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ABSTRACT 30 

Coupled general circulation model (GCM) simulations participating in the 31 

Coupled Model Intercomparison Project Phase 5 (CMIP5) are analyzed with respect 32 

to their performance in the equatorial Atlantic. In terms of the mean state, 29 out of 33 33 

models examined continue to suffer from serious biases including an annual mean 34 

zonal equatorial SST gradient whose sign is opposite to observations. Westerly sur-35 

face wind biases in boreal spring play an important role by deepening the thermocline 36 

in the eastern equatorial Atlantic and thus reducing upwelling efficiency and SST 37 

cooling in the following months. Both magnitude and seasonal evolution of the biases 38 

are very similar to what was found previously for CMIP3 models, indicating that im-39 

provements have only been modest. The weaker than observed equatorial easterlies 40 

are also simulated by atmospheric GCMs forced with observed SST. They are related 41 

to both continental convection and the latitudinal position of the Intertropical Conver-42 

gence Zone (ITCZ). Particularly the latter has a strong influence on equatorial zonal 43 

winds in both the seasonal cycle and interannual variability. The dependence of equa-44 

torial easterlies on ITCZ latitude shows a marked asymmetry. From the equator to 45 

15N, the equatorial easterlies intensify approximately linearly with ITCZ latitude. 46 

This dependency vanishes when the ITCZ is located near to or south of the equator. 47 

Despite serious mean state biases, several models are able to capture some as-48 

pects of the equatorial mode of interannual SST variability, including amplitude, pat-49 

tern, phase locking to boreal summer, and duration of events. The latitudinal position 50 

of the boreal spring ITCZ, through its influence on equatorial surface winds, appears 51 

to play an important role in initiating warm events.  52 

53 
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1. Introduction 54 

The tropical Atlantic is characterized by significant interannual variability in sea-55 

surface temperatures (SST) that exert an important influence on precipitation over the 56 

surrounding continents (Folland et al. 1986; Nobre and Shukla 1996). Two modes of 57 

SST variability are thought to exist (Xie and Carton 2004; Chang et al. 2006). One is 58 

the meridional mode (also inter-hemispheric gradient mode, meridional gradient mode, 59 

or dipole mode), with two centers of action in the subtropical north and south Atlantic 60 

(Hastenrath and Heller 1977). Studies have linked the meridional mode to a mechan-61 

ism involving surface winds, evaporation, and SST (WES) feedback (Xie and Philan-62 

der 1994; Chang et al. 1997).  63 

The second mode of tropical Atlantic variability involves the equatorial cold ton-64 

gue region, which is centered just south of the equator in the eastern part of the basin. 65 

This mode, usually referred to as the zonal mode (also equatorial mode), is thought to 66 

be governed by dynamics similar to those responsible for El Nino/Southern Oscilla-67 

tion (ENSO) in the equatorial Pacific (e.g. Servain et al. 1982; Zebiak 1993; Keenly-68 

side and Latif 2007). 69 

In terms of the mean state, the equatorial Atlantic resembles the equatorial Pacific 70 

in many aspects. Both basins feature a warm pool in the west, a cold tongue in the 71 

east, and mean surface easterlies that drive an eastward equatorial current year round. 72 

Consistent with the surface winds, water piles up at the western boundary. This is as-73 

sociated with a deep mixed layer that insulates the surface from cold sub-thermocline 74 

waters and thus helps to maintain warm SST. Conversely, the eastern basin is charac-75 

terized by a shallow thermocline that makes the SST very sensitive to variations in 76 

equatorial upwelling. 77 
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The eastern equatorial Atlantic features a pronounced seasonal cycle. According 78 

to OISST climatology, SST averaged in the eastern basin (20W-0 and 3S-3N) 79 

drops from approximately 29C in April to 24.5C in August as the cold tongue de-80 

velops. Studies have linked the seasonal cold tongue development to the onset of the 81 

African monsoon and associated cross-equatorial surface winds over the eastern basin 82 

(Mitchell and Wallace 1992; Okumura and Xie 2004; Caniaux et al. 2011), which 83 

produce upwelling just south of the equator (Philander and Pacanowski 1981). 84 

The strong seasonality of the Atlantic cold tongue influences interannual variabil-85 

ity. Thus warm events (Atlantic Niños) preferentially occur during boreal summer and 86 

are associated with reduced cold tongue development (Carton and Huang 1994). The 87 

SST amplitude of these events is about 1K (roughly one third of their Pacific counter-88 

parts), which is much smaller than the ~5K amplitude of the seasonal cycle. Therefore 89 

Atlantic Niños can be described as a modulation of the seasonal cycle (Philander 90 

1986), which may help to explain their phase locking to boreal summer. 91 

While monsoon-related cross-equatorial winds may govern cold tongue devel-92 

opment in the climatological sense, interannual variability is significantly influenced 93 

by remote forcing from western equatorial surface winds (Keenlyside and Latif 2007). 94 

Weakening of the equatorial easterlies has been shown to excite Kelvin waves that 95 

propagate eastward and reduce the slope of the equatorial thermocline (Servain et al. 96 

1982; Hormann and Brandt 2009) though not all events may be dominated by this 97 

mechanism (Carton and Huang 1994). The relatively small size of the Atlantic basin 98 

implies that the major wind stress forcing region (~40W) and the cold tongue region 99 

(10W) are only separated by about 30 of longitude or roughly 3300 km. In the equa-100 

torial Atlantic, the second baroclinic Kelvin wave mode is considered to be dominant 101 

(e.g. Doi et al. 2007; Polo et al. 2008) and its phase speed has been estimated to be 102 



 5 

1.2-1.5 m/s (Du Penhoat and Treguier 1985; Philander 1990; Katz 1997; Franca et al. 103 

2003; Illig et al. 2004; Guivarc’h et al. 2008). Thus Kelvin waves excited by western 104 

equatorial wind stress anomalies reach the cold tongue region in about one month. 105 

Observational studies, however, indicate a wide range of delay times from 1-2 months 106 

(Servain et al. 1982; Keenlyside and Latif 2007) to 4-6 months (Hisard et al. 1986; 107 

Vauclair and du Penhoat 2001; Chang et al. 2006). Thus the lag implied by Kelvin 108 

wave propagation is at the lower end of observational estimates. This suggests that 109 

rather than influencing SST directly, the remotely forced Kelvin waves might precon-110 

dition the eastern equatorial thermocline in boreal spring (Hormann and Brandt 2009). 111 

When the seasonal cold tongue development starts in boreal summer these subsurface 112 

anomalies are upwelled to the surface and influence SST. 113 

The above description indicates the possibility of a positive feedback involving 114 

western equatorial Atlantic surface winds, cold tongue SST, and thermocline depth, 115 

similar to the Bjerknes feedback in the equatorial Pacific (Zebiak 1993). Indeed, sev-116 

eral studies have indicated that the Bjerknes feedback plays an important role in the 117 

Atlantic as well (Keenlyside and Latif 2007; Ding et al. 2010). The study by Ding et 118 

al. also shows evidence for a 90-degree-out-of-phase relationship between equatorial 119 

upper ocean heat content and cold tongue SST, which is a central component of the 120 

so-called discharge-recharge oscillator paradigm (Jin 1997). This lead-lag relation be-121 

tween heat content and SST is fundamental to the successful prediction of ENSO and 122 

has allowed skillful predictions at 12 months lead-time and beyond (Luo et al. 2008). 123 

Ding et al. (2010) suggest that knowledge of equatorial Atlantic heat content should 124 

enable skillful prediction up to 3 months ahead. 125 

Actual seasonal prediction in the equatorial Atlantic, however, does currently not 126 

live up to this expectation. In most cases dynamic models are matched or even outper-127 
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formed by persistence and statistical models (Stockdale 2006). Reasons for this poor 128 

performance are manifold but mean state biases are certainly a factor. While general 129 

circulation models (GCMs) give a relatively reasonable representation of the tropical 130 

Pacific climate (de Szoeke and Xie 2008), they suffer from severe biases in the tropi-131 

cal Atlantic (Davey et al. 2002; Richter and Xie 2008 (hereafter RX08); Richter et al. 132 

2012). One of the most obvious shortcomings is the GCMs’ inability to adequately 133 

capture the boreal summer cold tongue development. This warm bias in the eastern 134 

basin is accompanied by colder than observed SSTs in the west and manifests as a 135 

reversal of the annual mean SST gradient along the equator (Davey et al. 2002; 136 

RX08). Several studies suggest that the lack of cold tongue development in boreal 137 

summer is at least partly due to westerly wind stress biases in boreal spring (Chang et 138 

al. 2007, 2008; RX08; Wahl et al. 2009; Tozuka et al. 2010; Richter et al. 2012). Such 139 

wind biases deepen the eastern equatorial thermocline and thus reduce the impact of 140 

eastern equatorial upwelling in JJA. 141 

The MAM westerly biases are common in GCMs and occur even when the mod-142 

els are forced with observed SSTs (RX08). This suggests that the atmospheric GCM 143 

(AGCM) components play a large role in the persistent tropical Atlantic SST biases. 144 

Richter et al. (2012) show that continental precipitation biases are one of the factors 145 

controlling the simulated equatorial easterlies. In particular, they find that deficient 146 

and excessive precipitation over the Amazon and Congo basins, respectively, are ac-147 

companied by a weakened Atlantic Walker circulation and westerly surface wind bi-148 

ases. 149 

While continental precipitation plays some role in the strength of the equatorial 150 

easterlies, the latitudinal position of the Atlantic Intertropical Convergence Zone 151 

(ITCZ) appears to be another factor.  Several studies have shown that even AGCMs 152 
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with specified observed SSTs tend to place the ITCZ south of the equator in MAM, 153 

whereas in observations it is mostly on or north of the equator (Biasutti et al. 2006; 154 

RX08; Tozuka et al. 2011). In the present study we will show that there is a very high 155 

correspondence between the latitudinal ITCZ position and the strength of the equa-156 

torial easterlies on the equator. 157 

The present study has two main goals. The first is to re-examine the performance 158 

of GCMs using output from the Coupled Model Intercomparison Project Phase 5 159 

(CMIP5) and observations. In particular we investigate whether the MAM surface 160 

wind mechanism found to be crucial in CMIP3 by RX08 still plays a dominant role in 161 

developing boreal summer cold tongue biases in CMIP5 models. 162 

The second goal is to analyze the zonal mode of variability in both observations 163 

and CMIP5 simulations. First we examine observations and reanalyses to characterize 164 

the evolution of Atlantic Niños in terms of surface winds, thermocline depth, and SST. 165 

We are particularly interested in reexamining the lag between western equatorial sur-166 

face wind forcing and cold tongue SST response. We then assess to what extent 167 

CMIP5 models are able to simulate the zonal mode and how this is related to their 168 

mean state biases. To our surprise, some models are able to reproduce at least some 169 

aspects of observed variability despite their substantial mean state biases. 170 

The observational data and model output used in this study are described in sec-171 

tion 2. Mean state biases are the focus of section 3, while interannual variability is 172 

examined in section 4. Section 5 discusses our results regarding mean state and inte-173 

rannual variability of the equatorial Atlantic. Section 6 presents our conclusions. 174 

2. CMIP5 and observational data sets 175 

We use model output from the CMIP5 integrations. Since we are investigating 176 

natural variability our emphasis will be on the pre-industrial control simulations (ex-177 
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periment piControl) with climatological greenhouse gas forcing corresponding to pre-178 

industrial values. Comparing these to present day observations introduces a small er-179 

ror due to the different greenhouse gas concentrations. Due to the severity of the bi-180 

ases, this error is negligible in most models. Where the error is not negligible it tends 181 

to make the model biases appear slightly less severe than they actually are (see also 182 

Richter et al. 2012). At the time of analysis 33 models were available for downloading. 183 

Four of these use flux corrections and have been eliminated from some of the analysis, 184 

including the calculation of ensemble means and inter-model correlations. We also 185 

neglect models with carbon cycle and chemistry if a more basic version exists in the 186 

database and is sufficiently similar in terms of its tropical Atlantic simulation. Thus 187 

we include, e.g., the Japanese model MIROC-ESM but exclude the version with add-188 

ed chemistry calculations, MIROC-ESM-CHEM. The remaining models are used to 189 

calculate two ensemble means. Ensemble MOST includes all the remaining models, 190 

while ensemble AN includes only those that achieve a somewhat realistic representa-191 

tion of Atlantic Niños. Table 1 lists the 33 models used in this study and the members 192 

of the two ensembles. In some cases, to highlight the differences between AN and 193 

other models, we use an ensemble made up of all MOST models except those that are 194 

part of AN (MOST-AN). 195 

While our focus is on the pre-industrial control simulations we also consider the 196 

atmospheric simulations forced with observed SST (experiment AMIP) in order to 197 

analyze the AGCM contribution to coupled model errors. 198 

Model output is compared with several observational datasets. For SST we use 199 

the Reynolds optimally interpolated dataset (OISST; Reynolds et al. 2002) for the pe-200 

riod 1982-2010. Precipitation for the period 1979-2010 is from the Global Precipita-201 

tion Climatology Project (GPCP) version 2.2, which is a blend of station and satellite 202 
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data (Adler et al. 2003). Surface winds are from the international comprehensive 203 

ocean-atmosphere dataset (ICOADS; Woodruff et al. 2010; period 1960-2010), which 204 

relies on ship observations. Recently Tokinaga and Xie (2011) have devised a scheme 205 

to correct the ICOADS near-surface wind observations for spurious trends due to 206 

changes in anemometer height. We use this Wave and Anemometer-Based Sea Sur-207 

face Wind (WASWind) dataset for both climatology and interannual variability. 208 

Thermocline depth is calculated using the World Ocean Atlas (WOA) 2005 climato-209 

logical ocean temperature (Locarnini et al. 2006). 210 

We also make use of atmospheric and oceanic reanalysis datasets, which have the 211 

advantage of providing a gap-free and physically consistent set of variables. On the 212 

atmospheric side we use National Center for Environmental Prediction/National Cen-213 

ter for Atmospheric Research (NCEP/NCAR) reanalysis (Kalnay et al. 1996; period 214 

1948-2010), European Centre for Medium-Range Weather Forecasts (ECMWF) 40-215 

year Reanalysis (ERA40; Uppala et al. 2005; period 1958-2001), and the ECMWF 216 

Interim Reanalysis (ERA Interim; Dee et al. 2011; period 1989-2010). For oceanic 217 

fields we rely on the Simple Ocean Data Assimilation (SODA) reanalysis (Carton et 218 

al. 2000; period 1958-2006). 219 

All datasets were subjected to linear detrending before anomalies were calculated. 220 

This is important for the observational datasets, which contain significant trends over 221 

the observation period, but also for some of the piControl datasets, which feature spu-222 

rious trends due to top-of-atmosphere radiative imbalance. Detrending is also neces-223 

sary for the AMIP simulations since these are forced with observed SST from 1978-224 

2008. 225 

 226 
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3. Mean state model biases 227 

The starting point of our analysis is the annual mean SST along the equator, aver-228 

aged between 2S-2N (Fig. 1a). For comparison we also show the same field for the 229 

CMIP3 models in Fig. 1b (this Figure is identical to the one in RX08, except that the 230 

observations are OISST instead of ICOADS). The general impression is that the mod-231 

els continue to suffer from severe equatorial SST biases although the spread seems to 232 

have reduced to some extent. Most models feature a zonal SST gradient that is of op-233 

posite sign relative to observations. Nevertheless, a few models are able to reproduce 234 

the observed SST minimum in the eastern basin around 10W. These are the BNU-235 

ESM, HadGEM2-CC, HadGEM2-ES, and the MRI-CGCM3. Even those, however, 236 

continue to suffer from colder than observed SST in the warm pool region. All models 237 

examined are too cold in the west, and most too warm in the east. We note that in ad-238 

dition to the gradient bias, there is also an offset error in the tropical mean SST of a 239 

given GCM (Li and Xie 2012), which we do not discuss here. 240 

In terms of seasonal evolution, biases first appear in the equatorial trades in 241 

MAM (Fig. 2). The weaker than observed surface wind stress is followed by an erro-242 

neous deepening of the thermocline with maximum errors in June. This subsurface 243 

temperature anomaly becomes apparent at the surface when upwelling strengthens in 244 

boreal summer. The maximum SST error occurs in July, one month after the peak in 245 

thermocline depth error. This evolution is consistent with the results of RX08 and un-246 

derscores the robustness of this mechanism. 247 

As in RX08, the MAM westerly wind bias already exists in the AMIP simula-248 

tions (Fig. 3) with SSTs prescribed from observations, indicating that one of the root 249 

causes for the biases lies in the atmospheric components of the models. Figure 3 sug-250 

gests that the westerly surface wind bias is related to both deficient precipitation over 251 
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the Amazon region and excessive marine precipitation south of the equator. The dry 252 

bias over South America has already been examined in several studies, including 253 

RX08, Tozuka et al. (2011), and Richter et al. (2012). Figure 4a gives a quantitative 254 

summary of this relation by plotting the climatological MAM precipitation averaged 255 

over (70-40W, 0-5N, ocean points excluded) versus the MAM equatorial wind 256 

stress over the ocean (40-10W, 2S-2N), with each letter representing one model. 257 

This reveals an approximately linear relation between a model’s north equatorial 258 

Amazon precipitation and its equatorial wind stress. A few models, however do not 259 

seem to follow this relation resulting in a relatively low inter-model correlation of -260 

0.39. For the coupled piControl runs this correlation is higher (-0.53, not shown), 261 

which is likely due to the error intensification in the coupled GCMs. 262 

The southward shift of the marine ITCZ (Fig. 3) is a well-documented feature 263 

that is common to most GCMs (Mechoso et al. 1995) and occurs in both the Atlantic 264 

and Pacific basins. It is sometimes referred to as the double-ITCZ problem. While the 265 

majority of studies have examined this problem in the Pacific basin (e.g. Lin 2007; 266 

deSzoeke and Xie 2008; Belluci et al. 2010), a few have also examined its Atlantic 267 

counterpart, e.g. Biasutti et al. (2006). To our knowledge, the impact of the southward 268 

ITCZ shift on the equatorial easterlies has not been discussed in detail. An AMIP in-269 

ter-model scatter plot of climatological south-of-the-equator precipitation (averaged 270 

from 40W-10E, 10-4S) versus climatological equatorial zonal wind stress (Fig. 5a) 271 

suggests some correspondence between the two fields. Two obvious outliers are the 272 

atmospheric components of MRI-CGCM3 and GISS-E2-R. With these removed the 273 

correlation increases to 0.57 (vs. 0.36 when all models are included). For the coupled 274 

piControl runs the inter-model correlation is 0.60 with all models included (Fig. 5b), 275 

and 0.86 after excluding three outliers (GISS-E2-H, GISS-E2-R, and EC-EARTH). 276 
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We further investigate the relation between wind and precipitation by plotting the 277 

zonal equatorial wind stress as a function of ITCZ latitude (Fig. 6). piControl simula-278 

tions are used since they exhibit a wider range of ITCZ variability, due to the freely 279 

evolving SST and the longer integration time. Here, ITCZ latitude is calculated for 280 

each month of the respective dataset by zonally averaging precipitation from 40W to 281 

10E and determining the latitude of the precipitation maximum. The relation is fairly 282 

similar in models and the ERA Interim, with the least negative wind stress (i.e. the 283 

weakest easterlies) occurring when the ITCZ is located at around 3S. For some mod-284 

els this wind stress maximum lies closer to or on the equator, e.g. the MRI-CGCM3 285 

(not shown). Note that the zonal wind response is not symmetric with respect to the 286 

ITCZ latitude. The equatorial easterlies rapidly intensify as the ITCZ moves north of 287 

the equator but remain weak as it moves south of the equator. 288 

The equatorial wind response to ITCZ positions on and north of the equator can 289 

be understood in terms of the surface momentum balance (Okumura and Xie 2004; 290 

Ogata and Xie 2011). As the ITCZ shifts further north so do the southeasterly trades. 291 

Thus meridional winds advect easterly momentum toward the equator and strengthen 292 

the equatorial easterlies. This mechanism, however, cannot account for the latitudinal 293 

asymmetry of the response. More detailed analysis will be needed to understand this 294 

behavior, including consideration of meridional asymmetries of the ITCZ. 295 

The sensitivity of the equatorial winds to the ITCZ latitude suggests that the erro-296 

neous southward ITCZ shift in most GCM simulations is intricately linked to the wes-297 

terly surface wind biases. The erroneous southward shift, in turn, is at least partly in-298 

dependent of the SST biases since AGCMs forced with prescribed SSTs also exhibit 299 

this problem to some extent (Fig. 4; see also Biasutti et al. 2006; RX08; Tozuka et al. 300 

2011). In the coupled context the meridional asymmetry of the surface wind response 301 
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to the ITCZ location (Fig. 6) may provide a positive feedback that helps to lock the 302 

ITCZ into a south-equatorial position: as the ITCZ approaches the equator from the 303 

northern hemisphere (typically in boreal spring) the equatorial easterlies weaken, the-304 

reby reducing upwelling and warming SST where the thermocline is shallow. Warmer 305 

SST on the equator, however, facilitates deep convection there, further pulling the 306 

ITCZ equatorward. Once the ITCZ is centered on the equator cross-equatorial surface 307 

winds will be close to zero, thereby shutting off the associated upwelling and cooling 308 

just south of the equator (Philander and Pacanowski 1981). This is somewhat analog-309 

ous to the WES feedback but relies on equatorial upwelling rather than evaporation as 310 

the feedback link. 311 

4. Observed and simulated interannual variability 312 

4.1. Evaluation of CMIP5 performance 313 

We assess interannual SST variability by performing an EOF analysis. Since the 314 

zonal mode is most active during boreal summer we compute EOFs based on JJA sea-315 

sonal means. All datasets were detrended prior to analysis. We focus on the models in 316 

ensemble AN and only show the ensemble mean for the remaining models. The first 317 

EOF mode in the HadISST dataset shows positive loadings along the eastern equator 318 

(approximately 20W-0) and extending southeastward toward the southwest African 319 

coast (Fig. 7). The southeastward branch shows the signature of Benguela Niños, 320 

which are interannual warm anomalies in the Benguela upwelling region (Shannon et 321 

al. 1986; Florenchie et al. 2003). Benguela Niños tend to peak in boreal spring and 322 

commonly precede Atlantic Niños (Florenchie et al. 2003; Luebbecke et al. 2010; 323 

Richter et al. 2010). This tendency is documented by the EOF analysis, which cap-324 

tures the decaying phase of the Benguela Niño. The first EOF mode explains 29% of 325 

the JJA SST variance in the HadISST (Rayner et al. 2003; analysis period 1950-2010). 326 
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In the CMIP5 piControl runs some models seem to be able to capture the zonal 327 

mode structure in their first EOF (Fig. 7). The Beijing Climate Center and Bergen 328 

Climate Center models compare favorably with the observations in terms of both am-329 

plitude and pattern. The GFDL and Hadley Centre models capture the pattern fairly 330 

well but overestimate amplitude. The MRI model has fairly realistic amplitude but 331 

shifts the center too far west and underestimates the Benguela Nino signature. Finally, 332 

the Australian ACCESS1-3 model produces too elongated a pattern along the equator. 333 

The remaining models (grouped into ensemble MOST-AN) produce an SST pattern 334 

that lacks a pronounced equatorial signature and is indicative of basin wide warming. 335 

We note that some of the MOST-AN models feature an Atlantic Niño pattern in their 336 

second EOF (e.g. CCSM4; not shown), indicating that the zonal mode does exist in 337 

those GCMs but is not dominant. Almost all the GCMs examined do not feature a 338 

pronounced peak in cold tongue variability outside boreal summer (not shown), 339 

though some feature a secondary maximum in November, which is consistent with 340 

observations (Okumura and Xie 2006). 341 

For the observations, reanalysis, and ensemble means, we show surface wind and 342 

precipitation regressed on the first principal component of SST. Except for ensemble 343 

MOST-AN, the patterns show positive precipitation anomalies over the Gulf of Gui-344 

nea and extending into the coastal regions of Northwest Africa. Both ensemble AN 345 

and ERA40 indicate intense surface wind convergence that this is collocated with the 346 

center of the precipitation anomalies in the Gulf of Guinea. In the observations, on the 347 

other hand, surface wind convergence and precipitation are weaker and shifted further 348 

west. All three datasets show westerly wind anomalies on the equator that are indica-349 

tive of the Bjerknes feedback. The SST, surface wind and precipitation patterns com-350 
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pare relatively well with previous observational studies (e.g. Ruiz-Barradas et al. 351 

2000; Okumura and Xie 2006). 352 

4.2. Preconditioning of the eastern equatorial Atlantic by MAM easterlies 353 

As discussed in the introduction section, the weakening of the equatorial easter-354 

lies during boreal spring is an important factor in the development of Atlantic Niños. 355 

Richter et al. (2012) have shown that many CMIP3 models feature a strong correla-356 

tion between MAM zonal surface wind and JJA cold tongue SST anomalies. In the 357 

following we examine the preconditioning role of the surface winds in more detail. 358 

Longitude-time sections of seasonally stratified standard deviation along the 359 

equator (Fig. 8) indicate a peak of SST variability in June and June/July for ERA Inte-360 

rim and ERA 40, respectively. The equatorial easterlies, on the other hand, are most 361 

variable in May. Thus maximum wind variability precedes maximum SST variability, 362 

which cannot be explained by the SST-wind component of Bjerknes feedback (i.e. the 363 

influence of eastern equatorial Atlantic SST on western equatorial Atlantic winds). 364 

The models show similar patterns of variability (Fig. 8c) but the peak of SST variabil-365 

ity occurs in July and extends further westward than observed. The simulated wind 366 

stress variability is most pronounced in May, as in the reanalyses, but its maximum is 367 

located eastward toward the center of the basin, while the reanalyses produce maxi-368 

mum variability close to the South American coast. Ensemble AN (Fig. 8d) differs 369 

from ensemble MOST mostly in amplitude, not in pattern. Thus the models with rela-370 

tively realistic Atlantic Niños feature stronger variability in both surface winds and 371 

SST. The temporal separation between surface winds and SST is more obvious in the 372 

models, as the May maximum of wind variability occurs when SST variability is still 373 

low. 374 
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Motivated by the lag between surface wind and SST variability, we calculate the 375 

correlation between MAM zonal surface wind stress in the equatorial Atlantic (40-376 

10W, 2S-2N) and JJA SST in the Atlantic cold tongue region (ACT1; 15-5, 3S-377 

3N) for ICOADS observations, reanalyses, and CMIP5 piControl simulations (Fig. 378 

9a). The reanalysis datasets feature correlations ranging from approximately 0.42 379 

(NCEP reanalysis) to 0.68 (ERA Interim), with the ICOADS observations somewhere 380 

in between at 0.53. The high correlation in ERA Interim might be partly due to the 381 

particular period (1989-2010). ERA40 and NCEP feature higher correlations when 382 

restricted to this period (0.79 and 0.58, respectively), but ICOADS remains low (0.45).  383 

For models, the correlation typically ranges from 0.5 to 0.8, though in some cases 384 

it is much lower. The two GISS models, e.g., have a correlation close to 0. This is 385 

probably at least partly related to their excessively deep thermocline, which is located 386 

at about 80m in the cold tongue region during boreal spring, 20m deeper than the ob-387 

servations suggest (not shown). Another model, EC-EARTH, features a negative cor-388 

relation (-0.24) though we will not analyze the reasons for this behavior here. 389 

We analyze the evolution of Atlantic Niños through a composite analysis keyed 390 

on ACT1 SST. Years for which the JJA SST anomaly exceeds 1.5 standard deviations 391 

are chosen for the composites. The ICOADS observations suggest that the weakening 392 

of the equatorial westerlies and the warming of the cold tongue SSTs occur almost 393 

simultaneously (Fig. 10a), though the wind anomalies drop off before SST peaks. The 394 

ERA40 and SODA reanalyses agree with this simultaneous evolution while the ERA 395 

Interim reanalysis suggests that surface winds lead by one month. 396 

We categorize Atlantic Niños into two types based on the evolution of surface 397 

wind and SST anomalies. The one-stage type features simultaneous evolution of equa-398 

torial zonal surface winds, and cold tongue thermocline depth and SST (see Table 3 399 
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for a list of models). In the two-stage type, on the other hand, wind and thermocline 400 

depth anomalies lead SST anomalies by one to three months. These results from the 401 

composites are confirmed by a lagged correlation analysis (not shown). 402 

The ERA Interim composite suggests a two-stage Atlantic Niño with a 1-month 403 

lag between wind and SST, and is therefore at odds with the other observational and 404 

reanalysis datasets. Limiting the other reanalysis datasets to the ERA Interim period 405 

(1989-2010) does not reconcile the differences. This could suggest a problem either 406 

with data quality or the reanalysis model. Studies of individual warm events (see in-407 

troduction) suggest that both types do occur (e.g. 1984 vs. 1988 as discussed by Car-408 

ton et al. 1994). Thus compositing might conflate the two types of events. A detailed 409 

analysis of individual events should be performed to resolve this but is beyond the 410 

scope of the present study. 411 

Most models feature two-stage Atlantic Niños. This includes all the models that 412 

are able to capture the structure of equatorial Atlantic variability (see section 4.1) ex-413 

cept ACCESS1-3. Other models with a one-stage evolution have a very deep ther-414 

mocline in the eastern equatorial Atlantic (most notably GISS-E2-R and INMCM4), 415 

which might explain their apparent insensitivity to surface wind forcing. 416 

One-stage Atlantic Niños, as seen in the ICOADS, ERA40, NCEP, and SODA 417 

datasets, are consistent with the SST-wind component of the Bjerknes feedback since 418 

the atmospheric winds can quickly adjust to SST anomalies. Oceanic adjustment to 419 

SST induced winds (the oceanic component of the Bjerknes feedback) should take at 420 

least one month as discussed in the introduction. This suggests that one-stage Atlantic 421 

Niños are triggered by local processes (e.g. oceanic Ekman divergence as suggested 422 

by Zebiak 1993), with remotely forced Kelvin waves amplifying the anomalies. 423 
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In two-stage Atlantic Niños, on the other hand, wind forcing in the west precedes 424 

the SST response. This indicates that these events are triggered by wind anomalies 425 

and subsequently amplified by the atmospheric component of the Bjerknes feedback. 426 

Some models feature a lag between wind and SST that is longer than one month. This 427 

cannot be explained by Kelvin wave propagation alone. Rather it suggests that the 428 

Kelvin wave signal acts to precondition the cold tongue region by deepening the 429 

thermocline (as suggested, e.g., by Hormann and Brandt 2009). The long delay time 430 

can be explained by the climatological cycle of upwelling cold tongue region, which 431 

rapidly intensifies in May and June. A westerly wind burst in April, e.g., will deepen 432 

the cold tongue thermocline in May, but its SST expression might not appear until 433 

June when upwelling intensifies. This is analogous to the bias evolution discussed by 434 

RX08. The mechanism implies that the delay between wind stress forcing and SST 435 

response is closely tied to the timing of the wind burst in relation to the seasonal cycle. 436 

4.3. Variability of the ITCZ latitude and its role in Atlantic Niños 437 

In section 3 we have shown that equatorial westerly wind biases are closely re-438 

lated with a southward shifted ITCZ in the climatological sense. Thus models with 439 

strong precipitation south of the equator also feature serious westerly biases on the 440 

equator in boreal spring. Here we would like to examine whether this relation also 441 

plays a role in interannual variability in either observations or GCMs. The Atlantic 442 

Niño composites (Fig. 10) indicate a close correspondence of south-equatorial preci-443 

pitation anomalies and westerly wind anomalies on the equator in the ERA Interim 444 

reanalysis. The piControl simulations show a similar relation between the two fields 445 

(Figs. 10ef).  446 

To obtain a more comprehensive view of the dynamics associated with south-447 

equatorial precipitation anomalies, we composite anomalies of precipitation, surface 448 
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wind vectors, and SST on equatorial westerly wind anomalies exceeding 2.5 standard 449 

deviations during boreal spring (MAM). The AN ensemble mean over composites 450 

(Fig. 11b) shows a precipitation dipole with positive values south of the equator be-451 

tween 30W and the African coast, and negative values to the west and north. The 452 

precipitation anomalies are accompanied by a weakening of the South Atlantic sub-453 

tropical high, as evidenced by the cyclonic surface wind anomalies (Fig. 11b). Close 454 

to the equator, northwesterly surface wind anomalies are prominent. Overall, the 455 

structure is quite similar to the mean state biases in the AMIP runs (Fig. 3) except that 456 

continental signals are weak and that the south-equatorial lobe is shifted to the east. In 457 

the ERA40 reanalysis there is some indication that southward shifts of the Atlantic 458 

ITCZ are linked to dry anomalies over northern South America and the eastern tropi-459 

cal Pacific between 0-10ºN (Fig. 11a). Such a link is not evident in the GCM ensem-460 

ble mean (Fig. 11b) though it does feature to some extent in individual models (not 461 

shown). Thus the GCM analysis does not indicate that continental precipitation has a 462 

dominant influence on interannual south-equatorial ITCZ excursions and concomitant 463 

westerly wind anomalies. 464 

The ensemble mean SST anomaly pattern in Fig. 11a indicates cooling (warming) 465 

north (south) of the equator, consistent with the precipitation anomalies and indicative 466 

of the meridional gradient mode. The ERA40 reanalysis (Fig. 11a) presents a qualita-467 

tively similar picture. Thus both reanalysis and GCMs suggests a link between the 468 

meridional and zonal mode, in which a pre-existing meridional SST gradient in boreal 469 

spring shifts the ITCZ and trade wind system southward, thus inducing westerly wind 470 

anomalies on the equator. This, in turn, deepens the eastern equatorial thermocline 471 

and sets the stage for an Atlantic Niño in boreal summer. Such a mechanism has been 472 

discussed by Servain et al. (1999, 2000). A simple correlation of MAM meridional 473 
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mode and JJA zonal mode indicates relatively weak values for observations and rea-474 

nalyses that range from 0.3 to 0.4 (Fig. 9b). In the piControl runs this correlation 475 

tends to be higher, particularly for the AN models. 476 

Note that there is no clear correspondence between the spatial patterns of precipi-477 

tation and SST anomalies. While the precipitation anomalies are most pronounced in 478 

the center of the basin, the SST anomalies tend to be closer toward the African coast 479 

both north and south of the equator. Certainly, the mean state SST plays an important 480 

role in shaping the pattern of precipitation anomalies; sensitivity of precipitation will 481 

be weak where SST is below the threshold for deep convection. 482 

 483 

5. Discussion 484 

5.1. Mean state biases 485 

Our analysis of CMIP5 model performance in the tropical Atlantic indicates that, 486 

over all, improvement since CMIP3 (RX08) has only been modest. In fact, the en-487 

semble mean biases (Figs. 2 and 3) appear almost identical to those discussed by 488 

RX08 in terms of both pattern and magnitude. One should keep in mind that the mod-489 

el sets in RX08 and the present study are different so that comparing the two ensem-490 

bles can give only a rough impression of the improvement (or lack thereof) since 491 

CMIP3. In fact, the Hadley Centre and MRI models have achieved substantial im-492 

provement over respective earlier versions and eliminated a significant portion of 493 

their equatorial Atlantic biases. Apart from these two CMIP5 models, there have re-494 

cently been two other coupled GCMs with a rather realistic representation of the trop-495 

ical Atlantic mean state (see Richter et al. 2010 and Tozuka et al. 2011 for results 496 

from these models). This suggests that tropical Atlantic biases can be overcome even 497 

in the absence of fundamental changes in terms of parameterization approach or reso-498 



 21 

lution (see also Wahl et al. 2011). Despite these few positive developments the overall 499 

lack of progress is somewhat disappointing. The reason might be related to the fact 500 

that many modeling centers have focused their CMIP5 efforts on adding new compo-501 

nents, such as dynamic vegetation, chemistry, and carbon cycle, in order to perform 502 

the required experiments. It remains an open question if mean state biases have a sub-503 

stantial impact on climate projections but if so it might be crucial to intensify efforts 504 

on improving basic model performance before adding complexity. Another obstacle 505 

to progress in the tropical Atlantic might be that its problems are, in some sense, op-506 

posite to those in the tropical Pacific. Most models underestimate cold tongue SSTs in 507 

the Pacific while severely overestimating them in the Atlantic. Likewise, the equatori-508 

al easterlies are overestimated over the Pacific but underestimated over the Atlantic. 509 

Thus attempting to remedy problems in one basin can easily exacerbate them in the 510 

other. Modifications designed to reduce the Pacific equatorial easterlies, e.g., are like-511 

ly to also reduce them over the Atlantic and thus further worsen SST biases there. 512 

The seasonal evolution of surface wind, thermocline depth, and SST biases in the 513 

equatorial Atlantic (Fig. 2) is similar to that found by RX08 and thus suggests that a 514 

similar mechanism is responsible for the biases: surface winds in boreal spring deepen 515 

the eastern equatorial thermocline and thus increase subsurface temperatures. This 516 

reduces SST cooling during the main upwelling season in boreal summer. RX08 517 

found that the surface wind biases already exist in uncoupled AGCMs forced with 518 

observed SST, and that they were related to both continental and oceanic precipitation 519 

biases. While RX08 and Richter et al. (2012) examined the role of continental precipi-520 

tation biases, here we propose an additional mechanism that emphasizes the role of 521 

the erroneous southward shift of the marine ITCZ. Both problems appear to originate 522 

in the atmospheric model components but the surface wind biases appear to be more 523 
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directly linked to ITCZ latitude than to continental precipitation. Doi et al. (2012) re-524 

port similar results for two versions of the GFDL coupled GCM. 525 

While we have emphasized here the role of the atmospheric model components in 526 

generating coupled model biases, this does not mean we discount other error sources. 527 

Rather we have followed one promising lead but other model shortcomings, such as 528 

e.g. diffuse thermoclines in the oceanic components, are likely to contribute and 529 

should be studied carefully. 530 

5.2. Interannual variability 531 

Despite substantial mean state biases several models are able to reproduce ob-532 

served equatorial variability to some extent, including pattern, magnitude, preferred 533 

occurrence in boreal summer, and duration of the event (see Fig. 10). This represents 534 

a substantial improvement over CMIP3 models, most of which failed to represent the 535 

zonal mode adequately (Breugem et al. 2006). Of course, room for improvement re-536 

mains even for the more successful models. A common difference between observa-537 

tions and models is that the latter produce maximum zonal mode variability in July or 538 

August, which is 1-2 months later than observed. This delayed onset is paralleled by 539 

the cold tongue thermocline depth, which reaches its annual minimum 1-2 months 540 

later than observed (August/September vs. July; not shown). As RX08 and the present 541 

study show, the thermocline depth evolution is very sensitive to western equatorial 542 

wind stress forcing, which in turn relates to the latitude of the ITCZ (see section 3). 543 

Latitude-time sections of precipitation and wind stress (Fig. 12) indicate that the lati-544 

tudinal migration of the western Atlantic ITCZ is much more pronounced in the mod-545 

els than in observations. In observations the range is 0-8N (April vs. August), while 546 

in the coupled model ensemble average it is 6S-8N (March vs. September). From 547 

May to June the simulated ITCZ jumps from a south-equatorial to a north-equatorial 548 
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position, which is accompanied by a strong increase in equatorial easterlies. Thus the 549 

exaggeration of the ITCZ latitude range might contribute to the delayed onset of si-550 

mulated cold tongue season and interannual variability. 551 

While the simulated interannual SST variability in some models compares fairly 552 

well with observations, its relation to equatorial surface wind forcing appears to be 553 

different from that observed. In the models the evolution of Atlantic Niños occurs in 554 

two distinct phases. In the first phase westerly wind anomalies deepen the thermocline 555 

in the eastern equatorial Atlantic. In the second phase the subsurface temperature 556 

anomalies are brought to the surface by seasonal upwelling. This two-phase evolution 557 

typically involves a 1-3 month delay between surface wind anomalies and maximum 558 

SST response. Observations and reanalyses, on the other hand, suggest a one-phase 559 

evolution of Atlantic Niños, in which westerly wind, thermocline depth, and SST 560 

anomalies increase more or less simultaneously (in a monthly average sense). This 561 

might imply a deficiency in the simulated mechanism for interannual variability, like-562 

ly related to the delayed cold tongue onset. On the other hand, it is possible that sur-563 

face wind observations do not provide enough spatio-temporal coverage and accuracy 564 

to depict the evolution of Atlantic Niños. In addition, a recent study by Richter et al. 565 

(2012) suggests that there are large differences among observed events in terms of the 566 

evolution of wind and SST anomalies, with some events featuring a well-defined two-567 

phase evolution. Such differences cannot be captured by compositing and will require 568 

a more detailed analysis. 569 

6. Conclusions 570 

We have investigated the mean state and interannual variability of the equatorial 571 

Atlantic simulated by GCM simulations participating in the CMIP5 intercomparison. 572 

Mean state biases continue to pose a serious problem for most (though not all) of the 573 
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coupled GCMs analyzed here. The seasonal evolution of model biases follows the 574 

same pattern as discussed for CMIP3 (RX08), which involves weakening of the equa-575 

torial easterlies in boreal spring, subsequent deepening of the eastern equatorial ther-576 

mocline, and maximum cold tongue SST bias during the boreal summer upwelling 577 

season. MAM surface wind biases are incipient in the atmospheric model components 578 

forced with observed SST. They are associated with precipitation biases over the ad-579 

jacent landmasses and a southward shift of the marine ITCZ. Particularly the ITCZ 580 

bias is closely linked to equatorial winds both in terms of inter-model spread and inte-581 

rannual variability. 582 

Regarding interannual variability, we find that despite their mean state biases 583 

several GCMs show reasonable performance in reproducing observed patterns, ampli-584 

tude, and phase locking of SST anomalies. Thus mean state biases do not necessarily 585 

preclude interannual equatorial Atlantic variability with realistic features. The simu-586 

lated phase relation between surface wind and SST anomalies features a 1-3 month 587 

lag between the two fields when warm events are composited. This does not show in 588 

the composites of observations and reanalyses where these fields vary more or less 589 

simultaneously. 590 

In both models and observations, Atlantic Niños are associated with south-591 

equatorial excursions of the marine ITCZ, which are accompanied by northwesterly 592 

surface wind anomalies on the equator. The wind anomalies, in turn, can induce warm 593 

SST anomalies on and just south of the equator through their influence on oceanic 594 

upwelling. This suggests a positive feedback for the development of interannual SST 595 

anomalies. Since the ITCZ position is also dependent on the more remote subtropical 596 

Atlantic SST north and south of the equator, there is an obvious pathway for the meri-597 

dional mode to influence the zonal mode. 598 
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Captions 772 

 773 

A. Tables 774 

Table 1.   Coupled GCMs analyzed in this study. The second and third columns 775 

list the models selected for ensemble MOST and AN, respectively. 776 

 777 

Table 2.   AMIP GCMs analyzed in this study. Column two shows the names of 778 

corresponding coupled counterparts in piControl. Column three indicates which mod-779 

els are included in ensemble AMIP. 780 

 781 

Table 3.   AMIP GCMs analyzed in this study. Column two shows the names of 782 

corresponding coupled counterparts in piControl. Column three indicates which mod-783 

els are included in ensemble AMIP. 784 

 785 

B. Figures 786 

Fig. 1  Climatological annual mean SST along the equator averaged between 2S-787 

2N for a CMIP5 pre-industrial Control simulations, and b CMIP3 pre-industrial Con-788 

trol simulations. The thick black line in both panels shows the OISST observations, 789 

the thick green line the ensemble average. 790 

 791 

Fig. 2  Longitude-time sections of biases in SST (shading; K), surface wind stress 792 

(vectors; reference vector 0.2 Nm-2×E-1), and 20C-isotherm depth (contours; inter-793 

val 5 m) for the pre-industrial control simulations. All fields are meridionally aver-794 

aged from 2S to 2N. Biases are in relative to OISST (SST), ICOADS based WAS-795 
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Wind (surface wind stress), and World Ocean Atlas (20C-isotherm depth). The pa-796 

nels show ensemble averages over a nearly all models, and b models with a relatively 797 

realistic representation of Atlantic Niños. See Table 1 for a definition of the model 798 

ensembles. 799 

 800 

Fig. 3  Climatological MAM biases of precipitation (shading; mm d-1), and sur-801 

face wind stress (vectors; reference vector 0.2 Nm-2×E-1) for a model ensemble of 802 

AMIP simulations. See Table 1 for a definition of the ensemble. Biases are with re-803 

spect to GPCP precipitation and WASWind surface wind stress. 804 

 805 

Fig. 4  Intermodel scatter plot of MAM precipitation averaged over the equatorial 806 

Amazon region (70-40W, 0-5N) and MAM equatorial surface zonal wind stress 807 

(averaged over 40-10W, 2S-2N). Each letter corresponds to one dataset. ―a‖ and ―b‖ 808 

mark the observations and ERA40 reanalysis, respectively. Observations are GPCP 809 

precipitation and WASWind zonal wind stress. The black line shows a linear regres-810 

sion fit. Correlation coefficient and its square are displayed in the lower left. 811 

 812 

Fig. 5  Intermodel scatter plots of climatological MAM precipitation south of the 813 

equator (40W-10E, 10-4S) and MAM equatorial zonal surface wind stress (40-814 

10W, 2S-2N) for a AMIP simulations, and b pre-industrial control simulations. 815 

The regression line calculations exclude outliers (―e‖, ―j‖, ―s‖ for panel a, and flux-816 

corrected models and ―k‖, ―r‖,‖s‖ for panel b). Correlations are displayed in the lower 817 

right and upper left for panels a and b, respectively. Observations (letter ―a‖) are 818 

based on GPCP precipitation and WASWind zonal wind stress. 819 

 820 
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Fig. 6  Equatorial surface zonal wind stress (averaged over 40-10E, 2S-2N) as 821 

a function of ITCZ latitude for a the ERA Interim reanalysis (left panel), and b the 822 

pre-industrial control MOST ensemble. ITCZ latitude was calculated based on 823 

monthly mean precipitation and used to composite the concomitant zonal wind stress 824 

index. See text for details. The blue shading in panel b indicates the 95% confidence 825 

level based on the inter-ensemble variance. 826 

 827 

Fig. 7  First EOF of seasonally averaged JJA SST (shading; K) in the HadISST, 828 

ERA40, ensemble AN, MOST-AN, which excludes AN models, and individual AN 829 

members (bottom two rows). The PC was normalized such that the EOF indicates 830 

amplitude. The respective explained variance is indicated at the top of each panel, ex-831 

cept for ensemble means. The upper two rows additionally show surface wind (vec-832 

tors; reference 0.5 m s-1 per standard deviation) and precipitation (contours; interval 833 

0.3 mm d-1 per standard deviation) regressed on the principal component of the first 834 

SST EOF. 835 

 836 

Fig. 8  Longitude-time sections of interannual standard deviation of SST (shad-837 

ing; K), and surface zonal wind stress (contours; interval 0.2 Nm-2×E-2). Both fields 838 

are averaged from 2S to 2N. The individual panels show a ERA Interim reanalysis, 839 

b ERA 40 reanalysis, c ensemble MOST-AN, and d ensemble AN. 840 

 841 

Fig. 9  Correlation calculated for observations, reanalysis, pre-industrial control 842 

simulations for the following anomaly fields. a MAM equatorial surface zonal wind 843 

stress (averaged over 40-10E, 2S-2N) and JJA cold tongue SST (15-5W, 3S-844 

3N), and b JJA cold tongue SST and MAM meridional SST gradient (30W-10E, 845 
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18-6S minus 80-10W, 6-18N. Models belonging to ensemble AN are marked with 846 

a blue rectangle. 847 

 848 

Fig. 10  Composite evolution of anomalous surface zonal wind stress (40-10E, 849 

2S-2N; green line), SST (15-5W, 3S-3N; blue line), 20C-isotherm depth (15-850 

5W, 3S-3N; orange line), and precipitation (40W-10E, 10-4S; red line). The cri-851 

terion for compositing was based on 1.5 standard deviations of JJA SST in the cold 852 

tongue region (15-5W, 3S-3N). All fields have been normalized by their respective 853 

standard deviations. The panels show a ICOADS, b ERA40, c ERA Interim, d SODA, 854 

e the ensemble average over models with one-stage Atlantic Niños, and f the ensem-855 

ble average over models with two-stage Atlantic Niños (see text for details). 856 

 857 

Fig. 11  Anomalies of precipitation (shading; mm d-1), surface winds (vectors; 858 

reference 2 m s-1), and SST (contours; interval 0.2 K), composited on MAM surface 859 

zonal wind anomalies along the equator (40-10W, 2S-2N) that exceed 2.5 standard 860 

deviations. The panels show a ERA40 reanalysis, and b ensemble AN. 861 

 862 

Fig. 12  Latitude-time sections of climatological precipitation (shading; mm d-1) 863 

and surface wind stress (vectors; reference 5 Nm-2×E-2) averaged between (40-864 

30W). The panels show a GPCP precipitation and WASWind surface wind stress, b 865 

ERA Interim reanalysis, c ensemble MOST, d ensemble AN. The orange contour 866 

lines in panels b, c, and d show the precipitation difference with the GPCP climatolo-867 

gy. 868 



 37 

A. Tables 

model ensemble MOST ensemble AN 

ACCESS1-0 x  

ACCESS1-3 x x 

bcc-csm1-1 x x 

BNU-ESM x  

CanESM2 x  

CCSM4 x  

CNRM-CM5 

 

  

CSIRO-Mk3-6-0 x  

EC-EARTH x  

FGOALS-g2 x  

FGOALS-s2 x  

FIO-ESM x  

GFDL-CM3 x x 

GFDL-ESM2G x  

GFDL-ESM2M x x 

GISS-E2-H x  

GISS-E2-R x  

HadGEM2-CC   

HadGEM2-ES x x 

inmcm4 x  

IPSL-CM5A-LR   

IPSL-CM5A-MR   

IPSL-CM5B-LR   

MIROC4h x  

MIROC5 x x 

MIROC-ESM x  

MIROC-ESM-CHEM   

MPI-ESM-LR x  

MPI-ESM-MR x  

MPI-ESM-P   

MRI-CGCM3 x x 

NorESM1-M x x 

NorESM1-ME   

Table 1.   Coupled GCMs analyzed in this study. The second and third columns list the models se-

lected for ensemble MOST and AN, respectively.  
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model piControl counterpart ensemble AMIP 

bcc-csm1-1 bcc-csm1-1 x 

CanAM4 CanESM2 x 

CNRM-CM5 

 

CNRM-CM5  

CSIRO-Mk3-6-0 CSIRO-Mk3-6-0  

EC-EARTH EC-EARTH  

FGOALS-s2 FGOALS-s2 x 

GFDL-ESM2M gfdl_cm2_1 (CMIP3) x 

GFDL-HIRAM-C180   

GFDL-HIRAM-C360   

GISS-E2-R GISS-E2-R x 

HadGEM2-ES HadGEM2-A x 

inmcm4 inmcm4 x 

IPSL-CM5A-LR IPSL-CM5A-LR  

MIROC5 MIROC5 x 

MPI-ESM-LR MPI-ESM-LR x 

MPI-ESM-MR MPI-ESM-MR x 

MRI-AGCM3-2H   

MRI-AGCM3-2S   

MRI-CGCM3 MRI-CGCM3 x 

NorESM1-M NorESM1-M x 

Table 2.   AMIP GCMs analyzed in this study. Column two shows the names of corresponding 

coupled counterparts in piControl. Column three indicates which models are included in ensemble AMIP. 
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model 1-stage Niño 2-stage Niño ensemble AN 

ACCESS1-0  x  

ACCESS1-3 x  x 

bcc-csm1-1  x x 

BNU-ESM  x  

CanESM2 x   

CCSM4  x  

CSIRO-Mk3-6-0 x   

FGOALS-g2    

FGOALS-s2    

FIO-ESM    

GFDL-CM3  x x 

GFDL-ESM2G    

GFDL-ESM2M  x x 

GISS-E2-R x   

HadGEM2-ES  x x 

inmcm4 x   

MIROC4h x   

MIROC5  x x 

MIROC-ESM x   

MPI-ESM-LR  x  

MRI-CGCM3  x x 

NorESM1-M  x x 

Table 3.   AMIP GCMs analyzed in this study. Column two shows the names of corresponding 

coupled counterparts in piControl. Column three indicates which models are included in ensemble AMIP. 
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