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Abstract

The tropical Austral-Indonesian region (95°E-155°E, 25°S-10°N) is a strategically
important region in the climate system and is sensitive to extreme events caused by
climate variability and change. Its unique position induces significant consequences
in global and regional climate distributions and is challenging for climate model
studies. Rainfall is one of the economically most significant climate variables in the
region and is sensitive to regional and large-scale climate events on various
timescales. The present study delivers a comprehensive assessment and analysis of
rainfall variability and its link with Indo-Pacific climate drivers such as the El Nifio-
Southern Oscillation (ENSO), the Indian Ocean Dipole (IOD) and the low-frequency
modulation of the Interdecadal Pacific Oscillation (IPO). It involves some analyses
of observational datasets as well as analyses of global climate model (GCM) outputs.
Firstly, the study presents an assessment of historical and future rainfall simulated by
twenty-one climate models that contributed to the Intergovernmental Panel on
Climate Change Fourth Assessment Report. It then evaluates the basic features of
seasonal rainfall climatology as well as their variability and trends. The results
determine the three best-performing models for rainfall simulations in the region.
Secondly, leaning on the observed data, the study investigates seasonal patterns of
regional sea surface temperature and rainfall and their associations with Indo-Pacific
climate drivers on interannual and interdecadal timescales. The results show the
significant role of regional sea surface temperature in regulating the effect of Indo-
Pacific climate drivers on rainfall variability in the region as well as in moderating
the ENSO-IOD dependency. Thirdly, more specific analysis aims to identify the
physical processes of the leading rainfall patterns relied on climate model output in
pre-industrial control run simulations. The analysis finds that the independency of
IOD from ENSO is more regulated by the regional SST condition in the Austral-
Indonesian region.
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Chapter 1  Introduction

1.1 Overview

The tropical Austral-Indonesian region is a strategically important region due to its
specific geographical position, natural resources, economic prosperities and
demographic features. It is covered mostly by Indonesia and northern Australia
(Figure 1.1). In this region, many sectors such as agriculture, forestry, fisheries,
transportation, etc. are climate sensitive, and must therefore strive to enhance their
adaptive capacity and improve their resilience to extreme climate events.

The economically most important climate variable in the region is rainfall. It not only
determines agricultural productivity, but it also affects other domains such as water
resources management, food security, environment, energy, and disaster mitigation
programs (Boer & Subbiah 2005; Meinke et al. 2006; Naylor et al. 2007). A better
understanding of the physical processes governing the irregularity and complexity of
rainfall can advance our capacity to deliver improved predictions and future climate
change projections for the region.

The use of state-of-the-art Global Circulation Models (GCMs) to research the
physical mechanisms driving rainfall is essential. Nevertheless, the difficulties in
modelling the biophysical complexity of the region remain a major problem in GCM
simulations (AchutaRao & Sperber 2006; Covey et al. 2003; Ferranti et al. 1997;
Gadgil & Sajani 1998; Lau et al. 1996; Meehl et al. 2005; Moise et al. 2005; Zhang
et al. 1997). The recent Fourth Assessment Report by the Intergovernmental Panel on
Climate Change (IPCC AR4) relied heavily on outputs from more than twenty
different GCMs developed by different institutions across the globe (IPCC 2007).
Comprehensive studies to assess and validate the performance of these models based
on different evaluation metrics are essential to inspire confidence in their projected
rainfall scenarios. This is especially necessary because they are heavily relied upon
by policy makers for important, climate-related policy decisions (e.g. Benestad 2005;
Dai 2006; Maxino et al. 2007; Perkins et al. 2007; Sun et al. 2007; Vera et al. 2006).
Although individual model evaluations for Australia have been performed in several
studies (e.g. Suppiah et al. 2007), a detailed, regional evaluation of model
performance for the Austral-Indonesian region has so far not been conducted. Such
work is essential to further advance our ability to understand and simulate the
complex dynamics of this region (e.g. Naylor et al. 2007).

The variability of rainfall in the region is strongly influenced by large-scales climate
phenomena such as the EI Nifio-Southern Oscillation (ENSO), the Indian Ocean
Dipole (IOD) and the Interdecadal Pacific Oscillation (IPO). The
definitions/explanations of these phenomena are described in Section 1.3. Prominent
impacts of these events are frequently felt throughout this region and manifest
themselves in floods, droughts and forest or bushfires. A good example of this is the
ENSO event in 1997/98 that resulted in considerable damage due to drought in many
of Indonesia’s climate-sensitive sectors (Boer & Subbiah 2005; UNDP 1998).
Although the underlying theories of each of these phenomena have been significantly
improved in the last few decades, there are still considerable research gaps requiring
further investigation. The dynamic interactions between these phenomena are not yet
fully understood. In particular, the impact of local and regional sea surface



temperature (SST) and their impact on larger-scale teleconnection on interannual to
multidecadal timescales are still poorly understood.
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Figure 1.1: The Austral-Indonesian region investigated in this study: Rainfall region
(inside dash (--) box) and regional SST region (whole box).

1.2 Rainfall in the Austral-Indonesian region

In order to understand rainfall in the Austral-Indonesian region, this section discusses
the basic features of rainfall within the two main areas shaping the region, i.e.,
Indonesia and northern Australia.

1.2.1 Rainfall in Indonesia

Figure 1.2a shows observed monthly mean rainfall from a spatially averaged
climatological data set within geographical boundaries of Indonesia (11°08'S-6°N,
95°E-141°45'E). The peak of rainfall appears during the Austral summer monsoon
season (December-January-February) with a minimum during the Asian Summer
Monsoon activity (June-July-August). The two monsoons dominate the rainfall
patterns in the region resulting in different rainfall distributions (Oldeman & Frere
1982; see Figure 1.2b) from bi-modal to uni-modal annual distributions. Bimodal
patterns can be identified in the regions that have two peaks of rainy seasons in a
year, while the regions with uni-modal pattern will only accept one peak of rainfall
annually.

Due to its location around the Equator and its intricate topography, Indonesia is
characterised as having three distinct, dominant rainfall types (see McBride &
Winarso 2002). These include (1) a uni-modal monsoonal pattern with a rainfall peak
during the Austral summer monsoon, (2) a bi-modal, equatorial pattern marked by
two peaks of rainfall during the transition periods in March-April-May and
September-October-November, respectively, and, (3) local pattern, which often
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opposite the uni-modal monsoonal pattern due to very specific orographic features
(see Figure 1.2c). A similar classification was used based on a method that separated
dominant rainfall regions into the south monsoonal, the northwest semi-monsoonal
and the Molluca anti monsoonal region (Aldrian & Susanto 2003) (as similarly
shown in Figure 1.2d). In another study, Aldrian et al (2003) found that these three
rainfall regions correspond with the interannual variability of Pacific climate drivers,
i.e. ENSO.

b) Seasonal climatology patterns
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Figure 1.2: Observed rainfall ‘climatology’ and their leading time-space patterns
from 3541 stations in Indonesia gridded onto 0.5° grid resolutions (unit in mm/day).
The length of data among stations differs from only 1 to 103 year records a)
Spatially averaged monthly rainfall, b) seasonal rainfall maps, c) the first two PC
time series, representing three dominant types of rainfall, and d) EOF eigenvectors,
showing three different region as similarly shown in Aldrian & Susanto (2003)
(Source of raw ‘climatology’ data: Laboratory of Climatology, Bogor Agricultural
University, Indonesia).



ENSO and IOD are the main climate drivers affecting the interannual variability of
rainfall in Indonesia (e.g. Boer & Faqgih 2004; Faqih 2004; Haylock & McBride
2001; Hendon 2003; Kirono et al. 1999; Saji et al. 1999). A previous study also
found decadal variation on the Indonesian rainfall relationship with ENSO (Chang et
al. 2004) indicating a strong coupling with the large-scale climate system (D'Arrigo
et al. 2006).

1.2.2 Rainfall in northern Australia

Northern Australia, part of the flattest, driest continent in the Southern Hemisphere,
is a tropical region characterised by a wet summers and dry winters (Figure 1.3). The
effects of the Austral summer monsoons are dominant resulting in a similar
monsoonal rainfall pattern to Indonesia (Figure 1.2c). The duration of the wet season
in the region decreases with the increasing latitude (Cook & Heerdegen 2001). The
region often experiences tropical cyclones (Dare & Davidson 2004; Grant & Walsh
2001; Hall et al. 2001; Nott 2006; Pezza & Ambrizzi 2003) causing torrential rainfall
and floods.
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Figure 1.3: Major seasonal rainfall zones of Australia.
(Source: http://www.bom.gov.au/lam/climate/levelthree/ausclim/zones.htm 2006)

One of the major factors determining the primary characteristics of the Australian
climate is the fact that the continent is surrounded by vast oceans (Hobbs 1998), i.e.
Pacific and Indian Oceans. This results in a great interaction with the coupled ocean-
atmospheric processes within the climate system in the region. The three main
climate drivers of the Australian climate creating extreme climate events and rainfall
variability are ENSO in the Pacific Ocean, IOD in Indian Ocean, and the Southern
Annular Mode (SAM) of the Southern Hemisphere in the Southern Ocean (Shi
2008). SAM is defined as the standardised difference in the zonal mean sea-level
pressure between 40°S and 65°S (Goosse et al. 2009). It is the dominant mode of
atmospheric circulation variability in the Southern Hemisphere (SH) (Thompson &
Wallace, 2000). The relationships of SAM with seasonal rainfall over Australia differ
across regions (Belinda et al. 2007; Cai et al. 2003), where in particular positive
relationship was identified between SAM and rainfall in northern Australia (Belinda
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et al. 2007). Due to the limitation of this thesis that only focuses on the Indo-Pacific
climate drivers, SAM will not be discussed any further. At decadal scales, rainfall
variability in Australia was found to be associated with phenomena such as the IPO
(Power et al. 1999a) that could be a low frequency component of ENSO (Meinke et
al. 2005).

1.3 Indo-Pacific climate drivers and rainfall variability

The climate drivers impacting the rainfall variability in the region range from high-
to low-frequency variability on seasonal to multidecadal time scales. Monsoon is the
main climate driver controlling rainfall on a seasonal time scale (e.g.
Ananthakrishnan 1977; Bhaskaran & Mitchell 1998; D'Arrigo et al. 2006; Hackert &
Hastenrath 1986; 1987). The monsoon system, which is strongly related to seasonal
rainfall distributions over the Austral-Indonesian region, is known as the Asian-
Australian monsoon. This monsoon system is associated with seasonal shifts of wind
directions that bring excessive rainfall over most of the region. One of the energetic
components of this system is the Australian monsoon that influences atmospheric
general circulation (Kajikawa et al. 2009) and a major source of rainfall occurrences
over northern Australia and most parts of Indonesia.

On the intraseasonal time scale, the variability of rainfall is affected by the 40-50
days oscillation known as the Madden-Julian Oscillation (MJO) (Donald et al. 2006;
Madden & Julian 1994; Potemra et al. 2002; Shinoda et al. 1998; Waliser et al. 2003;
Wheeler et al. 2009). The interannual variability of rainfall is mostly determined by
ENSO (e.g. Chang et al. 2004; Haylock & McBride 2001; Hendon 2003; Kirono et
al. 1999). Recent studies identified another climate driver known as 10D (Saji et al.
1999; Saji & Yamagata 2003; Webster et al. 1999) affecting the rainfall particularly
in the western Austral-Indonesian region. On other timescales, the low-frequency
variability in the Pacific identified as IPO has also been connected with the rainfall
variability in the region (Folland et al. 1999, 2002; Meinke et al. 2005; Power et al.
1999a).

In this thesis, the focus is on the three large scale climate drivers that significantly
impact the region and have been the main focus of climate research in the last few
years. Those climate drivers are the ENSO, the 10D and the IPO.

1.3.1 The effect of El Niflo-Southern Oscillation (ENSO)

El Nifio-Southern Oscillation (ENSO) is a coupled ocean-atmospheric process in the
Pacific Ocean related to extreme climate events over a major part of the globe. The
terms El Nifio and La Nifia are used to describe the extremes of the oceanic
phenomena interacting with the atmospheric response known as the Southern
Oscillation (Philander 1983, 1990), whereby the term ‘El Nifio’ refers to the warm
SST phase of ENSO, while La Nifa refers to the cold SST phase. This warm (cold)
phase of ENSO occurs when the SST anomalies in the eastern and central Pacific
Ocean are positive (negative). The SST anomaly is defined here as departure from
its long term mean. The changing of zonal and vertical circulation, namely Walker
circulation, during an El Nifio event can reduce the rainfall due to formation of
subsidence zone over the Austral-Indonesian region.



ENSO impacts on rainfall variability in Indonesia are diverse in time and space (e.g.
Chang et al. 2004; Haylock & McBride 2001; Hendon 2003; Kirono et al. 1999). The
dominant effect of the warm phase of ENSO on rainfall starts in June or July to
November and begins to decline in December (Aldrian et al. 2003) delaying the
onset of the Monsoon (Lo et al. 2007; Moron et al. 2009) and therefore prolonging
the dry season (Kirono et al. 1999; Ropelewski & Halpert 1987). Previous studies
have shown that wet season rainfall in Indonesia has a very weak association with
ENSO (Haylock & McBride 2001; Nicholls 1981). During 1997/1998 EI Nifio event,
many meteorological stations in Indonesia recorded their lowest rainfall (Kirono et
al. 1999). However, it is interesting to note that this event did not impact on rainfall
in Australia at all . Several studies have shown that the eastern part of the Indonesian
region is more sensitive to ENSO compared to other regions in the middle and
western part of Indonesia (e.g. Aldrian et al. 2003; Chang et al. 2004).

The effect of ENSO contributes to the variability of rainfall in Australia (e.g.
McBride & Nicholls 1983; Suppiah 2004), mainly by influencing the number and
intensity of rain events (Nicholls & Kariko 1993). McBride & Nicholls (1983)
identified that the strongest ENSO-rainfall relationship occurs in the Austral spring
(SON) with some areas significantly correlated with the Southern Oscillation Index
(SOI) six months earlier. Particularly in the northern Australian region, ENSO
influences on rainfall are evident with some fluctuations in their relationship (Cai et
al. 2001). Murphy & Ribbe (2004) suggest that the rainfall variability in southeastern
Queensland is weakly correlated with SOI, but has a relatively strong relationship
with the Nifio 4 index.

The El Nifio event in 1997 has been recorded as one of the strongest in terms of
global impact, causing large economic losses in different countries. Other events,
including 2002, had strong regional impacts (Potgieter et al. 2005). However, the
debate continues amongst climatologists whether or not 2002 event met the
technocratic definition of EI Nifio (McPhaden 2004). The impact of the 1997 event
on the Indonesian economy, for example, was estimated at 275 million US dollars in
the forestry sector, 90 million US dollars in the agricultural sector, and
approximately 10 million US dollars in the sector of transportation (UNDP 1998).

1.3.2 The effect of the Indian Ocean Dipole (I10D)

Another climate driver affecting rainfall variability in Indonesia is the Indian Ocean
Dipole (IOD). This dipole mode event in the Indian Ocean was first introduced by
Saji et al. (1999) and Webster (1999). Its structure is characterised by differences in
SST anomalies between the west and southeast Indian Ocean. During the positive
episode of IOD, SST in the west part of the Indian Ocean is warmer than usual, while
the east/southeast Indian Ocean becomes cooler. This condition leads to intensive
convections in the west that increase the rainfall over tropical eastern Africa and the
western Indian Ocean. Conversely, the rainfall tends to decrease over Sumatra and
some parts of the Indonesian region. The 10D events are also associated with the
rainfall variability in Australia (Ashok et al. 2003; Cai et al. 2005a; England et al.
2006), where negative (positive) 10D is associated with an increase (decrease) of
rainfall over parts of Australia.

Further, the 10D events are sometimes phase-locking with ENSO (Annamalai et al.
2003; Gualdi et al. 2003; Yu & Rienecker 2000). This is evidently shown by a

6



statistically strong seasonal relationship between ENSO and 10D, particularly during
SON (Allan et al. 2001). The strong link between those two events during this season
is related to the mature phase of 10D (Saji et al. 1999) that occurs simultaneously
with ENSO event. Despite this relationship, debate still continues on how
independent 10D events are of ENSO events (Allan & Coauthors 2001; Dommenget
& Latif 2002; Dommenget et al. 2006; Fischer et al. 2005; Saji et al. 1999; Saji &
Yamagata 2003).

1.3.3 The effect of the Interdecadal Pacific Oscillation (IPO)

ENSO variability is modulated by low-frequency (LF) variations (e.g. Barnett et al.
1999; White & Cayan 2000) that are linked with interdecadal variability of rainfall in
Indonesia (Chang et al. 2004) and, in fact, many other parts of the globe (Meinke et
al. 2005). A similar link between ENSO modulations and rainfall variability has been
documented for Australia (Power et al. 1999a) and the large-scale climate process
driving this variability is referred to as the Interdecadal Pacific Oscillation (IPO)
(Folland et al. 1999). The IPO index is described from the third principal component
of 13 year low-pass filtered SST (Folland et al. 1999) and has been associated with
changes in the intensity of cold and warm ENSO events, rainfall, surface
temperature, stream flows and wheat crop yields (Power et al. 1999a), although its
predictability is still being questioned (Meinke et al. 2005).

1.4 Aims of the study

The term ‘Maritime Continent’ (Ramage 1968) is normally used to describe a
specifically defined area in Southeast Asia with unique features such as islands of
variable size featuring significant mountain ranges of volcanic origin and surrounded
by vast waters. This area mostly covers the Indonesian region and the surrounding
Southeast Asian countries. This thesis focuses on two main regions, i.e. (1)
Indonesia, the dominant part of the ‘Maritime Continent’ and (2) northern Australia.
Therefore, it adopts the term of ‘Austral-Indonesia’ in order to represent both
regions.

Based on an extensive literature review, this study aims to understand rainfall
variability in the tropical Austral-Indonesian region and identifies the key climate
phenomena driving rainfall variability. Specifically, this study focuses on:

1. A simulated rainfall assessment for Austral-Indonesia. The aim of this study
is to evaluate the performance of state-of-the-art General Circulation Models
(GCMs) in simulating basic features of rainfall by comparing different
metrics to assess the models.

2. The impact of regional SST on rainfall variability. This study aims to
investigate the contribution of regional seas in the Austral-Indonesian region
in terms of ocean/atmosphere teleconnections. Their interactions with large-
scale climate drivers such as ENSO, 10D and IPO, including the associated
consequences in terms of rainfall variability are also assessed. This will
reveal the regional patterns of seasonal SST and rainfall associated with those
climate drivers.



3. Rainfall variability and ENSO-10D dependency in the pre-industrial climate.
Extending from the research focus in point 2, this study aims to analyse
rainfall variability and ENSO-IOD dependency in the simulated pre-industrial
climate. This study relies on the output of the CSIRO-Mk3.5 pre-industrial
control run to analyse rainfall variability and its link with climate drivers in
the absence of climate change impact. The issue of ENSO-1IOD dependency
in the pre-industrial climate will also be investigated.

1.5 Rationale and structure of the thesis

This thesis represents a study of rainfall variability and the role of Indo-Pacific
climate drivers in controlling the regional processes involving the SST-rainfall
relationship in the Austral-Indonesian region over various timescales. The thesis is
structured into three main sections as described in Section 1.4. Below the current
knowledge is summarised and the scope for each of these sections is outlined.

1.5.1 Simulated Rainfall Assessment for Austral-Indonesia
1.5.1.1 Current knowledge

The uniqueness of the vast waters in the Indonesian Archipelago, combined with the
complex topographical features of the region, as well as a relatively flat Australian
mainland that is impacted by the coupled ocean-atmospheric mechanisms, results in
the complexity of the rainfall process in the region. These regional and local factors
are difficult to model in many Global Circulation Models (GCMs). These issues are
largely responsible for the failure to adequately simulate rainfall. Some problems can
be traced back to, for example, an incorrect positioning of the Inter Tropical
Convergence Zone (ITCZ) (Barsugli et al. 2004; Dai 2006; Hack et al. 2006; Lau et
al. 1996), difficulties in representing the land-sea distributions in coarse resolution
models (Lau et al. 1996), as well as in simulating the Monsoon circulations (Gadgil
& Sajani 1998; Zhang et al. 1997). These problems have been identified in the
previous generations of GCMs through several joint studies/groups for the model
intercomparison projects, such as the Atmospheric Model Intercomparison Project
(AMIP) (e.g. Ferranti et al. 1997; Gadgil & Sajani 1998; Lau et al. 1996; Zhang et al.
1997) and the Coupled Model Intercomparison Project (CMIP) (e.g. AchutaRao &
Sperber 2006; Covey et al. 2003; Meehl et al. 2005; Moise et al. 2005).

The recent IPCC AR4 used more than twenty models to support their future
assessment on climate change (IPCC 2007). Many studies have evaluated those
models for their capability to simulate rainfall in different regions (e.g. Benestad
2005; Dai 2006; Sun et al. 2007; Vera et al. 2006) including in Australia (e.g.
Maxino et al. 2007; Moise et al. 2005). Some of these studies also used different
metrics for assessing the models accuracy (e.g. Perkins et al. 2007). Nevertheless,
further attention is needed to assessing the rainfall over the Austral-Indonesian
region. Meanwhile, the requirement to use the model for future projections as a tool
to support policy decisions in the region is increasing (e.g. Naylor et al. 2007).
Therefore, evaluating the ability of GCMs to simulated rainfall for this particular
region is important as a first step towards improving GCM performance. This
requires the use of a range of different metrics and various timescales.



1.5.1.2 Scope of study

Assessing simulated historical rainfall patterns from various GCMs provide essential
basic information needed for model developments in the future. The evaluation
results can provide useful information for climate science community in using the
data for climate analysis specific for the region. It also can be used by model
developer to improve the model capability in simulating more realistic rainfall
features. This study will assess the GCMs’ ability to simulate the basic features of
rainfall in the Austral-Indonesian region. It will focus on assessing the climatological
consistency, interannual variability and trends during 20™ century as well as on
assessing future rainfall projections by selecting the best performing model based on
the results of several ranking methods.

1.5.2 The Impact of Regional SST on Rainfall Variability
1.5.2.1 Current knowledge

The relationships between remote SST in the Pacific and Indian Ocean regions with
rainfall variability in the Austral-Indonesian region have been addressed in many
studies (Aldrian & Susanto 2003; Arblaster et al. 2002; Chang et al. 2004; Hendon
2003; Saji et al. 1999; Saji & Yamagata 2003). These remote SST regions are usually
connected with the ENSO and 10D. Other studies have identified the role of regional
SSTs of the Austral-Indonesian region in responding to ENSO and IOD events
(Annamalai et al. 2003; England et al. 2006). The processes involve the oceanic mass
and heat transports (Cai et al. 2005b) via the Indonesian Throughflow (ITF)
(Annamalai et al. 2005; England & Huang 2005; Gordon 1986; Gordon et al. 2003),
resulting in some changes to the SST patterns in the region. The ITF is an ocean
current that transports water mass and heat between the Pacific and Indian Oceans
through the Indonesian waters.

In addition, changes to the large-scale Indo-Pacific climate system on interdecadal
timescales known as IPO (Folland et al. 1999, 2002; Meinke et al. 2005) moderates
the impact of ENSO events by increasing La Nifia (El Nifio) occurrences during its
cold (warm) phases (Saji & Yamagata 2003; Salinger et al. 2001; Wang et al. 2008).
This moderation contributes to the change of regional SST and influence the rainfall
patterns. A previous study has found a link between decadal SST variability in the
central Pacific Ocean and Australian rainfall (Power et al. 1999b). This indicates that
the interdecadal signal from the Pacific Ocean might also influence the variability of
regional SST and rainfall in the Austral-Indonesian region. Therefore, the changes in
the regional SST pattern and its response to large-scale climate events on different
timescales need to be investigated further.

1.5.2.2 Scope of study

Although the impact of large-scale changes in ocean-climate interactions such as
ENSO, 10D and IPO on rainfall are well documented, little is known about the exact
physical causes, thus prompting a need for further investigation. Of particular
concern is the exact role of local processes, including changes in regional SSTs
(Aldrian & Susanto 2003; Hendon 2003; McBride et al. 2003; Nicholls 1995). In this
part, the study will investigate this issue using two different approaches, each
presented in individual chapters.



Firstly, the study will focus on analysing the structures of regional SST and rainfall
patterns and their relationships with large-scale climate drivers on interannual and
interdecadal timescales. The analysis presented in Chapter 4 takes into account the
impact of climate regime shifts associated with interdecadal Pacific variability,
known as IPO. Several aspects will be discussed regarding the role of regional SST
in moderating the effect of ENSO, IOD and IPO on rainfall and the inter-
dependencies between them.

Secondly, the study will investigate the issue in more detail by deploying the output
data the of CSIRO-Mk3.5 pre-industrial control run. Here more variables will be
analysed in order to research their relationship with the rainfall patterns and this is
discussed in Chapter 5. An analysis of the ENSO-10OD dependency under the pre-
industrial climate is also presented.
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Chapter 2 Data and Methodologies

The study uses multiple data sets sourced from observations and global climate
model outputs. The data are analysed based on different analytical and statistical
techniques (simple and multivariate) involving elaborate computations especially for
handling huge datasets and analyses. In this Chapter, specific data deployments and
methodologies are described.

2.1 Data
2.1.1 Observations

For the analysis, a number of observational datasets including rainfall data, sea
surface temperature (SST) and sea level pressure (SLP) are used. The observed
rainfall data are taken from two different sources, (i) from the Climate Prediction
Center Merge Analysis of Precipitation (CMAP), and (ii) from the Climatic Research
Unit (CRU) TS2.1 dataset. The CMAP data is used for analysis in Chapter 3, while
the CRU data are utilised for analyses in Chapters 3, 4, 5 and 6.

The CMAP data used here is a monthly dataset of global precipitation analysed by
merging the data from rain gauges with estimated rainfall obtained from satellite
data. The data set has a monthly temporal resolution starting in 1979 and a spatial
grid resolution of 2.5°x2.5°. A full description of the dataset is provided by Xie, P. &
Arkin (1996, 1997). This dataset has been widely used in many studies (e.g. Chen et
al. 2004; K.-M. Lau 2007; Kumar & Sreejith 2005; Mitra et al. 2003; Takahashi &
Yasunari 2006; Zhou & Lau 2001; Zveryaev & Allan 2005) including a recently
published paper that focuses upon the seasonal predictability of monsoon onsets in
Indonesia by using CMAP pentad analysis product (Moron et al. 2009).
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Figure 2.1: Seasonal climatology (1979-1999 periods) from two observed data:
CMAP (top) and CRU TS2.1 (below).

The CRU TS2.1 data is a reconstructed monthly climate observations obtained from
meteorological stations. It comprises of up to nine climate variables, including
rainfall data (Mitchell & Jones 2005) that is used in this thesis. This global land
surface dataset is reconstructed for the period of 1901-2002 with a horizontal grid
resolution of 0.5°x0.5°. The station records used to reconstruct the data were
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obtained from seven sources for the whole variables as described by Mitchell &
Jones (2005). Of all those seven sources, four sources contribute to precipitation
data, including Hulme and Global Historical Climatology Network (GHCN) v2
datasets. Since the data was also sourced from GHCN, the distribution map of rain
gauge stations over the Austral-Indonesian region can be seen in Aldrian and Susanto
(2003). Further details of CRU TS2.1 data and it sources can be found in Mitchell &
Jones (2005).

A comparison between the CMAP and CRU seasonal rainfall climatology data over
the Austral-Indonesian region is shown in Figure 2.1. The figure demonstrates
reasonable agreement and consistent seasonal rainfall patterns, particularly over land
areas. Given that the datasets are derived from very different sources and differ in
spatial and temporal resolution, their similarity adds credibility to both datasets and
gives more confidence to their use in this study.

For the observed SST and SLP, the study uses HadISST 1.1 (Rayner et al. 2003) and
HadSLP2 (Allan & Ansell 2006) datasets, respectively. The HadISST 1.1 data is a
recent product that substitutes for the global sea ice and sea surface temperature
(GISST) dataset. It covers global SST and sea ice concentration with a 1°x1°
horizontal grid resolution available from 1871 to the present. The HadISST data has
a better representation of regional SST than the GISST data and compares well with
other scientific datasets (Rayner et al. 2003). The newly published HadSLP2 is a
combination of quality controlled terrestrial and marine pressure series. It was set in
a 5°x5° horizontal grid resolution from 1850 to 2004. The dataset has been able to
retain many of the important climate features and indices such as the North Atlantic
Oscillation, the Arctic Oscillation, the North Pacific index, the Southern Oscillation
index, the Trans-Polar index, the Antarctic Oscillation, the Antarctic Circumpolar
Wave, the East Asian summer monsoon index, and the Siberian High index (Allan &
Ansell 2006). Both SST and SLP datasets are used in this study, analyses of which
are presented in Chapter 4. The seasonal climatology maps of both SST and SLP are
presented in Figure 2.2.

a) SST Climatology (1901-2002) b) SLP Climatology (1901-2002)
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Figure 2.2: Seasonal climatology maps of: a) SST from HadISST 1.1 dataset, and b)
SLP from HadSLP2 dataset (1901-2002 periods).
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Table 2.1: GCMs from IPCC AR4 databases used in the study (note: the model
numbers in column 1 will be consistently used in this study to refer the model names)

No Model Name Ensemble Institution Atmosphere Ocean References
Member Resolutions Resolutions

1 CGCM3.1(T47) 5 CCCMA (Canada) T47 L31 1.85°x1.85°L29  Kim etal. (2002)

2 CGCM3.1(T63) 1 CCCMA (Canada) T63 - -

3 CNRM-CM3 1 Meteo-France/CNRM T63 L45 2°x0.5° L31 Salas-Mélia (2002)
(France)

4 CSIRO-Mk3.0 3 CSIRO (Australia) T63 L18 1.875°x0.84° L31  Gordon et al. (2002)

5  GFDL-CM2.0 3 GFDL (USA) 2.5°x2.0° L24 1°x1/3° L50 Delworth et al. (2006)

6  GFDL-CM2.1 3 GFDL (USA) 25°%2.0° L24 1°x1/3° L50 Delworth et al. (2006)

7 GISS-AOM 2 NASA/GISS (USA) 4.0°x3.0° L12 4°x3° L16 Lucarini & Russell (2002)

8  GISS-EH 5 NASA/GISS (USA) 5.0°x4.0° L20 2°x2° L16 Schmidt et al. (2005)

9 GISS-ER 8 NASA/GISS (USA) 5.0°x4.0° L20 5°x4° L13 Schmidt et al. (2005)

10  GOALS-g1.0 3 LASG/IAP (China) 2.8°x2.8° L26 1°x1° L33 Yu et al. (2004)

11 INM-CM3.0 1 INM (Russia) 5.0°x4.0° L21 2.5°x2° L33 Volodin & Diansky (2004)

12 IPSL-CM4 1 IPSL (France) 3.75°x2.5° L19 2°x1° L31 Marti et al. (2005)

13 MIROC3.2(hires) 1 CCSRINIES/FRCGC T106 L56 0.28°x0.1875° K-1 model developers
(Japan) L47 (2004)

14 MIROC3.2(medres) 3 CCSRINIES/FRCGC T42 L20 1.4°x0.5° L43 K-1 model developers
(Japan) (2004)

15  ECHO-G 5 MIUB (Germany), T30L19 0.5°L20 Legutke & Voss (1999)

IKMA (Korea)

16 ECHAMS5/MPI-OM 2 MPI-M (Germany) T63 L31 1.5°x1.5° L40 Jungclaus et al. (2005)

17 MRI-CGCM2.3.2 4 MRI (Japan) T42 130 2.5°x0.5° L23 Yukimoto & Noda (2002)

18  CCSM3 8 NCAR (USA) T85126 1.125°x0.27° L40  Collins et al. (2006)

19 PCM 3 NCAR (USA) T42 L26 2/3°x1/2° L32 Washington et al. (2000)

20  UKMO-HADCM3 2 Hadley Centre (UK) 3.75°x2.5° L19 1.25° L20 Gordon et al. (2000)

21 UKMO-HADGEM1 2 Hadley Centre (UK) 1.875°x1.25° L38 1°x1/3° L40 Johns (2004)

2.1.2 The WCRP CMIP3 multi-model dataset

In Chapter 3 the rainfall output from twenty-one climate models of the World
Climate Research Programme, phase 3 of the Coupled Model Intercomparison
Project (formally known as WCRP CMIP3 Multi-Model Dataset) are assessed. The
models, which have been used in the latest IPCC Fourth Assessment Report (IPCC
2007), are provided online by the PCMDI (http://www-pcmdi.lInl.gov/) through the
ESG data portal (https://esq.linl.gov:8443/index.jsp), ftp link, or the OPeNDAP
server. The model names and numbers are listed in Table 2.1 along with their
ensemble member, institutions, atmosphere and ocean resolution, as well as their
corresponding references.
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Figure 2.3: Land-sea masks of twenty-one CMIP3 GCMs defined by using land
fraction data (IPCC terminology for this parameter is ‘SFTLF’). Except for MRI-
CGCM2.3.2a, the land-sea mask is based on the grid used in soil moisture content
(‘MRSO’ data).
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Table 2.1 shows that the atmosphere and ocean grid resolutions differ between
models. Horizontal grid resolutions of the atmospheric variables vary from the
coarsest (5°x4°) to the finest (1.1°x1.1°, T106). Especially for the Austral-Indonesian
region, where the geographical positions and the land-sea distribution are unique, the
representation of the land-sea mask in the climate models is crucial as this affects not
only to the representation of local/regional processes, but also influences large-scale
simulations in general. In Figure 2.3, the land distribution represented by each model
Is shown. It is important in model evaluation studies to consider the various grid
resolutions given that each model delivers a different result.

2.1.3 CSIRO-MKk3.5 pre-industrial control run data

Development of the CSIRO-MKk3 climate model (Gordon et al. 2002) has continued
over the past few years. Version Mk3.0 was used in AR4 (Collier et al. 2008; IPCC
2007), while Mk3.5 is included in the CMIP3 PCMDI database and is being prepared
for the next IPCC assessment report (Collier et al. 2007). Version Mk3.5 contains
many improvements and its control climate experiment has a relatively small drift for
a long period of simulation (Collier et al. 2007; Mpelasoka et al. 2007).

Table 2.2: CSIRO-Mk3.5 pre-industrial control data (monthly-mean 2-d atmosphere
or land surface data) used in the study (Source: IPCC (2005))

Output
CF standard name variable  Units Notes
name
precipitation flux pr Kgm?s" includes both liquid and solid phases
surface temperature ts K "skin" temperature (i.e. SST for open ocean)
air pressure at sea level psl Pa
atmosphere water vapor content prw Kg m?  vertically integrated through the atmospheric column
surface downward eastward stress tauu Pa
surface downward northward stress tauv Pa
surface upward latent heat flux hfls W m-2
surface upward sensible heat flux hfss W m-2

The improvement of the CSIRO-MK3.5 in representing a scheme to control the
strength of the ocean eddy-induced transport and vertical ocean mixing as a
consequence of wind generated turbulent kinetic energy (Collier et al. 2007) is very
important to improve simulation of the ocean-climate dynamics, particularly for the
Austral-Indonesian region. In addition, the model also includes a better scheme to
compute wind surface stresses by using the surface wind velocity that is relative to
the moving ocean surface layer. This is different to its predecessor that used the
absolute wind velocity (see model’s documentation on the PCMDI website:
http://www-pcmdi.lInl.gov/ipcc/model_documentation/CSIRO-Mk3.5.pdf).  Given
that most of the IPCC AR4 models are having difficulties in simulating realistic
rainfall due to a too strong coupling between local SST and tropical convection (Dai
2006; Lin 2007; Lin et al. 2006), a better representation of the ocean component in
the Mk3.5 may improve rainfall simulations.

The study investigates several ocean-atmosphere variables from the CSIRO-MKk3.5
pre-industrial control simulations (Table 2.2). In addition to the listed variables, the
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study also uses SST data derived from the ocean component (namely TOS). All of
the data are analysed for a 500-year simulation between 1801-2300 periods.

2.2 Methodologies
In this section the statistical methods used in this study are described.
2.2.1 Cumulative Distribution Functions (CDF) and KS test

The study uses the Kolmogorov-Smirnov Distance (KSDist) as a measure to compare
the absolute differences between CDFs from the modelled and the observed data.
KSDist is a parameter used by the two-sample Kolmogorov-Smirnov test that
quantifies the maximal vertical distance between CDFs (KS-test; Hollander & Wolfe
1999; Maia et al. 2007). The quality of KSDist is measured using nominal
significance levels (p-value; p) based on a KS-test. The null hypothesis of this test is
that the paired data arise from the same continuous distribution. It is supposed that
the data from the model will have the same continuous distribution as the observation
if the resulting p is larger than the significant level (p > alpha (a)).

For each model, region and season under evaluation, the study calculates the
corresponding KSDist and ranks the models accordingly:

KSDist= Max j|CDF1(x;) - CDF»(x)) | 2.1)

where x; is any observed or modelled rainfall value (mm/day) and CDF; and CDF,
are the cumulative distribution arising from the modelled and CRU data,
respectively. This metric is specifically used to compare the modelled terrestrial
rainfall distribution and observations in Chapter 3.

2.2.2 Correlation and Root Mean Square Error (RMSE)

The product of correlation analysis, known as the Pearson product-moment
correlation coefficient (r) is used in this study to measure the degree of linear
association between two datasets. The derivation process used for the correlation
coefficient (r) is as follows. Given that X = (X1, X2, ..., Xp) and y = (y1, Y2, ..., Yn) are
two time series of length n, the correlation coefficient (Walpole et al. 2002) between
the two time series is defined as:

r _ Sy (2.2)
I '
where: S, =04 -%% S, =2 (- V)) S, =200 -N -V @I
g = Zi:l %; L Y= Zi:l Yi (2_4)
n n

The significance of the result for r can be tested based on a Student’s t-test (Walpole
et al. 2002). The t-value is given by

(2.5)
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where r is the correlation coefficient between the two measured time series of length
n, with n - 2 degrees of freedom. The null hypothesis for the test is that Hy: r = 0 and
Hi: r # 0. This means that the Ho will be rejected whenever the p-value is lower than
the selected significance level a and the correlation between the two datasets is
significant.

In Chapter 3, the r result is used simultaneously with the Root Mean Square Error
(RMSE) in order to evaluate the likeness of the modelled data compared to the
observations. The RMSE is based on the Mean Square Error (MSE) derivation,
defined as:

MSE = s _Z((n yz)) (2.6)

Therefore, the RMSE is derived as:

RMSE =+/MSE =s = /z((n 2 (2.7)

In Chapter 4 and 5 the spatial correlation analysis is deployed to investigate the
relationship of the time series coefficient derived from the Empirical Orthogonal
Function (EOF) analysis with the spatial anomalies of the Indo-Pacific climate
variables.

2.2.3 Empirical Orthogonal Functions (EOF) analysis

The EOF analysis is a prominent statistical method commonly used to identify
patterns of simultaneous variation (von Storch & Zwiers 1999). It has been widely
used for analysing complex meteorological and climate data since Lorenz (1956) due
to its simplicity and analytic derivation (Hannachi 2004). This method has been
described in more detail by, for example, von Storch & Zwiers (1999), Jolliffe
(2002) and Wall, Rechtsteiner & Rocha (2003). Technical explanation of the method
is presented in Halldor & Venegas (1997) and a summarised description of this
concept applied to climate data is described in Hannachi (2004). The deployment of
the method in this study can be found in Chapter 4 and 5.

Considering that most of the climate data used in this study is in grided format and is
non-uniformly distributed across the globe, several steps to prepare the dataset prior
to performing the EOF analysis are needed (Hannachi 2004). Those steps are (i)
anomaly calculation, and (ii) area weighting calculation. The area weighting is
important for correcting the spatial grid data as a result of the map projection
methods. This will help to diminish the impact of incorrect grid representation on the
results from the EOF analysis.

It is supposed that gridded climate data (Y) at time t and spatial grid position f, e.g.
SST, is in the form of a pxg matrix, where p represents monthly time series with a
discrete time element t; (i = 1, ..., p); and q is of a spatial element formed by latitude
(@) and longitude () defining a discrete spatial grid point f; (j = 1, ..., ). Therefore
the data Y(t, ) can be illustrated in the following matrix:
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Y= (2.8)

ypl yp2 ypq

Given that the EOF is calculated from the anomaly data, the climatology of the
horizontal grid data can then be expressed as:

Y = (Vi Veg) (2.9)

and therefore the anomaly is designated by the departure of the spatial time series
data from its climatology:

Yi = Yo — Vo1 (2.10)

In order to avoid any effect of the gridded data on the EOF calculation, an area
weighting method is carried out. This is done by weighting the data point with the
cosine of its latitude (). Thus, the diagonal matrix is represented as follows:

Zy = Diag [cosbh, ..., cosOy] (2.11)

It contributes to the correction of the Y dataset in the form of a weighted anomaly
matrix:

Yo=Y'Z, (2.12)
After performing these two steps of dataset preparation, the EOF calculation is
derived by initially calculating the covariance matrix of the weighted anomaly:
C-= LY’TY' (2.13)
n-1

This covariance matrix is then used to find a linear combination of all the grid points
that have a maximum variance, where v represents the orthonormal vector from
optimum real data, so the ¥’ v reaches maximum variability:

var (Y'v) = —— [y viP= —— (v (r'v) =v' Cv (2.14)
n-1 n-1

In this case, the max (v' Cv) leaves a variational problem that can be simply solved

by a symmetrical relationship between the covariance with eigenvalue Ax. Hence the
eigenvalue A is linked with the eigenvector (v) of the covariance matrix.

Cv, =A4V,. (2.15)

The eigenvalue A corresponds to the explained variance of each corresponding order
of the EOF that is usually written as a percentage:

2.
I 100% (2.16)
P

j=17i
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The projection of the spatial anomaly of Y' into the eigenvector vy results in the
Principal Component (PC) that represents a newly reproduced time series of each
EOF modes.

0=y D (1) @17)

Although the EOF analysis is purely based on the mathematical approach, its first
few leading modes are sometimes associated with the physical processes (von Storch
& Zwiers 1999) that represent the maximum variability of the data. The method is
also sensitive to domain selections (Aldrian & Susanto 2003) and often loses some
details of local or regional variation when it is used to analyse global data. Therefore,
in Chapter 4 and 5, this study presents a more detailed EOF-based analysis on
local/regional domain in order to delineate the time-space pattern on a regional scale.
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Chapter 3 Simulated Rainfall Assessment for
Austral-Indonesia

In this Chapter, the study addresses an assessment of the simulated rainfall from
twenty-one WCRP CMIP3 Global Circulation Models (GCMs) for the Austral-
Indonesian region. The focus of the evaluation is on the model’s capability in
performing climatological (i.e. long term mean) consistency, interannual variability
and trends during the late 20™ century, and projected future rainfall scenarios. So far,
a detailed regional evaluation of model performance for the Austral-Indonesian
region has not been conducted and no systematic study has been done for the
Indonesian region. Nevertheless, such work is essential to further advance our
abilities to understand and simulate the complex dynamics of this region.

Here the study identifies the rainfall mismatch reproduced by most of the models of
the region and highlights the importance of improving model resolution and ocean
physics. The three best-performing models (i.e. ECHO-G, MRI-CGCM2.3.2, and
UKMO-HADGEM1) are selected in this study based on one of two ranking methods,
either by cumulative absolute difference (CAD) or cumulative distribution function
(CDF). Their projected rainfall assessment demonstrate future rainfall changes
during monsoonal transitions in MAM and SON that may lead to prolonged wet and
dry seasons in the Austral-Indonesian region.

3.1 Background

The credibility of climate projections from Global Circulation Models (GCMs)
depends on their ability to simulate observed climate data accurately (e.g. IPCC
2007; Reichler & Kim 2008). Simulated climatic changes should result solely from
variations in climate forcing such as rising greenhouse gas concentrations and any
model bias due to the model architecture (e.g. grid resolution and parameterisations)
should be minimised. Yet, these requirements are seldom met. Model evaluations are
essential in order to identify the models that perform best for a particular purpose and
geographical region. Assessments of simulated data and climate scenarios against
historical observations not only provide information needed to improve model
performance, but also underpin the accuracy and credibility of future climate change
projections.

A particular issue is the need to assess simulated rainfall from the current generation
of GCMs, which still have problems in simulating precipitation patterns in the
tropical region realistically (e.g. Dai 2006; Lin 2007; Lin et al. 2006). Unrealistic
rainfall simulations appear to be a consequence of misrepresented convective activity
in the tropical atmosphere (Dai 2006; Lin 2007). It was found in previous study that
up to 95% of total precipitation simulated by the models is related to convective
rainfall due to an unrealistically strong coupling between local SST and the tropical
atmosphere driving local convection (Dai 2006). On the interannual time scale, this
leads also to an incorrect representation of ENSO dynamics (Dai 2006), where
excessive tropical rainfall is related to intrinsic model errors that lead to the
formation of a double Intertropical Convergence Zone (ITCZ) causing low simulated
precipitation in the equatorial Pacific (Lin 2007).
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Since AR4 (IPCC 2007), several studies have been conducted in order to evaluate the
regional rainfall pattern (e.g. Benestad 2005; Maxino et al. 2007; Perkins et al. 2007;
Vera et al. 2006). These results are important in identifying regional problems and, if
rectified, are likely to improve the models’ capability in projecting future rainfall.
Some studies have also introduced new approaches to evaluate models, including for
example, the use of probability density functions (PDFs) by Perkins et al. (2007) and
Watterson (2008) in their assessment of Australian rainfall scenarios. A similarly
detailed study using the recent generation of climate models for the Austral-
Indonesian region, in particular for the Indonesian region, has not yet been
conducted.

Due to the study region’s location in the tropics, rainfall simulations are likely to
suffer from the same problems identified in previous studies. This includes the
formation of the double-ITCZ (Lin 2007), the intricacy of the monsoon circulations
(Gadgil & Sajani 1998; Zhang et al. 1997), the weak variances and propagations of
the Madden-Julian Oscillation (MJO) (Lin et al. 2006), the unrealistic rainfall
distribution and intensity (Moise et al. 2005; Srinivasan et al. 1995) and the
inadequate representation of the both land-sea distribution and the topographic
features of Indonesia (Lau et al. 1996). Many of these problems were identified prior
the IPCC AR4 and a detailed analysis of IPCC ARA4 rainfall scenarios for the region
of interest is still outstanding. A particular characteristic feature of this region is the
land to ocean ratio and local SST characteristics are likely to contribute to the rainfall
driving mechanisms. In addition, as the GCMs’ capability to correctly simulate major
climate drivers improves, the wide range of results between the models, for example
in precipitation, remains problematic (AchutaRao & Sperber 2006; Guilyardi 2006;
Szoeke & Xie 2007) and contributes to various rainfall biases (Dai 2006). Therefore,
an assessment of the models is required for identifying their performances in
simulating rainfall over the region.

In this Chapter, a model assessment study for the Austral-Indonesian region is
presented. The focus is upon the evaluation of precipitation against historical
observations as well as an assessment of future rainfall scenarios. This approach
leads to the identification of the models that perform best in the region of interest and
are likely to yield the most reliable information about future climatic trends.
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Figure 3.1: a) Monthly rainfall climatology of twenty-one CMIP3 GCMs (1979-1999
periods) spatially averaged over the studied region, and b) their RMSE (units in
mm/day) and r (unitless) diagram.
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3.2 Simulated rainfall climatology

Figure 3.1a shows simulated monthly rainfall climatology of twenty-one CMIP3
(IPCC AR4) GCMs compared to the observed CMAP data (see Chapter 2 for
descriptions of data and methodology). Most models show a uni-modal monsoonal
pattern despite their inadequacy to correctly estimate the rainfall amount. A uni-
modal monsoonal pattern is shown by a rainfall-peak (wet) during the Austral
summer monsoon season around December-January-February (DJF) and a rainfall-
trough (dry) during the Austral winter season in June-July-August (JJA) (see Chapter
1 for more details).

A diagram based on the combination of correlation coefficient (r) and root mean
square error (RMSE) is used to measure proximity of the modelled climatology to
the observed data (Figure 3.1b). Both metrics are computed using the monthly
climatology data presented in Figure 3.1.a. The diagram identifies a good model as
having a high r and low RMSE value. The analysis finds that different versions of
the GISS model (GISS-AOM (7), GISS-EH (8) and GISS-ER (9)) are among the
best. Other models that can be considered to reproduce the climatological rainfall
quite well are GFDL-CM2.0 (5), FGOALS1.0g (10), IPSL-CM4 (12),
ECHAM/MPI-OM (16), and CCSM3 (18). In addition, the climatology of the multi-
model ensemble mean fits the observations well. All of these models have r and
RMSE values of > 0.8 and < 0.75 respectively.

Measuring the climatology from the spatially averaged rainfall data is insufficient for
assessing the models as it provides only basic information from the models and can
be misleading. As previous studies have shown the models’ problem in simulating
the double-ITCZ (Dai 2006; Lin 2007), the zonally averaged monthly rainfall
climatology over the region of interest (90°E-155°E) is analysed to assess meridional
propagation of rainfall simulated by the models (Figure 3.2). CMAP data shows
regions of high rainfall propagation mostly south of the Equator between 0° to 15°S
in January and February with mean rainfall > 10 mm/day in the centre of the
propagated region. This propagation gradually decreases northward to 10°N and
southward to 20°S. During the March-April-May (MAM) transition period, rainfall
zones shift northward and reach the Equator during April. These propagate further
north during June-July-August (JJA) in the area between 8°N to 20°N and back again
to the Equator in October-November. During JJA, rainfall reaches its maximum
amount which is 12-13 mm/day on average.

The twenty-one models differ significantly in their ability to simulate the meridional
movement of zonally averaged rainfall variation (Figure 3.2). Models such as
CGCM3.1 (T47 (1) and T63 (2)) are able to simulate the movement similar to the
observed. The problem that these models have is in reproducing the high rainfall
north of the equator during JJA, which is a bit underestimated and less far to the
north particularly in CGCM3.1 T63 (2). These CGCM3.1 models also underestimate
the rainfall during SON. The ECHO-G (15) and MRI-CGCM2.3.2 (17) models are
positioning high rainfall during the DJF and JJA seasons correctly, although they
tend to prolong the wet season over southern Indonesia into the MAM transition
period.
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Figure 3.2: Meridional movement of monthly rainfall climatology calculated from
zonally averaged data for a region of interest (90°E - 155°E) of twenty-one CMIP3
GCMs (1979-1999 periods). The models are compared to observed CMAP data.
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More than half of the models suffer from simulating a double-ITCZ, but with
different characteristics. Most of them, including CNRM-CM3 (3), GFDL-CM2.1
(6), GISS-EH (8), INM-CM3.0 (11), MIROC (hires (13) and medres (14)),
ECHAMS5/MPI-OM (16) and UKMO (HadCM3 (20) and HADGEM1 (21)),
experience the mismatch during all seasons, while several others simulate a false
ITCZ only during a particular season (see Figure 3.2 for detail). These conditions are
confirmed in Figure 3.3. Double-ITCZ can be identified in Figure 3.2 from the
rainfall that is concurrently distributed in the north and south of the Equator.

Due to this double-ITCZ problem, excessive rainfall is simulated north of the
Equator during DJF and also over south of the Equator during JJA. A problem also
appears during the transition period (MAM) with additional false rainfall over the
south of the Equator. The propagation area of this faulty ITCZ in the region is
usually not far from 10°N in DJF and 10°S in JJA. It means that the simulated
rainfall problem affects the Indonesian region (10°S - 10°N) more than northern
Australia (25°S - 10°S). Details of the seasonal rainfall distributions are shown in
Figure 3.3 and will be discussed further in the next section.

Figure 3.3 shows the models’ ability to simulate seasonal rainfall climatology. Most
of the models have difficulty reproducing the spatial evolution of seasonal rainfall
distribution. The reasons for this vary but are consistent with previous findings that
showed the model problems in simulating monsoon circulations (Gadgil & Sajani
1998; Zhang et al. 1997). The consequences of the double-ITCZ artefact are often
incorrect location of maximum rainfall, seasonal average positions of the ITCZ, or
the meridional narrowing (widening) of the convective belt causing reduced
(enhanced) regional rainfall not found in the observed data. Similar problems related
to the ITCZ and the Monsoon simulations were found in the older versions of GCMs
as reported in several studies (e.g. Dai 2006; Gadgil & Sajani 1998; Lau et al. 1996;
Zhang et al. 1997). Another inconsistency found in several models is the
configuration of dry area over the equatorial western Pacific Ocean. This problem
was also documented in most of the earlier model generation where it was caused by
a failure to simulate large-scale convection (Gadgil & Sajani 1998; Zhang et al.
1997). Additionally, while some models were able to simulate wet conditions along
the eastern Australia quite well, several others failed.

3.3 Seasonal rainfall assessment

In the following sections simulated rainfall over land and ocean, as well as over land
only, is compared to climatology using CMAP (land and ocean) and CRU TS2.1
(land only) data. The two-tier analyses use different approaches to (i) evaluate the
rainfall for the whole area over land and ocean, and (ii) assess the terrestrial rainfall
in the region. The latter is unique and requires higher resolution observational data
for reference (refer to the Methodology in Chapter 2).
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3.3.1 Land and ocean rainfall
3.3.1.1 Differences of seasonal rainfall climatology

Figure 3.4 shows the relative differences of seasonal rainfall climatology between the
modelled and the observed data (in percent; %). It provides quantitative
measurement of rainfall bias that is useful to identify unrealistic rainfall distribution
in the region. For consistency, the study follows the approach used by Vera et al.
(2006) by converting the grid into the coarsest resolution (5° x 4° grid resolution) of
any of the datasets compared. Re-gridding the data onto coarse resolution is chosen
in this study to avoid the potency of more unwanted biases as a result of interpolation
if the grid is changed onto higher resolution.

The main problem of simulating tropical rainfall such as in Indonesia and northern
Australia is related to intrinsic atmospheric model error (Lin 2007). The double-
ITCZ effect propagates unrealistic rainfall to the north of the Equator during DJF and
south of the Equator during JJA. This can be identified from Figure 3.4 when
overestimated rainfall distribution is found in the opposite part of the Equator where
the monsoon propagation occurs. Alternatively, it can also be identified when the
region simultaneously experiences overestimated rainfall proportions over north and
south of the Equator. Several models such as CNRM-CM3 (3), CSIRO-MKk3.5 (4),
GFDL-CM2.1 (6), GISS_EH (8), INM-CM3.0 (11), MIROC3.2 (13, 14), NCAR-
CCSM3.0 (18), HADCM3 (20) and HADGEM1 (21) also experience excessive
rainfall over southern Indonesia and northern Australia in MAM and/or SON.

In particular for the DJF season, more than half of the assessed models demonstrate
excessive rainfall (up to twice of the observed data), particularly north of the equator
(Figure 3.4). These problems cause considerable under- or overestimation for the
northern Australian rainfall, depending on the model. These are related to unrealistic
spatial propagation of the ITCZ during the season, such as (i) average positions too
far north (GISS-AOM (7) and IPSL-CM4 (12)), (ii) narrowing (MRI-CGCM2.3.2
(17)), or (iii) the widening (most models) of the meridional ITCZ that leads to
increased rainfall over northern Australia, particularly in the west part of the region.

It is commonly found that the timing and the magnitude of monsoonal transitions are
poorly captured by the models that suffer from the double-ITCZ problem.
Consequently, prolonged rainfall during MAM and an early monsoon onset in SON
are sometimes reproduced by those models. Another common problem is consistent
underestimation of seasonal rainfall over the Western Pacific, which is found in
CNRM-CM3 (3), GISS-EH (8), INMCM3.0 (11) and NCAR-PCM1 (19).
Nevertheless, several models including CGCM3.1 (1, 2), GFDL (5, 6), ECHO-G (15)
and MRI-CGCM2.3.2 (17) perform reasonably well in simulating realistic rainfall
differences of less than 100%.

Unrealistic rainfall simulated south of the equator during JJA leads to rainfall
overestimations across southern Indonesia and northern Australia, particularly
around Java, Bali and Nusa Tenggara, and some parts of the Northern Territory. This
problem is described in more than half of the assessed models and is notably found in
CNRM-CM3 (3), GISS-EH (8), GOALS-g1.0 (10), MIROC3.2 (13, 14), and
UKMO-HADCMS3 (20). It should be carefully noted that a large percentage of
rainfall anomalies are likely due to seasonally dry condition found in the observed
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data, creating large differences when the model reproduces excessive rainfall in the
region.

3.3.1.2 Ranking the models: Cumulative Absolute Differences (CAD)

Selecting the models is important for future rainfall assessment. In this section the
models are ranked based on summary statistics calculated from the accumulated
differences in seasonal time series data over the period of 1979 to 1999 between
simulated and observed seasonal rainfall (cumulative absolute difference, CAD). The
CAD values are calculated for seasonal (CADs, Equation 3.1) as well as for annual
rainfall (CAD+, Equation 3.2) for the entire land and ocean area across the region of
interest from the following relationship:

CAD;, =D AD;, (3.1)
i
and
CAD; =Y CADq, (3.2)
k=1

where CADs = seasonal absolute cumulative difference between simulated and
observed seasonal rainfall time series (AD) from year i at land and ocean grid point j,
and CAD = total CADs at all season k; i = 1979, 1980, ..., m=1999; j =1, 2, ...,
n=104; and k = 1(DJF), 2(MAM), 3(JJA), s=4(SON).
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Figure 3.5: Cumulative Absolute Differences (CAD) from seasonal (CADs) (below)
and annual (CAD~) (top) time series (1979-1999 periods) from twenty-one CMIP3
GCMs (1979-1999 periods). See Table 2.1 to match model numbers with model
names.

The summary statistics of CAD provides a simple and robust method to rank the
models in terms of their ability to simulate absolute rainfall amounts. The smaller the
CAD value, the smaller the difference between modelled and observed data
indicating a more realistic performance (Figure 3.5). The CAD value formulated in
this study depends on the length of data (m) and the number of grid points (n) used in
the calculation. This means that a longer period of data with a higher grid resolution
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used in the calculation will result in a higher CAD value. Therefore, the accumulated
absolute rainfall difference (CAD; unit in millimetres (mm)) does not represent the
real rainfall discrepancy, but can be used as a parameter to determine which model
shows the least deviation from measured data.

Figure 3.5 shows seasonal CAD values (CADs; below) and total annual CAD values
(CADv; top). The ECHO-G (15) model is the best model with the smallest CADs in
DJF and JJA seasons with a total value of 4.55 (x 10° mm) and 3.35 (x 10° mm),
respectively. In the transition seasons (MAM and SON), the best model is MRI-
CGCM2.3.2 (17) with respective values of 4.02 (x 10°> mm) and 3.42 (x 10°> mm). In
the overall assessment based on CAD+, both models are consistently ranked better
than other models. The ECHO-G is positioned in the first place with the lowest
CAD+t while the MRI-CGCM2.3.2 model is next. The accumulated discrepancies in
seasonal time series data (CADs) is consistent with the climatology presented in the
previous subsection. The two models are also capable of simulating the meridional
rainfall propagation in the region and positioning high rainfall during DJF and JJA
seasons (see Figure 3.2).

The model ranked consistently last is GISS-EH (8) with the largest CADs in most of
the seasons, except for MAM season. CAD+ also places this model last with a total
highest value of 26.84 (x 10° mm). In contrast, another variant of the GISS model
(GISS-ER (9)) coupled with a different ocean component (Russell et al. 1995;
Russell et al. 2000) performs much better with CADs < 5 (x 10° mm) in all seasons
(note that GISS-EH (8) with HYCOM ocean component (Bleck 2002) has CADs > 5
(x 10° mm) in all seasons). The GISS-ER (9) simulates better spatial rainfall patterns
in the region (see Figure 3.3 and 3.4 for both models). The cause of the mismatch
following a change of the ocean component is probably due to the difference in the
simulated SST patterns. These patterns determine the atmospheric circulation and
precipitation (IPCC 2007) as well as the strength of coupling between local SST and
tropical convection (Dai 2006) forcing the double-ITCZ formations (Lin 2007).

3.3.2 Land only (terrestrial) rainfall
3.3.2.1 Differences in seasonal rainfall climatology

Evaluating the simulated terrestrial rainfall for Austral-Indonesia is challenging due
to the uniqueness of its land-sea distribution being represented differently by climate
models. The horizontal resolutions among the latest generation of GCMs vary from
5.0°%4.0° to 1.125%«1.125° (T106), resulting in different land-sea mask representation
for the region (see Table 2.1 and Figure 2.3). For this terrestrial rainfall comparison,
an evaluation approach that considers the models’ resolution and land-sea mask
representation from each model needs to be adopted.

This study purposely up-scales the observed data from the CRU TS2.1 dataset that
has 0.5°x0.5° grid resolution in order to match the resolution of each model. This
method differs from the approach used previously where all the observed and
modelled data were converted into the coarsest model resolution. The reason for this
is to keep the actual representation of the land-sea mask distribution defined by the
land area fraction data intact for each model (IPCC terminology for this parameter is
SFTLF) (see Figure 2.3). Here “land area” is defined as any grid point that contains
at least 10% of land area.
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Figure 3.6 shows seasonal rainfall climatology differences calculated by retaining the
actual models’ resolution (in percent; %). In general, the results are similar to Figure
3.4, particularly for northern Australia. However, for the Indonesian region, where
most of the islands are too small to feature properly in climate models, such
assessments are critically important. It will assist in understanding the models’
capability in providing rainfall simulations for land area in the region that can be
used for advanced studies.

Results show that all models under- or overestimate terrestrial rainfall over most of
the region, with different percentages between western and eastern regions. The
problem is presumably related to zonally asymmetric rainfall propagation as a result
of excess double-ITCZ rainfall in only some parts of the region and/or an extension
of dry area due to the failure of modelling of large scale convection in the western
Pacific warm pool. The related problems seem to be specific for every model. In
many models, the western area of northern Australia exhibits more rainfall than its
eastern part. This is also similar in the west of southern Indonesia. This study also
reveals that most of the rainfall overestimations occurred during the JJA period (in
more than 70% of the models) with excessively high rainfall evident in CNRM-CM3
(3), IAP-FGOALS (10), MIROC3.2 (13, 14), and HadCM3 (20).

Classic problems associated with coarse horizontal grid resolution result in most
models’ failure to adequately simulate terrestrial rainfall in this region. Coarse
resolution models have difficulties simulating the temporal-meridional movement of
monsoonal convection. Therefore, more attention should be paid to models with
better resolution, such as MIROC3.2 (hires) (13) and UKMO-HADGEM1 (21),
which are able to represent the land distribution fairly over the region. The extreme
rainfall is mostly in tolerable discrepancies, except for the rainfall discrepancies over
the southern hemisphere (southern Indonesia and northern Australia) during JJA
season, where problems are caused by a false meridional rainfall propagation.

This study suggests that creating a finer model resolution to simulate the climate over
the region is essential. In addition to the improvement of model resolution, enhanced
representation of meridional tropical SST (Chung & Ramanathan 2007) is also
important to advance terrestrial rainfall simulation. This will reproduce better
coupling between local SST and tropical convection (Dai 2006) and can reduce the
double-ITCZ problem (Lin 2007).

3.3.2.2 Ranking the models: Cumulative Distribution Function (CDF)

Different approaches have been used to assess the seasonal climatology differences
in terrestrial rainfall. Contrasting model resolutions maintained in the previous
analysis also require different methods for assessing their qualities based on the
seasonal time series data. Considering the previous simple CAD method that requires
the same number of grids in its calculations for each model, the method is
inapplicable for assessing terrestrial rainfall. Given that this study is particularly
interested in knowing how well the models simulate regional rainfall distributions,
empirical cumulative distribution function (CDF) of simulated seasonal rainfall with
the observed CRU TS2.1 data are compared (Figure 3.7).
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Assessments using CDFs are provided for each season, as well as for the overall
studied region, and separately for Indonesia and northern Australia. The seasonal
time series data reference set (observations) cover the period from 1979 to 1999.
Following the method to define the terrestrial rainfall grids from each model, the
actual representation of land-sea mask distribution is also defined by the land area
fraction data individually obtained from each model (see Figure 2.3). In this
assessment, the grid resolution of the CRU TS2.1 dataset is retained. The study uses
Kolmogorov-Smirnov Distance (KSDist) as a measure to compare the absolute
differences between CDFs from the modelled and the observed data (see Chapter 2
on methodology).

a) Austral-Indonesian Region (20°S-10°N) b) Indonesian Maritime Continent (10°S-10°N) ¢) Northern Australia (20°S-10°S)

DJF DJF
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Figure 3.7: Cumulative Distribution Functions (CDF) of seasonal rainfall series
(1979-1999 periods) from twenty-one CMIP3 models and CRU TS2.1 gridded
observational data for a) the Austral-Indonesian region, b) Indonesia, and c)
northern Australia.

The results of the KS-test presented in Table 3.1 show that only two pairs of tested
models had p>0.01. Those models are CNRM-CM3 (3) for Indonesia during SON
and HADCM3 (20) for northern Australia during JJA, with respective p of 0.037 and
0.015. Therefore, most of the simulated rainfall distributions differ significantly
(p<0.05) with very strong evidence of bias. These can be clearly seen in Figure 3.7
from the CDFs of most of the models that deviate considerably from the observed
CDFs.
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Table 3.1: P-values (p) resulted from KS-test of twenty-one CMIP3 models.

No. Model Austral-Indonesia (20°S-10°N) Indonesian (10°S-10°N) Northern Australia (20°S-10°S)
DJF MAM JJA SON DJF MAM JJA SON DJF MAM JJA SON

1 CGCM3.1(T47) <0.01 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001
2 CGCM3.1(T63) <0.01 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001
3 CNRM-CM3 <0.01 <001 <001 <001 <001 <001 <001 0037 <001 <001 <001 <001
4 CSIRO-Mk3.0 <0.01 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001
5 GFDL-CM2.0 <001 <001 <001 <0.01 <001 <001 <001 <001 <001 <001 <001 <001
6 GFDL-CM2.1 <0.01 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001
7 GISS-AOM <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001
8 GISS-EH <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001
9 GISS-ER <001 <001 <001 <0.01 <001 <001 <001 <001 <001 <001 <001 <001
10 GOALS-g1.0 <001 <001 <001 <0.01 <001 <001 <001 <001 <001 <001 <001 <001
11 INM-CM3.0 <001 <001 <001 <0.01 <001 <001 <001 <001 <001 <001 <001 <001
12 IPSL-CM4 <001 <001 <001 <0.01 <001 <001 <001 <001 <001 <001 <001 <001
13 MIROC3.2(hires) <001 <001 <001 <0.01 <001 <001 <001 <001 <001 <001 <001 <001
14 MIROC3.2(medres) <0.01 <0.01 <001 <001 <001 <001 <001 <001 <001 <001 <0.01 <0.01
15 ECHO-G <001 <001 <001 <0.01 <001 <001 <001 <001 <001 <001 <001 <001
16 ECHAMS/MPI-OM  <0.01 <0.01 <001 <001 <001 <001 <001 <001 <001 <001 <0.01 <0.01
17 MRI-CGCM2.3.2 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001
18 CCSM3 <001 <001 <001 <0.01 <001 <001 <001 <001 <001 <001 <001 <001
19 PCM <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001
20 UKMO-HADCM3 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 0015 <001
21 UKMO-HADGEM1 ~ <0.01 <0.01 <0.01 <001 <0.01 <001 <001 <001 <001 <001 <001 <0.01

The UKMO-HADGEM1 (21) model has the best performance in simulating
terrestrial rainfall distribution based on the KSDist criteria (< 0.1). The model
consistently performs better than any other model for the whole region for all seasons
and for particular seasons on a region specific analysis. In addition, the model is also
able to reproduce the probability of extreme rainfall. These consistent achievements
indicate an improvement of the model (Johns et al. 2004) compared to its
predecessor the HadCM3 (20) model (Gordon et al. 2000; Pope et al. 2000).

Given that the conventional p-value threshold (a level) of 0.05 or 0.01 used by the
KS-test appears to be too stringent to be useful for this study, KSDist < 0.1 is defined
to constitute ‘adequate’ model performance (Figure 3.8). This is appropriate, given
that statistics need to serve the purpose of the investigation (Nicholls 2001). It should
be noted that the relationship between KSDist and p is non-linear, although there
seems to be a strong opposite relationship between them. In order to represent a
‘good’ model, one would expect a lower KSDist, so the similarity of continuous
rainfall distribution will be higher. Based on this metric, assessment for the entire
region shows that only the UKMO-HADGEML1 (21) had consistently low KSDist
values for all seasons (KSDist < 10%), while other models only performed
adequately in particular seasons. Those models are MIROC3.2-med (14) in MAM,
IPSL-CM4 (12) in JJA and MRI-CGCMZ2.3.2a (17) in SON.

Separate analysis based on the KSDist value for the Indonesian region shows that the
UKMO-HADGEM1 (21) performs best with KSDist < 0.1 in all seasons, except in
MAM. Other models that perform relatively well for this particular region are
CCSM3.0 (18) in MAM and JJA, UKMO-HADCMS3 (20) only in MAM, and IPSL-
CM4 (12) only in JJA. Meanwhile, separate analysis for northern Australia shows
that only UKMO-HADGEML1 (21) simulates better terrestrial rainfall distribution
during MAM and SON with KSDist <0.1.
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a) Austral-Indonesia (20°S-10°N) b) Indonesia Maritime Continent {10°S-10°N) ) Northern Australia (20°8-1078)

KSDist

Models

Figure 3.8: Vertical distance (KSDist) between rainfall cumulative distributions
(CDF) derived from simulated and CRU TS2.1 datasets for a) Austral-Indonesia
(90°E-155°E, 20°S-10°N), b) Indonesia maritime continent (90°E-155°E, 10°S-
10°N), and c) northern Australia (90°E-155°E, 20°S-10°S). Horizontal lines
correspond to threshold with KSDist=0.10. KSDist < 0.10 is used as a threshold of
‘no difference’ between CDF to indicate ‘good’ model performance.

3.4 Assessment of rainfall variability and trends

3.4.1 Interannual rainfall variability

In the previous section the simulated monthly and seasonal rainfall were assessed.
Several problems and recommendations were identified for the region. Another issue
found in the modelled tropical rainfall is inaccurate association with ENSO. Recent
studies suggest that the problem is likely due to the strong coupling of local SST with
tropical convections (Dai 2006) and insufficient equatorial Pacific rainfall (Lin
2007). Given that the ENSO has a leading role in impacting interannual rainfall
variability, investigating the simulated Austral-Indonesian rainfall sensitivity to this
climate driver is important. Hence, interannual variability of simulated rainfall based
on their response to ENSO events is compared to the observed data. Despite the fact
that the impact of ENSO on rainfall variability varies between areas across the region
(Aldrian et al. 2003; Chang et al. 2004), the average response to the impact of ENSO
is significant.

Figure 3.9 provides a brief demonstration associated with the significant range of
interannual rainfall variability resulted from the models in contrast to observations.
For more details, each model is individually analysed in order to identify the best
performing model in reproducing interannual rainfall variability on seasonal data.
Here, the spatially averaged seasonal land and ocean rainfall from the models are
assessed against the observed CMAP data for the period of 1979-1999. During this
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period, six warm ENSO events occurred in every season, while five cold ENSO
events occurred in DJF, three in MAM and JJA, and six in SON season (see Figure
3.10). The study uses the definition of ENSO episodes adopted by the Climate
Prediction Center (CPC-NOAA) based on a 3-month running mean of sea surface
temperature (SST) anomalies in the Nifio 3.4 region above or below 0.5 (the data was
downloaded from http://www.cpc.noaa.gov/products/analysis_monitoring/ensostuff/
ensoyears.shtml).
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Figure 3.9: Interannual variability and trend of annual terrestrial rainfall over the
Austral-Indonesian region.

To evaluate the interannual variability of simulated rainfall compared to the observed
data, the study uses the correlation coefficient (r) and RMSE diagram calculated
from the standardised rainfall anomalies (see Chapter 2). The method is similarly
used in Section 3.2, except that for the present calculations it uses standardised
anomaly data for r and RMSE estimates. Calculating RMSE from the standardised
anomalies is most likely to create an inverse linear relationship with r, where the
highest correlation corresponds to the lowest RMSE and can be considered as ‘the
best’ model. Therefore, the diagram created by these metrics solely considers the
degree of similarity between variability from the modelled and observed data
constituted by the r-value. Nevertheless, the diagram simplifies the visualisation that
is useful for assessing the models’ capability in simulating the interannual rainfall
variability.

Figure 3.10a shows that most models do not simulate interannual rainfall variability
well. The models tend to represent below (above) normal rainfall during warm
ENSO (cold ENSO) episodes that deviate considerably from observation. In Figure
3.10b, it is found that two models (i.e. GISS-ER (9) and UKMO-HADCM3 (20)) in
DJF, one model (INM-CM3.0 (11)) in MAM and another model (ECHAMS5/MPI-
OM (16)) in SON that are significantly correlated at 5% significance level. These
results show that most models are unable to adequately simulate interannual rainfall
variability in the region. In Figure 3.10b, about half of the models correlate
negatively with observed rainfall, resulting in an incorrect correlation with ENSO as
indicated by (Dai 2006). Despite of this dispute, it is likely that the unrealistic
interannual rainfall variability caused by the teleconnection process driven by
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unrealistic Indo-Pacific climate drivers such as ENSO and 10D as simulated by most
models (Cai et al. 2009).
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Figure 3.10: Interannual variability of seasonal rainfall of twenty-one CMIP3 GCMs
and observed CMAP data: a) temporal variation of spatially averaged data (raw
data; in mm), and b) r and RMSE diagram calculated from standardised data. Red
dash-line is confidence bound at 5% significance level.
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3.4.2 Rainfall trends

Table 3.2: Trends (m) of seasonal rainfall data from climate models and observation
during late 20th century (1979-1999)

No Data (Model) DJF MAM JJA SON
A CMAP (obs) -0.011  -0.007 -0.026 -0.024
B All-models -0.003  -0.003 -0.003 -0.002
1 CGCM3.1(T47) 0.001 0.001 0.004 -0.008
2 CGCM3.1(T63) -0.013 -0.018 0.006  0.008
3 CNRM-CM3 -0.019 0.008  -0.009 -0.009
4 CSIRO-Mk3.0 -0.005  -0.007 -0.011 -0.004
5 GFDL-CM2.0 -0.006  -0.017  -0.005  0.000
6 GFDL-CM2.1 -0.010  -0.033  -0.003 -0.006
7 GISS-AOM -0.005 0.006  0.002 0.005
8 GISS-EH 0.001 -0.003  -0.002 -0.010
9 GISS-ER -0.001 0.006  0.003 -0.001
10 IAP-GOALS-g1.0 0.000  -0.002  0.007 0.012
11 INM-CM3.0 0.001 0.017  -0.005 -0.017
12 IPSL-CM4 0.003  -0.003 -0.011  0.007
13 MIROC3.2(hires) -0.017  -0.018 -0.014  0.010
14 MIROC3.2(medres) -0.008 0.001 -0.013 -0.011
15 MIUB-ECHO-G 0.001 0.004 -0.013  0.003
16 MPI-ECHAM5 0.001 -0.010  -0.009  -0.009
17 MRI-CGCM2.3.2 0.001 -0.003  -0.001  -0.003
18 NCAR-CCSM3.0 0.005 0.004  0.001 0.002
19 NCAR-PCM1 0.011 -0.004  0.007  0.008
20 UKMO-HADCM3 0.003 0.003  0.006 -0.002
21 UKMO-HADGEM1 0.000 0.011  -0.010  -0.020

Table 3.2 displays the trends (m) of rainfall of all the modelled data and observation
during the late 20" century. The observed data confirms relatively small downward
trends in all seasons. These trends are consistently simulated by only two models
(CSIRO MK3.0 (4) and GFDL-CM2.1 (6)). Conversely, one model (CCSM3.0 (18))
has opposite upward trends in all seasons. Other models are inconsistent in
reproducing the rainfall trends, either by rising or declining against the trend in
particular seasons. The mean values of the multi-model ensemble indicate
consistently downward trends similar to the observation, although it is not as steep as
the observed.

3.5 Future rainfall projections

Assessments of the future rainfall projections of the IPCC AR4 data have been
performed in many studies for many different domains. In general, the models seem
to reproduce more extreme and intense precipitation during the twenty-first century
with more rainfall amount over the wet tropical regions (Sun et al. 2007). The IPCC
suggests that less than 66% of the models used for the assessment agree on the sign
of rainfall changes (A1B scenario) over Indonesia and northern Australia (IPCC
2007). In addition, a recent climate change report for Australia indicated that the
rainfall might decrease by 10% under the high emission scenario (CSIRO & BOM
2007).

Given that a good simulation of historical rainfall will raise confidence in the
projected rainfall and can increase a model’s credibility (Whetton et al. 2007), the
selection of good models for future rainfall projections is essential. In this section the
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study assesses the future rainfall projection based on the three best-performing
models as identified in the previous sections (CAD; 3.3.1.2 and CDF comparisons;
3.3.2.2). The selected models are ECHO-G (15), MRI-CGCMZ2.3.2 (17) and UKMO-
HADGEM1 (21). The ECHO-G (15) is best in simulating the rainfall amount for the
whole land and ocean area during DJF and JJA, while MRI-CGCM2.3.2 (17) is best
during MAM and SON. Both models have been chosen based on the CAD criteria.
UKMO-HADGEM1 (21) is selected as the best-performing model based on its best
performance in consistently simulating terrestrial rainfall distributions (CDF, KSDist
criteria). The number of ensemble members of each model is shown in Table 3.3.

Table 3.3: the number of ensemble members for the 21% century for each model

Madel SRES
AlB A2 B1
ECHO-5 3 runs 3runs 2runs
MRI-CGCM2 32 5 runs 5runs 5runs
UEMO-HADGEM1 1 run 1 run

Future rainfall projections are evaluated for the selected models under three different
scenarios of Special Report on Emissions Scenarios (SRES), i.e. A1B, A2 and Bl1,
except for UKMO-HADGEML (21) that only has A1B and A2 scenarios. SRES A1B
is part of Al storyline and scenario family. It is differentiated by technological
emphasis that balances the uses of all energy sources (fossil and non-fossil) in the
future by not relying only on one particular source of energy. SRES A2 scenario
family highlights a very heterogeneous world with continuously growing
populations, regionally oriented economic development and technological change
that are more fragmented and slower than in other scenarios. The storyline of SRES
B1 has similar global population as in the Al scenario but with more emphasises on
global solutions with reductions in material intensity and the introduction of clean
and resource efficient technologies. It also emphasises social and environmental
sustainability, including improved equity, but without additional climate initiatives.

Projected rainfall from each model is evaluated based on the percentage of seasonal
climatology differences by calculating the departure of future rainfall projection
(2079-2099 periods) from its simulated historical baseline (1979-1999 periods) and
dividing the result by that baseline value. Separately, the projected rainfall from the
UKMO-HADGEML1 (21) model is also assessed based on its empirical CDF (tested
by using KSDist metric).

Figure 3.11 shows some changes in the projected future rainfall. The ECHO-G (15)
model shows increases in future rainfall projections in most land areas in the region
during DJF and MAM. Considerable increases are found mainly over northern
Australia in MAM with the highest on SRES A1B scenario. During the JJA season,
there is almost no sign of rainfall changes over Indonesia, especially in the SRES B1
scenario. However, some parts of southern Indonesia and northern Australia might
experience rainfall decreases during winter (dry season) up to 40%, a big number in
relative terms, but probably with little absolute impact, given the seasonally dry
conditions at that time of the year. However, this trend continues into spring (SON)
affecting a wider area over the southern Indonesian region that might lead to
prolonged dry seasons and to delay in monsoon onsets (see Figure 3.11a). This has
potentially far greater consequences than the projected decline in winter rain.

43



"2V pue g1v S34S (T2) TINIDAVH
-OINMN (9 pue ‘Tg pue gv ‘aTVv SIS (LT) Z'€2NIDD-14N (0 ‘Tg pue gv ‘'dTV SIHS (ST) 9-OHD3 (e :S01Ieu3ds SIYS JUSIjIp
99141 Y1IM S|apOoW Palda|as aaay) WoJ) auljaseq [eda1101s1y pue |jejurel aanny pa1osload usamiaq saoualaylp Jo abejuadiad :IT°E a4nbi4

9 T 1 &8 9 ¥ T 0T ¥ 98 1I- T 9

IR T T T T T T T T T T

%001 X

o0FT+ o071+ o007+ o0FT+ o071+ 00T+ o0FT+ 0TI+ o001+

(17 INIOHAVH 0IDIN (LD T TO TN (SD 9-0HIT-ENIN

44



Different from the ECHO-G (15) models, the MRI-CGCM2.3.2 (17) model tends to
show no changes in future rainfall over land during DJF, although there are some
downward or upward changes in several parts of the region (mostly the changes do
not exceed 20%; Figure 3.11b). In this model, over most parts of Indonesia and
northern Australia future rainfall shows an increase in MAM and a decrease in JJA,
except for the SRES B1 scenario where upward changes appear in most of northern
Australia during JJA. Indication of a prolonged dry season is projected by all SRES
scenarios in most part of the Austral-Indonesian region. This is related to a delayed
monsoon transition during SON, particularly over southern Indonesia (this tendency
is stronger in the MRI-CGCM2.3.2 (17) than in the ECHO-G (15) model).

a) Austral-Indonesian Region (20°S-10°N) b) Ind ian Maritime Conti (10°S-10°N) ¢) Northern Australia (20°S-10°S)
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Figure 3.12: CDF of projected future rainfall of HADGEM1 (21) model on two
SRES scenarios: A1B and A2 compared with its 20c3m simulation and observation:
a) Austral-Indonesia, b) Indonesia, and c¢) northern Australia.

15

The UKMO-HADGEM1 (21) projects more distinct rainfall changes over the ocean
area, particularly during the DJF season. At the same time, the terrestrial rainfall
appears to increase over most equatorial parts of Indonesia and decreases over the
western part of northern Australia. In contrast to other models, the UKMO-
HADGEML1 (21) projects considerable increases during JJA particularly over the
west of the northern Australian region, Java, Bali and Nusa Tenggara. Some rainfall
decreases are shown over the east of northern Australia during the same season. The
future rainfall seems to simulate an inverse pattern of historical rainfall over northern
Australia (see Figure 3.4 on UKMO-HADGEML1 (21)). It is suspected that the
increase in future rainfall is due to the shifting of false rainfall propagation into the
western part of northern Australia. Therefore, the rainfall declines during the
monsoon transition in SON could be a sign of prolonged dry conditions (not the
shifting of dry conditions) that can cause some delays in monsoon onset.
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Specific assessment of the future rainfall probability distribution using CDF for the
HADGEM1 (21) model shows that the SRES A1B projections exhibit more extreme
rainfall than SRES A2 scenario and historical (20C3M) simulations at all seasons,
except in SON (Figure 3.12). The simulated rainfall for the whole region and for
Indonesia only is consistently larger than the observed CRU data. Here, the
probability of extreme rainfall is much higher for the Indonesian region than for
northern Australia. This is likely to be associated with rainfall overestimation over
the mountainous region in Papua. The reason is possibly due to the model sensitivity
in responding to detailed topographical features in the relatively high resolution
model.

3.6 Summary

Simulated rainfall for the Austral-Indonesian region from 21 CMIP3 GCMs
(previously used for the IPCC AR4) is assessed in this study. The assessment is
based on climatological consistency, interannual variability and trends during the late
20™ century, and projected future rainfall scenarios. The main results of this study
are summarised as follows:

e Most of the models are able to reproduce a uni-modal monsoonal pattern
despite their inadequacy to correctly estimate the rainfall amount due to false
rainfall as a result of the double-ITCZ problem as identified in previous
studies (Dai 2006; Lin 2007).

e The rainfall mismatch in the studied region are mainly associated with (i)
unrealistic locations of maximum rainfall, (ii) average position of the ITCZ
which is mostly caused by a narrowing or widening of its meridional
properties, (iii) the distribution of rainfall over land and ocean, and, (iv) likely
problems in simulating large-scale convections associated with the monsoon
circulations.

e The ECHO-G (15) is found to be the best model in simulating the rainfall
amount for the whole land and ocean area during DJF and JJA, while MRI-
CGCM2.3.2 (17) is best during MAM and SON. Both models are chosen
based on the CAD criteria that indicate good model performances based on
their ability to simulate the rainfall amount. Using the KSDist criteria,
UKMO-HADGEML1 (21) is selected as the best-performing model based on
its ability to consistently simulate terrestrial rainfall distributions (CDF).

e The interannual variability and trends of the simulated rainfall are found to be
far from agreement with observations. Although there are several models that
perform better in response to ENSO and trends more similar to the observed,
their performances are inconsistent across seasons. Only two models (CSIRO
Mk3.0 (4) and GFDL-CM2.1 (6)) are able to consistently simulate downward
rainfall trends in all seasons similar to the observed.

e The assessment results of the future rainfall scenarios (SRES AlB, A2 and
B1) from the three best-performing models (i.e. ECHO-G (15), MRI-
CGCM2.3.2 (17), and UKMO-HADGEM1 (21)) vary between models,
particularly in simulating DJF and JJA rainfall in the region. However, in
general, the models agree in terms of their simulated rainfall changes with
some increases during MAM and decreases during SON especially for
southern Indonesia and northern Australia. The rainfall changes during
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monsoonal transitions may lead to prolonged wet and dry seasons for those
particular regions.

Based on the methods and results from this study, it is suggested that an
improvement of spatial resolution in the model is beneficial particularly for the
Indonesian region as it provides better representation of land-sea distribution and
topography resulting in better simulation of physical processes driving rainfall in the
region. It is also suggested that a combination of improved horizontal resolutions and
better representation of the ocean component would possibly result in better rainfall
simulations for the Austral-Indonesian region. Better physical representation of
ocean, combined with good quality simulated SST patterns might generate better
ocean-atmosphere coupling to reproduce more realistic rainfall. Therefore, a further
study to investigate the significant role of regional/local SST in moderating the
impact of large-scale climate drivers on producing the rainfall variability is essential.
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Chapter 4 The Impact of Regional SST on Rainfall
Variability

Improving our understanding of the role of regional SST plays in moderating the
effect of large-scale climate drivers on various timescales is important, particularly in
an attempt to advance simulated SST patterns for reproducing more realistic rainfall
simulations in climate models. In this Chapter, the study investigates this by
identifying and analysing the patterns of seasonal rainfall and SST in the Austral-
Indonesian region in order to trace their links with large-scale climate drivers such as
ENSO, 10D and IPO. The analyses also separate the data into different periods based
on different phases of climate regime shifts during the 20™ century. The main
findings of this study accentuate the importance of using regional SST data in order
to improve our understanding of the rainfall variability and its driving mechanisms
across different time-scales.

4.1 Background

It has been suggested that the study of tropical climate should include the role of
ocean dynamics in the regulation of tropical sea surface temperature (SST) (Clement
et al. 1996). The SST is changing the flux of the ocean sensible and latent heat
(Holton 1992) and controlling the water vapour content of the atmosphere by cooling
the ocean through evaporations (Clement et al. 1996). Climate model studies show
that too strong a coupling between local SST and tropical convections leads to
excessive convective precipitation, the simulation of unrealistic rainfall, and the
formation of a double-ITCZ (Dai 2006; Lin 2007). Hence, enhancing the ocean
components in climate models is essential, in particularly through better
representation of local SST (Chung & Ramanathan 2007; Dai 2006) that could
improve ocean-atmosphere coupling for better rainfall simulations. In the Austral-
Indonesian region where rainfall variability is strongly related to large-scale coupled
ocean-atmospheric processes such as monsoons (e.g. Ananthakrishnan 1977,
Bhaskaran & Mitchell 1998; D'Arrigo et al. 2006; Hackert & Hastenrath 1986;
Hastenrath 1987), the Madden-Julian Oscillation (MJO) (Donald et al. 2006;
Potemra et al. 2002; Shinoda et al. 1998; Waliser et al. 2003; Wheeler et al. 2009),
the El Nifio-Southern Oscillation (ENSO) (e.g. Chang et al. 2004; Haylock &
McBride 2001; Hendon 2003; Kirono et al. 1999), the Indian Ocean Dipole (I0OD)
(Ashok et al. 2003; Boer & Faqgih 2004; Cai et al. 2005a; Saji et al. 1999) and the
Interdecadal Pacific Oscillation (IPO) (Folland et al. 1999, 2002; Meinke et al. 2005;
Power et al. 1999a), the role of regional and local SST in moderating large scale
climate processes needs to be scrutinised.

In addition, the complexity of geographical positions surrounded by vast waters and
topographical features of the Indonesian Maritime Continent region (Aldrian &
Susanto 2003), requires detailed analyses of the effect of ENSO (e.g. Chang et al.
2004) or any other indices of the rainfall variability in the region. The scrutiny
should also apply to regional SST patterns due to complex interactions and dynamics
among the local seas, and as a response to the Pacific and Indian Oceans’ variability.
Given that the changes on interdecadal climate drivers in the Pacific, such as IPO
(Folland et al. 1999, 2002; Meinke et al. 2005) is associated with ENSO and 10D
conjunctures (Saji & Yamagata 2003; Salinger et al. 2001; Wang et al. 2008), its
low-frequency variability could impact on climate-related components such as
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rainfall, surface temperature, stream flows and wheat crop yields (Power et al.
1999a). The analysis of the regional SST patterns could provide more understanding
on the role of regional SST in moderating the effect of ENSO, 10D and IPO on
rainfall variability as well as in contributing on the interaction processes among the
climate drivers, particularly between ENSO and IOD where their independency
remains controversial (Allan & Coauthors 2001; Dommenget & Latif 2002;
Dommenget et al. 2006; Fischer et al. 2005; Saji et al. 1999; Saji & Yamagata 2003).
Further analysis in this thesis presented in chapter 5 will contribute to the debate on
the independence between ENSO and 10D using GCM simulation for the period
1800-2300.

In this Chapter, results from the empirical orthogonal function (EOF) analysis are
discussed. EOF is applied in order to investigate the rainfall and SST patterns in the
Austral-Indonesian region on a season-by-season basis and to investigate their
relationship with interannual and interdecadal large-scale climate. Further, the
patterns analysis will also be conducted on different time periods associated with
well-known climate regime shifts that are already identified in many studies.

4.2 Data

This analysis uses the monthly SST dataset (HadISST SST Version 1.1) with a 1°x1°
global resolution that is constructed from quality-improved observations (Rayner et
al. 2003). The dataset is used to (i) identify the dominant patterns of regional SST,
(ii) to reconstruct the Nifio 3.4 ENSO index (120°W-170°W, 5°S-5°N) and the 10D
index (dipole mode index, DMI) calculated from the difference of two SST regions
in the western (40°E-70°E, 10°S-10°N) and east-/south-eastern (90°E-110°E, 10°S-
0°) Indian Ocean. The index of SST anomaly from Nino 3.4 region is usually used to
measure the strength of ENSO events that is associated with interannual rainfall
variability in the Austral-Indonesian region. An increase (decrease) of SST anomaly
in this region corresponds to a decrease (increase) of rainfall in the region. Similarly,
the DMI is used to measure the strength of climate drivers in Indian Ocean that is
also associated with rainfall variability in the Austral-Indonesian region. Positive
(negative) DM is related to an increase (decrease) of SST anomalies in the western
Indian Ocean and a decrease (increase) in the east-/souetheastern Indian Ocean that
linked with rainfall decreases (increases) in some part of the Austral-Indonesian
region.

In addition, observed sea level pressure (SLP) data (HadSLP2) is used to investigate
the atmospheric conditions that relate to changes of SST and rainfall in the region.
This study also uses IPO index obtained from dataset calculated by Folland et al.
(2002). The index is a projected unfiltered monthly SST dataset (Rayner et al. 2003)
onto the third EOF mode of global variance of low frequency filtered SST data for
period 1911-1995 analysed by Folland et al. (1999).

Rainfall data is obtained from the Climatic Research Unit (CRU) dataset known as
CRU TS2.1 (Mitchell & Jones 2005). The dataset is constructed from monthly
weather observations and interpolated to a 0.5°x0.5° grid covering the global land
surfaces for the period 1901-2002. All data used in this study is normalised prior
further analyses by removing the long term mean and dividing the result by the long
term standard deviation. The datasets are described in more detail in Chapter 2 of this
thesis.

49



4.3 The structure and connectivity of seasonal rainfall and SST

Interannual rainfall variability in the Austral-Indonesian region is associated with
large-scale climate drivers such as the El Nifio-Southern Oscillation (ENSO) and the
Indian Ocean Dipole (IOD). The impacts of those climate drivers on rainfall
variability lead to varying skills in seasonal rainfall predictability (McBride et al.
2003). Haylock & McBride (2001) find that the ENSO-rainfall relationship is
particularly weak during the Australian summer monsoon period in DJF. Chang et al.
(2004), however, argue that this particular finding is disputable due to the averaging
procedure applied to rainfall data. By dividing the Maritime continent into three
regions, Chang et al. (2004) find opposite correlations between the western and
eastern part of the region. This seems to be due to geographical and topographical
factors. The finding of this study emphasises the significance of scrutinising the data
in order to avoid technical bias. A more advanced study that scrutinises the rainfall
data for similar purposes has been conducted by Aldrian & Susanto (2003). In this
study, the main Indonesian rainfall characteristics are identified before analysing
their connections with ENSO and local SSTs. The inconsistent results obtained from
these previous studies encourage the application of a range of methods for analysing
the seasonal rainfall and regional SST relationship.

The EOF analysis is a useful method to investigate the leading empirical time-space
patterns of an ocean/climate variable (Kawamura 1994; von Storch & Zwiers 1999).
It is used in climate studies to analyse the empirical patterns of near-global or global
SST data associated with ENSO (e.g. McBride et al. 2003; Wang & An 2005), 10D
(Saji et al. 1999) and IPO (e.g. Folland et al. 1999; Meinke et al. 2005). Given that
the method is quite sensitive to domain selections (Aldrian & Susanto 2003) and
often overlooks local or regional variations when analysing global data, this study
performs calculations on a regional level to clearly delineate time-space patterns of
rainfall (e.g. Juneng & Tangang 2005) and SST for the region of interest.

4.3.1 Rainfall patterns and connectivity with climate drivers
4.3.1.1 Seasonal rainfall patterns, 1901-2002

This study investigates the rainfall patterns in the Austral-Indonesian region by
focusing the analysis on seasonal time series data (Figure 4.1). This season-by-
season rainfall analysis is performed by analysing the leading patterns of CRU TS2.1
precipitation data based on EOF analysis. The explained variance of each EOF mode
is presented in Table 4.1. The approach scrutinises seasonal rainfall patterns
applicable to trace the effect of regional and large-scale climate drivers and can
complement the findings of previous studies (e.g. Aldrian & Susanto 2003) by
providing more detail of SST-rainfall relationships.

Table 4.1: Explained variance from each EOF mode (%)

DJF MAM JJA  SON
EOF1 22.0 15.4 215 39.1
EOF2 9.8 1.3 16.1 9.2
EOF3 8.5 7.8 7.0 5.4
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CRU Precipitation: DJF (1901-2002) CRU Precipitation: MAM (1901-2002) CRU Precipitation: JJA (1901-2002) CRU Precipitation: SON (1901-2002)
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Figure 4.1: The first three EOF eigenvectors calculated to identify the leading time-
space seasonal CRU TS2.1 rainfall patterns for the period 1901-2002; EOF
eigenvectors (top) and principal component (PC, below). Red bars correspond to
positive PC time series, while blue bars point to negative.

Figure 4.1 shows the first three leading EOFs signifying seasonal rainfall patterns in
the Austral-Indonesian region. The first mode (EOF1) denotes rainfall patterns over
northern Borneo and northern Australia represented by positive eigenvectors during
the Austral summer monsoon peaks (DJF). A similar positive pattern over northern
Australia is still visible in the same mode during monsoon transition (MAM)
evidenced by a distinct positive eigenvector over northern Australia’s coastal region.
These positive patterns similarly cover several areas in southern Indonesia, such as
over East Java, some parts of Nusa Tenggara and southern Papua (including Papua
New Guinea) (see Figure 1-1 for geographical information). Temporal pattern of the
region with positive eigenvectors can be seen in PC time series shown in Figure 4.1,
while the temporal component of the regions with negative eigenvectors can be
shown by the inverse values of PC time series shown by the same figure. Here,
further analysis linking the time-space patterns of seasonal rainfall in Figure 4.1 will
be presented in the next subsection.
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During the JJA season, the pattern shows similar eigenvector patterns in most areas
of Indonesia and northern Australia, with slightly disparate values over parts of
Borneo, Sulawesi, and the Papua Islands. A considerable spatial pattern appears in
the next season over Indonesia. This region is correspondingly identified as the
‘south monsoonal’ region characterised by one annual rainfall-peak from November
to March (Aldrian & Susanto 2003). The patterns are likely to be related to monsoon
onset affecting the region (Moron et al. 2009).

In the second mode (EOF2), the high eigenvector pattern of DJF rainfall is mostly
located over northern Borneo, northern Sumatra, eastern Java, some parts of
Sulawesi and Papua, and eastern Malaysia. Near-similar rainfall over northern
Australia is inversely represented through negative eigenvectors. These negative
patterns also cover the area of northern Australia and small parts of Indonesia.
During MAM, the EOF2 shows another distinct pattern over Borneo that is slightly
shifted to the centre of the Island. The EOF2 only adds 9.8% of total variant in DJF
and 11.3% in MAM (Table 4.1). During JJA and SON, the EOF2 shows positive
patterns in most parts of the region with relatively strong negative eigenvectors in the
eastern part, particularly around the mountainous region over Papua during JJA. In
the following season (SON), some positive patterns are dominant over the southwest
of Indonesia such as in southern Sumatra, most of Java, Bali and some parts of Nusa
Tenggara.

The changing of rainfall signatures over northern Australia indicated by an upward
trend over the western part and a downward trend in the eastern part (Shi et al. 2008)
are captured by the third mode (EOF3) of DJF rainfall, which adds 8.5% of the total
variance. Although the changes in trends of rainfall over both areas cannot be seen
explicitly in Figure 4.1, the difference between the west and east part of the region is
distinctive in the Figure. During MAM, EOF3 shows positive patterns mostly over
Borneo with opposite signatures over Papua. The third mode during the JJA season
indicates a negative pattern over Papua while it opposes the patterns in other regions.
For SON season, the EOF3 corresponds to the rainfall patterns over the west coast of
Sumatra Island, indicating strong local influences on rainfall. This pattern has similar
properties with the rainfall over north-eastern Borneo.

4.3.1.2 Relationships of rainfall patterns with Indo-Pacific SST and SLP
anomalies

In this subsection, a further analysis is performed to understand the link of the
rainfall patterns with possible climate drivers such as ENSO and 10D. Figure 4.2 and
4.3 demonstrate details of the correlation between the temporal components of
seasonal rainfall patterns with Indo-Pacific SST and SLP anomalies. It is shown that
strong correlations occur mainly with the first PC. The correlated area within SST
regions is varying seasonally with the smallest area and the weakest correlations are
found in MAM season (Figure 4.2). In this season, there are only a few small regions
in the south-western Indian Oceans that are negatively correlated with the rainfall
indicating that the variability of rainfall in the region during MAM is not much
influenced by the climate variability in the Indian Ocean. Meanwhile, significant
negative correlations at 5% level during this season appear over the area similar to
the Nifo 4 region (160°E-150°W, 5°S-5°N) accompanied by near-symmetric
positive correlation regions in the northern and southern hemispheres around 30°
latitude, as well as over the sea along the east coast off Papua and Australia. Further,
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those SST regions will continue to develop during other seasons, i.e. JJA and SON.
They will form a ‘boomerang-like’ pattern in SST anomalies as identified in a recent
study (McBride et al. 2003). The boomerang-like pattern can be identified in Figure
4.2 from the formation of a region that symmetrically links the SST anomalies over
the northern and eastern Pacific region with an angle forms around the Austral-
Indonesian region.

In Figure 4.3, the locations where the rainfall indices are correlated significantly with
SLP are not exactly comparable with the SST correlation regions. A similar instance
regarding the disagreement of locations between SST and SLP are mentioned in
several studies (e.g. Li et al. 2003). A little dissimilarity that we found in the
correlation maps of rainfall patterns with SST and SLP is most likely due to the
differences of spatial-temporal distributions of both SST and SLP datasets, including
the difference in spatial grid resolutions (see chapter 2, subsection 2.1.1). Although it
is logical that an increase (decrease) of SST will associate with a decrease (increase)
of SLP, however, their spatial distributions will not be 100% similar. These are
mostly related to the differences in the properties of those two variables (e.g.
difference in heat capacity between ocean and atmosphere) as well as the
dissimilarity of both variables on their spatial distributions where the SST only
covers ocean, while SLP covers both ocean and land. All of these differences affect
their time-space distributions and climatology (see Figure 2.2), which then influence
the correlation results with the rainfall. Here, Figure 4.3 indicates that the leading
rainfall index in MAM demonstrates considerable negative spatial correlation with
SLP over the Austral-Indonesian region, particularly in the western part. Conversely,
a spatial positive correlation is shown over an extended area in the central Pacific
region with the highest correlation being found in the southern part.

The correlation areas between the rainfall index and SST anomalies increased
strongly during JJA, as shown in Figure 4.2 by an area that extent over the tropical
Pacific region opposite to a broader area in the Austral-Indonesian region and the
eastern part of Australia within the southern Pacific region. Concurrently, there is
also a significant correlation pattern over the western Indian Ocean region indicating
the development of SST dipole mode (I0D) that affects rainfall, although the western
area does not exactly correspond with those defined by Saji et al. (1999). The
combination of correlated regions resulted in a tripole SST region affecting the
rainfall variability in the Austral-Indonesian region. Given that the Austral-
Indonesian region is at the centre of this tripole form, it indicates the importance of
the regional SST changes in directly affecting the rainfall and as an agent to deliver
the effect of Indo-Pacific climate drivers, i.e. ENSO and IOD on rainfall variability.
Nevertheless, the correlation field with SLP once again signifies little differences
compared to the SST correlation fields. A plausible explanation of this mismatch has
been described in previous paragraph. The negative correlation with SLP located
over the Austral-Indonesian region seems to widely extend into the western Indian
Ocean indicating no sign of dipole mode in the region, although we can find that the
positive correlation region in the SLP over the western Indian Ocean seems to shift
further south between 30° and 60°S. Therefore the only distinct pattern in the SLP
correlation field is a dipole between the Pacific and the Austral-Indonesian region
that extends into the western Indian Ocean region.
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Figure 4.2: Spatial correlations between the first three EOFs of seasonal rainfall
with Indo-Pacific SST anomalies (1901-2002 periods). The correlation area is
significant at 5% significance level.
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Similar conditions in regards to the SLP correlation fields consistently occur during
Austral spring (SON), at a time of monsoonal transition. This is the season where
many studies found the phase-lock between ENSO and 10D and their dominant
effect on rainfall variability. Generally, the phase-locking occurs when individual
behaviour shifts to a collective behaviour (Briggs & Peat 1989). In this case, ENSO
and 10D occur at the same time, which usually can be optimally found during SON.
The EI Nifo-like conditions are often prolonging the dry season and delaying wet-
season onset in the region (Boer & Fagih 2004; Haylock & McBride 2001; Lo et al.
2007; Moron et al. 2009). The effects of both ENSO and 10D can be seen through
the broadening of SST correlation fields over the ENSO region in the central and
eastern Pacific regions as well as over the western Indian Ocean (Figure 4.4; MAM,
EOF1). However, noting that the sign of 10D only appears on the correlation of
rainfall index in the first mode with the SST but not with the SLP anomalies, it could
possibly be an indication of ENSO domination on the rainfall variability in the region
characterised by the dipole of SLP between Pacific and the Austral-Indonesian
region. A further possibility is that the SST patterns that form the 10D are strongly
associated with ENSO variability in the Pacific Ocean (Allan & Coauthors 2001,
Dommenget & Latif 2002; Dommenget et al. 2006) and the association is irregular
due to inconsistent responses of the regional SST variability in the Austral-
Indonesian region. Nevertheless, further studies are needed in order to enrich the
debate on such special issues.

During the Austral summer season (DJF), the spatial negative correlation field that
previously appeared over the western Indian Ocean in JJA and SON seasons moves
eastward into the western Austral-Indonesian region and interferes with the SST in
the South China Sea region. This condition suppresses the positive correlation field
eastward into the eastern part of Austral-Indonesia, over the western Pacific region.
Given that the confluence between those two different correlation fields is in the
centre of the Indonesian region, it indicates the importance of local ocean properties
characterising the regional SST pattern and in affecting the rainfall. This could be the
reason why the effect of ENSO during northern winter is found to be opposite
between the western and eastern part of the Indonesian region (Chang et al. 2004).
Several studies have addressed the role of the Indonesian throughflow (ITF) in
transferring ENSO signal into the Indian Ocean (Annamalai et al. 2003; Song &
Gordon 2004; Susanto et al. 2001; Zhao 2004). Nevertheless, during this period in
DJF, the ITF is weakened by the intrusion of surface water flow from the SCS into
the Java Sea and the southern Makassar Strait (Gordon et al. 2003).

While the study has discussed the distinct relationship of the first mode of rainfall
indices with the Indo-Pacific SST and SLP anomalies, the correlations of these
variables with the second and third modes appear much weaker. The only prevailing
correlations occur in the second mode of rainfall index during DJF season. Despite
others, the third mode of rainfall index in DJF has shown an opposite pattern
between the western and eastern northern Australian region (Figure 4.1; DJF, EOF3).
Those patterns correlate positively with SST and in the South China Sea and also
with SLP over the east of northern Australia.

In general, the method used in this study by investigating the relationship between
specific time-space rainfall patterns in Austral-Indonesia resulted from the EOF
analysis with the SST and SLP anomalies have addressed some key understanding on
season-by-season rainfall variability and its possible driving factors related to the
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ocean-atmosphere interaction. Such analysis can clearly determine the dominant
patterns of SST and SLP anomalies in the Indo-Pacific region that affect the rainfall
variability. Here the study highlights the importance of the Austral-Indonesian region
in responding to the variability by Indo-Pacific climate drivers. In the next
subsection, we will focus on the leading patterns of regional SST in order to obtain a
better understanding of the role of SST in modulating the impact of large-scale
climate drivers on rainfall variability within the region.

4.3.2 Regional SST patterns and their link with rainfall anomalies
4.3.2.1 Regional SST patterns, 1901-2002

Using the method outlined earlier, Figure 4.4 shows the first three leading EOF
signifying regional SST patterns. The explained variance of the EOF is shown in
Table 4.2. A strong pattern represented by high eigenvector values appears around
the South China Sea (SCS) region during DJF and slightly reduce during MAM. It
then changes into the east-/southeastern of the region particularly over Arafura Sea,
the Gulf of Carpentaria and the Coral Sea regions during JJA and turns stronger in
SON (Figure 4.4a). The temporal patterns of this first mode are related to SST rise
(Goreau et al. 2005) (Figure 4.4b) and are possibly associated with surface warming
due to climate change.

Table 4.2: Explained variance from each EOF mode (%)

DJF MAM JJA  SON
EOF1 37.3 48.3 50.1 49.8
EOF2 223 14.9 13.6 16.1
EOF3 7.5 6.7 8.9 5.7

Despite the sign of temperature rise, the distinct pattern over the SCS during DJF and
MAM possibly conforms to the ocean dynamics as indicated in the second EOF
mode (EOF2). It is found that the regional SST pattern for DJF is consistent with the
correlation pattern between the first mode of rainfall patterns against the SST
anomalies (Figure 4.2; DJF, EOF1). Gordon et al. (2003) found a strong surface
current that flows from this region through the Java Sea, causing a reduction of the
ITF in the Makassar Strait during boreal winter. This condition is also weakening the
role of the ITF in transmitting ENSO signals to the east/southeastern Indian Ocean
and western Indonesia (Susanto & Gordon 2005). As a result, there are distinct
opposite patterns between the SST in this region and the SST in the eastern part of
Indonesia.

In contrast to the second mode of regional SST in DJF and MAM that demonstrate
an opposite pattern between SCS and the eastern seas in Indonesia, the regional SST
in JJA and SON show distinctive patterns along southern Indonesian waters. The
eigenvectors are strongly concentrated in the Banda Sea, the Arafura Sea and
southeast coast of Papua New Guinea (PNG) and weaker around Java, particularly
during SON period. The patterns are consistent with the correlation field of the EOF1
of rainfall patterns against SST anomalies during the same seasons (Figure 4.2; JJA
and SON, EOF1). One possible association regarding these conditions is the
intensification of the ITF supported by the distribution of more saline Banda Sea
water into the southern Makassar Strait (Gordon et al. 2003). It will possibly allow

57



SST dominations in controlling and optimising ENSO effects on rainfall variability
during the seasons.

SST: DJF (1901-2002) SST: MAM (1901-2002) SST: JJA (1901-2002) SST: SON (1901-2002)
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Figure 4.4: As Figure 4.1, but using SST data within the 1901-2002 period for the
Austral Indonesian region; EOF eigenvectors (top) and EOF scores (below).

In addition, in the regional SST patterns represented in the third mode, there seems to
be another process that characterises the SST patterns in the Austral-Indonesian
region. Occasionally, patterns develop in northern Indonesia during DJF and MAM
seasons and move into south-western Indonesia during JJA and SON seasons. The
process seems to transport the SST signal from the SCS region into the coast off
Sumatra and Java. Given that the SST pattern appears around the region linked to the
IOD (Saji et al. 1999), this could be another signal that triggers the 10D variability
despite its relationship with ENSO as indicated in subsection 4.3.1.2. Referring to
Table 4.3 below, it is shown that the third mode of regional SST indices correlate
significantly with the second mode of rainfall indices in JJA and SON seasons.
Those rainfall indices are associated with the patterns in most of the studied region
during JJA, except over some areas in Papua, and with the patterns in most of the
south-western region in Indonesia during SON season (Figure 4.1).
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Considering that those second mode of rainfall indices in JJA and SON seasons only
correlate significantly with the third mode of regional SST indices, it indicates the
independency of these particular SST patterns where their variability during both
seasons might possibly be a cause of an irregular relationship between ENSO and
IOD that obscure the dependency of 10D to ENSO events. In the case where this
regional SST pattern coincides with the ENSO signal into the south-western
Indonesian region, the effect on the rainfall variability could be considerable.

Table 4.3: Correlations between PC time series of regional SST and rainfall. Bold
values show significant correlations at 5% significance level.

Austral-Indonesian rainfall (CRU TS2.1 dataset)

Indices PC1 PC2 PC3

DJF  MAM JJA  SON DJF  MAM JJA  SON DJF  MAM JJA  SON
PC1  DJF -0.23 * 0.13 0.18 *
MAM 0.02 0.12 -0.05
JJA 0.43 *** 0.06 017 *
SON 0.57 *** 0.05 0.01

PC2  DJF 0.47 *** 0.52 *** -0.09
MAM 0.19 * 0.18 * 0.12
JUA 0.51 *** -0.03 0.21 **
SON 0.68 *** 0.15 0.12

PC3  DJF 0.23 * 0.15 0.14
MAM -0.22 * 0.14 0.16
JUA 017 * 0.42 *** 0.13
SON 0.07 0.27 * -0.06

Austral-Indonesian (regional) SST

4.3.2.2 Relationship of regional SST patterns with rainfall and Indo-Pacific SLP
anomalies

Figure 4.5 demonstrates that the relationships between the first mode of SST and
rainfall anomalies are not well established during DJF and MAM periods, although
the correlation in DJF is relatively more skilful than in MAM. In DJF, a positive
relationship with the rainfall appears over some parts of Borneo, Sulawesi and in the
eastern of the northern Australian region while a negative link is shown over central
Sumatra. The poor SST-rainfall relationships observed during both DJF and MAM
seasons are supported by positive response of regional SST in the first mode to the
changing of SLP anomalies over the region (Figure 4.6). Conversely, the connection
between the first modes of regional SST with rainfall is much better in JJA and SON.
The SST variability is found to strongly impact the rainfall in most parts of the
region. This strong relationship is in line with the significant negative correlation
between SST and SLP anomalies.

In the second mode, the connectivity between the SST patterns and rainfall during
DJF seems to be improved. The changing of the SST pattern in the region controls
the rainfall variability over Borneo, some parts of Sumatra, Sulawesi, western and
eastern Java, Bali, Nusa Tenggara, western Papua, and some parts of northern
Australia. The link of the SST and SLP anomalies over Austral-Indonesia and the
Pacific Ocean is found to be oppositely strong during this period. Consistent with
previous findings, the relationship of the second mode of regional SST patterns
against the rainfall anomalies is normally weaker during MAM period. This is
signified by a small correlated region in Indonesia and northern Australia.

59



Correlations: DJF (1901-2002)  Correlations: MAM (1901-2002)  Correlations: JUA (1901-2002)  Correlations: SON (1901-2002)

SST (EOF1) vs CRU Precipitation SST (EOF1) vs CRU Precipitation SST 1EOFI) vs CRU F'lswﬂanon SST (EOF1) vs CRU Precipitation
! L 20N s L 208 L 20 1

! N ) i N @ W N 8
l\t \/J /%’)) Kf \/ /‘e‘? N(\ \.) CE;‘ ! ,\f o /vk
N P N \\ s W :
54 \\\ ol NS0 /et Fod N et Food N3 AR -
A N \ e SRR N S S SR N ) Sad Spiy NN
e 2 \“:g. i o \\ 3 =R
72 7 I\
i ; \} \ " W \)\\\ - " \} \ 0 j
J / L 206 - L s = L 206 —
w0E 120€ 1508 o0E 20k 150E 1208 10 w0e 1208 150E
88T (EOF2) vs CRU Fveeipl(alion SST (EOF2) vs CRU Precipitation SST (EOFZ) vs CRU Fleapllanon SST (EOF2) vs CRU Precipitation
20N 1 20N L L 20N L 20N L
L PRI\ N ™ z
e /5%\ B Y \VJ /%% 'y \/\ }‘g»
< @ RS ~ D 3 e
o S@ \“1/,;5:'? . b0 §* “//;eft- . F oo \ \Mrf"”i F oo }\' Lf £ L
DL S RN S o I L (S N B L oy, "
=2 NS -t g C R ‘—"K 7 25
\ \
. . ALY \ ” /’"}7\}\\ - P ) \ e m\\
— L 20s - | 20s - -
we 1206 e s0e 20 150 s0e a0 50e soc 1206 150e
SST (EOF3) vs CRU Precipitation SST (EOF3) vs CRU Proclpha(lon SST (EOF3) vs CRU Precipitation SST (EOF3) vs CRU Precipitation
20N - > L 20N L 20N > L 20N -
¥ X ] % N ] 1 N 3 O
° 3}&\ (jj%ﬁd?. 3 L o4 Né \'/’/?‘eﬂ?- s L o PS ( L oo .\3\@ {'://?‘e_n»g.
\\‘?\'1 S “Q(‘),K/;N,} 3 \:E;.J i\ "Q“ef\';\’,},, éj\fs b5 {*\\'\ - \\"'LQ::& "“\),&L >
S mpgh NS T gy ANy e k ~ = e s
7 N\ - 7 7
o Ll P 7\)\\ 7\) e 7J\\
b ~— & . [*™] i Bl s [ -~

T T T 1 T T
90E 1206 1506 90€ 1206 150E 90 1206 1506 90E 1206 150E

BT T T T T T —
-08 -04 0 04 08

Figure 4.5: Spatial correlations between the first three EOFs of regional SST with
seasonal rainfall anomalies in the Austral-Indonesian region (1901-2002 periods).

A stronger relationship is commonly established during JJA and SON. For JJIA
period, the correlations are positively high over most parts of northern Australia and
southern Indonesia (Figure 4.5). This corresponds to a distinct SST pattern over the
southern Indonesian region (Figure 4.4; JJA, EOF2) that is strongly linked with the
SLP anomalies in the eastern Pacific region (Figure 4.6; JJA, EOF2) associated with
ENSO variability. During warm ENSO event, increases of SST anomalies in the
eastern and central Pacific regions are associated with the formation of low-pressure
system in the surface atmosphere of the region. Simultaneously, negative SST
anomalies establish in the regional sea within Austral-Indonesia and cause a high-
pressure system associated with less rainfall over the region. Figure 4.5 shows that
the variability of regional SST during SON season influences the rainfall variability
over most of Indonesia except northern Sumatra. This association is weaker over the
northern Australian region. Figure 4.6 demonstrates that during this SON season, the
connectivity of regional SST patterns with SLP anomalies is stronger and covers
broader regions.

Comparable with the finding in subsection 4.3.1.2 (Figure 4.3), the correlation of the
temporal component of regional SST patterns with the SLP anomalies (Figure 4.6)
also shows no dipole over the Indian Ocean. The only strong correlations appear over
the Austral-Indonesian region and the Pacific Ocean. This provides further evidence
of a strong link between the Pacific and the Austral-Indonesian region that
determines the variability in the Indian Ocean.

In general, the overall regional SST-rainfall relationships can be summarised from
the correlation results shown in Table 4.3 that measure the relationships between the
PC time series of the first three leading modes of regional SST and rainfall. The
result shown in this table are consistent with the correlation maps presented in Figure
4.5. For example, strong relationships between the first two PCs of regional SST and
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Figure 4.6: Spatial correlations between the first three EOFs of regional SST in
Austral-Indonesia with seasonal Indo-Pacific SLP anomalies (1901-2002 periods).
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seasonal rainfall anomalies during JJA and SON found in Figure 4.5 are coherent
with the correlations between the first two PCs of regional SST and the first PC of
rainfall as shown in Table 4.3. Moreover, insignificant correlations found mostly in
the Austral-Indonesian region between the third mode of PC time series of regional
SST and rainfall anomalies during JJA and SON (Figure 4.5) are associated with
insignificant correlations with the first PC time series of regional rainfall (Table 4.3).
In contrast, the correlations with the second mode of rainfall PC time series during
both seasons are found to be significant, particularly during JJA. This is linked to the
significantly correlated regions during JJA shown in the third mode of regional SST
in Figure 4.5.

4.3.3 Results of power spectral analysis

In this section, the study uses Fast Fourier Transform (FFT) analysis to identify
interannual to multidecadal variability in regional SST, rainfall and climate indices
of Indo-Pacific climate drivers, i.e. IPO index, Nino 3.4 SST anomalies and Dipole
Mode Index (DMI). The periods are defined by 2.5 to 8 year periods of ENSO-
related interannual variability, 9 to 13 years of decadal variability, 14 to 18 years of
interdecadal and more than 19 years of multidecadal variability (Meinke et al. 2005).
This study analyses the seasonal patterns of regional SST and rainfall up to three
leading EOF modes calculated in the previous section (see Figure 4.1 and 4.4). The
FFT is only calculated for the period of 1901-2002 due to data limitations and for
consistency.
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Figure 4.7: FFT Spectral analyses from IPO, ENSO (Nino 3.4 SST anomalies) and

IOD (Dipole Mode Index, DMI) (1901-2002 periods). Horizontal (x) axis is
transformed into logarithmic scale.
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Here, the variability of three main climate drivers in Indo-Pacific, i.e. ENSO, 10D
and IPO are discussed (Figure 4.7). Figure 4.7 demonstrates that the indices oscillate
on different timescales, from interannual to multidecadal variability. The interannual
components mostly dominate 3.5 and 5.6 year cycles characterising irregularity of
ENSO cycles on the Nifio 3.4 region in all seasons. The distinct power spectrums on
those timescales are found to be consistent with the IPO data, indicating possible
ENSO-IPO dependency. This connectivity is endorsed by their FFT results that
demonstrate consistent decadal timescales around 12.6 year periods. Several studies
have questioned the existence of the IPO as an ENSO-independent driver of
variability. Some studies raise the possibility of the IPO simply representing the low
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frequency variability component of ENSO, essentially a manifestation of an ENSO-
related red noise process without any inherent predictability (Meinke et al. 2005).
This might be a reasonable proposition given that the multidecadal component of
both indices is not fully consistent. It should further be noted that dominant
multidecadal variability in the IPO index is most likely a result of the reconstruction
process obtained from the third EOF of filtered global SST data (Folland et al. 1999).

The interannual periodicity of 10D index demonstrates a strong 5.3 year cycle,
particularly during JJA and SON seasons. This is somewhat similar to ENSO
periodicity that has strong spectral peaks at around 5 year period (~5.6 year). The
similarity of ENSO and 10D periodicities found during JJA and SON provides
logical explanation that is related to the phase-locking events, causing predominant
effects of ENSO and IOD (Annamalai et al. 2003; Gualdi et al. 2003; Yu &
Rienecker 2000). Another dominant cycle is found on a 4.8 year cycle but only
appears in MAM when the ENSO and 10D phenomena are seasonally weak. In
contrast, the 25.3 years multidecadal cycle seems to determine the 10D variability in
all seasons, in particularly during DJF and MAM seasons.

4.3.3.1 Variability of the seasonal rainfall patterns

The power spectra of the seasonal rainfall patterns from three leading EOFs are
analysed to identify their dominant variability (Figure 4.8). The interannual
variability of the first mode of rainfall indices is likely to associate with ENSO. It has
a cycle of between two to eight years, with strong cycles emerging around three and
five years, respectively.
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Figure 4.8: FFT Spectral analyses from the first three leading EOF of CRU TS2.1
seasonal rainfall dataset. Horizontal (x) axis is transformed into logarithmic scale.

Figure 4.8 shows inconsistent periods of decadal to interdecadal components appear
between seasons with oscillatory periods around eight to almost fifteen years. This
inconsistency is probably related to the links between interdecadal climate
oscillations and monsoons (Krisnamurthy & Goswami 2000; Krishnan and Sugi
2003; Wang et al. 2008) that affect variations of IPO/PDO influences on seasonal
rainfall as previously indicated in several studies (e.g. Brown & Comrie 2002). The
figure also demonstrates that the most prevailing multidecadal component is found
during DJF season with 20 to 25 year periods. There are also similar 20.2 year
components in JJA and SON as well as 25.3 year in MAM. The multidecadal rainfall
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variability might be associated with the IPO and could indicate considerable low-
frequency climate signals impacting on rainfall variability in the region.

The second mode also has significant peaks in their power spectra at interannual and
multidecadal time scales during DJF-MAM and during JJA-SON, respectively. In
the third mode, the strong interannual spectrum is found at three years intervals,
while the multidecadal cycle appears every twenty years but is only significant
during DJF and MAM seasons. As it has been mentioned earlier, the rainfall patterns
in the third mode indicate contradictory patterns between the west and east of
northern Australia during DJF (subsection 4.3.1.1). This pattern is possibly related to
the multidecadal variability (20 year periods) of the IPO variability (see Figure 4.7).

In Table 4.4 and Figure 4.9, the study analyses the relationship between the seasonal
rainfall indices and the three well-known climate drivers in the Indo-Pacific, namely
ENSO, IOD and IPO. Here, the climate indices are obtained from HadISST data and
are analysed based on their seasonal time series data, including the IPO index. For
ENSO index, the data is taken from SST anomaly of Nifio 3.4 region (See Section
4.2 for more detail).

The first mode of rainfall indices for the Austral-Indonesian region is significantly
correlated at 1% significance level with all Indo-Pacific climate indices at all
seasons, except with 10D index in MAM that is found uncorrelated (Table 4.4). The
scatter plots of these relationships can be seen in Figure 4.9. The correlation values
are higher particularly during SON (correlation (r) Nifio 3.4 = -0.79, r 10D = -0.60
and r IPO = -0.68). This is followed by correlation values in JJA and then in DJF.
The order is consistent for all climate indices. Especially for SON season, the
correlation value with the Nifio 3.4 region is higher than any of the other indices (r =
-0.79) and is related to the changes in rainfall variability in most of the southern
Indonesian region (see Figure 4.1 (top; EOF1, SON)).

Table 4.4: Correlations between Indo-Pacific climate drivers SST indices with PC
time series of rainfall in the Austral-Indonesian region based on 10% (*), 5% (**),
and 1% (***) significance levels.

Austral-Indonesian rainfall (CRU TS2.1 dataset)
Indices PC1 PC2 PC3
DJF MAM JJA SON DJF MAM JJA SON DJF MAM JJA SON

Nino 3.4 DJF -0.56 ** -0.47 0.12

MAM -0.31 0.14 -0.27

JUA -0.70 0.02 0.08

SON -0.79 *** 0.03 -0.05
10D DJF 0.33 ** -0.01 -0.01

MAM -0.09 -0.04 -0.15

JUA -0.42 ** 0.08 0.03

SON -0.60 *** -0.01 0.05
IPO DJF -0.50 *** -0.28 ** 0.14

MAM -0.26 ** -0.02 -0.25 **

JJA -0.51 * 0.04 0.12

SON -0.68 ** 0.04 0.10

In contrast, the relationship of the first mode of rainfall in MAM season is mostly
lower than any other season. The weak relationship of rainfall in the region with
ENSO index has been reported earlier in a previous study (Aldrian et al. 2003). In
our analysis, this weak association is linked to the rainfall patterns in northern
Australia, East Java, Bali, Nusa Tenggara and Timor, as well as southern Papua (see
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Figure 4.1 (top; EOF1, MAM)). For other regions, there is a chance that the link with
climate indices during MAM is more eminent than in other seasons. This is shown by
the correlation pairs between the third mode of rainfall patterns with Nifio 3.4 and
with IPO index during MAM that significant at 1% and 5% significance levels with
r=-0.27 and -0.25, respectively. The third mode of rainfall is associated with
variability mostly found on the area of north-eastern Borneo and opposite in some
areas over Papua. Nevertheless, it should be noted that this rainfall signature only
represents less than 10% of total variance.

For the rainfall patterns in second mode, its relationships with climate indices are
considerable only during DJF with Nifio 3.4 (r=-0.47) and IPO index (r=-0.48) while
insignificant with 10D index. The similarity of their correlation values indicates a
strong connectivity between ENSO and IPO.
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Figure 4.9: Comparison of the first three leading EOFs of rainfall with the
standardised (a-c) Nifio 3.4 index, (d-f) IOD index, and (g-i) IPO index. The data
used is between 1901 to 2002 periods.

4.3.3.2 Variability of regional SST patterns

Figure 4.10 demonstrates that the first three leading components of regional SST
indices oscillate from high- to low-frequency components differently. It is suggested
that the first mode corresponds to the seasonal changes of SST particularly over the
South China Sea and the Coral Sea region associated with temperature rise over
those particular regions (Figure 4.4). The considerable temperature rise that
characterised regional SST is confirmed by dominant power spectrums on a 50.5
year cycle. This is proven by the index, which is mostly found below normal during
the first half of the century and above normal on the other half (Figure 4.4).
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Figure 4.10: FFT Spectral analyses from the first three leading EOF of regional SST
(1901-2002). Horizontal (x) axis is transformed into logarithmic scale.

In the first mode, the variability of SST is also signified by consistent 14.4 year
interdecadal cycle in every season. This is different when compared to the climate
indices that are dominated by decadal components around 9 to 12 years cycles.
Considering the fact that the 14.4 year interdecadal variability is inconsistent with the
climate indices, further investigations to assess the effect of this component on
rainfall variability is needed. In the FFT of rainfall patterns (Figure 4.8), the sign of
similar 14.4 year cycle can be found on the first mode in MAM and the second mode
in JJA (Figure 4.8). In addition, it should also be noted that the regional SST
variability in this first mode is also influenced by 20.2 year multidecadal component
that is linked to the IPO variability.

Table 4.5: Correlations between Indo-Pacific climate drivers SST indices with PC
time series of regional SST in the Austral-Indonesian region (1870-2006 periods)
based on 10% (*), 5% (**), and 1% (***) significance levels.

Austral-Indonesian SST (HadISST 1.1 dataset)
Indices PC1 PC2 PC3
DJF MAM JJA SON DJF MAM JJA SON DJF MAM JJA SON

Nino 3.4 DJF 0.36 *** -0.72 ¥+ -0.28 ***

MAM 0.33 *** -0.62 *** -0.06

JJA -0.30 *** -0.46 *** 0.35 ***

SON -0.48 *** -0.67 *** 0.19 *
10D DJF 0.06 -0.33 ** -0.04

MAM -0.07 -0.37 ¥+ -0.23

JJA -0.20 * 0.42 *** 0.18 *

SON -0.26 ** 0.68 *** 0.18 *
IPO DJF 0.36 *** -0.50 *** -0.20 *

MAM 0.40 *** -0.36 *** 0.04

JJA 0.11 -0.46 ** 0.49 *

SON -0.22 ** -0.71 *** 0.24 **

Despite the decadal to multidecadal component regulating the variability in the first
mode, the temporal component of regional SST also features interannual variation,
although the power spectrums are not as high as in the lower-frequency timescales
(Figure 4.10). The interannual variability of the first mode is associated with the
ENSO index in Nifio 3.4 region with significant correlations in DJF (r=0.36), MAM
(r=0.33), JJA (r=-0.30) and SON (r=-0.48) (Table 4.5 and Figure 4.11). Table 4.5
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shows connectivity of the regional SST index with seasonal data of the IPO index for
all seasons except in JJA as well as with the IOD index particularly in JJA and SON.

In the second mode, the regional SST shows strong power spectrums particularly on
interannual component (Figure 4.10). This confirms the finding in subsection 4.3.2
where the second mode of regional SST is strongly related to ENSO variability. It is
shown that the prevailing interannual variability is mostly visible at around 3 and 5.6
year timescales, and the correlation with Nifio 3.4, 10D and seasonal IPO index are
relatively significant at all seasons. Among others, the strongest correlations are
found to be consistent during SON season (r Nifio 3.4=-0.67, r 10D=0.68 and r
IPO=-0.71) (Table 4.5 and Figure 4.11). The FFT result also indicates decadal to
multidecadal components that contribute to regional SST variability in the second
mode and are possibly related to low-frequency variability in the Pacific. The power
spectrums of decadal components around 8 and 12 year timescales are considerable
enough to discern the low-frequency variability on this second mode, particularly
during DJF and MAM seasons.
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Figure 4.11: As Figure 4.9, but for three Ieadlngs EOFs of region SST.

The FFT result of regional SST index in the third mode also demonstrates variability
at the range of interannual cycle but with dominant power spectrums existing in
different periods, i.e., at 4.8 year period in DJF, 6.7 year in MAM and JJA, and 5.6
year in SON. Referring to the result already discussed in subsection 4.3.2, possible
explanation for the inconsistency in interannual variability in the third mode is due to
different seasonal responses of regional SST to ocean-atmospheric components in
Indo-Pacific climate system, for example the interaction between the regional SST
with the Indo-Pacific SLP anomalies (Figure 4.6; EOF3). Since the third mode of
regional SST during JJA and SON are related to one of the 10D regions in the west
of southern Indonesia, precisely on the coast off Java and Sumatra, the seasonal
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irregularity of this particular SST mode could be a reason for the irregularity of 10D
that affects its relationship with ENSO as discussed in subsection 4.3.2.1.

4.4 Low-frequency components of regional SST and rainfall

4.4.1 Interdecadal structures

In this subsection, the study investigates the dominant structure of regional SSTs and
their relationship with rainfall variability on interdecadal timescales. The approaches
by Power et al. (1999b) and McCabe and Palecki (2006) are adopted to determine the
leading time-space patterns of the filtered seasonal SST data using EOF analysis.
Filtering the data is aimed to remove the higher frequency spectrums such as ENSO
and to isolate the leading structures of low-frequency components. The method can
be calculated either by performing the low-pass band filter (e.g. Power et al. 1999b)
or by simply using the moving average technique (e.g. McCabe & Palecki 2006;
McCabe et al. 2004). In this section, a moving average is applied in order to isolate
the low-frequency component by using ~14 year filtering window. This ~14 year
window is chosen due to its dominant and consistent power spectrums on the
regional SST data found in the first mode of regional SST index as described in
subsection 4.3.3.2.

Here the study only analyses the first EOF mode of the filtered regional SST data.
The spatial patterns obtained from the analysis show consistent results for all
seasons. Obvious signs of the positive eigenvectors are mostly distributed in several
local SST regions such as the sea off West Sumatra (OWS), the South China Sea
(SCS), the Celebes Sea (CS), part of the Indian Ocean adjacent to West Australia
(OWA), and the Coral Sea and Gulf of Carpentaria (Figure 4.12a). The approximate
geographic areas of those local seas are presented in Table 4.6 and further analysis
regarding their interactions with the inter-decadal climate phenomena will be
discussed later in subsection 4.4.2. Those local SST zones are presumed to have an
active role in regulating the low-frequency variability of regional SST associated
with temperature rise. This is evident from the representation of the temporal
component in the first mode and by the supremacy of positive eigenvector
distributions over the region. The proportion of eigenvalues of this mode is
represented in each season by 72.8% in DJF, 77.2% in MAM, 79.9% in JJA, and
80.6% in SON.

The temporal patterns represent fluctuations of the low-frequency component (Figure
4.12b) and correspond to a periodic warm (cool) phase whenever the value of SST is
positive (negative). In general, four different phases appear during the late 19" and
throughout the 20" centuries but are distributed inconsistently between seasons. The
temporal shifting in DJF occurred in 1932, 1947, and 1972. These slightly differ with
the changes during MAM that are found in 1936, 1942, 1962, 1967 and 1972. The
epochs in MAM similarly happen in JJA season, while the repositioning in SON is
similar to DJF although with different periods occurring in 1935, 1945, and 1965.

The correlation analysis is used to study the low-frequency SST-rainfall relationship.
The leading principal component from the filtered SST data are correlated with
terrestrial rainfall anomalies smoothed using the same 14-year filter. A positive
correlation is related to an increase (decrease) of the regional SST index in low-
frequency timescales that will relatively increase (decrease) the rainfall within the
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region. An opposite situation will occur in the region that is identified with a
negative correlation. The results show that the low-frequency SST-rainfall
relationships vary seasonally over the regions (Figure 6).

In the Indonesian region, varying seasonal correlations are apparent over most of its
main islands, such as Sumatra, Borneo (Kalimantan), Celebes (Sulawesi), Java and
Papua. The rainfall correlation with the first mode of filtered SST shows a strong
positive pattern over all of Sumatra during JJA period. The signs are partially
changed into negatives over the northern part of the region in DJF. The Borneo
(Kalimantan) Island has consecutive negative correlations during DJF to JJA and it
changes into positive in SON. Positive correlations distinctly appear over Sulawesi
Island during transition periods in MAM and SON, while in the other two seasons
the correlations are low. The relationships over Java are mostly positive during DJF
and JJA, while in MAM the signs are negative with prevailing correlation appear in
central Java.

The interdecadal variability of regional SST is also found to strongly affect the low-
frequency rainfall variability over the northern Australian region. Opposite
correlation patterns that appear between the western and eastern part of the region
during DJF season could be a rational explanation of the rainfall rise over North
West Australia. Based on those correlation patterns, an increase of low-frequency
regional SST index is associated with an increase of rainfall in the west of northern
Australia and a decrease of rainfall in the eastern region. The opposite rainfall
changes in both areas is also related to interannual changes of SST and SLP
anomalies as already discussed in subsection 4.3.1.2 (see Figure 4.1, 4.2 and 4.3;
DJF, EOF3).

In other seasons, the positive correlation pattern changes in MAM season to the
centre and eastern part of the northern-Australian region with the positive sign
remains in the northern part of Queensland. In JJA season, the low-frequency SST-
rainfall relationship is strong over the Northern Territory. This condition changes in
the next season (SON) where most of the positive correlations are spread over the
centre and eastern part of the Northern Australian region.

4.4.2 Rainfall climatology and low-frequency modulation of local SSTs

In this subsection the study analyses interdecadal variability of local seas in the
Austral-Indonesian region and their interactions with the low-frequency climate
indices. From the analysis previously performed in subsection 4.4.1, the study
identified five local SST zones based on the EOF analyses (Figure 4.12a). Those
local zones (listed in Table 4.6) are presumed to have an active role in regulating the
low-frequency variability within the region and play a significant role in impacting
the rainfall variability. To analyse each of the selected region, the SST data extracted
from these local seas are filtered using 14 years cycle as indicated in subsection 4.4.1
and the results are shown in Figure 4.13.

The IPO index (Folland et al. 1999, 2002) is used to compare the variability of each
local SST to investigate their response to interdecadal climate drivers. The index is
similarly filtered using 14 years moving average as the local SST data. As a note of
caution, the simple filtering method used in this analysis might slightly alter the
period of the well-known climate regime shifts. Nevertheless, it will not significantly
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change the main low-frequency pattern found in the data. In addition, the study also
uses the Pacific Decadal Oscillation (PDO) data (Mantua & Hare 2002; Mantua et al.
1997), but due to its similarity with the IPO, the study will only refer to the IPO for
this analysis.
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Figure 4.12: Interdecadal variability of regional SST data, a) EOF eigenvector of 14
year filtered regional SST data, b) EOF scores from the same EOF analysis, and c)
correlation of EOF scores with 14 year filtered rainfall.

The sign of interdecadal variability in the local SSTs influenced by the large-scale
climate index is evident. This is shown by the fluctuation of local SSTs that follow
climate indices, although it is not dominant due to significant discrepancies with the
SST variability associated with the strong properties of the local seas. The
differences are likely caused by significant temperature rise in the local SSTs where
in the first half of the century they show as cool phase (negative anomalies) and in
the other half they tend to be on warm phase (positive anomalies). This is not the
case for the IPO index where there is no trend of their temporal pattern.
Consequently, the long-term modulations found in the IPO do not match with the
epochs found in local SST anomalies. For example, between 1901-50 periods when
the IPO experienced two positive phases, the local SSTs remained negative.
Conversely, during the cool phase of the IPO in around 1950-80 periods, the local
SSTs are less cool. In fact, for several local SST such as in the CS-GC region, the
SST anomalies change into positive after 1970.

Further, the study investigates the link between the SST rises in the local seas and the
rainfall anomalies on different phases of the Indo-Pacific climate regimes. Here the
rainfall anomalies divided into three different phases of climate epochs are calculated
based on their departure from 1901-2002 reference periods. Those three different
periods are negative phases within 1947-1976 and two positive phases in the 1925-
1946 and 1977-2002 periods.
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Table 4.6: Identified local SST zones with strong eigenvectors obtained from
interdecadal regional SST analysis

Region Latitude  Longitude
West Coast off Sumatera and Malacca Strait ~ 5°S—10°N  90° — 100°E
South China Sea Eq°-15°N 105° - 115°E
Celebes Sea 5°S-10°N 115°-125°E
South Indian Ocean off West Australia 25°-15°S 100° - 115°E
Coral Sea and Gulf of Carpentaria 25°-10°S 135°-158°E

In Figure 4.14, the rainfall climatology confirms negative rainfall anomalies
dominating the Austral-Indonesian region during 1925-1946 periods in most of the
seasons. Interestingly, it is the period when the IPO experienced positive phase and
the local SSTs are mostly negative. The overriding decrease of rainfall anomalies
during this episode indicates a negative relationship with the IPO index, and a
positive one with the local SSTs. In the case of a consistent link between rainfall and
the 1PO, the distribution of rainfall anomalies during the warm phase in the late 20"
century will be mostly negative. Unfortunately, this is not the case despite various
responses of local rainfall to interdecadal variation of the IPO. Reversely, the rainfall
relationship with the local SSTs is relatively consistent. This is indicated by the
positive phase of the SSTs concurring with dominant positive rainfall across the
region particularly in DJF.
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Figure 4.13: The time series of local SST filtered using 14 years moving average.
The results are compared with the IPO and PDO indices performed using the same
filter.
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Overall, the large scale climate phenomena such as the IPO are affecting low-
frequency rainfall variability by influencing the local SSTs as described previously.
Nonetheless, the regional SSTs play a more important role in driving the long-term
rainfall variability across the region. The regional SST-rainfall relationship also
differs between seasons, and the plausible explanation of this variation is due to the
differences in local responses to regional SST variability, as well as the seasonal
variability of the regional SST itself.
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Figure 4.14: The anomalies of seasonal rainfall climatology during different phases
of interdecadal variability; a) 1925-1946, b) 1947-1976, and c¢) 1977-2002 (units in
mm/month)

The important role of regional SST in driving the regional rainfall in low-frequency
variability is also supported by the correlation results between the EOF scores with
the rainfall presented in Figure 4.12c. If the correlation pattern with the rainfall
anomalies for the period 1977-2002 is compared, the patterns are similar for most of
the regions at all seasons, except for northern Australia during JJA and SON where
no differences are found in the rainfall anomalies.
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4.4.3 Impacts of climate epochs on regional rainfall and SST patterns

In subsection 4.3.1 and 4.3.2, the study analyses the leading patterns of rainfall and
regional SST in the Austral-Indonesian region. It is found that the first mode of
rainfall and the second mode of regional SST patterns are closely linked to the
interannual variability of Indo-pacific climate drivers. These particular regional SST
patterns also show similar patterns with correlation fields of rainfall patterns in the
first mode and the Indo-Pacific SST anomalies. Given that the interdecadal
variability of regional/local SST variability and rainfall are impacted by the low-
frequency climate drivers in the Pacific, it is important to study the changes of
identified rainfall (first EOF mode) and regional SST (second EOF mode) patterns
on different phases of climate regimes as in Figure 4.14.
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Figure 4.15(a-b): The first EOF mode of rainfall index calculated from different
phases of climate regimes (1925-1946, 1947-1976 and 1977-2002) and their
correlations with Indo-Pacific SST and SLP anomalies; a) DJF, and b) MAM
(continue). Correlation results between the rainfall index with SST anomalies are
presented by filled contour and overlayed with the correlation result of the index
with SLP anomalies performed by solid (+) and dash (-) contours. The correlation
patterns are significant at 5% significance level.
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Figure 4.15(c-d): Continue from 4.15(a-b), for ¢) JJA and d) SON.

Here the study discusses the comparisons between the leading rainfall patterns and
their correlations with SST and SLP anomalies in the Indo-Pacific region with
different climate regime shifts. During the Austral summer monsoon period (DJF),
predominant rainfall patterns in 1925-46 periods appear over north east Australia and
some parts of Indonesia including East Java, Bali, Nusa Tenggara, Sulawesi, Borneo,
Moluccas, and the coastal region of south-eastern Papua. The overriding regions are
different on the negative phase (1947-1976). In this period, there is an extension of
the rainfall pattern over northern Australia and some shifts in most of the Indonesian
region. The pattern is reduced in Borneo, stronger over Sulawesi and shifts into the
western part in Java. In periods where the strong positive phase occurs (1977-2002),
the prevailing rainfall patterns appear in almost the entire Indonesian region.

In general, Figure 4.15 shows the EOF1 of seasonal rainfall patterns and their
correlations with Indo-Pacific SST and SLP anomalies on three climate epochs. It is
found that the first leading rainfall patterns differ between seasons and vary on
different phases. The discrepancies of affected rainfall regions linked with Indo-
Pacific climate drivers on different phases confirm the importance of regional SST
variability in the Austral-Indonesian region. This can be clearly shown by the
correlation patterns between the first modes of rainfall index with SST anomalies on
different climate phases in each season. The role of regional SST in transmitting the
ENSO effect is mostly governed by the SST outside the ENSO region related to the
northern and southern Pacific pathways (e.g. Cai et al. 2005b). Considering the
correlation between the first mode rainfall indices with SLP anomalies in the Indo-
Pacific region, the study found correlation patterns over the Pacific Ocean and the
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Austral-Indonesian region. The latter spreads into the western Indian Ocean resulting
in no signs of dipole mode in the SLP correlation patterns. These are consistent with
the results found in subsection 4.3.1.2.

The strength of the transmission from those two regions into the regional seas that
usually forms a ‘boomerang’ pattern in the western Pacific region (McBride et al.
2003) will mostly determine the affected rainfall region (see Figure 4.15). The
weakest effect is usually found in MAM where the western and eastern SST region
conjoined and eliminated the ‘boomerang’ pattern. A good example of this condition
can be seen during negative phase of interdecadal climate variability in 1947-1976
periods where the rainfall patterns in Indonesia were mostly negatives (Figure
4.15b). In contrast, the expansion of the ‘boomerang’ pattern optimises in Indonesia
during SON period, allowing the formation of SST dipole in the Indian Ocean. This
can be seen, for example, at the correlation patterns of rainfall patterns with the Indo-
Pacific SST anomalies during 1977-2002 periods (Figure 4.15 d).

It is evident that the ‘boomerang’ pattern formed by the positive correlation patterns
dominates the Austral-Indonesian region and suppresses the negative patterns into
the western Indian Ocean. As a result, most of Indonesia will be affected by the
changes in SST within the region and encounter negative feedback to SST anomalies
in the central and eastern Pacific, as well as in the western Indian Ocean. The fact
that the negative rainfall pattern is shown over the west of northern Australian region
in 1925-46 periods (Figure 4.15a) is due to the expansion of the negative correlated
region in the seas between Indonesia and northern Australia into the Coral Sea region
that suppressed the influence of the positive correlation region that usually appears in
the east of Australia.

More detail on the progression of the regional SST patterns in the region in different
phases of climate regimes can be seen through their second EOF mode (Figure 4.16).
This study finds that in different climate phases, the formations of two main
contradictory patterns over the western and eastern Austral-Indonesian region,
particularly during DJF and MAM seasons are incomparable between negative and
positive phases. In the two positive phases, 1925-46 and 1977-2002, the eastern
patterns during DJF and MAM seasons are likely to represent the ‘boomerang-like’
curve that interacts with opposite patterns in the western part. The distinction
between those two positive periods can be seen from the pattern over the west of
Australia. During the negative phases in 1947-1976 periods, the prevailing positive
eigenvector appeared in the eastern part seemed to dominate the Austral-Indonesian
region and isolated the opposite eastern patterns into the SCS region.

The disparity of regional SST patterns on different phases also appears during JJA
and SON period. The marked differences between successive epochs are on the
positioning of the patterns from the east into the southern Indonesian region as well
as on the strength of the pattern in the west of Australia. In boreal summer (JJA), the
SST eigenvector pattern in 1925-46 periods is located in the western part of the
Austral-Indonesian region around Papua, up to the Molucas Islands. The pattern
remained on the eastern part of the region and slightly weaker during 1947-76
periods. Conversely, a perfect positioning of these positive eigenvectors appears
during 1977-2002 periods. Noting that the phase is related to warmer ENSO events
(El Nifio), the evincing pattern that forms over southern Indonesia is linked to
rainfall decrease within most of the Austral-Indonesian region. Similar distributions

75



of the positive eigenvectors are also found during the Austral spring season (SON),
except for the 1947-76 periods where the pattern seems to be failing to develop and
only appears in the western coast off Papua.
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Figure 4.16: EOF2 of regional SST eigenvector distributions for three periods: a)
1925-1946, b) 1947-1976, and c) 1977-2002 (unitless).

Among the three phases, dissimilar responses are found during JJA and SON seasons
over the western part of southern Indonesia, particularly over the southwest coast off
Java and Sumatra. This region is related to one of 10D region that receives an
inconsistent/nonlinear ENSO signal, contributing to non-linear IOD occurrence that
seem to be separated from ENSO. Based on this result, it is possible that the
independent 10D events are solely due to a nonlinear relationship between the SST
and ENSO associated with inconsistencies in receiving ENSO signals. This is
consistent with the result performed in subsection 4.3.2.1 where it shows the unique
signal performed by EOF3 of regional SST that could be as a result of the deviation
of the ENSO signal transmission into the west coast off Java and Sumatra.

4.5 Summary

In this Chapter, the study aims to improve our understanding by investigating the
role of regional SST in the Austral-Indonesian region in moderating the impact of
large-scale climate drivers on interannual and interdecadal rainfall variability.
Several important findings are listed below:

e Analyses of seasonal SST patterns in the Austral-Indonesian region have
identified the important role of regional SST in moderating the impact of
large-scale climate drivers on rainfall variability. Its seasonal patterns are
linked with (i) significant temperature rise, (ii) considerable ENSO and 10D
interannual variability, and (iii) a unique signal that enriches the SST
variability around the west coast off Java and Sumatra despite the influence
of ENSO. The latest could be related to the significant role of this SST region
in controlling the 10D events regardless of its dependency to ENSO.
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e Despite some evidence of the link between the IPO and regional SST on
interdecadal timescales, the significant temperature rise found in the regional
SST during the 20™ century shows more significant impact on moderating the
interdecadal rainfall variability in the region. This finding accentuates the
importance of using trends and low-frequency oscillations in regional SST
data in order to increase rainfall predictability in the future by including those
components in the long term prediction models.

e Investigation of the first mode of rainfall and the second mode of regional
SST loading patterns in three different phases of climate regime shifts, i.e. a)
1925-1946, b) 1947-1976, and c) 1977-2002, suggests that the variations of
interannual rainfall variability in the region in different seasons and different
climate phases are determined by the strength of the transmission from the
northern and southern Pacific into the regional seas.

This study emphasises the usefulness of analysing the leading seasonal rainfall and
SST patterns in order to trace the link with the climate drivers affecting their
variability. Furthermore, strong evidence is also found on the structure of regional
SST showing the leading role of regional SST in moderating the ENSO and 10D
connectivity and in controlling their dependency. Therefore, further analysis is
needed and will be performed based on climate model output under a pre-industrial
control simulation. This is essential in order to understand the underlying
mechanisms, particularly under conditions where there is no impact of climate
change.
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Chapter 5 Rainfall Variability and ENSO-10D
Dependency in Pre-Industrial Climate

The state-of-the-art climate model output from the CSIRO-Mk3.5 pre-industrial
control simulations (Gordon et al. 2004; Smith 2007) is analysed in this Chapter. The
analysis includes identification of seasonal rainfall patterns and their link with ocean-
atmosphere variables. The approach used in Chapter 4 is implemented to identify the
main contributing processes of the Indo-Pacific climate drivers such as ENSO and
IOD in controlling the rainfall variability in the Austral-Indonesian region. An
analysis of the rainfall composites during ENSO and IOD events as well as the
relationship between ENSO and 10D during the simulated pre-industrial climate is
discussed. Extending the results found in Chapter 4, by using the pre-industrial
modelled data, this study verifies the strong relationship between rainfall variability
and the large-scale mechanisms of Indo-Pacific climate drivers, i.e. ENSO and 10D.
It also affirms the ENSO-IOD dependency and the role of regional/local SST in
moderating the influence of ENSO upon the 10D.

5.1 Background

Interannual variability of seasonal rainfall in the Austral-Indonesian region is
strongly affected by Indo-Pacific climate drivers such as ENSO (e.g. Chang et al.
2004; Haylock & McBride 2001; Hendon 2003; Kirono et al. 1999) and 10D (Ashok
et al. 2003; Boer & Faqgih 2004; Cai et al. 2005a; Saji et al. 1999). The influence of
those large scale climate drivers varies seasonally due to the monsoon (Terray et al.
2006; Terray et al. 2005a; Terray et al. 2005b) but with often discovered phase-
locking events between them (Annamalai et al. 2003; Gualdi et al. 2003; Yu &
Rienecker 2000), leading to a strong statistical relationship (Allan & Coauthors
2001). A recent study using GCMs suggests that the phase-locking is related to a
consequence of a zonal shift in the centre of convection associated with ENSO
(Fischer et al. 2005). In addition, Fischer et al. (2005) propose the role of an
anomalous Hadley circulation over the eastern tropical Indian Ocean and Maritime
Continent with an early northward incursion of the Southern Hemisphere
southeasterly trades as the main trigger of independent IOD to ENSO events.
Nevertheless, the issue regarding the dynamical process of the independent IOD to
ENSO event remains controversial (Allan & Coauthors 2001; Dommenget & Latif
2002; Dommenget et al. 2006; Fischer et al. 2005; Saji et al. 1999; Saji & Yamagata
2003).

Previous analysis in Chapter 4 noted the importance of using the leading seasonal
rainfall patterns in order to trace the mechanisms in Indo-Pacific ocean-atmosphere
interactions in controlling the rainfall variability. The analysis has satisfactorily
delineated the physical processes related to ENSO and 10D events as indicated in the
correlation with the observed SST anomalies. It demonstrates the significant role of
SST in generating the interannual variability associated with the climate drivers and
in regulating the interdependency between them. In this Chapter, the method in
Chapter 4 is adopted to investigate the origin of the physical processes that drive
rainfall variability as simulated in the CSIRO-Mk3.5 climate model data (Gordon et
al. 2004; Smith 2007) (see Chapter 2 for data description). In this state, there will be
no impact of climate change that could possibly alter the underlying process of the
ENSO-I10D relationship (e.g. Terray & Dominiak 2005). Considering the need to

78



analyse the role of ocean-atmosphere dynamics (Clement et al. 1996), more climate
variables such as ocean surface upward sensible and latent heat flux, atmosphere
water vapour content, and zonal and meridional wind stress are analysed in addition
to SST and SLP data. Here the study will analyse those variables in terms of their
relationship with the leading seasonal rainfall patterns. Further, the definitions of
ENSO and 10D events based on the SST data will be addressed to develop rainfall
composites and to investigate parallel ENSO-10OD occurrences under the modelled
pre-industrial climate.

5.2 Simulated rainfall climatology and time series

5.2.1 Rainfall climatology

In this analysis seasonal rainfall climatology from observations and a 500 year
CSIRO-MK3.5 control run with pre-industrial climate forcing is compared for four
periods: 1901-2000 (Figure 5.1b), 2001-2100 (Figure 5.1c), 2101-2200 (Figure 5.1d),
and 2201-2300 (Figure 5.1e). Considering that the typical simulated control run is
run under pre-industrial conditions without additional natural and anthropogenic
forcing (IPCC 2005), the study finds no considerable difference in the spatial rainfall
distributions between those four detached periods. Such resemblance allows this
study to analyse longer data, i.e. 500 year periods (1801-2300).

The difference between the simulated and the observed climatological rainfall over
land during the 1901-2000 periods is found to be small. The main difference is
situated over mountainous regions such as in Papua during the MAM and JJIA
seasons as well as in the well-known Borneo vortex area that is associated with
synoptic-scale deep convection (see Chang et al. 2005) during DJF. In the western
Pacific Ocean region, rainfall is overestimated. Despite this scantness, the model is
able to simulate the seasonal rainfall distribution that is linked to the monsoon
propagation and the positioning of the inter-tropical convergence zone (ITCZ). This
is a positive outcome that can underpin any rainfall simulations which are forced
with realistic natural and anthropogenic impulses, e.g. simulating the 20" century
climate (20c3m).

5.2.2 Terrestrial rainfall: interannual and decadal time series

The study now examines the monthly-mean time series of averaged terrestrial rainfall
(95°E-155°E, 25°S-10°N, Figure 5.2). The rainfall grid from the modelled data is
delineated by conforming to the land area fraction data as outlined in Chapter 3. The
long-term monthly-mean time series (Figure 5.2a) shows rainfall varies between 1 to
9 mm/day. The decadal variability seems to be repeated in every century as shown by
a 13-year low-pass band filter (Figure 5.2b). The interannual variability represented
by a 5-year low-pass band filter deviates more frequently during the 19" century
simulation compared to the 20" century simulation. The larger variability of Mk3.5
compared to the observations can be noted by the larger amplitude in the time series
of Figures 5c, 5e, 5d and 5f. Focusing the simulations only on the 20™ century, the
Mk3.5 control data shows more variability on its monthly-mean time series
compared to the observation (Figure 5¢ and 5e). This is further shown in the 5-year
and 13-year filtered data (Figure 5d and 5f).
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Figure 5.1: Seasonal rainfall climatology from (a) observations (100 year periods,
1901-2000), and CSIRO-Mk3.5 data: b) 1901-2000, c) 2001-2100, d) 2101-2200,
and e) 2201-2300 periods (units in mm/day).
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Terrestrial Rainfall (25S-10N, 95E-155E) (1781-2300)
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Figure 5.2: Terrestrial rainfall anomalies (mm/day) in the Austral-Indonesia region,
a-d) CSIRO-Mk3.5 pre-industrial control monthly rainfall anomalies and 5-year and
13-year low-pass filtered, e-f) observed CRU TS2.1 monthly rainfall anomalies with
5-year and 13-year filtered.

5.3 The simulated rainfall patterns

5.3.1 Terrestrial rainfall patterns based on EOF analysis

The rationale of using pre-industrial control data from the output of a climate model
in this study is to investigate the physical processes of air-sea interaction involving
large-scale climate drivers in controlling the rainfall variability unforced by the
climate change impact. Further analysis of the model output provides substantial
elucidation on the result performed in Chapter 4. Following the method used in that
Chapter, Figure 5.3 demonstrates the seasonal rainfall patterns obtained from the
EOF analysis of terrestrial rainfall data.

Due to the model resolution, not all parts of the terrestrial rainfall region are covered
by the eigenvector maps shown in Figure 5.3. The contouring has also omitted
several terrestrial rainfall grid points over the Indonesian region. The difference in
the time periods of CSIRO-Mk3.5 used in Figure 5.3, which is longer than the
observed data used in Figure 4.1, makes comparison between those two figures a bit
difficult. However, the result shows spatial rainfall patterns that compare favourably
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with the observed data as previously shown in Chapter 4 for most of EOF patterns
especially for the northern Australian region. The rainfall signatures demonstrate
strong positive eigenvectors over northern Australia and parts of Indonesia in the
first EOF mode. The second EOF mode exhibits negative eigenvectors over most of
northern Australia and eastern Indonesia, while positive patterns appear in the
western section. A contrasting pattern seen in the west and east of northern
Australian (EOF 3) suggests a relatively well defined rainfall pattern in the pre-
industrial control run due to its similarity to the observation data as shown in Figure
4.1. The result provides the confidence to further analyse the data.

The rainfall patterns during the transition period (MAM) are associated with a
positive pattern over the west of northern Australia and a negative pattern over
eastern Papua. Similar signatures as in DJF are found in the second and third mode
of rainfall EOFs. The shifting of the monsoon propagation during the Austral winter
leaves an impression of dry conditions over northern Australia and more rainfall over
some parts of northern Indonesia. These are evident from relatively low positive and
stronger negative eigenvector values (Figure 5.3c). Comparable spatial rainfall
patterns from the three EOF modes are consistently shown until the next transition
period in SON (Figure 5.3d).
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Figure 5.3: The first three modes of EOF from the standardised terrestrial rainfall
anomalies (500 year periods, 1801-2300): a) DJF and b) MAM (continue).
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Figure 5.3: for ¢) JJA, and d) SON.
5.3.2 Links with Indo-Pacific climate variables

Given that the leading seasonal rainfall patterns are strongly related to the Indo-
Pacific SST anomalies associated with ENSO and 10D (see Chapter 4), this study
further identifies their relationship with a range of atmospheric variables simulated
by the model. The atmospheric variables and their abbreviations as used in the IPCC
AR4 are summarised in Table 2.2.

5.3.2.1 Relationship during DJF

The rainfall variability in the Austral-Indonesian region during DJF season is mostly
influenced by the Austral summer monsoon activities (Oldeman & Frere 1982).
Generally, this wet season is inherently unpredictable according to previous study
due to weak relationship with ENSO (e.g. Haylock & McBride 2001). The first
leading mode of rainfall during this season has shown eigenvector patterns over
northern Australia and most of the Indonesian region. The first impression of its time
series correlated with surface temperature anomalies is that the pattern resembles the
observed data as discussed in Chapter 4 (see Figure 4.2). The ‘boomerang’ shape of
the positive SST correlation field suppressed by the negative correlations in western
Indonesia is similar to the observed data, despite some disagreements of the
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correlations over the west coast off Sumatra that shows a positive relationship.
Nonetheless, the correlation patterns are seemingly good in the modelled pre-
industrial data (Figure 5.4). This gives confidence that the leading patterns of
modelled rainfall have the matching physical basis as the observed in terms of their
responses to the surface temperature changes. Therefore, by analysing other
atmospheric variables, the study provides a better understanding of the underlying
mechanisms driving rainfall variability in the region.

Rainfall (EOF1) w/ TS (1801-2309,

20E 1S0E 180

Halnfall (EOF1) wl PSL {1801-2300)
N

T
50l
Raintel (EOF1) wi PRW (1501 2300)
BON

T T r —
S0E mE |an ISQE 190 |5ﬂw |mw mw AE 6B0E SOE 120E 150E 180 150W 120W o0W B0E WE |2°E 1505 180 ‘Mw 120W  90W
Rl (EOF 1 w/ HFLS (1801-2300) Raintall (EOF2) w/ HFLS (1801-2300) Rmn‘lall (EOF3) wi HFLS {1801-2300)
i | (EOF2} w/ HFLS (1801-2300) o
T
*
30N
o
Z'ms'
T ws T T T T T
HE  GOE mE |mE |5DE 1” ‘ﬂw |Nw ww B0E  O0E QOE 5°E 150 15W 120W  O0W S0E ﬂOE |2QE SOE 180 150W 120W 80W
Rainfall (EOF1) w! HFSS (1801-2300) Hamlall (EQF2) wi HFSS (1801-2300) Haln‘iall (EOF3) w/ HFSS (1801-2300)
N D bt e D s
[ 'tz [
- [ oon ;
- -
L o -
N r ~ -
> e
[ s 4
Pe -
—
| — |

E 1an ‘IWE 190 ‘Iﬂﬂw 1200 90W

Rainfall (EOF2} wf TS (1801-2300)
N riaval A B!

Haln‘lall (EOFS) wi TS (1BOI ZSODI)
BON

-

A
[ —— Oy .“\“
-
: — Z s .
120E SOE 180 15W 120W  SOW E |EﬂE ‘wE ‘ |2M m
Ramlall (EOF2) w/ PSL (1601 -2300) Halrﬂall (EOF3) w/ PSL (1801 2300)
et 5o A
- T i
*
L son %
~ -
0= -
- r h -
: - " -
> [m- % >
ma—— ¥ s . —
120E 150E 180 1EWW 120W  90W 80E WE 12“E 1"E 130 va 120W  SOW
Ralmell(EOFz)w/PRwuam -2300) ) : Hslmnll(EOFs)wlPRW(mm 2500) N
R T
= 30N = L

[ 205 ] [
T T T+ &5 RAR, T
60E 90E 120E 150E 1!0 15mN 120W  goW 90E 120E 150E 180 150W 120W SOW

HaIMGII(EOFZ)waAUUﬂBM 2300} % ) nalmall(EOFs)wirAuuusm -2300) o

7 =i i S =
I 30N - L

-

-

1
RBIMaII (EOF?) wf TAUV (1801 2300) D

T T
!D 15WV 120W 80w

[

T T T T T T T T
WE GE WE 1NE 1S0E 180 150W 120W BOW

-1 -08 -06

HE SOE 90E 150E 1505 180 150W 1acfw sow

-0.4

-0.2

I
0

0.2 0.4

I —
06 038

1

T T T T
WE GE WE 120E 1S0E 180 150W

Figure 5.4: Correlations between the first three leading modes of terrestrial rainfall
PC time series with several climate variables during DJF (1801-2300 periods). The

coloured contour refers to significant correlations at 1% significance level.
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Figure 5.4 demonstrates that the spatial patterns of the assessed climate variables (see
Table 2.2) with the first mode of rainfall pattern are not necessarily creating similar
patterns as the SST. The correlation fields formed by the sea level pressure
anomalies (SLP) forms a dipole with positive correlations over the Pacific Ocean and
negative correlations over Austral-Indonesia and most of the Indian Ocean. This
condition is comparable with the results found in the observed data (see Figure 4.3).

Amongst other variables, the most nearly-comparable agreement with the surface
temperature correlation patterns is found in the correlations of rainfall with
atmospheric water vapour content (PRW). Its patterns demonstrate significant
correlations over the Pacific and Indian Oceans that represent both ENSO and 10D
conditions. Nevertheless, the correlations over Austral-Indonesia are somewhat
dissimilar compared to the one that is formed by SST anomalies. This is likely
related to the land-sea distributions over the region affecting the surface pattern due
to significant differences between land and ocean temperature. In contrast, the PRW
correlation patterns tend to be more homogeneous due to no significant obstacle(s)
influencing its distribution in the atmosphere.

The study argues that significant changes of SST anomalies in the Pacific Ocean and
the Indian Ocean linked to ENSO and 10D deliberately modify the PRW in the
atmosphere and influence the rainfall events. During the warm (cold) ENSO episode,
the relatively cold (warm) SST over the Austral-Indonesian region causes a
significant decrease (increase) of precipitable water content in the atmosphere
resulting in fewer (more) rainfall events.

Given that the rainfall signatures are variously distributed over the terrestrial area,
the variation is likely related to the response of other atmospheric components such
as surface zonal and meridional wind stresses as well as latent and sensible heat flux.
During the warm ENSO event in 1997-98, a recent study found a larger wind stress
and heat flux over the western Pacific Ocean warm pool than in the central Pacific
Ocean (Kara et al. 2002). Here we found nearly symmetric relationships between
temporal patterns of rainfall and wind stress components (zonal and meridional) over
the western Pacific warm pool. This symmetric correlation patterns might give a
plausible explanation of the role of tropical wind stresses over the region that reduce
the ENSO influence over rainfall within the Austral-Indonesian region during wet
season (DJF). Likewise, this condition is also found in the correlations of rainfall
with surface latent (HFLS) and sensible heat fluxes (HFSS) (Figure 5.4).

In the second and third mode of rainfall patterns, the correlation patterns shaped by
the atmospheric variables tend to show local or regional processes. Surprisingly, the
SLP correlation fields in the second mode appear as a manifestation of SST
differences between the Indian Ocean and the Austral-Indonesian region. This result
is not in agreement with that found for the same mode from observed data (see
Figure 4.3). Given that the third mode of rainfall patterns during DJF expresses a
contrary pattern between the west and east of northern Australia, the underlying
mechanisms of this signature are likely due to local influences. It mainly involves the
differences of surface temperature, PRW, HFLS and HFSS only over those particular
regions.
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Figure 5.5: Correlations between the first three leading modes of terrestrial rainfall
PC time series with several climate variables during MAM (1801-2300 periods). The
coloured contour refers to significant correlations at 1% significance level.

5.3.2.2 Relationship during MAM

The weakest ENSO influence on rainfall variability in Indonesia is found during

MAM (Aldrian et al. 2003). The analysis performed in

Chapter 4 has shown a poor

correlation between the SST anomalies and the first leading rainfall patterns.
Significant associations only appear in the central Pacific Ocean and a small region

in the western Indian Ocean. The link of the first

rainfall mode with surface

temperature indicates otherwise (see Figure 5.5). The resulting correlation pattern is
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massive and is evident over the Pacific Ocean and Indian Ocean. The model possibly
performs too strong ENSO events during this period. As a consequence, there is an
increase in the correlation values particularly over the southern Indian Ocean.
Furthermore, the use of a longer time series data (~500 years) for this correlation
analysis may also contribute to this outcome to some extent.

The correlations of the first rainfall mode with pressure at sea level during MAM
demonstrate a similar pattern with the previous season (DJF), but with a more
developed positive correlation pattern over the Pacific region. These are slightly
different with the correlations with PRW that develops positive correlations in
northern Indonesia that extends to the northern Indian and Pacific Oceans. In the
field of wind stress components, a few little changes in the correlation fields are
evident through the reduction of negative correlations in the northern and southern
Pacific Ocean. The rainfall PC time series experiences highly negative correlations
with HFLS within the Austral-Indonesian region with the strongest patterns appear in
southern Indonesia, between Indonesia and northern Australia. This is in contrast
with the HFSS data that spreads negative and positive correlations evenly. Figure 5.5
shows that the correlation patterns with wind stress components during MAM are
consistent with the result found in DJF.

In terms of the responses to the second and third mode of rainfall patterns, the
atmospheric variables consistently show regional/local dominations without any
significant contributions from the changes in the eastern Pacific and western Indian
Ocean. In general, their correlations are more localised compared to the DJF season.
The dipole on the SLP correlation in the second mode previously appeared in DJF
season also seems to be vanished. This shows agreement with the fact that the
development of 10D phases is relatively insignificant during the MAM transition
period.

5.3.2.3 Relationship during JJA

It has been well-known that the ENSO events start to develop and significantly
influence the rainfall during the Austral winter season (JJA) (Aldrian et al. 2003). A
recent study also shows that the IOD phase starts to develop and influence the
rainfall variability in the same season (Saji et al. 1999). Referring to the analysis
carried out in Chapter 4, the analysis of the modelled SST against the first mode of
rainfall patterns shows an agreement by reproducing a tripole formation over the
Pacific Ocean, the Indian Ocean, and the Austral-Indonesian region.

The association with surface temperature demonstrates this similarity by showing
negative correlation fields over the tropical western Pacific and the western Indian
Ocean (Figure 5.6). These negative correlations suppress the ‘boomerang’ shape-like
formed by positive correlation fields into the Austral-Indonesian region. A similar
pattern is also demonstrated by the rainfall correlations against PRW with some
modification signed by more significant negative correlations over the Pacific ocean
that penetrate into northern Indonesia connecting the western Indian Ocean. This is
in contrast to an isolated positive association over southern Indonesia and most of
Australia, except in the area near southwest Western Australia where the region’s
interannual rainfall variability is consistently linked to tropical and extra-tropical
Indian Ocean SST anomalies (England et al. 2006). Here the availability of water
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vapour content in the atmosphere significantly determines the rainfall variability
despite other atmospheric and geographical factors.
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Figure 5.6: Correlations between the first three leading modes of terrestrial rainfall

PC time series with several climate variables during JJA (1801-2300 periods). The
coloured contour refers to significant correlations at 1% significance level.

While the transmission of ENSO signal in the ocean is through the role of SST in the
Indonesian waters by transporting ocean heat mass (Cai et al. 2005b) from the
Pacific into the Indian Ocean through the Indonesian throughflow (ITF) (Annamalai
et al. 2005; England & Huang 2005; Gordon 1986; Gordon et al. 2003), the process
in the atmosphere is found through the induction of atmospheric water vapour
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content in the northern part of Indonesia into the western Indian Ocean. The
penetration is influenced by zonal wind stress that also emerges at the same region
and triggers the atmospheric ENSO signal into the western Indian Ocean. In this
regard, the region’s SST condition is also supporting the process. The role of SST in
regulating the ocean surface upward sensible and latent heat flux is also important
(Holton 1992) particularly through the evaporation as a cooling process of the oceans
(Clement et al. 1996). This intriguing process results in a negative feedback on the
atmospheric condition over the Austral-Indonesian region while at the same time
adheres the 10D events.

In this study, a separate dipole process in the Indian Ocean is demonstrated by the
correlations against the second mode of rainfall patterns. The differing, and relatively
lower, but significant correlations over the two locations appear in the correlations of
surface temperature, sea level pressure and atmospheric water vapour content.
Unfortunately, the same results do not exist in the analysis of the observed SST and
SLP data performed in Chapter 4. Here we found relatively strong correlations
between rainfall and wind stresses components (TAUU and TAUV) around the
western Pacific and within the Austral-Indonesian region. This indicates locations
where the wind stresses are strongly related with the rainfall and complements the
finding of previous study that found a larger wind stress and heat flux over the
western Pacific Ocean during the ENSO events (Kara et al. 2002).

5.3.2.4 Relationship during SON

The period during monsoonal transition from the South Asian summer monsoon
region to the Australian summer monsoon region in SON season has been related to
the mature development of ENSO phase (Saji et al. 1999) and to considerable ENSO
impact on rainfall variability particularly over Indonesia and northern Australia. In
the simulated pre-industrial data analysed in this study, the correlations with several
climate variables in SON season (Figure 5.7) are similar to the results in the previous
season (JJA) (Figure 5.6). Nevertheless, some changes are expected due to more
active ENSO and 10D intensity. The correlated SST region against the rainfall’s first
mode demonstrates an extension of positive correlations within the Austral-
Indonesian region. This suggests that the mature phases of ENSO and 10D affect the
rainfall variability more significantly (Figure 5.7).

Based on the correlation pattern of PRW, the positive correlations also develop in
both the northern and southern part of the region. This is related to less water vapour
content in the region’s atmosphere during warm ENSO event and/or positive 10D
events contributing to less rainfall occurrences that manifest into prolonged drought
conditions over the region (Kirono et al. 1999; Ropelewski & Halpert 1987). The
opposite condition occurs during cold ENSO episodes and/or negative 10D events.
This condition has been anticipated for its effects on water supply (e.g. Power et al.
2005) and its threats on economic activities (e.g. Meinke et al. 2006; Naylor et al.
2002). Similar to what we have found in JJA, the correlations of wind stresses
(TAUU and TAUV) and heat flux (HFLS and HFSS) with the first PC mode of
rainfall during SON also indicate strong correlations around the western Pacific
warm pool and within the Austral-Indonesian region.
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Figure 5.7: Correlations between the first three leading modes of terrestrial rainfall
PC time series with several climate variables during SON (1801-2300 periods). The
coloured contour refers to significant correlations at 1% significance level.

5.4 SST-based Indo-Pacific climate indices, and rainfall composites

5.4.1 Variability of ENSO indices

Figure 5.8 shows ENSO indices extracted from the SST anomalies over the well-
known ENSO regions, namely Nifio 1.2 (90°W-80°W, 10°S-0; Figure 5.8a), Nifio 3
(150°W-90°W, 5°S-5°N; Figure 5.8b), Nifio 4 (160°E-150°W, 5°S-5°N; Figure 5.8¢c)
and Nifo 3.4 (170°W-120°W, 5°S-5°N; Figure 5.8d) regions. The source of SST
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data used here is obtained from the ocean component of the model with a higher
horizontal resolution (namely TOS). The data is similar to the surface temperature
used in the previous analysis with the only differences found in regions of sea ice
(IPCC 2005).

Table 5.1: Correlations (r) between 5-year and 13-year filtered standardised SST
anomalies in various ENSO regions with terrestrial rainfall
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Figure 5.8: Monthly SST ENSO indices and their 5-year and 13-year filtered data
from different ENSO regions: a) Ninol.2, b) Nino3, ¢) Nino4, and d) Nino3.4 region.

91



The study correlates the indices with a terrestrial rainfall time series (see Figure 5.2)
that were filtered using 5-year and 13-year filtering windows. Both filters are used to
represent interannual and interdecadal variability, respectively. The correlation
results are presented in Table 5.1. Among these indices, the Nifio 4 index is found to
have the largest correlations against the rainfall with values of -0.91 and -0.77 in 5-
and 13-year low-pass filtered data, respectively. The Nifio 3.4 region is found in the
second position with correlation values of -0.87 (5-year filter) and -0.67 (13-year
filter). Negative signs found in the correlation values correspond to opposite
relationship between Nino indices with the rainfall in the Austral-Indonesian region.
It means that an increase (decrease) of SST anomaly in one of the Nino regions is
associated with a decrease (increase) of rainfall within the region. Following Nifio
3.4 is the Nifo 3 region and Nifio 1.2 with the smallest correlations. Based on these
results, the terrestrial rainfall variability is strongly influenced by the nearest ENSO
index. The further the ENSO region used to correlate with the rainfall, the lowest
correlations are found. Therefore, using the nearest ENSO region as an indicator to
study the impact on rainfall variability is important to improve the rainfall
predictability which can be done by considering the time lag relationships between
the SST anomalies and rainfall. This finding using the modelled pre-industrial data is
consistent with the results outlined by Wang & Hendon (2007).

5.4.1.1 Warm and cold ENSO episodes

Considering the results shown in Table 5.1, the study uses the Nifio 4 index to define
the ENSO episodes. Here, a warm ENSO episode is related to an El Nifio event
where the SST anomaly in the ENSO region is found above normal. In contrast, the
cold ENSO episodes associated with La Nifia occur when the anomaly is usually
found below normal. Some studies have used the standard deviation of the SST data
as a threshold to define the ENSO episodes. The warm ENSO will occur when the
anomaly is above positive standard deviation and the cold ENSO when the anomaly
is less than negative standard deviation. Here the 5-year low-pass filtered data is used
to determine the ENSO events. It is found that the standard deviation value is
0.5°C. Therefore, any value outside this standard deviation bound will be retained as
an ENSO occurrence, while any value stated otherwise will be eliminated (Figure
5.9).
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Figure 5.9: ENSO episodes defined by the 5-year filtered of standardised monthly
SST anomalies in Nifio 4 region. The standard deviation of the monthly-mean ENSO
index averages about 0.5°C. Hence, warm and cold ENSO are considered when the
value is above 0.5 and below -0.5, respectively.

Using 5-year filtered of a 500-year monthly-mean data, the Nifio 4 index
demonstrates 52 warm ENSO and 57 cold ENSO episodes. Therefore, on average,
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together the EI Nifio and La Nifia events are happening every 4.6 years. This
indicates an agreement with the FFT result of Nifio 3.4 region found in Chapter 4.

5.4.1.2 ENSO composites

Relying on both warm and cold ENSO episodes defined in Figure 5.9, the rainfall
composites of each EI Nifio and La Nifia are separately performed in Figure 5.10. In
the warm ENSO composite, it is found that more rainfall occurs over the western
Pacific region, while less rainfall is found over Indonesia and northern Australia
(Figure 5.10a). The standard deviations of this rainfall composite indicate large
deviations around the Nifio 4 region that is associated with considerable rainfall
decreases over Indonesia (Figure 5.10b). In Figure 510c, the anomalies of the warm
ENSO rainfall composite demonstrates three separate regions where the contrast
between Nifio 4 and the Austral-Indonesian region is associated with relatively small
positive rainfall anomalies (< 0.5 mm/day) over the western Indian Ocean and the
eastern African region.

Mk3.5 Pre-Industrial Control Run: Rainfall Composite (1801- 2300)
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Figure 5.10: Composites of each warm and cold ENSO episodes during 1801-2300
periods simulated by CSIRO-Mk3.5 model as defined in Figure 5.9: a) monthly-mean
rainfall, b) rainfall standard deviation, and c) rainfall anomalies (units in mm/day).

On the other hand, during cold ENSO episodes, the composite shows more rainfall
over Austral-Indonesia (Figure 5.10a) signed with more deviations occur particularly
over the eastern Indonesian region and the coast off Java and Sumatra. Significant
rainfall and sea surface temperature characteristics of the Java and Sumatra west
coastal region have been particularly identified in recent studies (Xie et al. 2002; Yu
& Rienecker 2000; Yu et al. 2005). The rainfall anomalies in the cold ENSO
composite shows an inverse condition of warm ENSO where positive anomalies are
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located in the centre of the region and squeezed by negative anomalies over the
western Pacific warm pool region and the western Indian Ocean region. It is shown
that the range of rainfall anomalies in the western Indian Ocean during cold ENSO (0
to -1) are greater than during warm ENSO (0 to 0.5). This leads to a possibility that
the region is suffering more from the impact of La Nifia (cold ENSO) than El Nifio
(warm ENSO) in the pre-industrial simulations. The characteristics of rainfall in the
western Indian Ocean and in the west coast off Java and Sumatra are somewhat
related to the impact of 10D events. In the next section, the variability of 10D index
and rainfall composite during the events are discussed.

5.4.2 Variability of 10D index (DMI)

Saji et al. (1999) defines an index to measure the strength of 10D events based on the
gradient of SST in the western (40°E-70°E, 10°S-10°N) and east-/southeastern
(90°E-110°E, 10°S-0°) Indian Ocean. The index is usually called as the Dipole Mode
Index (DMI) (Saji et al. 1999). In Figure 5.11, the DMI components are extracted
from the two corresponding regions in order to calculate the index. Figure 5.11a
shows the monthly-mean of standardised SST anomalies in the western Indian Ocean
along with its 5- and 13-year filtered data. Its standardised monthly data indicates the
range of anomalies between -3 and 3°C with more frequent anomalies around -2 and
-1°C as well as around 1 and 2°C.

Figure 5.11b shows standardised SST anomalies over the east/southeast Indian
Ocean. Here the positive (negative) anomaly is often associated with cold (warm)
ENSO events causing above normal SST anomalies in the Austral-Indonesian region
including in the west coast off Java and Sumatra. Nevertheless, the influences of the
ENSO itself to the SST variability in the region are not consistently significant at all
seasons. This can be seen from the previous results discussed in Chapter 4 where the
penetration of ENSO effects mostly occurs during JJA and SON seasons. This
condition could be a considerable factor why most of the IOD events maturely
transpire only during those seasons.

Table 5.2: Correlations (r) between 5-year and 13-year filtered standardised SST
anomalies in a single IOD domain (western or eastern Indian Ocean) and 10D index
with rainfall terrestrial rainfall in the Austral-Indonesian region.

Rainfall |ODw |ODe |IOD
5-year filter -0.65 0.50 -0.70
13-year filter -0.51 0.33 -0.56

In Figure 5.11c, the DMI is performed based on the gradient of the dipole. It is
demonstrated that in monthly-mean time series, the variability of the index is
relatively flatter around the negative values, between -1° and -2°. In contrast, the
variation of the positive index is larger, i.e. between 0° to almost 4°. The likely cause
of this condition is the fact that the SST anomalies in the east/southeastern region are
also less varied on their positive values (Figure 5.11b (left)). It can be interpreted that
the warm ENSO events will contribute to more variation on the SST anomalies
compared to the cold ENSO episodes.
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Figure 5.11: Monthly Indian Ocean SST indices and their 5-year and 13-year filtered

data: a) western IO, b) south-eastern 10, and c) IOD index.

In Table 5.2, the study correlates the DMI index and each of its dipole components
with the terrestrial rainfall in the Austral-Indonesian region. The results show that the
rainfall variability is strongly correlated with DMI with correlation values of -0.70
and -0.56 respectively using 5- and 13-year low-pass filtered data. Negative
correlation signs correspond to contradictive relationship between DMI and rainfall.
Since the DMI is calculated from the difference between the SST in the western and
the eastern part of Indian Ocean, an increase of SST anomaly in the western part that
is simultaneously followed by the decrease of SST anomaly in the eastern part will
reproduce a positively high DMI value. This positive index is strongly linked with
the rainfall decrease over some of the Austral-Indonesian region. From the
correlation results presented in Table 5.2, the lowest positive correlations are found
in the east/southeastern Indian Ocean.

5.4.2.1 Positive and negative 10D events

Similar to the method that was used for defining the ENSO index in Nifio 4 region,
here the study uses the standard deviation of DMI in order to determine the positive
and negative 10D events. It is found that the standard deviation of the DMI from the
pre-industrial data is about 0.35°C. This is slightly different with the standard
deviation currently used as a threshold for 10D forecast in the POAMA forecast
system used by the Bureau of Meteorology, Australia, which is around 0.4°C (see
http://www.bom.gov.au/climate/coupled_model/about-POAMA-outlooks.shtml).
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Figure 5.12: 10D events defined by the 5-year filtered of standardised monthly SST
differences between the western and south-eastern Indian Ocean as defined by Saji et
al. (1999). The standard deviation of the monthly-mean DMI is about 0.35°C. Hence,
positive and negative 10D are considered when the values are larger than 0.35° and
lower than -0.35°, respectively.

Based on the 5-year filter of a 500-year monthly-mean data, it is found that the
positive 10D events occur 54 times while the negative 10D events happen 56 times.
The total number of the 10D events (=110) is almost comparable with the total of
ENSO episodes (=109). This gives a strong sense that there is some dependency
between those Indo-Pacific climate drivers under the simulated pre-industrial
climate.

Mk3.5 Pre-Industrial Control Run: Rainfall Composite (1801- 2300)
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Figure 5.13: Composites of each positive and negative 10D events during 1801-2300
periods simulated by CSIRO-Mk3.5 model as defined in Figure 5.12: a) monthly-
mean rainfall, b) rainfall standard deviation, and c) rainfall anomalies (units in

mm/day).
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5.4.2.2 10D composites

In order to create rainfall composites during the positive and negative 10D events,
the study refers to the 10D events determined in Figure 5.12. It is shown in Figure
5.13 that the rainfall composite resulting during the positive and negative IOD shows
comparable results with the warm and cold ENSO composites, respectively. The
main dispute is related to the strength of the rainfall anomalies both over the Austral-
Indonesian region and the western Indian Ocean. It is found that the rainfall
anomalies over the central and western Austral-Indonesian region are considerably
higher (lower) than the one resulting in cold (warm) ENSO composites. The
condition is vice versa for the western Indian Ocean.

5.4.3 Dependency of IOD and ENSO in pre-Industrial climate

In this subsection, the study discusses the association between IOD and ENSO under
the simulated pre-industrial climate. Based on the definition of ENSO and 10D
events using SST data as performed in Figure 5.9 and 5.12, the parallel occurrences
between those two indices are investigated in order to measure their dependency
(Figure 5.14). It is noted that in the 500-year simulated climate, there are 109 ENSO
episodes and 110 10D events. Among these traces, there is a 71.2% parallel
occurrence where the 10D events arise at the same time as ENSO. This is made up of
31.1% side-by-side episodes between warm ENSO and positive IOD, and a 40.2% of
cold ENSO and negative 10D happening concurrently. The rest of the fraction
consists of 14.2% sovereign ENSO episodes and 14.6% independent 10D events.
These statistics have given a clear indication that there is a strong connectivity
between the IOD and ENSO.

SST standardised anomalies

mWarmENSO  m ColdENSO

PositivelOD  m Negative IOD
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Figure 5.14: Combined ENSO-1OD occurrences as defined in Figure 5.9 and 5.12.

Further, the relationship between ENSO and 10D and its contributing components
are shown in Table 5.3. The result shows that the ENSO indices from different Nifio
regions have a fairly strong relationship with the SST anomalies from one of the
dipoles in the Indian Ocean, i.e. in the western part of the region (IODw). Here the
strongest link is demonstrated by the Nifio 4 region either in the 5- (r=0.71) or 13-
years low-pass filtered data (r=0.67). Such a strong relationship is associated to the
condition where the active ENSO events will deliberately relate to the changes of
SST anomalies in IODw. In contrast, the correlations of ENSO indices with the other
side of the dipole, i.e. the east/southeastern Indian Ocean (IODe) are consistently
much weaker. This gives a sound agreement that the independency of 10D for a
certain level is more regulated by the regional SST condition in the Austral-
Indonesian region, particularly around the west coast off Java and Sumatra (e.g. Du
et al. 2008). Following the findings in Chapter 4, the role of regional SST in the
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Austral-Indonesian region in providing alternative signal to the IOD events is
significant despite its seasonal phase-lock association with ENSO in JJA and SON
seasons. Further, given that the changing of SST in the region is more impacted by
climate change (see Chapter 4) than the SST in the Pacific Ocean, the chance for an
increasing independent signal that trigger the 10D is probable.

Table 5.3: Correlations (r) between 5-year and 13-year filtered standardised ENSO
indices and DMI

5-year filter Nino12 Nino3 Nino4 Nino34
IODw 0.76 0.58 0.71 0.62
IODe -0.17 -0.28 -0.35 -0.30
10D 0.54 0.51 0.63 0.55
13-year filter Nino12 Nino3 Nino4 Nino34
IoODw 0.61 0.58 0.67 0.62
I0De 0.27 0.10 0.00 0.07
10D 0.10 0.23 0.36 0.27

5.5 Summary

In this Chapter the climate model output from the CSIRO-MKk3.5 pre-industrial
control run was used to investigate the leading seasonal rainfall patterns and their
associations with the ocean-atmosphere variables. The approach used in this study is
proficient in identifying the climate drivers causing rainfall variability and the
relationship between ENSO and 10D. Below are the main results obtained from this
study:

e The seasonal rainfall patterns resulting from the model are nearly-comparable
with the observed data presented in Chapter 4. As a result, the correlation
fields of their first leading mode with sea surface temperature are similar to
the observed data by showing significant ENSO-10D structures.

e The correlation patterns of the leading seasonal rainfall patterns against the
atmospheric water vapour content (PRW) indicate an atmospheric ENSO
signal transmission that triggers the 10D events. It is detected from the
induction of PRW in the north of the Indonesian region into the western
Indian Ocean during the boreal summer monsoon season (JJA). This
penetration is suppressed by zonal wind stress that also emerges from the
western Pacific into the north of the Indonesian region.

e The analyses of rainfall composites during ENSO and IOD episodes show
comparable results, indicating a strong connection between the two processes
found in the simulated pre-industrial data.

e The study gives a sound finding that the independent IOD to ENSO event is
more regulated by the regional SST condition in the Austral-Indonesian
region instead of in the western Indian Ocean, particularly around the west
coast off Java and Sumatra.
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Chapter 6 Conclusions

This study aimed to improve our understanding of rainfall variability in the tropical
Austral-Indonesian region and to identify key climate phenomena driving rainfall
variability. In particular, the roles of regional SST in moderating the effect of large-
scale climate drivers such as ENSO, I0OD and PDO on rainfall variability were
investigated. Several research questions arose after a careful review of the literature:

1) How well do climate models perform in simulating rainfall over the Austral-
Indonesian region and what is the future of the rainfall in the region?

2) What role does regional SST play in controlling rainfall variability and what
is the impact of climate regime shifts?

3) How is regional SST influencing rainfall variability in a pre-industrial
climate simulation?

6.1 Simulated Rainfall Assessment for Austral-Indonesia

Several studies identified some issues in climate models that were largely responsible
for a failure to adequately simulate rainfall particularly, over the Tropical region.
Those issues were related to an incorrect positioning of the Inter Tropical
Convergence Zone (ITCZ) (Barsugli et al. 2004; Dai 2006; Hack et al. 2006; Lau et
al. 1996), difficulties representing the land-sea distributions that were mostly found
in coarse resolution models (Lau et al. 1996), and failure in simulating monsoon
circulations (Gadgil & Sajani 1998; Zhang et al. 1997).

By using the latest sets of data from climate models, namely the WCRP CMIP3
multi-model dataset, the study evaluated the simulated rainfall from 21 GCMs for the
Austral-Indonesian  region based on climatological consistency, interannual
variability and trends during the late 20™ century, and future rainfall projections. In
general, the result showed that most of the models were able to follow uni-modal
monsoonal pattern. It was despite their inadequacy to correctly estimate the rainfall
amount due to false rainfall as a result of double-ITCZ problem as identified in
previous studies (Dai 2006; Lin 2007). Most of the rainfall mismatches found in
current models were mainly associated with (i) unrealistic locations of maximum
rainfall, (ii) average position of the ITCZ which was mostly caused by a narrowing
or widening of its meridional properties, (iii) the distribution of rainfall over land and
ocean, and (iv) problems in simulating large-scale convections associated with the
Monsoon circulations. In addition, the study suggested that most of the models suffer
from the failures in simulating comparable trends and interannual variability related
to ENSO events. This was related to an incorrect representation of ENSO dynamics
(Dai 2006) and excessive tropical rainfall that was linked to low precipitation in the
equatorial Pacific (Lin 2007).

Here the study found the ECHO-G (15) and MRI-CGCM2.3.2 (17) as the best-
performing models in terms of their ability in simulating the rainfall amount for the
whole land and ocean area respectively, during the monsoons activities (DJF and
JJA) and during transition periods (MAM and SON). Both models were chosen
based on the CAD criteria. Through independent assessment of terrestrial rainfall
using the KSDist criteria, UKMO-HADGEM1 (21) was selected as the best-
performing model based on its ability to consistently simulate terrestrial rainfall
distributions (CDF). The assessment results of the future rainfall scenarios (SRES
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AlB, A2 and B1l) from those three best-performing models indicated different
results, particularly in simulating DJF and JJA rainfall in the region. In general, the
models simulated rainfall changes with some increases during MAM and decreases
during SON, especially for southern Indonesia and northern Australia. The rainfall
changes during monsoonal transitions may lead to prolonged wet and dry seasons for
those particular regions.

The study suggested that an improvement of spatial resolution in models will be
beneficial particularly for the Indonesian region as it provides better representation
on land-sea distribution and topography resulting in better physical processes driving
rainfall in the region. In addition, a combination of improved horizontal resolutions
and better representation of the ocean component would possibly reproduce better
rainfall simulations for the Austral-Indonesian region. A proper ocean component, in
particular with good quality simulated SST patterns, might generate better ocean-
atmosphere coupling to reproduce more realistic rainfall. Therefore, a further study
to investigate the significant role of regional/local SST in moderating the impact of
large-scale climate drivers on driving the rainfall variability will be essential.

6.2 The Impact of Regional SST on Rainfall Variability

Studies suggested that enhancing the ocean components in climate models were
essential, in particularly through better representation of local SST (Dai 2006, Chung
& Ramanathan 2007) that could possibly improve ocean-atmosphere coupling for
better rainfall simulations. In particular for the Austral-Indonesian region
investigated in this study, analysing the role of regional SST plays in moderating the
impact of large-scale climate drivers on interannual and interdecadal rainfall
variability were important for performing better SST representation in climate
models.

The identifications of seasonal SST patterns performed in this study showed the
important role of regional SST in moderating the impact of large-scale climate
drivers on rainfall variability. First, the SST patterns represented by the first EOF
mode were related to significant temperature rise where the spatial eigenvector
patterns confirm the hotspot areas indicating temperature rise on sea surface over the
region found in previous studies (Goreau et al. 2005). Second, the SST patterns of
the second EOF mode were associated with considerable ENSO and IOD interannual
variability shown by the SST patterns that were linked with the seasonal ocean
properties in transmitting interannual variability signals from the Pacific into the
Indian Ocean, including the ITF mechanisms and the surface water flow from the
South China Sea region that inhibits the southward movement of the ITF particularly
during the boreal winter period (DJF) (Gordon et al. 2003; Susanto & Gordon 2005).
Third, the SST patterns a unique signal that enriches the SST variability around the
west coast off Java and Sumatra, despite the influence of ENSO. This was
represented by the third mode where the patterns represent SST distributions from
the northern Austral-Indonesian region (DJF and MAM) into south-western
Indonesia (JJA and SON) through the SCS region and around the coast off Sumatra
and Java associated with the 10D index (Saji et al. 1999).

Despite some evidence found on the link between the IPO and regional SST on
interdecadal timescales, the significant temperature rise found in the regional SST
during the 20™ century shows a more significant impact on moderating the
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interdecadal rainfall variability in the region. This finding accentuated the
importance of using regional SST data in order to increase the rainfall predictability
on longer timescales. In addition, based on the investigation of the first mode of
rainfall and the second mode of regional SST loading patterns in three different
phases of climate regime shifts, i.e. a) 1925-1946, b) 1947-1976, and c¢) 1977-2002, it
was suggested that the variations of interannual rainfall variability in the region in
different seasons and different climate phases were determined by the strength of the
transmission of interannual signals from the northern and the southern Pacific into
the regional seas.

This study emphasised the usefulness of analysing the seasonal rainfall and SST
patterns in order to trace the link with the climate drivers affecting their variability.
Strong evidence was found on the structures of regional SST showing their important
role in moderating the ENSO and 10D connectivity and dependency. Further
analysis based on climate model output under pre-industrial control simulation was
conducted. This would be essential in order to understand the underlying
mechanisms particularly in conditions where there is no impact of climate change.

6.3 Rainfall Variability and ENSO-1OD Dependency in Pre-
Industrial Climate

The debate over the mechanisms in the ENSO-IOD relationship is ongoing (Allan &
Coauthors 2001; Dommenget & Latif 2002; Dommenget et al. 2006; Fischer et al.
2005; Saji et al. 1999; Saji & Yamagata 2003) with current analyses focused on the
use of climate model simulation in order to understand the underlying mechanism(s)
(e.g. Ashok et al. 2004; Fischer et al. 2005). In this Chapter, the climate model output
from the CSIRO-Mk3.5 pre-industrial control run was used to investigate the leading
seasonal rainfall patterns and their associations with the ocean-atmosphere variables.
Applying the methods used in Chapter 4, the study investigated the link of seasonal
rainfall patterns with Indo-Pacific climate drivers in an unforced climate change-
related condition (pre-industrial climate). The investigations were based upon
different ocean-atmospheric variables mostly on surface level. These datasets include
surface temperature, sea level pressure, atmospheric water vapour content, zonal and
meridional wind stress, as well as ocean surface upward sensible and latent heat
fluxes.

The study found that the seasonal rainfall patterns resulting from the model were
almost-comparable with the result of observed data presented in Chapter 4. Here, the
correlation patterns of the first leading mode of rainfall patterns with sea surface
temperature were similar to the observed data by showing significant ENSO-10D
structures. The correlation patterns were similarly found in the correlation with the
PRW dataset. This indicated an atmospheric ENSO signal transmission that was
associated with the 10D dependency upon ENSO. The correlation patterns during the
Asian summer monsoon season (JJA) demonstrated the induction of PRW in the
north of the Indonesian region into the western Indian Ocean. This penetration was
suppressed by zonal wind stress that also emerges from the western Pacific into the
north of the Indonesian region and coupling with the SST in the region. As a result,
the study finds a strong correlation between the Nifio 4 index with the SST anomalies
in the western Indian Ocean. Such atmospheric processes that occur in the northern
Indonesian region might be slightly inconsistent from the ones that happen in the
ocean. For the regional SST in the Austral-Indonesian region, the ENSO signal
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transmission process was influenced by the complex land-sea distribution within the
region, involving the role of oceanic properties such as the Indonesian throughflow
(ITF). This process caused a poor statistical relationship between the Nifio 4 region
with the SST in the west coast off Java and Sumatra.

Here, the study suggested a sound finding that the independency of IOD is more
regulated by the regional SST condition in the Austral-Indonesian region,
particularly around the west coast off Java and Sumatra, rather than in the western
Indian Ocean. Given that there was an evidence of considerable SST warming within
the regional seas as shown in Chapter 4, the changing SST condition in the regional
seas might alter the 10D variability and its connectivity with ENSO in the future. In
addition, the analysis of rainfall composites during ENSO and 10D episodes
supported this result by showing comparable results between the two processes.

6.4 Future Directions

This study has shown the important role of regional SST in moderating the impact of
large-scale climate drivers on rainfall variability in different time scales, as well as in
determining the connectivity between climate drivers, i.e. ENSO and IOD. It has also
shown that better coupling between the regional/local SST with the atmospheric
component leads to better improvement of global climate models despite the need to
improve the model resolution for better terrestrial rainfall simulation in the region.
Based on these results, further studies need to be conducted in order to gain more
understanding on the role of the regional SST particularly in a changing climate, on
how it behaves in moderating the rainfall and determining the ENSO-10D
connectivity. A deployment of dynamical downscaling techniques, e.g. using
regional climate model (RCM), would be another option to advance the predictive
skill and climate projections. This can be done by simulating the model based on
either different SST set ups or GCM projection outputs.
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Glossary and Acronyms

AMIP: the Atmospheric Model Intercomparison Project

Austral-Indonesia: an area used in this study covering most of Maritime Continent
region particularly Indonesia combined with the northern Australian region

CAD: Cumulative Absolute Difference

CDF: Cumulative Distribution Function

CMAP: CPC (Climate Prediction Centre) Merge Analysis of Precipitation
CPC: Climate Prediction Centre

CRU: Climatic Research Unit

CS-GC: Coral Sea and Gulf of Carpentaria

CSIRO: Australian Commonwealth Scientific and Research Organisation
DJF: December, January, February

DMI: Dipole Mode Index

ENSO: El Nifio-Southern Oscillation

EOF: Empirical Orthogonal Function

ESG: Earth System Grid

FFT: Fast Fourier Transform

GCM: Global Circulation Model

GISST: the Global Sea Ice and Sea Surface Temperature

HadISST: is a recent SST data provided by the Hadley Centre, Met Office that
substitutes for the global sea ice and sea surface temperature (GISST) dataset. It
covers global SST and sea ice concentration with a 1°x1° horizontal grid resolution
available from 1871 to the present.

HadSLP2: is a combination of quality controlled terrestrial and marine pressure
series. It was set in a 5°x5° horizontal grid resolution from 1850 to 2004.

HFLS: CF standard name for surface upward latent heat flux (unit W.m)
HFSS: CF standard name for surface upward sensible heat flux (unit W.m™)
10: Indian Ocean

10D: Indian Ocean Dipole

IPCC AR4: Intergovernmental Panel on Climate Change Fourth Assessment Report
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IPO: Interdecadal Pacific Variability
ITCZ: Inter-tropical Convergence Zone
ITF: Indonesian Throughflow

JJA: June, July, August

KS test: Kolmogorov-Smirnov test

KSDist: the Kolmogorov-Smirnov Distance; is a parameter used by the two-sample
Kolmogorov-Smirnov test that quantifies the maximal vertical distance between
CDFs. In this study, it compares the absolute differences between CDFs from the
modelled and the observed data.

La Nifia: below normal temperature anomaly in the central and eastern Pacific
region (an opposite of El Nifio condition)

LF: Low-Frequency
MAM: March, April, May

Maritime Continent: a term normally used to describe a specifically defined area in
Southeast Asia with unique features such as islands of variable size featuring
significant mountain ranges of volcanic origin and surrounded by vast waters. This
area mostly covers the Indonesian region and the surrounding Southeast Asian
countries.

MJO: Madden-Julian Oscillation

Monsoon: a seasonal prevailing wind that lasts for several months and associated
with extensive rainfall due to more active convergence zone. The Austral summer
monsoon normally lasts from December to February or March bringing more rainfall
over most of Indonesia and northern Australia

Nifio index: SST region used to measure ENSO
NOAA: US National Oceanic and Atmospheric Administration

OPeNDAP: a software framework that enabled simple access to remote data by
simplifying all aspects of scientific data networking. OPeNDAP servers are used to
provide access to local data from different remote locations regardless of local
storage format.

PCMDI: Program for Climate Model Diagnosis and Intercomparison
PDF: Probability Density Function

PDO: Pacific Decadal Oscillation

PNG: Papua New Guinea

POAMA: the Predictive Ocean Atmosphere Model for Australia
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PR: CF standard name for precipitation flux (unit in kg.m?s™)

PSL.: CF standard name for air pressure at sea level (unit in Pa)

RCM: Regional Climate Model

SAM: Southern Annular Mode

SCS: South China Sea

SLP: Sea Level Pressure

SOI: Southern Oscillation Index

SON: September, October, November

SRES: Special Report on Emissions Scenarios

SST: Sea Surface Temperature

TAUU: CF standard name for surface downward eastward stress (unit in Pa)
TAUV: CF standard name for surface downward northward stress (unit in Pa)

TOS: CF standard name for sea surface temperature from the ocean component (unit
in K)

TS: CF standard name for surface temperature (unit in K)

WCRP CMIP3: the World Climate Research Programme, phase 3 of the Coupled
Model Intercomparison Project
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