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Abstract 

Understanding the relationship between El Niño and the interannual climate 

variability over the Maritime Continent (MC) region has important socio-economic 

implications. Given that El Niño has tremendous impacts, studying how it affects the 

precipitation would create better awareness and preparedness for the potential effects 

when El Niño is predicted. This thesis describes a comprehensive understanding of the 

role of El Niño to precipitation variability by analyzing a high-resolution gauge-based 

precipitation dataset as well as the role of local and remote sea surface temperature (SST) 

anomalies during the El Niño events to the precipitation through numerical experiments. 

Regional-scale precipitation responses over Indonesia, a region occupying almost 

70% of the MC, to major climate modes in the tropical Indo–Pacific Oceans, namely, 

canonical El Niño, El Niño Modoki, and the Indian Ocean Dipole (IOD), and how the 

responses are related to large-scale moisture convergences are investigated. The 

precipitation responses, analyzed using a high-spatial-resolution (0.5°  0.5°) terrestrial 

precipitation dataset for the period 1960–2007, exhibit differences between the dry 

(July–September) and wet (November–April) seasons. Canonical El Niño strongly reduces 

precipitation in central to eastern Indonesia from the dry season to the early wet season 

and northern Indonesia in the wet season. El Niño Modoki also reduces precipitation in 

central to eastern Indonesia during the dry season, but conversely increases precipitation 

in western Indonesia in the wet season. Moisture flux analysis indicates that 

corresponding to the dry (wet) season precipitation reduction due to the canonical El Niño 

and El Niño Modoki anomalous divergence occurs around the southern (northern) edge of 

the convergence zone when one of the two edges is located near the equator (10°S–15°N) 

associated with their seasonal migration. This largely explains the seasonality and 
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regionality of precipitation responses to canonical El Niño and El Niño Modoki. IOD 

reduces precipitation in southwestern Indonesia in the dry season, associated with 

anomalous moisture flux divergence. The seasonality of precipitation response to IOD is 

likely to be controlled by the seasonality of local sea surface temperature anomalies in the 

eastern pole of the IOD.  

The contribution of remote and local SST forcing during El Niño in shaping the 

interannual variations of large-scale precipitation over the MC during July-October 

(JASO) and January-April (JFMA) seasons is investigated by using an atmospheric 

general circulation model (AGCM). Two idealized AGCM experiments are designed to 

isolate the effect of anomalous SST forcing from the tropical central-eastern Pacific (CEP) 

and tropical western Pacific (WP). In the first (second) experiment, the climatological SST 

field is specified in the tropical CEP (WP), while observed SST is specified elsewhere. Our 

numerical experiments indicate that, in the JASO season, the precipitation reduction over 

the southern hemisphere (SH) side of MC is likely explained as a direct influence of El 

Niño. In response to El Niño-related positive SST anomalies over the tropical CEP, twin 

Rossby wave cyclonic anomalies are generated to the tropical WP. The southern branch of 

the twin cyclonic anomalies advects dry air into the SH side of MC, which then suppresses 

convection and precipitation there. In the JFMA season, the reduced precipitation over 

the northern hemisphere (NH) side of MC is likely induced by the in-situ ocean surface 

cooling. The local cooling forcing promotes the generation of the Philippine Sea 

anticyclonic anomalies in the NH region. The eastern flank of the anomalous anticyclone 

transfers dry air into the NH side of MC and then reduces local precipitation. 
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Chapter 1 

General Introduction 

On the interannual timescale, El Niño, which was initially translated from 

Spanish as ‗the boy-child‘, is the dominant mode arising from the atmosphere and ocean 

interaction in the tropical Pacific (Wallace et al. 1998; Trenberth et al. 1998). During a 

normal condition, trade winds blow from east to west across the surface of the tropical 

Pacific Ocean, carrying warm moist air and warmer surface water towards the tropical 

western Pacific (WP) and keeping the tropical central-eastern Pacific (CEP) relatively cool. 

The warm sea surface temperature (SST) in the tropical WP pumps heat and moisture to 

the atmosphere above and favors the atmospheric convection, causing towering 

cumulonimbus clouds and rains. This now-drier air then travels eastward in the 

upper-troposphere before descending over the cooler CEP SST. The air rising in the west 

and falling in the east along with the westward-moving air at the surface is referred to as 

the Walker Circulation (Walker 1923, 1924). During El Niño, the trade winds weaken or 

even reverse, allowing the warmer water to move into the tropical CEP regions. Hence, 

the El Niño events are best-known as the occurrence of a strong SST warming in the 

tropical CEP and an eastward shift of the Walker circulation (Bjerkness 1969). 

El Niño occurs every few years (say, two to seven years) and exhibits a great 

influence on the global climate (Webster et al. 1998). In general, it is strongly 

phase-locked to the annual cycle, developing in the boreal summer to autumn, peaking in 

winter, and decaying rapidly in the following spring (Rasmusson and Carpenter 1982; 

Deser et al. 2010). El Niños do not affect all regions over the globe, and even in a given 

area, the impacts are not exactly the same. Tropical climate variabilities associated with 

El Niño include drought in northern South America, higher than normal precipitation in 
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eastern equatorial Africa, and lower than normal conditions in Australia and Indian 

monsoon rainfall (Ropelewski and Halpert 1987). Within the tropical Pacific, a decrease in 

precipitation is large in the western Pacific and the Maritime Continent (MC) region 

(Quinn et al. 1978). 

Given that the MC is a focal point of the climate mode influences, El Niño can 

bring some serious problems. It exerts impacts on human life and economic growth 

through modulating crop yields (Iizumi et al. 2014), severe droughts (Dai et al. 1998), and 

raging forest fires (Burton et al. 2020). According to the Food and Agriculture 

Organization (FAO) report released in March 2016, about 20 million USD has been 

provided to compensate for the impacts of a single El Niño event in 2015/16, including 

more than 50% crop failures and forest losses due to wildfires faced by many countries in 

the MC sector. Thus, understanding how El Niño influences the precipitation over the MC 

would be very beneficial for the scientific community as well as policymakers.  

Indonesia occupies almost 70% of the MC, a region whose climate variability is 

modulated predominantly by the El Niño event. This climate mode tends to decrease 

Indonesian precipitation significantly from the boreal summer to winter and causes a 

longer than the normal dry season (Philander 1983a; Ropelewski and Halpert 1987; 

Hendon 2003; As-syakur et al. 2014; Yanto et al. 2016). Considering that El Niño can last 

up to 1 or 2 years, it is necessary to understand the seasonal evolution of El Niño 

influences to regional-scale Indonesian precipitation patterns. Furthermore, because the 

Indonesian climate is strongly characterized by the annual cycle of the convergence zones, 

such as the intertropical convergence zone (ITCZ) and the South Pacific convergence zone 

(SPCZ), it is also important to know how the seasonality of the convergence zones can 

modulate the seasonality of El Niño influences on precipitation. In chapter 2, we analyze 
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comprehensively the seasonal development of interannual variability of regional-scale 

Indonesian precipitation related to El Nino and other tropical Indo-Pacific climate modes, 

e.g., Indian Ocean Dipole (Saji et al. 1999) and El Niño Modoki (Ashok et al. 2007), 

including their relations with the convergence zones‘ behavior. 

In the presence of positive SST anomalies in the tropical CEP during the El Niño 

events, negative SST anomalies are also generated in the tropical WP around the warm 

pool region (Wallace et al. 1998; Wu et al. 2017a). It is widely agreed that the positive SST 

anomalies exert significant global impacts, suggesting a potential remote influence on the 

MC‘s climate. However, it is also important to know whether the negative SST anomalies 

can have a direct influence on the local precipitation over the MC region because any 

variations of SST in the warm pool region can induce changes in the atmospheric 

circulations (Palmer and Owen 1986; Ju and Slingo 1995). One of the most obvious ways 

to understand the role of this local and remote SST anomaly is by using an atmospheric 

general circulation model (AGCM), which allows us to separate the forcing of the observed 

regional SST appropriately. In chapter 3, we use the AGCM For the Earth Simulator 

(AFES) developed by the Japan Agency for Marine-Earth Science and Technology 

(JAMSTEC) to investigate the relative contribution of local versus remote SST anomaly 

forcing in shaping the interannual variations of precipitation over the Maritime Continent 

during the El Niño events.       
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Chapter 2 

Relations between interannual variability of regional-scale Indonesian 

precipitation and large-scale climate modes during 1960–2007 

 

2.1. Introduction 

Indonesia consists of more than 16 000 islands between the Pacific and Indian 

Oceans and between the Asian and Australian continents, and the main islands are 

mostly mountainous (Fig. 2.1). The seasonal evolution of the Indonesian climate is 

strongly influenced by the Asian–Australian monsoon systems (Qian et al. 2002; Hung et 

al. 2004) and is characterized by a wet season from November to April and a dry season 

from July to September (Fig. 2.2a). Climate variations, especially precipitation anomalies, 

can cause severe socioeconomic problems; crop failure occurs frequently during dry events 

(Amien et al. 1999; Naylor et al. 2001; D‘Arrigo and Wilson 2008) as well as forest and 

peat fires (Siegert et al. 2001; Page et al. 2002; Waple and Lawrimore 2003; Pan et al. 

2018), whereas heavier than normal precipitation can cause floods (Whetton and 

Rutherfurd 1994; Lawrimore et al. 2001; D‘Arrigo et al. 2008). For example, extreme 

drought and the prolonged dry season in 2015 caused severe forest fires in western 

Indonesia, which contributed to large amounts of carbon emissions and forest losses 

(Huijnen et al. 2016; Noojipady et al. 2017; Pan et al. 2018). Therefore, better 

understanding of precipitation variability on a regional scale over the Indonesian region 

is important. 

Indonesian precipitation variability is influenced by climate variability in the 

Pacific and Indian Oceans. Climate phenomena influencing Indonesian precipitation 

include El Niño–Southern Oscillation (ENSO), El Niño Modoki (Ashok et al. 2007), and 
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the Indian Ocean Dipole (IOD) (Saji et al. 1999). Previous studies have provided 

overviews of how these climate modes influence Indonesian precipitation. Canonical El 

Niño tends to reduce Indonesian precipitation between the boreal summer and winter 

(from the dry season to the wet season) and can cause a longer-than-normal dry season 

(Philander 1983a; Ropelewski and Halpert 1987; Philander 1990; Gutman et al. 2000; 

Hendon 2003). Ashok et al. (2007) found that El Niño Modoki has a similar impact in the 

dry season. A positive IOD, accompanied by negative sea surface temperature (SST) 

anomalies in the eastern tropical Indian Ocean, also decreases precipitation over 

Indonesia (Saji and Yamagata 2003; Ashok et al. 2004; Saji et al. 2006; Hamada et al. 

2012; Nur‘utami and Hidayat 2016; Lestari et al. 2018). These studies used the 

precipitation datasets of the Global Precipitation Climatology Project (GPCC; Adler et al. 

2003) or Climate Prediction Center Merged Analysis of Precipitation (Xie and Arkin 1997) 

on a 2.5° × 2.5° grid, which are too coarse to investigate the regional-scale precipitation in 

Indonesia. 

The relationship between regional Indonesian precipitation and climate modes 

has been recently investigated. As-syakur et al. (2014) analyzed the correlations between 

the precipitation over Indonesia and the El Niño index or Indian Ocean dipole mode index 

(IODMI) using a high-resolution (0.25° × 0.25°) satellite-derived precipitation dataset. 

They found that the effects of climate modes are not spatially stationary but exhibit 

seasonal migration. However, the analysis period of their study was relatively short (13 

years, from 1998 to 2010), and hence it is unclear whether the regional patterns are 

robust over a longer period. Using high-resolution (0.5° × 0.5°) precipitation data from the 

University of East Anglia Climatic Research Unit (UEA-CRU) (Harris et al. 2014), Yanto 

et al. (2016) investigated the seasonally averaged precipitation variability in wet 
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(November–April) and dry (May–October) seasons over Indonesia, and analyzed their 

relationships with ENSO and Pacific decadal oscillation (Mantua et al. 1997), but they 

did not examine the seasonal evolution of the effects of climate modes. Furthermore, 

these high-resolution studies did not investigate the effects of El Niño Modoki [and also 

IOD for Yanto et al. (2016)], which are expected to be important in Indonesian 

precipitation variability (Ashok et al. 2007). 

The purpose of this study is twofold. First, we clarify the seasonal development of 

regional precipitation responses over the Indonesian region to the climate modes in the 

Indo–Pacific Oceans, namely, ENSO, El Niño Modoki, and IOD, including the seasonal 

evolution of their influence. To this end, we analyze a recent, high-resolution (0.5° × 0.5°) 

terrestrial precipitation dataset, the Asian Precipitation–Highly Resolved Observational 

Data Integration Toward Evaluation (APHRODITE) (Yatagai et al. 2012), which covers 48 

years, from 1960 to 2007. Second, we examine how the regional precipitation responses to 

climate modes are related to moisture flux divergence by analyzing a reanalysis dataset. 

In particular, we focus on how variations in Indonesian precipitation are related to 

convergence zones, such as the intertropical convergence zone (ITCZ) and South Pacific 

convergence zone (SPCZ) in the western Pacific Ocean (Vincent 1994) and the oceanic 

tropical convergence zone (OTCZ) over the equatorial Indian Ocean (Saji et al. 1999). 

These convergence zones vary with respect to the variability of the Indo–Pacific 

climate modes. Canonical El Niño induces the eastward (northeastward) shifts of the 

ITCZ (SPCZ) in the equatorial Pacific Ocean, leading to divergences in the warm pool 

regions (Vincent 1994; Matthews and Kiladis 1999; Folland et al. 2002; Matthews 2012). 

During El Niño Modoki, the convergence zone migrations are similar to those during 

canonical El Niño (Weng et al. 2007, 2009). Freitas et al. (2017) showed northward 
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extreme shifts of the OTCZ over the southern Maritime Continent during IOD events. 

However, the relationship between the variability of convergence zones and regional-scale 

precipitation anomalies over Indonesia has not been examined. Furthermore, because 

transitions between dry and rainy seasons are closely related to the seasonal migration of 

convergence zones, it is important to understand how the seasonal migration modulates 

interannual variability of convergence zones and their influences on regional-scale 

precipitation variability. 

 

2.2. Data and methods 

 We used the monthly APHRODITE data (Yatagai et al. 2012) from January 1960 

to December 2007 with a horizontal resolution of 0.5° × 0.5° spanning from 93° to 143°E 

and from 11°S to 7°N (Fig. 2.1), which is narrower than the original dataset covering the 

Asian region. APHRODITE is a project that produces gridded precipitation dataset on a 

high-resolution grid based on rain gauge data over land (Yatagai et al. 2009, 2012). 

APHRODITE used the following data: Global Telecommunication System (GTS)-based 

data (global summary of the day) from the World Meteorological Organization; data 

precompiled by different groups or organizations; and raw observational data collected by 

the APHRODITE project. These incorporated data are 2.3–4.5 times greater than the 

number of GTS-only data and make the largest number of records in Indonesia, especially 

over southern regions (Yatagai et al. 2012), compared to other datasets with the same 

resolution, such as the UEA-CRU, University of Delaware, and GPCC (Schneider et al. 

2008). APHRODITE uses careful gridding interpolation method by taking into account 

the mountains, ridges, and slopes (Schaake 2004), which should help to represent 

precipitation over the mountainous Indonesian area appropriately (Fig. 2.1). All data 
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were also subjected to thorough quality control procedures manually and automatically, 

which at least may avoid the abnormality of the data as found in the GPCC product 

where in September 2004 Indonesian precipitation reaches ~10 000 mm month–1 

(Hamada et al. 2011; Yatagai et al. 2012). Recent studies have demonstrated the 

usefulness of APHRODITE products to improve seasonal forecasts of Asian monsoon 

precipitation (Yatagai et al. 2014), to validate high-resolution climate model simulations 

(Yatagai et al. 2005), and to characterize regional features of extreme precipitation in 

Southeast Asia (Villafuerte and Matsumoto 2015). 

 To understand the role of large-scale atmospheric circulation in precipitation 

variability over Indonesia, we also use the Japanese 55-Year Reanalysis (JRA-55) dataset 

(Kobayashi et al. 2015; Harada et al. 2016) with a 1.25° × 1.25° longitude and latitude 

grid for the same period as the APHRODITE data. By using the JRA-55 data, we estimate 

the vertically integrated moisture flux convergence between 1000 and 500 hPa based on 

monthly horizontal wind speed and specific humidity data, using the following equation: 

−𝛁 ∙ 𝐐 =
1

𝑔
  

𝜕𝑢𝑞

𝜕𝑥
+

𝜕𝑣𝑞

𝜕𝑦
 

𝑝0
𝑝1

𝑑𝑝,     (2.1) 

where 𝐐 represents the vertically integrated moisture flux, −𝛁 ∙ 𝐐 is its convergence, 𝑥 

and 𝑦 are the zonal meridional coordinates, 𝑢 and 𝑣 are the 𝑥 and 𝑦 components of 

the horizontal wind, respectively, 𝑞 is the specific humidity, 𝑝 is the pressure, 𝑔 is the 

gravitational acceleration, and the interval of vertical integration is between 𝑝0 (1000 

hPa) and 𝑝1  (500 hPa). To examine the robustness of the analyses of moisture flux 

convergence, we also examined the NCEP–NCAR reanalysis dataset (Kalnay et al. 1996). 

The results of NCEP–NCAR reanalysis essentially confirm those of JRA-55. 

 To understand the relations between Indonesian precipitation anomalies and 

climate modes, we use three SST-based climate indices: the Niño-3 index, El Niño Modoki 
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index (EMI), and IODMI. These indices are calculated using the monthly, 1° × 1° grid SST 

dataset of the Hadley Centre Sea Ice and Sea Surface Temperature version 1.1 

(HadISST1.1) data (Rayner et al. 2003). The Niño-3 index is the area-averaged SST 

anomaly (SSTA) over the region of 150°–90°W, 5°S–5°N. The EMI (Ashok et al. 2007) is 

defined as [SSTA]CP – 0.5 × [SSTA]EP – 0.5 × [SSTA]WP, where the square brackets 

represent the area-averaged SSTA over the central Pacific (CP; 165°E–140°W, 

10°S–10°N), eastern Pacific (EP; 110°–70°W, 15°S–5°N), and western Pacific (WP; 

125°–145°E, 10°S–20°S). The IODMI (Saji et al. 1999) is the SSTA difference between the 

western (50°–70°E, 10°S–10°N) and southeastern (90°–110°E, 10°S–0°) Indian Ocean. 

The relations between the climate modes and Indonesian precipitation variability are 

investigated using standard correlation (or Pearson correlation) analysis and partial 

correlation analysis of the annually sampled 3-month average data between the 

precipitation and the respective climate indices for each calendar month. For simplicity, 

the 3-month average is denoted as the value of the center month; for example, 

December–February (DJF) is denoted as January, unless otherwise stated. Because 

climate indices are not independent, the partial correlation analysis is used to access the 

independent contributions of climate indices to precipitation variability. A partial 

correlation technique has been used to study the impacts of El Niño and IOD (Ashok and 

Saji 2007; Cai et al. 2009; As-syakur et al. 2014) and El Niño Modoki (Ashok et al. 2007). 

It is noteworthy that to judge whether standard or partial correlation is more appropriate, 

a priori knowledge is required. For example, if the influences of climate indices A and B 

on variable C are analyzed, and if there is a priori knowledge that climate index A drives 

index B and not vice versa, then it is appropriate to use standard correlations for index A 

with variable C and partial correlations for index B. However, such a priori knowledge is 
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not generally available, and the partial correlation gives a conservative measure as a 

correlation that holds even if the other climate indices drive the climate index in question. 

Please note that, in this paper, anomalies of all variables are defined as the deviations 

from the mean seasonal climatology (from January 1971 to December 2000), and the 

linear trends of anomalies are removed. 

 

2.3. Basic features of Indonesian precipitation 

 Before examining the relationship between Indonesian precipitation and climate 

indices, we briefly describe the basic features of Indonesian precipitation, including the 

seasonal march, which is strongly controlled by the Asian–Australian monsoon (Haylock 

and McBride 2001; Aldrian and Susanto 2003). Figure 2.2a shows that area-averaged 

climatological terrestrial precipitation reaches its minimum in August and maximum in 

December. The narrow trough and wide peak mean the short dry season 

(July–September) and long wet season (November–April) accompanied by the rapid 

dry-to-wet transition in October and slow wet-to-dry transition from May to June. The 

spatial map of climatological mean precipitation in the dry season and wet season (Figs. 

2.2b,c) indicates that the difference between high and low precipitation is large not only 

between the two seasons, but also among different regions. In the dry season, 

precipitation is especially low in southern Indonesia (Java and Nusa Tenggara) and 

relatively low in central to eastern Indonesia (Sulawesi and Maluku). In contrast, in the 

wet season, precipitation is high over Java and central Borneo. These regional differences 

in the seasonal marches are important in understanding the effects of precipitation 

anomalies; anomalously low (high) precipitation in the regions of climatologically low 

(high) precipitation can cause severe problems in the dry (wet) season. 
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2.4. Overall influence of climate modes 

 To measure the contribution of the climate modes to Indonesian precipitation 

variability, we calculate the explained variance ratios of Indonesian precipitation by the 

SST-based climate indices (Fig. 2.3). The explained variance ratio is defined as the 

variance of the estimated component based on a linear regression divided by the total 

variance. The explained variances of all climate modes are generally large between the 

dry season and early wet season (July–November), and reach their respective peaks in 

September. If 10% of explained variance is used as a threshold of substantial contribution, 

canonical ENSO has the largest number of months of substantial contributions from July 

to January, that is, from the dry season through the first half of the season. In most of 

these months, the canonical ENSO makes the largest contribution to precipitation 

variability compared with other modes. The IOD contribution is higher than 10% from 

July to November, and slightly exceeds that of canonical ENSO in September and October. 

The contribution of El Niño Modoki exceeds 10% from August to November and is smaller 

than the canonical El Niño and IOD contributions in those months. 

 A caveat of the explained variances is that the climate modes are not independent. 

Thus, a certain portion of the explained variance of one climate mode may not reflect 

direct causality, and the variance can contain contributions from other modes. To measure 

the magnitude of the mode interactions, we examine correlation coefficients among the 

climate indices (Fig. 2.4). Relatively strong correlation (>0.5) occurs between canonical El 

Niño and IOD from September to November consistent with Ashok et al. (2003a), 

overlapping the period when the explained variances of these modes are generally large. 

The square of the correlation gives a measure of the mode interaction for variances. For 

example, in September, when the explained variances of all climate modes are the highest, 



16 

 

the correlation between canonical El Niño and IOD is 0.55, which means that 30% of 

variance of canonical El Niño or IOD can be contributed by the other climate mode. 

Because it is not possible to distinguish which climate mode forces which, we examine 

both standard correlation and partial correlation for relations between precipitation and 

climate modes in the next section. 

 

2.5. Role of the climate modes with regard to precipitation 

2.5.1. Canonical El Niño 

 Figure 2.5 shows the seasonal evolution of correlations between precipitation and 

Niño-3 in each calendar month. Negative correlations cover a wide area over central to 

eastern Indonesia from July to November, namely, from the dry season to the early wet 

season, corresponding to the top five months of explained variances of Niño-3 (Fig. 2.3). 

Monthly evolution indicates that canonical El Niño first affects southern Borneo, 

Sulawesi, Maluku, and western Papua, and then its influence expands southward to Java 

and Nusa Tenggara. Lower precipitation in the dry season means that canonical El Niño 

can cause drought in central to eastern Indonesia. Subsequently, the negative 

correlations occur in a more limited area over northern Indonesia in the middle and late 

wet season. In the months, the negative correlations occur mainly over northern Borneo, 

northern Sulawesi, and northern Maluku. The distinct difference in correlation patterns 

between dry and middle-late wet seasons suggests that precipitation responses to 

canonical El Niño over Indonesia are caused by at least two mechanisms. 

 The different patterns of precipitation response to canonical El Niño in different 

seasons found by correlation analysis (Fig. 2.5) are generally confirmed by the partial 

correlations between precipitation and Niño-3 after removing the contributions of El Niño 
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Modoki and IOD (Fig. 2.6). The magnitudes of partial correlations are generally smaller 

than standard correlations, but still strong partial correlations are found in 

central–eastern Indonesia in the dry season and in northern Indonesia in the wet season. 

This means that the contrast between two seasons is not due to the mode interaction, but 

occurs intrinsically as the precipitation response to the canonical El Niño. 

 The influence of El Niño and La Niña events on precipitation in Indonesia is 

examined by comparing the time series of the Niño-3 index and area-averaged 

precipitation anomalies. The time series are chosen for central to eastern Indonesia 

between August and October from the dry season (Fig. 2.7a) and northern Indonesia 

between February and April from the wet season (Fig. 2.7b). In central to eastern 

Indonesia, the two time series are generally consistent throughout the analysis period, 

but in northern Indonesia there is a strong relationship apparent only after the 1980s, 

including a large precipitation reduction of more than two standard deviations for the 

1982/83 and 1997/98 El Niños, known as extreme El Niños (Philander 1983b; McPhaden 

1999). This change in relationship after 1980 may be associated with the 1970s climatic 

regime shift (Minobe 1997; Mantua et al. 1997). To examine if such a change of 

relationship occurs in other data than APHRODITE, we analyze station data, combining 

daily station data obtained from the Indonesian Meteorological, Climatological, and 

Geophysical Agency and monthly station data of Global Historical Climatology Network 

version 2. We need to combine the two datasets to obtain continuous monthly time series 

for the present analysis period (i.e., 1960–2007). There are three stations in northern 

Indonesia that have available data for the whole analysis period. They are Polonia in 

northern Sumatra, Tarakan in northern Borneo, and Manado in northern Sulawesi. 

Correlation coefficients between station precipitation and Niño-3 in March after (before) 
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the 1980s are 0.57 (0.32), 0.64 (0.01), and 0.79 (0.38) in Polonia, Tarakan, and Manado, 

respectively. Therefore, the weak and strong correlations roughly before and after the 

1970s regime shift, respectively, are confirmed by the station data analysis.  

 To understand how the seasonal development of canonical El Niño influences is 

related to large-scale atmospheric fields, we conduct a partial correlation analysis 

between the convergence of the vertically integrated horizontal moisture flux and Niño-3 

(Fig. 2.8). In both the dry and wet seasons, shown for September and March, respectively, 

the precipitation partial correlations in Fig. 2.6 are closely associated with moisture flux 

convergence partial correlations. The regions of precipitation partial correlations, central 

to eastern Indonesia in the dry season (July–September) and northern Indonesia in the 

wet season (November–April), are covered by the area of negative partial correlations of 

moisture flux convergence, corresponding to divergent anomalies. This means that the 

canonical El Niño reduces Indonesian precipitation on regional scales through 

larger-scale moisture divergence. 

 The negative partial correlations of moisture convergence in Fig. 2.8 generally 

occur around the climatological zero contours in both seasons, but their relations to ITCZ 

and SPCZ, which are somewhat merged over Indonesia, are different between the two 

seasons. In the dry season, negative partial correlations occur around the southern edge 

of the SPCZ, whereas they occur around the northern edge of the ITCZ in the wet season. 

This means that SPCZ (ITCZ) contracts northward (southward) in its southern (northern) 

flank in the dry (wet) season. Since the SPCZ and ITCZ are somewhat merged over 

Indonesia, zero contours occur only along the southern edge of the SPCZ and the northern 

edge of the ITCZ. Consequently, the rain reductions influenced by canonical El Niño over 

Indonesia are explained by the two different areas of divergent moisture flux anomalies; 
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one occurs in central to eastern Indonesia in the dry season, and the other occurs in the 

Philippine Sea and covers northern Indonesia in the wet season, associated with the 

northward contraction of the southern flank of the SPCZ and the southward contraction 

of the northern flank of the ITCZ, respectively. Next, we examine how the seasonality of 

the anomalous moisture flux divergence is related to the seasonal migration of 

convergence zones. 

 Figure 2.9 shows the seasonal evolution of the partial correlations between Niño-3 

and moisture flux convergence zonally averaged between 110° and 150°E along with the 

climatologies of the convergence. The negative partial correlations corresponding to 

anomalous divergence occur between the equator and 10°S in the dry season and between 

the equator and 15°N in the wet season, consistent with Fig. 2.8. This feature can be 

explained if two conditions constrain the anomalous divergence in response to canonical 

El Niño. The anomalous moisture flux divergence occurs if the following two conditions 

are satisfied: 1) around the southern edges of the SPCZ or the northern edges of the ITCZ 

and 2) only in the latitudinal range between 10°S and 15°N. These conditions roughly 

constrain when and where the anomalous divergences occur, because they are satisfied 

only when the southern boundary of SPCZ comes within 10°S–0° or the northern 

boundary of ITCZ comes within 15°N–0°. The former occurs in the dry season in the 

Southern Hemisphere with moisture divergence anomalies occurring between 12°S and 

3°N, whereas the latter occurs in the wet season in the Northern Hemisphere with 

moisture divergences occurring between 2° and 15°N (Fig. 2.9). Although these two 

conditions are observed features, we do not know what their underlying mechanisms are. 

Nevertheless, the interpretation combined with the spatial distribution of the moisture 

flux convergence anomalies shown in Fig. 2.8 can explain why precipitation reduction 
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occurs due to canonical El Niño in central to eastern Indonesia in the dry season and in 

northern Indonesia in the wet season, consistent with the precipitation anomalies shown 

in Fig. 2.5.  

2.5.2. El Niño Modoki  

 In this subsection, we examine how El Niño Modoki influences precipitation in 

Indonesia. Figure 2.10 shows correlation coefficients between the EMI and precipitation. 

The correlations are negative in the dry season (July–September) and dry-to-wet 

transition (October) in central to eastern Indonesia and in the northern region in the 

middle of the wet season (January–March). In the wet season, however, a more salient 

feature is the positive correlations in western Indonesia, especially in Sumatra. The 

negative correlations for El Niño Modoki generally overlap with the negative correlation 

for canonical El Niño, whereas the positive correlations occur only for El Niño Modoki. 

 The partial correlations between the precipitation and EMI confirm that the 

relations found in correlations are contributed by El Niño Modoki (Fig. 2.11). In the dry 

season and dry-to-wet transition negative partial correlations occur in central to eastern 

Indonesia. Although in this region, partial correlations for canonical El Niño are also 

significant, as shown in section 2.5.1, there are subtle but interesting differences between 

El Niño Modoki and canonical El Niño. In the late dry season (September), El Niño 

Modoki has significant partial correlations in southern Indonesia (Nusa Tenggara) but 

canonical El Niño does not. In the dry-to-wet transition (October), El Niño Modoki has a 

stronger influence in central to eastern Indonesia than canonical El Niño. In the wet 

season, the positive partial correlations in western and central Indonesia, which are not 

seen for canonical El Niño, are consistent with those in standard correlations (Figs. 2.10 

and 2.11). The negative correlations of precipitation over Indonesia for El Niño Modoki 
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were also reported by Ashok et al. (2007) using a coarse-resolution (2.5° × 2.5°) dataset, 

but our high-resolution (0.5° × 0.5°) analysis reveals the influence of El Niño Modoki in 

greater detail, including positive partial correlations in western and central Indonesia. 

The positive correlation in the wet season means that El Niño Modoki can bring floods in 

western Indonesia, contrary to the general expectation that El Niños cause drought in the 

Maritime Continent, including Indonesia. 

 To know better the relation between precipitation and El Niño Modoki for the 

increase in precipitation due to El Niño Modoki in western and central Indonesia, we plot 

time series of area-averaged precipitation anomalies and EMI in the wet season (Fig. 

2.12). Close covariability is apparent between central Sumatra precipitation and the EMI 

in November (Fig. 2.12a), and between central Sumatra and southern Borneo 

precipitation and the EMI in March (Fig. 2.12b). Interestingly, the time scales for El Niño 

Modoki and corresponding precipitation are longer than those for canonical El Niño (Fig. 

2.7), consistent with the fact that El Niño Modoki exhibits large decadal variability 

(Ashok et al. 2007; Weng et al. 2007). 

 Partial correlation analysis of moisture flux convergence with EMI shows two 

different areas of anomalous divergences in different seasons (Fig. 2.13), corresponding to 

the anomalous Indonesian precipitation during El Niño Modoki. The negative partial 

correlation of moisture flux convergence occurs in the dry season in central to eastern 

Indonesia. This negative partial correlation with El Niño Modoki is located slightly south 

of those with Niño-3 (Figs. 2.8a and 2.13a), which may explain the aforementioned 

stronger influence of El Niño Modoki on precipitation in southern Indonesia (Nusa 

Tenggara) compared with canonical El Niño (Figs. 2.6 and 2.11). Another negative partial 

correlation also occurs in the wet season (Fig. 2.13b) in the Philippine Sea, corresponding 
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to a brief precipitation reduction in northern Indonesia (Figs. 2.10 and 2.11). For the 

positive precipitation correlations with El Niño Modoki in western Indonesia, no 

corresponding significant correlations are found in the moisture flux convergence. 

Consequently, the precipitation decrease due to El Niño Modoki in central to eastern 

Indonesia in the dry season and northern Indonesia in the wet season can be explained by 

the anomalous moisture flux convergence, whereas the precipitation increase in the 

western region is not explained. 

 The zonally averaged partial correlation between EMI and moisture flux 

convergence along with the climatologies of the convergence (Fig. 2.14) indicates that the 

seasonality of the El Niño Modoki influence is related to the seasonal migration of 

convergence zones. Similar to the case of the canonical El Niño (Fig. 2.9), anomalous 

moisture flux divergence occurs when the edges of the convergence zones (zero 

climatology contours) are located near the equator between 10°S and 15°N (Fig. 2.14). 

However, there is an interesting difference: moisture flux divergence anomalies related to 

El Niño Modoki are more intense on the area of climatological divergence (Figs. 2.13 and 

2.14) than those related to canonical El Niño (Figs. 2.8 and 2.9). Furthermore, in the 

dry-to-wet transition, anomalous divergences with El Niño Modoki are stronger than 

those with canonical El Niño (Figs. 2.9 and 2.14). This is consistent with the difference of 

precipitation responses; precipitation responses for El Niño Modoki compared with those 

for canonical El Niño in the dry (wet) season occur in more southern (northern) areas in 

central to eastern (northern) Indonesia (Figs. 2.6 and 2.11) and precipitation is more 

strongly reduced for El Niño Modoki than for canonical El Niño in the dry-to-wet 

transition. 
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2.5.3. IOD 

 Figure 2.15 shows that negative precipitation correlations with IODMI occur over 

a wide area of Indonesia from the dry season to the early wet season (July–November). In 

July, significant correlations cover the western–central parts, and then they increase 

their magnitudes until September with eastward expansion, followed by weakening in 

October and November. The pattern substantially overlaps with that of the correlations 

with Niño-3 (Fig. 2.5), and the strong correlation between Niño-3 and IODMI shown in 

Fig. 2.4 suggests that substantial parts of the correlations shown in Fig. 2.15 can come 

from the interaction between the impacts. 

 Partial correlations between the precipitation and IODMI (Fig. 2.16) are strong in 

southwestern Indonesia, especially in southern Sumatra and Java in the dry season 

(July–September) and dry-to-wet transition (October) and in central Indonesia (i.e., 

southern Borneo and Sulawesi), with weaker magnitudes. The highest absolute 

correlation reaches 0.7, much higher than that reported by As-syakur et al. (2014), which 

was lower than 0.4 (Fig. 3 in their paper). In these regions and seasons, partial 

correlations of IOD are much stronger than those of canonical El Niño or El Niño Modoki 

(Figs. 2.6 and 2.11), thereby indicating that the IOD is a dominant driver. This is 

consistent with the correlation analysis by Saji et al. (1999) and the partial correlation 

analysis by Ashok et al. (2007) (Fig. 9d in their paper). Our analysis using 

higher-resolution data than those used in previous studies not only confirms the robust 

relation between IOD and Indonesian precipitation in general, but also reveals the IOD‘s 

influence on Sulawesi, which was not found in earlier studies. 

 The precipitation time series of the regions influenced by IOD events in 

southwestern Indonesia negatively correlates with the IODMI in September (Fig. 2.17). 



24 

 

Although some mode interaction between IOD and canonical El Niño is expected (Fig. 2.4), 

these time series for IOD have different features from those for canonical El Niño. For 

example, the events of strong precipitation reduction in 1961, 1994, and 2006 are caused 

by the strong IOD events without canonical El Niños (Yamagata et al. 2004; Meyers et al. 

2007; Vinayachandran et al. 2007). Moreover, the precipitation time series are not 

strongly affected by major El Niño events in 1972, 1982, and 1997, consistent with the 

weak influence of El Niño in southwestern Indonesia (Figs. 2.5 and 2.6). 

 The partial correlation between moisture flux convergence and the IODMI (Fig. 

2.18) indicates that anomalous moisture flux divergences develop in June in the 

southeastern Indian Ocean and reach their peak in September, as shown for July and 

September (see also Fig. 2.19 for seasonal development). Negative partial correlations 

occur around the zero contour of the climatological moisture flux convergence, which is 

the southeastern edge of the OTCZ, and this indicates the northwestward contraction of 

the eastern OTCZ in the dry season. The spatial–seasonal distribution of anomalous 

divergences is consistent with the spatial pattern of the precipitation response to the IOD 

shown in Fig. 2.16. Therefore, the IOD reduces precipitation over southwestern Indonesia 

via the northward contraction of the OTCZ‘s southern boundary in the dry season and 

dry-to-wet transition. 

 The development of anomalous moisture flux divergence related to IOD probably 

has a different cause from those related to canonical El Niño and El Niño Modoki. For the 

latter climate modes, seasonal migration of the ITCZ and SPCZ plays an important role, 

as shown in section 2.5.1 and 2.5.2, but we find no relation between the seasonal OTCZ 

migration and the seasonal dependence of the anomalous moisture flux divergence in the 

eastern Indian Ocean. To understand what determines the seasonality of the IOD 
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influences on moisture flux convergence, we analyze the seasonal march of the SST 

anomalies in the eastern pole of the IOD (Fig. 2.19). Consistent with the seasonal 

development of the negative partial correlations between the moisture flux convergence 

and the IODMI, the strong negative partial correlations (r < –0.7) between the SST and 

IODMI start to develop in June, reach their peak in September, and then decline. This is 

consistent with the previously reported seasonal march of SST anomalies associated with 

IOD (Saji et al. 1999; Delman et al. 2018). This seasonality in the IOD‘s eastern pole is 

also consistent with the seasonality of the precipitation responses to the IOD (Fig. 2.16). 

Therefore, these results strongly suggest that seasonality of the precipitation response to 

IOD is controlled by the seasonality of the IOD itself. 

 

2.6. Summary and discussion 

 We have investigated Indonesian precipitation responses to the three climate 

modes, namely, the canonical El Niño, El Niño Modoki, and IOD, for their regional and 

seasonal distribution and their relation to large-scale moisture flux convergence by using 

a high-resolution (0.5° × 0.5°) terrestrial precipitation dataset APHRODITE (Yatagai et al. 

2012) and JRA-55 reanalysis (Kobayashi et al. 2015) from January 1960 to December 

2007. Although several studies have investigated precipitation in Indonesia related to 

climate modes using high-resolution data (see section 2.1), the present study provides a 

more comprehensive understanding of seasonally dependent regional-scale responses to 

climate modes and how regional-scale responses are related to the large-scale variability 

of the ITCZ and SPCZ. 

 Canonical El Niño and El Niño Modoki have some similarities. These two climate 

modes reduce precipitation in central and eastern Indonesia in the dry season 
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(July–September) and dry-to-wet transition (October), and in northern Indonesia in the 

wet season (November–April) (Figs. 2.5, 2.6, 2.10, and 2.11). Canonical El Niño has a 

stronger influence than El Niño Modoki in northern Indonesia in the wet season, but a 

weaker influence in central and eastern Indonesia in the dry-to-wet transition. The main 

features of these precipitation reductions can be explained by the large-scale moisture 

flux divergence. Anomalous moisture flux divergence occurs only when either the 

northern or southern edges of the merged convergence zone of ITCZ and SPCZ are located 

near the equator between 10°S and 15°N. This can occur in the dry or wet seasons when 

the southern or northern edge reaches this latitudinal range, respectively (Figs. 2.8, 2.9, 

2.13, and 2.14). The anomalous divergences of moisture flux occur around the 

convergence zone edges for canonical El Niño, inducing convergence zone contractions. 

The anomalous divergences occur mainly on the area of climatological divergence for El 

Niño Modoki, namely, higher latitudes than for canonical El Niño. In addition, the 

dry-to-wet transition divergent anomalies are stronger for El Niño Modoki than for 

canonical El Niño. These differences in moisture flux divergence between the canonical El 

Niño and El Niño Modoki explain the differences in precipitation responses between the 

two modes. It is also found that El Niño Modoki increases precipitation in western 

Indonesia, contrary to the widely accepted view that El Niños decrease precipitation on 

the Maritime Continent. This precipitation increase cannot be explained by the moisture 

flux convergence. 

 The standard and partial correlation analyses indicate that IOD strongly 

influences southwestern Indonesia (southern Sumatra and Java) (Figs. 2.15 and 2.16). 

This large precipitation reduction is closely associated with anomalous divergences of the 

moisture flux in the equatorial eastern Indian Ocean over the southern flank of OTCZ 
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(Fig. 2.18), indicating the northward contraction of the OTCZ. The seasonality of the 

moisture flux divergence associated with the IOD is controlled by the seasonality of the 

SST anomalies of the IOD‘s eastern pole (Fig. 2.19). 

 The methods used in this study to identify the roles of climate modes in some 

regions also become a limitation owing to mode interactions, especially that between the 

IOD and canonical El Niño, which has relatively high correlations (Fig. 2.4). For example, 

strong negative correlations are found in southern Borneo both for canonical El Niño and 

the IOD in the dry season, accompanied by much weaker partial correlations for both 

modes. In this region and season, therefore, it is not possible to identify which of the two 

modes plays a dominant role in precipitation responses. Nevertheless, in most regions 

and seasons the results of the standard and partial correlations essentially the same. 

Consequently, the present results provide useful information for understanding of 

regional-scale Indonesian precipitation responses to climate modes in different seasons 

and how they are related to large-scale atmospheric conditions represented by 

convergence zones. 

 Although we have examined simultaneous correlations, lead–lag correlations 

might provide different patterns associated with development and decay years of 

canonical El Niño and El Niño Modoki. For instance, the ENSO-related Indian summer 

monsoon precipitation shows different patterns during the concurrent summer and 

following summer (Mishra et al. 2012). To examine this possibility, lead–lag partial 

correlations are calculated with respect to December Niño-3 and December EMI against 

precipitation with 3-month running average (figure not shown). December is taken as an 

index because it is usually the peak phase of ENSOs (Xie et al. 2009). The patterns of 

lead–lag partial correlations are, in general, qualitatively similar to those of simultaneous 
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partial correlations for the same calendar month of precipitation for lags of 3–4 months 

with smaller correlation values for the former than the latter. An exception is that partial 

correlations of March–April lagged to December Niño-3 are much weaker than 

simultaneous partial correlations. Please note that a 3-month period is the minimum lag 

so that the months in two time series are not overlapped in association with the 3-month 

running average. For leads or lags of 5 months or larger, lead–lag partial correlations 

become very small. Consequently, the simultaneous correlation analyses presented in this 

paper capture the main features of canonical El Niño and El Niño Modoki influences onto 

Indonesian precipitation. 

 It is also worth considering the influences of other tropical climate modes, such as 

basinwide warming in the tropical Indian Ocean (Kelin et al. 1999) and Atlantic Niño in 

the tropical Atlantic Ocean (Zebiak 1993). Previous studies suggested that the Indian 

Ocean basinwide (IOBW) mode has significant influences on climate anomalies over the 

Indo-western Pacific from boreal winter to the following summer (Yang et al. 2007; Xie et 

al. 2009). Atlantic Niño may affect the tropical Pacific variability (Rodríguez-Fonseca et al. 

2009; Ding et al. 2012) and may modulate the regional climate variability such as in India 

in boreal summer (Kucharski et al. 2007). To investigate the influences of these climate 

modes, we calculate the partial correlation of Indonesian precipitation with the IOBW 

index and Atlantic Niño index for each calendar month by removing the influences of the 

two types of Pacific El Niño. The IOBW index (Atlantic Niño index ) is defined as the 

area-averaged SST anomalies over the regions of 40°–100°E, 20°S–20°N (20°W–0°, 

3°S–3°N). The partial correlations of precipitation with the two indices show that there 

are no significant values of correlation coefficients found over the Indonesian region in all 

seasons (figure not shown). This may indicate that both IOBW and Atlantic Niño have no 
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substantial influences to precipitation over Indonesia. 

 Further studies are necessary to understand the underlying mechanisms for 

anomalous moisture flux divergence and regional precipitations. For example, future 

studies are needed to explain why anomalous moisture flux divergence occurs around the 

convergence zone edges for canonical El Niño and El Niño Modoki and why the 

occurrences are limited between 10°S and 15°N. The distance from the equator for this 

sensitive response in on the order of the equatorial Rossby radius of deformation, and 

thus we speculate that dynamics, such as equatorial waves, may be important. In 

particular, Matsuno–Gill dynamics may play some role, as it is known that it is important 

in atmospheric response for El Niños and IODs (Ashok et al. 2003b; Guan et al. 2003; Lee 

et al. 2009; Ratnam et al. 2014). Numerical models should be useful for understanding 

the mechanisms. Probably large-scale convergence zone responses can be studied by 

global models (e.g., Preethi et al. 2015), but in order to understand the regional 

precipitation responses over mountainous Indonesian areas higher-resolution models 

than standard AGCMs are required. Along this direction, recent model intercomparison 

projects provide important research assets including regional model intercomparison of 

the Coordinated Regional Climate Downscaling Experiment (Ngo-Duc et al. 2017) and 

high-resolution global model intercomparison, the HighResMIP (Haarsma et al. 2016; 

Roberts et al. 2018). 

 The information obtained in this work may be useful to both the research 

community and society. Operational predictions using climate modes are conducted by a 

number of climate research centers over the world (e.g., Doi et al. 2016). Although the 

numerical model resolutions used for those predictions are not high enough to resolve the 

regional-scale precipitation variability, the climate mode predictions and the present 



30 

 

results can be combined to add values of these predictions. For example, if El Niño 

Modoki is predicted, central to eastern Indonesia should prepare for droughts, especially 

in the south, whereas western Indonesia should prepare for floods. Furthermore, the 

information of the present study can also be useful for determining how the influence of 

El Niño on Indonesian precipitation will change by future climate change. Previous 

studies have suggested that the frequency of El Niño Modoki events will increase due to 

global warming (Ashok et al. 2007; Ashok and Yamagata 2009; Yeh et al. 2009; Lee and 

McPhaden 2010), which may weaken the overall effects of El Niños on Indonesia because 

canonical El Niño has a stronger effect than El Niño Modoki. However, the change in type 

of El Niño may bring worse conditions in some regions, as shown by the different 

regionality between the canonical El Niño and El Niño Modoki. Hui and Zheng (2018) 

pointed out that IOD amplitudes in the eastern pole of the IOD will be enhanced in the 

future, thereby suggesting that the IOD may cause more severe effects on precipitation in 

southwestern Indonesia. To address the changes in relationships between climate modes 

and Indonesian precipitation, analyses of climate models, such as those in the Coupled 

Model Intercomparison Project, are necessary. For those studies, the present results can 

be used to know how future climate mode changes are related to Indonesian precipitation 

on finer scales that are not resolved by those models. Also, the present results can be used 

to know which climate models are appropriate for such studies, by judging whether the 

responses of large-scale convergence zones to climate modes are realistic in those models.   
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Figure 2.1. Topography (m) of Indonesia in the study area based on the Worldbath dataset 

(http://ingrid.ldgo.columbia.edu/SOURCES/.WORLDBATH/.bath/).  
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Figure 2.2. (a) Monthly climatology (mm day–1) of spatially averaged terrestrial 

precipitation over the area shown in Fig. 2.1. Seasonal climatology (mm day–1) of 

precipitation in the (b) dry (July–September) and (c) wet (November–April) seasons for 

the period 1971–2000. Red and blue arrows indicate the dry and wet seasons, 

respectively.    
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Figure 2.3. Explained variance ratio of Indonesian precipitation by SST-based climate 

indices with the 3-month average as a function of calendar month. Red and blue arrows 

indicate the dry and wet seasons, respectively. The 𝑥 axis indicates the center of month 

of the 3-month average.  
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Figure 2.4. Correlation coefficients among SST-based climate indices with the 3-month 

average as a function of calendar month. The values outside the solid lines are 

statistically significant at the 95% confidence level. Red and blue arrows indicate the dry 

and wet seasons, respectively. The 𝑥 axis indicates the center month of the 3-month 

average.  
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Figure 2.5. Spatial distribution of correlation coefficients of seasonal development of 

precipitation with normalized Niño-3. Correlations are calculated for 3-month averaged 

data, and the center month is written in each panel. Only correlations that are significant 

at the 95% confidence level are shown by the color shading. Red and blue frames indicate 

the dry and wet seasons, respectively.  
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Figure 2.6. As in Fig. 2.5, but for partial correlation coefficients. The rectangular areas in 

September and March denote the regions for which the area-averaged precipitation is 

shown in Fig. 2.7.  
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Figure 2.7. Time series of normalized Niño-3 and normalized and sign-reversed 

precipitation averaged over the area in Fig. 2.6, namely, (a) the rectangular areas in 

eastern Indonesia (118°–135°E, 7°S–4°N) between August and October and (b) northern 

Indonesia (111°–130°E, 0°–7°N) between February and April. The center month of the 

3-month average is shown in the panel title for a consistency with other figures. The sign 

of precipitation is reversed for an easier comparison with Niño-3.  
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Figure 2.8. Spatial distribution of partial correlation coefficients between the vertically 

integrated moisture flux convergence and Niño-3 (shading) and climatology of the 

vertically integrated moisture flux convergence (contours; 10–4 kg m–2 s–1) in (a) 

September and (b) March. Correlations and climatologies are calculated for 3-month 

averaged data, and the center month is shown in the panel title for consistency with other 

figures. Only correlations that are significant at the 95% confidence level are shown by 

the color shading. The solid (dashed) contours shown are 0.2, 0.4, 0.6, 0.8, and 1 (–0.2, 

–0.4, –0.6, –0.8, and –1), and the thick contour is the zero contour.  
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Figure 2.9. Time–latitude sections (110°–150°E) of partial correlation coefficients between 

the vertically integrated moisture flux convergence (MF-conv) and Niño-3 (shading) and 

climatological MF-conv (contours; 10–4 kg m–2 s–1) for 3-month averaged data. Only 

correlations that are significant at the 95% confidence level are shown by the color 

shading. The solid (dashed) contours shown are 0.2, 0.4, 0.6, 0.8, and 1 (–0.2, –0.4, –0.6, 

–0.8, and –1), and the thick contour is the zero contour. Red and blue arrows indicate the 

periods of the dry and wet seasons, respectively. The 𝑥 axis indicates the center month of 

the 3-month average.  
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Figure 2.10. Spatial distribution of correlation coefficients of the seasonal development of 

the precipitation with normalized EMI. Correlations are calculated for 3-month averaged 

data, and the center month is written in each panel. Only correlations that are significant 

at the 95% confidence level are shown by the color shading. Red and blue frames indicate 

the dry and wet seasons, respectively. 
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Figure 2.11. As in Fig. 2.10, but for partial correlation coefficients. The rectangular areas 

in November and March denote the regions for which the area-averaged precipitation is 

shown in Fig. 2.12.  
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Figure 2.12. Time series of normalized EMI and normalized precipitation averaged over 

the area in Fig. 2.11, namely, (a) the rectangular areas in western Indonesia (97°–105°E, 

6°S–2°N) between October and December and (b) central to western Indonesia (97°–118°E, 

6°S–2°N) between February and April. The center month of the 3-month average is shown 

in the panel title for consistency with other figures.  
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Figure 2.13. As in Fig. 2.8, but for EMI.  
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Figure 2.14. As in Fig. 2.9, but for EMI.  
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Figure 2.15. Spatial distribution of correlation coefficients of the seasonal development of 

the precipitation with normalized IODMI. Correlations are calculated for 3-month 

averaged data, and the center month is written in each panel. Only correlations that are 

significant at the 95% confidence level are shown by the color shading. Red and blue 

frames indicate the dry and wet seasons, respectively. 
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Fig. 2.16. As in Fig. 2.15, but for partial correlation coefficients. The rectangular area in 

September denotes the region for which the area-averaged precipitation is shown in Fig. 

2.17.  
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Figure 2.17. Time series of normalized IODMI and normalized and sign-reversed 

precipitation averaged over the area in Fig. 2.16, namely, the rectangular area in 

southwestern Indonesia (100°–113°E, 10°–2°S) between August and October. The center 

month of the 3-month average is shown in the panel title for consistency with other 

figures.  
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Figure 2.18. As in Fig. 2.8, but for IODMI in (a) July and (b) September.  
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Fig. 2.19. Time–latitude sections (90°–110°E) of partial correlation between the vertically 

integrated moisture flux convergence (MF-conv) and IODMI (shading) and partial 

correlation between SST and IODMI (contours) for 3-month averaged data. Only 

correlations that are significant at the 95% confidence level are shown by the color 

shading. The solid (dashed) contours shown are 0.3, 0.4, 0.5, 0.6, 0.7, and 0.8 (–0.3, –0.4, 

–0.5, –0.6, –0.7, and –0.8). Red and blue arrows indicate the periods of the dry and wet 

seasons, respectively. The 𝑥 axis indicates the center month of the 3-month average. 
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Chapter 3 

Role of remote and local SSTA forcing in shaping interannual variations of 

precipitation over the Maritime Continent during El Niño 

 

3.1. Introduction 

The Maritime Continent (MC), which is made up of thousands of islands of various 

sizes and mountainous terrains (Fig. 3.1), sits in the pathway of the major monsoon 

systems (Qian et al. 2002; Hung et al. 2004) as well as gets affected by the large-scale 

climate mode in the tropics. This region can play a critical role in global climate variations 

(Ramage 1968; Neale and Slingo 2003). Climatologically, total precipitation over the MC 

region in boreal summer-autumn (say, from July to October; JASO) is mainly distributed 

to the north due to the active convergence zones in the region north of the equator. In 

contrast, from the boreal winter to spring (say, from January to April; JFMA), high 

precipitation is mainly concentrated over the southern hemisphere (SH) side of MC 

because of the seasonal migration of the active convergence zones to the south (Qian 2008). 

The El Niño-Southern Oscillation (ENSO), characterized by an abnormal sea surface 

temperature (SST) warming over the central-eastern tropical Pacific Ocean (Fig. 3.2), is a 

major factor in influencing the interannual variability of the MC‘s climate (Webster et al. 

1998). A number of studies have investigated the relationship between El Niño and 

precipitation over this region (e.g., Haylock and McBride 2001; Hendon 2003; Chang et al. 

2004; Giannini et al. 2007; Jia et al. 2016; Jian and Li 2018; Alsepan and Minobe 2020). El 

Niño tends to significantly reduce precipitation over the MC and causes some problematic 

socio-economic issues, such as crop failures and forest fires (Page et al. 2002; Waple and 

Lawrimore 2003; Pan et al. 2018).  
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El Niño influence exhibits some interesting seasonal dependencies and regional 

characteristics. It has been suggested that El Niño causes negative precipitation 

anomalies over the SH side of MC during the boreal summer-autumn and over the 

northern hemisphere (NH) side of MC during the boreal-winter-spring, and the 

seasonality of these precipitation features is largely controlled by the seasonal migration 

of the mean convergence zones (Alsepan and Minobe 2020). The right panels of Fig. 3.3 

illustrate the observed anomalous precipitation pattern (defined as monthly deviations 

from an annual climatological cycle) over the MC region due to El Niño, which are 

obtained through regressions of precipitation anomalies against Niño-3.4 index 

(area-averaged SST anomaly over 120°–170°W, 5°S–5°N), during JASO and JFMA 

seasons along with the climatological vertically integrated moisture flux convergence 

between 1000-200 hPa. The mean convergence zone is located in the NH during the JASO 

season and in the SH during the JFMA season corresponding to its seasonal migration. 

Significant negative precipitation anomalies over the SH side of MC during the JASO 

season are only confined around the southern edge of the convergence zone. In the JFMA 

season, negative precipitation anomalies in the NH occur only around the northern edge 

of the convergence zone. This means that the seasonal-dependent precipitation responses 

over the MC to El Niño are strongly associated with the seasonal migration of the 

climatological convergence zones; that is, the precipitation anomalies occur only around 

the southern (northern) edge of the convergence zones in the JASO (JFMA) season and 

when one of the edges reaches the equator around 10°S–10°N range, consistent with 

Alsepan and Minobe (2020). 

Given the distinctive life cycles of the anomalous precipitation, a key question to 

be answered is what is the relative contribution of remote and local SST anomaly (SSTA) 
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forcing in contributing to the observed seasonally-dependent precipitation anomaly 

patterns. During the active phase of El Niño, strong SST warming occurs in the tropical 

central-eastern Pacific (CEP), accompanied by significant SST cooling around the tropical 

western Pacific (WP) although its magnitude is much weaker than that in the tropical 

CEP (Fig. 3.2). However, since the mean SST in the tropical WP is much higher than in 

the tropical CEP, the atmosphere is expected to be more sensitive to the SST variations in 

the warm pool region than that in the equatorial cold tongue (Palmer and Owen 1986; Ju 

and Slingo 1995). It has been suggested that precipitation anomalies over the MC region 

during El Niño events may be associated with the changes of local SST since they are 

highly correlated (Hendon 2003; Wang et al. 2003; Lau and Nath 2003; Zhang et al. 2016; 

Xu et al. 2019). Thus, to clarify this issue, a model simulation study should be worthy of 

being conducted.    

Some numerical simulation studies have been recently conducted by using the 

atmospheric general circulation model (AGCM). Stuecker et al. (2015) and Xie and Zhou 

(2017) studied the atmospheric responses over the tropical WP to El Niño by prescribing 

positive El Niño-related SSTA in the tropical CEP region with a constant amplitude (Niño 

-3.4 SSTA = 1.32°C) and climatological SST elsewhere in their AGCM. It was found that 

the boreal winter atmospheric circulations and the associated precipitation responses over 

the tropical WP are mainly generated by the remote SSTA forcing. However, local SSTA 

forcing in the tropical WP was not considered, and hence it is unclear whether the local 

forcing is essential. By separating the prescribed SSTA in the tropical CEP and WP, Wang 

et al. (2000) and Wu et al. (2010) found that both local and remote forcing are important in 

causing atmospheric anomalies and the associated precipitation anomalies over the 

tropical WP. Still, the prescribed local SSTA forcing is only limited for the NH side of MC 
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in their study without considering the local forcing over the southern areas (Fig. 3.2). 

Furthermore, these AGCM studies only focused on the boreal winter El Niño. As 

mentioned above, the precipitation responses over the MC to El Niño can vary seasonally. 

Therefore, the objective of this study is to investigate the relative role of the 

remote versus local SSTA forcing in shaping seasonal-dependent precipitation responses 

over the MC region to El Niño during the JASO and JFMA seasons. Our strategy is to 

examine the response of an AGCM to regional SSTA forcing. As demonstrated in the next 

section, the AGCM used in this study is capable of reproducing the large-scale 

precipitation anomalies over the MC region during the El Niño events.   

 

3.2. The model and a control simulation 

 We use the AGCM for the Earth Simulator (AFES) version 3 (Ohfuchi et al. 2004; 

Enomoto et al. 2008; Kuwano-Yoshida et al. 2010), which was developed by the Earth 

Simulator Center and Application Laboratory of the Japan Agency for Marine-Earth 

Science and Technology (JAMSTEC). AFES model is based on an AGCM developed jointly 

by the Centre for Climate System Research (CCSR) of the University of Tokyo and the 

Japanese National Institute for Environmental Studies (NIES) (Numaguti et al. 1997). 

Enomoto et al. (2008) improved the accuracy and efficiency of the Legendre transform and 

physical performance by introducing a new radiation scheme (MstrnX; Sekiguchi and 

Nakajima 2008) and cumulus convection scheme (Emanuel 1991; Emanuel and 

Živković-Rothman 1999; Peng et al. 2004). The model, as used in this study, introduced an 

improved probability density function (PDF) cloud scheme (Kuwano-Yoshida et al. 2010). 

This version of the model has a dynamical core of the hydrostatic spectrum model with σ 

coordinate. The subgrid-scale exchange of heat, momentum, and moisture is accomplished 
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using a turbulent closure scheme (MYNN level-2; Nakanishi and Niino 2004), and the 

land surface process is represented by the Minimal Advanced Treatments of Surface 

Interaction and Runoff (MATSIRO) model (Takata et al. 2003). 

 The AFES model has been extensively used in some studies. Most of those studies 

used the model for mid- and high-latitude air-sea interactions (Minobe et al. 2008; Ogawa 

et al. 2012; Kuwano-Yoshida and Minobe 2017; Okajima et al. 2018), ensemble-based data 

assimilation (Miyoshi and Yamane 2007; Miyoshi et al. 2007), and weather predictability 

(Kuwano-Yoshida and Enomoto 2013; Sato et al. 2017). Within the tropics, the AFES 

model was used for the study of tropical cyclones (Yoshioka et al. 2005; Oouchi et al. 2006; 

Yoshioka and Kurihara 2008) and their interannual variability related to canonical and 

Modoki El Niños (Ogata et al. 2021).   

In the present study a spectral T239 resolution, which is approximately 50-km 

interval, with 32 sigma levels vertically from the surface to approximately 10 hPa is 

employed. For a control (CNTL) run, the model is integrated for 30 years from 1 March 

1982 to 29 February 2012, and the initial atmospheric condition for the horizontal velocity, 

geopotential height, temperature, and specific humidity is taken from the Japanese 

55-Year Reanalysis (JRA-55) dataset (Kobayashi et al. 2015). In the bottom boundary 

conditions, observed SST fields from the 0.25° daily Optimum Interpolation Sea Surface 

Temperature version 2 (OISST; Reynolds et al. 2007) are imposed over the global ocean. 

The monthly climatological ozone and aerosol are based on atmospheric model 

intercomparison project 2 (Liang et al. 1997) and spectral radiation-transport model for 

aerosol species (SPRINTARS; Takemura et al. 2005), respectively. The carbon dioxide 

concentration is at a constant mixing ratio of 348 ppmv, and the insolation is given as a 

constant of 1365 W m-2. 
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The model is generally capable of simulating the substantial features of 

seasonal-dependent precipitation responses to El Niño. The left panels of Fig. 3.3 show the 

precipitation anomalies in the CNTL run through regressions against the Niño-3.4 index 

during the JASO and JFMA seasons. Compared with the observed features (the right 

panels of Fig. 3.3), the model can capture the large-scale precipitation anomaly patterns 

over the MC region and its seasonal dependency reasonably well, although it has 

systematic errors in some areas. For instance, it captures distinct precipitation responses 

in different regions and seasons. Similar to the observed, the simulated negative 

precipitation anomalies occur mainly over the SH side of MC during the JASO season and 

over the NH side of MC during the JFMA season, and these anomalies are only confined 

around the southern edge and northern edge of the convergence zones, respectively. 

It is important to ascertain that one ensemble simulation, which is an arbitrary 

choice of 14 equivalent ensembles in the AFES model as CNTL, is reasonable enough to be 

used in this study. Figure 3.4 shows the comparison of the area-averaged precipitation 

time series between 14-ensemble mean, 1-ensemble as used in the CNTL run, and 

13-ensemble member with slightly different in the initial atmospheric states for the SH 

(NH) side of MC during the JASO (JFMA) season. The CNTL run and other ensemble 

members show common interannual variability around the ensemble mean in both 

seasons. Precipitation anomalies due to El Niño are well simulated in all members, 

including large precipitation reductions during 1982/1983 and 1997/98 extreme El Niños. 

The correlation coefficient between the time series in the CNTL run and ensemble mean 

reaches more than 0.9 for both seasons. Therefore, these results suggest that one 

ensemble for the AFES model is reliable to represent the interannual variations of 

precipitation over the MC region associated with the El Niño events.   
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3.3. Experiment configuration 

 Given that the AFES model is capable of reproducing realistic El Niño influences 

on precipitation anomalies over the MC, we investigate the relative role of the remote and 

local SSTA forcing in generating these precipitation anomalies. We specially design the 

following two experiments to isolate the role of the SSTA forcing over the tropical 

central-eastern Pacific (CEP) and tropical western Pacific (WP). These experimental 

designs generally follow Su et al. (2001) and Li et al. (2005), who studied the tropical 

teleconnection and local response to SSTA during the 1997/98 El Niño. 

 In the first experiment (NoTroCEP), the climatological SST field is specified in the 

tropical CEP region (160°E–70°W, 30°S–40°N; see the box in Fig. 3.2a) while the observed 

SST is specified elsewhere. The purpose of this experiment is to examine the possible 

impacts of local SSTA on the atmosphere in the tropical WP region during El Niño. In the 

second experiment (NoTroWP), climatological SST is specified in the tropical WP region 

(90°–160°E, 30°S–40°N; see the box in Fig. 3.2b) while the observed SST is specified 

elsewhere. This experiment is expected to reveal the possible direct influences of remote 

SSTA forcing in the tropical CEP region. For each experiment above, the model is 

integrated for 30 years from 1 March 1982 to 29 February 2012 with the same initial 

conditions as in the CNTL run. The time interval of the model output is 6-hour.  

A more conventional way of designing these experiments would have been to 

describe an experimental integration with observed SST over the regions of interest and 

climatological SST over the other areas. For example, observed SST is specified over the 

tropical CEP (WP) region, while climatological SST is specified elsewhere to isolate the 

sole influences of remote (local) SSTA forcing. The results would be the same as in the 

aforementioned experiment configuration if the system is linear, but they can be different 
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if it is nonlinear. However, when we examined an extreme El Niño in 1982/83 using 

conventional settings, we found a very large nonlinear effect in some regions, especially 

during the JASO season (figure not shown). Thus, we are convinced that the designs used 

in this study can be safer than the conventional ones.  

 

3.4. Relative role of remote versus local SSTA forcing 

3.4.1. JASO season 

 First, we present simulation results for the JASO season. Figure 3.5 shows 

precipitation anomalies and the associated SST and low-level wind anomalies due to El 

Niño, which are obtained through regressions against the Niño-3.4 index. In the CNTL 

run (Fig. 3.5a), negative precipitation anomalies are induced over the SH side of MC 

around the southern edge of the convergence zone. These precipitation anomalies are 

related to the occurrence of low-level anomalous equatorial westerly wind and 

off-equatorial twin-cyclone over the tropical WP (Fig. 3.5b), a reminiscent of the 

Matsuno-Gill pattern due to anomalous positive heating (Matsuno 1966; Gill 1980). By 

removing such remote forcing, the corresponding precipitation anomalies as well as 

low-level atmospheric circulation anomalies in the NoTroCEP experiment (Figs. 3.5c-d) 

are largely suppressed compared to that in the CNTL run, although local negative SSTA 

is still present in NoTroCEP. In contrast, if only local SSTA forcing is removed in 

NoTroWP (Figs. 3.5e-f), similar precipitation and wind circulation anomalies are well 

reproduced as in CNTL. This result indicates that the sole effect of remote SST warming 

in the tropical CEP is critical in causing anomalous negative precipitation over the SH 

side of MC during the JASO season and local SST cooling plays no significant roles. 
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 To know better the relation between precipitation and El Niño for the 

precipitation anomalies over the SH side of MC due to El Niño, we plot the normalized 

time series of area-averaged precipitation anomalies and Niño-3.4 index for the JASO 

season (Fig. 3.6). Close covariability is apparent between the precipitation time series for 

both CNTL and NoTroWP and Niño-3.4 index (Figs. 3.6a,c), whereas the correlation 

becomes very weak and insignificant for NoTroCEP (Fig. 3.6b). The comparison between 

the time series of all experiments with the Niño-3.4 index again highlights the essential 

tropical CEP SSTA contributions to the interannual variations of precipitation over the 

SH side of MC during this season. For example, during 1997, known as a super El Niño 

(McPhaden 1999), large precipitation reduction with more than two standard deviations 

only occurs if the remote SSTA forcing is prescribed in the model, regardless of whether 

the local SSTA is included or not (Figs. 3.6a,c).    

 In order to illustrate how El Niño directly induces negative precipitation 

anomalies over the SH side of MC during the JASO season under the viewpoint of water 

budget, Figure 3.7 shows JASO-mean 925 hPa climatological specific humidity and 

anomalous horizontal wind regressed onto Niño-3.4 index. Please note that for this season 

and the JFMA season (see section 3.4.2) we ignore the local evaporation changes and 

thermodynamic processes for the mechanisms of precipitation anomalies because they are 

small (figure not shown). The level of 925 hPa is chosen because most moisture is confined 

in the planetary boundary layer. The spatial pattern of climatological specific humidity 

generally resembles the climatological boreal summer-autumn convergence zone (Fig. 3.3), 

where warm and moist air is located in the NH accompanied by cold and dry air to the 

south. Note that the climatological specific humidity has a strong meridional gradient 

over the SH. The anomalous southwesterly wind component to the western flank of the 
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southern branch of cyclonic anomaly (Figs. 3.7a,c), which is directly induced by remote 

SSTA forcing, then advects the dry air into the SH side of MC, which in turn decreases 

precipitation there (Figs. 3.5a,e).  

 The seasonal dependence of the El Niño connectivity across the western and 

eastern tropical Pacific can be discerned from the ascending or descending branches of the 

anomalous Walker circulation between the eastern and western equatorial Pacific. Figure 

3.8 shows anomalous vertical pressure velocity regressed onto the Niño-3.4 index 

averaged at 15°S–5°N during the JASO season. One of the salient features of the 

anomalous Walker circulation during El Niño is the ascending branch in the tropical CEP 

region (Figs. 3.8a), which can be attributed to the forcing of positive SSTA. Another 

essential feature is the anomalous downward motion over the MC region, associated with 

a suppressed convection there. In the absence of remote positive SSTA forcing, these 

anomalous Walker Circulation patterns disappear entirely (Fig. 3.8b). It is then suggested 

that by comparing NoTroCEP and NoTroWP experiments (Figs. 3.8b,c) the occurrence of 

anomalous downward motion over the tropical WP is forced directly by the remote SSTA 

as a compensation for the anomalous upward motion in the tropical CEP region.      

 Therefore, the numerical experiments above reveal the primary factor in causing 

precipitation reductions over the SH side of MC due to El Niño during the JASO season; 

that is, the tropical CEP SSTA exerts its remote influences on the MC‘s climate. In 

response to strong positive SSTA over the tropical CEP, twin Rossby wave cyclonic 

anomalies are induced in the off-equatorial WP. The southern branch of the twin-cyclonic 

anomaly advects dry air into the SH side of MC and then suppresses convection and 

precipitation. To the author‘s knowledge, this is the first AGCM study to reveal the sole 

effect of remote El Niño-related SSTA on MC‘s precipitation in the boreal 



60 

 

summer-autumn season, whereas the underlying local SSTA has no significant 

contributions.   

3.4.2. JFMA season 

 In this section, we present the simulation results for the JFMA season. Figure 3.9 

shows anomalous precipitation and the associated SST and low-level wind circulation 

regressed onto the Niño-3.4 index. CNTL simulation in Fig. 3.9a captures the negative 

precipitation anomalies around the northern edge of the convergence zone over the 

Philippines and around as in observed features (Fig. 3.3d). The Matsuno-Gill pattern, 

namely, off-equatorial twin-cyclonic anomalies and associated equatorial westerly 

anomalies, in this season (Fig. 3.9b) withdraws eastward compared to that in the JASO 

season (Fig. 3.5b), and this feature is caused by the temporal evolution of the mean 

convergence zone in the Pacific sector (Wu et al. 2017b). Another important atmospheric 

condition during this season is the occurrence of anticyclonic anomalies around the 

Philippine Sea (Fig. 3.9b). This anomalous anticyclone occurs roughly at the same position 

as the suppressed precipitation, suggesting that it is local response to the negative 

heating anomalies in the eastern Philippine Sea. If we remove the remote SSTA forcing 

over the tropical CEP, the anomalous negative precipitation and the associated 

anticyclone bear close similarity as in the CNTL run (Figs. 3.9a-d), whereas the 

Matsuno-Gill response in the tropical CEP disappears. The magnitude of area-averaged 

precipitation anomalies over the NH side of MC (red boxes in Fig. 3.9) for NoTroCEP 

reaches about 75% of that in the CNTL. In contrast, by removing the in-situ SSTA over 

the tropical WP, the Matsuno-Gill response remains, but the negative precipitation 

anomalies around the Philippines are significantly reduced, i.e., the area-averaged 

precipitation anomalies only reaching about 25% of that in the CNTL, associated with the 
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weakened anticyclonic anomalies (Figs. 3.9e-f). These results imply that local SST cooling 

over the tropical WP is a dominant factor in inducing negative precipitation anomalies 

over the NH side of MC during the JFMA season, and remote SSTA forcing may have a 

relatively small contribution.   

 The normalized anomalous precipitation time series averaged over the NH side of 

MC for all simulations is compared with the normalized Niño-3.4 index for the JFMA 

season (Fig. 3.10). Precipitation time series in CNTL and NoTroCEP experiments is 

highly correlated with the El Niño index (Figs. 3.10a-b), although the remote SSTA 

forcing is absent in NoTroCEP. This again emphasizes the important roles of local SSTA 

forcing in causing interannual precipitation variations over the NH side of MC due to El 

Niño. On the other hand, in NoTroWP (Fig. 3.10c) the correlation between precipitation 

time series and the Niño-3.4 index is still significant but much weaker compared to those 

in the other simulations because of the absence of in-situ SSTA forcing.  

How the local SSTA forcing during El Niño induces negative precipitation 

anomalies over the NH side of MC for the JFMA season is described below. Figure 3.11 

shows climatological specific humidity along with anomalous horizontal wind regressed 

against Niño-3.4 index at 925 hPa in the JFMA season. The warm and moist air is mainly 

located in the SH during this season associated with the southward migration of the 

convergence zones, leading to cold and dry air in the NH. The anomalous northeasterly 

wind in the NH then transfers the dry air into the NH side of MC, where the meridional 

gradient of climatological specific humidity is large (Fig. 3.11a), and reduces local 

precipitation (Fig. 3.9a). We may notice that the anomalous northeasterly wind is 

attributed to two low-level wind circulation anomalies; that is, the eastern flank of 

anticyclonic anomaly in the Philippine Sea and the western flank of cyclonic anomaly to 
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the east (Fig. 3.11a). However, the numerical experiments suggest that the anomalous 

advection by the eastern flank of anomalous anticyclone, which is mainly induced by local 

SSTA forcing (Fig. 3.11b), plays more important role than the western flank of anomalous 

cyclone (Fig. 3.11c) in causing precipitation anomalies over the NH side of MC (Figs. 3.9c 

and 3.9e, respectively).  

Thus, the above results suggest that local SSTA forcing during El Niño in the 

JFMA season are necessary for causing anomalous negative precipitation over the NH 

side of MC. The negative precipitation anomaly is mainly induced by the dry air carried 

out by the eastern flank of the anticyclonic anomaly in the NH areas. These findings 

support those of Wang et al. (2000) and emphasize in more detail how the local SSTA can 

contribute to the precipitation anomalies in the tropical western North Pacific during the 

boreal winter-spring El Niño. 

 

3.5. Summary and discussion 

 We have investigated the relative contribution of remote versus local SSTA forcing 

during El Niño in shaping the interannual variations of precipitation over the Maritime 

Continent (MC) region by conducting AGCM experiments using the AFES model. 

Although several studies have examined the connectivity between the western and 

eastern tropical Pacific and local response to SSTA forcing during El Niño events (see 

section 3.1), given that the precipitation response over the MC region has a distinct 

characteristic spatially and temporally, the present study provides a more comprehensive 

understanding of seasonal-dependent precipitation responses to the remote and local 

SSTA forcing during the boreal summer-autumn (JASO) and winter-spring (JFMA) 

season. 
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 The precipitation responses to regional El Niño-related SSTA exhibit interesting 

differences between the two seasons. In the JASO season, anomalous negative 

precipitation mainly occurs over the southern hemisphere (SH) side of the MC region, 

which is only confined around the southern edge of the convergence zones (Figs. 3.3a,c). 

The numerical experiments reveal that these precipitation anomalies are likely explained 

as a direct or remote influence of El Niño. In response to strong SSTA over the tropical 

CEP, off-equatorial twin Rossby wave cyclonic anomalies are induced in the tropical WP 

(Figs. 3.5b,f). The anomalous southwesterly wind component to the western flank of the 

twin cyclonic anomalies advects dry air into the SH side of MC (Figs. 3.7a,c), which then 

suppresses the convection and precipitation there. During the JFMA season, the 

precipitation anomalies are only confined in the northern hemisphere (NH) side of MC 

around the northern edge of the convergence zones (Figs. 3.3b,d), and local SSTA forcing is 

important in causing these precipitation anomalies. In-situ SST cooling in the tropical WP 

favors the generation of anticyclonic anomalies over the Philippine Sea (Fig. 3.9d). The 

anomalous northeasterly wind component to the eastern flank of the anomalous 

anticyclone transfers dry air into the NH side of MC (Fig. 3.11b) and reduces local 

convection and precipitation.  

 Our numerical simulations generally confirm the findings reported by Wang et al. 

(2000) and Wu et al. (2010) for the role of regional SSTA forcing during El Niño to 

precipitation anomalies over the MC region in the JFMA season. Although the prescribed 

local SSTA forcing in their study is only limited to the NH side of MC rather than covering 

both NH and SH sides as we imposed in the model, the contribution of local forcing to 

precipitation anomalies is larger than the remote forcing as found in the present results. 

However, there are still important differences. For example, the amplitude of 
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area-averaged precipitation anomalies over the NH of MC induced by local SSTA forcing 

is about 75% of that in the CNTL run, but is limited to only 50% in Wang et al. (2000). 

Furthermore, our study provides more detail explanation on how the Philippine Sea 

anticyclonic anomalies, which is mainly induced by local ocean cooling, generate negative 

precipitation anomalies over the NH of MC during El Niño. 

The AFES model generally reproduces the substantial features of 

seasonal-dependent precipitation responses over the MC to El Niño as in the observation 

(Fig. 3.3). However, a notable deficiency is found in the JFMA season. The model 

underestimates precipitation anomalies to the southeast of the Philippine Sea compared 

to the observed (Figs. 3.3b,d). This may be partly due to the excess mean precipitation in 

the model (Kodama et al. 2019). Good et al. (2020) suggested that a possible reason for 

such limitation is due to a lack of representation of shallow circulation in a numerical 

simulation. Improving the convective scheme in the AFES model by considering a closure 

for shallow convection might considerably improve the simulated mean precipitation and 

its interannual variability (Baba 2020). Nevertheless, the present results can explain how 

the local SSTA forcing contributes to the precipitation anomalies over the MC region 

through large-scale atmospheric dynamic processes. 

 Regression analysis method used in this study can become a limitation owing to 

the asymmetry between El Niño (warm event), and its counterpart, namely, La Niña (cold 

event). It has been suggested that El Niño and La Niña can have a significant asymmetry 

in amplitude, structure, and temporal evolution (Hoerling et al. 1997; Burgers and 

Stephenson 1999; Kang and Kug 2002; Jin et al. 2003; An and Jin 2004; Wu et al. 2010; 

Chen et al. 2015; Chen and Li 2021). The anomalous convection over the equatorial 

central-eastern Pacific during La Niña shifts westward compared to that during El Niño 
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(Hoerling et al. 1997), and thus may result in different precipitation responses over the 

MC region between El Niño and La Niña. Numerical simulation studies indicated that 

this asymmetry could be attributed to the nonlinear atmospheric responses to the 

underlying SSTA (Hoerling et al. 1997; Kang and Kug 2002). Therefore, further studies 

are necessary to investigate the asymmetric precipitation features over the MC between 

El Niño and La Niña events.  

 Although we have examined the influence of El Niño, other tropical climate modes 

in different basins might also contribute to the interannual variations of precipitation 

over the MC region. For example, the Indian Ocean Dipole (IOD) mode (Saji et al. 1999), 

which is often coinciding with the El Niño events, exerts its significant impacts on the MC 

during the boreal summer-autumn season (Alsepan and Minobe 2020). This influence can 

be seen in the NoTroCEP experiment in the JASO season (Fig. 3.5c). A small portion of 

significant precipitation reductions occurs in the eastern pole of the IOD even though the 

remote positive SSTA over the tropical CEP is removed. Nonetheless, we have shown that 

in this season remote El Niño-related positive SSTA is the primary factor in reducing 

large-scale precipitation over the SH side of the MC region regardless of whether the local 

SSTA forcing is available or not (Figs. 3.5c-f). 

 Another major climate mode in the tropical Indian Ocean is basinwide warming. It 

is generated mainly during the peak of El Niño in the boreal winter (Fig. 3.2b) and 

persists until the following summer when El Niño vanishes (Xie et al. 2009). To test the 

possible effects of this climate mode, we examine an extreme El Niño event in 1982/83 by 

prescribing the climatological SST over the tropical WP and CEP region and the observed 

SST elsewhere. This experiment is expected to reveal the influence of remote SSTA 

forcing over the tropical Indian Ocean on the precipitation anomalies over the NH side of 
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MC during the boreal winter. The result suggests that the Indian Ocean basin-wide warming 

only has small contributions to the precipitation anomalies during this single extreme El 

Niño event (figure not shown), consistent with previous studies for El Niño composites (Wang 

et al. 2000; Wu et al. 2012; Chen et al. 2016). At present, it is widely accepted that basinwide 

warming plays a crucial role in the MC‘s climate during the boreal summer following El Niño 

through the Indian Ocean capacitor effect (Xie et al. 2009; Xie et al. 2016; Xie and Zhou 2017).  

The use of the coupled model for the present study is interesting to discuss, 

considering that in reality the ocean is coupled with the atmosphere over the tropical region 

(Wang et al. 2004). When we use a coupled model, however, SST is an internal variability and 

thus cannot be treated as the forcing. Therefore, the use of the coupled model is difficult for 

the present purpose (see section 3.1). Furthermore, Wu and Kirtman (2005, 2006) showed 

that SST-forced AGCM run is more accurate than freely coupled models for simulating 

tropical precipitation during El Niños. This is probably related to the inadequate simulations 

of El Niño SSTs in the coupled models (Bellenger et al. 2014). These results indicate that 

rather than the deficiency arising from the inaccurate SST forming mechanisms with the use 

of the AGCM, i.e., SST is not always the forcing of the atmosphere, but SST is also forced by 

the atmosphere, the erroneous simulation of the El Niño in the coupled models causes larger 

biases in tropical precipitations. Such a problem can be relaxed by a relatively new 

experiment design for the coupled model, called pacemaker experiment (Kosaka and Xie 

2016), by nudging ocean surface temperature in a limited region (say, central-eastern Pacific) 

to the observed temperature (Wu et al. 2017a, 2017b; Wang et al. 2018). Still, using a 

pacemaker experiment will not be possible to examine the separated influences of the tropical 

western Pacific SSTs and the tropical central-eastern Pacific SSTs because these two regions 

are strongly related in the coupled model.
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Figure 3.1. Topographic map (m) of the study area based on the Worldbath dataset 

(http://ingrid.ldgo.columbia.edu/SOURCES/.WORLDBATH/.bath/).

http://ingrid.ldgo.columbia.edu/SOURCES/.WORLDBATH/.bath/
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Fig. 3.2. Spatial distribution of anomalous SST (°C) regressed against normalized 

Niño-3.4 index for (a) JASO and (b) JFMA season with use of the OISST data. Dots denote 

the values that are significant at the 95% confidence level. Geographic location in (a) and 

(b) represents the tropical central-eastern Pacific (CEP) and western Pacific (WP), 

respectively.  
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Fig. 3.3. Spatial distribution of anomalous precipitation (shading; mm day–1) regressed 

against normalized Niño-3.4 index and climatological vertically integrated moisture flux 

convergence (contours; mm day–1) for the JASO and JFMA seasons with use of the control 

(CNTL) run of the AFES model (left panels) and the JRA-55 reanalysis data (right panels). 

Dots denote the values that are significant at the 95% confidence level. The solid (dashed) 

contours shown are 3, 6, and 9 (-3, -6, and -9), and the thick contour is the zero 

contour. The red rectangular areas denote the regions for which the area-averaged 

precipitation is shown in Fig. 3.4.  
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Fig. 3.4. Time series of precipitation (mm day–1) for 14-ensemble mean (red), 1-ensemble 

as used for the CNTL run (black), and 13-ensemble member (gray) averaged over the area 

in Fig. 3.3, namely, (a) the southern hemisphere of MC (110°–150°E, 12°S–3°N) during 

the JASO season and (b) the northern hemisphere of MC (120°–160°E, 2°–15°N) during 

the JFMA season. Cyan shading denotes 5-95% confidence intervals.   
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Fig. 3.5. (Left panels) spatial distribution of anomalous precipitation (shading; mm day–1) 

regressed against normalized Niño-3.4 index and climatological vertically integrated 

moisture flux convergence (contours; mm day–1) for the JASO season in (a) CNTL, (c) 

NoTroCEP, and (e) NoTroWP. (Right panels) spatial distribution of anomalous SST 

(shading; °C) and 925 hPa horizontal wind (vector) regressed against normalized Niño-3.4 

index for the JASO season in (b) CNTL, (d) NoTroCEP, and (f) NoTroWP. Dots denote the 

values that are significant at the 95% confidence level. The solid (dashed) contours shown 

are 3, 6, and 9 (-3, -6, and -9), and the thick contour is the zero contour. The wind scale is 

given by the arrows at the top right corner. The red rectangular areas denote the regions 

for which the area-averaged precipitation is shown in Fig. 3.6.  



72 

 

 

Fig. 3.6. Time series of normalized Niño-3.4 index and normalized and sign-reversed 

precipitation averaged over the area in Fig. 3.5, namely, the southern hemisphere of MC 

(110°–150°E, 12°S–3°N) during the JASO season for (a) CNTL, (b) NoTroCEP, and (c) 

NoTroWP. The sign of precipitation is reversed for an easier comparison with Niño-3.4.   
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Fig. 3.7. JASO-mean 925 hPa climatological specific humidity (shading; g kg–1) and 

anomalous horizontal wind (vector) regressed onto normalized Niño-3.4 index for (a) 

CNTL, (b) NoTroCEP, and (c) NoTroWP. The wind scale is given by the arrows at the top 

right corner.    
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Fig. 3.8. Anomalous Walker circulation depicted by vectors consisting of the zonal wind 

anomaly (m s–1) and p-vertical velocity anomaly (scaled by –0.01 Pa s–1) regressed onto 

normalized Niño-3.4 index averaged between 15°S–5°N during JASO season for (a) CNTL, 

(b) NoTroCEP, and (c) NoTroWP. Positive and negative p-vertical velocity anomaly 

(shading) represents upward and downward motion, respectively. Dots denote the values 

of p-vertical velocity anomaly that are significant at the 95% confidence level.   
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Fig. 3.9. As in Fig. 3.5, but for the JFMA season. The red rectangular areas denote the 

regions for which the area-averaged precipitation is shown in Fig. 3.10.  
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Fig. 3.10. Time series of normalized Niño-3.4 index and normalized and sign-reversed 

precipitation averaged over the area in Fig. 3.9, namely, the northern hemisphere of MC 

(120°–160°E, 2°–15°N) during the JFMA season for (a) CNTL, (b) NoTroCEP, and (c) 

NoTroWP. The sign of precipitation is reversed for an easier comparison with Niño-3.4.   
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Fig. 3.11. As in Fig. 3.7, but for JFMA-mean.     



78 

 

Chapter 4 

General Summary 

The interannual variability of precipitation over the Maritime Continent (MC) 

related to El Niño is examined in this study. We used a gauge-based high-resolution 

precipitation APHRODITE dataset and performed numerical experiments using the 

AFES model. In this chapter, we summarize the major findings of chapters 2 and 3. 

In chapter 2, the seasonal evolution of regional-scale Indonesian precipitation 

responses to El Niño is investigated. The influence of El Niño is not stationary across the 

country but exhibits seasonal migration. Significant precipitation reductions due to El 

Niño are found in central-eastern Indonesia during the dry season, and subsequently the 

precipitation reductions occur in a more limited area over northern Indonesia during the 

wet season. Corresponding to the decreased precipitation in the dry (wet) season 

anomalous divergence occurs around the southern (northern) edge of the convergence 

zones when one of the two edges reaches the equator (10°S–15°N), which is related to their 

seasonal migration. This mainly explains the seasonality and regionality of precipitation 

responses to El Niño. 

In chapter 3, the relative role of remote and local SSTA forcing in shaping the 

interannual variations of large-scale precipitation over the Maritime Continent due to El 

Niño is investigated. The precipitation responses show strong seasonal dependency to El 

Niño. During the JASO season, precipitation reduction mainly occurs over the southern 

hemisphere side of MC, which is explained as a direct or remote influence of El Niño. 

Strong positive SSTA over the tropical CEP region generates off-equatorial twin Rossby 

wave cyclonic anomalies over the tropical WP. The southern branch of cyclonic anomalies 

advects dry air into the southern hemisphere side of MC, which suppresses convection and 
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precipitation there. In the JFMA season, the decreased precipitation is mainly confined 

over the northern hemisphere side of MC, and local SSTA forcing plays an important role. 

Eastern flank of the anticyclonic anomaly in the northern hemisphere induced by local 

SSTA forcing can advect dry air into the northern hemisphere side of MC and then can 

reduce local precipitation. 

These findings are obviously important both for the application as well as for 

scientific purposes. The information provided by this study is essential for identifying the 

best policy options to mitigate the impacts of El Niño. For example, if El Niño is predicted, 

regions over the southern hemisphere of MC, especially central-eastern Indonesia, and 

over the northern hemisphere of MC should prepare for drought during the boreal 

summer-autumn and winter-spring, respectively. The present results can also be used as 

a hint in determining which climate models are appropriate for a study of future changes 

of El Niño-related precipitation anomalies over the MC region, by judging whether the 

responses of large-scale convergence zones to El Niño are realistic in those models. 

Furthermore, through numerical experiments, this study helps to reveal which SSTA 

forcing is the leading factor for the seasonal dependency precipitation responses over the 

MC to the El Niño events.     
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