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Abstract 29 

 30 

The interannual and interdecadal variabilities of Indonesian rainfall in dry seasons 31 

(June–November) are investigated by using rainfall data from the Climate Research Unit 32 

(CRU) from 1939 to 2016, and from the Global Precipitation Climatology Project (GPCP) 33 

from 1979 to 2016. The first principal component (PC1) of both the CRU and GPCP data 34 

shows that the canonical El Niño-Southern Oscillation (ENSO), ENSO Modoki, and Indian 35 

Ocean Dipole (IOD) are major climate modes influencing the interannual variability of 36 

rainfall in Indonesia, and the Interdecadal Pacific Oscillation (IPO) is the major decadal 37 

phenomenon affecting the decadal variability of the rainfall. Furthermore, the IPO 38 

modulates the influence of IOD on Indonesian rainfall, with a weaker influence during the 39 

positive IPO phase during 1979–1997 and a stronger influence during the negative IPO 40 

phases during 1939–1978 and 1998–2016. The dependency of Indonesian rainfall 41 

response to the canonical ENSO and ENSO Modoki on IPO phases is not significant, 42 

although the response to the ENSO Modoki (canonical ENSO) becomes significant (less 43 

significant) in the negative IPO phase during 1998–2016 compared with earlier periods. 44 

 45 

Keywords Indonesian rainfall; ENSO; ENSO Modoki; IOD; Interdecadal Pacific 46 

Oscillation; interannual variability 47 

48 
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1. Introduction 49 

Indonesia has two seasons, a dry and a wet season, the seasonal evolution of which is 50 

influenced by the Asian–Australian monsoon system (Qian et al. 2002; Hung et al. 2004). 51 

Typically, the dry season is from July to September, and the wet season is from November 52 

to April (Alsepan and Minobe 2020). Indonesian rainfall variability is strongly linked to climate 53 

variability over the Indo–Pacific Oceans, namely, the canonical El Niño-Southern Oscillation 54 

(ENSO; Trenberth 1997; Trenberth 2017; Wang et al. 2017; Nur’utami and Hidayat 2016; 55 

Alsepan and Minobe 2020), the ENSO Modoki (Ashok et al. 2007; Alsepan and Minobe 56 

2020), and the Indian Ocean Dipole (IOD; Saji et al. 1999; Li et al. 2003; Nur’utami and 57 

Hidayat 2016; Alsepan and Minobe 2020) on interannual timescales, and the Interdecadal 58 

Pacific Oscillation (IPO; Salinger et al. 2001; Dong and Dai 2015) on multi–decadal 59 

timescales. In addition, there may also be remote influences from climate variabilities over 60 

the Atlantic Ocean on interannual and decadal timescales (Trenberth and Shea 2006; 61 

Chikamoto et al. 2016; Kucharski et al. 2016; Choudhury et al. 2017; Johnson et al. 2018). 62 

Indonesian rainfall anomalies influenced by the interannual climate modes are large during 63 

the dry season and the transition period from the dry to wet season (June–November; 64 

JJASON) (Hendon 2003; As–syakur et al. 2014; Alsepan and Minobe 2020). During 65 

canonical El Niño, positive anomalies of sea surface temperature (SST) occur over the 66 

central to eastern tropical Pacific Ocean and weaken the southeast trade winds. These 67 

conditions drive the movement of the upward branch of the Walker circulation from the 68 



 3 

western to the eastern equatorial Pacific, bring water vapor to the area of high SST (i.e., the 69 

central to eastern Pacific Ocean; Bjerknes 1969), and then reduce rainfall over Indonesia 70 

(Ropelewski and Halpert 1987; Hendon 2003; Yanto et al. 2016; Alsepan and Minobe 2020). 71 

El Niño Modoki, characterized by positive sea surface temperature anomalies (SSTAs) over 72 

the central Pacific Ocean and negative SSTAs in the western and eastern parts, also 73 

reduces Indonesian rainfall. However, the regionality of rainfall anomalies caused by El Niño 74 

Modoki has some differences compared with canonical El Niño. For example, El Niño 75 

Modoki reduces rainfall over southern Indonesia more substantially than canonical El Niño 76 

(Fig. 9 in Weng et al. 2007; Alsepan and Minobe 2020). During the positive phase of IOD, 77 

large negative SSTAs occur in the tropical southeastern Indian Ocean from July to 78 

September, decreasing rainfall over southwestern Indonesia (As–syakur et al. 2014; 79 

Alsepan and Minobe 2020). 80 

The influence of these climate modes should be examined with caution because of their 81 

interdependency (canonical ENSO–IOD, Ashok et al. 2003; Nur’utami and Hidayat 2016; 82 

canonical ENSO–El Niño Modoki, Weng et al. 2007; IOD–El Niño Modoki, Feng and Chen 83 

2014). In general, the partial correlation method is used to analyze the relationship between 84 

rainfall and specific interannual climate variability by eliminating the influence of other 85 

climate variability that might affect the correlation coefficient (Ashok and Saji 2007; Weng et 86 

al. 2007; Taschetto and Matthew 2009; Cai et al. 2011; As-Syakur et al. 2014; Alsepan and 87 

Minobe 2020). For regional-scale Indonesian rainfall, Alsepan and Minobe (2020) described 88 
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the seasonal migration of areas with rainfall anomalies associated with each of the 89 

interannual climate modes using field-based observational rainfall data. However, their 90 

analysis period was limited to 1960–2007. Data from 2007 onward should be incorporated 91 

into the analysis because ENSO Modoki, for example, has become more frequent and 92 

persistent during recent decades (Ashok et al. 2007). 93 

On decadal and interdecadal timescales, there are several types of Pacific modes, including 94 

the Pacific Decadal Oscillation (PDO; Mantua et al. 1997; Newman et al. 2016) and the IPO 95 

(Salinger et al. 2001; Dong and Dai 2015). The spatial patterns of SSTAs are similar in both 96 

climate modes. Whereas the PDO pattern exhibits negative SSTAs extending from Japan 97 

into the central North Pacific and a horseshoe of positive SSTAs along the North America 98 

continent, the IPO pattern spans the entire Pacific basin and includes a southern 99 

hemispheric component of the PDO. These long–term variabilities lead to changes in the 100 

physical and biological environments in the surrounding area (Hare and Mantua 2000; 101 

Mantua 2004). Transitions in long–term variabilities from one phase to another or changes 102 

in a phase progression trend are called climatic regime shift (Minobe 1997). Many studies 103 

have analyzed the impact of the IPO, not only on changes in the magnitude and frequency 104 

of the canonical ENSO, but also on rainfall (Power et al. 1999; Salinger et al. 2001; Chew 105 

and Leahy 2003; Dong and Dai 2015), temperature, sea surface pressure (Salinger et al. 106 

2001), the Intertropical Convergence Zone (Salinger et al. 2001), the South Pacific 107 

Convergence Zone (Folland et al. 2002), and tropical cyclones (Li et al. 2015; Magee et al. 108 
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2017). The second principal component (PC2) of Indonesian rainfall at decadal timescales 109 

from 1950 to 1980 is related to the PDO, although there is also an IPO signal in the leading 110 

principal component (PC) of Indonesian rainfall post 1980 (Yanto et al. 2016). Additionally, 111 

simulation results suggest that the IPO also causes changes in the Indian Ocean SST (Dong 112 

et al. 2016). These results showed that the decadal variability in Indian Ocean SST is 113 

dominated by internal variability that is induced by the tropical Eastern Pacific Ocean SST 114 

(especially the IPO).  115 

The IPO significantly modulates the effects of ENSO on rainfall in many regions, where IPO 116 

plays the dominant decadal variability (Dong and Dai 2015). For example, the Australian 117 

rainfall variability is more significantly correlated with canonical ENSO during the negative 118 

IPO phase than during the positive IPO phase (Power et al. 1999; Dong and Dai 2015). 119 

However, the relationship between regional-scale Indonesian rainfall and interannual 120 

climate modes during different IPO phases is not well understood. Thus, this study aims to 121 

improve our understanding of the variability in Indonesian rainfall associated with the 122 

interannual climate modes over the tropical Indo–Pacific and its modulation by interdecadal 123 

climate mode (IPO). 124 

This paper is organized as follows. Section 2 presents the data, indices, and method. In 125 

Section 3, the analysis of the Indonesian rainfall variability on multiple timescales 126 

(interannual and interdecadal) in two types of rainfall data are documented, including the 127 

analysis of the effect of IPO on Indonesian rainfall and the IPO’s modulation of the 128 
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Indonesian rainfall response to canonical ENSO, ENSO Modoki, and IOD. The summary 129 

and discussion are given in Section 4. 130 

 131 

2. Data, indices, and method 132 

2.1 Data 133 

We used the Climate Research Unit (CRU) Time Series v.4.01 monthly rainfall dataset from 134 

January 1939 to December 2016 with a horizontal resolution of 0.5° × 0.5° (Harris et al. 135 

2014). This dataset is derived from the archives of global climate station records over land 136 

areas that have been subject to extensive manual and semi–automated quality control 137 

measures (Harris et al. 2014). This study covers Indonesian region spanning 95.25°E–138 

141.25°E and 10.75°S–6.25°N (Fig. 1) and focuses on the season in June–November 139 

(JJASON), which includes the dry and dry–to–wet transition periods. We also used the 140 

Global Precipitation Climatology Project (GPCP) monthly precipitation dataset (version 2.3; 141 

Adler et al. 2003) for the period from 1979 to 2016. The GPCP is part of the World Climate 142 

Research Program (WCRP) and the associated activity of the Global Water Cycle and 143 

Energy Experiment (GEWEX). The GPCP dataset covers both land and ocean with a 144 

horizontal resolution of 2.5° × 2.5° latitude–longitude and is merged analysis from the 145 

following input datasets: low–orbit satellite microwave data, geosynchronous–orbit satellite 146 

infrared data, and surface rain–gauge observations (Adler et al. 2003). We can compare 147 

these two rainfall datasets and the different characteristics of their input methods should 148 
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provide a robust result. 149 

The Extended Reanalysis Sea Surface Temperature version 5 (ERSSTv5; Huang et al. 150 

2017) is used to represent the global SST and to calculate the indices of climate modes 151 

(further explanation is given in Section 2.2) for the period of 1939–2016. This product is the 152 

revised ERSST from version 4 to version 5. The revised results provide output data that 153 

show more realistic spatiotemporal variations and gives a better representation of high–154 

latitude SSTs; additionally, ship SST biases are now calculated relative to more accurate 155 

buoy measurements, although the global long–term trend remains about the same (Huang 156 

et al. 2017). 157 

To depict large–scale atmospheric circulation, we use the Japanese 55–year Reanalysis 158 

(JRA–55; Kobayashi et al. 2015) to obtain the horizontal wind field at 850 hPa. The JRA–55 159 

is the second Japanese global atmospheric reanalysis product provided by the Japan 160 

Meteorological Agency. It covers the global domain with a resolution of 1.25° × 1.25° in 37 161 

isobaric surfaces from January 1958 to December 2016, and the available time–steps are 162 

sub–daily and monthly (Harada et al. 2016). The JRA–55 is the first comprehensive 163 

reanalysis that covers the last half–century and applies a four–dimensional variational 164 

assimilation technique (Kobayashi et al. 2015). 165 

2.2 Indices 166 

The climate indices used to represent the interannual and interdecadal variabilities are 167 

constructed from the ERSSTv5 dataset for the JJASON mean in each year. The indices are 168 



 8 

described below. 169 

a. NINO3 index 170 

The NINO3 index is defined by SSTA relative to the 1981–2010 mean averaged over 171 

5°S–5°N and 150°W–90°W (Niño 3 region). El Niño (La Niña) is usually defined as a 172 

phenomenon in the equatorial Pacific Ocean characterized by five consecutive 3–173 

month running means of SSTA in the Niño 3 region that are above (below) the 174 

threshold of +0.5 °C (–0.5 °C) (Trenberth 1997). However, in this study, SSTA 175 

averaged over the JJASON season is used to calculate NINO3. El Niño (La Niña) 176 

identified in this study has the NINO3 index above (below) the threshold of +1𝜎 (−1𝜎), 177 

where 𝜎 is the seasonal standard deviation for JJASON (Hanley et al. 2003). 178 

b. El Niño Modoki index 179 

The El Niño Modoki index (EMI) is defined as the difference in SSTA in the central 180 

equatorial Pacific (SSTAC: 165°E–140°W, 10°S–10°N), the eastern equatorial Pacific 181 

(SSTAE: 110°W–70°W, 15°S–5°N), and the western equatorial Pacific (SSTAW: 182 

125°W–145°E, 10°S–20°N). 183 

𝐸𝑀𝐼 = 𝑆𝑆𝑇𝐴) − (0.5	 × 	𝑆𝑆𝑇𝐴1) − (0.5	 × 	𝑆𝑆𝑇𝐴3)    (1) 184 

The threshold is +0.7𝜎 (−0.7𝜎) for El Niño Modoki (La Niña Modoki) (Ashok et al. 185 

2007), where 𝜎 is the seasonal standard deviation for JJASON. 186 

c. Indian ocean dipole mode index 187 

The Indian Ocean dipole mode index (DMI) is the difference between SSTA in the 188 
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western Indian Ocean (50°E–70°E and 10°S–10°N) and that in the southeastern 189 

Indian Ocean (90°E–110°E and 10°S–0°N) (Saji et al., 1999). The threshold is +0.75𝜎 190 

(−0.75𝜎) for the positive IOD (negative IOD) (Cai et al. 2013). 191 

d. Tripole Index–IPO 192 

The Tripole Index (TPI)–IPO is based on the difference between the SSTA averaged 193 

over the equatorial Pacific (SSTAA1: 10°S–10°N, 170°E–90°W), and the SSTA 194 

averaged over the Northwestern Pacific (SSTAA2: 25°N–45°N, 140°E–145°W) and 195 

the Southwestern Pacific (SSTAA3: 50°S–15°S, 150°E–160°W) (Henley et al., 2015). 196 

𝑇𝑃𝐼 = 𝑆𝑆𝑇𝐴56 − (0.5	 × 	𝑆𝑆𝑇𝐴78) − (0.5	 ×	𝑆𝑆𝑇𝐴79)    (2) 197 

We performed 3-year moving averaging on the original time series index to eliminate 198 

high-frequency variations, and then applied 9–year moving averaging to remove 199 

interannual variation and most decadal (<20 year) variation from multi–decadal 200 

changes (Dong and Dai 2015). The threshold is the zero-line from the smoothed 201 

result (Dong and Dai 2015). 202 

2.3 Method 203 

The time period of data used to analyze interannual and decadal variability of Indonesian 204 

rainfall is 1939–2016. The period for which the climatological mean is defined, which is used 205 

to calculate anomalies of each variable, is 1981–2010. In this study, we do not apply a 206 

filtering process to remove the global warming trend because there is no evidence of ENSO 207 

trends in the seasonal and temporal behavior through a period of strong global warming 208 



 10 

(1958–2007) (Nicholls 2008). Besides, there is a trend towards more El Niño-like behavior 209 

in March–September and not in November–February, the peak season of canonical El Niño 210 

and La Niña events (Nicholls 2008). 211 

We use empirical orthogonal function (EOF) analysis to obtain a measure of the importance 212 

of each dominant pattern, and to find a new set of variables that capture most of the 213 

observed variance from the data through linear combinations of the original variables. The 214 

EOF method is commonly used in most meteorological centers to compare observations 215 

and reanalysis with climate model simulations. The EOF equations that are used in this 216 

analysis follow Hannachi et al. (2007). Furthermore, Mantua (2004) provides a deep review 217 

of methods for detecting regime shift, one of which uses EOF analysis. 218 

The standard and partial correlation techniques are used to compare and quantify the linear 219 

relationship between two or more time–series datasets. The partial correlation is used to 220 

determine the specific contributions of each interannual climate mode. Equations (3)–(5) 221 

show the Pearson’s correlation and two types of partial correlation formula based on the 222 

influence of a number of variables. 223 

𝑟68 	=
∑ (<=><̅)(@=>@A)
B
=CD

E∑ (<=><̅)F ∑ (@=>@A)FB
=CD

B
=CD

        (3) 224 

𝑟68,9 	=
HDF>HDIHFI

E(6>HDI
F )(6>HFI

F )
        (4) 225 

𝑟68,9J =
HDF,K>HDI,KHFI,K

E(6>HDI,K
F )(6>HFI,K

F )
= HDF,I>HDK,IHFK,I

E(6>HDK,I
F )(6>HFK,I

F )
      (5) 226 

Here, x and y are variables 1 and 2, respectively, the bar sign indicates the mean of the data, 227 

and r12 is the correlation coefficient between the two variables (x and y). r12,3 is the correlation 228 
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coefficient between variables 1 and 2 after removing the influence of variable 3, and r12,34 is 229 

the correlation coefficient after removing the influence of variables 3 and 4. 230 

The partial correlation method is implemented to obtain the independent contributions of 231 

each interannual climate mode, namely, canonical ENSO, ENSO Modoki, and IOD, to 232 

Indonesian rainfall. Furthermore, the relation between interdecadal climate modes and 233 

Indonesian rainfall is analyzed in two ways. The first involves the direct application of linear 234 

correlation analysis between the TPI index and a 9–year running average of a 3–year 235 

running average Indonesian rainfall. The second involves the analysis of the IPO modulating 236 

effect on Indonesian rainfall response to the interannual climate modes. 237 

 238 

3. Results 239 

3.1 Comparison of rainfall data on interannual and interdecadal timescales 240 

Figure 2 shows the spatial pattern of the first two EOF modes (EOF1 and EOF2) of CRU 241 

and GPCP data for the 1979–2016 period. The rainfall variabilities in the two datasets are 242 

consistent with each other. The first EOF mode of the rainfall anomalies captures half of the 243 

total variance, highlighting reduced rainfall over the Indonesian region, except the northern 244 

part of Sumatra (Figs. 2a,b for EOF1). In the EOF2 mode, rainfall anomalies in both datasets 245 

are not prominent and are cluttered, especially over land (Figs. 2a,b for EOF2). 246 

To understand the main features of EOF1 for both the CRU and GPCP data further, we show 247 

the composites of rainfall, SST, and horizontal wind anomalies over the tropical Indian–248 
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Pacific Ocean based on the positive and negative phase years of the time series of the 249 

EOF1, or first principal component (PC1), for each rainfall dataset (Fig. 3). The positive and 250 

negative rainfall anomalies in the CRU and GPCP data (Figs. 3a,b) are generally consistent 251 

with their corresponding EOF1 spatial patterns (Figs. 2a,b for EOF1). During the positive 252 

phase years of EOF1, the increase in rainfall seems to be caused by canonical La Niña, La 253 

Niña Modoki, and negative IOD (Fig. 3c for positive years). Large negative SSTAs occur in 254 

the tropical central to eastern Pacific Ocean corresponding to the canonical La Niña and La 255 

Niña Modoki patterns, and these SSTAs are accompanied by significant positive SSTA in 256 

the tropical western Pacific. This SST gradient between the Indonesian seas and central to 257 

eastern Pacific Ocean induces anomalous easterly winds, which bring the mass of water 258 

vapor from the Pacific Ocean to the Indonesian region. In the tropical Indian Ocean region, 259 

the SSTA gradient shows a negative IOD, which is coupled with strong anomalous 260 

northwesterly winds from the western tropical Indian Ocean and brings the mass of water 261 

vapor to the Indonesian region. These phenomena generate a convergence zone over 262 

Indonesia. The opposite conditions occur during negative phase years of EOF1, in which 263 

the rainfall reduction is caused by the canonical El Niño, positive IOD, and El Niño Modoki 264 

patterns (Fig. 3c for negative years). We also performed a correlation analysis between the 265 

time series PCs of both rainfall datasets and SST-wind anomalies. Figure 4 shows that the 266 

spatial distribution of the correlation coefficients of SST and horizontal wind with sign-267 

reversed PC1 of the CRU data (Fig. 4a), which resembled that with PC1 of the GPCP data 268 
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(Fig. 4b), and it is similar to the composites of SSTA and horizontal wind anomalies for 269 

positive and negative PC1 years (Fig. 3c). Consequently, this shows that the two types of 270 

rainfall data consistently show the climate variability in the Indian-Pacific Ocean, which 271 

affects Indonesian rainfall. 272 

For the correlation coefficients of SST and horizontal wind with PC2 of the CRU and GPCP 273 

data, the spatial patterns are different from each other (Fig. S1). The correlation with PC2 of 274 

the CRU data generally shows no significant anomalies of SST and wind over the whole of 275 

the tropics (Fig. S1a), but the PC2 of the GPCP data shows a Ningaloo Niño-like pattern 276 

(Doi et al. 2013; Zhang et al. 2018), in which positive SSTA and the associated wind 277 

anomalies occur over the northwest of Australia (Fig. S1b). 278 

To investigate the independent influences of each climate mode on Indonesian rainfall during 279 

the JJASON season in more detail, we calculate the partial correlation of the CRU and 280 

GPCP data with each climate mode index during 1979–2016 (Fig. 5). In general, the spatial 281 

patterns of partial correlation between the CRU and GPCP data are similar for each climate 282 

mode. For canonical ENSO, negative partial correlations of rainfall occur over central to 283 

eastern Indonesia (Borneo, Sulawesi, and western Papua) for both datasets (Figs. 5a,b for 284 

NINO3) with incoherent partial correlations over western Indonesia (Sumatra), and over 285 

southern Indonesia (Java, Bali, and Nusa Tenggara). For ENSO Modoki, the negative partial 286 

correlations also occur over central–eastern Indonesia (Figs. 5a,b for EMI) similar to those 287 

for canonical ENSO (Figs. 5a,b for NINO3). However, an interesting difference is that the 288 
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influence of ENSO Modoki over southern Indonesia is more robust compared with that of 289 

canonical ENSO. For IOD, the negative partial correlations of precipitation for both datasets 290 

occur over southwestern Indonesia, especially over southern Sumatra and Java (Figs. 5a,b 291 

for DMI). 292 

Figure 6 compares the PC1 time series for CRU and GPCP rainfall and the partial correlation 293 

between rainfall PCs and climate mode indices during 1979–2016. The distribution of PC1 294 

is similar for both rainfall datasets (Fig. 6a), despite differences in their input and 295 

characteristic data. Compared with the climate modes indices, PC1 of both rainfall datasets 296 

is significantly correlated with each climate mode index (Figs. 6b,d–f), except for the 297 

correlation between PC1 of the GPCP data and IPO, with a significant correlation between 298 

IPO and PC2 of the GPCP data instead (Fig. 6c). On the interannual timescale, the 299 

correlations between both the rainfall PCs and the three climate mode indices are significant 300 

and high (Figs. 6d–f). On the interdecadal timescale, Indonesian rainfall is related to the IPO, 301 

with correlation coefficients of –0.76 and –0.86 for the 9–year running mean of PC1 of the 302 

CRU data and PC2 of the GPCP data with the TPI-IPO (Figs. 6b,c), respectively, which may 303 

explain why the Indonesian rainfall decreases during the positive IPO phase and increases 304 

during the negative IPO phase. 305 

Although the PC1 time series of both the CRU and GPCP data have high correlations (Fig. 306 

6a) with the interannual climate mode indices, the 9-year running mean of PC1 of the GPCP 307 

data has no significant correlations with the TPI-IPO, in contrast to the significant 308 



 15 

correlations for the 9-year running mean of PC1 of the CRU data and PC2 of the GPCP data. 309 

To understand why PC2 of the GPCP data is closely related to decadal variation rather than 310 

PC1, we perform spectrum analysis on the PC1 and PC2 time series and the climate mode 311 

indices (Fig. S2). The spectrum analysis indicates that the peak signal for PC2 of the GPCP 312 

data is at the 5-year oscillation (Fig. S2d), which is likely related to the Ningaloo Niño 313 

phenomenon, as discussed earlier (Fig. S1b). Tanuma and Tozuka (2020) suggested that 314 

the occurrence of the Ningaloo Niño is intense and more frequent during the IPO phase 315 

associated with the positive interdecadal SSTA to the northwest of Australia that promotes 316 

deep atmospheric convection and cyclonic anomalies off the west coast of Australia through 317 

a Matsuno-Gill response. The strong link between the Ningaloo Niño, which is captured by 318 

PC2 of the GPCP data, and IPO may be a reason why PC2 of the GPCP data has a 319 

significant correlation with the IPO. 320 

Comparing the CRU and GPCP data in the Indonesian region shows similar results both 321 

spatially and temporally for the interannual timescale using EOF analysis (Figs. 2 and 3), 322 

correlation analysis (Fig. 6a), and spectrum analysis (Figs. S2a,c). In addition, the spatial 323 

pattern of the correlation coefficient of the SST and wind anomalies with PC1 of the CRU 324 

and GPCP data shows a similar pattern of interannual climate modes in the Indian Ocean 325 

and Pacific Ocean (Fig. 4). The area affected by each interannual climate mode is the same 326 

for both rainfall datasets, as indicated by the spatial patterns of the partial correlations 327 

between rainfall and each interannual climate index (Fig. 5). However, the interdecadal 328 
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rainfall variability of the CRU and GPCP data is shown in the different PC mode, where the 329 

interdecadal variability corresponding to the IPO are found in PC1 of the CRU data and PC2 330 

of the GPCP data. 331 

3.2 Identification of interannual and interdecadal climate modes 332 

Figure 7 compares the PC1 time series of the CRU and GPCP datasets with the climate 333 

mode indices. On the interdecadal timescale (Fig. 7a), the variability of Indonesian rainfall 334 

is strongly correlated with the IPO index. Between 1939 and 2016, there are two negative 335 

phases of IPO during 1939–1978 and 1998–2016, and a positive phase in 1979–1997. The 336 

correlation coefficient between Indonesian rainfall and the IPO index is insignificant before 337 

the 1940s (r = 0.04; figure not shown); thus, this study excludes the period before 1939. The 338 

correlations between the PC1 time series of Indonesian rainfall for the CRU and GPCP data 339 

with each interannual climate mode index are shown in Figs. 7b–d. The PC time series have 340 

high and significant correlations with the climate indices. 341 

The years of canonical ENSO, ENSO Modoki, and IOD (Figs. 7b–d) are shown in Table 1. 342 

From 1939 to 2016, 20 combinations of interannual climate mode phases occurred. Because 343 

there are cases in which canonical ENSO and ENSO Modoki occurred simultaneously, there 344 

is still uncertainty in the effects of the combination of these climate modes on Indonesian 345 

rainfall. These results also show that canonical ENSO events do not always occur together 346 

with ENSO Modoki events. Therefore, it is important to consider the combination of 347 

interannual climate modes on Indonesian rainfall variability.  348 
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To examine the effect of simultaneous interannual climate mode phases, we use composite 349 

analysis of CRU rainfall, SST, and horizontal wind anomalies for five combination events 350 

(Fig. 8). The five combination events are El Niño Modoki (Fig. 8a), canonical El Niño 351 

coinciding with El Niño Modoki and positive IOD (Fig. 8b), canonical La Niña (Fig. 8c), 352 

canonical La Niña coinciding with La Niña Modoki (Fig. 8d), and canonical La Niña coinciding 353 

with negative IOD (Fig. 8e). The analysis of these five climate events compares the effects 354 

of a phenomenon alone with those of multiple climate modes. Decreases and increases in 355 

rainfall caused by the interannual climate phases are clearly visible and are consistent with 356 

the area shown in the partial correlation in Fig. 5 for each single event, especially for El Niño 357 

Modoki and canonical La Niña (left-hand side of Figs. 8a,c). Based on this comparison of 358 

the composite analysis and partial correlation analysis, we expect that the responses of 359 

Indonesian rainfall to each climate mode are linear during the positive and negative phases. 360 

The SSTA composites can also show the pattern of the single events (right-hand side of 361 

Figs. 8a,c). In addition, if we compare the rainfall anomaly for a single event with that of two 362 

or three coinciding events, the rainfall anomaly is larger when the interannual climate modes 363 

occur simultaneously. For example, the reduced rainfall in Fig. 8b, when canonical El Niño 364 

coincides with El Niño Modoki and positive IOD, is more robust than the single El Niño 365 

Modoki in Fig. 8a. Another interesting example is that when canonical La Niña occurs along 366 

with negative IOD, the increase in rainfall is larger over western and southwestern Indonesia 367 

(a large region of Sumatra; Fig. 8e) than for single canonical La Niña (Fig. 8c) and canonical 368 



 18 

La Niña coinciding with La Niña Modoki (Fig. 8d). These results confirm that increased 369 

rainfall over Sumatra may be attributed to the large contribution of the negative IOD. 370 

3.3 Modulation by IPO of the effects of interannual climate modes 371 

In this subsection, we analyze the impact of the IPO on Indonesian rainfall and modulation 372 

of the Indonesian rainfall response to three interannual climate modes due to IPO. Table 2 373 

shows the occurrence frequency of interannual climate variability for each IPO phase, as 374 

indicated in Fig. 7 and Table 1. During the first negative IPO phase, the total cases of 375 

canonical La Niña and La Niña Modoki are higher than the total cases of canonical El Niño 376 

and El Niño Modoki (26 cases and 13 cases, respectively). In this case, the negative IPO 377 

triggers a cooling trend over the tropical Pacific Ocean and a higher magnitude and 378 

frequency of canonical La Niña and La Niña Modoki. Conversely, the total cases of canonical 379 

El Niño and El Niño Modoki are higher than for the total cases of canonical La Niña and La 380 

Niña Modoki during the positive IPO phase (11 and 7 cases, respectively). However, in 381 

another negative IPO phase (1998–2016), the positive and negative periods of canonical 382 

ENSO and ENSO Modoki have similar total cases. 383 

To understand the Indonesian rainfall variability related to IPO, we perform composite 384 

analysis of the rainfall, SST, and wind anomalies averaged over the JJASON season for the 385 

periods of the three IPO phases (Fig. 9). During the negative IPO phases in 1939–1978 and 386 

1998–2016, positive rainfall anomalies occur over almost all the Indonesian region for both 387 

CRU and GPCP datasets (Figs. 9a,c). This positive anomalous rainfall is associated with 388 
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anomalous easterly winds from the Pacific Ocean to the Indonesian region and with an 389 

anomalous westerly wind over the Indian Ocean across Indonesia. These anomalous 390 

easterly and westerly winds are induced by negative SSTAs in the eastern Pacific and 391 

western Indian Ocean, respectively (Fig. 9f). This process is similar to canonical La Niña 392 

(Hendon 2003; Dong and Dai 2015). However, there is a striking difference in global SSTA 393 

between these two negative IPO phases. The global SSTA is dominated by negative values 394 

in the first negative IPO phase (1939–1978) and by positive values in the second negative 395 

IPO phase (1998–2016). This difference in global SSTA may be attributed to the component 396 

of global warming that is not eliminated in this study, and we also need to consider other 397 

decadal modes, such as the Atlantic Multi–Decadal Oscillation (Liu 2012; Dong and Dai 398 

2015). During the positive IPO phase in 1979–1997, negative rainfall anomalies occur over 399 

the whole of Indonesian region (Fig. 9b), associated with westerly wind anomalies from 400 

eastern Indonesia to the Pacific Ocean and with easterly wind anomalies from western 401 

Indonesia to the Indian Ocean. These anomalous westerly and easterly winds are induced 402 

by positive SSTAs in the eastern Pacific and western Indian Ocean, respectively. This 403 

process is similar to canonical El Niño, when drought conditions in Indonesia during the dry 404 

season are accompanied by surface southeasterlies across and to the west of Indonesia 405 

toward the west Indian Ocean (e.g., in Figs. 4b-c of Hendon 2003; Dong and Dai 2015).  406 

The spatial distributions of the partial correlations between Indonesian rainfall and the 407 

interannual climate indices for each of the three IPO phases are also analyzed to identify 408 



 20 

the modulation impact of IPO (Fig. 10). In general, the partial correlation patterns in each 409 

IPO phase are consistent with Fig. 4, in which the analysis period is 1979–2016. However, 410 

there are slight differences in the affected area for each climate mode among the IPO 411 

phases. In the positive and second negative phases of IPO (Figs. 10b,c for the CRU data 412 

and Figs. 10d,e for the GPCP data), there are some differences in the influence of the 413 

interannual climate modes. For canonical ENSO, the affected area over Indonesia is 414 

decreased from the positive phase to the second negative phase, especially over central to 415 

eastern Indonesia. In addition, the influences of ENSO Modoki and IOD are stronger in the 416 

second negative phase than in the positive phase, especially over the southern part of 417 

Indonesia for ENSO Modoki and over the southwestern part for IOD.  418 

To understand the influence of large–scale variability on the regional-scale Indonesian 419 

rainfall variability during each climate mode for each IPO phase, we calculate the partial 420 

correlations between climate indices and SSTA and horizontal wind anomalies at 850 hPa 421 

(Fig. 11). The SSTA and wind correlation patterns among the IPO phases are generally 422 

consistent, except for canonical ENSO. For canonical El Niño, the negative correlation of 423 

the SSTA patterns over Indonesia change from the positive IPO phase (Fig. 11b for NINO3) 424 

to the second negative IPO phase (Fig. 11c for NINO3), where the negative SSTA correlation 425 

moves slightly southeastward. In the second negative IPO phase (Fig. 11c), the negative 426 

SSTA correlations over Indonesia are more substantial in El Niño Modoki and positive IOD 427 

than in canonical El Niño, and are also more robust compared with the first negative and the 428 
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positive IPO phase (Figs. 11a,b).  429 

To show the modulation by the IPO of the influence of the interannual climate modes, we 430 

investigate the correlation between the interannual climate indices and Indonesian rainfall 431 

averaged over two representative areas. The areas are central to eastern Indonesia (118°E–432 

135°E, 7°S–4°N) and southwestern Indonesia (100°E–110°E, 7.5°S–2.5°S), which are 433 

shown in Fig. 4. Figure 12 compares the correlation between interannual climate modes and 434 

area–averaged rainfall in IPO phases from 1939 to 2016. The correlation coefficient between 435 

the rainfall over central to eastern Indonesia and EMI (Fig. 12b) is higher in the second 436 

negative IPO phase than in the positive phase. The results for the correlation coefficients 437 

between DMI and the rainfall over southwest Indonesia are similar (Fig. 12c). Different 438 

results are found for canonical ENSO, where the correlation between NINO3 and the rainfall 439 

over central to eastern Indonesia is slightly smaller in the second negative IPO phase (Fig. 440 

12a). 441 

The modulation by the IPO of the effects of the interannual climate response to Indonesian 442 

rainfall is also analyzed by using 13–year sliding partial correlation between PC1 of 443 

Indonesian rainfall and the climate indices (Fig. 13). In general, the responses in PC1 of the 444 

CRU data and PC1 of the GPCP data to all three interannual climate modes are consistent. 445 

The modulation by the IPO phases of the responses of Indonesian rainfall to canonical 446 

ENSO and ENSO Modoki is not significant, where the correlation coefficient between the 447 

IPO index and the time series of the 13–year sliding partial correlation between PC1 of the 448 
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CRU data with NINO3 is -0.30 and that with EMI is 0.09. However, the response of 449 

Indonesian rainfall to canonical ENSO is significant until the 2000s and weakens thereafter 450 

(Fig. 13a). This is consistent with the result that the impacted area of canonical ENSO is 451 

decreased in the second negative IPO phase (Fig. 10c for NINO3) compared with the 452 

previous IPO phases. In contrast, the Indonesian rainfall response to ENSO Modoki is 453 

continuously significant after the 1990s (Fig. 13b). For IOD, the correlation is weakened 454 

when the IPO is in the positive phase and strengthened when the IPO is in the negative 455 

phase (Fig.13c). Figure 10 for DMI on both rainfall datasets shows that the responses of 456 

Indonesian rainfall to IOD are significant during the negative IPO phase, where the 457 

correlation coefficient between the IPO index and the time series of the 13–year sliding 458 

partial correlation between PC1 of the CRU data with DMI is 0.66. 459 

 460 

4. Summary and discussion 461 

We have investigated the interannual and interdecadal variability of Indonesian rainfall 462 

associated with climate modes over the Indo–Pacific Oceans. Monthly rainfall data from the 463 

CRU from 1901 to 2016 and from the GPCP from 1979 to 2016 for the JJASON season 464 

were used. Despite the differences in source input data, the EOF analysis revealed that PC1 465 

of the CRU and GPCP data for 1979 to 2016 show similarities in the temporal and spatial 466 

patterns (Figs. 2a,b for EOF1, Figs. 3a,b, Fig. 6a). The PC1 time series for the CRU and 467 

GPCP data are related to the canonical ENSO, ENSO Modoki, and IOD, suggesting that 468 
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these are the major interannual climate modes influencing Indonesian rainfall (Figs. 6d–f). 469 

A correlation technique shows that PC1 of the CRU data and PC1 of the GPCP data produce 470 

similar patterns for SSTA and wind circulation anomalies at 850 hPa over the Indo–Pacific 471 

(Fig. 4). Furthermore, the results also show significant correlation coefficients over the 472 

Central Pacific, highlighting the ENSO Modoki pattern. On the interdecadal timescale, 473 

Indonesian rainfall is related to the IPO, with significant correlations of the PC1 of the CRU 474 

data and PC2 of the GPCP data with the IPO index. 475 

All the interannual climate modes examined show a negative correlation with Indonesian 476 

rainfall (Fig. 5). The effects of canonical ENSO and ENSO Modoki on rainfall prevail over 477 

almost all of Indonesia, which is larger than the area influenced by IOD. The regionality of 478 

the canonical ENSO and ENSO Modoki influences is different, especially over western and 479 

southern Indonesia. The ENSO Modoki influence is stronger over southern Indonesia and 480 

weaker over western Indonesia compared with the canonical ENSO influence. The 481 

responses of rainfall to the IOD are confined in southwestern Indonesia. These results are 482 

consistent with those of Alsepan and Minobe (2020), which suggest that the differences in 483 

the affected area among the climate modes are related to moisture flux convergence 484 

anomalies. 485 

Previous studies on Indonesian rainfall variability focus only on canonical ENSO and IOD 486 

events. As–syakur et al. (2014) analyzed the influences of ENSO and IOD for a shorter 487 

period using a high–resolution (0.25° × 0.25°) satellite–derived rainfall dataset over 13 years 488 
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from 1998–2010. Their results for canonical ENSO are consistent with the present study, 489 

but for IOD, we found much larger responses of rainfall over southwestern Indonesia (Figs. 490 

5a,b for DMI) than their study, in which the responses of rainfall are not statistically significant 491 

over land (their Fig. 3 for JJA and SON). This difference may be attributed to the longer 492 

period of the datasets in this study compared with As–syakur et al. (2014). Yanto et al. (2016) 493 

also identified variability in Indonesian rainfall on an interannual timescale. Based on their 494 

EOF analysis of CRU rainfall data for the period of 1901–2012, the driver of the leading 495 

modes of rainfall variability is the canonical ENSO. They only considered the variability over 496 

the Pacific Ocean without considering the role of Indian Ocean variability. Additionally, the 497 

spatial correlation between their PC1 of the CRU data and global SST (Fig. 6a in Yanto et 498 

al. 2016) showed a pattern over the Indian Ocean that is similar to the IOD phenomenon, 499 

but their analysis did not focus on that area.  500 

Regarding the interdecadal climate variability, the transition from the positive to negative 501 

IPO phase affects Indonesian rainfall. During the study period, there are three phases of 502 

IPO: two negative phases during 1939–1978 and 1998–2016 and a positive phase during 503 

1979–1997 (Fig. 7a). There is a clear decrease in Indonesian rainfall in the positive phase 504 

of the IPO using the CRU and GPCP dataset (Fig. 9b), and there is an increase in rainfall in 505 

the negative phase (Figs. 9a,c). On an interannual timescale, the composite of Indonesian 506 

rainfall anomalies for five combinations of interannual climate modes (Fig. 8) revealed that 507 

the areas with large rainfall anomalies are consistent with the partial correlation pattern and 508 
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that the co-occurrence of multiple modes has a stronger impact on rainfall. Nur’utami and 509 

Hidayat (2016) also reported rainfall composite results for co-occurrences but only for the 510 

interannual climate modes canonical ENSO and IOD from 1960 to 2011. By considering the 511 

ENSO Modoki, we show a more diverse set of climate modes affecting Indonesian rainfall 512 

variability for a longer period. 513 

To examine the interaction between the interannual climate mode and interdecadal climate 514 

mode, the influences of canonical ENSO, ENSO Modoki, and IOD on Indonesian rainfall are 515 

analyzed for each IPO phase (Fig. 10). For canonical ENSO, the affected area pattern during 516 

the second negative IPO phase (1998–2016) is less significant than during the other IPO 517 

phases. Conversely, for ENSO Modoki, the affected area is significant during the second 518 

negative IPO phase compared with during the other IPO phases. These results indicate that 519 

the Indonesian rainfall responses to canonical ENSO and ENSO Modoki are not closely 520 

related to IPO phases. In addition, the time series of the partial correlation of NINO3 and 521 

EMI with Indonesian rainfall averaged over two representative areas also do not show a 522 

consistent pattern with the IPO index (Figs. 13a,b). The different response between 523 

canonical ENSO and ENSO Modoki during the last IPO phase might be due to changes in 524 

the tropical Pacific because the appearance of ENSO Modoki has been more frequent and 525 

persistent in recent decades (Ashok et al. 2007). In northeastern Australia, the rainfall 526 

responses to canonical ENSO are stronger during the negative IPO phases, although the 527 

mechanism by which the IPO modulates the effect of ENSO on northeastern Australia is still 528 
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elusive (Dong and Dai 2015). In contrast, the IPO clearly modulates the Indonesian rainfall 529 

response to IOD. During the positive IPO phase (second IPO phase), the area with 530 

significant rainfall response to IOD (Fig. 10b,d for DMI) is smaller than during the negative 531 

IPO phases (Figs. 10a,c,e for DMI). The strong response of Indonesian rainfall to IOD during 532 

the negative IPO phase is also seen in the time series of the sliding partial correlation 533 

between DMI and Indonesian rainfall (Fig. 13c). Dong et al. (2016) explained that the IPO-534 

induced atmospheric adjustment modulates the decadal variability in Indian Ocean SSTs. 535 

Warming over the tropical eastern Pacific Ocean (positive IPO phase) induces positive sea 536 

level pressure anomalies over the tropical western Pacific and the Indian Ocean. In addition, 537 

this warming weakens the tropical Walker circulation, reduces cloudiness, and increases the 538 

sea surface height, and thus increases the SSTs in the Indian Ocean. The weakening or 539 

strengthening of the Walker circulation triggers a change in Indonesian rainfall. 540 

Yanto et al. (2016) also analyzed Indonesian rainfall on the multi–decadal timescale. Their 541 

results showed that there was a strong coherency of PC1 of the CRU data in the decadal 542 

band of an 8- to 16-year period after 1980. These conditions are similar to the ENSO pattern, 543 

but at a multi–decadal timescale, which is associated with IPO. However, their study focused 544 

on PC2, which was related to the PDO. Additionally, based on their results, the strong 545 

coherency of the modulation of Indonesian rainfall by the ENSO at the interannual and 546 

interdecadal timescales is a reason for the significant strengthening of the influence of 547 

NINO3.4 on Indonesian rainfall after 1980. Our analysis shows that in recent decades, the 548 
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response of Indonesian rainfall to canonical ENSO has weakened, and the response of 549 

Indonesian rainfall to the ENSO Modoki and IOD has strengthened. 550 

In conclusion, our study compared the results of the three interannual climate modes over 551 

the Indo–Pacific to examine the effects of the modes on Indonesian rainfall in two types of 552 

rainfall data. In contrast, previous studies have focused on the interactions of only one or 553 

two interannual climate modes on one data type. We showed that the three interannual 554 

climate modes associated with the IPO, which is an interdecadal phenomenon, also affect 555 

the interdecadal variability of Indonesian rainfall. To increase the capability of rainfall 556 

forecasts in Indonesia, further analysis of these climate modes on interannual and 557 

interdecadal timescales should be conducted. Model data, such as the Coupled Model 558 

Intercomparison Project, can be used to investigate the interactions between the effect of 559 

the climate modes and anthropogenic global warming that might occur if these conditions 560 

continue according to the emissions scenarios in the model data. Furthermore, the possible 561 

interactions between oceans (Pacific-Atlantic-Indian Ocean) and the climate variability in 562 

tropical Atlantic oceans should be considered. 563 
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Fig. 2  Spatial patterns of EOF1 and EOF2 modes of Indonesian rainfall based on (a) CRU 719 

and (b) GPCP data during JJASON from 1979 to 2016, with the total variances shown on 720 

each figure. The sign of EOF1 is reversed for easier comparison with the interannual 721 

climate modes. 722 
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Fig. 3  Composite of Indonesian rainfall of (a) CRU and (b) GPCP data in JJASON based 724 

on the positive and negative years for PC1 in the period 1979–2016, and (c) composite of 725 

SST and wind anomalies over the Indian-Pacific Ocean based on the same positive and 726 

negative years for PC1 of the CRU and GPCP data. The threshold is +1𝜎 (−1𝜎) for the 727 

positive (negative) years. The diagonal cross-hatched areas and wind vectors show that 728 
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the composite means are significant at the 90% confidence level. 729 

 730 

Fig. 4  Spatial distribution of correlation coefficients of SST and 850-hPa wind anomalies 731 

with the sign-reversed JJASON PC1 time series of (a) CRU and (b) GPCP rainfall data 732 

for the period 1979–2016, The correlation coefficients that are significant at the 95% 733 

confidence level are shown by color shading and vectors. 734 

 735 

Fig. 5  Spatial distribution of partial correlation of JJASON (a) CRU rainfall and (b) GPCP 736 

rainfall with NINO3 (upper), EMI (middle), and DMI (bottom) in the period 1979–2016. The 737 

correlation coefficients that are significant at the 95% confidence level are shown in color 738 

shading. The rectangular areas denote the regions for which the area-averaged rainfall is 739 

calculated in Fig. 12. 740 

 741 

Fig. 6  Comparison of JJASON (a) PC1 time series for CRU and GPCP rainfall data, (b) 9–742 

year running mean of PC1 time series of CRU data and TPI–IPO, (c) 9–year running mean 743 

of PC2 time series of GPCP data and TPI–IPO, and PC1 time series of CRU and GPCP 744 

rainfall data and (d) NINO3, (e) EMI, and (f) DMI in the period 1979–2016. The correlation 745 

coefficients shown are all significant at the 95% confidence level. 746 

 747 

Fig. 7  (a) Time series of normalized PC1 of the CRU data (light blue bars), PC2 of the 748 
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GPCP data (dark blue bars), and normalized TPI–IPO for the 9–year running mean in 749 

JJASON, and (b-d) comparison of the time series of PC1 of the CRU data (light blue bars) 750 

and PC1 of the GPCP data (dark blue bars) and (b) NINO3, (c) EMI, (d) DMI in JJASON. 751 

The horizontal solid lines in (b-d) show the thresholds used to define the positive or 752 

negative phase of each climate mode, and r is the correlation coefficient between the PCs 753 

and climate mode indices. 754 

 755 

Fig. 8  Composite of Indonesian rainfall anomaly (left figures) and SST and 850-hPa wind 756 

anomalies (right figures) in JJASON for (a) EN, (b) EN-ENM-pIOD, (c) LN, (d) LN-LNM, 757 

and (e) LN-nIOD. EN: El Niño; LN: La Niña; ENM: El Niño Modoki; LNM: La Niña Modoki; 758 

pIOD: positive IOD; and nIOD: negative IOD. The wind composites are displayed only for 759 

events in which the year of occurrence is within the wind data period. The diagonal cross-760 

hatched area and wind vectors show that the composite means are significant at the 90% 761 

confidence level. 762 

 763 

Fig. 9  (a-c) Anomalies of (upper) CRU rainfall and (bottom) GPCP rainfall in JJASON in 764 

(a) the first negative IPO phase, (b) the positive IPO phase, and (c) the second negative 765 

IPO phase, and (d-f) similar to (a-c) except for SST (color shading) and 850-hPa wind 766 

(vector) anomalies. The base line period is 1981 to 2010. The diagonal cross-hatched 767 

area and wind vector show that the composite means are significant at the 90% 768 
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confidence level. 769 

 770 

Fig. 10  (a-c) The same as in Fig. 5a, except for (a) the first negative IPO phase, (b) the 771 

positive IPO phase, and (c) the second negative IPO phase. (d, e) The same as in Fig. 5b 772 

except for (d) the positive IPO phase, and (e) the second negative IPO phase. 773 

 774 

Fig. 11  Spatial distribution of partial correlation coefficient of JJASON SST (shaded) and 775 

850-hPa wind (vector) anomalies with the three interannual climate modes NINO3 (upper), 776 

EMI (middle), and DMI (bottom), for (a) the first negative IPO phase, (b) the positive IPO 777 

phase, and (c) the second negative IPO phase. The correlation coefficients that are 778 

significant at the 95% confidence level are shown by color shading and vectors. 779 

 780 

Fig. 12  Time series of normalized sign–reversed rainfall averaged over the area in Fig. 4, 781 

and interannual climate mode indices. (a) Rainfall over the rectangular areas in eastern 782 

Indonesia (118°E–135°E, 7°S–4°N) and normalized NINO3 in JJASON, (b) rainfall over 783 

eastern Indonesia and normalized EMI, and (c) rainfall over the rectangular areas in 784 

southwest Indonesia (100°E–110°E, 7.5°S–2.5°S) and normalized DMI. The sign of the 785 

rainfall is reversed for easier comparison with the climate mode indices, and r denotes the 786 

correlation coefficients between the sign–reserved rainfall and the indices. 787 
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Fig. 13  Time series of 9–year running mean TPI–IPO (light blue bars) and the 13–year 789 

sliding partial correlation coefficient of PC1 of the CRU data (solid orange line) and PC1 790 

of the GPCP data (orange dashed line) with (a) NINO3, (b) EMI, and (c) DMI. The 791 

horizontal solid red lines denote significant correlations at the 95% confidence level. 792 
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 794 

Fig. 1  Map of the study area in the Indonesian archipelago. 795 

 796 

 797 

Fig. 2  Spatial patterns of EOF1 and EOF2 modes of Indonesian rainfall based on (a) CRU 798 

and (b) GPCP data during JJASON from 1979 to 2016, with the total variances shown on 799 

each figure. The sign of EOF1 is reversed for easier comparison with the interannual 800 

climate modes. 801 
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 802 

Fig. 3  Composite of Indonesian rainfall of (a) CRU and (b) GPCP data in JJASON based 803 

on the positive and negative years for PC1 in the period 1979–2016, and (c) composite 804 

of SST and wind anomalies over the Indian-Pacific Ocean based on the same positive 805 

and negative years for PC1 of the CRU and GPCP data. The threshold is +1𝜎 (−1𝜎) for 806 

the positive (negative) years. The diagonal cross-hatched areas and wind vectors show 807 

that the composite means are significant at the 90% confidence level.  808 
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 809 

Fig. 4  Spatial distribution of correlation coefficients of SST and 850-hPa wind anomalies 810 

with the sign-reversed JJASON PC1 time series of (a) CRU and (b) GPCP rainfall data 811 

for the period 1979–2016, The correlation coefficients that are significant at the 95% 812 

confidence level are shown by color shading and vectors. 813 
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 815 

Fig. 5  Spatial distribution of partial correlation of JJASON (a) CRU rainfall and (b) GPCP 816 

rainfall with NINO3 (upper), EMI (middle), and DMI (bottom) in the period 1979–2016. The 817 

correlation coefficients that are significant at the 95% confidence level are shown in color 818 

shading. The rectangular areas denote the regions for which the area-averaged rainfall is 819 

calculated in Fig. 12. 820 
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 822 

Fig. 6  Comparison of JJASON (a) PC1 time series for CRU and GPCP rainfall data, (b) 9–823 

year running mean of PC1 time series of CRU data and TPI–IPO, (c) 9–year running mean 824 

of PC2 time series of GPCP data and TPI–IPO, and PC1 time series of CRU and GPCP 825 

rainfall data and (d) NINO3, (e) EMI, and (f) DMI in the period 1979–2016. The correlation 826 

coefficients shown are all significant at the 95% confidence level. 827 

 828 
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 829 

Fig. 7  (a) Time series of normalized PC1 of the CRU data (light blue bars), PC2 of the 830 

GPCP data (dark blue bars), and normalized TPI–IPO for the 9–year running mean in 831 

JJASON, and (b-d) comparison of the time series of PC1 of the CRU data (light blue bars) 832 

and PC1 of the GPCP data (dark blue bars) and (b) NINO3, (c) EMI, (d) DMI in JJASON. 833 

The horizontal solid lines in (b-d) show the thresholds used to define the positive or 834 

negative phase of each climate mode, and r is the correlation coefficient between the PCs 835 

and climate mode indices. 836 
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 837 

Fig. 8  Composite of Indonesian rainfall anomaly (left figures) and SST and 850-hPa wind 838 

anomalies (right figures) in JJASON for (a) EN, (b) EN-ENM-pIOD, (c) LN, (d) LN-LNM, 839 

and (e) LN-nIOD. EN: El Niño; LN: La Niña; ENM: El Niño Modoki; LNM: La Niña Modoki; 840 

pIOD: positive IOD; and nIOD: negative IOD. The wind composites are displayed only for 841 

events in which the year of occurrence is within the wind data period. The diagonal cross-842 

hatched area and wind vectors show that the composite means are significant at the 90% 843 

confidence level.  844 
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 845 

Fig. 9  (a-c) Anomalies of (upper) CRU rainfall and (bottom) GPCP rainfall in JJASON in 846 

(a) the first negative IPO phase, (b) the positive IPO phase, and (c) the second negative 847 

IPO phase, and (d-f) similar to (a-c) except for SST (color shadings) and 850-hPa wind 848 

(vectors) anomalies. The base line period is 1981 to 2010. The diagonal cross-hatched 849 

area and wind vector show that the composite means are significant at the 90% 850 

confidence level.  851 
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 852 

Fig. 10  (a-c) The same as in Fig. 5a, except for (a) the first negative IPO phase, (b) the 853 

positive IPO phase, and (c) the second negative IPO phase. (d,e) The same as in Fig.5b 854 

except for (d) the positive IPO phase, and (e) the second negative IPO phase. 855 

  856 
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 857 

Fig. 11  Spatial distribution of partial correlation coefficient of JJASON SST (shaded) and 858 

850-hPa wind (vector) anomalies with the three interannual climate modes, NINO3 859 

(upper), EMI (middle), and DMI (bottom), for (a) the first negative IPO phase, (b) the 860 

positive IPO phase, and (c) the second negative IPO phase. The correlation coefficients 861 

that are significant at the 95% confidence level are shown by color shading and vectors. 862 
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 864 

Fig. 12  Time series of normalized sign–reversed rainfall averaged over the area in Fig. 4, 865 

and interannual climate mode indices. (a) Rainfall over the rectangular areas in eastern 866 

Indonesia (118°E–135°E, 7°S–4°N) and normalized NINO3 in JJASON, (b) rainfall over 867 

eastern Indonesia and normalized EMI, and (c) rainfall over the rectangular areas in 868 

southwest Indonesia (100°E–110°E, 7.5°S–2.5°S) and normalized DMI. The sign of the 869 

rainfall is reversed for an easier comparison with the climate mode indices, and r denotes 870 

the correlation coefficients between the sign–reserved rainfall and the indices. 871 
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 873 

Fig. 13  Time series of 9–year running mean TPI–IPO (light blue bars) and the 13–year 874 

sliding partial correlation coefficient of PC1 of the CRU data (solid orange line) and PC1 875 

of the GPCP data (orange dashed line) with (a) NINO3, (b) EMI, and (c) DMI. The 876 

horizontal solid red lines denote significant correlations at the 95% confidence level.  877 
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Table 1  Years of the three interannual climate modes in the period 1939–2016.  885 
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Table 2  Frequency of occurrence of the three interannual climate modes in each IPO 888 

phase during 1939–2016. 889 

 890 

 891 

 

 Pos. IOD Normal Neg. IOD Pos. IOD Normal Neg. IOD Pos. IOD Normal Neg. IOD 

El Niño 1991, 1997, 
2006 

1965, 1987, 
2002, 2009 - 1946, 1972, 

1982, 2015 1957, 2014 - - 1976 - 

Normal 1963, 1986, 
1994 

1940, 1941, 
1966, 1977, 
2003, 2004 

1958, 1990, 
1992, 2001 2012 

1944, 1951, 
1952, 1953, 
1968, 1969, 
1979, 1980, 
1993, 2000, 

2013 

1959, 1960, 
1981, 1989, 

2005 

1945, 1983, 
2008 1939, 1943 2016 

La Niña 1967 - - 1949, 1961, 
2007 

1947, 1948, 
1950, 1955, 
1962, 1970, 
1971, 1978, 
1984, 1985 

1942, 1954, 
1956, 1995, 

1996 
- 

1964, 1973, 
1974, 1988, 
1999, 2011 

1975, 1998, 
2010 

 El Niño Modoki Normal La Niña Modoki 

IPO Phase 
Frequency of Occurred 

El Niño La Niña Pos. IOD Neg. IOD El Niño Modoki La Niña Modoki 

1939-1978 (Neg. IPO) 5 18 6 7 8 8 

1979-1997 (Pos. IPO) 4 5 6 6 7 2 

1998-2016 (Neg. IPO) 5 5 5 6 6 6 

 


