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Abstract.  28 

 29 

The teleconnections of different types of El Niño Southern Oscillation (ENSO) to the Indian 30 

Summer Monsoon are investigated in observations and models. We find that, not all regions 31 

in India are strongly affected by ENSO, so we focus on two regional teleconnections i) a 32 

negative rainfall signal around Central North East (CNE) India and ‘Hilly’ region during El Niño 33 

(and vice versa for La Niña) and, ii) similar signal for parts of Southern Peninsular region. 34 

Using correlations, it is found that more than 50% of the CMIP5 models capture these two 35 

regional teleconnections, with first captured by more than 80% of models. Furthermore, using 36 

a compositing technique that may better capture asymmetries in the response to warm and 37 

cold events, we find that most models again agree on the sign of regional teleconnection  38 

around the CNE and Hilly region, suggesting the robustness of ENSO signal in that region. 39 

The Peninsular teleconnection is less well simulated in models. We find a clear connection 40 

between the Walker Circulation and Indian Summer Monsoon rainfall around central India in 41 

models.  42 

 43 

 44 

 45 

 46 

 47 

 48 

 49 
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1. Introduction 52 

The Indian summer monsoon (ISM) provides up to 80% of the annual mean precipitation of 53 

the country and has enormous impacts on the Indian economy, principally through its effect 54 

on agriculture and associated industries. Being one of the most populated countries in the 55 

world, it also has a major impact on the global economy (Population Reference Bureau, 2014). 56 

The ISM is also an important part of the global-scale atmospheric circulation, as it dominates 57 

the boreal summer tropical meridional overturning and the local Hadley circulation (Trenberth 58 

et al. 2006)).  59 

 60 

The ISM represents a large-scale heat source situated off the equator, at a mean position of 61 

around 20N but varying in the east and western parts of the subcontinent. Linear theory of the 62 

atmospheric response to such a heat source (Gill 1980) predicts a strong local Hadley 63 

circulation associated with that heat source. The ISM may be viewed as a superposition and 64 

interaction between a regional Hadley circulation and a planetary-scale Walker circulation 65 

(Goswami 1994). This view is similar to the lateral and transverse monsoons discussed in 66 

Webster et al. (1998). The regional Hadley circulation is due to the direct response of the off-67 

equatorial monsoon heat source, while the Walker circulation is due to equatorial heat 68 

sources. The regional Hadley circulation can be affected by changes in the location and 69 

strength of the monsoon heat source. Whereas, the Walker circulation over the equatorial 70 

Indian Ocean, may be influenced remotely by the movement of equatorial heat sources in the 71 

Pacific, such as those associated with El Niño Southern Oscillation (ENSO). Studies have 72 

shown that the ISM is strongly modulated by the ENSO (e.g. Turner et al., 2005; Maity and 73 

Kumar, 2006). 74 

 75 

Sea Surface Temperature (SST) anomalies associated with El Niño and La Niña are 76 

associated with anomalous atmospheric convection and anomalous upper-level divergence, 77 

perturbing the global circulation. Rossby waves are triggered and the Hadley and Walker 78 

circulations are disturbed (e.g. Larkin and Harrison, 2005), leading to teleconnections. 79 

Different types of ENSO, defined in terms of the spatial pattern of Tropical Pacific SST, have 80 

been proposed in the literature. The Classical/Canonical or East Pacific (EP) mode is 81 

dominated by variability centred in the east Pacific. Central-Pacific (CP)/Warm Pool/Modoki 82 

modes have their SST anomalies confined to the central Pacific, (Trenberth et al., 2002; Larkin 83 

and Harrison, 2005; Ashok et al., 2007; Hill et al., 2009; Kug et al. 2009).  84 

 85 

 86 
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There are differences in global and local influences between ENSO Modoki and Canonical 87 

ENSO (Global: Ashok et al., 2007; Weng et al., 2007; Pacific Rim: Weng et al., 2009; South 88 

China Sea: Chang et al., 2008; Australia: Brown et al., 2009; Cai and Cowan, 2009; Taschetto 89 

and England, 2009; South America: Tedeschi et al. 2013; Tedeschi and Collins, 2015). For 90 

example, Ashok et al. (2007) showed that the impacts of Canonical and Modoki show 91 

opposing rainfall signals during June–July–August–September (JJAS) in almost whole of 92 

South America (from the equator to 40 °S). During JJAS of Canonical El Niño years, equatorial 93 

South America has rainfall deficit. During Modoki El Niño years, North Western South America 94 

receives excessive precipitation. Cai and Cowan (2009) studied La Niña Modoki impacts on 95 

precipitation over Australia in the austral autumn (March–April–May, MAM). Precipitation 96 

increases, extending from North Western Australia to the northern Murray-Darling Basin, are 97 

observed when there is a cold SST anomaly over the Dateline during La Niña Modoki. During 98 

a Canonical La Niña, the precipitation increase is shifted eastward.  99 

 100 

In recent decades, the nature of ISM precipitation variability may have changed (Ashrit et al, 101 

2001; IPCC, 2013), as may the frequency of occurrence of different ENSO events. Monsoon 102 

precipitation and ENSO show a weaker correlation in recent decades, with the Indian monsoon 103 

occurring with normal levels of rainfall despite the occurrence of El Niños (Kumar et a., 1999; 104 

Ashok et al., 2001; Ashrit et al, 2001). Ashok et al. (2001) showed, using data covering 1958-105 

1997, that the Indian Ocean Dipole (IOD) and ENSO have complementarily affected the ISM 106 

during that period.  They showed that when the correlation between ENSO and ISM is low, 107 

the correlation between IOD and ISM is high, and vice versa. On the other hand, ENSO Modoki 108 

events have been observed more often since 1980 (Ashok and Yamagata, 2009; Yeh et al. 109 

2009). Roy and Collins (2014) showed that variations in the local Hadley circulation may have 110 

played a role in modulating the usual ISM ENSO teleconnection during the recent period. One 111 

hypothesis is that the increase of ENSO Modoki has extratropical connections that have the 112 

potential to influence the local Hadley circulation, which then subsequently modifies the 113 

ENSO-ISM relationship. An alternative hypothesis is put forward by Chang et al. (2001), who 114 

suggested that the weakening of Indian monsoon rainfall–ENSO relationship since 1970s is 115 

most likely due to a strengthened North Atlantic Oscillation (NAO) on interdecadal time scales. 116 

It is of interest that the ISM–ENSO relationship that weakened since the 1970s seems to have 117 

recovered toward the end of the twentieth century (Yim et al. 2013). It indicates the need to 118 

study various influences of different types of ENSO separately on the ISM.  119 

 120 

A latest collaborative effort among various groups of modelling communities around the world 121 

has coordinated experiments comprising the 5th phase of the Coupled Model Inter-comparison 122 

Project (CMIP5) (Taylor et al., 2012). The coupled CMIP5 models are capable of simulating 123 
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ENSO-like variability in the tropical Pacific, including interannual variability in the Central and 124 

Eastern equatorial Pacific (Bellenger et al. 2014). More CMIP5 models show a realistic range 125 

of ENSO frequencies in the 2–7 year band in the eastern equatorial Pacific, than for the CMIP3 126 

group of models. SST anomalies that peak during November to January, as seen in 127 

observations, is present in approximately half of the CMIP5 models. Comparing CMIP3 and 128 

CMIP5 models, Jourdain et al. (2013) discussed ISM precipitation in detail including its 129 

connection with ENSO. They showed that the performance of CMIP5 is improved on CMIP3.  130 

Recent study of Roy and Tedeschi (2016) also discussed ENSO ISM teleconnection, using 131 

CMIP5 models, considering various subcategory of ENSO. 132 

 133 

Here we examine different types of ENSO in observations and models and their 134 

teleconnections with the ISM. Section 2 covers the methodology and data. Results are 135 

discussed in section 3 and conclusion drawn in section 4. 136 

2. Methodology and Data 137 

Different types of ENSO are defined using SST anomalies (SSTAs) in four different regions of 138 

the tropical Pacific (Fig. 1, top): Canonical region (90°W-140°W, 5°N-5°S), region A (165°E-139 

140°W, 10°S-10°N), region B (110°W-70°W, 15°S-5°N) and region C (125°E-145°E, 10°S-140 

20°N).  141 

An ENSO index proposed by Ashok et al. (2007), known as the ENSO Modoki Index (EMI), 142 

can be defined as 143 

                 EMI = (region A SSTA) – 0.5(region B SSTA - 0.5(region C SSTA). 144 

We use the following definitions (Tedeschi et al, 2013; Tedeschi and Collins, 2015; Kao and 145 

Yu, 2009, Ashok et al., 2007, Kug et al, 2009): 146 

 El Niño Modoki (ENM) if the EMI is greater than 0.7σM, where σM is the standard 147 

deviation of the EMI and region A SSTAs greater than 0.7σA, where σA is the standard 148 

deviation of the region A SSTAs. 149 

 La Niña Modoki (LMN) if the EMI is less than -0.7σM and region A SSTAs less than -150 

0.7σA. 151 

 ENSO Canonical (ENC/LNC) if the SSTA in the Canonical region is greater                     152 

than 0.7σC/less than -0.7σC, where σC is the standard deviation of SSTAs in that region 153 

 ENSO Canonical and Modoki (ENCM/LNCM): if the SSTAs satisfy both the Canonical 154 

and Modoki criteria 155 
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 156 

Correlation and compositing techniques are used to quantify teleconnections and to 157 

understand the asymmetry in teleconnections for different types of ENSO events. For the 158 

compositing analysis, the additional region A feature in the definition of Modoki events is used. 159 

For the correlation analysis, the original EMI index is employed. The significance of the 160 

correlation studies are tested using student’s t-test, and for compositing using the 161 

hypergeometric test (Meyer, 1970). The hypergeometric test is also used by Ropelewski and 162 

Halpert (1987), Grimm (2003, 2004) and Tedeschi et al (2013). 163 

Bollasina et al. (2011) identified a specific region in the Central North East (CNE) India, 164 

covering a box region (76° to 87°E, 20° to 28°N) that showed a significant decreasing 165 

precipitation trend during the second half of the last century. Goswami et al. (2006) also 166 

noticed such a trend, even when extending that box region to the east of the Peninsular 167 

(74.5°E to 86.5°E and 16.5°N to 26.5°N). Those two regions are used later to define which we 168 

call CNE and PEN, and marked as CI and CII in Fig. 1 (bottom). In this study we show that the 169 

CNE and Peninsular region also suggest some distinctive features in terms of ISM ENSO 170 

teleconnection.    171 

We analyse CMIP5 simulations from atmospheric global circulation models (AGCMs) with 172 

prescribed SST (Hurrel et al., 2008) i.e. Atmospheric Model Intercomparison Project 173 

simulations (AMIP5 1979-2008) and coupled atmosphere-ocean historical simulations for the 174 

period 1861-2005.  Models those have both the versions of CMIP5 and AMIP5 are considered 175 

(altogether 23 models) and are shown in Table 1.  One ensemble member from each of 23 176 

models is included.  177 

 178 

Models are also separated as high top or low top, as shown by H or L in Table 1, as previous 179 

studies have considered this separation when looking at extratropical ENSO teleconnections 180 

(Hurwitz et al, 2014, Charlton-Perez et al, 2013). High top models are those that have upper 181 

lids up to the Stratopause (1 hPa) and/or few model layers in the Stratosphere. Eight models 182 

fall in this category.   183 

 184 

For ISM precipitation, observational data from Global Precipitation Climatology Project 185 

(GPCP) is used (Adler et al, 2003, Huffman et al. 2009). Data from over 6,000 rain gauge 186 

stations, and satellite geostationary and low-orbit infrared, passive microwave, and sounding 187 

observations have been merged to estimate monthly rainfall on a 2.5-degree global grid from 188 

1979 to the present. The combination of satellite-based rainfall estimates provides the most 189 

complete analysis of rainfall available to date over the global oceans, and adds necessary 190 
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spatial detail to the rainfall analyses over land. It is also available from NOAA/OAR/ESRL 191 

PSD, Boulder, Colorado, USA, web site (http://www.esrl.noaa.gov/psd/). For precipitation, 192 

Indian Meteorological Department (IMD) gridded rainfall dataset is also used (Rajeevan, M.et 193 

al, 2008). This is available from 1901 to 2014 [NCC gridded data product, Link: 194 

http://www.imdpune.gov.in/ publication/pub_index.html]. Observational data for SST are from 195 

Met Office Hadley Centre Sea Ice and sea Surface Temperature (HadISST) data set and 196 

discussed in detail by Rayner et al. (2003).   It provides monthly globally-complete fields of 197 

SST and sea ice concentration on a 1 degree latitude-longitude grid from 1870 to date. It is 198 

also available from NCAS British Atmospheric Data Centre 199 

(http://badc.nerc.ac.uk/view/badc.nerc.ac.uk_ATOM_dataent_ hadisst). 200 

 201 

The results in our analyses are similar with or without the trend removed, suggesting that the 202 

trend plays nominal role. Moreover, we find that the spatial patterns of ENSO are insensitive 203 

to using either a long time period (SST data) or short time period (rainfall data), in both models 204 

as well as observations. The same is also true for precipitation composites, suggesting 205 

different time period used in this study are not likely to qualitatively alter our results.   206 

 207 

3. Results 208 

3.1. Climatology of Indian Summer Monsoon Precipitation and Wind Fields (JJA):  209 

The climatology of precipitation and local wind fields at the 200mb and 850mb level during 210 

JJA is presented in Fig 2. Results from the observations (top row), one typical high top model 211 

(HadGEM2-CC) (middle row) and one typical low top model (CCSM4) (bottom row) are 212 

presented. The common period of analyses between the observations and models is 1979 to 213 

2005.   214 

The climatology of precipitation (left) suggests more rainfall occurs in the Western coast of 215 

South India and Central North East India in observations as well as in models. It also agrees 216 

with Jourdain et al (2013) that used JJAS to derive a climatology. 217 

The wind fields can give an indication of the location of divergence and convergence. The 218 

CNE is the region, located around the Inter Tropical Convergence Zone (ITCZ) ~20-30 °N 219 

during summer, can be considered as a merging point of both Walker circulation and regional 220 

Hadley circulation (Gill 1980, Goswami 1994, Webster et al 1998). The superposition of 221 

Hadley and Walker cells in the CNE region is captured well in terms of 200 mb wind (middle 222 

column). Around the 30 °N mean position, there is an anticyclone in observation as well as in 223 

http://www.esrl.noaa.gov/psd/
http://www.imdpune.gov.in/%20publication/pub_index.html
http://badc.nerc.ac.uk/view/badc.nerc.ac.uk_ATOM_dataent_%20hadisst
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models. The wind further south of that anticyclone is easterly and further north is westerly, as 224 

expected. Such anticyclonic air movement suggests a high pressure area and divergence of 225 

wind at this level. High pressure at 200mb will usually indicate a convergence of wind pattern 226 

in the 850mb level.  A region of convergence is noticed around the CNE region at 850mb wind 227 

in the observations as well as in models (right column). (Streamlines are not shown when the 228 

850mb surface cuts through the orography). As the anticyclonic movement at 200 mb is clearly 229 

distinguished in the streamline plot of winds, we present these types of plots throughout. 230 

However, in a supplementary figure (Fig S1), the same plot of wind is shown in vector form.   231 

3.2. Correlation Analysis (JJA): ENSO and ISM  232 

3.2.1. Teleconnection in Observations, HadGM2-CC and CCSM4 233 

Although the observed negative correlation between El Niño SSTAs and ISM rainfall is well 234 

known, the correlation analysis suggests that not all regions in India are influenced (Fig. 3). 235 

The CNE and hilly regions, and parts of the East Peninsular region, show negative correlation 236 

between rainfall and the SSTAs of the Canonical region and region A. The CNE is the region 237 

located around the Inter Tropical Convergence Zone (ITCZ) ~20-28 °N during JJA, and acts 238 

as a merging point of both the Hadley and Walker circulations. Bollasina et al. (2011) identified 239 

a region in the CNE (CI in Fig1, bottom), that showed a significant decreasing trend during the 240 

2nd half of the last century. Goswami et al. (2006) also identified similar region (CII in Fig 1, 241 

bottom), even when covering that box to the east of the Peninsular.  242 

Using the EMI index, the observed correlation shows an opposite sign to that from the classical 243 

relationship around Central India. In other regions, correlations are weak. 244 

For the first of the two CMIP5 models highlighted, HadGM2-CC, week negative correlations 245 

around the CNE are captured between the rainfall and the canonical/region A SSTAs but with 246 

the pattern shifted southwards. In the Peninsular region, the model fails to capture any 247 

teleconnection. For the EMI, no correlations are evident in HadGEM2-CC.  248 

For CCSM4, there are biases in correlations in the north-west region for Canonical/region A 249 

SSTAs. Some correspondence with the observed teleconnection is evident around the eastern 250 

Bay of Bengal and there are slight indications of correlations in the Hilly region. The observed 251 

signal in EMI-rainfall correlation is again not captured. All three spatial patterns are very similar 252 

and thus CCSM4 fails to distinguish between the different types of ENSO teleconnection.     253 

3.2.2. Teleconnections in other CMIP5 models 254 
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To summarise the evaluation of all the CMIP5 models we adopt two simple criteria and 255 

examine the teleconnections to the different SST regions, based in Fig.3. 256 

 CNE- In the Central North East (CNE) and Hilly regions: more rainfall during La Niña 257 

and less during El Niño. It is marked by CI in Fig.1 (bottom). 258 

 PEN- In Parts of the Eastern Peninsular Region: more rainfall during La Niña and 259 

less during El Niño. PEN region is south of CI region, that covers CII region (Fig. 1, 260 

bottom). The effects of both the regions CEN and PEN are considered in CII. 261 

     262 

Table 2 (row 1-2) is formulated to show how good the CMIP5 models are in satisfying these 263 

criteria. It suggests that both teleconnections are captured by more than 50% models, 264 

irrespective of having high tops or low tops. Interestingly, the CNE criteria is satisfied by more 265 

than 80% model in the case of Canonical region SSTAs, but the ability to simulate  266 

teleconnections to region A is less well captured. Ashok and Yamagata (2009) suggested that 267 

the effectiveness of the current generation of coupled models in simulating ENSO Modoki 268 

features is lower than their ability to simulate conventional ENSO teleconnections. Moreover, 269 

from Table 2 (row 1-2), it is also seen that low top models are better at CNE, while high top 270 

models more frequently simulate the PEN teleconnection. 271 

Apart from these main findings, we also identify that no model shows a positive rainfall signal 272 

in Central India associated with a positive EMI index, as is seen in the observations (Fig 3).  273 

Models closest in agreement with the observations are MPI-ESM-LR and GFDL-CM3. The 274 

model with the largest negative biases is IPSL-CM5A-LR, whereas, the model that shows very 275 

little in the way of rainfall teleconnections to India is MRI-CGCM3 [Supplementary Fig 2].  276 

In observations, there is a positive signal over the monsoon trough area, and negative 277 

correlation to the south of it, using the EMI. To check this further with the work of Kumar et al. 278 

(2006) and Ashok et al. (2007), a different dataset is also used. This is gridded data of 279 

Rajeevan et al. (2008) and results for JJA are shown in Supplementary Fig. S3. Around the 280 

CNE and PEN region, a positive signature is again noticed.  A negative region to the south of 281 

CNE, suggesting a dipolar kind of pattern is noticed for both EMI and Region A.  Signatures 282 

identified in IMD data are in general weaker to that of GPCP. That is the reason the colour 283 

scale ranges are changed slightly for IMD data at lower values. 284 

 285 

3.3. Compositing (JJA): ISM-ENSO teleconnections 286 

El Niño and La Niña events are not mirror images of each other (Hoerling et al. 1997; Burgers 287 

and Stephenson 1999; Jin et al. 2003; Hannachi et al. 2003; An and Jin 2004; Monahan and 288 
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Dai 2004; Rodgers et al. 2004). There are not only asymmetries in spatial patterns (McPhaden 289 

and Zhang, 2009) and duration (Okumura and Deser, 2010) but the formation mechanisms 290 

also differ (Ohba and Ueda, 2009; Okumura et al, 2011). The lack of symmetry in the response 291 

to opposite phases of ENSO in North America is discussed in Hoerling et al. (1997), 292 

Gershunov and Barnett (1998), and Cayan et al. (1999). Hence it is useful to apply a 293 

compositing method, which can better isolate the differences between teleconnections during 294 

El Niño and La Niña.  295 

 296 

Composites of ISM precipitation are calculated in canonical case, Modoki case and combined 297 

Canonical and Modoki situation. Results from one high top model (HadGEM2-CC) and one 298 

low top model (CCSM4) from CMIP5 are again compared with observations (GPCP). The 299 

CCSM4 model AMIP5 simulation is also included in comparison (Fig. 4 for El Niño and Fig. 5 300 

for La Niña). Precipitation composites from the other CMIP5 and respective AMIP5 models 301 

are summarised in Table 2.  302 

 303 

3.3.1. El Niño Precipitation Composites 304 

The observed composite in Central North East (CNE) India shows a negative precipitation 305 

signature for all three El Niño situations, in agreement with the correlation analysis. However, 306 

positive precipitation in parts of India are also observed in all three types of events.  307 

For the high top model, HadGM2-CC, there is an opposite signal in the west peninsular region 308 

to that from observations. Also, a negative bias is evident over the western central region for 309 

ENCM. The composite for the low top model, CCSM4, resembles the correlation map. The 310 

sign of precipitation around the west of India is wrong for ENC and ENM. In case of the CCSM4 311 

AMIP5 simulation, the composite is different from the coupled case but still poorly compares 312 

to observations. 313 

3.3.2. La Niña Precipitation Composites  314 

In the observations, La Niña composites show a general excess of precipitation for all ENSO 315 

types. The Central North East (CNE) region shows more precipitation for LNC and LNM. Also, 316 

excess precipitation is noticed around the peninsular region for LNC and LNCM. 317 

For HadGM2-CC, the comparison with observations is poor for LNM and LNCM though better 318 

for the LNC class. The CCSM4 composite is closer to observation for LNC and the AMIP5 319 

version performs better than the CMIP5 version for LNM, whereas the opposite is true for LNC. 320 
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It is seen that composites of El Niño phases (Fig. 4) differ to that from respective La Niña 321 

phases (Fig.5) and they are not mirror images.  The places where both the El Niño and La 322 

Niña phases do indicate opposite signals, strong correlations are found. CCSM4 performs 323 

better in both the correlation and compositing analysis.  324 

This study focused on JJA being the active monsoon months. Using JJAS, we find there is not 325 

a single year for ENCM composites in observation and hence is difficult to compare model 326 

results with observations in the extended seasons. This is the main reason we carried out the 327 

analyses for JJA.  However, we included the plots of precipitation for various categories of LN 328 

composites during JJAS in the supplementary section (Supplementary Fig. S4) to show that 329 

our major results are not affected.  330 

 331 

3.3.3. Precipitation Composites in all Models 332 

Again we summarise the compositing results for all the models in Table 2 by applying the 333 

criteria (CNE and PEN) to the precipitation composites. ENCM and LNCM situations are not 334 

considered and kept blank in Table 2 as no events are observed or discussed in that category. 335 

Here we mainly focus on CNE, the region which is satisfied by more than half of the models 336 

(>50%), irrespective of high/low top or CMIP5/AMIP5. For El Niño, CMIP5 models are 337 

generally better at capturing the two teleconnections for in the case of models with a low top, 338 

while AMIP better capture the teleconnections in the high top case.  339 

For La Niña, AMIP models are better than CMIP models in both the high and low top cases. It 340 

may indicates that the mechanism involved in La Niña teleconnections is different to that 341 

during El Niño (Okumura Y. M. et al. (2011), Ohba and Ueda (2009)).  342 

However, because of the small sample sizes and the non-independence of different models, 343 

it is not expected that these findings are statistically significant. 344 

ENSO years under each subcategory (ENC, LNC, ENM, LNM, ENCM, LNCM) as used for 345 

making composite analysis from observed SST and model simulations are also shown in 346 

Supplementary Table S1.   347 

 348 

3.4. Compositing: SST 349 

Could the model performance discussed above be a result of the patterns of SST associated 350 

with different types of El Niño and La Niña? To look at this we perform composite analysis of 351 

global SSTs based on the definitions of ENSO given in section 2. 352 
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The observations show the familiar patterns of Canonical and Modoki modes (Fig 6.) but we 353 

see here the pattern for the less-familiar mixed ENCM mode. HadGM2-CC overestimates the 354 

amplitude of both ENCM and ENM while underestimating the amplitude in the ENC case. This 355 

may explain why the teleconnection appears too strongly in the ENCM case and too weakly 356 

in the ENC case (Figs 3 and 4) in HadGEM2-CC but does not explain the lack of reproduction 357 

of the ENM teleconnection. CCSM4 however overestimates the magnitude of all three types 358 

of El Niño. The spatial patterns in the ENC and ENCM case are very similar, which might 359 

explain the similarity of the spatial patterns of rainfall teleconnections that are evident in this 360 

model. However, the Modoki mode seems quite distinct from the others, so that conclusion 361 

may not be valid. The La Niña SST composite for HadGM2-CC (Fig 7) is closer to observations 362 

in terms of the spatial pattern than CCSM4. But it should be mentioned that the spatial patterns 363 

of Canonical (LNC/ENC), Modoki (LNM/ENC) and Canonical Modoki (LNCM/ENCM) are 364 

distinct in almost all models. 365 

Errors in the spatial patterns are also likely important. In general, there is no clear relationship 366 

between composite SST errors and the ability of models to reproduce the ISM-ENSO 367 

relationship.  368 

3.5. Addressing Dynamical Mechanism. 369 

To understand the underlying dynamical mechanisms for the teleconnections, various plots 370 

are presented using horizontal and vertical wind fields. (Fig. 8-13). To analyse the Walker 371 

Circulation, the vertical velocity of wind (omega) is considered along the whole longitudinal 372 

belt, averaged between 5ºN to 5ºS. The plots of omega (Fig. 8 and 9), wind at 200mb (Fig. 10 373 

and 11) and wind at 850mb (Fig. 12 and 13) show changes in the Walker Circulation cells and 374 

associated divergence and convergence of wind around the Indian subcontinent. As vertical 375 

wind field is missing for HadGEM-CC, we presented results from HadGEM2-ES for omega.   376 

Fig 8 and 9 show there is a descending motion of the Walker circulation from the east of 377 

Dateline (180°) for all phases of La Niña. The anomalous circulation is seen to be reversed if 378 

the focus is on El Niño events, irrespective of category. It indicates that the observations and 379 

the two chosen models agree with the known dynamics relating to the Walker Circulation 380 

teleconnection to India.  381 

The results from other models that reproduce the climatology of ISM rainfall well (Jourdain et 382 

al, 2013) are also tested. Almost all the models agree with opposing nature of rising and 383 

descending motion of the Walker Circulation around east of the International Dateline in 384 

tropical Pacific in two opposite phases of the ENSO cycle (figures not shown). Apart from 385 

those chosen models it is also true for almost all the models.  386 
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Figure 10 and 11 show winds at 200mb in different ENSO phases. Figure 10 suggests that, 387 

for ENC and ENCM, there is an eastward wind further south of the CNE region. This direction 388 

is opposite to that of climatology, as shown in Fig 2. However the ENM wind response lacks 389 

consistency among models and observations. For ENM, a mid-latitude connection is seen for 390 

observation and HadGEM2. The regional Hadley circulation seems to have role during ENM 391 

events. For observations, only ENC shows a convergence of wind, which is responsible for 392 

suppression of rainfall during the El Niño phase, though it has moved further north from its 393 

usual location (with mean position at around 30N). In models, the cyclonic movement of winds 394 

to higher latitudes is also captured to some El Niño categories.  Around the CNE region, the 395 

direction of winds seem to be consistent between models and observations.  396 

For La Niña (Fig 11) in observations, the direction of wind is opposite to that of El Niño in the 397 

south of CNE region and follows the climatology. However, there are discrepancies between 398 

observation and models in different subcategories LNM has an anticyclonic pattern around 30 399 

N in observations.     400 

For 850mb wind, there are lots of differences between observations and model results (Fig 12 401 

and 13). This is probably due to topography and models vary among each other in 402 

representing topography and local influences. However, there is one consistency around the 403 

CNE region where the change in direction of wind is clearly noticed for observed data. 404 

Moreover for models, almost all the cases suggest change in direction of wind around CNE.  405 

 406 

3.6. Tropical Pacific SST and ISM in Central India. 407 

The poor simulation of the Indian Monsoon in models has been noted in various studies (e.g., 408 

Sperber and Palmer, 1996; Gadgil and Sajani, 1998; Wang et al., 2004), however the 409 

multimodel ensemble (MME) was generally performs better than any single model 410 

(Krishnamurti et al., 1999; Doblas-Reyes et al., 2000; Palmer et al., 2000). An ensemble-mean 411 

SSTAs and ISM composites for concurrent JJAs are presented in Fig. 14, using nine models 412 

that reproduce the climatology of ISM rainfall well (Jourdain et al, 2013). The same nine 413 

models used here are ACCESS1-0, CCSM4, CanESM2, FGOALS-s2, HadGEM2-ES, 414 

HadGEM2-AO, NorESM1-ME, MIROC5 and FIO-ESM. The criteria of climatology of ISM 415 

rainfall, as used by Jourdain et al. (2013), refers to seasonal mean spatial rainfall. This 416 

captures the tropical Pacific SST anomalies and the associated precipitation anomalies 417 

around CNE region. The ensemble-mean teleconnection to the west Peninsular region is less 418 

well captured however. CNE region which is located around ITCZ can capture teleconnection 419 
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associated with Walker circulation part, which may not be true for PEN. Results are similar 420 

using ensemble of all models.  421 

The correspondence between tropical Pacific SST and ISM around central India in models 422 

and observation are depicted in Fig 15 (top panel). Two regions in the tropical Pacific are 423 

chosen, one in the East Pacific with latitude longitude band [10°S, 10°N, 140°W, 90°W] and 424 

the other in the Central Pacific [10°S, 10°N, 160°E, 150°W]. The box regions in India for ISM 425 

precipitation as defined by Bollasina et al (2011) and Goswami et al (2006) and shown as CI 426 

and CII in Fig. 1 are chosen. Composite precipitation anomaly in regions CI are plotted with 427 

respect to SST anomaly of the central Pacific (right) and east Pacific (left). ENSO Modoki 428 

(ENM/LNM), ENSO Canonical (ENC/LNC) and ENSO Canonical and Modoki (ENCM/LNCM) 429 

are shown by various colours, with observations by large same coloured diamond. 430 

Fig 15 (top panel) suggests models agree with each other on the SST-ISM correlation around 431 

central India and that also matches with observation. The majority of models for El Niño 432 

composites show less precipitation and vice-versa for La Niña. This is more robust when the 433 

east Pacific SST (left panel, Fig.15) is considered than in the central Pacific case (right panel, 434 

Fig. 15).  435 

The correspondence between local wind fields and the ISM around central India in models 436 

and observation are shown in Fig 15 (bottom panel). Zonal wind field (m/s) at 200mb (u 200) 437 

is considered for CI (left) and CII (right) regions at various ENSO phases, considering various 438 

CMIP5 models. It suggests that models agree with each other on the local wind field and ISM 439 

correlation around central India and that also matches with observation. The majority of 440 

models for El Niño (shown by red, pink and yellow) composites show less precipitation and 441 

vice-versa for La Niña (shown by blue, cyan and green). This is more robust for the CI region 442 

(left panel) than that for CII region (right panel). It is also noticed that during the El Niño, u 200 443 

is positive, though negative for La Niña in almost all the models. That indicates a change in 444 

direction of the Walker circulation. Model results thus show consistencies, and are in 445 

accordance with the known mechanism of El Niño and La Niña and local wind directions of 446 

the Walker circulation. Moreover, it suggests that precipitation in the CNE region is generally 447 

negatively correlated with the local zonal eastward velocity at 200 mb, as is depicted by all 448 

models. A strong correspondence between precipitation and u 200 (significant up to 99% level) 449 

is noticed among models, when all the ENSO phases are considered together. 450 

The results combining with discussion of section 3.5, thus indicate that the models can capture 451 

the Walker circulation and ISM rainfall around central India reasonably well.  452 

 453 
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4. Summary  454 

Correlation studies between observed SST anomalies and ISM precipitation suggest not all 455 

regions in India are affected by ENSO. While half of the CMIP5 models capture rainfall 456 

teleconnections in central India, the Hilly region and in the Peninsular, half do not. 457 

Teleconnections associated with Canonical or east Pacific ENSO events are better captured 458 

than those for central Pacific or Modoki events. Around the central India and Hilly region, more 459 

than 80 % of models capture the sign of the precipitation teleconnection.  460 

Using the compositing approach, it is again observed that not all regions of India are affected 461 

by ENSO and some regions even show the opposite signature from the well-known ENSO-462 

ISM connection to all-India Rainfall. More than 50 % of models agree on the sign of the 463 

teleconnection around central India irrespective of model category (High Top or Low Top, 464 

CMIP5 or AMIP5). In general there is not much distinction when one considers high top and 465 

low top models separately. The teleconnection to the Peninsular region is not as well capture 466 

by models. 467 

Compositing studies of SST suggests models usually capture tropical Pacific SST anomaly 468 

reasonably well. The model ensemble of tropical Pacific SST and ISM indicate a clear 469 

connection between the Walker circulation and ISM rainfall around central India, as is seen in 470 

observations.  471 

This assessment of the fidelity of models should be useful in assessing future projections. 472 
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 644 

Table 1. CMIP5 modelling centres and model names for coupled historical and atmosphere-645 
only AMIP5. Models with high tops (H) and low tops (L) are indicated in the right hand column.  646 

 647 

 

Model Centre 

                   Model Type                  High Top 
(H) /Low 
Top (L)    CMIP5                  AMIP5 

CSIRO-BOM, 
Australia 

ACCESS1.0 

ACCESS1.3 

ACCESS1.0 

ACCESS1.3 

L 

L 

BCC, China BCC-CSM1.1 

BCC-CSM1.1(m) 

BCC-CSM1.1  

BCC-CSM1.1(m) 

L 

L 

GCESS, China BNU-ESM BNU-ESM L 

CCCMA, Canada CanESM2 CanAM4 L 

NCAR, USA CCSM4 CCSM4 L 

CMCC, Italy CMCC-CM CMCC-CM L 

CNRM-CERFACS, 
France 

CNRM-CM5 CNRM-CM5 L 

CSIRO-QCCCE, 
Australia 

CSIRO-Mk3.6.0 CSIRO-Mk3.6.0 L 

LASG-CESS, 
China 

FGOALS-g2 FGOALS-g2 L 

LASG-IAP, China FGOALS-s2 FGOALS-s2 L 

INM, Russia INM-CM4 INM-CM4 L 

MIROC, Japan MIROC5 MIROC5 L 

NCC, Norway NorESM1-ME NorESM1-ME L 

NOAA-GFDL, USA GFDL-CM3 GFDL-CM3 H 

MOHC, England HadGEM2-CC HadGEM2-A H 

NASA-GISS, USA GISS-E2-R GISS-E2-R H 

IPSL, France IPSL-CM5A-LR 

IPSL-CM5A-MR 

IPSL-CM5A-LR 

IPSL-CM5A-MR 

H 

H 

MPI-M, Germany MPI-ESM-LR 

MPI-ESM-MR 

MPI-ESM-LR 

MPI-ESM-MR 

H 

H 

MRI, Japan MRI-CGCM3 MRI-CGCM3 H 
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Table 2: Percentage of models able to reproduce the sign of ENSO teleconnections (see text). 649 

The first two rows are derived from a correlation analysis and the remaining table relates to 650 

an analysis of composite patterns. A blank in any cell means no events are observed or 651 

discussed in that category. For the first two rows, the number of models corresponding to the 652 

percentages are indicated (e/g/ 13/15). Low and High refer to models with low tops and high 653 

tops respectively. 654 

 655 

 SSTA      Canonical Region       Region A  
 

 
Correlation 
(Precipitation  
vs. SST) 
 
CMIP models 
            

CNE 
CNE and Hilly-more(less) 
rain in La Niña (El Niño) 

Low  
High 

        87 %, 13/15 
   83 %, 7/8 

           80 %, 12/15 
       66 %, 5/8 

 

PEN 
Parts E. Peninsular- more 
(less) rain in La Niña (El 
Niño)  

Low 
High 

     47 %, 7/15 
   66 %, 5/8 

         53 %, 8/15 
       66 %, 5/8 

 

                  
               EN (%) 
ENC      ENCM    ENM 

              
              LN (%) 
LNC     LNCM    LNM 

 
 
 
 
 
 
Precipitation 
Composites 
 
            

 
CNE 
 
CNE and Hilly-more(less) 
rain in LN(EN) 

Low        
CMIP                
AMIP          
 
High             
CMIP               
AMIP 

                                    
87                         66     
66                         53             
                                             
 
62                         50 
100                       60 

                                  
60                       73     
80                       80 
                                                    
 
62                      75  
87                      75  
 

 
PEN 
 
Parts E. Peninsular- more 
(less) rain in LN(EN)   

Low                
CMIP                
AMIP 
 
High             
CMIP                
AMIP 
 

                                                   
40                        27    
47                        60 
                                                    
 
37                        37    
75                        12 

                                 
33                      40   
47                      33 
                                                   
 
12                      50    
62                      75 

 656 

  657 
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 658 

                 659 

                 660 

 661 

                        662 

Fig.1: Various regions of Tropical Pacific are used to define different types of ENSO using 663 
SST anomalies (Top). Map of India with CI and CII regions marked with appropriate 664 
boundaries (bottom). 665 

 666 

 667 

 668 

 669 

 670 

 671 

 672 

Regions of Tropical Pacific 
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 673 

 674 

Fig. 2. The climatology of precipitation (left) in mm/day and wind fields at 200mb (middle) and 675 

850mb level (right) in m/s during JJA for period 1979 to 2005. The top row for observed data, 676 

middle row for one typical high top model (HadGEM2-CC) and the bottom row for a typical low 677 

top model (CCSM4). 678 

 679 

 680 

  681 
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 682 

                               683 

Fig.3. Correlation between Indian Summer Monsoon (JJA) rainfalls (mm/day) with the 684 

canonical region SST (°C) anomalies (left column), the El Niño Modoki Index (middle column) 685 

and region A SST anomalies (right column). The top row is computed from observation 686 

(GPCP) and correlations and shown for two typical models, one high top (HadGEM2-CC – 687 

middle row) and one low top (CCCM4 – bottom row). The level of significance is tested using 688 

Student’s t-test and coloured regions indicate significant level of greater than 90%.  689 
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Fig.4. Precipitation (JJA) Composites (mm/day) for El Niño, CMIP5 vs AMIP5. Comparing one 692 

typical high top model (HadGEM2-CC) and one typical low top CMIP5 model (CCSM4) with 693 

observation (GPCP). Observations are shown in the top panel. Bottom panel, AMIP Low Top 694 

CCSM4 model. Right panel is for composites in ENM years, left for ENC years and the middle 695 

for ENCM years. 696 
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   699 

   700 

                    701 
Fig.5. As Fig. 4 for La Niña composites. 702 
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  703 

 704 

                        705 

 706 

Fig. 6. El Niño composites during JJA for SSTA (°C) comparing one typical high top 707 

(HadGEM2-CC) and low top model (CCSM4) with observations (HadISST). Right panel is for 708 

composites on SST anomalies for ENM years, left for ENC years and the middle one for ENCM 709 

years. 710 
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 711 

                          712 

 713 

Fig. 7. As in Fig. 6 for La Niña. 714 

 715 

 716 
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 718 

 719 

Fig. 8. El Niño composites during JJA for wind vertical velocity omega (m/s) comparing one 720 

typical high top (HadGEM2-CC) and low top model (CCSM4) with observations (ERA Interim). 721 

Right panel is for composites on omega anomalies for ENM years, left for ENC years and the 722 

middle one for ENCM years. 723 

 724 
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 725 

 726 

Fig. 9. As in Fig. 8 for La Niña. 727 

 728 
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 729 

 730 

Fig. 10. El Niño composites during JJA for wind at 200 mb (m/s) comparing one typical high 731 

top (HadGEM2-CC) and low top model (CCSM4) with observations (ERA Interim). Right panel 732 

is for composites on wind 200mb anomalies for ENM years, left for ENC years and the middle 733 

one for ENCM years. 734 

 735 
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 736 

 737 

 738 

Fig. 11. As in Fig. 10 for La Niña. 739 

. 740 
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 741 

Fig. 12. El Niño composites during JJA for wind at 850 mb (m/s) comparing one typical high 742 

top (HadGEM2-CC) and low top model (CCSM4) with observations (ERA Interim). Right panel 743 

is for composites on wind 850mb anomalies for ENM years, left for ENC years and the middle 744 

one for ENCM years. 745 

 746 

 747 
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 748 

 749 

Fig. 13. As in Fig. 12 for La Niña. 750 

 751 

 752 

 753 
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     754 

 755 

                         756 

 757 

  758 

     759 

                            760 

     Precipitation (JJA) - Ensemble Mean   

     SST (JJA) - Ensemble Mean   



39 
 

Fig. 14. Model ensemble mean of nine selected models for ISM (mm/day) and SST (°C) 761 

composites presented during JJA in different El Niño and La Niña cases.  Ensemble mean 762 

ISM for El Niño are shown in the 1st row; (top left ENC, middle ENCM and right ENM). 763 

Ensemble mean of ISM for La Niña (2nd row), ensemble of SST for EN (3rd row) and ensemble 764 

of SST for La Niña (last row) are shown for respective cases. 765 

 766 

 767 

 768 

 769 

 770 

 771 

 772 

 773 

 774 

 775 

 776 

 777 

 778 

 779 

 780 

 781 

 782 

 783 

 784 

 785 
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 786 

Fig 15. ISM precipitation (mm/day) around central India verses SST in tropical Pacific (top 787 

panel) and u-200 (m/s) (bottom panel) during JJA in different phases of El Niño and La Niña 788 

composites.  Top panel considers SST around Central Pacific (left) and East Pacific (right). 789 

Bottom panel considers CI region (left) and CII region (right). Composites of ENC, ENM and 790 

ENCM are shown by red, pink and yellow respectively, whereas that of LNC, LNM and LNCM 791 

are shown by blue, green and cyan. 792 
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 797 

 798 

 799 

 800 

 801 
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                     802 

 803 

Supplementary Fig.1: The climatology of local wind fields at 200mb (left) and 850mb level 804 

(right) in m/s during JJA for period 1979 to 2005 in vector format. The top row for observed 805 

data, middle row for model HadGEM2-CC and the bottom row for model CCSM4. 806 
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    807 

                             808 

 809 



43 
 

Supplementary Fig.2. Correlation between ISM (mm/day) with Canonical Region, EMI and 810 

Region A (JJA), in few models. Models closest in agreement with observations are MPI-ESM-811 

LR and GFDL-CM3 (Top two panels); model generally -ve biased is IPSL-CM5A-LR (third 812 

panel); whereas, model almost showing neutral nature is MRI-CGCM3 (bottom panel). 813 

  814 
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 815 

                                         816 

                               817 

Supplementary Fig. 3: Correlation between ISM (mm/day) with Canonical Region (left), EMI 818 

(middle) and Region A (right) during JJA, using IMD gridded rainfall dataset. The colour scale 819 

ranges are slightly changed at lower values. 820 

 821 

  822 

 823 

 824 

825 
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 826 

                                 827 

 828 

Supplementary Fig.4: Precipitation (JJAS) Composites (mm/day) for La Niña. Comparing one 829 

typical high top model (HadGEM2-CC) and one typical low top CMIP5 model (CCSM4) with 830 

observation (GPCP). Observations are shown in the top panel. Right panel is for composites 831 

in LNM years, left for LNC years and the middle for LNCM years. 832 

 833 

 834 

 835 
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Supplementary Table S1. ENSO years under each subcategory (ENC, LNC, ENM, LNM, 836 

ENCM, LNCM) as used for making composite analysis from observed SST and CMIP5 837 

/AMIP5 simulations. 838 

 839 

Observation (OBS) 
/ CMIP5 Models 

Year  

Obs (HadISST) 

ENC 

LNC 

ENM 

LNM 

ENCM 

                    LNCM 

Obs (Hurrel for 
AMIP models) 

ENC 

LNC 

ENM 

LNM 

ENCM 

                    LNCM 

 

1983 1987 1997 2009 

 1984 1985 1988 2000 2007 

 1992 1994 2002 2004 

 1989 1998 2008 

 1982 1991 

 1999 2010 

 

1983 1987 1997 

1984 1985 1988 2000 2007 

1992 1994 2002 2004 

1989 1998 2008 

1982 1991 

1999 

ACCESS1.0 

ENC 

 

LNC 

 

ENM 

LNM 

ENCM 

 

1863 1867 1869 1871 1874 1884 1887 1902 1908 1909 1916 1919 
1922 1923 1925 1941 1942 1949 1954 1955 1968 1971 1975 1977 
1978 1987 1988 1997 2004 

1861 1865 1882 1885 1888 1890 1894 1895 1904 1906 1907 1911 
1913 1920 1926 1931 1935 1936 1944 1953 1959 1963 1966 1967 
1970 1976 1979 1981 1984 1985 1995 2002 2005 

1864 1873 1930 1950 1989 

1866 1880 1883 1891 1900 1910 1933 1964 1969 2003 

1868 1878 1914 1946 1999 
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                    LNCM 1889 1924 

ACCESS1.3 
ENC 

 
 
 

LNC 
 
 

ENM 
 

LNM 
 

ENCM 
                     
                    LNCM 

 
1868 1872 1873 1875 1879 1884 1887 1891 1894 1904 1913 1916 
1919 1920 1923 1925 1928 1933 1946 1951 1963 1965 1969 1982 
1998 2001 2004 
 
1862 1874 1877 1885 1889 1892 1897 1903 1915 1917 1926 1938 
1941 1944 1945 1949 1953 1964 1967 1971 1973 1975 1980 1984 
 
1905 1910 1914 1922 1940 1947 1948 1970 1983 1991 
 
1878 1883 1893 1927 1932 1950 1954 1961 1981 1989 
 
1869 1876 1900 1921 1936 1943 1958 1962 1972 
 
1867 1871 1882 1886 1890 1906 1918 1931 1960 1974 1976 1994 

BCC-CSM1.1 
ENC 

 
 
 

LNC 
 
 
 

ENM 
 

LNM 
 

ENCM 
                     
                    LNCM 

 
1866 1873 1882 1884 1885 1887 1889 1894 1895 1898 1902 1905 
1926 1928 1934 1941 1942 1945 1950 1958 1973 1989 1991 1994 
1996 2001 
 
1863 1877 1880 1896 1899 1906 1908 1929 1935 1940 1947 1949 
1953 1963 1965 1966 1972 1975 1977 1982 1985 1986 1990 1995 
2002 
 
1862 1879 1915 1931 1936 1988 
 
1893 1917 1943 1968 1974 1987 
 
1864 1870 1871 1897 1919 1938 1948 1952 1962 1981 1999 
 
1865 1872 1886 1888 1916 1923 1946 1951 1956 1970 1980 2000 

BCC-CSM1.1(m) 
ENC 

 
 
 

LNC 
 
 
 

ENM 
 
 

LNM 
 

ENCM 
                     
                    LNCM 

 
1862 1866 1876 1883 1886 1889 1892 1894 1899 1903 1906 1909 
1910 1918 1920 1932 1935 1939 1944 1955 1962 1966 1972 1976 
1980 1998 2004 
 
1863 1867 1877 1879 1885 1887 1895 1904 1908 1911 1913 1925 
1936 1943 1945 1953 1960 1963 1965 1967 1969 1971 1973 1979 
1984 1985 1987 1993 2003 
 
1870 1871 1873 1884 1890 1900 1916 1923 1928 1948 1952 1956  
2001 2005 
 
1861 1872 1896 1905 1914 1921 1968 1977 2000 
 
1868 1912 1942 1951 1983 1989 2002 
 
1875 1882 1893 1898 1902 1919 1926 1933 1950 1982 1997 1999 

BNU-ESM 
 

ENC 
 
 

 
 
1875 1876 1879 1889 1899 1904 1929 1936 1947 1948 1954 1955 
1968 1987 1992 2000 2005 
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LNC 

 
 

ENM 
 

LNM 
 

ENCM 
                     
                     
                    LNCM 

1865 1878 1880 1886 1897 1916 1920 1921 1927 1930 1937 1940 
1945 1953 1978 
 
1867 1915 1971 1995 1997 2003 
 
1861 1869 1898 1946 1976 
 
1863 1864 1870 1874 1881 1887 1896 1923 1935 1938 1957 1964 
1974 1980 1986 1996 1999 
 
1890 1895 1905 1906 1909 1911 1934 1949 1956 1958 1965 1973 
1984 1988 1993 2001 2004 

CanESM2 
 

ENC 
 
 
 

LNC 
 
 
 

ENM 
 

LNM 
 

ENCM 
                     
                    LNCM 

 
 
1867 1870 1873 1876 1881 1892 1894 1895 1903 1906 1911 1915 
1916 1918 1922 1935 1937 1940 1944 1947 1951 1955 1965 1973 
1982 1985 1990 1992 1995 2000 
 
1865 1868 1875 1882 1885 1893 1904 1909 1913 1919 1923 1926 
1930 1932 1934 1938 1949 1952 1954 1956 1966 1968 1971 1974 
1976 1983 1986 1997 1999 
 
1862 1874 1896 1900 1989 1996 
 
1866 1905 1920 1924 1933 1950 1957 1958 1960 1975 1987 1998 
 
1879 1912 1948 1961 1977 1981 2005 
 
1902 1946 1978 

CCSM4 
ENC 

 
 

LNC 
 
 

ENM 
 

LNM 
 

ENCM 
                     
                    LNCM 

 
1879 1884 1885 1890 1894 1897 1901 1908 1926 1927 1933 1947 
1976 1980 1992 1993 1997 2000 2001 
 
1865 1873 1881 1906 1907 1910 1920 1937 1941 1944 1949 1962 
1973 1977 1978 1984 
 
1869 1875 1876 1891 1953 1965 1975 1983 1990 1991 2005 
 
1866 1878 1887 1893 1899 1911 1925 1967 1996 1999 
 
1863 1864 1868 1872 1880 1909 1923 1930 1956 1969 1982 1986 
 
1877 1886 1892 1895 1903 1918 1921 1928 1932 1934 1948 1966 
1971 1988 1994 1995 2003 

CMCC-CM 
ENC 

 
 
 

LNC 
 
 
 

ENM 

 
1867 1875 1876 1880 1884 1885 1889 1897 1900 1905 1906 1909 
1915 1921 1926 1929 1930 1933 1934 1936 1937 1944 1949 1952 
1953 1955 1956 1969 1978 1987 1993 2002 2004 
 
1864 1877 1878 1883 1901 1907 1908 1910 1914 1918 1923 1931 
1935 1939 1942 1943 1954 1960 1965 1971 1975 1985 1991 1996 
1998 2005 
 
1868 1888 1898 1903 1904 1925 1970 1984 1994 2000 2003 
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LNM 

 
ENCM 

                     
                    LNCM 

 
1862 1916 
 
1861 1891 1899 1982 
   
1865 1869 1893 1917 1922 1927 1945 1966 1974 

CNRM-CM5 
ENC 

 
 

LNC 
 
 

ENM 
 

LNM 
 

ENCM 
                     
                    LNCM 

 
1864 1865 1871 1879 1888 1896 1910 1919 1927 1941 1944 1946 
1950 1956 1973 1990 1993 1997 1999 2004 2005 
   
1866 1867 1870 1874 1894 1897 1905 1906 1912 1918 1932 1934 
1938 1954 1958 1964 1966 1967 1969 1972 1988 1991 1998 
 
1880 1914 1925 1928 1953 1962 1968 1976 1979 1989 
 
1882 1904 1908 1920 1942 1947 1951 1963 
 
1877 1881 1892 1902 1903 1907 1911 1921 1924 1933 1935 
 
1872 1885 1889 1915 1945 1960 1974 1977 1980 

CSIRO-Mk3.6.0 
ENC 

 
 

LNC 
 
 

ENM 
 
 

LNM 
 

ENCM 
                     
 
                    LNCM 

 
1862 1865 1875 1878 1881 1886 1890 1896 1921 1942 1946 1949 
1952 1957 1967 1982 1986 1995 1997 1998 1999 2004 
 
1861 1889 1894 1895 1897 1905 1907 1913 1917 1920 1925 1932 
1973 1974 1977 1993 1994 1996 2001 
 
1864 1892 1893 1923 1928 1931 1943 1958 1959 1983 1984 1991 
2005 
 
1874 1884 1898 1902 1908 1914 1940 1951 1971 1978 
 
1887 1891 1903 1904 1911 1915 1918 1922 1936 1937 1941 1945 
1964 1975 1976 
 
1867 1869 1901 1910 1919 1938 1948 1961 1966 1970 1981 1985 

FGOALS-g2 
ENC 

 
 

LNC 
 
 
 

ENM 
 

LNM 
 

ENCM 
                     
                    LNCM 

 
1862 1869 1872 1876 1877 1879 1890 1893 1898 1903 1912 1920 
1923 1928 1936 1937 1940 1948 1953 1976 1984 1989 1990 1997 
 
1863 1867 1870 1878 1884 1888 1894 1900 1913 1919 1926 1929 
1938 1942 1946 1949 1952 1957 1958 1963 1967 1974 1985 1988 
1994 1998 
 
1866 1882 1887 1908 1980 1991 2003 
 
1911 1945 1966 
 
1873 1880 1883 1896 1983 1996 2000 2002 
 
1874 1891 1905 1910 1921 1922 1925 1934 

FGOALS-s2 
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ENC 
 
 
 

LNC 
 
 

ENM 
 

LNM 
 

ENCM 
                     
                    LNCM 

1864 1865 1875 1884 1885 1887 1890 1897 1899 1900 1901 1912 
1916 1917 1922 1925 1927 1931 1951 1952 1956 1958 1972 1973 
1987 1989 1991 1998 2000 
 
1866 1873 1876 1891 1902 1909 1921 1923 1926 1929 1935 1941 
1944 1949 1957 1962 1964 1966 1974 1976 1992 
 
1863 1896 1907 1914 1934 1953 1982 1983 1996 2003 2005 
 
1895 1903 1936 1942 1961 1963 1967 1979 
 
1870 1871 1955 1981 1988 2002 
 
1874 1894 1919 1930 1933 1938 1939 1946 1960 1977 1978 1999 

INM-CM4 
ENC 

 
 
 

LNC 
 
 

ENM 
 

LNM 
 

ENCM 
                     
                    LNCM 

 
1861 1864 1867 1869 1871 1876 1880 1893 1902 1908 1912 1928 
1935 1942 1945 1951 1969 1972 1978 1981 1985 1991 1999 2001 
2004 
  
1862 1866 1872 1882 1887 1892 1906 1910 1914 1923 1926 1939 
1940 1947 1950 1955 1956 1958 1959 1963 1975 1980 1986 2005 
 
1881 1884 1885 1913 1979 1983 1984 1996 
 
1889 1896 1901 1915 1918 1919 1946 1953 1977 
 
1898 1905 1925 1938 1948 1965 1982 1995 
 
1888 1899 1900 1909 1921 1933 1937 1967 1987 1997 1998 

MIROC5 
ENC 

 
LNC 

 
ENM 

 
LNM 

 
ENCM 

                     
 
                    LNCM 

 
1890 1899 1932 1951 1960 1965 1966 1975 1976 1993 
 
1885 1901 1913 1941 1945 1957 1973 1977 1988 1998 2001 
 
1873 1878 1884 1900 1908 1947 1961 2005 
 
1865 1866 1875 1881 1886 1893 1914 1963 1969 1989 
 
1862 1868 1872 1877 1883 1889 1907 1911 1912 1921 1922 1930 
1931 1943 1952 1959 1986 1992 2003 2004 
 
1864 1874 1879 1880 1891 1892 1924 1927 1933 1934 1953 1962 
1967 1968 1978 1994 1995 

NorESM1-M 
ENC 

 
 
 

LNC 
 
 

ENM 
 

LNM 

 
1861 1864 1871 1876 1883 1888 1891 1894 1900 1903 1910 1913 
1916 1919 1924 1934 1942 1943 1946 1948 1951 1954 1960 1970 
1983 1987 1996 1999 2003 
 
1862 1867 1877 1878 1881 1885 1886 1904 1912 1915 1917 1920 
1945 1949 1959 1961 1972 1974 1978 1984 1986 1994 1997 
 
1865 1872 1880 1890 1899 1935 1938 1939 1955 1977 2004 
 
1870 1887 1897 1902 1923 1936 1953 1964 1992 1995 
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ENCM 

                     
                    LNCM 

 
1868 1895 1956 1989 
 
1892 1893 1896 1901 1905 1930 1952 1963 1971 1991 

GFDL-CM3 
ENC 

 
 
 

LNC 
 
 
 

ENM 
 

LNM 
 

ENCM 
                     
  
                    LNCM 

 
1871 1873 1878 1882 1890 1905 1907 1910 1914 1917 1920 1922 
1924 1926 1930 1934 1937 1941 1944 1948 1964 1972 1979 1982 
1986 1998 
   
1862 1876 1889 1891 1893 1902 1909 1916 1921 1923 1927 1929 
1932 1933 1943 1949 1963 1969 1971 1978 1985 1987 1989 1991 
1993 1994 1995 1999 2003 
 
1861 1865 1868 1874 1899 1945 1960 1992 2002 2005 
 
1863 1866 1877 1881 1885 1897 1911 1919 1939 1958 1981 
 
1864 1875 1883 1895 1898 1928 1951 1956 1962 1974 1984 1988 
1996 
 
1896 1901 1906 1947 1966 1973 1976 1980 

HadGEM2-CC 
ENC 

 
 
 

LNC 
 
 
 

ENM 
 

LNM 
 

ENCM 
                     
                    LNCM 

 
1867 1870 1873 1878 1879 1881 1884 1900 1901 1904 1905 1920 
1921 1927 1939 1945 1949 1951 1953 1958 1963 1975 1981 1986 
1989 1990 1992 1993 1998 1999 2002 2004 
 
1874 1877 1883 1886 1898 1903 1908 1910 1912 1916 1930 1931 
1932 1937 1938 1942 1955 1956 1960 1961 1964 1965 1968 1971 
1976 1983 1984 1987 1991 1995 1996 
 
1864 1872 1906 1926 1928 1979 
 
1891 1913 1936 1948 1966 1982 
 
1893 1919 1935 1962 1970 2003 
 
1890 1929 1940 1946 1947 

GISS-E2-R 
ENC 

 
 
 

LNC 
 
 

ENM 
 

LNM 
 

ENCM 
                     
                    LNCM 

 
1866 1877 1887 1891 1898 1901 1910 1914 1916 1918 1924 1928 
1932 1934 1937 1948 1949 1962 1977 1979 1981 1985 1989 1990 
1992 2000 
 
1885 1888 1889 1892 1896 1902 1907 1915 1929 1936 1939 1946 
1957 1961 1963 1964 1971 1972 1978 1986 1991 1997 
   
1872 1873 1874 1943 1944 1952 1974 2004 
 
1879 1908 1947 
 
1861 1862 1869 1883 1920 1973 1998 
 
1867 1884 1899 1921 1922 1926 1950 1955 1966 1984 1993 1996 

IPSL-CM5A-LR 
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ENC 
 
 

LNC 
 
 

ENM 
 

LNM 
 

ENCM 
                     
                    LNCM 

1862 1865 1869 1874 1880 1885 1904 1926 1936 1938 1940 1948 
1953 1959 1967 1975 1988 1992 1997 1999 2002 2005 
   
1867 1872 1879 1882 1892 1894 1897 1900 1906 1909 1919 1930 
1944 1964 1978 1979 1991 1994 1998 
 
1870 1875 1911 1914 1918 1922 1923 1931 1954 2001 
 
1887 1901 1917 1920 1935 1973 1986 
 
1881 1891 1907 1929 1943 1949 1960 1982 1989 1993 2000 
 
1866 1884 1889 1898 1933 1934 1937 1939 1942 1947 1957 1958 
1968 1980 1985 1996 

IPSL-CM5A-MR 
ENC 

 
 

LNC 
 
 

ENM 
 

LNM 
 

ENCM 
                     
 
                    LNCM 

 
1864 1870 1872 1876 1886 1890 1905 1907 1919 1937 1939 1948 
1954 1976 1979 1986 1989 1992 1998 2001 
   
1863 1866 1871 1891 1897 1908 1917 1921 1926 1947 1955 1961 
1967 1968 1974 1981 1988 1997 2000 
 
1884 1896 1940 1950 1959 
 
1875 1889 1909 1927 1932 1945 1963 1973 1985 
 
1861 1865 1873 1916 1920 1929 1935 1941 1949 1958 1964 1971 
1980 1983 1987 1995 1996 2005 
 
1869 1874 1885 1887 1904 1923 1930 1931 1951 1952 1962 1975 
1978 1984 1991 

MPI-ESM-LR 
ENC 

 
 
 

LNC 
 
 
 

ENM 
 

LNM 
 

ENCM 
                     
                    LNCM 

 
1866 1871 1872 1873 1878 1879 1884 1887 1888 1897 1903 1909 
1912 1916 1919 1952 1955 1961 1962 1968 1972 1976 1979 1986 
1989 1997 1998 2001 
 
1865 1869 1885 1886 1900 1904 1910 1917 1923 1926 1937 1945 
1950 1956 1959 1965 1969 1974 1977 1978 1981 1985 1995 2000 
2004 
 
1874 1876 1942 1973 1987 1999 2002 
 
1870 1883 1891 1899 1911 1918 1938 1960 1970 1994 1996 
 
1867 1875 1913 1925 1934 1935 1941 1963 1980 1990 2003 
 
1882 1901 1907 1921 1927 1929 1943 1966 1992 1993 

MPI-ESM-MR 
ENC 

 
 

LNC 
 
 

ENM 

 
1862 1865 1870 1873 1902 1906 1913 1914 1919 1921 1924 1926 
1929 1932 1938 1947 1952 1984 1993 1999 2001 
 
1871 1888 1897 1898 1910 1915 1916 1917 1918 1922 1936 1942 
1950 1959 1968 1969 1976 1979 1981 1987 1988 1994 1998 
 
1879 1904 1905 1920 1927 1934 1946 1953 1954 1962 1970 
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LNM 

 
ENCM 

 
                               

LNCM 

 
1863 1899 1911 1937 1983 1995 
   
1866 1874 1883 1892 1896 1903 1945 1974 1975 1990 1996 1997 
2000 
   
1868 1872 1877 1907 1908 1931 1943 1963 1964 1965 1977 1982 

MRI-CGCM3 
ENC 

 
 

LNC 
 
 

ENM 
 

LNM 
 

ENCM 
                     
                    
                    LNCM 

 
1861 1864 1866 1878 1884 1885 1892 1895 1916 1919 1920 1927 
1930 1934 1945 1948 1954 1960 1963 1998 2002 
   
1869 1876 1883 1890 1896 1897 1899 1905 1906 1909 1911 1913 
1917 1923 1925 1928 1943 1961 1962 1965 1972 1978 1983 1985 
  
1871 1875 1889 1893 1939 1968 2001 2003 
   
1887 1891 1926 1951 1966 1974 1987 
   
1862 1888 1898 1908 1941 1975 1977 1984 1988 1991 2004 
1877 1886 1894 1929 1933 1944 1947 1950 1957 1959 1973 1980  
 
1986 
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