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Abstract  13 

Common problems in state-of-the-art climate models are a cold sea surface temperature (SST) bias in 14 

the equatorial Pacific and the underestimation of the two most important atmospheric feedbacks 15 

operating in the El Niño/Southern Oscillation (ENSO): the positive, i.e. amplifying wind-SST feedback 16 

and the negative, i.e. damping heat flux-SST feedback. To a large extent, the underestimation of those 17 

feedbacks can be explained by the cold equatorial SST bias, which shifts the rising branch of the 18 

Pacific Walker Circulation (PWC) too far to the west by up to 30°, resulting in an erroneous convective 19 

response during ENSO events. Based on simulations from the Kiel Climate Model (KCM) and the 5th 20 

phase of Coupled Model Intercomparison Project (CMIP5), we investigate how well ENSO dynamics 21 
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are simulated in case of underestimated ENSO atmospheric feedbacks (EAF), with a special focus on 22 

ocean-atmosphere coupling over the equatorial Pacific. While models featuring realistic atmospheric 23 

feedbacks simulate ENSO dynamics close to observations, models with underestimated EAF exhibit 24 

fundamental biases in ENSO dynamics. In models with too weak feedbacks, ENSO is not 25 

predominantly wind-driven as observed; instead ENSO is driven significantly by a positive shortwave 26 

radiation feedback. Thus, although these models simulate ENSO, which in terms of simple indices is 27 

consistent with observations, it originates from very different dynamics. A too weak oceanic forcing on 28 

the SST via the positive thermocline, the Ekman and the zonal advection feedback is compensated by 29 

weaker atmospheric heat flux damping. The latter is mainly caused by a biased shortwave-SST 30 

feedback that erroneously is positive in most climate models. In the most biased models, the 31 

shortwave-SST feedback contributes to the SST anomaly growth to a similar degree as the ocean 32 

circulation. Our results suggest that a broad continuum of ENSO dynamics can exist in climate models 33 

and explain why climate models with less than a half of the observed EAF strength can still depict 34 

realistic ENSO amplitude.  35 

 36 

1. Introduction 37 

El Niño/Southern Oscillation (ENSO) is the most prominent climate variability on interannual 38 

timescales. Its warm (cold) phase, El Niño (La Niña), is associated with warm (cold) sea surface 39 

temperature (SST) anomalies in the central and eastern equatorial Pacific (Philander 1990). ENSO has 40 

huge socio-economic impacts, as it causes extreme weather events in the Pacific region and beyond 41 

(McPhaden 1999). As ENSO is a coupled atmosphere-ocean phenomenon, atmospheric and oceanic 42 

amplifying and damping feedbacks are involved in the generation and termination of  ENSO (e.g. Jin et 43 

al. 2006). The two most important atmospheric feedbacks are the positive wind-SST feedback and the 44 



negative heat flux-SST feedback (Lloyd et al. 2009, 2011, 2012), with the former prominent over the 45 

western equatorial Pacific (Niño4 region, 160°E-150°W, 5°S-5°N) and the latter over the western and 46 

eastern equatorial Pacific (Niño4 and Niño3 (90°W-150°W, 5°S-5°N) regions). The strength of both 47 

feedbacks strongly depends on the position of the rising branch of the PWC, as both are tied to the 48 

convective response to SST anomalies (SSTa) over the equatorial Pacific (Bayr et al. 2018, hereafter 49 

B18). Figure 1 schematically illustrates the relation between equatorial Pacific SST, PWC and 50 

atmospheric feedbacks. In observations, the rising branch of the PWC is roughly at 150°E and shifts to 51 

the east (west) during an El Niño (La Niña) event (Fig. 1a), which causes a positive (negative) surface 52 

wind anomaly in the Niño4 region and a negative (positive) downward net heat flux anomaly across the 53 

equatorial Pacific due to more (less) clouds and less (more) solar radiation reaching the surface (Fig. 54 

1b). 55 

  56 

Despite improvements during the last decades, state-of-the-art coupled general circulation models 57 

(CGCMs) still show a large diversity in simulated ENSO under present-day conditions (e.g. Bellenger 58 

et al. 2014; Vijayeta and Dommenget 2018). Also in the projections for the 21st century the ENSO 59 

response to global warming remains highly uncertain (e.g. Stocker et al. 2013; Zheng et al. 2016; Li et 60 

al. 2017; Chen et al. 2017). A cold SST bias in the western equatorial Pacific, which is a common 61 

problem of many CGCMs, has been identified to account for a large part of model diversity in both 62 

oceanic and atmosphere feedbacks (Kim et al. 2014, B18). The cold SST bias causes a La Niña-like 63 

mean state with a too westward position of the rising branch of the PWC (Fig. 1c) that is associated 64 

with too strong descent and too little precipitation over the Niño4 region (B18). As a result, the 65 

convective response to SSTa is too weak and hampers both atmospheric feedbacks (Fig. 1d). The 66 

earlier studies of Guilyardi et al. (2009a) and Kim et al. (2014b) suggested error compensation between 67 

the too weak wind response and the too weak atmospheric heat flux damping in many CGCMs. 68 

Further, it has been shown that the biased shortwave feedback contributes strongest to the 69 



underestimated net heat flux feedback on SSTa, as the shortwave feedback is too weak in the Niño4 70 

region and can even become positive in the Niño3 region in the presence of a strong cold bias. This can 71 

be explained by an overestimation of low-level stratus clouds which dissolve, for example, when SST 72 

is rising during an El Niño event (Lloyd et al. 2009, 2011, 2012; Dommenget et al. 2014; B18). 73 

  74 

The study of B18 focused on the underestimated ENSO atmospheric feedbacks (EAF) and their relation 75 

to the mean-state biases in SST and PWC position. Too weak EAF may also bias the simulated ENSO 76 

dynamics, as suggested in Dommenget et al. (2014). This study further investigates the biases in ENSO 77 

dynamics in models with underestimated EAF. Three different methods are used: first, we use the 78 

framework of the Bjerknes feedback (Bjerknes 1969), which describes the basic positive feedback in 79 

ENSO. Second, we apply the Bjerknes Stability (BJ) index (Jin et al. 2006), which is a more 80 

sophisticated method and scales the positive and negative feedbacks in a way that they are directly 81 

comparable to each other. As a third method we exploit a Slab-Ocean SST calculated offline from the 82 

CGCM data to get an estimate of how much of the SST tendency over the tropical Pacific is caused by 83 

the heat fluxes. 84 

 85 

The aim of this study is to enhance the understanding of how ocean-atmosphere coupling and ENSO 86 

dynamics are captured in climate models with underestimated EAF and to explain why climate models 87 

with a strongly underestimated wind-SST feedback still can depict realistic ENSO amplitude. We 88 

investigate the same multi-model ensemble of phase 5 of the Coupled Model Intercomparison Project 89 

(CMIP5) and perturbed physics ensemble of the KCM as in B18. This manuscript is organized as 90 

follows: In section 2 we give an overview of the data and methods used in this study, and in section 3 91 

we analyze the atmospheric feedbacks. The Bjerknes feedback is investigated in section 4, while a 92 

more detailed analysis of the positive and negative feedbacks in ENSO is given by means of the BJ 93 

index in section 5. In section 6, we analyze the relative roles of wind and heat flux feedback in ENSO 94 



dynamics, and the effect of error compensation among the EAF on ENSO amplitude is addressed in 95 

section 7. A summary and discussion of the major results are given in section 8. 96 

 97 

2. Data and Methods 98 

A perturbed physics ensemble is performed with the Kiel Climate Model (KCM) (Park et al. 2009), the 99 

same as used in B18 (Tab. 1A in B18). KCM consists of the ECHAM5 atmosphere model (Roeckner et 100 

al. 2003) and the NEMO ocean-sea ice model (Madec et al. 1998; Madec 2008). ECHAM5 is run with 101 

a T42 horizontal resolution (~2.8°). NEMO is integrated on a 2°-Mercator mesh (ORCA2), with 102 

enhanced meridional resolution of 0.5° in the equatorial region and 31 vertical levels. In total we 103 

performed 40 “present day” integrations (employing an atmospheric CO2-concentration of 348 ppm) 104 

that differ in vertical resolution (19, 31, and 62 levels, all have 10 hPa as the top level) and in the 105 

parameters of the convection scheme. The “convective mass-flux above level of non-buoyancy”, 106 

“entrainment rate for shallow convection” and “convective cloud conversion rate from cloud water to 107 

rain” are varied. All three parameters can be used to tune climate models, as discussed in detail in 108 

Mauritsen et al. (2012) and the chosen values lie within the suggested range. In each sensitivity 109 

experiment the ocean is initialized from Levitus climatology (Levitus et al. 1998). The experiments are 110 

100 years long and the last 80 years were analyzed. The vertical resolution only has a small influence 111 

on the EAF strength (B18). Further, B18 could show by dedicated atmosphere-only experiments that 112 

the chosen parameters only have a minor direct effect on EAF strength, while the indirect effect by 113 

changing the equatorial SST bias explains most of the spread in EAF in the KCM perturbed physics 114 

ensemble.  115 

 116 

For comparison two types of atmosphere-only experiments are performed: In “AMIP-type” 117 



experiments we force ECHAM5 by observed monthly SSTs (1980 - 2009) from HadISST using the 118 

three vertical resolutions (19, 31 and 62 levels) (Tab. 1B in B18). In the “KCM Biased-Slab-Ocean 119 

experiment” (Tab. 1E in B18) ECHAM5 is coupled to a slab ocean that is controlled to mimic a SST 120 

climatology with a large equatorial Pacific cold SST bias (see Dommenget, 2010 for details). In such 121 

an experiment Dommenget (2010) found a heat flux-driven El Niño-like SST variability.  122 

 123 

From the CMIP5 database (Taylor et al. 2012) we use historical simulations (1900-1999) and, if 124 

available, the AMIP experiments with these models (see Tab. 1 for a list of the models). For 125 

consistency, we choose here the same CMIP5 models as in B18, but the oceanic data was only 126 

available for 21 of the 24 models used in B18 and AMIP experiments for 18 of the 21 models (Tab. 1). 127 

The data is interpolated on a regular 2.5°×2.5° grid. 128 

 129 

We use observed SSTs for the period from 1958 to 2015 from HadISST (Rayner et al. 2003). From 130 

ERA40 reanalysis (Uppala et al. 2005) and ERA-Interim reanalysis (Simmons et al. 2007) we use for 131 

the period from 1958 to 2001 and from 1979 to 2015, respectively, the 10m zonal wind (U10), zonal 132 

wind stress (τx) and surface heat fluxes. Observed subsurface ocean temperatures for the period from 133 

1979 to 2015 is taken from HadEN4 (Good et al. 2013), and subsurface ocean temperatures and 134 

velocities for the period from 1958 to 2001 from SODA 2.0.2 reanalysis (Carton and Giese 2008). The 135 

thermocline depth is defined as the depth of the 20°C isotherm. As ENSO characteristics vary on 136 

decadal timescales (Lübbecke and McPhaden 2014; Guan and McPhaden 2016) and observed records 137 

are short, observational estimates of ENSO strength are subject to some uncertainty. However, ENSO 138 

characteristics derived from the different observational datasets and reanalysis products do not strongly 139 

differ among each other, as shown below. 140 



 141 

We consider monthly-mean values with the climatological seasonal cycle removed, and all data is 142 

linearly detrended for each month separately. The wind-SST feedback is calculated here by linear 143 

regression of zonal wind stress anomalies in the Niño4 region on SSTa in the Niño3.4 region (120°W-144 

170°W, 5°S-5°N). As this study focuses on the coupled ocean-atmosphere ENSO dynamics we use 145 

zonal wind stress (τx) instead of 10m zonal wind (U10) as in B18, as it is the wind stress that drives 146 

ocean circulation. Data from ERA-Interim and ERA40 suggest that a τx-feedback of 100 Pa/K 147 

corresponds to a U10-feedback of roughly 1 m/s/K (as indicated by the dashed line in Fig. 2a,b). The 148 

perturbed physics ensemble of KCM has a stronger τx feedback than U10 feedback (all experiments are 149 

below the dashed line). In the CMIP5 multi-model ensemble, there is some spread in this relation (Fig. 150 

2b): some models have roughly the same τx and U10 feedback and other models exhibit nearly a factor 151 

2 difference (e.g. MRI-CGCM3 and IPSL-CM5A-MR, see also Tab. 1). The reason for this difference 152 

between the τx feedback and U10 feedback arises from the different τx calculation in the climate 153 

models, which origin in different drag coefficient parametrizations or non-linear effects  (e.g. Zhai and 154 

Greatbatch 2007). Further, it is important to note that using fixed regions to calculate EAF may not 155 

capture the nature of the feedbacks in the models, as the feedbacks may operate in a different region in 156 

comparison to observations. An alternative would be the use of individual boxes for each model. As 157 

both methods have advantages and disadvantages, we use fixed boxes, because this is the more 158 

conservative. 159 

 160 

From the output of the models we calculate the Bjerknes feedback, which has three elements: the zonal 161 

wind stress response over the western equatorial Pacific to SSTa in the eastern equatorial Pacific, the 162 

thermocline response to zonal wind stress changes, and the response of eastern equatorial SSTa to local 163 

thermocline perturbations. As a quantitative measure of the positive and negative feedbacks operating 164 



in ENSO the Bjerknes Stability (BJ) index is used. The BJ index derivation is described in Jin et al. 165 

(2006) and we apply modifications following Wengel et al. (2018b). The BJ index consists of three 166 

positive feedbacks, the zonal advection feedback, the Ekman feedback and the thermocline feedback, 167 

and two negative feedbacks, the dynamical damping and thermal damping. The three positive 168 

feedbacks describe the sensitivity of the zonal ocean currents, upwelling and thermocline tilt, 169 

respectively, to zonal wind stress changes and their impact of SST. The two negative feedbacks 170 

represent the damping of SSTa by the mean ocean currents and atmospheric heat fluxes (see Table 3 in 171 

Wengel et al. 2018b for a detailed formulation of the BJ index). The BJ index is defined as the sum of 172 

all positive and negative feedbacks. It is derived here from ERA40/SODA reanalyses and the 173 

individual KCM experiments separately for each calendar month. It is important to note that the BJ 174 

index is based on linear regression and thus cannot capture nonlinear ENSO dynamics (Graham et al. 175 

2014). The nonlinearity of ENSO, however, is underestimated in the majority of current climate models 176 

(Bellenger et al. 2014; Karamperidou et al. 2017; Timmermann et al. 2018), especially in climate 177 

models with weak EAF (B18). Further, a major advantage of the BJ index is that the individual 178 

feedbacks are scaled such that they can be directly compared to each other. Therefore the BJ index is 179 

an appropriate tool for our purpose, as it is able to capture the main aspects of ENSO dynamics.  180 

 181 

To derive a quantitative measure of how similar the simulated ENSO is to the heat flux-driven El Niño-182 

like variability in the Biased-Slab-Ocean experiment from Dommenget (2010), we mimic a slab ocean 183 

SST for the CGCM runs with the KCM and the CMIP5 models (i.e. the SST in the absence of 184 

anomalous ocean circulation). We integrate the net surface heat flux, similar to Drews and Greatbatch 185 

(2016), but start six month before the maximum SSTa of the ENSO event: 186 

𝑑𝑆𝑆𝑇 =
1

𝑐𝑝 ∙ 𝜌 ∙ 𝐻
∫ 𝑄𝑛𝑒𝑡𝑑𝑡
𝑡=0

𝑡=−6

 187 



Here  cp = 4000 J kg-1 K-1 is the specific heat capacity at constant pressure of sea water, ρ = 1024 kg m-3 188 

the average density of sea water, H = 50 m the depth of the slab ocean and t the time in months. We 189 

integrate the 6 months before the ENSO event, as this is the average growth period in HadISST, 190 

CMIP5 and KCM and we do the integration for each ENSO event individually, before averaging over 191 

all ENSO events. The difference in the 6 months before the peak of the ENSO event between the 192 

simulated SST change in the CGCMs and the  change in the calculated slab ocean SST provides an 193 

estimate of how much of the SST change is caused by an anomalous ocean circulation. Similar 194 

calculations are performed separately for the net surface shortwave radiation, net surface longwave 195 

radiation and surface sensible and latent heat fluxes to obtain the main contributors to the heat flux-196 

driven SST change. 197 

 198 

ENSO events are defined using the criterion of Trenberth (1997): an El Niño (La Niña) event occurs if 199 

the 5-month running mean SSTa averaged over the Niño3.4 region is above 0.5 (below -0.5) times the 200 

standard deviation for at least six consecutive months. We define the maximum of an El Niño (La 201 

Niña) event for each event individually as the month of maximum (minimum) in 5-month running 202 

mean Niño3.4 SSTa.  203 

 204 

3. Atmospheric feedbacks 205 

In this section, we look at the strength of the atmospheric feedbacks in both the KCM perturbed physics 206 

ensemble as well as the CMIP5 experiments and their relation to the equatorial Pacific SST bias. The 207 

wind feedback, which is the atmospheric component of the Bjerknes feedback, describes the wind 208 

stress response over the western part of the basin to an SSTa in the central-to-eastern equatorial Pacific. 209 

There is a strong anticorrelation between the wind feedback and the heat flux feedback in the perturbed 210 



physics ensemble of the KCM (Fig. 3a), consistent with B18 where U10 was used. The strong 211 

anticorrelation of -0.93 indicates an error compensation between the two feedbacks. In the CMIP5 212 

multi-model ensemble, the anticorrelation between the two atmospheric feedbacks is smaller (Fig. 3c) 213 

and amounts to -0.60 (compared to -0.76 in B18 using U10), but still significant. This weaker 214 

correlation can be explained by the differences among the models in τx calculation from U10 (Fig. 2), 215 

including the effect of non-linearities in the τx calculation. The red, blue and green color of the numbers 216 

in the scatter plots (e.g. Fig. 3) denote the three sub-ensembles consisting of models with STRONG, 217 

MEDIUM and WEAK atmospheric feedbacks, respectively. The sub-ensembles are defined according 218 

their total EAF strength (x-axis in Fig. 3b,d), i.e. the average of the wind and heat flux feedback after 219 

normalizing each by the observed value. In the STRONG sub-ensemble the individual members have 220 

EAF larger than 55% of the observed total EAF strength, in the WEAK sub-ensemble the members 221 

have feedbacks smaller than 35%, and in the MEDIUM sub-ensemble they are in between (Tab. 1). 222 

These three sub-ensembles also are used in the following. 223 

 224 

The strength of total EAF is underestimated in all climate models, and it has a significant relationship 225 

to the SST bias in the Niño4 region (Fig. 3b,d). This link is weaker in the CMIP5 ensemble than in the 226 

KCM ensemble, which is somehow expected given that the CMIP5 models differ in many more aspects 227 

than the KCM experiments, such as different atmosphere and ocean models with different physical 228 

parametrizations and resolutions. We note that ECHAM5, the atmosphere model used in the KCM, 229 

forced by observed SSTs has a heat flux feedback strength comparable to observations and 230 

overestimates the wind feedback, and that both feedbacks increase in strength with higher vertical 231 

resolution (Fig. 3a: downward, sideward and upward pointing magenta triangles for L19, L31, L62, 232 

respectively). The KCM Biased-Slab-Ocean experiment (cyan circle) yields the smallest atmospheric 233 

feedbacks (Fig. 3a) and the largest cold SST bias (Fig. 3b). There is a large spread in total EAF strength 234 

among the CMIP5 models (Fig. 3d). Yet none of the coupled models depicts a total EAF strength as 235 



strong as in reanalysis, even if they exhibit no equatorial cold bias or even a warm bias. A similar 236 

spread in EAF strength as in CMIP5 is obtained with the KCM, which can be traced back to the cold 237 

SST bias (B18). Further, it is important to note that ECHAM5 by itself can generate a large spread in 238 

EAF strength. When driven with observed SSTs, as in the AMIP-type runs, ECHAM5 depicts similar 239 

feedback strengths as ERA-Interim. On the other hand, with a large superimposed cold SST bias 240 

ECHAM5 exhibits very weak EAF, that generate a purely heat flux-driven El Niño-like SST 241 

variability, as a slab ocean contains by definition no ocean dynamics (Dommenget 2010).      242 

 243 

4. Bjerknes Feedback 244 

To investigate how the coupled feedbacks operating in ENSO are simulated in the presence of 245 

underestimated EAF, we also analyze the other two components of the Bjerknes feedback. Figure 4 246 

shows all three components of the Bjerknes feedback calculated from observations/reanalysis products 247 

and the three KCM sub-ensembles (as denoted by the red (STRONG), blue (MEDIUM) and green 248 

(WEAK) numbers in Fig. 3a). In the observations the strongest wind-SST feedback is located in the 249 

Niño4 region, with an average regression coefficient of 1.30 10-2 Pa/K, where it explains 40% of the 250 

wind stress variability linked to the SST variability in the Niño3 region (Fig. 4a). The regression of the 251 

thermocline depth (Z20) anomalies on the τx anomalies in the Niño4 region shows the largest positive 252 

regression values and explained variances in the Niño3 region (Fig. 4b). We note the regressions of 253 

opposite sign over the western equatorial Pacific with extremes off the equator. Overall, the anomaly 254 

structure in Z20 is reminiscent of wind stress-forced Rossby and Kelvin wave modes which drive 255 

changes in thermocline tilt. The local regression of SSTa on Z20 anomalies depicts large positive 256 

values and explained variances in the eastern equatorial Pacific (Fig. 4c), which is expected since SSTa 257 

is strongest coupled to Z20 in this region due to the shallow thermocline.  258 



 259 

In the KCM sub-ensembles the wind-SST feedback decreases from STRONG to WEAK, as do the 260 

explained variances (Fig. 4d,g,j). Members of WEAK underestimate the wind-SST feedback strength 261 

and explained variances by more than 50%. The link between the wind stress anomalies in the Niño4 262 

region and Z20 anomalies also weakens from STRONG to WEAK, as expressed by the explained 263 

variances (Fig. 4e,h,k). The local relationship between SSTa and Z20 anomalies in the east weakens 264 

from STRONG to WEAK (Fig. 4f,i,l). At the same time the relation between SSTa and the thermocline 265 

anomalies in the Niño4 region becomes more negative and significant. This untypical behavior (SST 266 

gets warmer when Z20 gets shallower) can be explained by the westward propagation of the SST signal 267 

during ENSO events in the WEAK sub-ensemble (Fig. 3fkp in B18), which is similar to the heat flux-268 

driven El Niño-like variability in the KCM Biased-Slab-Ocean experiment and thus independent of 269 

Z20. An overall similar picture with respect to all three components of the Bjerknes feedback is 270 

obtained from the three sub-ensembles derived from the CMIP5 models (Fig. 5). 271 

 272 

To underline the findings obtained from the KCM and CMIP5 sub-ensembles (Fig. 4,5), we analyze the 273 

Bjerknes feedback in the individual models. Regression coefficients and explained variances are shown 274 

for the three components of the Bjerknes feedback (Fig. 6), averaged over the Niño4 region for the 275 

wind-SST feedback and over the Niño3 region for the thermocline-wind and the SST-thermocline 276 

feedback, as indicated by the black boxes in Fig. 4,5. The feedback strengths and explained variances 277 

calculated for all individual KCM experiments and CMIP5 models confirm the results found in the sub-278 

ensembles: In models with a stronger wind-SST feedback also the explained variance of the regression 279 

is larger (Fig. 6a,e), indicating that the variability in SST and τx is more determined by the wind-SST 280 

feedback than in models with weaker EAF. Further, in both ensembles models with stronger EAF tend 281 

to have a stronger thermocline-wind and SST-thermocline feedback, and the explained variance of the 282 

regression is larger (Fig. 6b,c,f,g). This becomes clearer when considering the total Bjerknes feedback 283 



strength and the averaged explained variance (Fig. 6d,h), which are defined as the product of the three 284 

regression coefficients and the arithmetic mean of the individual explained variances, respectively. 285 

Clearly, models with weaker (stronger) EAF tend to simulate a weaker (stronger) total Bjerknes 286 

feedback strength and smaller (larger) averaged explained variance, with correlations of 0.83 and 0.90 287 

in the KCM and CMIP5 ensemble, respectively. As more of the variability in τx, Z20 and SST can be 288 

explained by the three components of the Bjerknes feedbacks in models with stronger EAF, this 289 

suggests that the three variables are more strongly linked to each other by the Bjerknes feedback in 290 

climate models with stronger EAF.  291 

 292 

5. Bjerknes Stability Index 293 

The Bjerknes Stability Index (BJ index), a measure for the SSTa growth rate, allows a more detailed 294 

analysis of the positive and negative feedbacks operating in ENSO, as the feedbacks are scaled in a 295 

way that they can be directly compared to each other. The BJ index is calculated for each calendar 296 

month separately and Figure 7 depicts the zonal advection feedback (ZAF), Ekman feedback (EF), 297 

thermocline feedback (TF), dynamical damping (DD), thermal damping (TD) and the sum of all five 298 

feedbacks, the BJ index, calculated from ERA40/SODA reanalysis as well as the KCM STRONG, 299 

MEDIUM and WEAK sub-ensembles. Relative to reanalysis, all three positive feedbacks are 300 

underestimated in the annual mean in the three sub-ensembles of the KCM. In the WEAK sub-301 

ensemble, EF and TF and to a lesser extent ZAF are more strongly underestimated than in MEDIUM or 302 

STRONG. The DD is overestimated in the KCM, but there is virtually no difference among the three 303 

sub-ensembles. The TD, on the other hand, is most strongly underestimated in WEAK while it is close 304 

to the value derived from reanalysis in STRONG, as expected from Fig. 3. The small deviations 305 

between the TD and heat flux feedback shown in Fig. 3a are due to the different spatial domains. The 306 



BJ index (Fig. 7f) is very similar for the three sub-ensembles of the KCM, illustrating that the 307 

individual positive and negative feedbacks, which exhibit noticeable differences among the sub-308 

ensembles, are error compensating. Too weak forcing by ZAF, EF and TF is compensated by too weak 309 

TD, resulting in a quite similar BJ index (i.e. SSTa growth rate) in the three sub-ensembles.  310 

 311 

The largest differences in the positive feedbacks between the three sub-ensembles of the KCM are 312 

observed during September to February (SONDJF) while those in the negative feedbacks occur during 313 

January to May (JFMAM). In SONDJF, TF contributes most to the underestimated positive feedbacks 314 

(difference between STRONG and WEAK is 1.1 yr-1), EF only half as much as TF (difference between 315 

STRONG and WEAK is 0.5 yr-1) and ZAF only little (difference between STRONG and WEAK is 0.1 316 

yr-1). In JFMAM, the difference in TD between STRONG and WEAK is of similar size as in TF (-1.2 317 

yr-1). 318 

  319 

In the KCM, the strengths of ZAF, EF, TF and TD are strongly related to the equatorial Pacific SST 320 

bias (Fig. 8). The significant correlations of 0.86, 0.61, 0.75 and -0.84 between the equatorial Pacific 321 

SST bias and ZAF, EF, TF and TD, respectively, suggest that the strength of all four feedbacks 322 

strongly depends on the equatorial SST bias. It is important to note that also other factors can bias the 323 

individual feedbacks, as the EAF are already biased in AMIP experiments (Lloyd et al. 2011; Li et al. 324 

2015; Ferrett et al. 2017a,b). Nevertheless, the KCM results further support the finding by B18 that a 325 

substantial part of the error compensation in climate models can be attributed to their equatorial cold 326 

bias.  327 

 328 

Consistent with Wengel et al. (2018b) and B18, the BJ index results shown in Fig. 7 help to explain 329 

why climate models with too weak EAF have problems in simulating the phase locking of ENSO to the 330 

seasonal cycle: the ENSO phase locking can be explained by the positive feedbacks being strongest in 331 



boreal autumn and winter and the negative feedbacks being strongest in boreal spring, as derived from 332 

reanalysis products (ERA40/SODA). In the WEAK sub-ensemble of the KCM, TD is most strongly 333 

underestimated during the first half and ZAF, EF and TF during the second half of the year, resulting in 334 

too little seasonal variation of the BJ index.  335 

 336 

6. Wind-driven vs. heat flux-driven ENSO dynamics 337 

In the previous sections, we have shown that in models with a strong equatorial cold SST bias the 338 

wind-driven ENSO dynamics are considerably weaker compared to observations. The question arises if 339 

the too weak wind forcing is compensated by other processes, as climate models with a strongly 340 

underestimated wind-SST feedback can still exhibit realistic ENSO amplitude (Bellenger et al. 2014). 341 

The studies of Dommenget (2010) and Dommenget et al. (2014) suggest that the simulated ENSO in 342 

models with a large equatorial cold SST bias can, at least to some extent, be driven by a positive heat 343 

flux-SST feedback caused by a positive shortwave (SW) radiation-SST feedback over the eastern 344 

tropical Pacific. A positive SW-SST feedback is possible when low-level stratus clouds are 345 

overestimated and dissolve when the SST is rising and vice versa – a phenomenon that in observations 346 

is only found close to the South American coast (Lloyd et al. 2009). This process exists further off the 347 

coast in climate models with a large equatorial cold SST bias (Lloyd et al. 2009, 2011, 2012, B18). A 348 

large negative correlation between the wind-SST feedback strength in the Niño4 region and the SW-349 

SST feedback in the Niño3 region is observed in the KCM ensemble as well as in the CMIP5 models 350 

(Figure 9). As shown in B18, the position of the rising branch of the PWC determines the strength of 351 

both feedbacks. A gradual change in the ENSO dynamics with increasing equatorial cold SST bias is 352 

indicated in climate models, as a decreasing ocean-atmosphere coupling by a weaker wind-SST 353 

feedback is compensated by a decreasing SW damping. The SW feedback can even shift from negative, 354 



i.e. damping to positive, i.e. amplifying in the presence of a large enough cold SST bias. In such a 355 

model, ENSO may largely become heat flux-driven. 356 

 357 

To obtain a measure of the similarity of the ENSO simulated in the KCM and CMIP5 ensembles and 358 

the heat flux-driven ENSO in the Biased-Slab-Ocean experiment of Dommenget (2010), we calculate 359 

an offline Slab Ocean SST change by integrating the coupled models’ heat fluxes over the six months 360 

prior to the maximum of an ENSO event (see section 2). We normalize the offline Slab Ocean SST 361 

change by the full SST change, which yields the heat flux-driven SST change per full SST change (Fig. 362 

10). The difference between the offline Slab Ocean SST change and full SST change gives us an 363 

estimate how much of the warming is caused by ocean dynamics. We can test the approach with the 364 

Biased-Slab-Ocean experiment, and this yields roughly +1 K heat flux-driven warming per K warming 365 

during an ENSO event (Fig. 10a,c), as expected for this entirely heat flux-driven El Niño-like 366 

variability. The small deviations from +1 K/K can be explained by the usage of monthly-mean values 367 

instead of sub-daily data. 368 

 369 

We repeat the integration separately for the SW radiation, the longwave radiation (LW), the sensible 370 

heat (SH) and latent heat (LH) fluxes to quantify the contribution of each heat flux component to the 371 

Slab Ocean SST change calculated from the net heat flux. The heat flux El Niño in the KCM Biased-372 

Slab-Ocean experiment in the Niño3 region (Fig. 10a) is mainly driven by the SW (+4.1 K/K) and to a 373 

much lesser extent by the SH (+0.2 K/K) feedbacks, and is damped by the LW (-1.9 K/K) and LH (-374 

1.4K/K) feedbacks. In observations, a +1 K SST warming in the Niño3 region is damped by the 375 

atmosphere by -1.3 K, i.e. ocean dynamics roughly contribute +2.3 K to the SST increase of +1 K and 376 

the remaining input is damped away by the atmospheric heat fluxes. The damping of the atmosphere of 377 

-1.3 K/K in the Niño3 region can be attributed to the SW (-0.5 K/K) and LH feedback (-0.8 K/K). The 378 

KCM AMIP-type simulation underestimates the net heat flux damping in the Niño3 region, as the SW 379 



feedback is slightly positive (+0.1 K/K) while damping by LH is a little stronger (-1.0 K/K) than in 380 

observations/reanalysis. 381 

 382 

In the KCM sub-ensembles, the net heat flux damping decreases from STRONG to WEAK (Fig. 10a), 383 

as the SW feedback becomes more positive (+0.4 K/K, +0.7 K/K and +1.1 K/K in STRONG, 384 

MEDIUM, WEAK, respectively), and the LH damping becomes weaker (-1.2 K/K, -1.0 K/K and -0.8 385 

K/K in STRONG, MEDIUM, WEAK, respectively). Consistent with the results of the BJ index 386 

analysis, the warming due to ocean dynamics decreases from STRONG to WEAK: in STRONG the 387 

ocean dynamics are responsible for +1.9  K/K in the Niño3 region and in WEAK for +1.0 K/K. The 388 

latter only is about 50 % of the observed dynamical heating. Further, in WEAK the SW feedback 389 

contributes +1.1 K/K to the SST warming, which is slightly more than the warming by ocean dynamics 390 

of +1.0 K/K. This indicates that ENSO in KCM is a hybrid of wind-driven and SW-driven ENSO 391 

dynamics, with a continuous transition to a more SW-driven ENSO from STRONG to WEAK. We 392 

observe a similar tendency towards a more SW-driven ENSO in the CMIP5 models (Fig. 10b). The 393 

corresponding AMIP experiments exhibit the strongest net heat flux damping, whereby we averaged 394 

over all atmosphere models irrespective of their coupled atmospheric feedback strength. In the CMIP5 395 

models, the heat flux damping becomes weaker from STRONG to WEAK, and again the SW feedback 396 

is the major contributor to this shift.  Thus the warming by ocean dynamics decreases from STRONG 397 

to WEAK and ENSO is also partly SW-driven albeit to a lesser extent than in KCM. 398 

 399 

In the Niño4 region (Fig. 10c), observations/reanalysis show a net heat flux damping of -1.6 K/K that is 400 

mainly caused by SW damping (-2.6 K/K) and to a lesser extent by SH damping (-0.2 K/K), which is 401 

opposed by a positive LW (+0.4 K/K) and LH (+0.7 K/K) feedback. In KCM AMIP-type experiments 402 

the heat flux damping is stronger than in observations/reanalysis, mainly due to a too strong SW 403 

damping. The heat flux damping decreases from STRONG to WEAK, mainly caused by a decrease in 404 



the SW damping, but the SW and net heat flux feedback stay negative in all three sub-ensembles. Thus, 405 

the SST tendency in the Niño4 region is driven by anomalous ocean circulation. A similar behavior is 406 

found in the CMIP5-AMIP STRONG, MEDIUM and WEAK sub-ensembles (Fig. 10d), but with 407 

smaller differences between the sub-ensembles than in KCM. In summary we see a similar shift in 408 

ENSO dynamics in KCM and in CMIP5, but this shift seems to be more pronounced in KCM than in 409 

CMIP5.  410 

 411 

In the Niño3 region, a significant negative correlation between the warming caused by ocean dynamics 412 

(deviation of the gray bars from the +1 K line in Fig. 10) and the SST change caused by the SW 413 

feedback is found in the two coupled model ensembles (Fig. 11). A +1 K warming can be caused by 414 

largely varying contributions of ocean dynamics and SW feedback: in some models a warming of 2.5 K 415 

by the ocean dynamics is required to realize +1 K warming while the SW feedback acts as a damping 416 

(CMIP5) or very weak forcing (KCM). In other models, the ocean dynamics only contributes a +1 K 417 

warming as the positive SW feedback is rather large. In summary, we find that a broad spectrum of 418 

ENSO dynamics exists in climate models, ranging from mostly wind-driven to mixed wind- and SW-419 

driven ENSO dynamics with similar contributions.  420 

7. Error compensation and ENSO amplitude 421 

As shown above, the underestimated heat flux and wind feedbacks tend to compensate each other in 422 

many climate models, producing ENSO dynamics quite different from the observed. The question 423 

arises if this has an effect on the simulated ENSO amplitude. First, the level of underestimation in 424 

comparison to the observations/reanalysis is quantified. The wind feedback in the KCM (Fig. 12a) 425 

amounts to 62%, 54% and 43% of the observed in STRONG, MEDIUM and WEAK, respectively, the 426 

net heat flux feedback only to 58%, 39% and 10%. Thus the heat flux feedback is more strongly 427 



underestimated than the wind stress feedback, which also is the case for the CMIP5 models (Fig. 12b). 428 

The wind feedback and ENSO amplitude are positively correlated, while the net heat flux feedback and 429 

ENSO amplitude are negatively correlated (Fig. 13). This is consistent with the study of Vijayeta and 430 

Dommenget (2018) who analyze the important factors determining ENSO amplitude in CMIP3 and 431 

CMIP5 models in a Recharge Oscillator framework. They test in a CMIP3 and CMIP5 multi model 432 

ensemble the sensitivity of ENSO amplitude to the biases in the different parameters used in the 433 

Recharge Oscillator and show that the wind feedback is the dominant feedback for ENSO amplitude, 434 

while the net heat flux feedback has only half of the influence in comparison to the wind feedback (see 435 

Fig. 8 in Vijayeta and Dommenget 2018). Thus, the negative correlation between the net heat flux 436 

feedback and ENSO amplitude (Fig. 13b,d) may be caused indirectly by the strong correlation between 437 

the wind feedback and the net heat flux feedback. The rather moderate correlation between the wind 438 

feedback and ENSO amplitude in the KCM ensemble (Fig. 13a) and the even smaller and insignificant 439 

correlation in the CMIP5 ensemble (Fig. 13c) also suggests compensating effects in ENSO dynamics, 440 

as one would expect a larger ENSO amplitude with increasing wind feedback from ENSO theory. 441 

Thus, the error compensation between the too weak wind and net heat flux feedbacks, that we discuss 442 

here, may also explain the relatively small correlations shown in Fig. 13a,c).   443 

8. Summary and discussion 444 

In this study we have analyzed biases in ENSO dynamics in CGCMs in the presence of compensating 445 

errors between the two most important ENSO atmospheric feedbacks (EAF), the positive wind-SST 446 

and the negative net heat flux-SST feedback. Our results can explain why climate models with strongly 447 

underestimated EAF (in many models less than 50% of the observed feedback strength) can still have 448 

realistic ENSO amplitude due to error compensation between the two feedbacks. In addition and in 449 

agreement with Dommenget et al. (2014), our results provide further evidence that a broad range of 450 



ENSO dynamics exists in climate models: dependent on the strength of the equatorial cold SST bias, 451 

there is a gradual change from a mostly wind-driven ocean-atmosphere coupling, as in observations, to 452 

a more SW-driven ocean atmosphere-coupling, as in the Biased-Slab Ocean experiment. An 453 

underestimated wind-SST feedback is linked to weaker positive feedbacks, i.e. weaker thermocline, 454 

Ekman and zonal advection feedbacks, resulting in a weaker subsurface heating of the SST by ocean 455 

dynamics. This is compensated by a weaker thermal damping by the atmosphere (i.e. net heat flux 456 

damping), resulting in a Bjerknes Stability (BJ) index that is not too different across different EAF 457 

strengths. This error compensation arises because both EAF strongly depend on the equatorial cold 458 

SST bias which determines the position of the rising branch of the Pacific Walker Circulation (PWC), 459 

as described in B18. 460 

 461 

The equatorial Pacific cold SST bias is a common problem in CGCMs and its sources are still under 462 

debate. Possible contributors are too strong equatorial mean zonal surface winds, too large oceanic 463 

vertical mixing, and too little net surface SW radiation due to overestimated cloud cover and optical 464 

thickness (Davey et al. 2002; Guilyardi et al. 2009b; Vannière et al. 2013). However, it is important to 465 

note that another contributor to the underestimated EAF in CGCMs originates in their atmospheric 466 

components. In uncoupled AMIP simulations with the AGCMs, i.e. in the absence of SST biases, the 467 

EAF are already underestimated in most AGCMs, as there are uncertainties in the parametrizations of 468 

physical processes that are not resolved in coarse resolution models (Lloyd et al. 2011; Ferrett et al. 469 

2017a,b). 470 

 471 

With respect to ENSO amplitude, the error compensation may explain why climate models with a 472 

strongly underestimated wind feedback (less 50% of the observed value) still depict realistic ENSO 473 

amplitude, as often the net heat flux feedback also is strongly underestimated. The wind feedback 474 

strength appears to be more important than the net heat flux feedback, consistent with Vijayeta and 475 



Dommenget (2018), even though the net heat flux feedback is more strongly underestimated in the 476 

climate models than the wind feedback. A recent study of Wengel et al. (2018a) suggests that the 477 

stochastic forcing of the SST and thermocline depth strongly influences ENSO amplitude and may also 478 

explain the low correlation between the wind stress feedback and ENSO amplitude in CMIP5 models 479 

(Fig. 13c). 480 

  481 

The underestimated EAF also can explain why many climate models still show severe deficits in 482 

simulating important aspects of ENSO such as the phase locking of ENSO to the seasonal cycle or 483 

asymmetry between El Niño and La Niña events, as both aspects are better represented in climate 484 

models with strong EAF (B18). It still has to be investigated whether the large spread in simulated EAF 485 

could also be a major factor for the diversity in the ENSO response to global warming. 486 

 487 

Our analyses suggest three possible pathways to improve the EAF in climate models: first, via an 488 

enhanced mean-state SST by either flux correction or tuning model parameters. Flux correction appears 489 

at first glance to be the simpler and more promising solution. However, Ferrett and Collins (2016) only 490 

report a moderate improvement in the EAF and ENSO dynamics when applying flux correction. On the 491 

other hand, the perturbed physics ensemble with the KCM suggests a large potential for tuning physical 492 

parameterizations, as the ensemble reproduced a similar spread in EAF strength and ENSO dynamics 493 

as that observed in the CMIP5 multi-model ensemble. However, Dommenget (2016) and Dommenget 494 

and Rezny (2018) note that it may be difficult to determine whether tuning makes a model more 495 

realistic for the right reasons. The second possibility for improving EAF is to improve the AGCMs so 496 

that they have a more realistic EAF in AMIP simulations with specified observed SSTs. Most of such 497 

uncoupled AGCM simulations already show too weak EAF, mainly due to biases in cloud cover, 498 

moisture and heat fluxes (Lloyd et al. 2011; Li et al. 2015; Ferrett et al. 2017a,b). Improvements in 499 

simulating these variables in AMIP-type simulations with AGCMs hold large potential for better 500 



representation of EAF in CGCMs. The third possibility to enhance EAF is to identify the processes and 501 

components of the climate models responsible for the cold SST bias and to improve them. As 502 

mentioned above, the surface winds, the oceanic vertical mixing and the cloud and convection schemes 503 

are promising candidates.  504 

In summary our results suggest that many climate models have ENSO variability that is statistically not 505 

too different from observations, but for the wrong reasons. The equatorial mean state SST biases and 506 

EAF seem to be crucial to improve ENSO dynamics in current climate models.  507 
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Tables 647 

Tab. 1: List of 10m zonal wind feedback, zonal wind stress feedback, heat flux feedback and total 648 

atmospheric feedback strength (average of column 6 and 8) in ERA-Interim and ERA40 reanalysis and  649 

CMIP5 models. The normalized feedbacks are divided by the average feedback of ERA-Interim and 650 

ERA40 (first and second row). 651 

 652 

Nr. Model AMIP 10m wind 

feedback 

[m/s/K] 

wind stress 

feedback 

[10-2 Pa/K] 

normalized 

wind stress 

feedback 

[%] 

Heat flux 

feedback 

[W/m²/K] 

normalized 

heat flux 

feedback 

[%] 

total 

atmosheric 

feedback 

[%] 

sub-ensemble 

 ERA-Interim  1.46 1.53 104.6 -16.6 98.7 101.7  

 ERA40  1.34 1.40 95.4 -17.0 101.3 98.3  

1 ACCESS1-0 yes 0.81 0.72 48.8 -12.2 72.3 60.5 STRONG 

2 ACCESS1-3 yes 0.73 0.73 49.7 -3.8 22.9 36.3 MEDIUM 

3 BCC-CSM1-1 yes 0.65 0.75 51.1 -8.3 49.3 50.2 MEDIUM 

4 BNU-ESM yes 0.91 0.76 51.7 -10.0 59.6 55.6 STRONG 

5 CanESM2 yes 0.58 0.82 56.0 -7.3 43.6 49.8 MEDIUM 

6 CMCC-CM yes 0.96 0.86 58.5 -10.7 63.7 61.1 STRONG 

7 CNRM-CM5 yes 1.13 0.98 66.8 -14.6 86.5 76.7 STRONG 

8 CSIRO-Mk3-6-0 no 0.46 0.66 45.3 1.3 -8.0 18.6 WEAK 

9 GFDL-CM3 yes 0.61 0.65 44.2 -6.8 40.4 42.3 MEDIUM 

10 GFDL-ESM2G no 0.52 0.75 50.9 -3.5 20.5 35.7 MEDIUM 

11 GFDL-ESM2M no 1.00 0.98 66.9 -10.2 60.3 63.6 STRONG 

12 GISS-E2-R yes 1.29 1.02 69.8 -10.4 61.9 65.8 STRONG 

13 HadGEM2-CC yes 0.66 0.67 45.6 -5.1 30.4 38.0 MEDIUM 

14 HadGEM2-ES yes 0.64 0.68 46.3 -3.4 20.2 33.2 WEAK 

15 IPSL-CM5A-LR yes 0.45 0.58 39.9 -1.2 7.2 23.6 WEAK 

16 IPSL-CM5A-MR yes 0.61 0.83 56.7 -2.7 15.8 36.2 MEDIUM 

17 MIROC5 yes 0.98 1.01 69.2 -9.7 57.4 63.3 STRONG 



18 MPI-ESM-LR yes 0.45 0.39 26.5 -5.4 32.2 29.3 WEAK 

19 MPI-ESM-MR yes 0.60 0.66 44.9 -4.1 24.1 34.5 WEAK 

20 MRI-CGCM3 yes 0.57 0.47 32.1 -4.1 24.4 28.3 WEAK 

21 NorESM1-ME yes 1.24 1.03 70.6 -9.1 54.1 62.3 STRONG 

 653 

  654 



Figure Captions 655 

Figure 1: Schematic of the mean state and atmospheric feedbacks in the tropical Pacific: a) mean state 656 

in observations: at the surface easterly winds blow along the equator from the cold tongue in the east to 657 

the warm pool in the west, where the rising branch of the PWC is situated close to Niño4. It shifts 658 

eastward (westward) during El Niño (La Niña), as indicated by the red arrow. b) This eastward 659 

(westward) shift of PWC during El Niño (La Niña) causes a weakening (strengthening) of zonal wind 660 

in Niño4, thus a positive zonal wind feedback that further amplifies the SST anomaly via the positive 661 

Bjerknes feedback. On the other hand causes the eastward (westward) shift of the PWC during El Niño 662 

(La Niña) more (less) convection over the equatorial Pacific and therefore a negative heat flux 663 

feedback that damps the SST anomaly. c) In the presence of a large equatorial cold SST bias, the PWC 664 

is due to the La Niña-like mean state too far in the west. d) As both feedback strengths strongly depend 665 

on position of the PWC, this causes a too weak positive wind-SST feedback and a too weak negative 666 

heat flux-SST feedback, thus an error compensation between the too weak positive and too weak 667 

negative feedback. 668 

 669 

Figure 2: a) Zonal wind stress feedback in Niño4 region (local zonal wind stress regressed on SST of 670 

Niño3.4 region) on the x-axis vs. 10m zonal wind feedback in Niño4 region (local zonal surface wind 671 

regressed on SST of Niño3.4 region) on the y-axis, for ERA-Interim, ERA40 and individual 672 

experiments of the perturbed physics ensemble of KCM (numbers), KCM AMIP-type experiment with 673 

19, 31 and 62 vertical levels; b) same as a)  but here for the individual CMIP5 models (numbers); the 674 

correlation is given in the upper left corner and two stars indicate significant correlation on a 99% 675 

confidence level; the black dashed line marks the ratio of 100 Pa/K / 1 m/s/K. 676 

 677 

Figure 3: a) Zonal wind stress feedback in Niño4 region (local zonal wind stress regressed on SST of 678 



Niño3.4 region) on the x-axis vs. heat flux feedback in Niño3 and Niño4 (local heat flux regressed on 679 

SST of Niño3.4 region) on the y-axis, for ERA-Interim, ERA40 and individual experiments of the 680 

perturbed physics ensemble of KCM (numbers), KCM AMIP-type experiment with 19, 31 and 62 681 

vertical levels and the biased KCM Slab Ocean experiment; b) atmospheric feedback strength (average 682 

of wind stress and heat flux feedback, after normalizing each by the average reanalysis value) on x-axis 683 

vs. relative SST bias in the Niño4 region (modeled SST minus observed SST, after subtracting the 684 

tropical Indo-Pacific area mean SST from each); c-d) same as a-b) but here for the individual CMIP5 685 

models (numbers); the color of the numbers indicates the sub-ensembles of STRONG (red), MEDIUM 686 

(blue) and WEAK (green) EAF, as used in the following; the correlation is given in the upper right/left 687 

corner and two stars indicate significant correlation on a 99% confidence level; the black line is the 688 

regression. 689 

 690 

Figure 4: Bjerknes feedback in observations/reanalysis data, in a) local zonal wind stress regressed on 691 

SST in the Niño3 region, b) local thermocline depth regressed on zonal wind stress in Niño4, c) local 692 

SST regressed on local thermocline depth; d-f) same as a-c) but here for KCM STRONG sub-693 

ensemble; g-i) same as a-c) but here for the KCM MEDIUM sub-ensemble; j-l) same as a-c) but here 694 

for the KCM WEAK sub-ensemble; values of r² > 0.2 are indicated by shading and the values in the 695 

header are the average of regression and explained variance in the Niño4 region (first column) and 696 

Niño3 region (second and third column), as indicated by the black box. 697 

 698 

Figure 5: Same as Fig. 4, but here for CMIP5 STRONG, MEDIUM and WEAK sub-ensembles. 699 

 700 

Figure 6: Bjerknes feedback in the individual experiments of KCM, a) average regression coefficient 701 

in Niño4 region of local wind stress regressed on SST in Niño3 region on the x-axis vs. average 702 

explained variance in Niño4 on y-axis; b) same as a) but here the average in Niño3 region of local 703 



thermocline depth regressed on wind stress in Niño4 region on the x-axis vs. average explained 704 

variance in Niño3 on the y-axis; c) same as b) but here for local SST regressed on local thermocline 705 

depth; d) product of regression coefficients of a-c) on the x-axis vs. the average explained variance of 706 

a-c) on the y-axis; e-h) same as a-d) but here for the CMIP5 models; The correlation is given in the 707 

upper right/left corner and two stars indicate a significant correlation on a 99% confidence level. 708 

 709 

Figure 7: The individual feedbacks of the Bjerknes Stability Index for each calendar month in 710 

ERA40/SODA reanalysis and the KCM STRONG, MEDIUM and WEAK sub-ensembles, a) the zonal 711 

advection feedback, b) Ekman feedback, c) thermocline feedback, d) dynamical damping, e) thermal 712 

damping and in f) the total Bjerknes Stability Index, which is the sum of a-e); the error bars indicate the 713 

90% confidence interval for reanalysis, estimated from the standard error of the regression slop. 714 

 715 

Figure 8: For ERA40/SODA reanalysis (orange dot) and the individual KCM experiments (numbers), 716 

in a) the zonal advection feedback on the x-axis vs. the relative SST bias in Niño4 region on the y-axis, 717 

both for the calendar months SONDJF; b) same as a) but here on the x-axis the Ekman feedback; c) 718 

same as a), but here on the x-axis the thermocline feedback; d) same as a) but here  on the x-axis the 719 

thermal damping and both for the calendar months JFMAMJ; The seasonal mean is calculated from the 720 

monthly resolved BJ index, as shown in Fig. 7. The correlation is given in the upper right/left corner 721 

and two stars indicate a significant correlation on a 99% confidence level. 722 

 723 

Figure 9: a) zonal wind stress feedback in the Niño4 region vs. SW feedback in Niño3 region in ERA-724 

Interim, ERA40 and KCM experiments; b) same as a) but here for the CMIP5 multi model ensemble; 725 

The correlation between the individual experiments is shown in upper left/right corner and two stars 726 

indicate a significant correlation on a 99% confidence level. 727 

 728 



Figure 10: Offline slab ocean SST calculated by integrating the net heat flux (Qnet), short wave 729 

radiation (SW), long wave radiation (LW), sensible heat flux (SH) and latent heat flux (LH), 730 

respectively, to a 50m water column six months before the peak of the ENSO events and then 731 

normalized by the ENSO amplitude, in a) for reanalysis, KCM AMIP-type experiment, KCM 732 

STRONG, MEDIUM and WEAK sub-ensembles and Biased-Slab-Ocean experiment in the Niño3 733 

region; b) same as a) but here for CMIP5 AMIP, STRONG, MEDIUM and WEAK sub-ensembles; c) 734 

same as a) but here for the Niño4 region; d) same as b) but here for the Niño4 region. 735 

 736 

Figure 11: a) For reanalysis and the individual KCM experiments, on the y-axis the SST change in 737 

Niño3 region due to ocean circulation (i.e. 1 - dSSTQnet as shown in Fig. 10a) vs. the SST change by 738 

SW feedback (i.e. dSSTSW as shown in Fig. 10a) on the x-axis; b) same as a) but here for the individual 739 

CMIP5 models; The color of the numbers indicate the sub-ensembles with STRONG (red), MEDIUM 740 

(blue) and WEAK (green) atmospheric feedbacks; The correlation between the individual experiments 741 

is shown in upper right corner and two stars indicate a significant correlation on a 99\% confidence 742 

level. 743 

 744 

Figure 12: a) Wind stress feedback in Niño4 (top) and heat flux feedback in Niño3 and Niño4 (bottom) 745 

in ERA-Interim/ERA40 reanalysis and KCM experiments; b) same as a) but here for CMIP5 models; 746 

The strength of the feedbacks relative to the observed feedbacks is shown as numbers in % at the bars. 747 

 748 

Figure 13: a) Zonal wind stress feedback in the Niño4 region on the x-axis vs. standard deviation of 749 

SST anomalies in the Niño3.4 region on the y-axis for ERA-Interim/ERA40 reanalysis and the 750 

individual KCM perturbed physics experiments; b) same as a), but here the heat flux feedback in Niño3 751 

and Niño4 on the x-axis; c-d) same as a-b), but here for the CMIP5 models. The correlation between 752 

the individual experiments is shown in upper right/left corner and one (two) stars indicate a significant 753 



correlation on a 95% (99%) confidence level.  754 

 755 

 756 

  757 



Table captions: 758 

Tab. 1: List of 10m zonal wind feedback, zonal wind stress feedback, heat flux feedback and total 759 

atmospheric feedback strength (average of column 6 and 8) in ERA-Interim and ERA40 reanalysis and  760 

CMIP5 models. The normalized feedbacks are divided by the average feedback of ERA-Interim and 761 

ERA40 (first and second row). 762 

 763 
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ENSO Atmospheric Feedbacks in Climate Models
and its in�uence on Simulated ENSO Dynamics
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Figures



Figure 1: Schematic of the mean state and atmospheric feedbacks in the tropical Paci�c: a) mean state in
observations: at the surface easterly winds blow along the equator from the cold tongue in the east to the warm
pool in the west, where the rising branch of the Walker Circulation is situated close the Nino4 region. It shifts
eastward (westward) during El Nino (La Nina), as indicated by the red arrow. b) This eastward (westward) shift
of the rising branch of the Walker Circulation during El Nino (La Nina) causes a weakening (strengthening) of
zonal wind in the Nino4 region, thus a positive zonal wind feedback, that further ampli�es the SST anomaly via
the positve Bjerknes feedback. On the other hand causes the eastward (westward) shift during El Nino (La Nina)
more (less) convection over the equatorial Paci�c and therefore a negative heat �ux feedback, that damps the SST
anomaly. c) In the presence of a large equatorial cold SST bias, the rising branch of the Walker Circulation is due
to the La Nina-like mean state too far in the west. d) As both feedback strengths strongly depend on position of
the Walker Circulation, this causes a too weak positive wind-SST feedback and a too weak negative heat
�ux-SST feedback, thus an error compensation between the too weak positive and too weak negative feedback.
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Figure 2: a) Zonal wind stress feedback in Nino4 region (local zonal wind stress regressed on SST of Nino3.4
region) on the x-axis vs. 10m zonal wind feedback in Nino4 region (local zonal surface wind regressed on SST of
Nino3.4 region) on the y-axis, for ERA-Interim, ERA40 and individual experiments of the perturbed physics
ensemble of KCM (numbers), KCM AMIP-type experiment with 19, 31 and 62 vertical levels; b) same as a) but
here for the individual CMIP5 models (numbers); the correlation is given in the upper left corner and two stars
indicate signi�cant correlation on a 99% con�dence level; the black dashed line marks the ratio of 100 Pa/K / 1
m/s/K.
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Figure 3: a) Zonal wind stress feedback in Nino4 region (local zonal wind stress regressed on SST of Nino3.4
region) on the x-axis vs. heat �ux feedback in the Nino3 and Nino4 region (local heat �ux regressed on SST of
Nino3.4 region) on the y-axis, for ERA-Interim, ERA40 and individual experiments of the perturbed physics
ensemble of KCM (numbers), KCM AMIP-type experiment with 19, 31 and 62 vertical levels and the biased
KCM Slab Ocean experiment; b) atmospheric feedback strength (average of wind stress and heat �ux feedback,
after normalsizing each by the average reanalysis value) on x-axis vs. relative SST bias in the Nino4 region
(modeled SST minus observed SST, after subtracting the tropical Indo-Paci�c area mean SST from each); c-d)
same as a-b) but here for the individual CMIP5 models (numbers); the color of the numbers indicates the
sub-ensembles of STRONG (red), MEDIUM (blue) and WEAK (green) atmospheric feedbacks, as used in the
following; the correlation is given in the upper right/left corner and two stars indicate signi�cant correlation on a
99% con�dence level; the black line is the regression.
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Figure 4: Bjerknes Feedback in observations/reanalysis data, in a) local zonal wind stress regressed on SST in
the Nino3 region, b) local thermocline depth regressed on zonal wind stress in the Nino4 region, c) local SST
regressed on local thermocline depth; d-f) same as a-c) but here for KCM STRONG sub-ensemble; g-i) same as
a-c) but here for the KCM MEDIUM sub-ensemble; j-l) same as a-c) but here for the KCM WEAK
sub-ensemble; values of r2 > 0.2 are indicated by shading and the values in the header are the average of
regression and explained variance in the Nino4 region (�rst column) and Nino3 region (second and third column),
as indicated by the black box.
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Figure 5: Same as Fig. 4, but here for CMIP5 STRONG, MEDIUM and WEAK sub-ensembles.
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Figure 6: Bjerknes feedback in the individual experiments of KCM, a) average regression coe�cient in Nino4
region of local wind stress regressed on SST in Nino3 region on the x-axis vs. average explained variance in Nino4
region on y-axis; b) same as a) but here the average in Nino3 region of local thermocline depth regressed on wind
stress in Nino4 region on the x-axis vs. average explained variance in Nino3 region on the y-axis; c) same as b)
but here for local SST regressed on local thermocline depth; d) product of regression coe�cients of a-c) on the
x-axis vs. the average explained variance of a-c) on the y-axis; e-h) same as a-d) but here for the CMIP5 models;
The color of the numbers indicates the sub-ensembles of STRONG (red), MEDIUM (blue), WEAK (green)
atmospheric feedbacks; The correlation is given in the upper right/left corner and two stars indicate a signi�cant
correlation on a 99% con�dence level.
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Figure 8: For ERA40/SODA reanalysis and the individual KCM experments, in a) the zonal advection feedback
on the x-axis vs. the relative SST bias in Nino4 region on the y-axis; b) same as a) but here on the x-axis the
Ekman feedback; c) same as a), but here on the x-axis the thermocline feedback; d) same as a) but here on the
x-axis the thermal damping; The annual mean is calculated from the monthly resolved BJ index, as shown in Fig.
7. The colors indicate the sub-ensembles with STRONG (red), MEDIUM (blue) and WEAK (green) atmospheric
feedbacks. The correlation is given in the upper right/left corner and two stars indicate a signi�cant correlation
on a 99% con�dence level.
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Figure 9: a) zonal wind stress feedback in the Niño4 region vs. SW feedback in Niño3 region in ERA-Interim,
ERA40 and KCM exeriments; b) same as a) but here for the CMIP5 multi model ensemble; The color of the
numbers indicate the sub-ensembles with STRONG (red), MEDIUM (blue) and WEAK (green) atmospheric
feedbacks. The correlation between the individual experiments is shown in upper left/right corner and two stars
indicate a signi�cant correlation on a 99% con�dence level.
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Figure 10: O�ine slab ocean SST calculated by integrating the net heat �ux (Qnet), short wave radiation (SW),
long wave radiation (LW), sensible heat �ux (SH) and latent heat �ux (LH), respectively, to a 50m water column
six months before the peak of the ENSO events and then normalized by the ENSO amplitude, in a) for reanalysis,
KCM AMIP-type experiment, KCM STRONG, MEDIUM and WEAK sub-ensembles and Biased-Slab-Ocean
experiment in the Niño3 region; b) same as a) but here for CMIP5 AMIP, STRONG, MEDIUM and WEAK
sub-ensembles; c) same as a) but here for the Nino4 region; d) same as b) but here for the Nino4 region.
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Figure 11: a) For reanalysis and the individual KCM experiments, on the y-axis the SST change in Niño3
region due to ocean circulation (i.e. 1− dSSTQnet as shown in Fig. 10a) vs. the SST change by SW feedback (i.e.
dSSTSW as shown in Fig. 10a) on the x-axis; b) same as a) but here for the individual CMIP5 models; The color
of the numbers indicate the sub-ensembles with STRONG (red), MEDIUM (blue) and WEAK (green)
atmospheric feedbacks; The correlation between the individual experiments is shown in upper right corner and
two stars indicate a signi�cant correlation on a 99% con�dence level.
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Figure 12: a) Wind stress feedback in the Nino4 region (top) and heat �ux feedback in the Nino3 and Nino4
region (bottom) in ERA-Interim/ERA40 reanalysis, KCM AMIP-type, STRONG, MEDIUM, WEAK
sub-ensembles and Biased-Slab Ocean experiment; b) same as a) but here for CMIP5 AMIP, STRONG,
MEDIUM and WEAK sub-ensembles; The the strength of the feedbacks relative to the observed feedbacks is
shown at the bars as number in %.
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Figure 13: a) Zonal wind stress feedback in the Nino4 region on the x-axis vs. standard deviation of SST
anomalies in the Nino3.4 region on the y-axis for ERA-Interim/ERA40 reanalysis and the individual KCM
perturbed physics experiments; b) same as a), but here the heat �ux feedback in the Nino3 and Nino4 region on
the x-axis; c-d) same as a-b), but here for the CMIP5 multi model ensemble. The color of the numbers indicate
the sub-ensembles with STRONG (red), MEDIUM (blue) and WEAK (green) atmospheric feedbacks; The
correlation between the individual experiments is shown in upper right/left corner and one (two) stars indicate a
signi�cant correlation on a 95% (99%) con�dence level.
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