long-term data is to increase the statistical reliability and
delineate the climatological characteristics of rainfall by minimizing the effect of extreme events.
Space-borne sensors play a key role in estimating rainfall and accumulating long-term data
record. Satellite systems provide unique opportunity to monitor Earth-atmosphere system
processes and parameters continuously (Thies and Bendix, 2011; Kidd et al., 2009). As satellite
images started to become available to meteorologists around the world in early sixties, the skills
of satellite image interpretation developed rapidly. The Television InfraRed Observation Satellite
(TIROS-1), that was launched on 1 April 1960 was the first meteorological satellite. TIROS-1
was operational for only 78 days, but it demonstrated beyond doubt the tremendous potential use
of satellites for surveying global weather conditions from space and paved the way for future
advanced weather satellites (Kelkar, 2007). After TIROS-1, a lot of meteorological satellites
were launched, including the National Oceanic and Atmospheric Administration (NOAA)
satellite series, the Geostationary Operational Environmental Satellite (GOES) from Meteosat
Second Generation (MSG), the Defense Meteorological Satellite Program (DMSP) satellites with
Special Sensor Microwave Imager (SSM/I), the Multi-functional Transport Satellite-1R
(MTSAT-1R), and the Tropical Rainfall Measuring Mission (TRMM) with TRMM Microwave
Imager (TMI) and Precipitation Radar (PR) sensors as main sensors (Kidd, 2001).

A better understanding of the spatial and temporal variability of precipitation is indispensable
for advancing climate change research, as well as for assessing the potential impacts of climate
change on water resources (Nickl et al., 2010). Satellite observations of rainfall may be the best
solution for adequate temporal and spatial coverage of rainfall where the rain gauge
measurements are sparse. Meteorological satellite observations are making important
contributions to gain a better understanding of the global water cycle. Large-scale, time-area-
averaged precipitation estimates from satellite platforms provide essential information about the

mean climatological distribution and variability of precipitation on a global scale (Petty, 1995).



Therefore, the use of satellite data such as by TRMM is important for observing spatial-temporal

Indonesia rainfall patterns.

1.2 Rainfall Measurement by Satellite Remote Sensing

Precipitation shows high spatial and temporal variabilities. Rain gauges, disdrometers, and
ground radars are the ground-based measurement tools usually being used for measuring rainfall,
especially over the land (Kidd et al., 2017). Using only ground-based measurements results in a
lack of coverage over the ocean or unpopulated regions. Satellites provide valuable
measurements, covering large regions of the earth (Stephens and Kummerow, 2007). Rainfall
measurements from space are based on the interpretation of the electromagnetic radiation that is
scattered and emitted from clouds, precipitation and the underlying surface, and is monitored by
the satellite instruments at the various wavebands (Rosenfeld, 2007). There are three groups of
satellite instruments which are capable of precipitation retrieval. The first group is the visible
(VIS) and infrared (IR) wavelength instrument; the second is the passive microwave radiometer
(PMW); and the third is the active microwave instrument (AMW) or radar (Alemohammad,
2014). VIS/IR images from low-Earth-orbiting (LEO) or geostationary (GEO) satellites provide
regular observations of clouds from which precipitation is estimated (Kidd et al., 2016), but with
less accuracy (Serrat-Capdevila et al., 2014). PMW instruments allow more direct measurement
of precipitation since the frequencies are more sensitive to precipitation-sized particles (Kidd and
Levizzani, 2011), but has a difference in accuracy between land and sea. AMW/radar provides
the most direct measurement of surface precipitation and also the vertical distribution of
precipitation in the atmosphere (Kidd and Levizzani, 2011), but with long revisit times and
limited global coverage (Behrangi et al., 2014). Since each of them has both advantages and
disadvantages, all instruments are jointly used to produce satellite precipitation products to

complement each other.

1.2.1. VIS and IR instrument

VIS/IR data have been most commonly used to make estimates of rainfall. These estimates
are made by relating the reflectivity of clouds in the visible wavelengths and the thermal infrared
radiation emitted by cloud-top temperatures with surface precipitation to retrieve precipitation

(Collier, 2016). Present in many satellites, VIS/IR sensors provide very frequent precipitation



estimates with a large spatial coverage but with less accuracy (Serrat-Capdevila et al., 2014).
VIS/IR data are generally obtained from instruments on board GEO satellite platforms, providing
IR precipitation estimates imagery 24 h a day with a high resolution (~ 4 x 4 km) (Hong et al.,
2018). IR sensors measure cloud upwelling radiances depicting the cloud properties at the upper
levels (cloud-top temperatures) (Kirstetter et al., 2018), as illustrated in Figure 1.1. The simple
principle of IR in estimating rainfall is based on inversely proportional relationship between the
cloud-top temperatures to the rainfall rate, where colder clouds are associated with the heavier
rainfall (So and Shin, 2018). IR sensors provide indirect information on the occurrence and
magnitude of precipitation at the surface. Indirect measurements are defined as such that
inferring the precipitation by observing other cloud properties (Rosenfeld, 2007). Potential rain
clouds are sufficiently optically thick to be opaque in the visible and IR wavebands and
precipitation is inferred from cloud top structure (Levizzani et al. 2001). Therefore, the radiation
that reaches the satellite sensors typically comes from the cloud droplets and ice particles near
the cloud tops, with little or no contribution from the actual precipitation particles (Rosenfeld,
2007). Depending on the cloud type and life cycle, a given IR brightness temperature can be
associated with various rain rates, since not all clouds produce precipitation or produce it at the
same rate, lead to low accuracy on precipitation estimates. However, the accuracy of these
precipitation estimates tends to increase when the estimates are integrated over larger time- and

space-scales (Kirstetter et al., 2018).

1.2.2. PMW instrument

The use of the microwave region of the electromagnetic spectrum to make measurements of
precipitation has the advantage over visible and infrared techniques of detecting the precipitation
itself, with clouds being wholly or partially transparent (Collier, 2016). The PMW band is used
for direct measurements of precipitation because precipitation particle size lies within this
waveband (roughly 10 to 0.1 cm wavelength) (Rosenfeld, 2007). In microwave region, the
electromagnetic wave radiation penetrates through the cloud and hence it can be used to estimate
rainfall more accurately compared to VIS/IR based rainfall estimates (Lensky and Levizzani,
2008). PMW instruments exhibit different accuracy in estimating precipitation over ocean and
land. Over the ocean the signal comes essentially from the increased amount of emitted radiation

from raindrops that makes the rain areas somewhat “warmer” that the surrounding “colder”



ocean background (Alhammoud et al., 2014). On the other hands, over the land surface the
emission from rain drops cannot be reliably measured because the emissivities of soils and
vegetation are much higher than those of water and very variable from place to place. In this case,

there is little contrast to observe the "warm" raindrops (Rosenfeld, 2007).

Figure 1.1. Sketch of rainfall measurement by IR instrument, illustrated for the Visible and
Infrared Scanner (VIRS) instrument aboard the TRMM satellite (Shimizu, 2009).

The intensity of microwave radiation received by PMW instrument is expressed by
brightness temperature, which is the product of physical temperature and emissivity of the target.
Since the emissivity usually varies with wavelength and the condition of the target, measuring
brightness temperatures at multiple wavelengths is necessary to either determine the physical
temperature or estimate more than one physical property from the radiometric measurements
(Collier, 2016). Over the ocean, increases in the brightness temperatures of the low frequency
channels are strongly linked to increased rainfall, while over land decreases in the brightness
temperatures in high frequency channels are linked to the precipitation-size ice in clouds, and
thus surface precipitation (Kidd and Levizzani, 2019). For example, microwave radiations at the

high frequency channels (85.5 GHz) measured by TRMM Microwave Imager (TMI) are strongly



scattered by ice present in many raining clouds over the land. This reduces the brightness
temperatures measured by the satellite and offers a contrast against the warm land background
(Kishtawal, 2016). Although PMW-based estimates generally provide higher accuracy compared
to those by VIS/IR, they still have some limitations. One of the limitations is that the spatial and
temporal resolution provided by the current PMW instruments. PMW has the spatial resolution
much poorer than IR sensors. High-frequency channels typically have resolutions about 5 km at
best, while low frequency channels have about 30 km (Figure 1.2) (Kidd and Levizzani, 2019).
In addition, at present all PMW instruments are on LEO satellites that provide a maximum of
only two observations per day per satellite, and thus we need a constellation of sensors to

adequately resolve the variability of precipitating systems (Kidd and Huffman, 2011).

Figure 1.2. Sketch of rainfall measurement by PMW instrument, illustrated for the TRMM
Microwave Imager (TMI) instrument aboard the TRMM satellite (Shimizu, 2009).

1.2.3. AMW or radar instrument
AMW techniques offer the most direct and quantitative estimation methods (Kidd and

Huffman, 2011). Direct measurements of precipitation use the microwave frequencies that



interact directly with the precipitation size particles (diameter > 0.1 mm) (Rosenfeld, 2007).
Despite this, radar technology for spaceborne precipitation estimation has been limited because it
is expensive (Levizzani and Cattani, 2019). The first AMW spaceborne instrument was the
Precipitation Radar (PR) aboard the TRMM satellite with frequency at 13.8 GHz (Kawanishi et
al., 2000). PR provides not only the measurement of surface precipitation, but also the vertical
distribution of precipitation in the atmosphere, which is necessary to improve our ability to
measure precipitation at the local and global levels (Tapiador et al., 2017). After PR, several
AMW spaceborne instruments were launched, including W-band Cloud Profiling Radar (CPR)
on board the CloudSat and the Ku-/Ka-band Dual-frequency Precipitation Radar (DPR) onboard
the Global Precipitation Measurement (GPM) Core Observatory. The AMW measurements
introduced more direct information on the precipitation formation in clouds, providing a 3D
description of the precipitation field (Levizzani and Cattani, 2019). The AMW sensors enabled
many studies of precipitation systems in great detail over tropics and subtropics, as well as
specific precipitation systems, such as monsoon convective systems, shallow precipitation, and

intense storms (Liu and Zipse, 2015).

Figure 1.3. Sketch of rainfall measurement by AMW instrument, illustrated for the Precipitation
Radar (PR) instrument aboard the TRMM satellite (Shimizu, 2009).



AMW measurements transmit pulses of radiation and receive the backscattered echoes.
Simply stated, the echo intensity is converted into precipitation intensity according to the radar
equation (Rosenfeld, 2007). AMW instrument relies upon the interpretation of the backscatter of
radiation from the precipitation, the amount being broadly proportional to the number of
precipitation-sized particles (Kidd and Levizzani, 2011). This relationship is not constant and in
heavy precipitation attenuation effects can be significant, for example at the 13.8 GHz frequency
of PR (Iguchi et al., 2000). The amount of backscattered energy is also related to the surface
roughness, orientation, slope and dielectric constant of the material of which the surface is
composed. It also depends upon any rainfall intercepted by the radar beam, as short wavelengths
are attenuated by heavy rainfall (Collier, 2016). A drawback of AMW instruments is the small
footprint size, i.e. they have narrow swath compared with passive instruments. For example, the
swath width of the TMI and VIRS are about 760 km and 720 km, respectively, whereas that of
the PR is only 215 km (Iguchi, 2007).

1.2.4. The TRMM Multi-satellite Precipitation Analysis (TMPA)

TRMM had collected high quality infrared and microwave radiometer and precipitation radar
data since November 1997 until April 2015. TRMM was designed to study rainfall for weather
and climate research and provided critical precipitation measurements in the tropical and
subtropical regions (Simpson et al., 1996). TRMM was in a LEO at an altitude of 402.5 km
above the Earth's surface (350 km before boost) and has limited spatial and temporal sampling
which only covers the tropics and lower mid latitudes (35 degrees north to 35 degrees south). To
mitigate these limitations and in tune with other efforts, the multi-satellite precipitation products
based on TRMM data was developed.

As previously mentioned and summarized in Table 1.1, all different sensors have advantages
and disadvantages in observing precipitation, and therefore they need to be jointly used to
produce satellite precipitation products to complement each other. At a quasi-global and
continuous temporal scale, the most accurate satellite precipitation estimates are from a
combination of IR sensors on GEO satellites with high sampling frequency and microwave
sensors on LEO satellites with less-frequent temporal sampling (Huffman et al. 2007). One of the
merged product is the TRMM Multi-satellite Precipitation Analysis (TMPA), including 3-hourly
3B42 and monthly 3B43 products (Huffman et al. 2007, 2010). TMPA products were designed
to integrate estimates from different satellites and ground gauge analyses to produce the ‘‘best™’

estimate with calibration by TMI. All the polar-orbiting microwave data were intercalibrated to
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the TRMM Combined Instrument (TCI), that is product 3B31, which also includes the
information from PR. The TMPA uses the Global Precipitation Climatology Centre (GPCC)

gauge analyses to enhance calibration (Maggioni et al., 2016).

Table 1.1. Summary of advantages and weaknesses for different types of sensors.

Sensor Measurement method Advantage Weakness

VIS-IR * Inferred from cloud- | * Good space and time * Low accuracy due
top structure resolution (~1-4 km and | to indirect

~15 minutes) from GEO | information of
satellites precipitation
* Many assumptions

PMW * Over land by using * High accuracy over * Low spatial
scattering-based ocean resolution (~5 — 50
algorithm (by large * Better accuracy than km)
ice particles, at VIS-IR estimates * Poor time
higher frequency). resolution from

* Over ocean by using LEO satellites
emission-based * Low accuracy over
algorithm (by water land (different
content, at lower accuracy over land
frequency) and ocean)

AMW * Measures reflectivity | * Most direct measure of | « Narrow swath and
by raindrops at precipitation long revisit time
multiple layers and * Better accuracy than * Poor time
converts to vertical VIS-IR and PMW resolution from
profile of * Equal quality over LEO satellites
precipitation ocean and land

* Provides 3D rainfall
structure




Figure 1.4. Block diagram for the TMPA. Slanted hatched background indicates calibration
steps that are different in the RT and research products. Square- and cross-hatched backgrounds
indicate final RT and research calibration steps, respectively (Huffman et al., 2010).

The TMPA provides global coverage of precipitation over the 50° S—50 ° N latitude belt at
0.25 °x0.25 ° spatial, three-hour temporal resolutions for 3B42 and monthly temporal resolution
for 3B43 (Huffman et al. 2007). The TMPA estimates are produced in five stages: (1) the
microwave estimates of precipitation are calibrated and combined, (2) infrared precipitation
estimates are created using the calibrated microwave precipitation, (3) the IR precipitation
estimates are created based on the corrected microwave estimates, 4) the microwave and IR
estimates are combined, and 5) an intercalibration is implemented and rescaling to monthly data
is applied (Huffman ez al. 2007; 2010; Maggioni et al., 2016). Detail block diagram to produce
3-hourly and monthly TMPA data is depicted in Figure 1.4. Figure 1.5 shows the snapshot for a
particular 3-hourly period of representative of current “full” microwave coverage. The TMPA

retrieval algorithm used for this product is based on the technique by Huffman et al. (1995,
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1997) and Huffman (1997). The TMPA combines the IR-based Precipitation Estimation from
Remotely Sensed Information using Artificial Neural Networks-Cloud Classification System
(PERSIANN-CCS: Honget al., 2004) algorithm and retrievals from polar-orbiting microwave
sensors on board LEO satellites to produce precipitation estimates at high spatial and temporal
resolution with quasi-global coverage. The TMPA datasets consist of 45% precipitation from
passive microwave radiometers (i.e., TRMM-TMI, AQUA-AMSR, and DMSP-SSMIs), 40%
from operational microwave sounding frequencies (i.e., NOAA-AMSUs), and 15% infrared
measurements from geostationary satellites (i.e., GOES, METEOSAT/MSG) (Mehta and Yang
2008).

o= it B g f __ aaikl -
RRM (white), SSM/I (light gray), AMSR-E (medium gray), and AMSU-B (dark gray)

Figure 1.5. Combined microwave precipitation estimate (mm h™') for the 3-h period centered at

0000 UTC 25 May 2004. Blacked-out areas denote regions that lack reliable estimates, while the

zero values in the remaining areas are color-coded to depict the coverage by the various sensors
(Huffman et al., 2007).

1.3 Research Motivation

Indonesia as the Maritime Continent (MC) is one of the most high rainfall countries in the
world and has a wide ocean that is located between the Pacific and Indian Oceans. Furthermore,
the rain gauges are only located over land and not in the Indonesian sea. This is the reason of
difficulty to conduct studies in rainfall variability over Indonesia. Using the remotely sensed
meteorological satellite data is one of the solutions for that problem to record the rainfall data in
the land and ocean simultaneously.

Rainfall is the most important dimension of weather variations in Indonesia and has great

impacts on human life, especially for economy and agriculture. Longer dry season results in
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extreme drought which contributes to a large forest and peat fires, and air pollution as well as
haze from biomass burning (Bell and Halpert, 1998; Gutman at al., 2000; Waple and Lawrimore,
2003; Irawan, 2003; Heil et al., 2007; D’ Arrigoa and Wilson, 2008; Chrastansky and Rotstayn,
2012). Severe drought also damages agricultural production in Indonesia, causing negative
consequences for rural incomes, food prices, and food security (Naylor et al., 2007). In addition,
too heavy rainfall in the peak of the wet season may produce devastating floods and landslides
(Yamanaka et al., 2008; Liao et al., 2010). In January-February 2007, for example, the
Indonesia’s capital of Jakarta suffered serious flood damage, affected 80 separate regions in and
around the city, leaving behind over 100 dead and over 300,000 affected, and has caused Rp 8
trillion (US$879.12 million) in losses (Wu et al., 2007; Aldrian, 2011). In 2013, 17 landslides in
Indonesia killed 402 people, meanwhile 243 people were killed as results of 13 landslides in
2007 (Liao et al., 2010). During prolonged drought in 1997, peat burning and forest fires in
Indonesia released carbon to the atmosphere between 0.81 and 2.57 Gigatonnes, which is
equivalent to the 13-40% annual mean of global carbon emissions by fossil fuels (Page et al.,
2002). On the other hand, in Java, the strong El Nifio event in 1997—-1998 caused a reduction in
rice-cultivated area of 700,000 hectare (ha) and a cumulative production loss of 3.2 million tons
of milled rice (Oktaviani et al., 2011).

Spatial and temporal information of rainfall is essential for Indonesia region. The Indonesian
region is the largest archipelago with complex topography and mostly surrounded by ocean. The
seasonal to inter-annual variabilities of Indonesian rainfall are characterized mainly by the
monsoon (Ramage, 1971) and atmosphere-ocean interactions near Indonesia such as the El Nifio-
Southern Oscillation (ENSO; hereafter conventional El Nifo) and the El Nifio Modoki,
(Ropelewski and Halpert, 1987; Saji et al., 1999; Saji and Yamagata, 2003b; Ashok et al., 2007,
Ashok and Yamagata, 2009; Wang and Hendon, 2007; As-Syakur et al., 2016). The meteorology
of Indonesian rainfall has been described recently by Oldeman (1977); Haylock and McBride
(2001); Hamada et al. (2002); Hendon (2003) Aldrian and Susanto (2003); Moron et al. (2010);
and Qian et al. (2010), particularly using rain gauge data or the model outputs. On the other hand,
studies on the relationship between rainfall and ENSO or El Nifio Modoki in Indonesia also be
carried out at many locations (e.g. Weng et al., 2007; Aldrian et al., 2007; Saji and Yamagata,
2003b; Ropelewski and Halpert, 1987). However, the analyses in the Indonesian region, the
complex system of islands and shallow seas, still show substantial errors when interpolated rain

gauge data or climate model outputs are used to assess rainfall characteristic (Aldrian et al.,
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2005; Love et al., 2011). Hence, intensive improvements are expected by using satellite data with
better spatial and temporal resolution in investigating Indonesian rainfall characteristics.

Before satellite observation, it was difficult to observe global land-ocean rainfall distribution
concurrently (Kubota et al., 2010). Although satellite observations are now available, the rainfall
data from meteorological satellites have not been fully validated, especially over Indonesia, and
need any comparisons with rain gauge data over land, with the assumption that measurements by
rain gauges are more reliable than by satellites. Using accurate measurement of rainfall is
essential to investigate spatial pattern of rainfall at local, regional and global scale (Cai et al.,
2015). In recent years, satellite-based observations have been providing more spatially coherent
picture of the rainfall variability over the region (e.g. Hall and Vonder Haar, 1999; Sorooshian et
al., 2002; Nesbitt and Zipser, 2003; Mori et al., 2004; Janowiak et al., 2005; Ichikawa and
Yasunari, 2006; Yang and Smith, 2006). However, complete studies analyzing the patterns of
climatic rainfall characteristics over Indonesia with long-term satellite data have not been
conducted.

Motivated by the facts described above, this study will use the TMPA products (Huffman et
al., 2007) as rainfall data, to know the spatial and temporal patterns of rainfall over Indonesia.
TMPA is a calibration-based sequential scheme for combining precipitation estimates from
multiple satellites, gauge analyses where feasible, as well as providing a global coverage of
precipitation at fine spatial resolution (0.25° x 0.25°) and 3-hourly temporal resolutions for 3B42
and monthly temporal resolution for 3B43 products (Huffman et al., 2007). In general, this
dissertation will be analysing TMPA data to understand the rainfall variability in annual,

seasonal and monthly basis.

1.4 Research Problem

The study aims to determine the quality of satellite meteorology of the TMPA products and
their application for Indonesian region. For this purpose, different research aspects and
approaches are examined. The research questions that will be answered are stated below.
Problems were found:

1. Due to the limited rain gauges in Indonesia, satellite precipitation products are indispensable
to observe Indonesian rainfall. Since satellite data show a few drawbacks for tropical regions,
comparisons between rainfall from TMPA and rain gauges over Indonesia is important to

find out the accuracy level of the satellite data;
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2. Indonesian region consists of multitudes of large and small islands and seas. Spatial and
temporal rainfall information from satellite is essential to understand climate rainfall
variability over large complex area of Indonesia;

3. Understanding the MC rainfall variability is important. The use of satellite data is expected
to explain rainfall climate system and their associations with monsoons, complex
topography, ENSO and El Nifio Modoki; and

4. To reveal the seasonal differences on diurnal rainfall change, which is the most significant
variations in the Maritime Continent, by utilizing long-term (17 years) 3-hourly TRMM
3B42 over the Sumatera Island.

1.5 Research Scope and Objectives
The objectives of this research are:

1. To validate the TRMM 3B43 and 3B42 rainfall products by using ground-based rain gauge
measurements across Bali and Indonesia;

2. To identify the Indonesian rainfall variability by using TRMM 3B43 products from the
aspects of the monsoon impact, the existence of land-sea areas, and the diversity of
topography, and to show the capability of these products to contribute to analysis of climatic-
scale rainfall in Indonesia;

3. To determine MC rainfall characteristics and their associations with monsoons, complex
topography, ENSO and El Nifio Modoki by using TRMM 3B43 product; and

4. To utilize the long-term 3-hourly TRMM 3B42 products to know the seasonal differences of

spatial/temporal patterns on diurnal rainfall variations over the Sumatera Island.

1.6 Research Structure and Outline

The dissertation is divided into five chapters. Figure 1.6 describes the outline of the
dissertation. Generally, the dissertation is organized as follows:
Chapter 1 presents the introduction of the research. The chapter discusses the general
introduction and basic motivation of this research. The research problem and research scope are

listed and the research objectives are given. In addition, overview of the study area is also

described.
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Figure 1.6. Outline of the dissertation

Chapter 2 describes the first result of this research. This chapter shows comparison results of

TMPA 3B42 daily product and 3B43 monthly product with rain gauge data over Bali.
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Chapter 3 illustrates the second result of this research. This chapter presents the analysis of 3B43
monthly data to understand the variability of Indonesian rainfall on annual, seasonal and monthly
scales, as well as their connection with monsoon activity, land-sea scattering, and topography
distribution.

Chapter 4 presents the third result of this research. This chapter explains the role of monsoon,
topography, ENSO and El Nifio Modoki on Indonesian rainfall variability by analyzing monthly
TRMM 3B43 data.

Chapter 5 displays the fourth result of this research. This chapter describes the seasonal
differences on diurnal rainfall variations by utilizing long-term (17 years) 3-hourly TRMM 3B42
data over the Sumatera Island.

Chapter 6 presents the conclusions of the studies and discusses the possible extension of future

works.

1.7 Overview of Study Area
1.7.1 Bali Province

The research described in chapter 2 was conducted over Bali, Indonesia, located at §°3°40” S
—8°50°48” S and 114°25°53” E — 115°42°40” E with a total area of 5,636.66 km? (Figure 1.7).
The study area is classified as having a tropical monsoon type of climate, resulting from the
monsoon winds, which change direction according to the seasons. Most areas of Bali are
mountainous with hills that run from west to the east in the centre of the island. Generally, the

land use in this island is dominated by agriculture comprising 65.35% of our study area.

1.7.2 Sumatera Island

The research described in chapter 5 was conducted in the Sumatera Island and the
surroundings, which are located at 09°30' N to 12°10" S latitude and 89°10' to 109°35' E
longitude. Figure 1.8 illustrates the distribution of Sumatera Island and surrounding area with
topographic distribution. Sumatera Island and the surroundings are located in the most active
convection area of the world and are influenced by the Asian-Australian monsoon, tropical
convective zones, intra-seasonal oscillation, complex land-sea-topography, and regional-local
atmosphere-ocean interactions (Chang et al., 2005; Rauniyar and Walsh, 2011; As-Syakur et al.,
2013; Peatman et al., 2014).
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Figure 1.7. The study area of Bali Province, Indonesia with topography.

1.7.3 Indonesia

The research in chapter 3 was conducted in the archipelago of Indonesia which is composed
of 17,508 islands with various sizes and located between two continents and oceans (Figure 1.9).
The area covers 8°00° N to 13°45° S and 92°00° E to 141°30° E. The population of Indonesia is
reaching 237,641,326 people in 2010. Sumatra, Kalimantan, Jawa, Sulawesi and Papua are five
major islands with diverse topographical distributions. Several important mountains in Indonesia
are Jayawijaya in Papua, Bukitbarisan in Sumatra, Kendeng in Jawa, Fenema and Gorontalo in
Sulawesi, and Muller in Kalimantan. Jawa Island is the most populated island and most
important industrial and agricultural region in Indonesia. Meanwhile, Sumatra, Kalimantan,
Sulawesi, and Papua are important islands that have tropical rain forests. Small islands in

Indonesia are also unique and important, such as Bali, Lombok, and Halmahera.
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CHAPTER 2

Comparison of TRMM Multi-Satellite Precipitation Analysis
(TMPA) Products and Daily-Monthly Gauge Data over Bali

2.1 Introduction

Precipitation is probably the most important component in the mixture of hydrologic cycle
parameters and is mostly accountable for shaping the climatic state of water in the earth, its
variability, and climatic trends (Anagnostou 2007). Accurate and timely knowledge of global
precipitation is essential for understanding the multi-scale interactions among weather, climate
and ecological systems as well as for improving our ability to manage freshwater resources and
predict high-impact weather events including hurricanes, floods, droughts and landslides (Hou et
al. 2008). However, measuring precipitation is one of the most difficult observational challenges
of meteorology because precipitation occurs intermittently and with pronounced geographic and
temporal variability (NOAA 2006).

Previous estimates of tropical precipitation have been made on climate prediction models and
the occasional inclusion of very sparse surface rain gauges and/or relatively few measurements
from satellite sensors (Feidas 2010). Rain gauge observations yield relatively accurate point
measurements of precipitation but suffer from sampling errors in representing areal means and
are not available over most oceanic and unpopulated land areas (Xie and Arkin 1996, Petty and
Krajewski 1996). Remote sensing techniques such as those using radar or satellites are
complementary methods for monitoring rainfall over large areas (Chokngamwong and Chiu
2004). A combination of gauge data, radar and satellite measurements is ultimately needed to
improve space-time rainfall estimation (Chiu et al. 2006a).

Infrared and passive microwave satellite observations, such as the Tropical Rainfall
Measuring Mission (TRMM) Multi-Satellite Precipitation Analysis (TMPA) Products, could be
used to drive estimates of large-scale precipitation over much of the globe (Xie and Arkin 1996).
The TMPA rain products are based on first using the TRMM Precipitation Radar (PR) and the
TRMM Microwave Imager (TMI) combined with rain rates to calibrate rain estimates from other

microwave and infrared (IR) measurements (Huffman ez al. 2007). The TMPA product is better
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suited for the present study because the available rain gauge measurements are also used in the
calibration process (Mehta and Yang 2008).

Extensive details about the TRMM ground validation program, site descriptions, algorithms,
and data processing are provided by Wolff et al. (2005). For years, other groups studied different
locations to validate TRMM data. For example, Feidas (2010) used satellite rainfall over Greece,
Mehta and Yang (2008) used TRMM to provide an improved description of the climatological
features over the Mediterranean Basin, Su et al. (2008) used TMPA to make hydrologic
predictions in the La Plata Basin, Islam and Uyeda (2007) determined the climatic characteristics
of rainfall over Bangladesh, Ikai and Nakamura (2003) calculated rain rates over the Ocean,
Nicholson et al. (2003) validated TRMM rainfall for West Africa, Barros et al. (2000) studied a
monsoon case in Nepal, Chiu ef al. (2006a) compared TRMM with the rain rate over New
Mexico, and Chokngamwong and Chi (2004, 2006) compared the TRMM with rain gauge data
in Thailand.

Rainfall information is especially important in the tropics because such a large fraction of the
planet’s rain falls within low latitudes and because there are large variations therein that are
related to climatic events (Adler et al. 2000; Ropelewski and Halpert 1987; Saji and Yamagata
2003b). The tropical Indonesian archipelago is characterized by huge quantities of rainfall
throughout the year and plays an important role in Earth’s climate system (Ramage 1971). Very
warm seawater in and around the Indonesia induces very intense convective activities playing the
role of a major heat source driving atmospheric circulation (Hamada et al., 2003). Annual and
interannual climate variability in Indonesia is somewhat unusual, as it is not homogenous over
the whole region and the coherence of rainfall patterns varies seasonally (Haylock and McBride
2001). Indonesian rainfall information is necessary for the study of climatology, flood
predictions, landslide mitigations, irrigation plans, and water resource problems. Overall, rain is
the most important climate elements in Indonesia because the diversity and variability depend on
the time and space. Therefore, the study about climate in Indonesia focused more on the rain
factor.

Generally, rainfall patterns of the Bali area are influenced by monsoons, with the maximum
amount of precipitation occurring during the peak of the wet season from December to February
and decreasing to a minimum during the peak of the dry season from June to August (As-Syakur

2007, Aldrian and Djamil 2008). In addition to being influenced by monsoons, the rainfall of the
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region is also related to large-scale climatic phenomena such as the El Nino southern oscillation
(ENSO) (Aldrian and Susanto 2003). Moreover, complex topography also affects rainfall
fluctuations (Aldrian and Djamil 2008). In the region of our study, the wet season begins in
November and lasts until April, and the dry season begins in May and lasts until October
(Hendon 2003, Aldrian and Djamil 2008). The peak of the wet season in January coincides with
the northwest monsoon across the Australian-Indonesian region, known locally as the west
monsoon. Conversely, the dry season coincides with the southeast monsoon, known locally as
the east monsoon (Hendon 2003). The west and east monsoon rain rates have distinctive features
in Bali as well as in the parts of Indonesia that experience monsoons.

In this work, attempts have been made to compare the rainfall determined by TMPA products,
which is a combination of TRMM PR and TMI, with the values taken from ground-based rain
gauges in Bali. The main objective of this paper was to advance our quantitative understanding

of the capability of these products to contribute to analyses of climatic-scale rainfall.

2.2 Study Area

Our research was conducted in Bali, Indonesia, located at 8°3°40” S — 8°50°48” S and
114°25°53” E — 115°42°40” E with a total area is 5,636.66 km? (see Figure 2.1). The study area
is classified as having a tropical monsoon type of climate, resulting from the monsoon winds,
which change direction according to the seasons. Most areas of Bali are mountainous with hills
that run from west to the east in the centre of the island. Generally, the land use in this island is

dominated by agriculture comprising 65.35% of our study area.

2.3 Data and Validations
2.3.1 Data

Daily fields of precipitation from three rain gauges over the Bali Island were used as
references to validate the satellite estimation. The rain gauge data were obtained from the
Indonesian Meteorology, Climatology, and Geophysics Agency (BMKG) Bali region and cover
the period from 1998 to 2002. The TRMM climate rainfall products used here for comparison
with the reference gauge dataset are the TMPA that includes the TRMM and other satellite
precipitation (3B42) analysis as well as the TRMM and other sources precipitation (3B43)

analysis.
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Figure 2.1. The study area.

The TRMM is cosponsored by the National Aeronautics and Space Administration (NASA)
of the U.S.A. and the Japan Aerospace Exploration Agency (JAXA, previously known as the
National Space Development Agency, or NASDA) and has collected data since November 1997
(Kummerow et al. 2000). TRMM is a long-term research program designed to study the Earth's
lands, oceans, air, ice, and life as a total system (Islam and Uyeda 2007). The TRMM standard
products are classified into three levels. Level 1 products are the calibrated and geolocated raw
data. Level 2 products are derived-geophysical parameters at the same resolution and location as
those of the level 1 source data. Level 3 products, referred to as climate rainfall products, are the
time-averaged parameters mapped onto a uniform space-time grid (Feidas 2010).

According to Chiu et al. (2006b), the 3B42 and 3B43 estimates are the optimal combination
results of microwave precipitation estimates that are used to adjust IR estimates from
geostationary observations. Then, all available three-hour microwave-IR combination estimates
are put into their appropriate space-time bins. These high-resolution data are summed over a
calendar month to create a monthly multi-satellite (MS) product. Due to the lack of global gauge
data on a daily basis, the 3B42 product is scaled so that the short-period estimates sum to a
monthly total that includes monthly gauge analyses. The MS and gauge analysis is the result of a

combination of monthly rainfall from the Climate Assessment and Monitoring System (CAMS)
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and the Global Precipitation Climatology Centre (GPCC) rain gauge analyses and are merged
optimally to create a post-real-time monthly satellite-gauge (SG) product, which is the TRMM
product 3B43. The 3B42 is then scaled by the ratio of monthly MS to SG to match the monthly
rain gauge analyses used in 3B43. The TMPA processing is designed to maximise data quality,
so TMPA is strongly recommended for any research work not specifically focused on real-time

applications (Huffman and Bolvin 2007).

2.3.2 Validations

The data coverage for this study was five years (1998-2002). The main validation was for the
monthly satellite rainfall products, but similar measures were applied to the daily precipitation.
Rainfall accumulations for the gauge observations and the satellite estimates were computed by
aggregating the daily and monthly values. In this research, the satellite monthly data is obtained
from 3B42 and 3B43. Previously, the 3B42 were computed by aggregating three-hour temporal
resolutions during 24-hours to obtain daily rainfall data. 3B42 monthly data is obtained by
aggregating the daily values. The validation of the monthly satellite products was also conducted
separately for the two distinct seasons of the year (wet and dry season), which reflect the
influence of the monsoon cycle. The wet season refers to the interval between November and
April, and the dry season refers to the interval between May and October (Hendon 2003, Aldrian
and Djamil 2008). Two types of analyses were conducted on the daily and monthly data: point-
by-point analysis and areal average analysis.

Point-by-point analysis consisted of a comparison between gauge data with satellite data on a
daily and monthly basis. All data were then sorted to obtain scatterplot distributions, the
mathematical relationships and the error values. Areal average analysis consisted of an areal
average comparison for monthly totals as well as for long-term mean of daily and monthly
rainfall for the five-year period, where values for the three stations are spatially averaged. That
analysis was used to obtain daily, monthly, and monthly time-series spatially averaged patterns.

Several statistical scores could be used to analyse the relationship of the TRMM product to
the rain gauge data. The measures of the closeness of the satellite estimates to the observed
values consisted of the linear correlation coefficient (r), the mean bias error (MBE), the root
mean square error (RMSE), and the mean absolute error (MAE), which were defined as follows

(Feidas 2010):
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where S; is the satellite estimated value on i-th day (month) for daily (monthly) analysis, G; is the
reference gauge value, Sand G are the averages of satellite and rain gauge data, oS and G are
their standard deviations, and »n is the number of data pairs. MBE represents the systematic
component of the error by providing a measure of the overestimation or underestimation of the
gauge data by the satellite estimates. In contrast, MAE and RMSE are used to ascertain the
random component of the error in the satellite estimates. RSME involves the square of the
departures from reality and, therefore, is sensitive to extreme values (Willmott 1982). If the
RSME is used, then anomalous values could significantly change the evaluation of a TRMM
when comparing it to rain gauge data. MAE uses the absolute difference, thus reducing the
sensitivity to extreme differences. In our analysis, the MBE and RMSE were used to ascertain
the systematic and the random components of the error, respectively, in our product estimates.
The RMSE was calculated after the MBE was removed from the satellite estimates. All errors are
expressed in percentage form to account for the daily, monthly and seasonal variations of rainfall
in the area and, therefore, to evaluate the reliability of the TRMM product on the daily and

monthly scale.

2.4 Results

This study first compared the daily rain gauge data with the 3B42 data. In general, rainfall
from 3B42 was lower than the rainfall from the gauge data: the average rainfall from the rain
gauge was 6.7 mm d’!, whereas the average rainfall from 3B42 was 4.5 mm d"'. Figure 2.2 shows
the scatterplots of the daily gauge data versus 3B42. The amounts of data are also indicated in

the plot. The 3B42 had a poor correspondence with the gauge data (r=0.28), and the MBE value
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with the daily data was -2.24 mm d!' (-33.50%). In addition, the values of the RMSE and MAE
were 11.11 mm d! (166.04%) and 6.06 mm d™!' (90.53%), respectively.
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Figure 2.2. Scatterplots of daily TRMM products versus daily gauge data in the period from
1998 to 2002.

The validation result over each station is shown by scatterplot in Figure 2.3. Over Denpasar,
the daily 3B42 had the correlation coefficient about 0.46, the MBE value of -1.52 mm d! (-
26.48%), RMSE of 15.03 mm d!' (261.58%) and MAE of 5.77 mm d"' (100.48%). In Negara, the
correlation coefficient, MBE, RMSE, and MAE were about 0.17, -2.01 mm d™!' (-31.12%), 18.76
mm d”! (289.86%) and 8.06 mm d' (124.51%), respectively. In Candikuning, which is located on
the top of mountain, the correlation coefficient, MBE, RMSE, and MAE were about 0.22, -3.19
mm d! (-40.60%), 16.52 mm d' (210.22%) and 8.58 mm d™!' (109.22%), respectively. Table 2.1

shows statistical error values of daily comparison between 3B42 and 3 rain gauge data over Bali.

Table 2.1. Daily point-by-point values of correlation coefficient, MBE, RMSE, and MAE for
3B42 compared to the 3 rain gauge data locations in Bali.

Rain Gauges | Elevation (m asl) r MBE (%) | RMSE (%) | MAE (%)
Denpasar 15 0.46 -26.48 261.58 100.48
Negara 24 0.17 -31.12 289.86 124.51
Candikuning 1247 0.22 -40.60 210.22 109.22

A comparison of long-term means of daily rainfall measured by 3B42 and gauges for the

five-year period is shown in Figure 2.4. Daily rainfall was spatially averaged over the three
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stations. Figure 2.4 indicates that the pattern of the long-term mean daily rainfall for the five-
year period is similar on both data, whereas the average rainfall measured by TRMM differs
substantially from the rain gauge values. The relationship between these data is slightly
correlated (r=0.59) with an underestimated bias error. When comparison is made for each season
separately, correlations in the wet period were lower than in the dry period. In the wet period, the
correlation coefficients were 0.35, and in the dry period, the correlation coefficients were 0.57.
In the wet period, the value of MBE was -3.08 mm d! (-29.08%), and the values of RMSE and
MAE were 6.62 mm d”' (62.40%) and 5.67 mm d' (53.46%), respectively. Furthermore, in the
dry period, the value of MBE was -1.42 mm d™!' (-49.97%) with values of RMSE and MAE of

3.29 mm d! (115.55%) and 2.28 mm d! (80.17%), respectively.
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Figure 2.3. Scatterplots of daily 3B42 product versus gauge data over (a) Denpasar, (b) Negara,
and (c) Candikuning.
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Figure 2.4. Long-term means of daily rainfall measured by 3B42 and gauges for the five-year
period. Daily rainfall was spatially averaged over the three stations.
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Figure 2.5. Monthly average rainfall pattern measured by TRMM and rain gauges. Spatially
averaged over the three stations.

The second result of this research is the comparison between monthly rain gauge data and
monthly TMPA 3B42 and 3B43 data, spatially averaged over the three stations. The intra-annual
variation of the long-term mean monthly rainfall measured by TRMM and the rain gauge data,
spatially averaged over the three stations are shown in Figure 2.5. This figure indicates that the
patterns of monthly rainfall are quite similar. The data show very good agreement with the
ground reference, yielding high correlations for these products. The correlation of 3B42 is 0.97,
and the correlation of 3B43 is 0.96. The patterns of 3B42 and 3B43 are quite similar, which
indicates that both types of data can be used as one reference to determine rainfall patterns in the
locations that do not have a rain gauge. In Indonesia, the pattern of rainfall is important because

Indonesia have a three different rainfall patterns (Aldrian and Susanto, 2003). Time-series of
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monthly totals, spatially averaged over the three stations, for 3B42, 3B43, and gauge data, are
shown in Figure 2.6. The amounts of data for each product are also shown in the figure. The

time-series relationship between the rain gauge with 3B42 and 3B43 is very high (r=0.93).
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Figure 2.6. Time-series of monthly totals, spatially averaged over the three stations, for 3B42,
3B43, and gauge data from 1998 to 2002.
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Figure 2.7. Monthly values of the error statistics of (a) the correlation coefficient, (b)) MBA, (¢)
MAE, and (d) RMSE over the period from 1998 to 2002.

Figure 2.7 compares monthly values of the error statistics for the TMPA products. The
correlation between 3B42 and 3B43 with gauge data is high (r>0.8) except in March (r=0.77).
Correlation levels during the wet season are very unstable, whereas, in the dry season, they are
quite stable. However, the correlation levels declined from the beginning until the end of the dry

season. This trend occurred in both types of products (see Figure 2.7(a)). Bias and MAE values
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have the same pattern in those products. In the beginning of the wet season, the values were low.
Then, the values increased and stabilised in the mid-season before declining again at the end of
the season. Unstable bias values seen during the dry season, especially for the 3B43 products,
were low in July and high in September. The bias values of the 3B42 product were quite stable in
the range of 38% to 47%, except in September (see Figure 2.7(b)). The same trend also occurred
in MAE values during the dry season. The MAE values were relatively stable in the range of
40% to 52%, except in September (see Figure 2.7(c)). The value of the RMSE was relatively
large in the range of 46% to 61%. However, the RMSE value was relatively stable, except in July
and September (see Figure 2.7(d)). In general, if the random errors of a product estimate were
more than 50% of the measured rainfall amount, then the estimates were deemed to not be

reliable in relative terms.

(a) 800 (b) 800

Overestimation Overestimation
700

700 -

= 600 600
= =
g 500 | é 500
g 400 o g 400 A
é 300 - g« 300 A
o o
& 200 &2 200 A ’
o o & O
100 { o 100 4 B05® g i
D6 0 % Underestimation
0 W 1 , , e : . .
0 200 400 600 800 0 200 400 600 800
Rain gauge (mm month™) Rain gauge (mm month™)

Figure 2.8. Scatterplot of the 3B42 and 3B43 product versus the gauge data for monthly rainfall
(period 1998-2002) using (a) 3B42 and (b) 3B43.

In general, average monthly rainfall derived from TMPA was lower than the rainfall from the
gauge data. The average rainfall from the rain gauges was 203.6 mm month™!, whereas the
average rainfall from 3B42 was 135.4 mm month™ and from 3B43 was 141.3 mm month™.
Figure 2.8 compares the scatterplots of the monthly TMPA products versus the gauge data. The
amounts of data are also indicated in the plot. Monthly data show good agreement with the
ground reference, yielding high correlation coefficients. The correlation between the monthly
3B42 and 3B43 with the reference data is generally high (0.81 and 0.82, respectively), but a lot
of data have distributions that underestimate. This underestimation is evident from the negative
bias error. The bias error of 3B42 is -33.50%, and the bias error from 3B43 is -30.60% (see
Figure 2.9(a)). The other error statistic values between the two types of TMPA as compared with
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the rain gauge data are quite similar; the MAE value is 28% (see Figure 2.9(b)), and the RMSE
value is 34.12% for 3B42 and 32.61% for 3B43 (see Figure 2.9(c)).
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Figure 2.9. Statistical scores between the TMPA products and the rain gauge data for the
monthly rainfall values and monthly rainfall for wet and dry season (period 1998—-2002). (@)
MBE, (b) MAE, and (c¢) RMSE.

In general, monthly point-by-point analysis results from 3 rain gauges over Bali indicate that

the correlation coefficient between both TMPA products with rain gauge is high to very high

(0.70 to 0.91), where the highest value occurs over Denpasar and the lowest over Negara. The

point-by-point statistical error analysis from both 3B42 and 3B43 indicated that Denpasar has the

lowest statistical errors, the highest MBE occurs over Candikuning, and the highest RMSE and

MAE occurs over Negara. Point-by-point monthly values of the correlation coefficient, MBE,
RMSE, and MAE for 3B42 and 3B43 compared to the 3 rain gauge data locations in Bali are
summarized in Table 2.2. Figures 2.10 and 2.11 compare the scatterplots of the monthly 3B42

and 3B43 products versus the gauge data over 3 rain gauge stations, respectively.

Table 2.2. Monthly point-by-point values of correlation coefficient, MBE, RMSE, and MAE for
3B42 and 3B43 compared to the 3 rain gauge data locations in Bali.

Rain Gauges Elevation r MBE (%) RMSE (%) MAE (%)
(masl) | 3B42 | 3B43 | 3B42 | 3B43 | 3B42 | 3B43 | 3B42 | 3B43
Denpasar 15 0.90| 091 -26.48 -22.10| 46.50, 44.56] 35.85 32.99
Negara 24 0.71]  0.70] -31.12| -27.80| 54.39] 54.26] 46.13| 44.80
Candikuning| 1247 0.86| 0.85 -40.60, -39.12| 46.12] 46.80 44.19| 43.73
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Figure 2.10. Scatterplot of the monthly 3B42 product versus the gauge data over (a) Denpasar,
(b) Negara, and (c) Candikuning.
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Figure 2.11. Same as Figure 2.10, but for monthly 3B43 product over (a) Denpasar, (b) Negara,
and (c) Candikuning.
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Figure 2.12. Scatterplots of the 3B42 and 3B43 product versus the gauge data for monthly
rainfall for wet and dry season; (a) 3B42-wet season, (b) 3B43-wet season, (¢) 3B42-dry season,
and (d) 3B43-dry season.

The scatterplots of the monthly rainfall estimates of the two products against gauge data for
the wet and dry period of the year are presented in Figure 2.12. The amounts of data for each
product are also indicated in the plot. Coefficient correlations during the wet period were lower
than in the dry period. The 3B42 and 3B43 had very similar scatterplots and correlations in wet
and dry period, which is the same as the monthly condition. The only difference was in the level

of correlation for each period season. The 3B43 was lower than 3B42 in the wet season (0.64 and
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0.63, respectively), whereas in the dry season, 3B43 was higher than 3B42 (0.73 and 0.74,
respectively). However, the differences were insignificant. Although the correlation during the
dry season was better than during the wet season, this condition does not occur above statistical
error. The value of the error statistic in the dry season was lower than in the wet season, and the
statistical error value of 3B43 was better than the corresponding value for 3B42. Bias values
between 3B42 with 3B43 were similar during the wet season, and, during the dry season, error
values were relatively large (see Figure 2.9(a)). The MAE value was quite similar in these
seasons (see Figure 2.9(b)), while, at the same time, random error values from 3B42 and 3B43

were similar in the wet season and relatively large in the dry season (see Figure 2.9(¢)).

2.5 Summary and Conclusions

An overview of the comparison of the TRMM Multi-Satellite Precipitation Analysis (TMPA)
products and daily to monthly gauge data from Bali Island is presented. An extensive
comparison of the gauge observations and satellite-derived estimates of daily to monthly rainfall
were performed over a five-year period on daily, monthly and seasonal timescales.

The comparison of five years of daily, monthly and seasonal variations of rainfall in the
study site from TMPA combined with gauge data shows that the satellite gave lower values than
the gauge estimates. The validation analysis demonstrated that both of the TRMM-merged
rainfall products (3B42 and 3B43) showed very good agreement with gauge data in Bali on
monthly-to-seasonal timescales. On the other hand, a very poor relationship was shown between
the daily data analysis from 3B42 in comparison with the gauge data.

Because the daily data could only be obtained from 3B42, the daily analysis was only
performed by this product. Very poor correlation was shown in the results of the point-by-point
analysis. In contrast, a better daily correlation was obtained by averaging all points. This result
indicates that point-by-point analysis would be very poor as a stand-alone daily climate product.
Furthermore, if the 3B42 daily data were used to cover large areas by averaging, then this
product would be capable of adequately estimating the variability in daily precipitation (see Su et
al., 2008).

The 3B42 and 3B43 products showed the same levels of relationships during the wet season
and dry season. The error levels in the wet season were better than in the dry season. Monthly
values of the error statistics showed instability during the rainy season. However, the instability

did not affect the bias error, the absolute error or the random error. The 3B43 showed slight
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improvements when compared with the 3B42 in terms of its abilities to reduce both the random
error and the scatter of the estimates.

The intra-annual variation of the comparison statistics showed relatively high correlations
between the satellite estimates and the gauge data during the dry season and lower correlations
during the wet season. There were, however, higher error values when the correlation was higher,
a behaviour that is opposite to what we would expect. This pattern has been also found by Feidas
(2010). The lower rain amounts recorded during the dry season affect the situation. During the
dry season, the amount of rainfall from the rain gauge data and the satellite data are small, and
the level of correlation becomes lower while the error values become larger. However, because
the error values in percentage, the error values become large even though the actual value of the
rainfall (mm month™) error is small. The opposite trend occurs during the rainy season. This
explains why the logarithms of 3B42 and 3B43 are not very accurate when the amounts of
rainfall are low.

The accuracy levels of the rainfall data obtained from 3B42 and 3B43 are generally similar,
as indicated by the correlation values between both data with the gauge data. However, error
analysis shows that 3B43 is better than 3B42. In general, the data from TMPA are potentially
usable to replace rain gauge data, especially with the monthly data if the inconsistencies and

errors are taken into account.
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CHAPTER 3

Indonesian Rainfall Variability Observation Using TRMM Multi-
Satellite Data

3.1 Introduction

The Indonesian archipelago is a central atmospheric heat source characterized by huge
quantities of rainfall, which are important contributions to understanding the world’s climate
system. Due to Indonesia’s geographical location, rainfall is strongly influenced by the Asian-
Australian monsoon system. Wyrtki (1961) described the peaks of the southeast monsoon as
June—July—August (JJA), while the northwest monsoon peaks in December—January—February
(DJF). The transition between monsoons occurs during the months of March—April-May (MAM)
and September—October—November (SON). However, Susanto et al. (2006) described April and
October as transition months between the northwest monsoon from November to March and the
southeast monsoon from May through September.

Moreover, Indonesian rainfall is also influenced by year-to-year fluctuations in El
Nifio/Southern Oscillation (ENSO), El Nifio Modoki, Indian Ocean Dipole (I0OD) phenomenon
(Vimont et al. 2010; Nicholls 1988; Saji ef al. 1999), local air-sea interactions (Hendon 2003)
and local topography (Chang et al. 2005; Qian 2008). The ENSO and El Nifio Modoki events
create extreme high and low rainfall values in some parts of Indonesia, resulting in the incidence
of floods and droughts (Hendon 2003; Hamada et a/. 2002; Saji and Yamagata 2003b). On the
other hand, complex distribution of land, sea, and terrain, results in significant local variations of
the annual rainfall cycle (Chang et al. 2005). The complex topography of the Indonesia islands
affects the rainfall quantities (Sobel et al. 2011). The different solar heating between surface
types such as land versus sea, or highland versus lowland, causes strong local pressure gradients
(Qian 2008). The different solar heating produces in sea-breeze convergence over islands and
orographic precipitation (Qian et al. 2010), causes diurnal cycle of rainfall over islands.
Furthermore, heavy precipitation also could be found along coastal plains in some part of
Indonesia, possibly due to ascent over near-coast hills or seaward propagating orogenic

convective systems. Qian (2008) explained in convective process in the case of land—sea breezes.
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The land heats up rather quickly during the day under the influence of solar radiation, while sea
surfaces remain cooler because the thermal inertia of water is relatively large and because waves,
turbulence, and penetration into deep water mix heat downward from surface water. As a result,
convectional cells rise over land and sea breezes develop. At night, land cools off more rapidly
than the ocean surface through longwave radiation loss, reversing the pressure gradients and
forming land breezes.

Indonesia, covered mostly by ocean, is the world’s largest archipelago. Therefore, there are
several problems in studying and simulating rainfall of the region for an appropriate land—sea
representation (Aldrian et al. 2007) and a complex topographical distribution (Qian 2008). In
Indonesia, rain gauge data represents precipitation throughout the country. However, rain gauge
measurement networks in the Indonesian archipelago are not as dense or regular as in other
major continents. Thus, satellite observations of rainfall may be the best solution for adequate
temporal and spatial coverage of rainfall. Remote sensing data provides spatial-temporal
resolution covering large rainfall study areas (As-Syakur 2011) and has become a viable tool to
capture the variability of the precipitation systems (Villarini et al. 2008). The availability and
global coverage of satellite data offer effective and economical means for calculating areal
rainfall estimates in sparsely gauged regions (Artan et al. 2007). Rainfall data with better spatial
and temporal resolution allows a more quantitative understanding of causal links between
Indonesian rainfall and larger scale climate features (Aldrian and Susanto 2003).

The Tropical Rainfall Measuring Mission (TRMM), jointly cosponsored by NASA and
JAXA, has collected data since November 1997 (Kummerow et al. 2000). The main objective of
TRMM data collection is to provide a better understanding of precipitation structure and heating
in the tropical regions of the earth (Simpson et al. 1996). The TRMM standard products are
classified into three levels. Level 3 products, referred to as climate rainfall products, are time-
averaged parameters mapped onto a uniform space-time grid (Feidas 2010). Product level 3
TRMM 3B43 data are often called TRMM Multi-Satellite Precipitation Analysis (TMPA)
products. The data products of 3B43 are the first rain products, combining TRMM Precipitation
Radar (PR) and TRMM Microwave Imager (TMI) rain rates to calibrate rain estimates from
other microwave and Infrared (IR) measurements (Huffman et al. 2007).

Over the years, several groups have studied Southeast Asia and its surrounding areas to

validate TRMM data. TRMM derived product research included: Chokngamwong and Chiu
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(2008) used rain gauge data from Thailand, As-Syakur et al. (2011) compared the TRMM 3B43-
3B42 with rain gauge data in Bali-Indonesia, Fleming et al. (2011) evaluated the TRMM 3B43
using gridded rain-gauge data over Australia, and Semire et al. (2012) validated TRMM 3B43
rainfall for Malaysia. On the other case, Vernimmen et al. (2011) and Prasetia et al. (2013)
validate for other types of TRMM in Indonesia. Vernimmen et al. (2011) compared and used real
time TRMM 3B42 to monitor drought in Indonesia and Prasetia et al. (2013) validated TRMM
Precipitation radar over Indonesia and was showed the accuracy is low to high (0.07 to 0.73).
The results underscore the superiority of the TRMM products, especially for TRMM 3B43 and
suggest that the goal of the algorithm was largely achieved.

Rainfall distribution information and the structure of precipitation systems from large areas
of Indonesia are important for TRMM data validation. This study observes the Indonesian
rainfall variability determined by TRMM 3B43 products, showing the capability of these
products to contribute to analysis of climatic-scale rainfall in Indonesia. To validate the results,
the rainfall estimated from satellite data were compared with gauge observations over Indonesia
sought to determine how well the 3B43 product an adequate representation of monthly rainfall in

Indonesia.

3.2 Study area

Research was conducted in the archipelago of Indonesia composed of 17,508 islands of
various sizes. Spatial data covered 8°00” N to 13°45° S and 92°00° E to 141°30° E. Figure 3.1
indicates the distribution of Indonesian topography and six north-south cross section lines used
to compare between values of rainfall and elevation. Indonesia is located between two continents
and oceans with a population reaching 237,641,326 people in 2010. Sumatra, Kalimantan, Jawa,
Sulawesi and Papua are five major islands with diverse topographical distributions. Several
important mountains in Indonesia are Jayawijaya in Papua, Bukitbarisan in Sumatra, Kendeng in
Jawa, Fenema and Gorontalo in Sulawesi, and Muller in Kalimantan. Jawa Island is the most
populated island and most important industrial and agricultural region in Indonesia. Meanwhile,
Sumatra, Kalimantan, Sulawesi, and Papua are important islands that have tropical rain forests.
Small islands in Indonesia are also unique and important, such as Bali, Lombok, and Halmahera.

The Indonesian monthly rainfall pattern is dividing into 3 climate regions (Figure 3.2):

Monsoonal Type (A), Semi-Monsoonal Type (B) and Anti-Monsoonal Type (C; Aldrian and
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Susanto 2003). Region A has one peak and one valley rainfall which is influence by two
monsoon systems, the Northwest Monsoon (wet seasons) from November to March, and the
Southeast Monsoon (dry seasons) from May to September. Region B has two peaks of rainfall in
October-November and March-May. Those two peaks are associated with the southward and
northward movement of the inter-tropical convergence zone (ITCZ). Region C has one peak and
one valley rainfall, namely June-July for the wet season and November-February for the dry
season. There is strong evidence of Arlindo (Indonesia Trough Flow) ocean influence and due to
the onshore windward movement of the austral winter monsoon from the southwest Pacific and

Arafura Sea.
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Figure 3.1. The Study area includes the Indonesian topography. Lines A-B to K-L indicating the
south-north cross sections used to compare values of rainfall and elevation. Black dots indicating
the rain gauges location

In addition, Hamada et al. (2002) classified Indonesian area into four climatological regions,
based on analysis of the amplitude and phase of annual oscillation from the pentad-mean rainfall
amounts average. The divisions of climatological regions are (Figure 3.3): A-I: Annual cycle is
dominant, and the maximum rainfall occurs during September—February (during pentads 14—49);
B-I: Annual cycle is dominant, and the maximum rainfall occurs during July—August or March—
June (during pentads 1-13 or 50-73); A-II: Semi-annual cycle is dominant, and the maximum
rainfall occurs during September—February (during pentads 14—49); and B-II: Semi-annual cycle
is dominant, and the maximum rainfall occurs during July—August or March—June (during
pentads 1-13 or 50-73). However, they also classify region with rainy and dry seasons do not

clearly exist that called type-C.
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Figure 3.2. Three climate regions and their rainfall patterns from Aldrian and Susanto (2003).
The map shows three climate regions divided into region A (solid curve); the southern
monsoonal region, region B (dashed—dotted curve); the semi-monsoonal region and region C
(long dashed curve); the anti monsoonal region. Graphics show the annual cycles of the three
climate regions (solid lines). Dashed lines indicate one standard deviation above and below the
mean average.
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Figure 3.3. Climatological classification map base on Hamada et al. (2002) analysis. Type-A
(type-B) means that maximum rainfall occurs during September—February (March—August).
Type-I (type-II) means that annual (semi-annual) component is dominant. Plus symbols denote
stations at which seasonal variations are not clear (type-C).
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3.3 Data and Methods
Monthly Rainfall data from 1998 to 2010, measured and collected by TRMM 3B43 satellite

data, were employed to observe Indonesian rainfall variability. The TMPA is a calibration-based
sequential scheme for combining precipitation estimates from multiple satellites and gauge
analyses (where feasible), providing global coverage of precipitation spatially over the 50° S—50°
N latitude belt at 0.25° x0.25° at 3-hourly temporal resolutions for 3B42, and monthly temporal
resolution for 3B43 (Huffman et al. 2007). The TMPA estimates are produced in four stages: (1)
microwave estimates of precipitation are calibrated and combined, (2) infrared precipitation
estimates are created using the calibrated microwave precipitation, (3) microwave and infrared
estimates are combined, and (4) monthly data is rescaled and applied (Huffman et al. 2007,
2010). The TMPA retrieval algorithm used for this product is based on the technique by
Huffman et al. (1995, 1997) and Huffman (1997). The TMPA data sets consist of 45%
precipitation from passive microwave radiometers (TRMM-TMI, Aqua-Advanced Microwave
Scanning Radiometer (Aqua-AMSR) and Defense Meteorological Satellite Program — Special
Sensor Microwave Imagers (DMSP-SSMIs)), 40% from operational microwave sounding
frequencies (NOAA-AMSUs) and 15% infrared measurements from geostationary satellites
[Geostationary Operational Environmental Satellite (GOES)] Meteosat/Meteosat Second
Generation (Meteosat/MSG) (Mehta and Yang 2008). According to Huffman and Bolvin (2007),
the TMPA is designed to maximize data quality, so TMPA is strongly recommended for any
research work not specifically focused on real-time applications.

Several statistical scores were used to determine Indonesian rainfall variability. The types of
analysis were monthly means, total means, maximum and minimum variability, standard
deviation and trends. To investigate the effect of the Asian-Australian monsoon on Indonesia
rainfall, peak-to-peak amplitude phase analysis extracted the annual signal in each grid point of
rainfall. After calculating the mean of the annual signal the mean was removed to reveal the
monthly peak amplitude phase. Furthermore, the analyses were also carried out for the effect of
land area and topography on rainfall quantities. The distribution of island, sea and topography
obtained from the Shuttle Radar Topography Mission (SRTM) mission were used to compare
values of rainfall with regards to island distribution and elevation.

Monthly, seasonal and long-term time series analyses were conducted. Monthly analysis

compared data from the same months of annual observation. Seasonal analysis is conducted
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based on the monsoon activity, described by Wyrtki (1961), over the entire observation period.
Likewise, long-term analysis observed all time series data over the entire observation period.
Monthly accumulated rainfall data from 5 rain gauges (derived from daily measurements)
over Indonesia (see Figure 3.1), observed by the Indonesian Meteorology, Climatology, and
Geophysics Agency (BMKG) standard manual (Observatory) and automatic (Hellmann) rain
gauges, were used as references to compared satellite estimations. The rain gauge data cover the
period from 1998 to 2010. These data were checked for consistency where unreasonable values
from a climatological viewpoint, for instance zero-rainfall months during the wet season, were
deleted. The locations of rain gauges are Medan, Pontianak, Tuban-Bali, Ternate, and Jayapura.
The monthly average rainfall estimated from satellite data is compared with the rain gauges data,
particularly to determine the accuracy level between the rainfall estimated from satellite and the
rain gauges data. Point-by-point analysis was conducted on the monthly data. Point-by-point

analysis consisted of a comparison between gauge data with satellite data.

3.4 Results and Discussion
3.4.1 The Indonesian rainfall variability

The distributions of annual averaged rainfall over Indonesia during 1998-2010 are shown in
Figure 3.4. In general, the highest total annual rainfall extends across the equatorial belt. The
lowest rainfall occurs in the southeastern Indonesia around the Nusa Tenggara Islands. The four
main islands of Indonesia, except Jawa Island, show high annual rainfall. Complex topography
affects rainfall quantities in this area (Sobel ef al. 2011), such as in the Jayawijaya and
Bukitbarisan Mountains of Papua and Sumatra islands, respectively. This figure also shows that
rainfall was distributed more heavily over land than sea, except the west coast of Sumatra. These
patterns were different than those modelled by Aldrian (2003) and Gunawan (2006) which
showed higher rainfall over sea than land. Higher rainfall over land seems to be caused by the
magnitude of convergence determined by the different heating qualities of land and sea. The
differential heating controls the direction of land—sea breezes which distributes the precipitation
centrally over islands where sea-breeze fronts converge between coasts, lifting moist air and
triggering convection (Qian 2008). Figure 3.4 also shows the closer to the coast, the heavier
rainfall distributed over sea especially at the western coast of Sumatra. Heavy rainfall found

along the coastal plain possibly due to ascent over near-coast hills or seaward propagating
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orogenic convective systems. Nocturnal rainfall activity along the coast in the western of
Sumatra Islands is created by land breezes (from Bukitbarisan Mountains) converge with western
Walker cell (from Indian Ocean) to generate offshore convection and produces heavy rainfall. As
noted by Wu et al. (2009), the heavy rainfall offshore west of Sumatra Island is controlled by the
mountainous topography of the island and by the thermally and convectively induced local

circulations and diurnal changes in thermodynamic stability in the atmosphere offshore.
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Figure 3.4. The distributions of annual averaged rainfall over Indonesia during 1998-2010

Figure 3.5 shows mean annual rainfall over land and sea in Indonesia during 1998-2010. The
figure shows annual rainfall over land higher than sea. Over land the total mean rainfall was
2779.82 mm year'' while over sea mean rainfall was 1998.21 mm year™'. This condition makes it

increasingly clear that Indonesian rainfall is greater over land than sea.
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Figure 3.5. Total mean of annual rainfall values over land and sea in Indonesia during 1998—
2010.
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The monthly climatological mean of rainfall from January 1998 to December 2010 is shown
in Figure 3.6. Throughout the year the highest rainfall concentrations are observed centered over
the major Indonesian islands such as in Sumatra, Kalimantan, Papua and Sulawesi. During the
northwest monsoon (November through February), high rainfall patterns are observed in all parts
of Indonesia except the Nusa Tenggara region of islands. Around Nusa Tenggara high rainfall
only occurs from December through March in southeastern Indonesia. The high rainfall in these

months is consistent with the phase of the southwest monsoon.
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Figure 3.6. Monthly climatological mean of rainfall derived from the TRMM 3B43 based on
monthly composites from January 1998 to December 2010.
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Low rainfall in Indonesia started around the island of Timor in April and continued extending
towards the southeast coast of Sumatra, the south coast of Kalimantan, southern Sulawesi, and
reached the southern area of the Maluku Islands in August. This phenomenon is consistent with
northwestward movement of the Asian-Australian monsoon system, of which the peak of the
southeast monsoon occurs in August. During September through to November the high rainfall
moves northwest to southeast. In these months, the southeast monsoon weakened while the
southwest monsoon strengthened (Susanto et al. 2006). The seasonal shift of heavy rainfall in
January and poor rainfall in July is associated with the seasonal migration of the intertropical
convergence zone (ITCZ). In January, the central mass of heavy rainfall is south of the equator
while in July in is north of 10°N (Chang et al. 2005).

The monthly climatological mean of rainfall also shown throughout the year, the highest
rainfall concentrations fall over land as compared with over sea (see Figure 3.7). The largest and
smallest differences occurred in November (95.54 mm month™') and June (21.73 mm month™),
respectively. The annual cycles of rainfall differences between land and sea are similar to the
annual cycles of the monsoonal climate regions which have one peak and one trough and

experience strong influences of two monsoons (see Aldrian and Susanto 2003).
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Figure 3.7. Average mean of monthly rainfall values over the island and the sea in Indonesia
derived from the TRMM 3B43 based on 1-Month composites from January 1998 to December
2010.

As described previously, complex topography affects quantities of rainfall over this area (see
Figure 3.4 and 3.6). To illustrate the impact of topography on the annual and seasonal
climatological average rainfall distribution, Figure 3.8 shows six North-South cross section lines

of rainfall and elevation (see Figure 3.1). Clearly seen in this figure areas around the region
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which have high elevation also have high rainfall compared with low elevations and sea, which
manifests more during wet seasons than during dry and transition seasons. However, in some
part, topographical effects do not only lead to increasing rainfall amount in the high elevation
region, but also in the vicinity of low elevations. This is partly responsible for a very poor
correlation (r=0.01) between total rainfall and elevation in this area (see Figure 3.9). Additionally,
the low spatial resolution of the satellite data (0.25° x 0.25°) may also affect the very poor
correlation result. The influence of topography on seasonal rainfall is generally similar to its
annual pattern except during JJA season in southern Indonesia when high elevation does not

enough affect rainfall.

Total rainfall (mm year") & Elevation (m)
Seasonal rainfall (mm month')

Latitude (°)

Figure 3.8. North-south cross section between Indonesia rainfall with elevation at six different
places (see Figure 3.1). (a) A-B cross section, (b) C—D cross section, (¢) E-F cross section, (d)
G—H cross section, (e) I-J cross section, and (f) K—L cross section.
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In surrounding islands around the sea heavy rainfall also occurred, such as in between the
islands of Jawa and Kalimantan, the northwestern coast of Kalimantan, and the southern coast of
Sumatra. This condition is caused by several factors, varies at each place, and all of it is clearly
seen by remote sensing data. As explain by Qian (2008), heavy rainfall over the Jawa Sea
(between the islands of Jawa and Kalimantan) (see Figure 3.8(b) on -5° — -7°) is affected by the
diurnal cycle of land breezes from both Kalimantan and Jawa. Heavy rainfall on the
northwestern coast of Kalimantan (see Figure 3.8(b) on 3° — 2°) was also influence by land
breezes. In this area, the locally large-scale convergence concentrated over the sea was due to
diurnal land breeze interaction with the prevailing winter monsoon flow, producing offshore
convection (Houze et al. 1981; Geotis and Houze 1985). On the other hand, the influence of the
western Walker cell over the Indian Ocean (with an anomalous low-level equatorial zonal wind)
affects the rainfall on the sea region southwest of the island of Sumatra (see Figure 3.8(a) on -4°

—-6°; Chang et al. 2004).
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Figure 3.9. Scatter plots of annual rainfall versus elevation in all research regions which are over
land.

Figure 3.10 show the spatial rainfall distribution of peak maximum, peak minimum,
amplitude variability (difference between peak maximum and minimum), and standard deviation.
Indonesian peak maximum rainfall ranged from 103.9 to 632.21 mm/month and mostly occurred

in DJF (see Figure 3.11(a)). Peak minimum rainfalls of 0.06 to 362.07 mm/month mostly
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occurred in JJA (see Figure 3.11(b)). Peak maximum rainfalls were unevenly distributed, but in
general occurred over the land. Meanwhile, minimum peak rainfalls spread across the equator
belt. The amplitude variability shows that high rainfall variability occurred over Jawa Island and
Jawa Sea, indicated by high variability (see Figure 3.10(c)) and standard deviation values in the
region (see Figure 3.10(d)). The variability of rainfall is smaller in the north than in the south of
Indonesia, indicating southern Indonesia is influenced by movement of the Asian-Australian
monsoon system.

The spatial distributions of peak maximum and minimum rainfall phase amplitude (months)
derived from TRMM 3B43 are shown in Figure 3.11. As described previously, the maximum
and minimum peak phase of rainfall mostly occurs in DJF and JJA, respectively. In the months
of DJF, especially in January, the northwest monsoon is fully developed, while during JJA this
region is influenced by the southeast monsoon (Wyrtki 1961). In western Sumatra and areas of
Kalimantan, the maximum peak phase of rainfall occurs during SON. This phase is associated
with the southward and northward movement of the ITCZ. The ITCZ, characterized by active
convection, covers the equatorial region during SON. Furthermore, the ITCZ passed the same
region during MAM (Sakurai et al. 2005), hence, this region usually has two peaks of heavy
rainfall (Aldrian and Susanto 2003). These phenomena were not supported in this study.
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Figure 3.10. The distributions of (¢) maximum, (b) minimum, (c) amplitude variability
(difference between peak maximum and minimum), and (d) standard deviation of monthly
averaged rainfall in TRMM 3B43 from January 1998 to December 2010.

In Papua Island the peak phase of maximum rainfall occurred in MAM and minimum peak
phase occurred during JJA (see Figure 3.11(a)). In addition to the ITCZ, these conditions are also

influenced by the effects of the northwest monsoon and a large-scale zonal (east-west)

47



circulation over the equatorial Pacific (Hall, 1984). In Maluku Islands, the peak rainfall phase
maximum differs from other areas during JJA, in phase with the western tropical Pacific region.
The climate in this region is affected by the conditions of the western tropical Pacific region
(Kubota et al. 2011; Aldrian and Susanto 2003). The reason for this influence is unclear,
however, Aldrian and Susanto (2003) explain that during JJA the Indonesian Throughflow (ITF)
brings warm water from warm pool area of the western tropical Pacific region resulting in heavy
rainfall in this season. During dry season in these areas, cooler water moving from the warm pool
to the Maluku Sea inhibits the formation of a convective zone and results in a minimum rainfall

peak phase (see Figure 3.11(b)).
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Figure 3.11. The spatial distribution of peak amplitude phases (months) derived from TRMM
3B43; (@) maximum phase and (b) minimum phase.

Figure 3.12 shows an increasing trend of spatial distribution for monthly rainfall time-series
data from January 1998 to December 2010 collected by TRMM 3B43 over Indonesia. In general,
rainfall trend was more positive in the north than the south of Indonesia. In addition, rainfall
tended to increase over land areas, especially the four major islands, except Sulawesi Island. On
the other hand, downward trends in rainfall occur along the western and southern coast of

Sumatra, eastern Jawa, southern Sulawesi, Maluku Islands, western Papua, and Bali Island. The
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extreme climate of ENSO and IOD were associated with interannual months of Indonesian
rainfall variability. During 13 years, several extreme rainfall events were influenced by ENSO

and IOD, causing variations in the trends of rainfall.
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Figure 3.12. The spatial distribution trend of the time-series monthly rainfall from TRMM 3B43
from January 1998 to December 2010.

3.4.2 Comparison with rain gauges

The monthly TRMM 3B43 satellite data products were compared with gauge observations
from the 5 stations over Indonesia (see Figure 3.1) sought to determine how well the 3B43
estimated values and the magnitude of rainfall on the ground. The result averages from point-by-
point analysis (across all stations) at 5 rain gauges show annual rainfall from 3B43 was lower
than the rainfall from the gauge data: the average rainfall from 3B43 was 2414.38 mm year',
whereas the average rainfall from the rain gauge was 2470.81 mm year™'. However, when
viewed from each rain gauge, the amount of rainfall showed varying values. Figure 3.13 shows
histograms of annual rainfall from 3B43 and rain gauges estimate in 5 locations during 1998—
2010. The histograms of annual rainfall indicate that there are 2 rain gauges (Medan and
Pontianak) in the western part of Indonesia that has values lower than satellite estimates
(overestimated), whereas 3 rain gauges (Tuban-Bali, Ternate and Jayapura) in the eastern part of
Indonesia has rainfall values higher than satellite estimates (underestimated). Overestimated
values also found in Malaysia (western part of Indonesia) by Semire et al. (2012) and
underestimated in Bali (eastern part of Indonesia) by As-Syakur ez al. (2011).

Figure 3.14 shows the intra-annual variation of the long-term mean monthly rainfall
measured by 3B43 and the rain gauge data from 5 stations. This figure indicates that monthly

rainfall patterns from 5 locations are quite similar confirmed the close relationship between 3B43
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and rain gauges. The satellite data and ground reference data yield high to very high correlations
for these products for each rain gauge. The correlations between 3B43 and rain gauges in Medan,

Pontianak, Tuban-Bali, Ternate and Jayapura are 0.98, 0.90, 0.98, 0.95 and 0.85, respectively.
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Figure 3.13. Histograms of annual rainfall between 3B43 with rain gauges estimate from 5
locations, over the period from 1998 to 2010.
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Figure 3.14. Monthly average rainfall pattern measured by 3B43 and rain gauges. (a) Medan, (b)
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The comparison histograms of peak maximum, peak minimum, and amplitude variability
derived from TRMM 3B43 and rain gauges from 5 locations are shown in Figure 3.15. The
histograms between peak maximum/minimum rainfall phase amplitude and annual rainfall shows
similar pattern were 2 rain gauges that has values lower than satellite estimates and 3 rain gauges

has rainfall values higher than satellite estimates. Peak maximum and amplitude variability
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displays high differences between satellite data and rain gauge compared with peak minimum
rainfall phase. Overall, comparison between monthly 3B43 products and gauge observations
shows still has instability of differences.
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Figure 3.15. The comparison histograms of maximum, minimum, and amplitude variability
averaged rainfall measured by 3B43 and rain gauges from January 1998 to December 2010.

We suggest that the causes for these differences between 3B43 and rain gauge data due to
temporal and spatial sampling uncertainties. One reason may be that, since TRMM is a major
component of the 3B43 product, one would expect it to not record some rainfall owing to
unfavorable timing of its overflight of Indonesia. Fleming et al. (2011) state these reasons for
Australia. Because of non-sun-synchronous satellite orbit, the TRMM records locations once
approximately every 3.6 days in the tropical region (As-Syakur 2011). Furthermore, limitations
of the TRMM data suffer from both the narrow swath and insufficient sampling time intervals
resulted loss information about rainfall values and rainfall types. Indonesian region is
characterized by a much higher variability of rainfall and much stronger convective activity.
Precipitation events outside of these satellite observation windows directly resulted in monthly
and seasonal statistical error. In addition, rainfall data used in this study has limited sampling
representation, where 0.25°% 0.25° 3B43 data is only represented by one rain gauge.

Previous studies show convective rainfall predominantly control tropical rainfall peaks in
Indonesia (Kubota et al. 2004; Mori et al. 2004; Tabata et al. 2011; Prasetia et al. 2013). Liao
and Meneghini (2009), from ground-based radar, found (particularly in heavy rain)
underestimation of TRMM PR attenuation for convective rain, while stratiform rain was more

accurately corrected. In addition, when the convective rain is about 50-70%, is possible due to
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the overestimate of rainfall by TMI (Nakazawa and Rajendran 2004). Therefore, instability of
differences rainfall in this region is possibly caused by succession of convective and stratiform
rain types throughout the year. Both convective and stratiform rain types dominate in the
Indonesian archipelago (Schumacher and Houze 2003; Yulihastin and Kodama 2010; Prasetia et

al. 2013).

3.5 Summary and Conclusions

An investigation of Indonesian rainfalls variability using satellite data from TRMM 3B43
over 13 years (from January 1998 to December 2010) is presented here. Monthly, seasonal and
long-term time series analyses were conducted by applying several statistical methods. Rainfall
over different elevations was compared to determine the effect of land and topography on rainfall
events. Monthly 3B43 rainfall estimates were compared with monthly rain gauge measurements
from BMKG to evaluate rainfall variability. Data from 5 rain gauges across Indonesia, covering
a 13-year period (1998-2010), were used here.

The results clearly show the effect of oceans, islands, monsoons, and topography on spatial
patterns of rainfall. Monthly climatological rainfall means show that rainfall over land area is
greater than rainfall over sea throughout the year. The analysis showed that 58.18% (2779.82
mm year™) of the total rainfall in Indonesia falls over land while only 41.82% (1998.21 mm year~
1) falls over sea. In general, the largest difference between rainfall occurring over land and sea is
clearly seen in the monsoon transition months of SON and MAM, with a maximum difference in
November and a minimum difference in June.

Looking at a north-south cross section, topography clearly affects rainfall variability in
southern Indonesia. In the southern part of Indonesia the highest elevation showed higher levels
of rainfall. The effect of topography is also evident in other parts of Indonesia. However,
topographical effects not only increase rainfall amounts in the high elevation regions, but also in
surrounding low elevations, leading to a very poor correlation between rainfall and elevation.

Most parts of Indonesia have a peak of high rainfall events during DJF and a valley of low
rainfall events during JJA. These conditions are associated with the northwest and southeast
monsoon. Generally, the maximum peak and trough of rainfall events occurs over land and at
higher altitudes. High maximum and minimum monthly rainfall fluctuation occur over Jawa

Island and the Jawa Sea. In that area, the fluctuation of rainfall reaches above 400 mm/month.
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However, rainfall is relatively stable in the equatorial region. High annual rainfall typically
occurs in these island areas, except southeast Indonesia. The trend analysis shows rainfall has a
tendency to increase in northern Indonesia, but a tendency to decrease in southern Indonesia.

Comparing the 3B43 with rain gauges show a strong agreement with high to very high
correlation coefficient (R = 0.85 to 0.98). However, comparison results still showed instability of
differences especially if heavy rain occurs. Temporal and spatial sampling uncertainties possibly
cause the instability.

Utilization of TRMM 3B43 remote sensing data helps observe Indonesian rainfall in oceanic
and unpopulated land areas that do not have rain gauge data. Rainfall characteristics over
Indonesia provide information explaining a regional and global climate system strongly
influenced by local conditions. However, to obtain better results remote sensing satellite data
needs to improve data quality for better spatial resolution to compare the small islands and

complex topography of Indonesia.
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CHAPTER 4

Maritime Continent rainfall variability during the TRMM era: the
role of monsoon, topography and El Niiio Modoki

4.1 Introduction

Rainfall is the most important climatic element of the Maritime Continent (MC; Saha, 2010),
a large area of land-sea complex comprising Indonesia, Malaysia, the Philippines and
surrounding areas between 15°S and 15°N (Ramage, 1968). The MC is located in the most active
convective area of the world and is influenced by global, regional, and local conditions; e.g., the
Asian-Australian monsoon, tropical convective zones, intra-seasonal oscillation, and complex
land-sea-topography (Chang et al., 2005; Qian, 2008; Hidayat and Kizu, 2010; Rauniyar and
Walsh, 2011; As-Syakur et al., 2013). The Asian-Australian monsoon creates an annual rainy
and dry season cycle (Robertson et al., 2011). The intra-seasonal (30—-90 days) Madden—Julian
oscillation (MJO) phase is associated with extreme high and low precipitation events (Wu and
Hsu, 2009; Oh et al., 2012; Kanamori et al., 2013; Wu et al., 2013), whereas complex land-sea-
topography affects diurnal rainfall quantities (Qian et al., 2010; Peatman et al., 2014). All
associated events are affected by the rainfall diversity and create high space-time annual and
interannual climate variability in this region.

Moreover, MC rainfall is also influenced by year-to-year regional and local atmosphere-
ocean interactions, such as El Nifio Modoki and the El Nifio—Southern Oscillation (ENSO),
hereafter referred to as the conventional El Nifio (Wang and Hendon, 2007; Chang et al., 2008;
Rauniyar and Walsh, 2013; As-Syakur et al., 2014). Both of these climate modes are important
because of their large environmental and societal impacts in this region (Gutman et al., 2000;
Glantz, 2001; Juneng and Tangang, 2005; Weng et al., 2007; Liao et al., 2012; Xu et al., 2013;
Salimun et al., 2014; ). The ENSO is the dominant climate phenomenon affecting extreme
weather conditions worldwide (Cai et al., 2015). El Nifio Modoki has been identified as a type of
pseudo-Nifio in the tropical Pacific and differs in obvious ways from the conventional El Nifo,
particularly in terms of its spatial and temporal characteristics and teleconnection patterns

(Ashok et al., 2007; Ashok and Yamagata, 2009; Li et al., 2010). El Nifio Modoki is
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characterized by warm waters in the central Pacific and cool waters in the eastern and western
parts of the basin (Weng et al., 2009; Feng and Li, 2011; Xie et al., 2014). In contrast,
conventional El Nifio is a recurring pattern of climate variability in the eastern equatorial Pacific
that is characterized by anomalies in both sea-surface temperature (referred to as El Nifio and La
Nifia with respect to warming and cooling periods, respectively) and sea level pressure (Southern
Oscillation; Philander, 1983; Philander, 1989; Trenberth, 1997; Naylor et al., 2001, Meyers et al.,
2007). Many studies have shown that MC rainfall tends to decrease during El Nifio and increase
during La Nifa events (e.g., McBride et al., 2003; Chang et al., 2004; Xu et al., 2004; Lyon et al.,
2006; Aldrian et al., 2007; Qian et al., 2013; Slezak, 2014). Changes in rainfall have been
attributed to anomalous sea surface temperatures (SSTs) and the associated anomalous Walker
circulation over the tropical Pacific (Julian and Chervin, 1978; Kao and Yu, 2009; Tokinaga et
al., 2012; DiNezio et al., 2013).

The MC is a region with a large population and has extensive agricultural areas (Ito et al.,
2011). Therefore, knowledge about MC fresh water sources is important for understanding
drinking water supply, industrial purposes and agricultural irrigation (de Angelis et al., 2004).
Accountable information regarding precipitation is needed to improve climate and
meteorological forecasts at several spatial and temporal scales. However, reliable MC rainfall
characteristic information is lacking due to the absence of a dense rain gauge network
(Chokngamwong and Chiu, 2008; As-Syakur, 2011, Semire et al., 2012; Prasetia et al., 2013),
because rain gauge data are often not available over most unpopulated land areas, and gauge
observation is not obtained for ocean areas.

Satellite observation of rainfall is one of the best solutions to obtain adequate temporal and
spatial coverage of rainfall in areas for which rain gauge data are unavailable. Global land and
ocean rainfall distribution was difficult to measure (Kubota et al., 2010) before satellite
observation. The Tropical Rainfall Measuring Mission (TRMM), an American—Japanese Earth
satellite observation mission (launched in November 1997 to an altitude of 402.5 km after boost),
has improved our understanding of precipitation structure and heating in tropical regions
(Simpson et al., 1996). Product level 3 TRMM 3B43 monthly data, which are often referred to as
TRMM Multi-Satellite Precipitation Analysis (TMPA) products, represent the best estimates of
quasi-global precipitation. These TRMM 3B43 satellite-based high-resolution rainfall data

products are the first way to calibrate rain estimates obtained from TRMM Precipitation Radar
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(PR), TRMM Microwave Imager (TMI) and other microwave and Infrared (IR) satellite
precipitation measurements (Huffman et al., 2007). These 3B43 products were upgraded from
version 6 (v6) to version 7 (v7) in 2012 and became available for the periods from December
1997 to date. Version 7 will evolve as the initial version 0 algorithm of the upcoming Global
Precipitation Measurement (GPM) mission. In recent years, several groups have validated the
3B43 v6 data using MC ground data (e.g., Chokngamwong and Chiu, 2008; As-Syakur et al.,
2011; Fleming et al., 2011; Semire et al., 2012) and confirmed the effectiveness of the products.
Prakash et al. (2013), Fleming and Awange (2013) and Nuarsa et al. (2014) found that 3B43 v7
exhibits improved bias and correlation compared to v6.

Previous MC rainfall and climate systems studies at many locations have relied on rain gauge
data or on rain gauge data model utilization (e.g., Hendon, 2003; Aldrian and Susanto, 2003;
Tangang and Juneng, 2004; Feng et al., 2010; Chen et al., 2012; Mandapaka and Qin, 2013;
Jourdain et al., 2013; Misra and DiNapoli, 2014; Villafuerte II et al., 2014). The MC, due to its
complex system of islands and shallow seas, continues to exhibit substantial errors when climate
models are applied to rainfall characteristic analysis (Love et al., 2011). Neale and Slingo (2003)
reported a systematic underestimation of precipitation in this area using the climate version of
the Met Office model (HadAM3), which was caused by land—sea generated complex diurnal
circulation patterns. Furthermore, Gianotti and Eltahir (2014a; 2014b) also described findings
that the diurnal cycle of Regional Climate Model version 3 (RegCM3) is a major source of MC
climate simulation error. Strong improvements are expected due to improved spatial and
temporal resolution satellite data regarding MC rainfall characteristics. TMPA datasets yield
finer-scale temporal precipitation estimates. Monthly TMPA data (3B43 product) are derived
from 3-hourly data (3B42 product). All available 3-hourly data over a calendar month are
summed to create a monthly product (Huffman et al., 2007). Therefore, diurnal cycle rainfall
data conditions can be recorded and factored into monthly, seasonal, and annual mean rainfall
products.

In recent years, several studies have analyzed the rainfall climate system using poor spatial-
temporal satellite data in some parts of this region. For example, Mori et al. (2004) applied the
TRMM 3G68 dataset to investigate coastal heavy rainfall bands and a diurnal land-sea migrating
convective cloud system over Sumatra Island in the IMC. Chang et al. (2005) described annual

cycles of rainfall over land areas based on rain gauge data and short-period satellite data. Hirose
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and Nakamura (2005) observed precipitation variations in systems over Asia, including the MC,
based on TRMM PR data. Dayem et al. (2007) quantified precipitation rates over the tropical
western Pacific warm pool and the MC using TRMM 2B31. Weng et al. (2007; 2009) inspected
impact of El Nifio Modoki and the conventional El Nifio in the Pacific rim, including region of
MC, during boreal summer and winter using low spatial resolution satellite-gauge precipitation
of Global Precipitation Climatology Project (GPCP). Biasutti et al. (2012) described rainfall
climatology patterns based on TRMM PR 2A25 observations. Furthermore,Rauniyar and Walsh
(2013) examined the influence of ENSO on the diurnal rainfall cycle using TRMM and
reanalysis data. However, no studies have utilized long-term satellite data to simultaneously
analyze patterns describing climatic rainfall characteristics over the MC and the MC rainfall
response to El Nifio Modoki and the conventional El Nifio.

The main objectives of this paper are to report climate patterns and to analyze regional
rainfall rate estimates that utilize long-term MC satellite data; the study includes a limited
analysis of rainfall dynamics caused by monsoon activity, topography diversity and their
response to El Nifio Modoki and the conventional El Nifio. It is important to clarify the regional
hydrological processes to understand the rainfall characteristics. Therefore, the use of improved
spatial and temporal resolution satellite data is expected to illustrate the distribution of the MC
rainfall climate system more clearly. In this work, annual, seasonal and monthly analyses were
conducted. The remainder of this article is arranged as follows: Section 2 presents data and
analysis; Section 3 reveals the characteristics of annual rainfall periods and their trends based on
long-term (1998-2013) satellite measurements; Section 4 quantifies the effect of monsoons and
topography on rainfall values acquired from satellite data; Section 5 identifies differences in the
impact of anomalous rainfall distribution based on a linear correlation analysis of El Nifio

Modoki and the conventional El Nifio; and finally, Section 6 summarizes the findings.

4.2 Data and Analysis

Research was conducted using MC spatial data covering 20° N to 20° S and 80° E to 180° E.
Figure 4.1 illustrates the MC topographic distribution between nine west-east cross section lines,
which were used to compare rainfall and elevation values. Monthly rainfall data from 1998 to
2013, which were measured and collected using TRMM 3B43 v7, were employed to study the

general rainfall characteristics of the MC. The TRMM is a long-term research programme
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designed to study the landmasses, oceans, air, ice, and life of Earth as a total system (Simpson et
al., 1996). Additionally, TMPA is a TRMM product that is designed to combine precipitation
estimates from TRMM, various satellite systems, and land surface precipitation gauge analyses
(where feasible) and thereby create a single “best” satellite precipitation estimate (Huffman et al.,
2007). TMPA estimates are available in the form of two products: a near-real-time version
(TMPA-RT) and a post-real-time research version that provide global coverage of precipitation
over the 50° S—50° N latitude belt at 0.25°x0.25° spatial resolution. The TRMM 3B43 (3B42)
research product was developed as a post-real-time monthly (3-hourly) satellite—gauge
precipitation product. TMPA estimates are produced in four stages as follows: (1) TMI and
TRMM PR on TRMM are combined (TMI-PR, 2B31) and serve as a baseline to calibrate a
combination of passive microwave data from microwave sensors on multiple satellites; (2) the
passive microwave data are used to calibrate IR input; (3) the microwave and IR estimates are
combined; and (4) monthly rain gauge data are incorporated (including the Global Precipitation
Climatology Centre (GPCC) and the Climate Assessment and Monitoring System monthly rain
gauge analysis) to create the 3B43 product, and rescaling is applied to create 3-hourly TRMM
3B42 for the month (Huffman et al., 2007; 2010). The TMPA retrieval algorithm used in this
product is based on the technique described by Huffman et al. (1995, 1997) and Huffman (1997).

Several statistical scores were used to determine the MC rainfall characteristics. Annual
means, annual linear trends, seasonal means, and percentage of rainfall anomaly, as well as linear
and partial correlations, were used in the analysis. Linear and partial correlations were used to
analyse the relationship between MC rainfall and El Nifio Modoki and the conventional El Nifio,
which were defined according to the El Nifio Modoki Index (EMI) and Nifio-3 values. Following
Ashok et al. (2007), the EMI was defined as follows:

EMI=[SSTA]. -0.5x[SSTA], -0.5x [SSTA4], (4.1)

where square brackets with a subscript represent the areal mean sea surface temperature
anomaly (SSTA) over the central Pacific region (C: 165°E—140°W, 10°S—10°N), the eastern
Pacific region (E: 110°=70°W, 15°S—5°N), and the western Pacific region (W: 125°-145°E,
10°S—20°N). Furthermore, the Nifo-3 index was defined as the spatial mean SST anomaly over

the region 5°N-5°S and 90°-150°W in the east Pacific Ocean (Trenberth, 1989).
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Figure 4.1. The study area of the Maritime Continent with topography shown. Dashed lines
indicate west-east cross sections used to compare rainfall and elevation values.

In statistics, correlations are used to describe linear statistical relationships between two
random variables; thus, correlated variables are pairs of variables that vary together precisely and
that are related to each other by means of a positive or negative scaling factor (von Storch and
Zwiers, 1999). Furthermore, partial correlations are used to measure the correlation between two
related variables after eliminating the influence of one or more other variables or after assuming
that the other variables become constants (Blair, 1918). Two variables may be correlated because
both of them correlate with a third variable or set of variables (Cramer, 2003). Partial correlation
controls for this possible correlation with a third identified variable or with a set of variables
(Delbanco et al. 1998). Conversely, the method may unduly penalize the original driver because
the part of the original driver that correlated with the second driver might still reflect the
operation of the original driver. The analysis of partial correlations has been applied to determine
the impacts of El Nifio Modoki and conventional El Nifio events on Australian rainfall
(Taschetto and England, 2009), on spring rainfall over southern China (Feng and Li, 2011) and
on atmospheric circulation in the Southern Hemisphere (Sun et al., 2013). In the case of three

quantities, the partial coefficient is calculated using the following equation (Blair, 1918):
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Where, 1123 is the partial correlation between two random variables (1 and 2) after removing
the controlling effect of another random variable (3). When the effect of the conventional El
Nifio is removed, variables 1, 2, and 3 could represent rainfall, the EMI, and the Nifio-3,
respectively. Additionally, if the roles of 2 and 3 are reversed, ri2;3 becomes a measure of the
rainfall related to Nifio-3, and the effect of El Nifio Modoki is removed. If the effect of the
conventional El Nifio is removed, ri2 and ri3 represent simple correlations between rainfall and
the EMI and between rainfall and Nifio-3, respectively. The opposite occurs when the effect of
El Nifio Modoki is removed. When the effect of the conventional El Nifio is removed, the square
of the quantity, 1123, represents the rainfall variance, which is not estimated for the conventional
El Nifio in the equation, but is estimated for El Nifio Modoki. The opposite tends to occur when
the effect of El Nifio Modoki is removed.

Moreover, El Nifio Modoki and conventional El Nifio events on 2002/03, 2009/10 and
2006/07 were selected to illustrate spatial patterns of MC anomalous rainfall. Shuanglin and Qin
(2012) and Takahashi et al. (2013) classified 2002/03 and 2009/10 as El Nifio Modoki events and
2006/07 as a conventional El Nifio event (El Nifio). June (in the JJA season) was chosen as the
initial season in the annual rainfall anomaly analysis because the conventional El Nifio usually
begins in June (As-Syakur et al., 2014).

Furthermore, the analyses also studied the effects of land area and topography on rainfall
amounts. Nine west-east lines (Figure 4.1) were used to compare island distribution and
elevation with rainfall values. The distribution of islands, sea areas and topography were
obtained from the Shuttle Radar Topography Mission 30 PLUS (SRTM30 PLUS) Version 7
dataset at a spatial resolution of 30 arc seconds (Becker et al., 2009). Annual and seasonal
rainfall were compared with elevation values. In addition, monthly rainfall data were used to
obtain annual zonal rainfall averages based on the latitudinal divisions from 20° N to 20° S (nine
lines). Latitudinal averages across the longitude were employed to create zonal annual rainfall
average graphics and to describe monthly rainfall.

The main analysis conducted in this research was based on seasonal data, but similar
measures have applied to monthly and annual analyses. The analyses were conducted using
coordinates as the reference identity for each pixel. Point-by-point data were generated by
extracting data from each TMPA pixel. Each point contained information describing the

coordinates, month, year, and rainfall values. Then, the data were sorted in accordance with the
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purposes of the analysis. The same sorting process was also carried out using index values (EMI
and Nifo-3), followed by calculations to determine the linear and partial correlations. After
obtaining the desired values (based on the purpose of the analysis), the point data were converted
into raster data format having the same spatial resolution as the original data (0.25° x0.25°).
Annual analyses were used to compare yearly average data over the entire observation period.
Seasonal analysis was conducted based on monsoon activity as described by Wyrtki (1961); in
this analysis, the seasons were classified as December-January-February (DJF), March-April-
May (MAM), June-July-August (JJA), and September-October-November (SON). DIJF
represents the peak of the northwest Australia—Asia monsoon, and JJA represents the peak of the
southeast Australia—Asia monsoon, and MAM and SON represent monsoon transitions (Aldrian
and Susanto, 2003). Seasonal linear and partial correlation analyses were conducted by
correlating the monthly data for the same season during the annual observation period. Likewise,
monthly analyses were conducted by comparing data from the same months of the annual

observation period.

4.3 Annual rainfall characteristics

It is important to determine the general characteristics of MC rainfall based on the rainfall
annual means and their trend. The distribution of MC average annual rainfall during 19982013
from TMPA is depicted in Figure 4.2. The MC received the most rainfall in the central part,
especially in the eastern Indian Ocean and in the western Pacific Ocean island chains. Less
rainfall occurred over continental landmasses, including the Indochinese Peninsula in the
Northern Hemisphere and Australia in the Southern Hemisphere. The relative frequency of land
and ocean precipitation is systematic in inland areas, such as within Papua Island, western
Sumatra and the Indochinese Peninsula, western Cambodia, northern Kalimantan, and the eastern
Philippine Islands.

In general, the highest total annual rainfall extended across the equatorial belt. Maximal
rainfall (> 5,000 mm year™) occurred in Papua Island near the Jayawijaya Mountains. The lowest
total annual rainfall occurred at approximately 15° S to 20° S in the southwestern equatorial
region. Of the total MC rainfall, 44.66% occurred over the central part of the studied area (7° N
to 7° S); only 30.00% and 25.33% of rainfall occurred in the north (7° to 20° N) and south (7° to

20° S), respectively. Regarding the west-east distribution, rainfall was lower in the west (80° to

61



130° E; 47.82% of the total) than in the east (130° to 180° E; 52.18% of the total). As
documented by Waliser and Gautier (1993), Love et al. (2011), and Mori et al. (2005), maximal
rainfall values in this region are characterized by rain bands that are associated with the Inter-
Tropical Convergence Zone (ITCZ), the South Pacific Convergence Zone (SPCZ), and the
topography. As will be discussed below, most rainfall in the western region is influenced by the
occurrence of the ITCZ and land topography in western Sumatra. However, ocean rainfall in the
eastern region is influenced by the ITCZ and the SPCZ, and land-sea thermal contrasts, such as

that which occurs in Papua (Zhou and Wang, 2006), generates heavy rainfall over land.

'
Z

3

S
a

5°N
[

0°

20°S  15°S  10°S  5°S
&
U/ 9,
i I - 4§ R ? s 2
& 1 a T
‘ : v M‘\ k. &7
i . i e
> A -
= g 1§ E
‘ -~

Figure 4.2. The distributions of Maritime Continent averaged TRMM annual rainfall from 1998—
2013.

The spatial presentation of the detected rainfall trends can be helpful to improve our
understanding of MC rainfall variations. A decline and an increase in the annual rainfall were
identified in this region in the period from 1998-2013 (Figure 4.3). Generally, areas showing
significant positive trend areas were wider than areas showing negative trends. Positive annual
rainfall trends are noticeable in the central MC area, and negative annual rainfall trends occur
more peripherally. Positive trends were observed across most of the Pacific ITCZ region, the
SPCZ region, the eastern Philippine Islands, and in the North-eastern Indian Ocean. Negative
trends were recorded in East Vietnam, Thailand Bay, the southern ITCZ Pacific region, the ITCZ
Indian region, a small part of Bengal Bay, Karimata Strait, and the northern ITCZ Pacific region.

Furthermore, the strongest positive and negative trends were found in eastern Papua and eastern
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Vietnam, respectively. Much of the variability within these trends is associated with MC
atmosphere—ocean interactions, such as El Nifio Modoki, the conventional El Nifio, the Indian
Ocean Dipole (IOD), and the Interdecadal Pacific Oscillation (Manton et al., 2001; Juneng and
Tangang, 2010; Cai et al., 2011; L’Heureux et al., 2013). Positive rainfall trends were associated
with cold events in the central Pacific and with warm events in the East Indian Ocean. During the
entire observation period, eight (8) cold events but only 4 warm events occurred in the central
Pacific. Cold (warm) conditions in the central Pacific resulted in increased (decreased) rainfall
over most parts of the MC area. More frequent cold events lead to an increased possibility of

positive rainfall trends in this area.
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Figure 4.3. The distributions of trend of averaged Maritime Continent annual rainfall derived
from TRMM 3B43 from 1998-2013. Dashed line indicated significant level of correlation under
99%.

4.4 The effects of monsoon and topography on rainfall values

A complete understanding of the seasonal rainfall mean for the MC during the satellite era is
very important, especially regarding the distribution of land and ocean rainfall. Figure 4.4
presents the spatial and seasonal MC rainfall pattern, indicating the climatological mean from
January 1998 to December 2013. Throughout the year, high seasonal rainfall concentration
changes were observed over land and ocean areas, and few changes were observed over
equatorial areas (see Figure 4.5). As shown in Figures 4.4 and 4.5, the seasonal characteristics of

MC rainfall are consistent with north-westward and south-eastward movements of the Asian—
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Australian monsoon system. During the DJF season, most heavy rainfall was detected over the
central islands in the MC and to the south (over the north of Australia), to the north (over the east

coast of the Philippine Islands), and over the ITCZ and SPCZ in the west Pacific.

Figure 4.4. Seasonal climatological mean rainfall based on TRMM monthly composites from
January 1998 to December 2013.
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Figure 4.5. Seasonal changes of rainfall values derived from TRMM over three Maritime
Continent regions: North (7° to 20° N); Central part (7° N to 7° S); and South (7° to 20° S).
Units express as percentages.
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Figure 4.6. Seasonal analysis of rainfall differences between seasons derived from TRMM data:
(a) DJF minus JJA, (b) MAM minus SON, (¢) DJF minus SON, and (d) MAM minus JJA. Red
color indicates high rainfall during JJA and SON seasons, and blue colour indicates DJF and
MAM seasons.

The peak of the rainy season over the south, consistent with the phase of the northwest
monsoon, continues to decrease during the boreal spring (MAM) transition season. Analysis of
rainfall differences between DJF and JJA, as shown in Figure 4.6(a), clearly shows dominant
boreal winter rainfall over the south equatorial region, except on the east coast of the Philippine
Islands, the Malaysian Peninsula, and the north coast of Kalimantan. However, during the high
rainfall in JJA season, rainfall was lower in the southern Indian Ocean than in Indochina and the
north Pacific Ocean. Rainfall values were lower over the coastal areas during MAM than during
DJF (e.g., over the west coast of Sumatra, the east coast of Philippine Islands, and the north
coasts of Australia and Kalimantan). However, the rainfall values remained similar over the
north, central, and south parts compared to the DJF season (Figure 4.5); the rainfall values over
the south were 36.84% and 33.50% during DJF and MAM, respectively, and the rainfall over
central areas during DJF and MAM were 47.44% and 46.80%, respectively. Increased rainfall
occurred over Indochina, especially in the western Cambodia, and this was caused by diurnal

land breezes resulting from the prevailing north-westward wind movements and their
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interactions (Takahashi et al., 2010). The northward effects of the ITCZ caused these conditions,
although these effects were still blocked by oceanic regions that were located to the west of the
heat sources (Hung et al., 2004).

Northern rainfall was markedly higher during JJA than during MAM (see Figure 4.5), except
over the east coast of Vietnam. In this season, heavy rainfall continued to extending to the north,
towards the east of Bengal Bay, Thailand Bay, and over Indochina in the west of the Annamite
Mountains. The analysis of rainfall differences in the north clearly identified extreme increases
in rainfall from MAM to JJA. Figure 4.6b identifies an extreme increase in rainfall over the
western Philippines and Cambodia. An interesting phenomenon was found south of the Equator
around the Maluku and Solomon Islands, where the peak of the rainy season was detected during
the boreal summer (JJA) due to the onshore windward movement of the austral winter monsoon
from the southwest Pacific and Arafura Sea (Chang et al., 2005). Large-scale convergence
surrounding the Philippine Islands shifted from the east during DJF to the west during JJA
season. In the south, large areas with minimum rainfall were identified over southern Indonesia
and northern Australia, but high rainfall was observed north of 10°S in the Indian Ocean and in
the SPCZ region. During the boreal fall season (SON), heavy rainfall over the Annamite
Mountains and the Philippine Islands began shifting from west to east. High rainfall over the
Maluku Islands ceased and shifted to areas that are south of the Jayawijaya Mountains.
Equatorially, heavy rainfall was observed on the western coast of Sumatra. Heavy rainfall,
similar to which occurred during the MAM season (see also Figure 4.6(c)), entered Kalimantan
Island from the north. However, the rainfall (Figure 4.5) shows generally higher values in the
north, similar to the values observed during JJA. In addition, similar to changes from MAM to
JJA, rainfall also markedly increased over the southern Hemisphere (Figure 4.6(d)) from SON to
DIJF.
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Figure 4.7. 16 years annual zonal averages of rainfall data derived from TRMM. The vertical
axis indicates monthly and annual rainfall averages for latitude indices between 20° N to 20° S.

The spatial pattern of seasonal rainfall did not clearly show the times of maximum and
minimum rainfall. An analysis of the monthly average rainfall pattern (based on nine cross-
sections; see figure 4.1) was also conducted here. Annual rainfall in zonal latitudinal divisions
from 20° N to 20° S were averaged (based on 16 years of data). Figure 4.7 illustrates the monthly
average rainfall that was measured by TRMM 3B43 v7 in zonal latitudinal divisions. The
Equatorial rainfall values were stable, relatively high, and exhibited small seasonal variability.
Two monsoons and the presence of a strong ITCZ affected the sub-tropical region, resulting in
one peak and one trough. Stable seasonal equatorial region rainfall is associated with the
southward and northward movement of the ITCZ when large-scale convection is enhanced. The
ITCZ occurs twice in the equatorial region (Hung et al., 2004) and produces high rainfall values
in this region. The ITCZ passes through each of the north and south equatorial regions once
annually, causing the boreal summer and winter, respectively. This difference contributes to
lower rainfall values in non-equatorial regions than equatorial regions. Seasonal rainfall varied
and reached a maximum at 20° N in August and at 20° S in February. Average monthly rainfall
patterns clearly differed between north and south. High northern rainfall values were found from
5° to 20° N during the August rainy season, and in the south, high rainfall values gradually

moved from 5° to 20° S during January and February. During the dry seasons, low rainfall
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occurred from 10° to 20° in the north and south during February and August, respectively, and at

5° north and south, the rainfall was similar to that found in the equatorial region (EQ).
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Figure 4.8. Elevation extracted from SRTM and annual and seasonal rainfall derived from
TRMM data shown in nine cross-sections as presented in Figure 4.1.

As presented in Figures 4.2 and 4.4, MC rainfall values were greatly affected by topography.
Furthermore, monthly average rainfall patterns (based on zonal latitudinal divisions), did not
show effect of topography on rainfall variability. West-east rainfall and elevation cross-sectional
data clarified the impact of topography on the annual and seasonal climatological average
rainfall distribution. Figure 4.8 shows nine west-east cross-sections showing elevation and
rainfall extracted from high-resolution TRMM satellite data (based on Figure 4.1). Nine cross-
sections clearly show connections between high rainfalls in regions of high elevation compared
with low sea elevations. The TRMM data provide clearly capturing in the rainfall characteristics
that are affected by topography, especially those caused by heavy rainfall in offshore and steep
slopes of the mountainous regions. All figure described the MC rainfall characteristics that were
affected by elevations manifested more during wet seasons (both in the south and in the north)

than during dry or transitional seasons. However, to some degree, increasing amounts of rainfall
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were not only found in regions of high elevation but also in near areas of low elevation, leading
to some confusion regarding the connection between rainfall and elevation. Most heavy rainfall
at low elevations occurred over areas of convergence between land and sea that were located
near high elevations [e.g., in southern Sumatra (see Figure 4.8(e) at 100 °E) and western
Myanmar (see Figure 4.8(b) at 97 °E)], thus producing nocturnal rainfall activity along the coast.
This rainfall descended seaward from the mountain and interacted with the prevailing northwest

monsoon flow (Mori et al., 2004).

4.5 Anomalous rainfall associated with El Nifio Modoki and the conventional
El Nifo

Anomalous MC rainfall could not be separated into MC atmosphere—ocean interactions. Two
interaction phenomena that are located very close to the MC are El Nifio Modoki, occasionally
termed the central Pacific El Nifio, and the conventional El Nifio, occasionally termed the east
Pacific El Nino. Simple linear and partial correlations were measured to determine the
relationship between El Nifio Modoki and conventional El Nifio rainfall. Figures 4.9 described
seasonal spatial patterns linear relationship between rainfall with El Nifio Modoki and
conventional El Niflo that were analyzed using TRMM satellite data. Most relationships between
MC rainfall and ENSO indexes indicated negative correlations, showing that warm events in the
Pacific Basin can lead to decreased rainfall over most MC areas; the opposite situation tends to
occur during cold events. Generally, a seasonal dynamic movement of the relationship between
El Nifio Modoki and conventional El Nifio rainfall indicates spatial-temporal patterns like those
that are seen over the MC. However, El Nifio Modoki and conventional El Nifio exhibit similar
impacts during boreal summer and fall, and areas impacted by conventional El Nino are wider
compared to El Nifio Modoki during northern winter and spring. Meanwhile, details of the
spatial pattern of El Nifio Modoki and conventional El Nifio influences the rainfall in areas that
has complex system of islands and seas is clearly seen due to the high resolution of TRMM

satellite data.
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DJF El Nino Modoki DJF Conventional El Nino

MAM EI Nino Modoki MAM Conventional El Nifo

JJA EI Niflo Modoki ; JJA Conventional El Nifio

SON EI Nino Modoki SON Conventional EI Nino

Linier Correlation Linier Correlation

Figure 4.9. Seasonal analysis of the linear rainfall correlation derived from TRMM between El
Nifio Modoki (left) and conventional El Nifio (right). Gray solid line and dashed line indicate
significant level of correlation under 95% and 99%, respectively.

During DJF, the negative correlation between rainfall and ENSO indices is wider in the south
than in the north when the El Nifio Modoki event occurs, vice versa during conventional El Nifio
phenomenon. Consistent with the result of Chang et al. (2004) who showed negative correlation
between rainfall and Nifio-3 that present over most of the MC. A positive correlation was
observed on the east outside MC region, and an uncertain correlation was observed over west
equatorial, including western Indonesia and Indochina areas, which is a region that is heavily
influenced by the wet northwest monsoon. Most negative correlations occurred over the sea,
excluding areas to the northeast of Kalimantan, the Philippine Islands, the northern coast of
Australia, and the eastern Indonesia. However, a relationship was detected for the conventional

El Nino but not for El Nifio Modoki describing rainfall over the south Malay Peninsula.
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Interestingly, detail spatial pattern on rainfall influences by both of ENSO types is clearly seen
when applied high resolution of TRMM data. For example during conventional El Nino, the
TRMM provide clearly spatial patterns in Java and Sulawesi islands, similar with the result of
Chang et al. (2004) who showed most of rain gauges over two islands had no significant
correlation with Nino-3. These results demonstrated that a complex system of islands and seas
over MC require precise rainfall data to capture the spatial pattern of ENSO influences on the

rainfall anomalies.

DJF El Nino Modoki DJF Conventional El Nifio

MAM EI Nino Modoki MAM Conventional El Nino

JJA El Nino Modoki JJA Conventional EI Nino

SON EI Nino Modoki SON Conventional El Nifio

Linier Correlation Linier Correlation

Figure 4.10. Same as Figure 4.9, partial correlation of El Nifio Modoki with the effect of
conventional El Nifio removed (left) and partial correlation of conventional El Nifio with the
effect of El Nifio Modoki removed (right).

During the MAM season, a relationship between the conventional and Modoki El Nifio was
found for a small area of rainfall in the south, and began to weaken in the north compared with

DJF season. Most of negative correlation disappeared over Indonesia and moved to the northen
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part of equator to 15° N. The areas showing correlations declined in the south, and positive and
unclear correlations remained in the east and west equatorial regions, respectively. The areas
affected by the conventional El Nifio were wider than the areas affected by El Nifio Modoki; in
the north lie between 80° to 180°E with the centre of the negative correlation in the northeast of
Borneo and southwest of Philippines. In contrast, the centre of the negative correlation which
affected by El Nifio Modoki occurs in the north part of Maluku Islands. The disappearance of the
negative correlation over the sea and the higher impact over mainland Australia indicates that
areas in the south that are affected by El Nifio Modoki are wider than those that are affected by
the conventional El Nifio and the opposite tends to occur in the north.

Spatial clustering of negative correlations between rainfall values with both indices in JJA
are clearly seen over Indonesia and the Malay Peninsula. Negative correlations over the north
side decreased and became positive, with an irregular distribution over the land. Additionally, the
relationship between both rainfall indices was unclear to the south. Generally, the areas affected
by the El Nifio Modoki clustered in the equatorial region from Western Sumatra/Malay
Peninsula to Papua, except over southern Java in Indonesia. Meanwhile, the area affected by
conventional El Nifio clustered more into the south of the equatorial region, including southern
Java of Indonesia. The existence of clustering distributions is consistent with the location of the
large anomalous outgoing long radiation and strong descending motion of the Walker
Circulations (Juneng and Tangang, 2005; Weng et al., 2007). The areas affected by both indices
expanded to the south during SON with similar clustering. Most areas below 10°S exhibited
negative correlations between both indices. The affected areas in Indonesia shifted eastward,
causing unrelated rainfall over the Malay Peninsula, western Sumatra, and northern Kalimantan
due to the fact that South China Sea has not been clearly affected by ENSO (Tan et al., 2016). A
similar condition appeared in the north, except on the east coast of Vietnam.

Figure 4.10 represent the seasonal patterns of spatial partial correlation between rainfall with
El Nifio Modoki when the linear effect of conventional El Nino is removed, and with
conventional El Nifio when the linear effect of El Nifio Modoki is removed. Generally, spatial
patterns of partial correlations between rainfall due to El Nifio Modoki and the conventional El
Nifio were not completely different from the linear spatial correlation patterns during MAM and
JJA, and greatly changed during SON and DJF. During SON, when the effects of the

conventional El Nifio were removed, areas of negative correlation of El Nifilo Modoki slightly
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evaporated over the south, leaving irregular spatial patterns. Furthermore, spatial distributions of
conventional El Nifio during SON has been faded compare to the Modoki impact, indicated
during SON season the El Nifio Modoki phenomenon is more influence to the MC rainfall. The
effects are clearly seen over the whole area of MC were reduced significant negative correlation,
except significant positive correlation in the central Pacific. In contrast, removing the effect of
the conventional El Nifio decreased the negative correlation with El Nifio Modoki during DJF,
especially in the north, and similar situation occurred when the effect of the El Nifio Modoki
were removed, but with marginal changes. During MAM and JJA, both phenomena affected each
other, causing negatively correlated and impoverished spatial distribution values for the MC,
especially for Indonesia during MAM and northern MC during JJA. In most cases, partial
correlation analysis indicated rainfall anomaly over MC during SON predominantly caused by El
Nifio Modoki and conventional El Nifio during DJF, and influenced by both during MAM and
JJA.

Previous analysis showed that both phenomena exerted different impacts on MC rainfall
during each season; this result indicates that different spatial rainfall anomaly distributions occur
in this area. Further evidence provided an explanation of the rainfall anomaly pattern associated
with the conventional and Modoki El Nifio events. El Nifio Modoki events during 2002/03 and
2009/10 and conventional El Nifio events during 2006/07 were chosen to clarify the spatial
pattern of rainfall anomalies in this region. The spatial distributions of rainfall anomalies for JJA
2002 to MAM 2003, JJA 2006 to MAM 2007, and JJA 2009 to MAM 2010 (Figure 4.11) were
generally related to the spatial distribution of the observed linear and partial correlations but
exhibited uncertain seasonal or annual spatial distributions. The dynamic movement of the
anomalous rainfall was also seen in a spatial-temporal view. The areas of anomalous rainfall
were similar during JJA and SON in 2002, 2006 and 2009. However, when the EMI and Nifio-3
values were near zero (see Figure 4.12(b)), the areas of rainfall anomaly were small and weaker
(as seen in the 2006/2007 event). The spatial pattern of rainfall anomalies during JJA was
different from the linear and partial correlations, except over Indonesia. It is possible that the
spatial distribution differences are caused by another phenomenon that develops over the west
MC, such as the IOD events that occur in the Indian Ocean (Saji and Yamagata, 2003b) which
also causes the SST anomalies in the MC region (Weng et al., 2011; As-Syakur et al., 2014).

However, these phenomena are not supported in this study. During SON, below normal rainfall
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anomaly clustering distributions were observed over the Indonesian Archipelago and Australia.
During this season, the impacts of both these phenomena increased in size, moving westward in
the south. Similar spatial distributions were found for the linear correlations, and the greatest
effects were observed during SON.

JJA 2002 .7 JJA 2006 .7 JJA 2009

140

SON 2002 . SON 2006 . SON 2009

14 201 101

DJF 2002/2003 7L DJF 2006/2007 L, DJF 2009/2010

MAM 2003 L ) MAM 2007 .7 MAM 2010

/s

RAINFALL ANOMALY (%)

Figure 4.11. Rainfall anomaly (percentage) spatial distribution seasonal analysis for periods from
JJA 2002 to MAM 2003 (left), JJA 2006 to MAM 2007 (centre), and JJA 2009 to MAM 2010

(right).

During DJF and MAM, anomalous rainfall was inconsistently distributed in the annual
observations, except during DJF of 2002/03 and 2009/10. Slightly less than normal rainfall
anomalies were found in the southern area and over the mainland. The spatial distribution of
rainfall anomalies exhibited a linear correlation, except in the north where anomalous rainfall
was found over Indochina and the Bay of Bengal in 2006/07. The patterns for the indices were
not clearly explained during the MAM season, except during 2010, and showed similar linear
and partial correlation distributions with conventional El Nifio. During DJF 2009/10 and MAM

2010, where there are classified as El Nifio Modoki event, the rainfall anomaly has a similar
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spatial pattern which was observed for the linear and partial correlations, but for conventional El
Nifno. In contrast, during DJF 2006/07 and MAM 2007 the spatial distributions of rainfall
anomaly are similar with partial correlation of El Nifio Modoki, although the year is classified as
conventional El Nifio. The values for EMI and Nifio-3 based on monthly index patterns (Figure
4.12(a) and (b)) during the MAM season, particularly during 2003 and 2007, were smaller than
in earlier seasons, creating uneven rainfall anomalies, as seen in the spatial distributions.
However, during 2010, the observed rainfall anomalies corresponded reasonably with the spatial
patterns of the linear and partial correlations, especially with conventional El Nifio event. This
condition (consistent with Figure 4.12(c)) exhibited high and positive EMI and Nifio-3 values
during March-April 2010. These indicated when EMI and Nifo-3 values were equally high
(Figure 4.12(c)) during the decay phase, conventional El Nifio event had a stronger effect than El
Nifio Modoki to the MC rainfall.
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Figure 4.12. Monthly patterns of EMI and Nifio-3 indices: (a) June 2002 to May 2003, (b) June
2006 to May 2007, and (c) June 2009 to May 2010.

4.6 Summary

In this study, MC rainfall variability was investigated based on 16 years (January 1998 to
December 2013) of monthly satellite data obtained from TRMM 3B43 v7. Annual, seasonal and

monthly analyses were conducted. Rainfall over different elevations were compared to determine
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the effect of land and topography on rainfall events. In addition, EMI and Nifo-3 index values
were used to understand how anomalous rainfall was impacted by atmosphere—ocean interactions
due to El Nifio Modoki (sample cases: 2002/03 and 2009/10) and conventional El Nifio (sample
case: 2006/07) events. This study demonstrates that MC rainfall characteristics can be
determined based on TRMM 3B43 remote sensing data, and this method as the advantage of
accommodating different spatial-temporal mainland and sea rainfall information sets.

According to the spatial distribution of annual precipitation over the MC, the mean annual
rainfall totals are high in the central tropical area and decrease from the equatorial belts to the
south and north. The results are typical of almost all precipitation that accumulates over long
periods observed over the land, except in the ITCZ and SPCZ belt, where heavy rainfall was
observed over the sea. Complex land-sea thermal contrasts and orographic effects cause heavy
rainfall over land areas (Qian, 2008). An increase in the annual average rainfall was evident from
the slope of the regression line. A trend analysis indicated mean annual precipitation decreases
(negative trends) or increases (positive trends) throughout the region. A marked positive trend
was presented over the equatorial area, especially in the eastern part over the ITCZ belt, and a
small negative trend was found in a different location. Most of the ITCZ belt over the Pacific
exhibited a significantly increasing rainfall trend, which was associated with cold events in
central Pacific (Chang et al., 2004). Similar conditions were also found over land, but no effect
of topography was observed, except over the eastern part of the Philippines and in the elongated
area of high rainfall over the eastern part of Jayawijaya Mountains. Probably not too high
resolution of the satellite data (0.25° x 0.25°) might have hidden an effect of topography on
rainfall trend. Additionally, the existence of a cyclone track that increased from east to west
might influence the significant positive rainfall trend observed over the eastern Philippines (Lyon
and Camargo, 2009).

Seasonal rainfall variability (Figure 4.7) was proportional to SST variability, as previously
observed by Swardika et al. (2012). In the equatorial region, the stable monthly average SST
pattern was similar to the monthly average rainfall pattern, and warm SST condition during JJA
in the northern region also created heavy rainfall; the similar events tend to occur in the southern
region during DJF. Warm SST enhanced the creation of water vapour by increasing
evapotranspiration, thus generating rain in this region. In addition, the distribution of positive

rainfall trends over the western tropical Pacific is consistent with the linear trend of SST
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described by L’Heureux et al. (2013). As-Syakur et al. (2014) and Hendon (2003) also confirmed
the influence of SST in Indonesian seas and surroundings on rainfall patterns in the vicinity of
Indonesia.

The MC island-topography-induced convection and large-scale circulation-generated
convection were confirmed in this study. Generally, high rainfall was concentrated over the
central part of the MC region (see Figure 4.5); this rain was caused by warm SST. However, in
land and offshore areas, high and varied topography generated heavy rainfall. Figures 4.8 clearly
indicate the impact of complex topography and sea distributions on rainfall values. Heavy
precipitation was found along coastal plains, possibly due to ascending air over coastal hills or
seaward-propagating orogenic convective systems (Mori et al., 2004). The rising western
topography of the Bukitbarisan Mountains of Sumatra, the Arakan Mountains of Myanmar, and
the Cardamom Mountains of Cambodia strongly influenced maximum rainfall over the adjacent
Indian Ocean, Bay of Bengal, and Bay of Thailand, respectively, and rain fell much less
frequently on the eastern side of these mountains. Similar conditions occur over the northwest
part of the Muller Mountains of Kalimantan in the South China Sea, as described by Houze et al.
(1981). The eastern coast of the Philippine Islands also experienced frequent rain; we suggest
that this results from a similar complex land-sea thermal contrast and large-scale circulation as
that mentioned above for western regions. Rainfall activity along the eastern coast of the
Philippine are probably created by land breezes that converge with easterly Pacific Ocean winds,
thereby generating offshore convection that produces heavy rainfall as it develops into an
organized precipitation system. As described by Biasutti et al. (2012), rain frequency fields,
topographic enhancements and rain shadows capture large-scale seasonal movements of the main
precipitation centres throughout the tropics. Thermally and convectively induced local
circulation controls this process and diurnal offshore atmosphere thermodynamic stability
changes (Wu et al., 2009). We also suggest that wind impinges from the offshore ocean/sea onto
the coastal edge of mountains/lands, thereby creating heavy rainfall in the coastal area. These
aspects are considered possible due to insufficient parameterization of the convective process
(Mori et al., 2004). Additionally, Papua Island is elongated with a windward alignment in the
northwest-southeast direction and contains the Jayawijaya Mountains, which exhibit maximum

elevations of over 3,000 m above mean sea level and exhibit no distinct rain shadow. Ichikawa
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and Yasunari (2008) stated that the heating of regions of high elevation in Papua Island creates
bands of frequent precipitation on both slopes throughout the year.

Both the Modoki and conventional El Nifio create MC rainfall anomalies and have similar
spatial-temporal impacts on rainfall variability during all seasons. Spatial-temporal analysis
shows that the dynamic anomalous rainfall movement begins during JJA over the southernmost
part of Indonesia and ends during MAM over the northern Philippine Islands. However, in
general, the conventional El Nifio influences the rainfall fluctuation in MC wider than El Nifo
Modoki, especially during DJF and MAM, and similar during JJA and SON, indicating that the
conventional El Nifio has a larger impact than El Nifio Modoki. Weng et al (2009) argues that the
conventional El Nifio produced boomerang-shaped SSTA extending north-eastward and south-
eastward in the eastern MC during northeast winter. In contrast, areas of boomerang-shaped are
diminish during El Nifio Modoki leading to a reduction of the impact (Weng et al., 2009; Liu et
al., 2014). Meanwhile, El Nifio Modoki and conventional El Nifio causes the SST anomalies in
the southern MC during JJA and SON resulting in similar impact from both of El Nifio (Weng et
al., 2007; Juneng and Tangang, 2005; McBride et al., 2003). Seasonally, spatial-temporal
patterns of highly anomalous rainfall correspond with spatial-temporal low rainfall means,
indicating that areas with poor rainfall are more vulnerable to the ENSO effect. Large-scale
clustering patterns indicate that the local complex distribution of the topography was insufficient
to influence the spatial-temporal clustering. In addition, the existence of a spatial-temporal
clustering zone suggested that the impact of both phenomena on rainfall values over the MC
might be associated with the southward and northward sun movements that produce monsoon
activity over the ITCZ belt. Moreover, partial correlation analysis showed that El Nifio Modoki
and the conventional El Nifio mutually influence rainfall variability during MAM and JJA at a
level that continuously decreases from DJF to MAM. Meanwhile, spatial distributions of rainfall
anomalies during SON were greatly affected by the El Nifio Modoki phenomenon and
conventional El Nifio during DJF. Changes in SST anomaly from south to north hemisphere
during SON and DJF (McBride et al., 2003) may shift the impact. The MC rainfall anomaly
during the mature phase of ENSO was clearly seen during JJA 2006 as a direct consequence of
the Southeast Asian monsoon system, which is associated with the ENSO reversal, a similar
phenomenon was reported by Chang et al. (2008). As stated previously, El Nifio Modoki and the

conventional El Nifio strongly influence regions that experience low rainfall events. During JJA

78



and SON, ENSO influences on south equatorial rainfall are at a maximum, at the same time as
the dry season. The anomalous south equatorial rainfall tends to correlate well with anomalous
SST in the eastern and central Pacific during JJA and SON (McBride et al., 2003; Hamada et al.,
2002). Warming SST in the eastern and central Pacific shifts the Walker Circulation towards the
equatorial eastern Pacific and suppresses convergence over the MC (Wang et al., 2003).
Meanwhile, warming (cooling) events in the eastern and central Pacific cause cold (warm) SST
over the southern part of the equatorial region (Susanto et al., 2001), leading to less (enhance)
evaporation and less (more) rain in these areas. During DJF and MAM, most anomalous rainfall
is found over the north; again, this occurs at the same time as the northern dry season. These
findings are in general agreement with those reported by Ropelewski and Halpert (1987; 1996).
Juneng and Tangang (2005) argue that in addition to causing anomalous SST in the eastern and
central Pacific, the MC rainfall anomaly also causes atmosphere—ocean variations in the Indo-
Pacific region. These forces are associated with the strengthening and weakening of two off-
equatorial anticyclones over the southern Indian Ocean and over the western North Pacific. The
factors that cause this lower than normal (anomalous) rainfall are clearly seen during the MAM
2010. Furthermore, this study also highlighted the negligible relationship between these
phenomena and rainfall in the rainy season hemisphere. We suggest that cloudy conditions that
occur during the rainy season are affected by convergence and updrafts over the ITCZ area, these
conditions reduce the impact of ENSO on rainfall variability over MC during periods of heavy
rainfall.

In this study, the general characteristics of MC rainfall variability and their associations with
monsoons, complex topography and both types of El Nifio were studied based on TRMM 3B43
v7 data. The results show that large-scale circulations, such as ITCZ and SPCZ, create heavy
land-ocean rainfall, predominantly over oceans. Equatorial rainfall is more stable than that in
northern and southern equatorial regions and occurs predominantly over land areas. Complex
topography also contributes to land-sea rainfall variability in this region and causes much rainfall
over land and offshore areas. In addition, El Nifio Modoki and the conventional El Nifio strongly
influenced rainfall during all season, except in regions that have spatial-temporal heavy rainfall
means. Regionally, monsoons and the ITCZ-SPCZ belt caused seasonal changes in rainfall
variability over various locations in the MC, but not at other latitudes Additionally, various

characteristics related to wind direction, topography, and the existence of oceans cause different
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local rainfall variability characteristics and differences from prevailing conditions for given
latitudes. Therefore, MC rainfall characteristics are difficult to generalize due to the complexity
of the contributing components. In future work, studies on rainfall variability over the MC
should examine specific locations to provide more precise and accurate climate system models.
Finally, the utilization of TRMM remote sensing data is very important for studying climatic-
scale rainfall to provide information that is useful for water resource management, agricultural
practices, infrastructure design, economic development, and policy-making; in this way, the

adverse impacts of anomalous ENSO-associated rainfall in the MC can be minimized.
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CHAPTER §

Analysis of spatial and seasonal differences in the diurnal rainfall
cycle over Sumatera revealed by 17-year TRMM 3B42 dataset

5.1 Introduction

One of the most dominant variations in the convective activity over the Indonesian Maritime
Continent (IMC) is the diurnal rainfall cycle (DRC) (Yamanaka, 2016). It is generated mainly by
differences between the heating of the land and sea surfaces, and the rainfall characteristics are
closely related to the land—sea distribution, the terrain, and associated local circulation systems.
Among many islands in the IMC, Sumatera is a cross-equatorial island located in the
westernmost region of the IMC and bordering the Indian Ocean. The island is surrounded by
more than 2500 smaller islands, and the Barisan Mountains, with altitudes of 2000—-3800 m, run
along the west coast and divide the island into its eastern and western portions (Figure 5.1).
Because of its unique location and geography, Sumatera is an island that is ideally situated in the
IMC with respect to investigating the DRC and its migration. It has been well documented in
previous studies (e.g., Mori et al., 2004; Sakurai et al., 2005; Wu et al., 2009) that the DRC
begins by generating convections in the mountainous areas in the afternoon and tends to produce
the maximum rainfall in early evening over land. The rainfall peak migrates toward the coast
around midnight and finally moves offshore in early morning. That pattern is roughly the same
over other large islands and adjacent regions such as Kalimantan (Ichikawa and Yasunari, 2006)
and Indochina (Takahashi, 2016) with differences being due to different local orography.

Rainfall characteristics over Sumatera are influenced also by intraseasonal, seasonal
(monsoon), and interannual variations (Hamada et al., 2002; Chang et al., 2005; As-Syakur et al.,
2016). Previous studies have concerned mainly the features of seasonal variability of DRCs over
the region. Yanase et al. (2017) observed the diurnal zonal migration and its seasonality from 15
years of Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar (PR) and 3B42 data,
but only in the southern part of Sumatera. Furthermore, Sakurai et al. (2005) investigated the
seasonal differences in the migration of diurnal cloud systems over Sumatera by using 1-year of

blackbody-temperature data from the Geostationary Meteorological Satellite (GMS). Their study
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reported that the appearance latitude of eastward cloud migration varied seasonally with the
north—south displacement of the Intertropical Convergence Zone (ITCZ), while westward cloud
migration appeared over the entire island during virtually all seasons.

It is still worth studying the seasonal and latitudinal changes in the diurnal rainfall migration
cycle over Sumatera using data from much-longer periods. Long-term data obtained with
spatiotemporally discontinuous TRMM observations can provide averaged features of the DRC
for different seasons and latitudes (Mori et al., 2004; Hirose et al. 2008; Yanase et al. 2017). Our
primary objective in this study has been to describe spatial and seasonal differences in the DRCs

over Sumatera using long-term (17-year) 3-hourly TRMM 3B42 data.

5.2 Data and Method

We used TRMM 3B42v7 data processed by TRMM Multi-Satellite Precipitation Analysis
(TMPA), which combines precipitation estimates from multiple satellites and from gauge
analyses (where feasible) at fine scales (0.25° x 0.25° and 3-hourly) (Huffman et al., 2007). The
observation period spans January 1998 through December 2014.

Our research has focused on Sumatera and the surrounding area (Figure 5.1). Three cross-
sectional boxes (I to III), whose long sides are roughly normal to the west coast, were defined to
analyze the regional differences in the diurnal variation over the northern, central, and southern
regions of Sumatera.

We divide a year into the four seasons: December-January-February (DJF), March-April-
May (MAM), June-July-August (JJA), and September-October-November (SON). DJF and JJA
seasons represent the peak of the northwest and southeast monsoon, respectively, while the
MAM and SON represent monsoon transitions (Aldrian and Susanto, 2003). Rainfall rates were
extracted from TRMM 3B42 and unconditionally (including rain-free grids) spatially and
temporally averaged over 0.25°x0.25° grids using 3-hourly local time bins, seasons, and regions.
Each time-averaged value of 3-hourly rainfall rates is centered in the middle of each 3-hour
period. For instance, the 1200 UTC (Coordinated Universal Time) rainfall rate represents the
average value between 1030 and 1330 UTC. For all figures presented in this paper, the western
Indonesian local time was used as the standard time (UTC +7 h, correct at 105°E) and denoted
by LT. For instance, the rainfall rate corresponding to 01 LT on the current day is equivalent to

18 UTC the previous day.
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In order to illustrate the tendency of DRC migration over Sumatera in each region and season,
we used a Hovmoller diagram to capture the propagation along with the temporal evolution. To
measure the distance that the rainfall signals reach over the western sea, we used threshold
rainfall rates >0.5 mm h—1, and the distance of migration was calculated from the western
coastline (Figure 5.1). We examined the validity of the migration analysis by using the
Multifunctional Transport Satellite-1R (MTSAT-1R) data from July 2005 through June 2010,
with hourly temporal continuity and 0.04° spatial resolution. The occurrence frequency of tall
clouds with the cloud-top temperature less than 230 K was computed, according to the method

by Sakurai et al. (2005) who used GMS (the predecessor of MTSAT).
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Figure 5.1. Study area and topography. Three red boxes represent north (Box I), central (Box II),
and south (Box III) Sumatera regions for analyzing regional differences. Blue lines indicate
approximate coastline for land definition in each box.
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Figure 5.2. Average 17-year 3-monthly rainfall data. All (a) and 3-hourly (b) data of rainfall rate
were obtained from 1998-2014 TRMM 3B42 data. Thick lines denote shorelines, and thin lines
denote terrain elevation in 1000-m intervals.
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5.3 Results

Figure 5.2(a) presents the spatial distribution of the average rainfall rate by season. During
DIJF, the heaviest rainfall was detected over the southern region, particularly over the sea in this
area. In MAM, the rainfall rate begins to decline everywhere. This feature is especially notable
over the sea surrounding the southern region, and the rainfall rates tend to be higher over land in
the southern region and over the western ocean in the central and northern regions. In JJA, the
rainfall rates are the lowest over land and the eastern sea, and they tend to increase over the
western sea. During SON, rainfall rates off the central west coast appear to increase more than in
other areas.

The DRC averaged over 17 years for each season is presented in Figure 5.2(b). The
amplitude of the DRC displayed large north—south and seasonal differences, whereas the phase
differences were not distinct. In all seasons, rainfall from sunrise until noon (07 and 10 LT) was
distributed almost entirely over the seas surrounding the Sumatera main island and many smaller
islands off the west and east coasts of the main island. During early afternoon (13 LT) in all
seasons except JJA, the highest rainfall rate was observed on east-coastal small islands (ECSIs),
such as Bangka and Belitung in the south region and Mendol in the central region (Figure 5.1),
as well as along the Barisan Mountains. In the afternoon (16 LT), rainfall over land continued to
increase and began to spread toward the middle of the mainland (eastern part of the mountains),
while the rainfall over the ECSIs began to decrease. On the west side of Sumatera, the peak
rainfall appeared on land along the coast during the early evening, then migrated westward and
eastward, weakening just before midnight (22 LT) as the system moved offshore. In northern
Sumatera along the Malaka Strait, rainfall migrating eastward generally began around midnight,
which is later than the westward migration observed on the west coast. After midnight (01 LT),
the rainfall tended to weaken over the entire island of Sumatera and was then dispersed over the
surrounding seas.

It is possible to confirm those rainfall migration patterns using Hovmoller diagrams (Figure
5.3) for time—coastal distance cross-sections averaged along the coastal direction for boxes I-III
shown in Figure 5.1. Both eastward and westward rainfall migrations from the Barisan
Mountains were observed except during JJA. Those migrations were particularly noticeable
during SON in the northern and central regions (I and II) and during DJF in the southern region

(IIT). During JJA, the eastward migration pattern was not clearly observable in the central region
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and appeared to be virtually nonexistent over the southern region. During SON over the open
ocean off the west coast in the central region, the westward migration of rainfall (higher than
threshold rainfall rates of 0.5 mm h—1) generated on the previous day was at about 700 km from
the coastline at 16 LT. At the same time, a new rainfall system had been generated over the
Barisan Mountains. During DJF, MAM, and JJA in the central region, the westward migration
reached only ~350, ~200, and ~500 km from the coastline, respectively. In the northern region,
the westward migration reached ~250 and ~500 km during JJA and SON, respectively, and 200
km during both DJF and MAM. Meanwhile, the westward migration in the southern region
reached ~350 and ~250 km during DJF and SON, respectively, and only ~150 km during both
MAM and JJA.

RAINFALL (mm hour™)

©
o
o
<
©
£
S
w
<
=
=
]
=
©
T
)
2
]
£
S
w
©
o
=
c
o
(&)
©
°
o
2
©
£
S
w
<=
=
5
(o]
w

- (=] &
(=3 o o o o
(=] (=] (=] (=] (=]

Suma

e from west coastline of matera (km)

Figure 5.3. Hovmoller diagram for averaged diurnal variation of rainfall. Vertical dotted lines
represent locations of coasts of Sumatera.

5.4 Discussions and Conclusion
5.4.1 Initiation of convection in Barisan Mountains and eastern islands

Previous studies had indicated that the rainfall on land is initiated along the Barisan
Mountains and then migrates to the east and west (e.g., Mori et al., 2004). However, the present
study revealed that early-afternoon rainfall peaks also appeared on the ECSIs (Figure 5.2(b)),
such as Bangka and Belitung Islands in the southern region (appearing most clearly) and Mendol

Island in the central region. At 13 LT, these peaks were clearly separated from the Sumatera
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main island, although the shortest distance is less than the horizontal resolution (0.25°). Rainfall
peaks’ initiation in the ECSIs were also confirmed by analyzing the MTSAT-1R data for the
period July 2005 to June 2010, with a higher time resolution (hourly) compared to that of the
TRMM 3B42 data (3-hourly): the tall cloud frequency was enhanced near the east coast of
Sumatera (at 300—400-km distance from the coastline) in the early afternoon (at around 13 LT)

as shown in Figure 5.4.
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Figure 5.4. Hovmoller diagram for averaged diurnal variation of rainfall migration from 3-
hourly TRMM 3B42 data and tall clouds migration from hourly MTSAT-1R data analysis in
central and southern regions based on data from July 2005 through June 2010. Vertical dotted

lines represent coasts of Sumatera.

As shown clearly by MTSAT-1R diagrams (Figure 5.4), rainfall peaks at 13 LT in the ECSIs
were connected to the Sumatera main island at 16 LT, suggesting westward migration toward the
inland plains of Sumatera until early evening (about 18 LT) in the central and southern regions
(see also Figures. 5.2(b) and 5.3). The MTSAT-IR could confirm the cloud migration, although
the temporal resolution of TRMM 3B42 was not enough to illustrate rainfall area migrations over
distances longer than the sizes of the smaller islands. Therefore, there are in total two types of

rainfall initiation/migration in central and southern Sumatera. Features similar to the two types of
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rainfall/cloud initiation/migration were also seen in Figure 5 of Mori et al. (2004) via TRMM
analysis and in Figure 4 of Sakurai et al. (2005) in a GMS study, although they mentioned only
the westward migration from the Barisan Mountains (for comparison between TRMM and GMS,
see, e.g., Imaoka and Nakamura, 2012).

Concerning the above-mentioned initiation of DRC, an important condition is considered to
be the effect of size (width) of an island. Sobel et al. (2011, a correction in 2013) reported a
statistically critical island size (315 km2) for DRC generation over the Indo-Pacific Oceans,
including the IMC. Bangka and Belitung Islands have an east-to-west width of ~50—100 km.
Mendol Island is smaller but is surrounded by other similar islands. Those small islands are
collectively just larger than the critical value needed to generate convective clouds and heavy-
rainfall events very quickly at ~13 LT, which are terminated rapidly and followed by similar
events in the central region of the main island of Sumatera in subsequent hours. The northern
region of the main island, which has an east-to-west width of ~200 km, slowly develops a
rainfall peak in the early evening (19 LT). The southern region (~400 km wide) behaves the
same way in late evening (22 LT), especially during DJF and MAM seasons.

There have been studies of DRC over small islands off the west coast of Sumatera (e.g., Wu
et al.,, 2008; Kamimera et al., 2012) and also along a coastal region virtually free from the
influence of any small islands (Yokoi et al., 2017). However, the small western islands are much
more isolated (by a strait ~100 km wide) from the main island of Sumatera, and effects of only
the latter on the former (such as two rainfall peaks, evening and early morning) have been
observed, which is also similar to another case, for a small island off the north coast of Papua
(Tabata et al., 2011). The effect of a neighboring large island (westward migration of DRC on
the west coast of Kalimantan; e.g., Shibagaki et al., 2006) may contribute to the pattern of DRC

in the ECSIs, but may be out of the scope of this paper focused on Sumatera.

5.4.2 Seasonal differences in eastward and westward diurnal rainfall migrations

As shown in Figure 5.3, the clearest migration pattern in the eastward direction occurs during
DIJF in the southern region, while in the westward direction such a pattern appears during SON
in the central region. During JJA, the eastward migration in the northern region is clearer than in
the central region, while eastward migration is virtually nonexistent in the southern region. These

are consistent with results obtained by Sakurai et al. (2005) that illustrated the eastward rainfall
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migration appears only when the dominant low-level tropospheric wind is westerly, which
occurs with the ITCZ. Another seasonally hemispheric asymmetry of the Asia—Australia
monsoon (Chang et al., 2005) may be responsible for the difference in the appearance, speed,
and distance of the westward and eastward migrations of DRC systems. We analyzed these
rainfall systems by using much longer-term TRMM 3B42 data and found that they are basically
similar to those in the 3-year discontinuous TRMM PR data reported by Mori et al. (2004) and
the cloud system features from the 1-year GMS blackbody-temperature data reported by Sakurai
et al. (2005).

The westward-migration distances (e.g., ~700 km in SON and ~200 km in MAM for the
central region, and ~350 km in DJF for the southern region) are consistent with the scale (i.e.,
hundreds of km) of rainfall concentration near the coastline described by Ogino et al. (2016)
based on annual-mean analysis of TRMM PR data. Yamanaka et al. (2018) also show that
regional rainfall is a function of the coastline length divided by the land area. However, they do
not mention seasonal differences in coastal-rainfall concentration. Our study further revealed that
the horizontal scale of coastal-rainfall concentration varies seasonally and meridionally.

Several mechanisms that may influence rainfall/cloud initiation/migration have been
proposed and investigated in previous studies. Mori et al. (2004) proposed that in the early
afternoon, along the west coast of Sumatera Island, initial convection is triggered when the sea
breeze encounters the mountain range. Several studies (e.g., Yang and Slingo, 2001; Mori et al.,
2004; Ichikawa and Yasunari, 2006; Yanase et al., 2017) suggested that the possible mechanisms
of offshore migration are the advection process associated with background wind and/or the
interaction between a gravity current and an ambient wind, which can trigger the self-replication
of convective systems. Gravity waves due to strong diurnal signals over coastal land are also an
important mechanism for the offshore migration of rainfall around midnight over Sumatera
(Yokoi et al., 2017), and their propagation is highly dependent on and interacts with background
wind that varies seasonally with monsoons (Yanase et al., 2017). The interaction between these
mechanisms and the seasonal existence of the ITCZ can provide different favorable conditions
for rainfall migration in each season. To study these mechanisms it is necessary to analyze also

temperature, humidity and wind based on objective analysis data.
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CHAPTER 6

Conclusions

In this chapter the main results are summarized and the possible extension of future works is
discussed.

An extensive comparison between rain-gauge observations in Bali area and satellite-derived
estimates of daily to monthly rainfall were performed over a five-year period on daily, monthly
and seasonal timescales (wet and dry seasons). Over the Bali area, the rainfall from satellite data
gave lower values than the gauge estimates. The daily data analysis for 3B42 with the gauge data
indicated negative bias and large RMSE values. In contrast, monthly TMPA data products (3B42
and 3B43) show better agreement with the gauge data, yielding high correlation coefficients and
similar performance during the wet and dry seasons, but still tend to underestimate with
relatively large RMSE value. Furthermore, the comparison between wet (high rainfall values)
and dry (low rainfall value) seasons presented that the larger errors were found during dry season,
even though the correlation coefficient was higher than wet season. Similar results were also
found in other places over Indonesia, especially the tendencies of the underestimation in the east
part of Indonesia and the overestimation in the western part of Indonesia (see chapter 3). One of
the potential reasons is that the succession of convective- and stratiform-type rainfall throughout
the year differs for regions. According to Liao and Meneghini (2009), the attenuation in radar
reflectivity of TRMM PR causes rainfall underestimation for convective-type rain, while does
not affect much for stratiform-type rain. In addition, TMI gives overestimated rainfall values
under heavy convective rain (Nakazawa and Rajendran 2004), which is a common feature over
archipelago of Indonesia. However, in general, for most seasons and regions, the TMPA data
products are reliable enough for monitoring climatic-scale rainfall over the IMC.

The analysis of rainfall from TRMM satellite data showed that monsoons, oceans, islands,
and topographical diversity clearly affect the spatial patterns of rainfall in this region. Large-
scale circulations, such as ITCZ and SPCZ, create heavy land-ocean rainfall, predominantly over
oceans. Moreover, equatorial rainfall is more stable than that in northern and southern equatorial
regions and occurs predominantly over land areas. Complex topography contributes to land-sea

rainfall variability and causes much rainfall over land and offshore areas. Regionally, monsoons
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and the ITCZ-SPCZ belt cause seasonal changes in rainfall variability over various locations in
the MC, but not at other latitudes. Additionally, various characteristics related to wind direction,
topography, and the existence of oceans cause different in local rainfall variability. A seasonal
characteristic of rainfall is consistent with north-westward and south-eastward movements of the
Asian—Australian monsoon system and the southward and northward movement of the ITCZ.

Average rainfall of 1998 mm year™

was fallen over ocean, and 40% higher average value of
2780 mm year™ over islands. Though more rain falls on small islands with substantial elevation
than on small flat islands, rainfall rate and elevation do not correlate for the large islands in this
region. Moreover, rainfall values in archipelago of Indonesia are greatly affected by topography,
which manifests more during wet seasons than dry or transition seasons. Linkage between island-
topography and the large-scale circulation generates convective organization, and produces
orogenic convective systems or nocturnal rainfall activity along the coastal area.

The seasonal to inter-annual variabilities of Indonesian rainfall are characterized mainly by
the monsoon and atmosphere-ocean interactions near Indonesia such as the ENSO and El Nifio
Modoki. In general, the use of TRMM 3B43 can reveal spatial-temporal changes of rainfall with
ENSO and EI Nifio Modoki for land and sea. The spatial-temporal clustering gives the exciting
information on global climate which influences the difference in the ENSO and El Nifio Modoki
strength, such as the SST impact and possibility of ITCZ effect. ENSO and El Nifio Modoki have
similar spatial-temporal pattern in influencing the rainfall in this region and strongly influence
the rainfall during all seasons, except in regions with heavy rainfall means. Spatial correlation
between rainfall and the phenomena is high in the southeastern part of Sumatra Island and Java
Island during JJA and SON. During the SON season, El Nifio Modoki has higher correlation than
ENSO in the area. In the spatial-temporal pattern, a dynamic change of the relationship between
rainfall and the phenomena in Indonesia is observed. The influence of ENSO and El Nifo
Modoki starts during JJA in the southwest of Indonesia and ends in the DJF period in the
northeast of Indonesia. The spatial and temporal pattern indicates the air-sea interaction in
Indonesia and its surroundings. The interaction plays an important role against rainfall variability
over Indonesia.

The diurnal rainfall cycle is the important elements of rainfall characteristics over Indonesia
and closely associated with the land-sea distribution, the terrain, and local circulation. Based on
17 years (January 1998 to December 2014) of 3-hourly satellite data obtained from TRMM 3B42,

seasonal and geographic characteristics of the diurnal rainfall cycle over Sumatera, Indonesia are
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investigated. This study demonstrates that seasonal differences on diurnal variations in
precipitation characteristics, where Sumatera is dividing into north, central, and south regions
approximately perpendicular to the west coast. For the first time this study points out early-
afternoon initiation of daily rainfall not only in the Barisan Mountains but also in the east-coastal
small islands such as Bangka and Belitung. Westward and eastward migrations of rainfall areas
from the Barisan Mountains vary with seasons and regions, with the most remarkable being
westward during SON in the central region and the least remarkable occurring during JJA in the
southern region. In the central region, the diurnal rainfall cycle reaches a distance of ~700 km off
the west coast during SON and of only 200 km during MAM. The other afternoon initiation of
daily rainfall and westward migrations from the east-coastal small islands in the central and
southern regions (except for JJA) have been confirmed by 5-year hourly MTSAT-1R cloud-top
data.

In summary, the present study indicates that rainfall data captured by satellite remote sensing
(e.g., TMPA products) can be used to analyse the characteristics of Indonesian rainfall, because
of the long-term accumulation of datasets, reliable spatial distribution, and better agreement with
the gauge data, although they still have some errors (underestimation in the east and
overestimation in the west of Indonesia). This study also demonstrates that TMPA data products
can be applied for analysing climatological rainfall pattern over IMC, which has a complex land-
sea-topography distribution, in different spatial scales (from local to regional) and different
temporal scales (from diurnal to annual rainfall pattern), although in certain specific local
conditions such as over small islands, the spatial and temporal resolutions are not enough to
illustrate rainfall area migrations. Finally, this study shows that the state-of-the-art satellite
meteorology can provide comprehensive information about Indonesian rainfall characteristics in
land and sea, local to regional, and diurnal to annual.

However, the study leaves some unanswered questions and possible points to be further
investigated, such as the comparison of satellite data with more rain gauge data over Indonesia.
Bali region only represents a small part of Indonesia. Even though monthly satellite data has
been verified using 5 rain gauges over Indonesia, it is still not enough to represent the entire
Indonesia region. In addition, validation of 3-hourly rainfall is not covered by this study,
although the satellite is quite capable in describing diurnal cycle as shown in chapter 5. The
TRMM satellite were flying in non-Sun-synchronous orbit that can provide the information to

figure out Indonesian diurnal rainfall pattern. Although the TRMM data itself do not play an
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essential role, particularly in temporal frequency to illustrate rainfall migrations which have
distances longer than the sizes of the smaller islands. However, the accuracy of the TRMM data
in describing the diurnal rainfall cycle condition still need to be investigated, especially on large
and important islands in Indonesia. Analyses of intra-seasonal (30-90 days) MJO phase of
rainfall over Indonesia using satellite data also have not performed yet. Understanding the intra-
seasonal phase of rainfall and the associated extreme high and low precipitation events over
Indonesia is important, because these phenomena propagate eastward from the tropical Indian
Ocean to the Pacific Ocean and create corresponding changes in the precipitation pattern over
Indonesian region. Also, the effects on the diurnal rainfall cycle caused by the intra-seasonal
changes need to be investigated. In addition, relationship between sea surface temperature and
rainfall in quantitative form is still unclear for Indonesian region. An exciting opportunity to
apply daily remote sensing data of rainfall and sea surface temperature over the region and local
area of Indonesia to explain connectivity and time-lag relationship between both environmental
variables.

New satellite observations by the GPM Core Observatory had started in early 2014 to explore
global precipitation characteristics in a more detailed and advanced way, motivated by the
splendid success of the TRMM satellite. TRMM had especially contributed to the measurement
of precipitation over the regions where collecting data is particularly difficult, such as the
Indonesian seas and jungles as well as mountain ranges such as the Bukitbarisan and Jayawijaya
over Indonesian region. GPM takes advantage of and expands upon the technological and
scientific advances from TRMM. Particular advances with GPM mission and their products are
to have better ability to measure precipitation at lighter intensities, detect the presence of falling
snow, and provide quantitative estimates of cloud/precipitation microphysics with higher spatial
resolution (0.25° for TRMM against 0.1° for GPM) (Skofronick-Jackson et al., 2018). This study
is the first step to understand the characteristics of Indonesian rainfall by utilizing meteorological
satellites. Further studies of rainfall climatological patterns over Indonesia in comprehensive and
quantitative manners will be needed, especially with the advantages of GPM compared to

previous TRMM.
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