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Abstract 16 

Understanding the impact of the Indian Ocean Dipole (IOD) on El Niño-Southern Oscillation 17 

(ENSO) is important for climate prediction. By analyzing observational data and performing Indian and 18 

Pacific Ocean pacemaker experiments using a state-of-the-art climate model, we find that a positive IOD 19 

(pIOD) can favor both cold and warm sea surface temperature anomalies (SSTA) in the tropical Pacific, 20 

in contrast to the previously identified pIOD-El Niño connection. The diverse impacts of the pIOD on 21 

ENSO are related to SSTA in the Seychelles-Chagos thermocline ridge (SCTR; 60˚E-85˚E and 7˚S-22 

15˚S) as part of the warm pole of the pIOD. Specifically, a pIOD with SCTR warming can cause warm 23 

SSTA in the southeast Indian Ocean, which induces La Niña-like conditions in the tropical Pacific 24 

through interbasin interaction processes associated with a recently identified climate phenomenon 25 

dubbed the “Warm Pool Dipole”. This study identifies a new pIOD-ENSO relationship and examines 26 

the associated mechanisms. 27 

Keywords: El Niño-Southern Oscillation; Indian Ocean Dipole; Interbasin interactions;  28 
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1. Introduction 29 

El Niño-Southern Oscillation (ENSO) is the dominant mode of interannual climate variability on 30 

the planet (McPhaden et al. 2006) (Fig. 1a). It is associated with substantial changes in the ocean-31 

atmosphere coupled system in the tropical Pacific Ocean (Bjerknes 1969). Through the atmospheric 32 

bridge, ENSO has prominent climatic impacts around the globe (Wallace and Gutzler 1981). For 33 

instance, it has been well recognized that El Niño/La Niña can induce basin-wide positive/negative sea 34 

surface temperature anomalies (SSTA) in the tropical Indian Ocean (Alexander et al. 2002; Klein et al. 35 

1999). On the other hand, the tropical Indian Ocean also exhibits strong interannual climate variability 36 

manifested as an east-west dipole-like SSTA pattern, referred to as the Indian Ocean Dipole (IOD) (Saji 37 

et al. 1999; Webster et al. 1999) (Fig. 1b). While the basin-wide warming/cooling pattern of Indian 38 

Ocean SSTA is primarily forced by ENSO, the IOD can exist independently of ENSO (Behera et al. 39 

2006; Yang et al. 2015). Like ENSO, the IOD also involves strong air-sea coupling processes and is 40 

associated with prominent changes in rainfall, winds, SST and sea level in the tropical Indian Ocean 41 

basin (Saji et al. 1999; Webster et al. 1999; Rao et al. 2002). Through atmospheric teleconnections, the 42 

IOD has distinct footprints on regional and global climate (Saji and Yamagata 2003). It has been shown 43 

that the IOD can affect the Indian summer monsoon (Ashok et al. 2004), Australian rainfall (Cai et al. 44 

2011), and European weather (Saji and Yamagata 2003), and induce East African flooding and 45 

Indonesian drought (Clark et al. 2003). Through active interbasin interactions in the tropical Indo-46 

Pacific region, ENSO and IOD can also strongly affect each other (Luo et al. 2010; Cai et al. 2019; 47 

Wieners et al. 2017, 2019; Izumo et al. 2020). Understanding the variability of the IOD, ENSO and their 48 

relationship is thus important for climate prediction. 49 

Existing studies have shown a significant correlation and co-occurrence between IOD and 50 

ENSO, particularly after the mid-1970s (Baquero-Bernal et al. 2002; Xie et al. 2002; Krishnamurthy and 51 
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Kirtman 2003; Annamalai et al. 2003; Meyers et al. 2007). Such connections between the IOD in the 52 

northern autumn season and other aspects of the seasonal cycle and interannual variability of Asian-53 

Australian monsoon rainfall and eastern equatorial Pacific SSTs, have always been a central aspect of 54 

the tropospheric biennial oscillation (TBO) (Meehl 1997; Meehl and Arblaster 2002). It has been found 55 

that the negative precipitation anomalies over the western Pacific warm pool region during El Niño can 56 

induce easterly wind anomalies over the tropical Indian Ocean, contributing to development of the 57 

positive phase of the IOD (pIOD) (Annamalai et al. 2003; Shinoda et al. 2004). In addition to this 58 

variability forced by ENSO, about two thirds of the historical IOD events have arisen as a result of 59 

Indian Ocean internal dynamics since the 1950s (Behera et al. 2006; Yang et al. 2015), in part related to 60 

mechanisms similar to those in the recharge oscillator conceptual model of ENSO (McPhaden and 61 

Nagura 2014) as well as influences from atmospheric noise forcing such as atmospheric intraseasonal 62 

oscillations (Rao and Yamagata 2004; Han et al. 2006). On the other hand, it has also been suggested 63 

that only about one third of the IOD events occurred independently of El Niño since the 1970s (Stuecker 64 

et al. 2017). Such discrepancy is likely due to the different data analysis periods, given that IOD-ENSO 65 

correlation exhibits interdecadal variability and significantly increases since the mid-1970s. The less 66 

reliable data prior to the satellite era may be another reason. Conversely, it has been suggested that the 67 

pIOD could in turn contribute to the development of El Niño (Terray et al. 2016; Behera and Yamagata 68 

2003; Luo et al. 2010; Zhang et al. 2021b) and that the pIOD played an important role in contributing to 69 

the observed extreme El Niños of 1972–1973, 1982–1983 and 1997–1998 events (Hameed et al. 2018; 70 

Zhang et al. 2021a). The previously identified IOD-ENSO relationship has thus emphasized the 71 

simultaneous interplay between the pIOD and El Niño (or negative IOD and La Niña). By contrast, it 72 

has also been suggested that the predictability of IOD mainly originates from ENSO, while IOD does 73 

not add additional predictability to ENSO, indicating that the IOD-ENSO relationship may primarily act 74 
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in one direction (Zhao et al. 2019, 2020). Hence, despite the recent progress, the impact of the IOD on 75 

the simultaneous development of ENSO, which is the focus of this study, has not been fully understood. 76 

This simultaneous impact is in addition to the previously described impact the IOD can have on ENSO 77 

development in the following year through modulating Pacific zonal wind anomalies (Izumo et al. 2010; 78 

Jourdain et al. 2016), although it has also been suggested that the IOD effect on ENSO in the following 79 

year could be part of the intrinsic ENSO cycle (Stuecker et al. 2017). 80 

In addition to the IOD and ENSO, a regional interannual climate phenomenon was identified 81 

over the southeast Indian Ocean off the west coast of Australia, termed “Ningaloo Niño” (Feng et al. 82 

2013) (Fig. 1c). It is characterized by positive SSTA extending northwestward from the west coast of 83 

Australia into the central tropical Indian Ocean. It has been found that the southeast Indian Ocean 84 

warming can be triggered remotely by the Pacific La Niña through both the atmospheric bridge and the 85 

oceanic connection via the Indonesian passages (Feng et al. 2013; Kataoka et al. 2014; Zhang et al. 86 

2018); in turn, the southeast Indian Ocean SST warming can strengthen the Pacific easterly trades and 87 

subsequently cause cold SSTA in the central tropical Pacific (Terray and Dominiak 2005; Zhang and 88 

Han 2018). As such, this interbasin coupling yields a warm Indian Ocean-cold Pacific pattern (Zhang 89 

and Han 2018), referred to as the “Warm Pool Dipole” (WPD), because of its proximity to the tropical 90 

Indo-Pacific warm pool (Fig. 1c) (Zhang and Han 2020). Previous studies have also shown that in 91 

addition to the close relationship with the tropical Pacific, the southeast Indian Ocean warming is 92 

sometimes associated with the pIOD forcing in the tropical Indian Ocean (Zhang and Han 2018; Zhang 93 

et al. 2018). Results from these studies imply that the IOD, the WPD and ENSO are interrelated, but the 94 

mechanisms for their interconnections remain elusive. In addition, each of these climate modes has a 95 

large impact on marine ecosystems over the Indian and Pacific Oceans (Depczynski et al. 2013; Byrne 96 

2011). Therefore, exploring their interactions is not only important for predicting climate but also crucial 97 
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for understanding and predicting marine ecosystem changes. In this study, we present a new mechanism 98 

for the pIOD to impact ENSO, in which the WPD acts as a bridge between the IOD and ENSO, and our 99 

conclusions are drawn from observational analyses combined with model experiments using a state-of-100 

the-art climate model.  101 

2. Data and Methods 102 

2.1 Observational data sets  103 

In this study, we used the monthly SST data from the Hadley Centre Sea Ice and SST (HadISST) 104 

(Rayner et al. 2003) and Extended Reconstructed SST version 3b (ERSSTv3b) (Smith et al. 2008) to 105 

analyze the SSTA associated with ENSO and IOD. Surface wind stress is calculated using daily surface 106 

wind data from the European Centre for Medium-Range Weather Forecasts (ECMWF) twentieth century 107 

reanalysis (ERA-20C) (Poli et al. 2016) and formulas 𝜏! = 𝜌𝐶"|𝑉|𝑢 and 𝜏# = 𝜌𝐶"|𝑉|𝑣, where 𝜏! and 108 

𝜏# are zonal and meridional surface wind stress, u and v denote zonal and meridional wind at 10 m, 𝜌 109 

the surface air density (1.175 kg m-3) and 𝐶" a constant drag coefficient (1.5*10-3). Monthly surface 110 

shortwave radiation and surface latent heat flux data from ERA-20C are also analyzed to examine the 111 

formation mechanism of the thermocline ridge warming. For both SST and ERA-20C data, the analysis 112 

period is 1920-2010. Satellite-derived sea level data from Archiving, Validation, and Interpretation of 113 

Satellite Oceanographic (AVISO) (Ducet et al. 2000) is analyzed to compare with the CESM1 results 114 

during the satellite altimeter era of 1993-present. Since we focus on natural climate variations, all the 115 

anomaly fields have been detrended in this study to remove the impact of global warming. We also tried 116 

an alternative approach to remove the global warming impact by removing the regression on global 117 

mean SSTA at each grid point, and obtained similar results to those shown in this study (figure not 118 

shown). 119 
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2.2 CESM experiments  120 

In this study, we analyzed the historical simulations (1920-2005) and future projections (2006-121 

2013) from the forty-member ensemble of National Center for Atmospheric Research (NCAR) 122 

Community Earth System Model version 1 (CESM1) (Hurrell et al. 2013) large ensemble (CESM1-LE) 123 

(Kay et al. 2015). In addition, we also analyzed two sets of CESM1 experiments using the same model: 124 

One is the Indian Ocean-Global Atmosphere (IOGA) pacemaker experiments and the other, the Pacific 125 

Ocean-Global Atmosphere (POGA) pacemaker experiments. The simulation period is 1920-2013, using 126 

the same external forcing as Coupled Model Inter-comparison Project Phase 5 (CMIP5) historical runs 127 

(1920-2005) and Representative Concentration Pathway 8.5 (RCP8.5) experiments (2006-2013). For 128 

both pacemaker experiments, a ten member-ensemble was obtained by slightly changing the initial 129 

conditions. A ten member-ensemble has been considered sufficient to isolate forced climate anomalies 130 

outside the SSTA nudging region (Kosaka and Xie 2013). Indeed, the probability density function (PDF) 131 

distribution of the Niño-3.4 index is very similar between IOGA experiments and CESM-LE (not 132 

shown), suggesting that the ten-member ensemble can capture most of the ENSO amplitude spectrum. 133 

In the IOGA pacemaker experiments, SSTA in the tropical Indian Ocean and part of the western 134 

tropical Pacific is restored to ERSSTv3b values and added to the model SST climatology, and the rest of 135 

the global ocean is fully coupled to the atmosphere. The reason that the small domain in the western 136 

tropical Pacific is included in the nudging area is because SSTA in that region tends to co-vary with that 137 

in the eastern pole of the IOD. Hence, the IOGA simulations essentially synchronize the tropical Indian 138 

Ocean SSTA variability to that of the observed. The nudging region is approximately 28˚E-161˚E and 139 

16˚S-14.5˚N (Fig. 2), with sponge layers applied to eastern, northern and southern boundaries. The ten-140 

member ensemble averaged fields of IOGA experiments are used to estimate the impacts of the pIOD on 141 

ENSO through forcing the WPD. Similarly, SSTA in the central and eastern tropical Pacific (171˚-80˚W 142 
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and 17˚S-15˚N) is restored to observations but is fully coupled to the atmosphere elsewhere in POGA 143 

experiments, and its ten-member ensemble mean fields are utilized to explore the impacts of ENSO on 144 

the pIOD. 145 

2.3 Climate modes  146 

To document the time evolution of ENSO and IOD, climate indices are calculated using SST 147 

data from both observations and pacemaker experiments. For ENSO, Niño-3.4 index is calculated, 148 

which is the area-averaged SSTA over the domain (170˚W-120˚W; 5˚S-5˚N). For IOD, the Dipole Mode 149 

Index (DMI) is defined as differences of SSTA averaged over (50˚E-70˚E; 10˚S-10˚N) and (90˚E-110˚E; 150 

10˚S-0˚). El Niño (La Niña) events are then defined as the year when the December-February (DJF)-151 

mean Niño-3.4 index exceeds (falls below minus) one standard deviation of the Niño-3.4 during 1920-152 

2013. Similarly, positive and negative IOD events are defined as the year when the September-153 

November (SON)-mean DMI exceeds (for pIOD) or falls below minus (for negative IOD) one standard 154 

deviation of the DMI. The selected years are shown in Figs. 3 and S1. As a sensitivity test, we also tried 155 

other threshold values, such as 2/3 standard deviation, to define both IOD and ENSO events, and 156 

obtained very similar results. 157 

We include two years that would otherwise be excluded with the selection criteria described 158 

above. For 1935, the Niño-3.4 index in the ensemble mean of IOGA pacemaker experiments is slightly 159 

below the standard deviation of the observed Niño-3.4 index, but higher than that in ensemble mean 160 

results of IOGA experiments. Therefore, this year is also selected as El Niño year. For 1949, the Niño-161 

3.4 index in IOGA experiments is weaker than its corresponding negative standard deviation, but that 162 

year is considered as La Niña year in the model to increase the sample size. Excluding these two years 163 

yields similar results to those shown in this study, and therefore does not change our conclusions (figure 164 

not shown).  165 
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3. Positive IOD and El Niño  166 

Although it has been found that El Niño and the pIOD interact and amplify each other through 167 

the atmospheric bridge in some years (Luo et al. 2010), IOD events can also occur independently from 168 

ENSO. To investigate El Niño-pIOD interactions, we analyze the two sets of pacemaker experiments 169 

and observations (Fig. 3). First, we use POGA experiments to identify whether a specific observed pIOD 170 

event is ENSO dependent or not by comparing the observed Indian Ocean SST variability with the 171 

ensemble mean of the POGA experiments. In this study a specific pIOD event is considered El Niño-172 

dependent if the amplitude of the simulated pIOD in POGA ensemble mean is at least 25% of the 173 

corresponding observed one; otherwise, it is El Niño-independent. Other threshold values were also 174 

tested, but our conclusions were insensitive to the specific choice within the range of 15-40%. After 175 

selecting the El Niño-dependent and El Niño-independent pIOD events, we then explore their diverse 176 

impacts on ENSO by analyzing the ensemble mean of IOGA experiments. 177 

The results show that among the twenty observed pIOD events during 1920-2013, approximately 178 

one third (seven events) are forced by the Pacific (right panel in Fig. 3a). All of these pIOD events are 179 

associated with strong eastern Pacific SST warming and six of them are classified as El Niño events 180 

(right panel in Fig. 3b), with the 1977 event showing a positive Niño-3.4 index that is slightly below one 181 

standard deviation and the 1986 event exhibiting large uncertainty of the El Niño impact on the pIOD. A 182 

similar comparison between eastern tropical Pacific SST variability in observations and the ensemble 183 

mean of the IOGA experiments show that more than 40% (nine out of twenty-one) of the observed El 184 

Niños are contributed by the tropical Indian Ocean forcing (Fig. S1a), and seven of them are pIOD years 185 

with the DMI exceeding one standard deviation (Fig. S1b). These results support the previous finding 186 

that El Niño and the pIOD can interact and amplify each other within the same year.  187 
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However, the ensemble mean of the IOGA experiments also shows clearly that not all pIODs 188 

favor El Niño conditions in the tropical Pacific (left panel in Fig. 3b). In particular, we note that the El 189 

Niño-dependent and El Niño-independent pIODs have apparent differences in terms of their impacts on 190 

the tropical Pacific; despite some uncertainties, the El Niño-dependent pIODs tend to favor the eastern 191 

tropical Pacific SST warming, while the impacts of the El Niño-independent pIODs on ENSO exhibit 192 

prominent event-to-event variations, with three of them actually causing strong Pacific SST cooling 193 

(e.g., 1925, 1949 and 1967). Such diverse impacts of the pIOD on simultaneous ENSO development 194 

have not been discussed previously; yet understanding the underlying physical processes could 195 

significantly improve our understanding of the tropical Indo-Pacific interbasin coupling. Below, we 196 

focus on analyzing the causes for the diverse pIOD impacts on ENSO. 197 

4. Diverse effects of pIOD on ENSO  198 

Next, we first focus on the diverse impacts of the El Niño-independent pIODs on the tropical 199 

Pacific. We categorize the El Niño-independent pIODs based on whether they cause El Niño (5 pIOD-El 200 

Niño years) or La Niña (3 pIOD-La Niña years) in the ensemble mean of the IOGA experiments (years 201 

marked by ovals in Fig. 3b). Note that the selected pIOD-La Niña events are the only three pIOD years 202 

during which the ensemble mean of IOGA experiments simulates negative Niño-3.4 index, regardless of 203 

whether the pIODs are El Niño-dependent or El Niño-independent. The 1994 pIOD is an exception, 204 

showing a weak negative Niño-3.4 index in IOGA experiments. Although there are only a few pIOD-205 

ENSO years in our analysis, the results are obtained from a ten-member ensemble of pacemaker 206 

experiments. Since each ensemble member can be regarded as an independent realization forced with 207 

the same observed SSTA in the tropical Indian Ocean, the sample sizes are not small (30 for pIOD-La 208 

Niña and 50 for pIOD-El Niño), which boosts the statistical significance of our results. As expected, the 209 
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composites of the two categories exhibit strong El Niño and La Niña signals in the tropical Pacific (Fig. 210 

4), owing to the different pIOD forcing in the IOGA experiments. Different threshold values for 211 

selecting ENSO and IOD events, such as the 2/3 standard deviation that increases the sample size, were 212 

also tested and results are very similar (not shown). 213 

Here we focus on the SON IOD peak season when the Indian Ocean signals are the strongest, 214 

though we note that the development of associated anomalous climate conditions in the tropical Indo-215 

Pacific basin starts in late spring/early summer, reaches maximum amplitude in SON, and quickly 216 

decays in winter (Fig. S2). Results show that during the pIOD-El Niño years, the anomalous westward 217 

zonal SST gradient in the tropical Indian Ocean drives low-level easterly wind anomalies during SON, 218 

along with wet anomalies over the western basin and dry anomalies over the eastern basin (Fig. 4b and 219 

5b). The higher sea level pressure (SLP) over the eastern tropical Indian Ocean (the cold pole of the 220 

pIOD) produces an eastward pressure gradient force and thus eastward surface wind anomalies in the 221 

tropical Pacific (Figs. S3b and 4b), weakening the Pacific easterly trades and causing positive Pacific 222 

SSTA and rainfall anomalies (Figs. 4b and 5b). This result is in line with previous findings (Hameed et 223 

al. 2018; Behera and Yamagata 2003). On the other hand, large tropical SSTA differences between the 224 

pIOD-La Niña and pIOD-El Niño years are found in the warm pole of the pIOD over the southwest 225 

tropical Indian Ocean mean upwelling zone (7˚S-15˚S), where the mean thermocline is shallow 226 

(McCreary et al. 1993; Murtugudde and Busalacchi 1999) and is thus referred to as the “Seychelles-227 

Chagos thermocline ridge” (SCTR) (Hermes and Reason 2008; Yokoi et al. 2008) (Figs. 4a and 4c). 228 

These results suggest that pIOD events are associated with two SSTA patterns, one with and one without 229 

warm SSTA over the thermocline ridge region. While the warm pole of the pIOD is mainly located in 230 

the western equatorial Indian Ocean and Arabian Sea during the pIOD-El Niño years (Fig. 4b), large 231 

positive SSTAs and rainfall anomalies also appear in the southwestern tropical Indian Ocean in the 232 
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vicinity of the thermocline ridge during the pIOD-La Niña (Figs. 4a, 4c, 5a and 5c). These warm 233 

anomalies induce an anomalous interhemispheric SST gradient that drives surface northerly wind 234 

anomalies over the tropical Indian Ocean to strengthen the Northeast monsoon circulation.  235 

Note that the warming in the thermocline ridge region during the pIOD-La Niña extends to the 236 

southeast Indian Ocean (warm pole of the positive WPD) (Figs. 1c, 4a, and 4c). This is because the 237 

pIOD SSTAs with thermocline ridge warming induce both easterly wind anomalies near the equator and 238 

northerly wind anomalies in basin interior south of the equator, leading to strong anti-cyclonic wind 239 

anomalies over the tropical South Indian Ocean with the northerly wind anomalies extending to the 240 

subtropics in the southeast basin off the west coast of Australia (Zhang et al. 2018). These northerly 241 

winds weaken the mean-state southerly winds in the region and cause prominent southeast Indian Ocean 242 

warming (Kataoka et al. 2014; Marshall et al. 2015; Zhang et al. 2018). The role of the pIOD in causing 243 

southeast Indian Ocean warming has been confirmed through both observational analysis and model 244 

experiments (Zhang et al. 2018), and is consistent with the IOGA results shown here. We also carried 245 

out two sensitivity experiments using an atmospheric general circulation model forced with the two 246 

tropical Indian Ocean pIOD SSTA patterns, one with and one without thermocline ridge warming. 247 

Results indeed show that the pIOD with thermocline ridge warming produces northerly wind anomalies 248 

in the southeast Indian Ocean that weaken the background southerly winds and opposite for the pIOD 249 

without the thermocline ridge warming (Fig. S4), further confirming our above argument based on the 250 

IOGA experiments. Although the coastal wind anomalies are relatively weak in the atmospheric model, 251 

they can kick start positive feedback associated with the air-sea coupling, which then strengthen both 252 

wind and SST anomalies in the southeast Indian Ocean. 253 

Consistent with the patch of positive SSTA in the South Indian Ocean, positive sea level 254 

anomalies are also found in the Ningaloo Niño region (Fig. S5), which indicate an anomalously deep 255 
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thermocline that may contribute to the SST warming. Changes in horizontal ocean currents on the other 256 

hand are weak and therefore do not seem to play an important role (not shown). To further validate our 257 

results, we compare the CESM1 results with the high-quality satellite-derived global sea level data. Note 258 

that there is no pIOD-La Niña case found during the satellite altimeter era of 1993-present (Fig. 3b). 259 

Instead, we compared the pIOD events that caused weak warming (or cooling) and strong warming in 260 

tropical Pacific in the ensemble mean of IOGA, and found increased southeast Indian Ocean sea level in 261 

the former compared to the latter composite in both IOGA and satellite altimeter data (Fig. S6), further 262 

supporting our above conclusions. We note that the corresponding POGA experiments also show 263 

increased sea level along north and west Australian coasts, suggesting some contribution from ENSO. 264 

Both observations and model experiments have shown that the southeast Indian Ocean warming 265 

induces negative SLP anomalies that extend to the western tropical Pacific, which subsequently enhance 266 

the zonal SLP gradient in the tropical Pacific and thereby strengthen the mean state easterly winds 267 

(Terray and Dominiak 2005; Zhang and Han 2018). The stronger trade winds then cause cold Pacific 268 

SSTA through enhancing the surface evaporation (Morioka et al. 2012) and upwelling, leading to the 269 

formation of the positive WPD, namely a warm Indian Ocean and cold Pacific Ocean. This is consistent 270 

with the La Niña-like conditions in the tropical Pacific in the IOGA experiments (Fig. 4a). These results 271 

suggest that the WPD acts as a bridge that transmits the pIOD impact to the tropical Pacific. Note that 272 

POGA experiments show that the observed Pacific cold SSTAs during the pIOD-La Niña years do not 273 

induce significant warm SSTAs in the southeast Indian Ocean (Fig. S7), also supporting the idea that the 274 

positive SSTAs off the western Australian coast in Fig. 4a is caused by pIOD SSTAs with an SCTR 275 

warming pattern. It is also worth emphasizing that the thermocline ridge warming itself is not a direct 276 

cause for the La Niña, since it tends to induce weak warming in the tropical Pacific based on the IOGA 277 
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experiments (Fig. S8). Further, atmospheric model experiments also show that warm/cold SSTA in the 278 

thermocline ridge region alone does not significantly affect the tropical Pacific winds (Fig. S9). 279 

During DJF, the pIOD decays while the SSTA in the tropical Pacific and the southeast Indian 280 

Ocean continues to develop (Figs. 4d-4f), owing to local air-sea coupling as well as interbasin 281 

interactions (Terray and Dominiak 2005; Zhang and Han 2018). Meanwhile, El Niño is associated with 282 

basin-scale warming in the tropical Indian Ocean during DJF and La Niña with Indian Ocean cooling 283 

(Klein et al. 1999), and earlier studies also showed that the Indian Ocean basin-wide warming – if it is 284 

caused by processes other than enhanced subsidence - can cool the tropical Pacific and Indian Ocean 285 

cooling favors Pacific warming (Ohba and Ueda 2007; Morioka et al. 2012; Zhang et al. 2019). Hence, 286 

although the ensemble mean of IOGA pacemaker experiments is supposed to isolate the impact of 287 

tropical Indian Ocean SST variability, the basin-scale SSTA does not seem to play a role in forcing the 288 

Pacific wind and SST anomalies after the IOD peak. Instead, SSTA in the tropical Pacific is closely 289 

connected with SSTA in the southeast Indian Ocean during DJF, which mainly results from the pIOD 290 

forcing from the previous season. 291 

The above IOGA results agree with observations (Fig. 6). In observed pIOD years, La Niña-like 292 

conditions appear in the tropical Pacific when there is southeast Indian Ocean warming off the west 293 

coast of Australia accompanied by the thermocline ridge warming (Figs. 6a and 6c). By contrast, 294 

without those warming signals, prominent positive SSTA is evident in the tropical Pacific (Fig. 6b). 295 

Observed precipitation anomalies overall agree with IOGA results as well (Fig. S10). There are also 296 

some noticeable differences between observations and IOGA experiments, such as the strong northerly 297 

wind anomalies in the western tropical Indian Ocean in the model results (Fig. 4a) that are weak or 298 

absent in the observations (Fig. 6a), which could be due to influences of other factors such as anomalous 299 

Indian monsoon system. Nevertheless, since the ensemble average of the IOGA experiments filters out 300 
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the impacts of internal climate variability outside the tropical Indian Ocean, the agreement between the 301 

ensemble mean of IOGA and observations (cf. Figs. 4 and 6) suggests that the observed changes in the 302 

tropical Pacific during the selected pIOD years are indeed due to the Indian Ocean forcing. There are a 303 

few exceptions, such as in 1925, during which the IOGA simulates a La Niña event, while it was an El 304 

Niño year in observations (Fig. 3b). This is because ENSO is a strong internal mode of climate 305 

variability, and El Niño event still occurred in 1925 albeit with strong forcing from pIOD. Because 1925 306 

was included in the composites of Figs. 4a and 6a, weak warming was shown in the central tropical 307 

Pacific in Fig. 6a but was absent from Fig. 4a. Similarly, 1944 was a La Niña year, opposite to the 308 

IOGA result. These inconsistencies suggest that in some years processes other than the tropical Indo-309 

Pacific interactions can play a dominant role, such as forcings from the extra-tropical Pacific that may 310 

trigger ENSO (Chang et al. 2007; Alexander 2010; Zhang et al. 2014). This is also one of the reasons 311 

why the ENSO-IOD correlation is overall not high and non-stationary. 312 

The above analysis focuses on the El Niño-independent pIODs. We also extended our analysis to 313 

the El Niño-dependent pIODs, which overall tend to cause positive SSTA in the tropical Pacific but with 314 

noticeably different warming magnitudes (Fig. 3b). Consistent with the conclusions above, we find that 315 

for the pIODs with warming in the thermocline ridge and the southeast Indian Ocean, the Pacific 316 

warming is prominently weakened (Fig. S11). Taking all the pIODs into consideration (both El Niño-317 

dependent and El Niño-independent events), the key role of the thermocline ridge warming and the 318 

WPD in affecting the diverse impacts of the pIOD on ENSO is still evident (Fig. S12).  319 

As a comparison, we also analyzed results from the forty-member ensemble of the CESM1-LE 320 

during the same period as our pacemaker experiments (1920-2013). After removing the ensemble mean 321 

results that isolate the climate anomalies forced by external forcing (both anthropogenic and natural), we 322 

selected the pIOD events that co-occur with La Niña (72) and El Niño (501), respectively (Fig. S13). We 323 
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found that the pIOD-La Niña events also correspond to prominent warming in the thermocline ridge that 324 

extends to the southeast Indian Ocean, while the pIOD-El Niño events do not. Hence, CESM1-LE 325 

results also support our conclusions above. In addition, the CESM1-LE also seems to simulate weaker 326 

cold pole in the eastern tropical Indian Ocean during pIOD-La Niña years compared to pIOD-El Niño 327 

years, which may also contribute to the opposite Pacific anomalies between the two composites. 328 

However, since the differences in the SSTAs at the cold pole are negligible in observations (Fig. 4c), the 329 

contrasting pIOD impacts on ENSO that we found in observations and the IOGA experiments are not 330 

due to different amplitudes of the cold SSTAs in the eastern tropical Indian Ocean.  331 

5. Interbasin interaction and the WPD  332 

The interaction between the southeast Indian Ocean warming and the tropical Pacific cooling is 333 

crucial for pIODs with thermocline ridge warming to cause Pacific La Niña-like conditions. The 334 

associated interbasin coupling processes (Zhang and Han 2018) indicate that the positive SSTA in the 335 

tropical-subtropical southeast Indian Ocean induces negative SLP anomalies that extend to the Maritime 336 

Continent as atmospheric Kelvin wave, increasing the zonal SLP gradient in the tropical Pacific and 337 

thereby strengthening the Pacific easterly trades (Fig. 7). Consequently, SST in the central tropical 338 

Pacific decreases due to enhanced surface evaporation (Morioka et al. 2012), upwelling and zonal 339 

advection. The negative SSTA in the tropical Pacific further enhances the easterly trade winds to its 340 

west through local air-sea coupling, which subsequently enhance the Indonesian throughflow (ITF) and 341 

thus contribute to the SST warming in the southeast Indian Ocean (Kataoka et al. 2014; Tozuka et al. 342 

2014). Through the atmospheric bridge, the Pacific cold SSTA can also enhance the anomalous cyclonic 343 

winds over the eastern subtropical Indian Ocean, which is south of the anti-cyclone of the tropical South 344 

Indian Ocean (Figs. 4 and 6), and thereby further enhances the coastal SST warming (Zhang et al. 2018). 345 
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Here we briefly revisit the close connection between the southeast Indian Ocean and the tropical 346 

Pacific by conducting an observational linear regression analysis (Figs. 7a and 7b). The results show that 347 

SST warming in the southeast Indian Ocean is indeed associated with strong cooling anomalies in the 348 

western-central tropical Pacific; meanwhile, cyclonic wind anomalies appear in the South Indian Ocean, 349 

and easterly trades are enhanced over the western tropical Pacific. Consistently, the observed SSTA 350 

averaged over the two regions shows a negative correlation (Fig. 7c). Although the correlation is not 351 

very high (–0.27) due to its strong decadal variation (not shown), it is statistically significant at the 90% 352 

confidence level. Strong negative correlations are found in IOGA and POGA pacemaker experiments, 353 

further supporting the strong interbasin coupling. Note that the model tends to overestimate the 354 

correlations, which could be due to the too strong western-central tropical Pacific SSTA variability in 355 

the model (Fig. 10) that may result in too strong negative Pacific SSTAs associated with the southeast 356 

Indian Ocean warming. A composite analysis of the pacemaker experiments also suggests that the 357 

southeast Indian Ocean warming and the Pacific cooling anomalies tend to co-occur (not shown), as 358 

found in observations. We note that the two observational SST data sets also show some differences. For 359 

instance, the Pacific cold SSTA associated with the WPD extends to the eastern tropical Pacific in 360 

ERSST but not in HadISST, and such discrepancy could be due to sparse observations prior to the 1950s 361 

in the region (Deser et al. 2010). 362 

6.  Thermocline ridge warming  363 

The Indian Ocean thermocline ridge is the other key region that connects the tropical and the 364 

southeast Indian Ocean. Note that although the warm SSTA in the thermocline ridge region does not 365 

seem strong (<0.4˚C), it causes prominent atmospheric responses, including enhanced precipitation in 366 

the SCTR region because the SCTR resides in atmospheric Intertropical Convergence Zone where mean 367 

SST is high (>27 ˚C) during boreal fall-winter (Li et al. 2014) (Fig. 5). Here we analyze the physical 368 
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causes for the thermocline ridge warming during selected pIOD-La Niña years. As previously discussed, 369 

the thermocline ridge warming induces an anomalous interhemispheric SST gradient, which drives 370 

northerly and northwesterly wind anomalies over the South Indian Ocean (Fig. 4). Our observational 371 

analysis shows that the positive SSTA is primarily caused by the reduced surface wind speed and 372 

subsequently the weakened surface latent heat flux loss (Figs. 8a and 8d), consistent with previous 373 

finding (Foltz et al. 2010). These anomalies are in turn associated with northwesterly wind anomalies 374 

counteracting the mean southeasterly winds over the South Indian Ocean between 10˚S-15˚S. Hence, the 375 

development of the thermocline ridge warming and the associated northerly wind anomalies are mainly 376 

due to a positive feedback – the “wind-evaporation-SST” (WES) mechanism (Xie and Philander 1994). 377 

The enhanced downward Ekman pumping velocity in the western part of the thermocline ridge (Fig. 8j) 378 

may also help enhance the warm SSTA at the SCTR by reducing the mean upwelling cooling, while the 379 

surface solar radiation anomalies tend to cool down the thermocline ridge region (Fig. 8c), which could 380 

be due to the increased cloudiness caused by the surface warming.  381 

Since the SCTR warming is part of the pIOD warm pole, it is key to separating the pIOD into 382 

two types that have opposite effects on ENSO. While the development of the warm SSTAs in the SCTR 383 

region is primarily due to the “WES” mechanism, the initial warming of the warm pole at the SCTR 384 

region (or lack thereof) may be related to other Indian Ocean internal processes, such as the anomalous 385 

atmospheric monsoon circulation, or oceanic wave processes. Previous studies have suggested that the 386 

thermocline ridge warming could be caused by El Niño forcing from the preceding season (Klein et al. 387 

1999; Xie et al. 2002; Huang and Kinter III 2002; Rao and Behera 2005). For the pIOD-La Niña events, 388 

however, analysis of the ensemble mean of POGA experiments shows that the observed Pacific SSTA 389 

tends to cause negative IOD along with thermocline ridge cooling (Fig. S7a-d). This result suggests that 390 
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the thermocline ridge warming associated with the pIOD-La Niña events is induced by Indian Ocean 391 

internal processes.  392 

7. Summary and Discussion  393 

Through analysis of observational datasets and numerical experiments using a state-of-the-art 394 

climate model, we investigate the impacts of the pIOD on the simultaneous development of ENSO. Our 395 

results show that approximately one third of the historical pIOD events are forced by El Niño, and they 396 

in turn tend to amplify El Niño. This result seems consistent with some of the previous findings (Behera 397 

et al. 2006; Yang et al. 2017), but different from the studies that use observational data in more recent 398 

periods (e.g., Stuecker et al. 2017). The discrepancy could be attributable to the decadal variations in the 399 

IOD-ENSO relationship and/or data quality issue during the early 20th century due to the sparse 400 

observations. Furthermore, although changes in the IOD-ENSO correlation may be due to decadal 401 

variations in the ENSO variance and changes in the ENSO flavors (Zhang et al. 2015), its cause may 402 

need further investigation. In addition, the IOGA experiments also show that 45% of the pIOD events 403 

were followed by La Niña in the next year in the model (not shown), which is consistent with the 404 

previous finding that a pIOD may favor La Niña in the following year (Izumo et al. 2010). 405 

Different from the El Niño-dependent pIODs, the effect of the El Niño-independent pIODs on 406 

the tropical Pacific varies considerably. Of thirteen independent pIODs, five favor El Niño and three 407 

favor La Niña, which is in contrast to the simultaneous interplay between El Niño and the pIOD 408 

documented by previous studies (Baquero-Bernal et al. 2002; Krishnamurthy and Kirtman 2003; 409 

Annamalai et al. 2003; Meyers et al. 2007). Interestingly, the pIOD-La Niña years identified in this 410 

study occur prior to the 1970s whereas the pIOD- El Niño years occur in recent decades, consistent with 411 

the higher DMI-Niño 3.4 correlation since the 1980s (Stuecker et al. 2017); prior to that, however, the 412 
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observed IOD-ENSO correlation is generally lower, although the uncertainty is also larger due to the 413 

low data quality. Meanwhile, it is worth noting that the uncertainties in the SSTA forcing themselves do 414 

not affect the associated physical mechanisms simulated in the model, because the IOGA experiments 415 

can simulate the different responses of the tropical Pacific Ocean to the different pIOD SSTA patterns 416 

shown in the observations.  417 

The diverse effects of pIODs on ENSO are primarily associated with two types of pIOD SSTA 418 

patterns, one with and the other without thermocline ridge warming in the western pole. The pIODs with 419 

thermocline ridge warming induce anomalous interhemispheric SST gradients which drive northerly 420 

wind anomalies over the South Indian Ocean (upper panel of Fig. 9a). The northerly wind anomalies 421 

weaken the prevailing southeasterlies, further causing SST warming in the thermocline ridge and over 422 

the southeast Indian Ocean off the west coast of Australia, where local air-sea interaction gives rise to 423 

cyclonic wind anomalies to the west in subtropics, which is south of the anticyclonic wind associated 424 

with the pIOD in the tropics (lower panel of Fig. 9a).  425 

Through the Indo-Pacific interbasin coupling mechanism associated with the “Warm Pool 426 

Dipole” (WPD), the southeast Indian Ocean warming causes La Niña-like conditions in the tropical 427 

Pacific (Fig. 9a, lower panel). The cold central tropical Pacific can in turn enhance warm southeast 428 

Indian Ocean through both the atmospheric bridge and the oceanic connection, and the out-of-phase 429 

SSTAs in the two regions together form a positive feedback loop (Zhang and Han 2018, 2020). By 430 

contrast, the pIOD with strongest SST warming occurring in the western equatorial basin and the 431 

Arabian Sea tends to warm the tropical Pacific and thus favors El Niño-like conditions through the 432 

large-scale east-west circulation in the atmosphere as that involved with the TBO (Meehl 1997; Meehl 433 

and Arblaster 2002) (Fig. 9b). Note that although the cold pole of the pIOD suppresses the local 434 

precipitation in both types of the pIOD (Fig. 5), which tends to cause westerly wind anomalies over the 435 
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tropical Pacific, this effect is much weakened by the thermocline ridge warming. This is also likely the 436 

reason why the southeast Indian Ocean warming during the pIOD-La Niña years is more efficient in 437 

strengthening the Pacific easterly winds (Fig. 9a). 438 

While the WPD can act as a bridge that transmits diverse pIOD impacts on ENSO, whether the 439 

pIOD can cause the southeast Indian Ocean warming (warm pole of the WPD) depends on the presence 440 

of warm SSTA over the thermocline ridge in the western pole of the pIOD, the formation of which is 441 

strongly influenced by latent heat flux and amplified by the wind-evaporation-SST feedback. In 442 

addition, reduced upwelling due to deepened thermocline may also play some role. Note that composites 443 

of thermocline ridge warming/cooling alone (without pIOD) in IOGA experiments show negligible 444 

SSTA in the southeast Indian Ocean (Fig. S8). It is the pIOD with thermocline ridge warming that 445 

produces easterly wind anomalies along the equator and northerly wind anomalies in the basin interior, 446 

leading to the strong anti-cyclonic wind anomalies over the tropical south Indian Ocean with northerly 447 

winds extending to the southeast Indian Ocean off the west coast of Australia. These wind anomalies 448 

cause warm SSTAs which subsequently affect the tropical Pacific. It is noteworthy that both Ningaloo 449 

Niño and the WPD can also occur without the pIOD and affect ENSO independently (Zhang et al. 450 

2018).  451 

While this study focuses on pIOD events, we have also analyzed the effects of negative IODs 452 

(nIODs). The results show that while nIODs may also have different effects on ENSO, the cause is 453 

different from the reasons discussed above for pIODs. It seems that the nIODs with stronger warming in 454 

the eastern pole tend to favor La Niña, whereas those with strong cooling in the western pole correspond 455 

to El Niño in IOGA (not shown). Because of the asymmetry between the pIOD and nIOD in terms of 456 

their effects on ENSO, here we only focus on the pIOD and will explore the effects of nIOD on ENSO 457 

in a future study. 458 
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As discussed above, in this study we examine the ENSO-IOD relationship by combining 459 

observational analysis and climate model experiments. However, it is worth noting that there are well-460 

known biases in simulated tropical climate modes from the current generation of climate models. For 461 

instance, it has been found that the SST variability in the eastern Indian Ocean is overly large in CESM 462 

compared to observations (Weller and Cai 2013). Since the tropical Indian Ocean SST in IOGA 463 

pacemaker experiments is restored toward observations, such model biases are reduced to some degree 464 

in the results presented above. Outside the SST nudging region, the pacemaker experiments fully 465 

represent atmosphere-ocean coupling processes, which is important because positive air-sea feedback 466 

plays a crucial role in the development of tropical climate variabilities (Bjerknes 1969). But model 467 

biases, such as the well-known cold tongue bias, may affect the simulated processes in those regions. 468 

Indeed, the IOGA and POGA experiments seem to overestimate the SST variability outside the nudging 469 

region including the western tropical Pacific region, and the ENSO-IOD correlation is also exaggerated 470 

compared to observations (Fig. 10), similar to the biases found in other climate models (Jourdain et al. 471 

2016). Such model biases indicate that the pIOD impact on ENSO found in this study could be 472 

overestimated. On the other hand, the selected pIOD-La Niña and pIOD-El Niño years show overall 473 

good agreement between the pacemaker experiments and observations (Figs. 4 and 5), which lends more 474 

confidence to our conclusions that the pIOD contributes to the development of ENSO in those years. 475 

Note also that there are uncertainties in the observational data sets used in this study as well, especially 476 

prior to the satellite era (Deser et al. 2010), which could lead to biases in the observed ENSO-IOD 477 

relationship. Hence, the model-data agreement also needs to be treated with caution. 478 

Different from previous understanding, our results show that the pIOD not only can contribute to 479 

the development of El Niño, but also could in some circumstances favor La Niña-like conditions, with 480 

the latter scenario being associated with warm SSTA over the thermocline ridge and the southeast Indian 481 
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Ocean. It is thus important to consider detailed SSTA patterns in the tropical Indian Ocean to understand 482 

and predict its impacts on the tropical Pacific. While the SON SSTA associated with a pIOD without 483 

strong thermocline ridge warming may serve as a predictor for enhanced DJF El Niño, a pIOD pattern 484 

with strong thermocline ridge warming extending to the southeast basin may serve as a predictor for La 485 

Niña. Future climate prediction should take into consideration the diverse SSTA patterns of the IOD, 486 

and their different interactions with the WPD and ENSO.  487 
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Figure captions 706 

Figure 1 Regression of sea surface temperature anomalies (SSTA) on normalized climate mode indices 707 

using ERSSTv3b for the 1920-2010 period. Units is ˚C. (a) Regression of DJF-mean SSTA on 708 

the normalized DJF Niño-3.4 index. (b) Regression of SON-mean SSTA on normalized SON 709 

Dipole Mode Index (DMI). (c) Regression of DJF-mean SSTA on normalized DJF Ningaloo 710 

Niño index (NNI). 711 

Figure 2 Regions where SSTAs are restored to observations in the pacemaker experiments. Red for 712 

Indian Ocean-Global Atmosphere (IOGA) experiments, and blue for Pacific Ocean-Global 713 

Atmosphere (POGA) experiments. Light colors represent the sponge layer. 714 

Figure 3 (a) The September-November (SON) dipole mode index (DMI) during observed positive 715 

Indian Ocean Dipole (pIOD) years. Blue denotes DMI in observations and red for Pacific Ocean-716 

Global Atmosphere (POGA) pacemaker experiments. The pIOD years are separated into ENSO-717 

independent events, denoted by “Ind.” (left; thirteen events) and ENSO-dependent events, 718 

denoted by “D.” (right; seven events), based on whether the DMI in the ensemble average of 719 

POGA experiments (which isolates the tropical Pacific forcing) exceeds 25% of the DMI in 720 

observations. The error bar denotes the uncertainty defined as 90th confidence interval across the 721 

ten ensemble members. The blue dashed line denotes one standard deviation of the DMI in 722 

observations. (b) As in (a), but for December-February (DJF) Niño-3.4 index during the pIOD 723 

years in observations (blue) and Indian Ocean-Global Atmosphere (IOGA) pacemaker 724 

experiments (red). The red ovals mark the five years when the Ind. pIOD causes El Niño, and the 725 

blue ovals mark the three years when the pIOD causes La Niña. 726 

Figure 4 Tropical Pacific anomalies induced by the El Niño-independent pIODs, as assessed by the 10-727 
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member ensemble mean results of the IOGA experiments. (a) Composite of SON mean SSTA 728 

(shading, ˚C) and surface wind stress anomalies (vectors, N m-2) during the independent pIOD 729 

events co-occurring with La Niña (1925, 1949, 1967). (b) Same as (a) but for composite of the 730 

independent pIOD events that co-occur with El Niño (1935, 1944, 1946, 1965, 2006). (c) 731 

Differences between (a) and (b). Purple dashed box denotes the region in which SSTA is restored 732 

toward observations in the IOGA experiments. (d)-(f) As in (a)-(c), except for the DJF season. 733 

Shown are the results that are statistically significant at the 90% confidence level. 734 

Figure 5 Same as Figure 4, but for precipitation anomalies (shading, mm day-1). Red lines represent the 735 

27˚C contour for seasonal-mean SST climatology. 736 

Figure 6 Composites of SST (shading, ˚C) and surface wind stress (vector, N m-2) anomalies using 737 

ERSSTv3b and ERA-20C data sets, respectively. Selected years are the same as Figure 4. 738 

Figure 7 (a) Regression of DJF SST (shading; ˚C) and surface wind anomalies (vector; m s-1) on 739 

normalized DJF SEIO SST index using ERSSTv3b. Shown are results that are 90% statistically 740 

significant. Black vectors denote the wind regressions that are significant at the 90% confidence 741 

level. The two boxed regions are used to calculate the SEIO index (102˚E-108˚E; 22˚S-16˚S and 742 

108˚E-115˚E; 32˚S-16˚S) and the central-western Pacific index (CWPI; 160˚E-160˚W; 5˚S-5˚N). 743 

(b) Same as (a) but for HadISST results. (c) Correlation coefficient between the DJF SEIO index 744 

and DJF CWPI in ERSSTv3b, HadISST, and the average of each ensemble members from IOGA 745 

and POGA experiments. The signs are flipped. Blue dashed line represents the 90% confidence 746 

level for the two observational data sets. Vertical lines represent 90% confidence interval for 747 

results from IOGA and POGA experiments. 748 

Figure 8 Composites of observational SON mean (a) SST (˚C) and surface wind stress anomalies (N m-749 

2), (b) Ekman pumping velocity (We; 10–6 m s-1), (c) surface shortwave radiation anomalies 750 
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(SWR; W m-2) and (d) surface latent heat flux anomalies (LHF; W m-2) during independent 751 

pIODs that cause La Niña. (e)-(h) Same as (a)-(d), but for composites of independent pIODs that 752 

cause El Niño. (i)-(l) Differences between the two composites. 753 

Figure 9 Schematic diagram that illustrates different impacts of the pIOD on the southeast Indian Ocean 754 

(SEIO) and the tropical Pacific. Arrows denote low-level wind anomalies and shading represents 755 

SSTA. (a) pIOD with thermocline ridge warming induces anti-cyclonic wind anomalies over the 756 

south Indian Ocean, which favors the SEIO warming (upper panel). The SEIO warming induces 757 

the tropical Pacific cooling through enhanced trade winds (lower panel). The Pacific cooling 758 

anomalies in turn favors the southeast Indian ocean warming through atmospheric bridge 759 

(cyclonic wind anomalies over the south Indian Ocean) and the oceanic connection (enhanced 760 

Indonesian throughflow (ITF)). (b) pIOD without thermocline ridge warming induces El Niño-761 

like conditions through causing westerly anomalies over the tropical Pacific. El Niño may 762 

subsequently cause negative SSTA in the SEIO through the oceanic connection and the 763 

atmospheric bridge, which in turn favors El Niño. 764 

Figure 10 (a) Standard deviation of SSTA in observations (˚C) using ERSSTv3. (b)(c) As in (a) but for 765 

results from IOGA and POGA experiments, respectively. The standard deviations were calculated 766 

for each ensemble member and shown are the averaged results. (d) Standard deviation of DMI and 767 

Niño-3.4 in observations and the model counterpart (DMI in POGA and Niño-3.4 in IOGA). (e) 768 

The DMI-Niño-3.4 correlation in observations and pacemaker experiments. The vertical bars in (d) 769 

and (e) represent uncertainty across ensemble members, which is defined as the 90% confidence 770 

interval.  771 
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 772 

Figure 1 Regression of sea surface temperature anomalies (SSTA) on normalized climate mode indices 773 

using ERSSTv3b for the 1920-2010 period. Units is ˚C. (a) Regression of DJF-mean SSTA on the 774 

normalized DJF Niño-3.4 index. (b) Regression of SON-mean SSTA on normalized SON Dipole Mode 775 

Index (DMI). (c) Regression of DJF-mean SSTA on normalized DJF Ningaloo Niño index (NNI).  776 
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 777 

Figure 2 Regions where SSTAs are restored to observations in the pacemaker experiments. Red for 778 

Indian Ocean-Global Atmosphere (IOGA) experiments, and blue for Pacific Ocean-Global Atmosphere 779 

(POGA) experiments. Light colors represent the sponge layer.  780 
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 781 

Figure 3 (a) The September-November (SON) dipole mode index (DMI) during observed positive 782 

Indian Ocean Dipole (pIOD) years. Blue denotes DMI in observations and red for Pacific Ocean-Global 783 

Atmosphere (POGA) pacemaker experiments. The pIOD years are separated into ENSO-independent 784 

events, denoted by “Ind.” (left; thirteen events) and ENSO-dependent events, denoted by “D.” (right; 785 

seven events), based on whether the DMI in the ensemble average of POGA experiments (which isolates 786 

the tropical Pacific forcing) exceeds 25% of the DMI in observations. The error bar denotes the 787 

uncertainty defined as 90th confidence interval across the ten ensemble members. The blue dashed line 788 

denotes one standard deviation of the DMI in observations. (b) As in (a), but for December-February 789 

(DJF) Niño-3.4 index during the pIOD years in observations (blue) and Indian Ocean-Global 790 

Atmosphere (IOGA) pacemaker experiments (red). The red ovals mark the five years when the Ind. 791 

pIOD causes El Niño, and the blue ovals mark the three years when the pIOD causes La Niña.  792 
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 793 

Figure 4 Tropical Pacific anomalies induced by the El Niño-independent pIODs, as assessed by the 10-794 

member ensemble mean results of the IOGA experiments. (a) Composite of SON mean SSTA (shading, 795 

˚C) and surface wind stress anomalies (vectors, N m-2) during the independent pIOD events co-occurring 796 

with La Niña (1925, 1949, 1967). (b) Same as (a) but for composite of the independent pIOD events that 797 

co-occur with El Niño (1935, 1944, 1946, 1965, 2006). (c) Differences between (a) and (b). Purple 798 

dashed box denotes the region in which SSTA is restored toward observations in the IOGA experiments. 799 

(d)-(f) As in (a)-(c), except for the DJF season. Shown are the results that are statistically significant at 800 

the 90% confidence level.  801 
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 802 

Figure 5 Same as Figure 4, but for precipitation anomalies (shading, mm day-1). Red lines represent the 803 

27˚C contour for seasonal-mean SST climatology.  804 
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 805 

Figure 6 Composites of SST (shading, ˚C) and surface wind stress (vector, N m-2) anomalies using 806 

ERSSTv3b and ERA-20C data sets, respectively. Selected years are the same as Figure 4.  807 
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 808 

Figure 7 (a) Regression of DJF SST (shading; ˚C) and surface wind anomalies (vector; m s-1) on 809 

normalized DJF SEIO SST index using ERSSTv3b. Shown are results that are 90% statistically 810 

significant. Black vectors denote the wind regressions that are significant at the 90% confidence level. 811 

The two boxed regions are used to calculate the SEIO index (102˚E-108˚E; 22˚S-16˚S and 108˚E-115˚E; 812 

32˚S-16˚S) and the central-western Pacific index (CWPI; 160˚E-160˚W; 5˚S-5˚N). (b) Same as (a) but 813 

for HadISST results. (c) Correlation coefficient between the DJF SEIO index and DJF CWPI in 814 

ERSSTv3b, HadISST, and the average of each ensemble members from IOGA and POGA experiments. 815 

The signs are flipped. Blue dashed line represents the 90% confidence level for the two observational 816 
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data sets. Vertical lines represent 90% confidence interval for results from IOGA and POGA 817 

experiments.  818 
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 819 

Figure 8 Composites of observational SON mean (a) SST (˚C) and surface wind stress anomalies (N m-820 

2), (b) Ekman pumping velocity (We; 10–6 m s-1), (c) surface shortwave radiation anomalies (SWR; W m-821 

2) and (d) surface latent heat flux anomalies (LHF; W m-2) during independent pIODs that cause La 822 

Niña. (e)-(h) Same as (a)-(d), but for composites of independent pIODs that cause El Niño. (i)-(l) 823 

Differences between the two composites.  824 

(a) SST (pIOD-La Niña)

0.02

60E 90E 120E

30S

15S

EQ

15N

30N

(e) SST (pIOD-El Niño)

60E 90E 120E

30S

15S

EQ

15N

30N

(i) SST Differences

60E 90E 120E

30S

15S

EQ

15N

30N

-0.6 -0.3 0 0.3 0.6

(b) We (pIOD-La Niña)

60E 90E 120E

30S

15S

EQ

15N

30N

(f) We (pIOD-El Niño)

60E 90E 120E

30S

15S

EQ

15N

30N

(j) We Differences

60E 90E 120E

30S

15S

EQ

15N

30N

-3 -1.5 0 1.5 3

(c) SWR (pIOD-La Niña)

60E 90E 120E

30S

15S

EQ

15N

30N

(g) SWR (pIOD-El Niño)

60E 90E 120E

30S

15S

EQ

15N

30N

(k) SWR Differences

60E 90E 120E

30S

15S

EQ

15N

30N

-20 -10 0 10 20

(d) LHF (pIOD-La Niña)

60E 90E 120E

30S

15S

EQ

15N

30N

(h) LHF (pIOD-El Niño)

60E 90E 120E

30S

15S

EQ

15N

30N

(l) LHF Differences

60E 90E 120E

30S

15S

EQ

15N

30N

-20 -10 0 10 20



45 
 

 825 

Figure 9 Schematic diagram that illustrates different impacts of the pIOD on the southeast Indian Ocean 826 

(SEIO) and the tropical Pacific. Arrows denote low-level wind anomalies and shading represents SSTA. 827 

(a) pIOD with thermocline ridge warming induces anti-cyclonic wind anomalies over the south Indian 828 

Ocean, which favors the SEIO warming (upper panel). The SEIO warming induces the tropical Pacific 829 

cooling through enhanced trade winds (lower panel). The Pacific cooling anomalies in turn favors the 830 

southeast Indian ocean warming through atmospheric bridge (cyclonic wind anomalies over the south 831 

Indian Ocean) and the oceanic connection (enhanced Indonesian throughflow (ITF)). (b) pIOD without 832 

thermocline ridge warming induces El Niño-like conditions through causing westerly anomalies over the 833 

tropical Pacific. El Niño may subsequently cause negative SSTA in the SEIO through the oceanic 834 

connection and the atmospheric bridge, which in turn favors El Niño.  835 
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 836 

Figure 10 (a) Standard deviation of SSTA in observations (˚C) using ERSSTv3. (b)(c) As in (a) but for 837 

results from IOGA and POGA experiments, respectively. The standard deviations were calculated for 838 

each ensemble member and shown are the averaged results. (d) Standard deviation of DMI and Niño-3.4 839 

in observations and the model counterpart (DMI in POGA and Niño-3.4 in IOGA). (e) The DMI-Niño-840 

3.4 correlation in observations and pacemaker experiments. The vertical bars in (d) and (e) represent 841 

uncertainty across ensemble members, which is defined as the 90% confidence interval. 842 
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