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Evolution of typical positive Indian Ocean Dipole (pIOD) event is dominated by 10 
a significant sea surface temperature (SST) cooling in the southeastern tropical 11 
Indian Ocean. Interestingly, during the evolution of 2015 pIOD event, the SST 12 
in the southeastern tropical Indian Ocean did not reveal significant cooling in-13 
stead anomalous strong SST warming took place in the western tropical Indian 14 
Ocean off the East African coast. This anomalous SST warming was associated 15 
with a weakening of the Asian summer monsoon. Furthermore, analysis on the 16 
mixed layer heat budget demonstrated that the evolution of the 2015 pIOD event 17 
could be attributed mainly to the air-sea heat flux. By decomposing the air-sea 18 
heat flux, it is found that reduced latent heat loss plays an important role on the 19 
SST warming in the western pole and keeping SST warm in the eastern pole. 20 
We note that a residual term also may play a role during the initial development 21 
of the event. In contrast to the SST pattern, the subsurface temperature revealed 22 
a clear positive dipole pattern. Shallow (deep) 20ºC isothermal layer in the east-23 
ern (western) equatorial Indian Ocean was observed during boreal summer. This 24 
robust subsurface dipole pattern indicated that the subsurface ocean response 25 
was largely wind driven through the equatorial wave dynamics as previously 26 
suggested. 27 

 28 

1! Introduction  29 

A typical positive Indian Ocean Dipole (pIOD) event is characterized by seas surface temperature anomaly (SSTA) dipole 30 
pattern with negative (positive) SSTA was observed in the southeastern (western) equatorial Indian Ocean (Saji et al., 31 
1999; Webster et al., 1999). This SSTA pattern is tightly associated with surface wind pattern which may be interpreted in 32 
term of Bjerknes-type feedback mechanism (Yamagata et al., 2004). Cooling (warming) SST in the east (west) was associ-33 
ated with enhanced (suppressed) sea level pressure leading to enhance equatorial easterly wind anomalies. In response to 34 
the change in surface winds, the equatorial waves are excited (Vinayachandran et al., 2002; Feng et al., 2003). Along the 35 
equator, upwelling equatorial Kelvin waves were generated as a response to strong anomalous easterly winds during the 36 
peak phase of the pIOD event. Meanwhile, westward propagating downwelling Rossby waves were generated in the off-37 
equatorial region, in particular in the southwestern equatorial Indian Ocean. 38 
 39 
Recent studies have proposed various types of the pIOD based on the pattern of the SSTA in the tropical Indian Ocean 40 
(Vinayachandran et al., 2007; Endo et al., 2016; Tozuka et al., 2016). The pIOD events were not always associated with 41 
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SST warming in the western equatorial Indian Ocean, instead central Indian Ocean SST warming was also found during 42 
the pIOD event. In addition, central Indian Ocean SST warming bounded by SST cooling in the eastern and western pole 43 
has been classified as a new type of the pIOD event, namely IOD Modoki event (Endo et al., 2016). In addition, three 44 
types of the pIOD events has been suggested based on the SSTA evolution, namely the normal pIOD, prolonged pIOD and 45 
unseasonable pIOD events (Du et al., 2013). The unseasonable and normal pIOD types were occurring in JJA and SON 46 
season, respectively. Meanwhile, the evolution of prolonged pIOD type started in May – June, matured in July – Septem-47 
ber, and terminated in October – November. Consequently, various SSTA patterns associated with various type of the 48 
pIOD events have induced different impact on the land precipitation surrounding the Indian Ocean (Weller et al., 2014). 49 
 50 
Previous studies have shown that strong El Niño event in the tropical Pacific co-occurred with a strong positive Indian 51 
Ocean Dipole (pIOD) event in the tropical Indian Ocean (Murtugudde et al., 2000; Yu et al., 2000). During 2015, howev-52 
er, the tropical Indian Ocean experienced a unique condition. This weak pIOD event was associated with the strongest El 53 
Niño event of the 21st century occurring during boreal summer 2015 until boreal spring 2016 (Santoso et al. 2017). Note 54 
that previous studies have shown that the 2015/2016 El Niño is a combined of typical and central Pacific El Niño types 55 
(Paek et al. 2017; Lim et al. 2017; Xue & Kumar 2017; Brainard et al. 2018; Li, Tao; Zhao, Jiuwei; Li 2015; Su et al. 56 
2017). A strong SST warming was observed in the western basin, while relatively weak cooling was occurring in the east-57 
ern basin (Liu et al., 2017). Therefore, this study designed to examine the unique evolution of the SSTA in the tropical 58 
Indian Ocean during boreal summer and fall 2015. In contrast to the previous study that had examined the evolution of 59 
SSTA evolution in the tropical Indian Ocean in term of El Niño impact (Liu et al., 2017), our study here is focusing on the 60 
inherent dynamics and thermodynamics processes of the Indian Ocean. 61 
 62 
The remainder of the paper is organized as follows. Section 2 describes the observational datasets used in the study. In 63 
Section 3, we evaluated the dynamics of the evolution of the 2015 pIOD event. The subsurface evolution of the 2015 64 
pIOD event was also evaluated. Finally, a summary and discussion of the results is presented in the last section.  65 
 66 

2! Data and Method 67 

Daily Optimum Interpolated Sea Surface Temperature (OISST) based on the Advanced Very High Resolution Radiometer 68 
(AVHRR) from National Oceanographic and Atmospheric Administration was used in this study (Banzon et al., 2016; 69 
Reynolds et al., 2007). The data have uniform spatial resolution of 0.25° × 0.25° and we used data for a period of January 70 
1982 to December 2015. Monthly near-surface current data from the Ocean Surface Current Analysis-Realtime (OSCAR) 71 
project were also used in this study (Bonjean et al., 2002) . The data having 1° × 1° spatial resolution for a period of Janu-72 
ary 1993 to December 2015 were used. 73 
 74 
In addition, the wind fields and surface heat flux data were obtained from the National Centers for Environmental Predic-75 
tion (NCEP) – National Center for Atmospheric Research (NCAR) Reanalysis-1 (Kistler et al., 1999). The period used 76 
was from January 1982 to December 2015 with horizontal resolution of 0.5° × 0.5°. The subsurface temperature and sa-77 
linity data were from ARGO gridded product. For more details on the data processing gridding methods, interested readers 78 
are referred to Lebedev et al. (2007). The data were obtained from the Asia-Pacific Data-Research Center (APDRC) Uni-79 
versity of Hawaii with uniform horizontal resolutions of 1° × 1°. We utilized data from January 2005 to December 2015.  80 
 81 
Following (Saji et al., 1999)the Dipole Mode Index (DMI) was calculated based on the difference of the sea surface tem-82 
perature anomalies (SSTA) between the western equatorial Indian Ocean (10°S–10°N, 50°–70°E) and the southeastern 83 
equatorial Indian Ocean (0°–10°S, 90°–110°E). Note that, mean climatology for all variables were calculated based on the 84 
period of January 1982 to December 2015 except for the ARGO data which was calculated based on the period of January 85 
2005 – December 2015. The anomalies for all variables are then calculated as the deviation from their respective mean 86 
climatology.  87 
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3! Results 88 

3.1. Evolution of the 2015 Positive Indian Ocean Dipole 89 

The DMI time series shows an evolution of the 2015 pIOD event (Figure 1). Unlike a typical pIOD event that is dominated 90 
by a cooling in the southeastern pole, warming in the western pole controlled the evolution of 2015 pIOD event. The SST 91 
warming in the western pole initially started in March 2015, with a short weakening in June before it continued to develop 92 
throughout a year and lasted until spring 2016. On the other hand, the SST cooling in the southeastern pole only showed a 93 
relatively short and weak cooling event in August-September 2015. The DMI revealed a pIOD condition for about 4 94 
months when the DMI exceeded its one standard deviation (0.47). It developed in early August and rapidly terminated in 95 
late-November. We noted that there were short-term variabilities modulating the magnitude of the DMI in late-September 96 
and late-October.  97 

!98 

Figure 1 Time series of Dipole Mode Index (DMI – solid black) during January – December 2015. The DMI 99 
was defined as the difference between the averaged SSTA in the western (10°S–10°N, 50°–70°E; 100 
blue dash) and southeastern (0°–10°S, 90°–110°E; solid red) equatorial Indian Ocean (Saji et al., 101 
1999). The red fill indicates that the DMI is above the positive threshold of one standard deviation. 102 

The corresponding basin-wide evolution of ocean-atmosphere conditions is shown in Figure 2. In July, the equatorial east-103 
erly anomalies have been fully developed in the eastern Indian Ocean equatorial Indian Ocean, while strong alongshore-104 
northeasterly wind anomalies were observed off northeastern coast of Africa (Figure 2a). These strong northeasterly 105 
anomalies were associated with a weak Asian summer monsoon (Ryuichi Kawamura 1998; Izumo et al. 2008; Boschat et 106 
al. 2012; De Boyer Montégut et al. 2007). The oceanic response to the easterly anomalies was shown by a cooling SSTA 107 
in the eastern Indian Ocean off south Java, while a warming SSTA were observed in the northeastern Indian Ocean. The 108 
easterly wind anomalies in the eastern Indian Ocean and northeasterly wind anomalies in the northwestern Indian Ocean 109 
were strengthened in the following months (Figures 2b-c). Interestingly, while SSTA in the eastern equatorial Indian 110 
Ocean did not show a clear cooling event, robust warming event were observed in the northwestern Indian Ocean. The 111 
SSTA contrast between the western and eastern parts made the DMI in 2015 was different from previous pIOD events. It 112 
was noted that the SSTA pattern did not show clear typical pIOD pattern such as in 2006 (Horii et al., 2008). The easterly 113 
wind anomalies in the eastern equatorial Indian Ocean continued to be strengthened even until December. However, the 114 
cooling SSTA was diminished there and it has already become positive anomaly in October (Figure 2d). We still observed 115 
the SSTA different between the western and eastern Indian Ocean until November, although basin-wide warming was ob-116 
served from October. Meanwhile, the warming in the northwestern Indian Ocean gradually decreased as the northeasterly 117 
anomalies were weakened in October before they reversed their direction in November (Figures 2d-e). The SSTA gradient 118 
in the equatorial Indian Ocean waned after November and a uniform Indian Ocean warming was clearly observed in De-119 
cember, a bit early than the usual Indian Ocean warming following the strong El Niño event (Yu & Rienecker 2000b).  120 
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 121 

Figure 2 Saptio-temporal evolutions of sea surface temperature anomaly (SSTA – shaded) and surface wind 122 
stress anomaly (vector) during June – November 2015. The black line indicates a zero contour for 123 
SSTA. Note that a linear SST trend had been removed before plotting.  124 

The anomalous Walker Circulation revealed the atmospheric response to the SSTA pattern in the tropical Indian Ocean 125 
during 2015 (Figure 3). Note that the Walker Circulation is defined as a zonal-vertical circulation averaged between 5ºS - 126 
5ºN. When plotting the figure, we multiplied the vertical velocity by 100. As previously suggested by (Tozuka et al., 127 
2016), the canonical pIOD is characterized by a single-cell of the Walker Circulation centred at about 80ºE and 400 hPa. 128 
Strong downward motion was observed over the Maritime Continent from July to October (Figures 3a-d) before it was 129 
weakened in November (Figure 3e). An upward motion was observed over the western equatorial Indian Ocean from Sep-130 
tember collocated with the maximum SSTA (Figure 3c). A clear Walker Circulation cell, characterized by downward (up-131 
ward) motion in the eastern (western) equatorial Indian Ocean and westerly (easterly) wind anomaly in the upper (lower) 132 
troposphere, was observed in October (Figure 3d). Note that the descending branch observed in the far eastern part of the 133 
Maritime Continent was associated with the evolution a strong El Niño event in the tropical Pacific Ocean (Liu et al., 134 
2017).  135 
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 136 

Figure 3 Longitude-pressure (hPa) cross section along the equator (5ºS - 5ºN) showing the anomalous Walker 137 
Circulation during June – November 2015. Note that the vertical velocity was multiplied by 100 138 
when plotting the figures.   139 

 140 

3.2. Subsurface Evolution of the 2015 Positive Indian Ocean Dipole 141 

In contrast to the surface pattern, the subsurface pIOD pattern was clearly observed in 2015 (Figure 4). Previous studies 142 
have shown that the subsurface IOD is governed by the equatorial wave dynamics (Murtugudde et al., 2000; Rao et al., 143 
2002). In response to enhanced easterly anomalies in the eastern equatorial Indian Ocean in July – August (Figures 2a-b), 144 
upwelling equatorial Kelvin waves and downwelling off equatorial Rossby waves were generated, that was indicated by 145 
elevated the depth of 20°C isotherm (D20) in the eastern basin and deepened D20 in the off equatorial region (Figure 4a-146 
b). The downwelling Rossby waves propagated westward and deepened the D20 there (Figures 4b-d). Meanwhile, the 147 
upwelling equatorial Kelvin waves propagated eastward and once they reached the eastern boundary some of their energy 148 
were reflected back into Indian Ocean as upwelling Rossby waves and the remaining was propagated southward and 149 
northward along the eastern boundary (Figures 4b-d). Similarly, the near surface currents were also in agreement with the 150 
surface wind patterns. Westward current anomalies observed in the along the equator were associated with the peak of 151 
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easterly wind anomalies in September – November (Figures 4c-e). Note that this clear subsurface pIOD pattern during 152 
2015 indicated that the subsurface ocean response was largely wind driven. In addition, we can also see that during 2015 153 
the subsurface pIOD pattern lasted longer than the surface pattern.  154 
 155 

 156 

Figure 4  Spatio-temporal evolution of anomalous depth of 20°C isotherm (D20 – shaded) and near-surface 157 
currents (vector) during June – November 2015. The black line indicates a zero contour for D20. 158 

Figure 5 shows the time series of DMI and subsurface dipole mode index (SDMI) for a period of January 2005 to Decem-159 
ber 2015. Here, we defined the SDMI as the difference between the depth of D20 in western equatorial Indian Ocean 160 
(10°S–10°N, 50°–70°E) and its eastern counter part (0°–10°S, 90°–110°E). It is shown that most of the surface IOD sig-161 
nals can be represented by the subsurface IOD signals except in 2012. It is also shown that that subsurface IOD is lasting 162 
longer than the surface IOD. Previous studies have suggested that surface heat flux play an important role on the evolution 163 
of surface pIOD events (Murtugudde et al., 2000; Horii et al., 2008), while the subsurface dipole is more related to the 164 
wind-forced ocean dynamics (Rao et al. 2002; Shinoda et al. 2004). The time series of DMI and SDMI further show clear-165 
ly the different in time evolution of the surface and subsurface IOD events. 166 
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 167 

Figure 5 Time series of DMI (shaded – ºC) and subsurface DMI (line – meter) for a period of January 2005 to 168 
December 2015. The subsurface DMI was defined as the difference between averaged D20 in the 169 
western (10°S–10°N, 50°–70°E) and southeastern (0°–10°S, 90°–110°E) equatorial Indian Ocean.  170 

3.3. Mixed Layer Heat Budget 171 

In order to evaluate the mechanism leading to a unique SSTA pattern associated with 2015 pIOD event, mixed layer heat 172 
budget analysis was conducted for the eastern and western poles. The temperature equation was adopted form previous 173 
studies (Vialard et al., 2008; Iskandar et al., 2013). A simplified form of the mixed layer heat budget is defined as, 174 

 175 

.   (1) 176 

In this study, we used SST as a proxy for the temperature of the mixed layer (Horii et al., 2013). The mixed layer depth 177 
(MLD), indicated by h, was computed using monthly temperature and salinity profiles during January 2005 – December 178 
2015 from ARGO floats. A density criterion was used to estimate the MLD in which the MLD was defined when the den-179 
sity is 0.2 kg m-3 larger than the surface density (Kumar et al., 2012).. Here, ρ and Cp are the density and specific heat ca-180 
pacity of seawater, respectively. Here, u and v are defined as the mixed layer zonal and meridional currents, respectively. 181 
In this study, the mixed layer currents were estimated using the OSCAR data that represent the currents at about 15 m 182 
depth (Bonjean et al., 2002). The net surface heat flux is defined the sum of surface heat flux (Q0) and the penetrative 183 
component of shortwave radiation through the base of the mixed layer (Qpen). Note that the total surface heat flux (Q0) 184 
consists of shortwave and longwave radiation, latent and sensible heat flux, and it is defined as: 185 

Q0 = QSWR – (QLWR + QLH + QSH).     (2) 186 

Meanwhile, the vertical entrainment, diffusion terms and error in computation are considered as the residual term in our 187 
calculation.  188 
 189 
Figure 6 shows the mixed layer heat budget averaged over the dipole boxes in the western and eastern basin (Saji et al., 190 
1999). Various terms in the mixed layer heat budget illustrate the processes controlling SST during the evolution of the 191 
2015 pIOD event. In the eastern pole, the strong cooling tendency began at the end of July but it was interrupted by several 192 
warming episodes before it experienced another strong cooling in October (Figure 6a, black curve). The cooling was pre-193 
ceded by surface heat loss that was started from mid-July (Figure 6a, green curve). The residual terms (associated with 194 
vertical entrainment) also play an important role for the onset of the cooling event in both late-July/early-August and in 195 
October episodes (Figure 6a, blue curve). Previous modeling study has shown that vertical processes associated with 196 
upwelling and entrainment of subsurface water also play a role during the evolution of the 2006 pIOD event 197 
(Vinayachandran et al. 2007). Interestingly, starting from September the surface heat flux tended to warm the eastern pole 198 
reducing the cooling effect by the residual terms. In addition, we found that the horizontal advections play a minor role on 199 
the variations of the temperature tendency in the eastern pole (Figure 6a, red curve). 200 
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 201 

Figure 6 Terms of mixed layer heat budget (°C/month) for a period of April – December 2015 in the (a) east-202 
ern pole (0°–10°S, 90°–110°E), and (b) western pole (5°S–5°N, 50°–70°E) of the Indian Ocean Di-203 
pole. Black, green, red and blue curves indicate the temperature tendency, net surface heat flux, hor-204 
izontal advection and the residual term, respectively. Note that the data was smoothed with 7-day 205 
running mean before plotting. 206 

In the western pole, the warming tendency was started in mid-July that was initiated mostly by the vertical process (e.g. 207 
vertical entrainment) (Figure 6b, black and blue curves). Note that there was a good agreement between the temperature 208 
tendency and the vertical processes during July to mid-September 2015 indicating the important role of vertical process in 209 
regulating the SST in the western pole during the development phase of the pIOD. From September, major contribution of 210 
warming in the western pole was coming from the surface heat flux as the vertical processes tended to cool the SST (Fig-211 
ure 6b, green curve). Similar to the eastern pole, the surface heat flux in the western pole tended to keep the SSTA warm, 212 
although the other oceanic processes have a cooling tendency. 213 
 214 
For further understand the role of surface heat flux in controlling the SSTA variation during the 2015 pIOD event, we 215 
evaluate each term of surface heat flux both in the eastern and western pole (Figure 7). As expected, the latent heat flux 216 
(QLH) and the shortwave radiation (QSWR) are the dominant terms for surface heat flux variation at both locations (Figures 217 
7a-b, black and red curves). In August, the QLH was gradually decreasing and continued to decrease until November. The 218 
total decrease was about 150 Wm-2 and 100 Wm-2 in the eastern and western poles, respectively. Note that reduced QLH in 219 
that region had induced SST warming there. The QSWR in the eastern pole revealed a gradual increase from August to Oc-220 
tober by about 100 Wm-2, while that in the western pole showed a slight increased during August to October by about 50 221 
Wm-2. Thus, the increase of QSWR also leaded to warming tendency at both locations. However, we may propose here that 222 
the warming tendency were mostly associated with the latent heat loss both in the eastern and western poles. This is in 223 
agreement with a previous study that showed the important role of latent heat loss in regulating SST in the tropical Indian 224 
Ocean during the 1997 positive IOD event (Yu & Rienecker 2000b). 225 
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 226 

 227 
 228 

Figure 7 Terms of surface heat flux averaged over the (a) eastern pole (0°–10°S, 90°–110°E), and (b) western 229 
pole (5°S–5°N, 50°–70°E) of the Indian Ocean Dipole. Black, red, blue and green curves indicate 230 
the shortwave radiation, latent heat flux, longwave radiation, and sensible heat flux, respectively. 231 
Note that the data was smoothed with 7-day running mean before plotting.  232 

4. Summary and Conclusions 233 

In this study we have examined the dynamical evolution of 2015 pIOD using available satellite and reanalysis data. A 234 
unique evolution of the 2015 pIOD event stimulates our understanding on the IOD evolutions as proposed by previous 235 
studies (Saji et al., 1999; Vinayachandran et al., 2002; Feng et al., 2003; Murtugudde et al., 2000; Horii et al., 2008; 236 
Chambers et al., 1999). It was suggested that during the evolution of typical pIOD event, the eastern pole experienced sig-237 
nificant cooling compared to the warming in the western pole. The last strong typical pIOD event in 2006 revealed SST 238 
cooling in the eastern pole off Sumatera coast exceeding –2.5°C, while SST warming in the western pole only in the order 239 
of about 0.5°C (Vinayachandran et al., 2007). Interestingly, the situation was opposite in 2015 pIOD event (Figure 1). Sig-240 
nificant SST warming took place in the western pole off East African coast, which was exceeding 1.5°C during the peak 241 
phase in September, while the eastern pole only experienced slight cooling during off South Java coast during August – 242 
October (Figure 2). Although the SSTA pattern did not show a clear positive dipole pattern, the anomalous Walker Circu-243 
lation in deed revealed a change in respond to this 2015 SSTA pattern. Robust descending branch of the anomalous Walk-244 
er Circulation was observed over the Maritime Continent during the peak phase of the 2015 pIOD event (Figure 3). 245 
Meanwhile, over the western Indian Ocean basin an upward motion was observed. Note that, a strong El Niño also took 246 
place in the tropical Pacific during 2015/2016 (Iskandar et al., 2017). Previous study has proposed that a unique SSTA 247 
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pattern in the tropical Pacific associated with the El Niño Modoki event in 2015 had strengthen the Walker Circulation 248 
over the Indian Ocean (Liu et al., 2017) . 249 
 250 
While the SSTA pattern did not reveal a clear dipole pattern, the D20 revealed a robust subsurface pIOD pattern (Figure 251 
4). Shallow (deep) D20 was observed in the eastern (western) equatorial Indian Ocean during the peak phase of the pIOD. 252 
This robust subsurface pIOD pattern indicated that the subsurface ocean response was largely wind driven. Another im-253 
portant characteristic revealed in this analysis is that the subsurface pIOD pattern lasted longer than the surface pattern 254 
(Figure 5).  255 
 256 
The role of air-sea heat flux on the evolution of the SSTA associated with the IOD events has been shown in previous 257 
studies, in particular during the termination of the event (Murtugudde et al., 2000; Horii et al., 2008). In order to examine 258 
the overall effect of each heat flux term (QSWR, QLWR, QSH, QLH) on the intensity of the cooling and warming SSTA, we 259 
calculated the evolution of each term in the eastern and western pole (Figure 7). It is shown that the QLH and QSWR play 260 
dominant role on the SSTA evolution in both eastern and western pole. Significant reduced of QLH loss exceeding 100 261 
Wm-2 in both eastern and western poles had strongly induced SST warming. In addition, an increase of QSWR also contrib-262 
ute to the SST warming. We found that both reduced of QLH loss and increased QSWR acted to prevent further SST cooling 263 
in the eastern pole and strengthen the warming tendency in the western pole. Therefore, we proposed that the warming 264 
tendency in the tropical Indian Ocean associated with 2015 pIOD event was a direct response to the change of air-sea flux-265 
es, mainly by significant reduced of QLH loss.  266 

!267 

Author Contributions!268 

Conceptualization, Iskhaq Iskandar; Formal analysis, Putri Adia Utari and M. Yusup Nur Khakim; Methodology, Putri 269 
Adia Utari and Iskhaq Iskandar; Supervision, Iskhaq Iskandar; Validation, Dedi Setiabudidaya and Iskhaq Iskandar; Visu-270 
alization, Putri Adia Utari; Writing – original draft, Putri Adia Utari and M. Yusup Nur Khakim; Writing – review & edit-271 
ing, Dedi Setiabudidaya and Iskhaq Iskandar. 272 

!273 

Acknowledgments!274 

This research was supported by the University of Sriwijaya under the “Penelitian Unggulan Profesi–2019”. The first au-275 
thor offers her thank to the Ministry of Research, Technology and Higher Education, Republic of Indonesia for the support 276 
under the “PMDSU Scholarship”. We thank two anonymous reviewers for their constructive and useful comments and 277 
suggestions. 278 

 279 

Conflicts of Interest!280 

 The authors declare no conflict of interest.  281 

References 282 

Banzon, V. et al., 2016. A long-term record of blended satellite and in situ sea-surface temperature for climate monitoring , 283 
modeling and environmental studies. , (2004), pp.165–176. 284 

Bonjean, F. & Lagerloef, G.S.E., 2002. Diagnostic Model and Analysis of the Surface Currents in the Tropical Pacific 285 
Ocean. Journal of Physical Oceanography, 32(10), pp.2938–2954. 286 

Boschat, G., Terray, P. & Masson, S., 2012. Robustness of SST teleconnections and precursory patterns associated with 287 
the Indian summer monsoon. Climate Dynamics, 38(11–12), pp.2143–2165. 288 



Utari.Dynamics of 2015 Positive Indian Ocean Dipole 11 

De Boyer Montégut, C. et al., 2007. Simulated seasonal and interannual variability of the mixed layer heat budger in the 289 
Northern Indian ocean. Journal of Climate, 20(13), pp.3249–3268. 290 

Brainard, R.E. et al., 2018. Ecological Impacts of the 2015/16 El Niño in the Central Equatorial Pacific. Bulletin of the 291 
American Meteorological Society, 99(1), pp.S21–S26. 292 

Du, Y. et al., 2013. A New Type of the Indian Ocean Dipole since the Mid-1970s. Journal of Climate, 26(3), pp.959–972. 293 

Endo, S. & Tozuka, T., 2016. Two flavors of the Indian Ocean Dipole. Climate Dynamics, 46(11–12), pp.3371–3385. 294 

Feng, M. & Meyers, G., 2003. Interannual variability in the tropical Indian Ocean: A two-year time-scale of Indian Ocean 295 
Dipole. Deep-Sea Research Part II: Topical Studies in Oceanography, 50(12–13), pp.2263–2284. 296 

Horii, T. et al., 2013. Eastern Indian Ocean warming associated with the negative Indian Ocean dipole: A case study of the 297 
2010 event. Journal of Geophysical Research: Oceans, 118(1), pp.536–549. 298 

Horii, T. et al., 2008. Oceanic precondition and evolution of the 2006 Indian Ocean dipole. , 35, pp.1–6. 299 

Iskandar, I. et al., 2017. Evolution of 2015/2016 El Niño and its impact on Indonesia. In AIP Conference Proceedings. 300 

Izumo, T. et al., 2008. The role of the Western Arabian Sea upwelling in Indian monsoon rainfall variability. Journal of 301 
Climate, 21(21), pp.5603–5623. 302 

Kistler, R. et al., 1999. The NCEP – NCAR 50-Year Reanalysis!: Monthly Means CD-ROM and Documentation. , (March 303 
1996), pp.247–268. 304 

Lebedev, K. V et al., 2007. Velocity data assessed from trajectories of Argo floats at parking level and at the sea surface. 305 
IPRC Technical Note, 4(2), p.20. 306 

Li, Tao; Zhao, Jiuwei; Li, T., 2015. Trend analysis of tropical intraseasonal oscillations in the summer and winter during 307 
Trend analysis of tropical intraseasonal oscillations in the summer and winter during 1982 – 2009. International 308 
Journal of Climatology, 35(13), pp.3969–3978. 309 

Lim, Y.K. et al., 2017. The 2015/16 El Niño event in context of the MERRA-2 reanalysis: A comparison of the tropical 310 
pacific with 1982/83 and 1997/98. Journal of Climate, 30(13), pp.4819–4842. 311 

Liu, L. et al., 2017. Why was the Indian Ocean Dipole weak in the context of the extreme El Niño in 2015? Journal of 312 
Climate, 30(12), pp.4755–4761. 313 

Murtugudde, R., McCreary, J.P. & Busalacchi, A.J., 2000. Oceanic processes associated with anomalous events in the 314 
Indian Ocean with relevance to 1997-1998. Journal of Geophysical Research: Oceans, 105(C2), pp.3295–3306. 315 

Paek, H., Yu, J.Y. & Qian, C., 2017. Why were the 2015/2016 and 1997/1998 extreme El Niños different? Geophysical 316 
Research Letters, 44(4), pp.1848–1856. 317 

Rao, S.A. et al., 2002. Interannual subsurface variability in the tropical Indian Ocean with a special emphasis on the Indian 318 
Ocean Dipole. Deep-Sea Research Part II: Topical Studies in Oceanography, 49(7–8), pp.1549–1572. 319 

Reynolds, R.W. et al., 2007. Daily high-resolution-blended analyses for sea surface temperature. Journal of Climate, 320 
20(22), pp.5473–5496. 321 

Ryuichi Kawamura, 1998. A Possible Mechanism of the Asian Summer Monsoon-ENSO Coupling. Journal of the 322 
MeteorologicaSlo ciety of Japan, 76(6), pp.1009–1027. 323 



Utari.Dynamics of 2015 Positive Indian Ocean Dipole 12 

Saji, N.H. et al., 1999. A dipole mode in the tropical Indian Ocean. Nature, 401(6751), pp.360–363. 324 

Santoso, A., Mcphaden, M.J. & Cai, W., 2017. The Defining Characteristics of ENSO Extremes and the Strong 2015/2016 325 
El Niño. Reviews of Geophysics, 55(4), pp.1079–1129. 326 

Shinoda, T., Hendon, H.H. & Alexander, M.A., 2004. Surface and subsurface dipole variability in the Indian Ocean and its 327 
relation with ENSO. Deep-Sea Research Part I, 51, pp.619–635. 328 

Su, J. et al., 2017. Sea Surface Temperature in the Subtropical Pacific Boosted the 2015 El Niño and Hindered the 2016 La 329 
Niña. Journal of Climate, 31(2), pp.877–893. 330 

Tozuka, T., Endo, S. & Yamagata, T., 2016. Anomalous Walker circulations associated with two flavors of the Indian 331 
Ocean Dipole. Geophysical Research Letters, 43(10), pp.5378–5384. 332 

Vinayachandran, P.N., Iizuka, S. & Yamagata, T., 2002. Indian Ocean dipole mode events in an ocean general circulation 333 
model. Deep-Sea Research Part II: Topical Studies in Oceanography, 49(7–8), pp.1573–1596. 334 

Vinayachandran, P.N., Kurian, J. & Neema, C.P., 2007. Indian Ocean response to anomalous conditions in 2006. 335 
Geophysical Research Letters, 34(15), pp.1–6. 336 

Weller, E. et al., 2014. Differentiating flavors of the Indian Ocean Dipole using dominant modes in tropical Indian Ocean 337 
rainfall. Geophysical Research Letters, 41(December 2014), p.doi:10.1002/ 2014GL062459. 338 

Xue, Y. & Kumar, A., 2017. Evolution of the 2015/16 El Niño and historical perspective since 1979. Science China Earth 339 
Sciences, 60(9), pp.1572–1588. 340 

Yamagata, T. et al., 2004. Coupled ocean-atmosphere variability in the tropical Indian Ocean. Geophysical Monograph 341 
Series, 147, pp.189–211. 342 

Yu, L. & Rienecker, M.M., 2000a. Indian Ocean warming of 1997-1998. Journal of Geophysical Research: Oceans, 343 
105(C7), pp.16923–16939. Available at: http://doi.wiley.com/10.1029/2000JC900068 [Accessed March 23, 2017]. 344 

Yu, L. & Rienecker, M.M., 2000b. Indian Ocean warming of 1997-1998. Journal of Geophysical Research: Oceans, 345 
105(C7), pp.16923–16939. 346 

 347 




