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anomalies displaced too far west than observed 24 
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 32 
Abstract 33 

 34 

This study presents a description of the El Niño Southern Oscillation (ENSO) and Pacific Decadal 35 

Variability (PDV) in a multi-century preindustrial simulation of the Community Earth System 36 

Model version 2 (CESM2). The model simulates several aspects of ENSO relatively well, 37 

including  dominant timescale, tropical and extra-tropical precursors, composite evolution of El 38 

Niño and La Niña events, and ENSO teleconnections. The realistic simulation of ENSO spectral 39 

characteristics is consistent with the spatial pattern of the anomalous equatorial zonal wind stress 40 

in the model, which results in the correct adjustment timescale of the equatorial thermocline 41 

according to the delayed/recharge oscillator paradigms. The realistic timescale of the equatorial 42 

thermocline adjustment is also reflected in the realistic time evolution of the equatorial Warm 43 

Water Volume. PDV in the model exhibits a pattern that is very similar to the observed, with 44 

realistic tropical and South Pacific signatures which were much weaker in some of the CESM2 45 

predecessor models. The tropical component of PDV also shows a realistic association with ENSO 46 

decadal modulation. However, the ENSO amplitude is about 30% larger than observed in the 47 

preindustrial CESM2 simulation, and even larger in the historical ensemble, perhaps as a result of 48 

anthropogenic influences. In addition, the largest variability is found in the central Pacific rather 49 

than the eastern Pacific, as in observations, a discrepancy that somewhat hinders the model’s 50 

ability to represent a full diversity in El Niño spatial patterns and appears to be associated with an 51 

unrealistic confinement of the precipitation anomalies to the western Pacific.  52 

  53 
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1. Introduction 54 

 55 

The El Niño Southern Oscillation (ENSO) is the dominant mode of variability in the tropical 56 

Pacific at interannual timescales. This naturally occurring phenomenon is characterized by warm 57 

conditions in the central/eastern equatorial Pacific, known as El Niño events, which occur every 58 

two to seven years and alternate with the cold La Niña phase. A sea level pressure seesaw, known 59 

as the “Southern Oscillation”, constitutes the atmospheric component of this coupled phenomenon 60 

(McPhaden et al., 2006). The tropical Pacific sea surface temperature (SST) anomalies associated 61 

with ENSO alter tropical convection and trigger atmospheric teleconnections which are 62 

responsible for worldwide temperature and precipitation impacts of critical societal importance 63 

(Ropelewski and Halpert 1987; Glantz, 2000, Tippett and Barnston, 2008).  64 

 65 

The evolution of the equatorial Pacific upper-ocean heat content provides memory to the coupled 66 

equatorial system, and is primarily responsible for the quasi-cyclic nature of ENSO. However, 67 

stochastic atmospheric and oceanic variability within the tropical Pacific, as well as influences 68 

from the extra-tropical Pacific (Chiang and Vimont, 2004; Zhang et al., 2014) and from other 69 

ocean basins (Cai et al. 2019), which themselves may be stochastic in nature, result in deviations 70 

of the ENSO evolution from a regular cycle, and may contribute to event-to-event differences in 71 

spatial pattern, amplitude and temporal evolution. Slow variations of the tropical background 72 

conditions may also lead to a low-frequency modulation of ENSO characteristics (Fedorov and 73 

Philander, 2000; Capotondi and Sardeshmukh, 2017).  74 

 75 

A large body of literature has recently emphasized the diversity in ENSO amplitudes and spatial 76 

patterns (Capotondi et al., 2015; Timmerman et al., 2018, Okumura et al., 2019, and references 77 

therein) which may result in different ENSO impacts both within the tropical Pacific (Dewitte et 78 

al., 2012; Turk et al., 2011; Radenac et al., 2012; Gierach et al., 2012; Lee et al., 2014) and 79 

remotely (Ashok et al., 2007; Larkin and Harrison, 2005, Patricola et al., 2019, among others). El 80 

Niño events with the largest anomalies in the far eastern Pacific produce intense rainfall in that 81 

usually cold and dry region. These events also greatly reduce equatorial upwelling in the eastern 82 

Pacific with dramatic consequences for ocean productivity and marine life. Warm ENSO events 83 

with largest anomalies located in the central equatorial Pacific, on the other hand, may be 84 
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associated with neutral and cooler conditions in the eastern Pacific, but lead to a reduction of 85 

marine productivity in the area where the largest anomalies occur (Gierach et al., 2012). The 86 

location of ENSO-related SST anomalies appears to also affect atmospheric teleconnections. 87 

Ensembles of atmospheric general circulation model simulations forced by small patches of SST 88 

anomalies prescribed at regularly spaced locations over the tropical Indo-Pacific domain showed 89 

that the area that is most effective in forcing the Pacific North American pattern (PNA) is the 90 

central-western Pacific, not the eastern Pacific where “canonical” El Niño events tend to have their 91 

largest signal (Barsugli and Sardeshmukh, 2002). Consistent with the results of Barsugli and 92 

Sardeshmukh (2002), anomalies in the central-western equatorial Pacific were identified as the 93 

most effective in forcing ocean warming along the U.S. West Coast (Shi et al., 2019; Capotondi et 94 

al., 2019), while precipitation in Southern California appeared to respond more strongly to SST 95 

anomalies in the eastern equatorial Pacific (Shi et al., 2019). The presence of a large level of 96 

atmospheric noise may, however, obscure the influence of ENSO diversity on atmospheric 97 

teleconnections and associated temperature and precipitation impacts over North America (Deser 98 

et al., 2018).  99 

 100 

The complexity of ocean-atmosphere feedbacks underlying ENSO evolution and diverse 101 

expressions makes the simulation of ENSO by climate models extremely challenging. A steady 102 

progress in the representation of ENSO has been documented (Guilyardi et al., 2012; Bellanger et 103 

al., 2014) across the generations of models participating in the Climate Model Intercomparison 104 

Projects phases 3 and 5 (CMIP3 and CMIP5). For example, the large spread in ENSO amplitude 105 

exhibited by the CMIP3 models was largely reduced in the CMIP5 archive, and the ENSO seasonal 106 

phase locking was found modestly improved in the CMIP5 relatively to CMIP3 multi-model 107 

ensembles (Bellenger et al. 2014). Important improvements were detected in the National Center 108 

for Atmospheric Research Community Climate System Model version 4 (NCAR-CCSM4) relative 109 

to its predecessor CCSM3 (Deser et al., 2012). Unlike CCSM3, which exhibited a quasi-regular 110 

biennial ENSO behavior, CCSM4 had a broader spectral peak with a dominant timescale closer to 111 

the observed, an improvement that was attributed to a more realistic spatial pattern of the wind 112 

stress response to ENSO SST anomalies (Capotondi et al., 2006), and to a larger level of 113 

atmospheric noise (Neale et al., 2008). Unlike CCSM3, CCSM4 was also able to more realistically 114 
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simulate observed asymmetries in spatial pattern and duration between El Niño and La Niña events 115 

(Deser et al., 2012).  116 

 117 

In spite of these improvements, notable biases in the representation of ENSO in climate models 118 

persist. One of these biases is the excessive westward extension of the SST anomalies associated 119 

with ENSO, a bias that could affect the models’ ability to produce realistic teleconnections 120 

(Bellenger et al., 2014). A related issue is the models’ difficulty to simulate the observed broad 121 

range of El Niño spatial patterns (Capotondi et al., 2015b; Capotondi et al., 2019). This problem 122 

appears to arise from the intensity of the eastern Pacific “Cold Tongue”, which in the models tends 123 

to be larger than in nature (Ham and Kug, 2012). Since anomalous convective activity depends on 124 

the total SST relative to the tropical mean SST (He et al., 2018), an excessively cold mean eastern 125 

tropical Pacific will be unable to support local convection, even in the presence of positive SST 126 

anomalies, resulting in an atmospheric response confined to the western part of the basin, and a 127 

more limited range of SST anomaly patterns (Ham and Kug, 2012; Kug et al., 2012).  128 

 129 

Apart from the interannual variations associated with ENSO in the tropical Pacific, the Pacific 130 

sector also exhibits variability at decadal and multidecadal timescales (Mantua et al. 1997; Zhang 131 

et al., 1997; Deser et al., 2004; Newman et al., 2016). The dominant pattern of variability in the 132 

North Pacific was identified as the leading empirical orthogonal function (EOF) of monthly SST 133 

anomalies poleward of 20°N, and termed the Pacific Decadal Oscillation (PDO) by Mantua et al. 134 

(1997). The PDO is characterized by anomalies of one sign in the central North Pacific, and 135 

anomalies of the opposite sign along the west coast of North America and the Gulf of Alaska. EOF 136 

analysis of low-pass filtered SST anomalies over the entire Pacific basin reveals a pattern that is 137 

quasi-symmetric about the equator, known as the Interdecadal Pacific Oscillation (IPO, Power et 138 

al., 1999), and “ENSO-like” in the tropical Pacific (Zhang et al., 1997). While both the PDO and 139 

IPO have been viewed as “modes” of variability, and related to important climatic and ecological 140 

impacts, recent research (Newman et al., 2016) has shown that the PDO should be seen, instead, 141 

as the result of a combination of different processes, including ENSO teleconnections, ocean 142 

mixed layer “re-emergence” mechanism (Alexander et al., 1999), and slow propagation of 143 

midlatitude Rossby waves (Kwon and Deser, 2007). In addition, although the PDO and IPO 144 

patterns are associated with variability at decadal-interdecadal timescales, no statistically 145 
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significant peak is usually found in the spectra of their associated time series, suggesting that these 146 

low-frequency variations may simply represent the low-frequency tail of a red-noise process, 147 

rather than a real oscillatory behavior. For this reason, we will refer to these decadal variations as 148 

“Pacific Decadal Variability” (PDV).  149 

 150 

In this paper, we document ENSO and PDV in the latest version of the National Center for 151 

Atmospheric Research (NCAR) Community Earth System Model Version 2.1 (CESM2.1). Given 152 

the key role played by ENSO in the global climate system, the model’s ability to realistically 153 

simulate ENSO is of paramount importance. We start by describing the model, the observational 154 

datasets used for its validation, and the Linear Inverse Modeling (LIM) approach employed for 155 

model diagnostics in section 2. In section 3, we examine ENSO in CESM2 relative to observations 156 

and to previous NCAR model versions. We will consider, in particular, ENSO temporal evolution 157 

and spectral characteristics, precursors, spatial diversity and teleconnections. PDV is briefly 158 

described in section 4, and conclusions are drawn in section 5.  159 

 160 

2. Model descriptions,  observational datasets, and LIMs 161 

 162 

2.1 CESM2 163 

 164 

CESM2 is the latest version of the NCAR suite of climate and earth system models. It includes 165 

fully interactive ocean, atmosphere, ice, land and ocean biogeochemical components, building on 166 

component models used in previous versions, but with important improvements in each of them. 167 

Specifically, the atmospheric component, the Community Atmospheric Model version 6 (CAM6) 168 

has improved parameterizations of all physical processes, the most notable of which is a new 169 

representation of convection through the unified turbulent scheme Cloud Layers Unified by 170 

Binormals (CLUBB, Golaz et al., 2002). The ocean component is based on the Parallel Ocean 171 

Program version 2 (POP2; Smith et al., 2010) with several physical and numerical improvements, 172 

including, among others, the use of prognostic chlorophyll for short-wave absorption, and the 173 

inclusion of a wave model and associated Langmuir mixing parameterization (Li et al., 2016). 174 

Additional details on all the component models can be found in Danabasoglu et al. (2019). 175 

 176 
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CESM2 has contributed simulations to the Climate Model Intercomparison Project phase 6 177 

(CMIP6), including pre-industrial, historical, and future scenario simulations. For this study we 178 

will focus primarily on the pre-industrial control simulation (piControl) under 1850 radiative 179 

forcing conditions, supplemented as needed with a 11-member ensemble of historical simulations 180 

(HIST) and a 10-member ensemble of historical AMIP simulations with specified observed SSTs. 181 

All simulations are conducted at a nominal 1° horizontal resolution. The piControl is 1200 years 182 

long, but due to the presence of trends during the first 200 years, our analyses are restricted to 183 

model years 201-1200. Details of the spin-up and initialization procedures for the piControl and 184 

HIST ensemble are given in Danabasoglu et al. (2019).  185 

 186 

For some of the diagnostics, we compare CESM2 with previous model versions, specifically 187 

Community Climate Model version 4 (CCSM4, Gent et al., 2011) and CESM version 1 (CESM1; 188 

Hurrell et al., 2013). Extensive documentation of ENSO and PDV in CCSM4 was provided in 189 

Deser et al. (2012). A dynamical analysis of ENSO in CESM1 is given in DiNezio et al. (2017a 190 

and b).  For consistency with the length of the CESM2 piControl record analyzed, we used 191 

comparable durations for the pre-industrial control runs of CCSM4 (model years 301-1300) and 192 

CESM1 (model years 1201-2200).  193 

 194 

2.2 Observational datasets 195 

 196 

We use the following data sets for model validation. 197 

1) SST from the NOAA Extended Reconstructed SST version 5 (ERSSTv5; Huang et al., 2017) 198 

over the period 1900-2018.  199 

2) Sea level pressure (SLP) from the National Center for Environmental Prediction (NCEP) – 200 

NCAR Reanalysis (Kalnay et al., 1996), and from ERA20C (Poli et al., 2016) updated with ERA-201 

Interim (Dee et al., 2011).  202 

3) Precipitation from the NOAA reconstructed precipitation dataset (Chen et al., 2002) and from 203 

GPCP (Adler et al., 2003). 204 

4) Surface winds from ERA5 (Hersbach et al., 2019) and surface wind stress from the NCEP-205 

Department of Energy (DOE) atmospheric reanalysis (Kanamitsu et al., 2002).  206 
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5) Sea surface height (SSH) from the European Center for Medium-Range Weather Forecasting 207 

(ECMWF) Ocean Reanalysis System 4 (ORAS4; Balmaseda et al., 2013), covering the period 208 

1958-2015.  209 

6) Near-surface air temperature from Berkeley Earth Surface Temperature (Rohde et al., 2013). 210 

 211 

2.3 Linear Inverse Model 212 

 213 

To aid with model diagnostics we use a Linear Inverse Model (LIM). LIMs are empirical models 214 

that have been extensively used to understand and predict ENSO (Penland and Sardeshmukh, 215 

1995). In the LIM framework, the tropical Pacific is described in terms of an anomaly state vector 216 

x, which is constructed from anomalies of the key system variables. The evolution of x is then 217 

modeled in terms of linearly damped and stochastically perturbed dynamics (Penland and 218 

Sardeshmukh, 1995; Newman et al., 2011) of the form: 219 

  220 

dx  = L x dt + S r √𝑑𝑡                    (1), 221 

  222 

where the matrix L encapsulates the predictable dynamics of the system, the matrix S represents 223 

the spatially varying amplitude of the stochastic forcing, and r is a vector of random numbers 224 

drawn from a normal distribution with zero mean and unit standard deviation. The operators L and 225 

S can be estimated directly from the instantaneous and lagged covariance matrices of x (Penland 226 

and Sardeshmukh, 1995). The leading eigenvectors of the L operator, known as Empirical Normal 227 

Modes (ENMs), are non-orthogonal and damped, and may have an oscillatory component. In such 228 

a system, temporary growth is possible through a constructive superposition of the ENMs, which 229 

allow the identification of the optimal initial conditions conducive to the mature ENSO phase. In 230 

this study, we will use the LIM approach for two purposes: 1) Objectively determine the optimal 231 

ENSO precursors (the optimal initial LIM structures), and 2) Assess uncertainties of spectral 232 

estimates from multi-millennia synthetic time series of x, determined through the integration of 233 

(1), which, by construction, are consistent with the statistics of the data used to train the LIM 234 

(Capotondi and Sardeshmukh, 2017). We construct LIMs for both observations and CESM2, using 235 

SST and SSH as state variables. The observational LIM is trained on SST from ERSSTv5 and SSH 236 

from ORAS4 over the period 1958-2014, while the CESM2 LIM is based on model years 201-237 
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1200. To reduce the number of degrees of freedom, the SST and SSH anomalies are projected onto 238 

their leading Empirical Orthogonal Functions (EOFs). We retain 20 SST and 10 SSH EOFs for 239 

both observations and CESM2, accounting for 94% (72%) of the SST (SSH) variance in 240 

observations, and 86% (77%) of the variance in CESM2.  241 

 242 

3. ENSO  243 

 244 

3.1 Nino-3.4 SST variability 245 

 246 

ENSO characteristics, such as amplitude and dominant timescale, are strongly dependent on the 247 

equatorial Pacific mean state (Fedorov and Philander, 2000). In particular, the mean zonal SST 248 

gradient, which is strongly affected by the strength of the eastern Pacific “Cold Tongue”, was 249 

identified by Fedorov and Philander (2000) as a key parameter for ENSO stability characteristics. 250 

The mean climatological SST conditions in CESM2 are compared with ERSSTv5, CESM1 and 251 

CCSM4 in Fig. 1. The intensity and zonal extent of the equatorial Cold Tongue, as indicated by 252 

the westward penetration of the 27°C isotherm (thick white contour), appear to be improved in 253 

CESM2 compared to CCSM4, and especially to CESM1, relative to the ERSSTv5 dataset.  254 

 255 

The standard deviation of monthly SST anomalies, where anomalies are defined as the departures 256 

from the long-term monthly means, in the central/eastern tropical Pacific are overestimated by 257 

about 30%-40% in all three models relative to ERSSTv5.  Apart from the amplitude, the spatial 258 

pattern of the variability also shows discrepancies with the observed. While ERSSTv5 exhibits the 259 

largest standard deviations in the far eastern Pacific, the largest standard deviations are achieved 260 

around 110°W in CCSM4, near 120°W and 180° in CESM1, and near 180° in CESM2. SST 261 

variability is also overestimated by the models in the Kuroshio Extension region and in the Bering 262 

Sea. CESM1 and CESM2 slightly underestimate the observed variability in the Gulf of Alaska and 263 

along the northern part of the US West Coast.  264 

 265 
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 266 
Figure 1. Mean SST (white contours) and SST monthly standard deviation (color shading) for 267 
detrended ERSSTv5 over 1900-2018 (top-left), and 1000-year segments of the pre-industrial 268 
control simulations of CESM2 (top right), CESM1 (bottom-left), and CCSM4 (bottom-right). 269 
Contour interval is 3°C and the thick white contour indicates the 27°C isotherm. 270 
 271 

 272 

 273 
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 274 
Figure 2. Time series of the monthly Niño-3.4 index for ERSSTv5 over the 1900-2018 period (top 275 
panel) and for CESM2, from model year 201 to 1200 (rows 2-6), with each row displaying a 200-276 
yr segment of the Niño-3.4 index. Vertical axis ranges from -4°C to 4°C in all panels. Shading is 277 
used to highlight periods with different characteristics of the Niño-3.4 index as described in the 278 
text. 279 
 280 
The Niño-3.4 index, defined as the area average of monthly SST anomalies in the region 5°S-5°N, 281 

170°-120°W, is a commonly used index to represent SST variability associated with ENSO (e.g., 282 

Trenberth et al., 2002). The evolution of the Niño-3.4 index over the piControl simulation of 283 

CESM2 is compared in Fig. 2 with the evolution of the Niño-3.4 index from ERSSTv5 over the 284 
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1900-2018 period. Although the amplitude of the Niño-3.4 index in the model is overall larger 285 

than in ERSSTv5 (the Niño-3.4 standard deviations are 0.87 for ERSSTv5 and 1.14 for CESM2 286 

over the periods shown in Fig. 2), with some extreme events as large as 4°C in the model, its 287 

temporal evolution shows similar visual behavior to the observed in terms of dominant timescale 288 

and degree of irregularity. For example, prevailing La Niña conditions, similar to those observed 289 

during 1942-1957, are also seen in CESM2 (e.g., during model years 352-368, light blue shading), 290 

and periods dominated by warm events such as 1982-1998 in observations are also seen in CESM2 291 

(e.g., model years 565-578, yellow shading). The millennial-long model time series also highlights 292 

the presence of low-frequency modulation of ENSO characteristics, with decadal periods 293 

characterized by a more regular, quasi-oscillatory ENSO behavior (e.g., during model years 240-294 

260, and 1080-1092, pink shading) relative to other periods with a more irregular alternation of 295 

warm and cold events (e.g., years 440-485 and 940-980, green shading). These decadal variations 296 

in the Niño-3.4 characteristics, which were already noted by Wittenberg (2009) for the 297 

GFDL_CM2.1 model and Deser et al. (2012) for CCSM4, open the question of how robustly we 298 

can characterize ENSO from the relatively short instrumental records.  299 

 300 

Observed ENSO events peak in boreal winter, with a minimum in late spring, as illustrated by the 301 

monthly standard deviations of the ERSSTv5 Niño-3.4 index in Fig. 3 (top-left). This seasonal 302 

phase locking has been a difficult aspect for climate models to simulate correctly (Bellenger et al., 303 

2014), with models often exhibiting a secondary peak in a different part of the year, or showing 304 

comparable standard deviations in boreal winter and spring-summer. CCSM4, CESM1, and 305 

CESM2 all achieve their largest variance in December and January, and a minimum in late spring-306 

summer, consistent with ERSSTv5 (although the minimum in CESM1 and CESM2 is delayed by 307 

1-2 months compared to observations; Fig. 3, left panels). The monthly standard deviations also 308 

highlight the larger ENSO amplitude in the models (especially CESM2) than the observations in 309 

all months. 310 

 311 

 312 
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 313 
Figure 3. Monthly standard deviations (left panels), auto-correlation functions (middle panels) 314 
and power spectra (right panels) of the Niño-3.4 index for observations (detrended ERSSTv5 315 
during 1900-2018, top row), CESM2 (model years 201-1200, second row), CESM1 (model years 316 
1201-2200, third row) and CCSM4 (model years 301-1300, bottom row). The x-axis in the 317 
autocorrelation function indicates the lag in months. The red, blue and green curves in the right 318 
panels indicate the Markov red-noise spectrum, and its 95% and 99% confidence bounds, 319 
respectively. Top axis in the right panels indicates period in years. 320 
 321 
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The power spectrum of the Niño-3.4 index from ERSSTv5 shows a broad maximum with 322 

timescales ranging from approximately 2.5 to 8 years (Fig. 3, top right). The spectra of CESM2, 323 

CESM1 and CCSM4 are dominated by a pronounced spectral peak which is well within the 2.5-8 324 

years observational range (Fig. 3, right panels). As noted before, ENSO is stronger in the models 325 

than in observations, especially in CCSM4 and CESM2. Another way to characterize the ENSO 326 

temporal evolution is through the lag autocorrelation function of the Niño-3.4 index (Fig. 3, middle 327 

panels). In all cases, the zero-crossing occurs at a lag of 11-12 months. The maximum negative 328 

correlation occurs at a lag of 18-24 months for ERSSTv5, 23-24 months in CESM1 and CCSM4, 329 

and 18-21 months in CESM2.  The magnitude of the maximum negative correlation is larger in 330 

the models relative to observations, perhaps an indication of a more consistent and larger amplitude 331 

transition to the opposite phase of the ENSO cycle in the models than in ERSSTv5. However, 332 

given the difference in the duration of the Niño-3.4 index in the models than in the observations, 333 

it is unclear whether our relatively short observational sample is representative of the full range of 334 

ENSO statistics in the real world.  335 

 336 

For a more direct comparison of CESM2 and ERSSTv5 we repeat the calculation of the monthly 337 

standard deviations, autocorrelation functions and spectra over the historical period 1958-2014 338 

(Fig. 4). We establish the statistical significance of the CESM2 historical estimates by using all 11 339 

CESM2 historical simulations, while for the observations we use a “synthetic observational 340 

ensemble” obtained from a multi-millennia LIM integration trained over the 1958-2014 period. 341 

The LIM is run for 28,500 years yielding 500 57-year segments that are used to estimate the 342 

observational uncertainty. The resulting ensemble spread, a measure of the internal system noise, 343 

is shown by the light blue shading in the middle and right panels of Fig. 4. For the monthly standard 344 

deviations (Fig. 4, left panels) boxplots are used to define minimum and maximum values, as well 345 

as the first, second (median) and third quartile of the probability density function of the standard 346 

deviations. The ENSO amplitude in the CESM2 historical ensemble is larger than in the piControl 347 

(note that the vertical axes in Figs. 4 are different than in Fig. 3), perhaps reflecting the influence 348 

of anthropogenic forcing on ENSO. As in piControl, the monthly standard deviations  achieve their 349 

largest values in December and January, with a summer minimum that is delayed by about 2 350 

months in CESM2 relative to observations. The availability of several ensemble members allows 351 

the detection of a negative skewness in the CESM monthly standard deviations. This asymmetry 352 
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is not present in the distributions of monthly standard deviations obtained from the LIM, likely 353 

due to the assumption of a Gaussian noise distribution of the LIM methodology. The ensemble 354 

mean autocorrelation function of CESM2 over 1958-2014 is in very good agreement with the 355 

observed, with the first zero-crossing at a lag of about 12 months,  the negative minimum at a lag 356 

of 18-24 months, and the second zero crossing at a lag of about 30 months. As for piControl, the 357 

CESM2 spectrum in the historical period displays a peak between 2.8-8 years in agreement with 358 

the observed, but with an approximately 40% larger amplitude. This amplitude discrepancy is put 359 

in a broader perspective by the large range of spectral estimates that can arise purely from sampling 360 

variability, as assessed through the use of an ensemble of simulations that differ only by small 361 

changes in initial conditions. This large level of uncertainty highlights how the availability of only 362 

one observational realization may hinder our ability to meaningfully compare models and 363 

observations.  364 

 365 
Figure 4. Monthly standard deviation (left panels), autocorrelation function (middle panels) and 366 
power spectra (right panels) of the detrended Niño-3.4 index during 1958-2014 for observations 367 
(ERSSTv5, top panels) and CESM2 historical simulations (bottom panels). The range of estimates 368 
for the CESM2 autocorrelation function and spectrum (light blue shading) are estimated using the 369 
11-member ensemble of the CESM2 historical simulations, while the observational uncertainties 370 
are based on a 28,500 year LIM integration, yielding 500 57-year segments that are consistent with 371 
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the statistics of the 1958-2014 period used to train the LIM. The statistics of the monthly standard 372 
deviations in the left panels are summarized through the use of boxplots showing the minimum 373 
values (whiskers minima), first quartiles (lower edge of the boxes), median (black lines), third 374 
quartiles (upper edge of the boxes) and maximum values (whiskers maxima) of the standard 375 
deviations for each month. The blue curve in the top-right panel shows the average spectrum of 376 
the 500 57-year segments of the LIM output. Note the different vertical axes between Figs. 3 and 377 
4. 378 
 379 

Previous studies (Kirtman et al., 1997; An and Wang, 2000; Capotondi et al., 2006) have related 380 

the dominant ENSO timescale to the spatial structure of the zonal wind stress response to the 381 

ENSO SST anomalies. Wind stress anomalies that are located further to the east, and have a 382 

broader meridional scale Ly are associated with longer ENSO timescales. These zonal wind stress 383 

anomalies are associated with Ekman pumping anomalies that can excite off-equatorial Rossby 384 

waves further away from the western boundary and from the equator. The decrease of the Rossby 385 

wave phase speed with latitude and the longer propagation distance from the generation longitude 386 

to the western ocean boundary lead to a longer adjustment timescale of the equatorial thermocline, 387 

and a longer ENSO timescale. The spatial patterns of the zonal wind stress associated with ENSO 388 

in observations and CESM2 are compared in Fig. 5. The patterns are obtained by regressing the 389 

zonal wind stress at each grid point on the normalized Niño-3.4 index. The zonal wind stress from 390 

the NCEP/DOE reanalysis, available over the period 1979-2018 is used as the observational 391 

estimate. The spatial pattern of the zonal wind stress in CESM2 has a somewhat excessive 392 

longitudinal elongation near the equator with a sharp transition to anomalies of the opposite sign 393 

along 4°N, from about 150°E to 120°W. However, it is centered at a similar longitude as 394 

observations (174°E vs. 177°E), and its meridional width Ly is very comparable with the observed 395 

(20° vs. 19° degrees of latitude), consistent with the realistic dominant timescale of the Niño-3.4 396 

index in CESM2 relative to observations. A similar analysis reported by Deser et al. (2012) for 397 

CCSM4 and CCSM3 indicated a large improvement of the spatial pattern of the zonal wind stress 398 

in CCSM4 relative to CCSM3, which was viewed as an important contributing factor to the more 399 

realistic spectral characteristics of ENSO in CCSM4 relative to its predecessor CCSM3. These 400 

improved characteristics are retained in CESM2 (and CESM1). Our linear analysis of the wind 401 

stress response to the Niño-3.4 variations does not capture the asymmetry of the wind stress 402 

anomalies during warm and cold events, with anomalies being larger during El Niño events than 403 
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during La Niña events (Capotondi et al., 2018, and references therein). This ENSO feedback will 404 

be examined in detail in a future study.  405 

 406 
Figure 5. Regression of zonal wind stress upon the normalized Nino-3.4 index for observations 407 
(zonal wind stress from the NCEP/DOE reanalysis over 1979-2018, and Niño-3.4 index from 408 
detrended ERSSTv5 over the same time period, top-left) and CESM2 (years 201-1200, bottom-409 
left) as a function of longitude and latitude, and their zonal average (right panels). Dashed line in 410 
the left panels shows the “center of mass” of the positive zonal wind stress anomalies computed 411 
as the equatorial (2°S-2°N) zonal wind stress anomaly weighted longitude between 140°E and 412 
120°W. Right panels show the zonal average of the zonal wind stress, from 20°S to 20°N. The 413 
latitudes of zero crossing in the right panels are used to define the meridional scale Ly of the 414 
anomalous zonal wind stress for both observations and model. Ly is 18.8° of latitude for the 415 
observations and 20° for CESM2. 416 
 417 

3.2 Composite evolution of El Niño and La Niña events 418 

 419 

To compare the spatiotemporal evolution of El Niño and La Niña events between the models and 420 

observations, we conduct composite analysis following the methodology of Okumura and Deser 421 

(2010). For each model and observational SST dataset, El Niño (La Niña) events are selected when 422 

the December Niño-3.4 index exceeds 1 (is less than -1) standard deviation. Before selecting the 423 
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events, the monthly Niño-3.4 index is smoothed with a 3-month binomial filter to suppress 424 

subseasonal variability. When the El Niño or La Niña criterion is satisfied for consecutive years, 425 

it is counted as a single event. For each event, the year containing the December when the Niño-426 

3.4 index first meets the criterion is denoted as year 0 and the subsequent years as year +1, year 427 

+2, …. Following this methodology, El Niño (La Niña) composites contain 20 (15) events for 428 

observations between 1900 and 2018, 142 (153) events for the CESM2 piControl, 130 (119) events 429 

for the CESM1 piControl, and 146 (139) events for the CCSM4 piControl.   430 

 431 
Figure 6. Longitude-time sections of composite SST anomalies along the equator (3°S-3°N) for 432 
(top) El Niño and (bottom) La Niña based on observations (ERSSTv5 over 1900-2018, left panels), 433 
CESM2 (model years 201-1200, second column), CESM1 (model years 1201-2200, third column), 434 
and CCSM4 (model years 301-1300, right panels). See text for details of the compositing 435 
methodology. 436 
 437 

Longitude-time sections of SST anomalies along the equator for composite El Niño and La Niña 438 

events are presented in Fig. 6. CESM2 reproduces observed asymmetry in the duration of El Niño 439 

and La Niña events (e.g., Dommenget et al., 2013; Larkin & Harrison, 2002; McPhaden & Zhang, 440 

2009; Ohba & Ueda, 2009; Okumura & Deser 2010), similar to CCSM4 (Deser et al., 2012) and 441 
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CESM1 (DiNezio et al., 2017; Wu et al., 2019). In both models and observations, composite El 442 

Niño terminates and transitions to a weak La Niña state in year +1, whereas composite La Niña 443 

persists and re-intensifies toward the end of year +1. Compared to the earlier versions of the model, 444 

CESM2 shows a stronger tendency for El Niño to transition to La Niña and a weaker tendency for 445 

La Niña to persist into year +1. Previous studies suggest that nonlinearities in both atmospheric 446 

and oceanic processes contribute to the asymmetric duration of El Niño and La Niña [see recent 447 

reviews by Okumura (2019) and An et al. (2019)]. Besides the event duration, all versions of the 448 

model simulate a zonal displacement of equatorial SST anomalies between El Niño and La Niña 449 

during year 0, with La Niña cooling shifted to the west by 10°-20° of longitude relative to El Niño. 450 

These equatorial SST anomalies during year 0 exhibit westward propagation. The re-451 

intensification of La Niña near the end of year +1, on the other hand, occurs simultaneously across 452 

the basin in both models and observations. 453 

 454 

Composite El Niño and La Niña events last one and two years, respectively, but individual events 455 

show diverse temporal evolution (Fig. 7). As in Deser et al. (2012), we define the duration of an 456 

El Niño (La Niña) event as the number of months for which the Niño-3.4 index remains above 457 

0.25 standard deviations (below -0.25 standard deviations) of the monthly index after December 458 

of year 0. Frequency distributions of the event durations compare well between CESM2 and 459 

observations. In CESM2 (observations), 83% (80%) of El Niño events terminate in year +1, 460 

whereas 44% (50%) of La Niña events persist through year +1. The larger fraction of multi-year 461 

events for La Niña than El Niño is consistent with the overall asymmetry in their duration. Recent 462 

studies suggest that the duration of individual El Niño and La Niña events is controlled by multiple 463 

factors, including the magnitude of initial equatorial oceanic heat content anomalies, onset timing, 464 

and remote influences from the extratropical Pacific and the tropical Indian and Atlantic Oceans 465 

(DiNezio et al., 2017; Wu et al., 2019). It is noted that the fraction of multi-year events decreases 466 

for both El Niño and La Niña in CESM2 compared to CESM1 and CCSM4 (not shown), consistent 467 

with the differences shown in Fig. 6.  468 
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 469 
Figure 7. Frequency distribution (%) of (top) El Niño and (bottom) La Niña duration (in months) 470 
for (left) observations (detrended ERSSTv5 1900-2018) and (right) CESM2 control simulation 471 
(model years 201-1200). The El Niño (La Niña) duration is defined as the number of months for 472 
which the Niño-3.4 index remains above 0.25 standard deviations (below -0.25 standard 473 
deviations) after December of year 0. The number of El Niño (La Niña) events in each 3-month 474 
bin is divided by the total number of El Niño (La Niña) events. The numbers near the top of each 475 
panel indicate the fraction of events that terminate in year +1 (left numeral) and persist through 476 
year +1 (right numeral). 477 
 478 

 479 

 480 

 481 

 482 

 483 

 484 

 485 
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3.3 ENSO Precursors  486 

 487 

 488 
Figure 8. Leading EOFs of SSH for ORAS4 (1958-2014, left panels) and CESM2 (201-1200, right 489 
panels).  Top panels show EOF1 for the two datasets, middle panels show EOF2, and bottom 490 
panels display the lag-correlation between the associated PCs, with PC1 leading PC2 for positive 491 
lags. In both ORAS4 and CESM2, the lag-correlations indicate that EOF1, associated with the 492 
peak of the positive ENSO phase, leads the negative phase of EOF2, i.e. a discharged equatorial 493 
Pacific thermocline. Conversely, a recharged state (positive EOF2) leads to the positive phase of 494 
EOF1, i.e., the development of an El Niño event. 495 
 496 
Variations in equatorial upper-ocean warm water volume (WWV), usually described in terms of 497 

thermocline depth or sea surface height (SSH), are a fundamental component of ENSO evolution, 498 

as theoretically described by the recharge oscillator paradigm (Jin, 1997), and documented in 499 

observations (Meinen and McPhaden, 2000). The two leading EOFs of SSH effectively capture 500 

such variations as shown in Fig. 8 for both observations and CESM2. In both datasets, the leading 501 

SSH EOF exhibits a dipole pattern with positive anomalies (deeper thermocline) in the eastern 502 

equatorial Pacific, and negative anomalies (shallower thermocline) in the western Pacific. The 503 
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reduced zonal thermocline slope leads to an anomalous poleward flow, which discharges the 504 

WWV and leads to a shallower thermocline across the equatorial Pacific, as described by EOF2 505 

(with the opposite sign). Upwelling of colder water in the eastern Pacific can then lead to the 506 

opposite La Niña phase. The dynamical relationship between EOF1 and EOF2 is encapsulated by 507 

the lead-lag relationship of the associated Principal Components (PCs, bottom panels of Fig. 8) 508 

showing that a recharged state (positive EOF2) tends to lead to a warm ENSO phase approximately 509 

a quarter of a cycle later, while positive EOF1 leads to the discharged state described by EOF2 510 

with the opposite sign. The magnitude and lags of the maximum correlations are very similar in 511 

the model and observations, confirming the realistic time evolution of WWV in the model.  512 

 513 
Figure 9. a) Time evolution of the observed recharge-discharge and Nino3.4 SST index over 1960-2010. 514 
The AVISO and ORAS4 estimates for the recharge are defined as the area-averaged sea surface height 515 
anomalies over 5°S-5°N, 120°E-155°W. AVISO coverage begins in 1993. b) As in a) but for CESM2 over 516 
years 1120-1200. The recharge is defined as the warm water volume integrated over 5°S-5°N, 120°E-517 
155°W. All time series are standardized. c) Lead-lag correlations of Niño-3.4 and the recharge-discharge 518 
in observations and CESM2 (model years 800-1200). Positive (negative) lags indicates Niño3.4 leads (lags) 519 
the recharge. 520 
 521 

While several studies have considered the WWV integrated across the entire equatorial Pacific, 522 

recent research has emphasized the key role of the western-to-central equatorial Pacific as a more 523 

effective ENSO predictor at lead times of about 1 year or longer (McGregor et al., 2016; Neske 524 

and McGregor, 2018; Izumo et al., 2019). The relationship between the WWV in the western-525 

central Pacific (the “recharge”) and the Niño-3.4 index is illustrated in Fig. 9 for several 526 

observational datasets and a subset of the CESM2 output. The positive correlation at negative lags 527 
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(recharge leading Niño-3.4) indicates that like-sign recharge-discharge precedes like-sign Niño-528 

3.4. In other words, a recharge tends to occur prior to an El Niño and a discharge tends to occur 529 

prior to a La Niña. The negative correlation at positive lags (Niño-3.4 leading recharge) indicates 530 

that a net discharge of heat content occurs at and following the peak of an El Niño and a net 531 

recharge of heat content occurs at and following the peak of a La Niña, hence the correlation is 532 

negative.  An asymmetry is found in the relative amplitude of the discharge versus the recharge in 533 

both observations and CESM2 (Fig. 10). Whether this amplitude asymmetry in the recharge-534 

discharge translates into an asymmetry in ENSO predictability is still debatable (Planton et al., 535 

2018, Larson and Kirtman, 2019, Larson & Pegion, 2019). That said, on average, in CESM2, La 536 

Niña events tend to follow a discharged state, whereas El Niño events appear to follow a neutral 537 

state.  538 

 539 
Figure 10. Scatterplot of the standardized March recharge-discharge with the following December Niño-540 
3.4 SST anomaly in (left panel) observations and (right panel) CESM2 years 800-1200. Blue markers 541 
indicate La Niña events, black markers indicate neutral, and red markers indicate El Niño events. The 542 
threshold for El Niño (La Niña) is exceedance of the + (–) one standard deviation of the observed Niño-3.4 543 
SST anomaly over 1958-2010. Bold triangles indicate the average over each of the 3 ENSO categories. 544 
 545 

 546 

Apart from equatorial processes, the onset of ENSO events can also be affected by extra-tropical 547 

influences, including, for example, the Seasonal Footprinting Mechanism (SFM, Vimont et al., 548 

2001) and the North and South Pacific Meridional Modes (NPMM and SPMM; Chiang and 549 
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Vimont, 2004; Zhang et al., 2014). The NPMM and SPMM are meridional dipole patterns of SST 550 

anomalies that result from changes in evaporative cooling associated with changes in the strength 551 

of the subtropical trade winds. They can influence equatorial processes through either the 552 

propagation of the SST anomalies to the equator (Chiang and Vimont, 2004; Larson et al., 2018) 553 

or through the dynamical adjustment of the equatorial thermocline induced by their associated 554 

wind anomalies (Alexander et al., 2010; Anderson et al., 2013). These extra-equatorial precursors 555 

are captured by the optimal initial conditions obtained with the LIM approach, as, by definition, 556 

these initial conditions provide the most effective forcing of the mature ENSO state (termed the 557 

“optimal final”). The optimal initial structure for the observational LIM (Fig. 11a), computed for 558 

a lead time of 8 months, displays positive SST anomalies extending from the coast of California 559 

to the equator, consistent with the NPMM (Chiang and Vimont, 2004), and positive anomalies 560 

extending to the equator along the southeastern Pacific coast, which are similar to the SPMM 561 

(Zhang et al. 2014). Positive SSH anomalies are present along the equator, indicative of a 562 

recharged state, while negative SSH anomalies in the northern tropics are indicative of westward 563 

propagating upwelling Rossby waves. This initial optimal structure evolves, eight months later, 564 

into a final optimal structure (Fig. 11c) that displays a “canonical” El Niño event, with the largest 565 

SST anomalies in the Niño-3.4 region, and SSH anomalies exhibiting the zonal dipole pattern 566 

associated with a reduced zonal slope of the thermocline. The optimal initial and final structures 567 

for CESM2 (Figs. 11b, d) show patterns qualitatively similar to the observed, with two notable 568 

differences: 1) A much larger SSH signal along the equator, likely indicative of a more pronounced 569 

role of recharge-discharge processes in the model, and 2) The equatorial signature of the NPMM 570 

displaced 15°-20° further west than in the observations, consistent with the westward displacement 571 

of the ENSO SST anomalies discussed in Fig. 1.  572 
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 573 
Figure 11. Initial (top panels) and final (middle panels) optimal structures obtained with LIMs 574 
trained on observations (left panels) and CESM2 (right panels). Shading is for SST and contours 575 
are for SSH. Bottom panels show the time series associated with the initial (blue) and final (red) 576 
optimal structures for the observations (left), and a 60-year segment of CESM2 (right). The 577 
observational (CESM2) LIM is trained over the period 1958-2014 (model years 201-1200). 578 
 579 
Time series associated with the initial and final optimal structures are computed by projecting the 580 

SST and SSH anomaly fields onto those structures. In both observations and CESM2, the initial 581 

and final optimal time series are highly correlated (0.75 and 0.73, respectively), with the initial 582 

leading the final time series by about 5 months. The large-scale SST, SLP, and precipitation fields 583 

concurrent with the initial and final optimal structures are obtained by linearly regressing the SST, 584 

SLP, and precipitation fields at each location on the initial and final time series, respectively. The 585 

results (Fig. 12) show that the optimal initial structures are associated with SLP dipoles in both the 586 

North and South Pacific, which are typical of the North Pacific Oscillation (Rogers, 1981), and the 587 

South Pacific Oscillation (You and Furtado, 2017). The equatorward lobes of these SLP patterns 588 

are associated with wind anomalies that weaken the climatological trade winds and produce the 589 

positive phases of the NPMM and SPMM through reduced latent heat fluxes. SLP anomalies 590 



 26 

associated with the optimal final structures are dominated by a deepened and southeastward 591 

displaced Aleutian Low in the North Pacific, due to the well-known atmospheric teleconnections 592 

of mature El Niño events, a topic further discussed in section 3.5. While the model fidelity in 593 

reproducing the large-scale ENSO precursors is overall remarkable, important discrepancies can 594 

be seen between the modeled and observed patterns, including, in particular, the excessive 595 

amplitude and westward extension of equatorial Pacific SST and precipitation anomalies in the 596 

model final fields.  597 

 598 
Figure 12. Regressions of SST (shading), SLP (black contours, negative values dashed), and 599 
precipitation (green contours, negative values dashed) anomalies upon the initial (left) and final 600 
(right) optimal structure indices for (top) observations, and (bottom) CESM2. Observed SST (°C) 601 
is from ERSSTv5, SLP (hPa) is from the NCEP/NCAR reanalysis, and precipitation (mm/day) is 602 
from the NOAA Precipitation reconstruction for the period 1958-2014. Contour intervals are 0.2 603 
hPa for SLP and 0.5 mm/day for precipitation. 604 
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3.4 ENSO diversity 605 

 606 

Several different indices have been introduced to characterize diversity in the spatial pattern of 607 

ENSO events. Special attention has been devoted to the warm phase of ENSO, since El Niño 608 

events exhibit larger variations in their spatial patterns than La Niña events (Kug and Ham, 2011). 609 

Here, we adopt the approach introduced by Takahashi et al. (2011) to distinguish between events 610 

that have their largest SST anomalies in the far eastern Pacific (E-type) from those with the largest 611 

anomalies in the central Pacific (C-type). Following the procedure of Takahashi et al. (2011), we 612 

first compute the two leading SST EOFs over the 10°S-10°N tropical Pacific domain, which 613 

together explain close to 75% of the SST variance in both observations and CESM2. The spatial 614 

pattern of the two leading EOFs over a broader meridional domain is obtained by regressing SST 615 

anomalies at each grid point on the corresponding PC timeseries (Figs. 13a, b, c, d). The resulting 616 

patterns are similar for observations and model, except for an excessive westward displacement of 617 

the SST anomalies in CESM2. Regression of SSH anomalies on the PCs shows a zonal dipole 618 

pattern (indicative of a  flatter thermocline) for EOF1 in both model and observations, while the 619 

SSH pattern associated with EOF2 displays an equatorially symmetric pattern that is reminiscent 620 

of equatorial wave signals (Fedorov and Brown, 2009) in observations, but an equatorial 621 

asymmetric pattern with an enhanced northern Hemisphere component in CESM2.  622 

 623 

We construct the E and C indices as a linear combination of PC1 and PC2, following Takahashi et 624 

al. (2011): 625 

 626 

E = (PC1-PC2)/√2,   C = ( PC1+PC2)/√2, 627 

 628 

and determine the associated patterns through linear regression of the SST and SSH fields on the 629 

E and C indices. In observations, the E mode achieves its largest amplitude in the far eastern 630 

equatorial Pacific, with a very deep thermocline near the South American coast, while the C-mode 631 

has the largest anomalies just to the east of the dateline, and the largest thermocline depth 632 

anomalies between 120° and 150°W. The model displays qualitatively similar patterns, except for 633 

the westward displacement of the largest anomalies. Also, while the largest SST anomalies are 634 
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weaker for the C-mode relative to the E-mode in observations, they are comparable in magnitude 635 

in the model.   636 

 637 

 638 
Figure 13. Linear regression of the SST anomalies (°C, shading) and SSH anomalies (cm, 639 
contours) on PC1 (top), PC2 (second row), E-index (third row), and C-index (bottom). The 640 
observational PCs were obtained from EOF analysis of 1900-2018 ERSSTv5 SST anomalies in 641 
the 10°S-10°N tropical Pacific domain, while the CESM2 PCs were computed from EOF analysis 642 
of the model SST anomalies over model years 201-1200 over the same 10°S-10°N tropical Pacific 643 
domain. SSH observations are from the ORAS4 reanalysis, and the corresponding regressions are 644 
based on the 1958-2015 period.  Contour interval for SSH is 1 cm. The variance explained by the 645 
SST EOFs in the 10°S-10°N domain is shown above the panels displaying the EOF patterns. 646 
 647 
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 648 
Figure 14. Patterns of anomalous zonal wind stress (panels a-d) and precipitation (panels e-h) 649 
associated with the E and C modes for observations (left) and CESM2 (right). The patterns are 650 
obtained by linearly regressing the zonal wind stress and precipitation anomalies on the E and C 651 
indices. The zonal wind stress (N/m2) is from the NCEP/DOE reanalysis, and precipitation 652 
(mm/day) is from the NOAA Precipitation reconstruction dataset. 653 
   654 
Regression of the zonal wind stress and precipitation fields on the E and C indices (Fig. 14) shows 655 

that both quantities are confined to the western Pacific for the C-modes in both observations and 656 

model, as noted in previous studies of ENSO diversity (Kug et al., 2009; Kug et al., 2010; 657 

Capotondi, 2013). This westward confinement is particularly pronounced in CESM2, where the 658 

largest precipitation anomalies are found between 150° and 160°E. The largest precipitation 659 

anomalies remain localized around the dateline also for the E-mode in CESM2, with only a narrow 660 

band just north of the equator extending further east.  661 

 662 

 663 
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3.5 ENSO teleconnections 664 

 665 

 666 
Figure 15. ENSO composite seasonal evolution from (top) JJA (year 0) through (bottom) MAM 667 
(year +1) based on observations (left pair of columns) and CESM2 piControl (right pair of 668 
columns). The left column of each pair shows SST and terrestrial near-surface air temperature 669 
(color shading) and SLP (contours, negative values dashed, contour interval of 2 hPa), and the 670 
right column of each pair shows precipitation (mm day-1; color shading) and 300 hPa 671 
streamfunction (contours, negative values dashed, contour interval of 3 x 106 m2 s-1) anomalies. The 672 
observed composite is based on years 1958–2014 except for precipitation and 300 hPa 673 
streamfunction which are for 1979-2014. The CESM2 composite is based on model years 201-674 
1200. See text for details. 675 
 676 

Here we provide a more systematic view of global ENSO teleconnections in the CESM2 piControl, 677 

along with comparison to observations and the 10-member CAM6 AMIP ensemble. El Niño and 678 

La Niña events are defined as in Section 3.2, and ENSO composites are defined as the composite 679 

difference between El Niño and La Niña. The seasonal evolution of the observed and CESM2 680 

ENSO composites from June-August of year 0 (JJA0) through March-May of year +1 (MAM+1) 681 

are shown in Fig. 15 for 5 different variables: SLP, 300 hPa streamfunction, SST, near-surface air 682 
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temperature and precipitation. Similar ENSO composite maps based on CCSM4 are provided in 683 

Deser et al. (2012). Overall, the global patterns of ENSO teleconnections are realistically simulated 684 

in CESM2, and are similar to those found in CCSM4 (see Fig. 15 in Deser et al., 2012). In 685 

particular, the seasonality and spatial structure of atmospheric circulation anomalies are well 686 

reproduced, beginning in JJA0 with a wave train emanating from the central equatorial Pacific to 687 

the South Pacific and followed in DJF+1 by a similar Rossby wave train to the North Pacific. Like 688 

CCSM4 (and other models: Chen et al., 2019), CESM2 overestimates atmospheric teleconnections 689 

in MAM+1, especially those over the North Pacific. This may be associated with the tendency for 690 

ENSO SST and precipitation anomalies over the western equatorial Pacific to persist too strongly 691 

into boreal spring in the model compared to nature (compare simulated and observed MAM+1 692 

panels in Fig. 15).  However, the amplitudes of the extra-tropical atmospheric circulation 693 

anomalies in other seasons are generally realistic in CESM2 despite the fact that ENSO itself is 694 

approximately 30% stronger than observed (recall Section 3.1). We shall return to this point below. 695 

 696 

ENSO-related atmospheric teleconnections produce surface climate anomalies through changes in 697 

heat and moisture transports. For example, the well-known impacts of ENSO on North American 698 

temperature and precipitation in boreal winter are reproduced in CESM2, especially the anomalous 699 

warming over western and central Canada and cooling over the southeastern United States, and 700 

the increased precipitation over parts of the western and southern United States (Fig. 15, DJF+1 701 

panels).  702 

 703 

A number of factors hinder a direct comparison of ENSO teleconnections and associated climate 704 

impacts between observations and CESM2, including: disparities in the length of record 705 

(approximately 56 years for observations and 1200 years for CESM2) and thus the number of 706 

ENSO events composited; shortcomings in the model’s simulation of ENSO amplitude, pattern 707 

and duration; and the fact that the model is run under constant 1850 radiative forcing conditions 708 

whereas the real world is subject to evolving radiative forcings. To circumvent these issues, we 709 

analyze ENSO composites from the 10-member CAM6 (1-degree) “Tropical Ocean – Global 710 

Atmosphere” (TOGA) AMIP ensemble, which is forced at the lower boundary by the observed 711 

(ERSSTv5) evolution of SSTs in the tropics (30°N-30°S) from 1920-2014, with SSTs elsewhere 712 

set to their long-term mean seasonal cycle, and subject to the observed evolution of historical 713 
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radiative forcings (see Deser et al., 2018 for details). The only difference amongst the individual 714 

ensemble members is a tiny (order 10-14 K) perturbation to the initial atmospheric temperatures on 715 

1 January, 1920, which serves to create ensemble spread due to internal atmospheric variability. 716 

Here we compare observed and simulated ENSO composites using the same (observed) set of 717 

ENSO events during the extended 1920-2014 period, with a focus on the peak season DJF+1. For 718 

this period, we identify 18 El Niño and 14 La Niña events using the procedure outlined in Section 719 

3.2. 720 

 721 

Figure 16 shows the DJF+1 ENSO composites of SST, terrestrial air temperature and SLP for 722 

observations (top left) and each of the 10 CAM6 TOGA AMIP simulations (remaining panels) 723 

based on detrended data. Recall that outside the tropics (30°N-30°S), the model generates its own 724 

air temperature anomalies (although SST anomalies are identically zero by design). Each simulated 725 

ENSO composite shows a center of negative SLP anomalies over the North Pacific with a NW-SE 726 

orientation; however, the maximum amplitude of this center varies from approximately 6 hPa 727 

(ensemble member #4) to 12 hPa (ensemble member #2). The observed ENSO composite has a 728 

similar primary center-of-action, with a peak magnitude of approximately 8 hPa, well within the 729 

TOGA ensemble spread. Simulated teleconnections in other parts of the world vary from member 730 

to member. For example, the north-south SLP dipole over the North Atlantic, which resembles the 731 

North Atlantic Oscillation (NAO), is evident in some members (#2, 8 and 10) but not in others 732 

(#1, 3 and 4). This diversity in teleconnection patterns and amplitudes attests to the fact that, even 733 

with so many ENSO events, the composites are still subject to considerable sampling uncertainty 734 

as a result of strong internally-generated modes of atmospheric circulation variability (see also 735 

Deser et al., 2017). This makes it challenging to assess the impact of ENSO diversity and 736 

asymmetries on atmospheric teleconnections in the single observational record (see Deser et al., 737 

2017 and 2018 for further discussion). 738 

 739 

The range of ENSO teleconnections in the CAM6 TOGA ensemble has implications for the 740 

associated surface climate impacts, including air temperature (Fig. 16). For example, positive 741 

temperature anomalies over western Canada range from 3°C to over 6°C depending on the 742 

influence from residual atmospheric “noise”. Similarly, the magnitude of cooling over the southern 743 

United States varies from -0.5° C to nearly -4.0° C across the TOGA composites. In both cases, 744 
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the model spread encompasses the observed ENSO composite values. Another striking difference 745 

across the CAM6 TOGA ensemble is the variation in the sign of the composite air temperature 746 

anomalies over northern Asia, which range from -3° C to + 2° C. Again, this variation occurs 747 

despite the fact that the ENSO composites are based on a large number of events (18 El Niño and 748 

14 La Niña).  749 

 750 

 751 
Figure 16. DJF ENSO composites of SST and terrestrial near-surface air temperature (color 752 
shading) and SLP (contours, negative values dashed, contour interval of 2 hPa) based on the period 753 
1920-2014 for (top left) observations and (remaining panels) 10 CAM6 TOGA AMIP simulations. 754 
See text for details. 755 
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4. Pacific Decadal Variability 756 

 757 

Although the main focus of this study is on ENSO, here we briefly describe the related 758 

phenomenon of PDV (recall Section 1). One way to define PDV is to perform EOF analysis of 759 

monthly SST anomalies over the North Pacific (20-60ºN) following Mantua et al. (1997). This 760 

“mode of variability” is traditionally termed the “Pacific Decadal Oscillation” (PDO), although as 761 

mentioned in the Introduction, we opt for the more general PDV nomenclature. Observed PDV, 762 

based on ERSSTv5 over the period 1920-2014, exhibits a basin-wide structure, consisting of SST 763 

anomalies of one sign in the central and western North Pacific and the opposite sign along the 764 

eastern North Pacific, and is linked to SST anomalies in the tropical and South Pacific reminiscent 765 

of the pattern associated with the interannual ENSO phenomenon albeit with weaker amplitude 766 

along the equator (Fig. 17, upper left). Observed PDV also has an atmospheric signature, depicted 767 

here in terms of regressions of the surface wind field upon the normalized PDV timeseries (Fig. 768 

17, upper left). When PDV is in its positive phase, the Aleutian Low pressure center is deeper than 769 

normal, accompanied by westerly wind anomalies over the central and western North Pacific,  770 

southerly wind anomalies in the eastern North Pacific, and westerly wind anomalies over the 771 

western half of the tropical Pacific. The CESM2 piControl run simulates a realistic spatial pattern 772 

of PDV SST and surface wind anomalies throughout the Pacific, including the tropics. Indeed, the 773 

match with observations is remarkable, and considerably better than many models including 774 

CCSM3 and CCSM4 which lack a strong tropical connection (Deser et al., 2012; Newman et al., 775 

2016).  776 

 777 

 778 

 779 

 780 
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 781 

 782 
Figure 17. (Top) Spatial pattern and (bottom) temporal evolution of the Pacific Decadal 783 
Oscillation (PDO; Mantua et al., 1997) in observations (1920-2014) and the CESM2 piControl 784 
simulation (model years 201-1200) based on monthly SST anomalies. Maps show global SST 785 
(color shading, °C) and surface wind vector (arrows, ms-1) anomaly regressions upon the 786 
normalized PDO time series. Timeseries show the normalized PDO record based on monthly SST 787 
anomalies from (top row) observations (1920-2014) and (subsequent rows) sequential 200-year 788 
segments of the CESM2 piControl (model years 201-1200). The vertical axis is the same in all 789 
timeseries panels. 790 
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The observed PDV record (Fig. 17) exhibits a nominal time scale of approximately 50-years, but 791 

the limited length of the record precludes attaching any meaningful statistical significance to this 792 

value (see related discussion in Deser et al., 2010 and Fedorov et al., 2019). A weak bi-decadal 793 

time scale is also evident in the observed PDV record (Minobe, 1999; Deser et al., 2004). In the 794 

CESM2 piControl, PDV exhibits a variety of temporal expressions (Fig. 17). Extended periods of 795 

10-20 years in which PDV is in a predominantly positive or negative state are evident at times (for 796 

example, model years 360-440 and 815-900), reminiscent of the character of the short 797 

observational record. However, there are also long periods in which PDV fluctuates more rapidly. 798 

The rich variety of temporal behavior of the simulated PDV is a cautionary tale for the 799 

interpretation of the short observational PDV record.  800 

 801 

The tropical component of PDV is particularly important, since analyses of observed SSTs for the 802 

past century suggest that decadal variability of tropical Pacific climate is associated with a decadal 803 

modulation of ENSO (Figs. 18a-e). Here we define the two leading modes of tropical Pacific 804 

decadal variability (TPDV) based on EOF analysis of 10-year low-pass filtered SST variability in 805 

the tropical Pacific (23.5°S–23.5°N, 120°E–80°W). The leading mode of TPDV (TPDV1) explains 806 

44% of the total decadal variance and exhibits an ENSO-like anomaly pattern (Fig. 18a). This 807 

mode represents the tropical component of the basin-wide PDV discussed earlier (Fig. 17). During 808 

the positive phase of TPDV1, El Niño events tend to occur more frequently than La Niña events, 809 

and vice versa (Fig. 18d), as also suggested by previous studies (Trenberth and Hurrell 1994; Kiem 810 

et al. 2003; Verdon and Frank 2006). The leading PC (PC1) is positively correlated (r = 0.39) with 811 

the relative frequency of El Niño and La Niña events defined as the difference between the 812 

fractions of El Niño  and La Niña  event counts in a moving 10-year window. The second leading 813 

mode of TPDV (TPDV2) explains 16% of the total decadal variance and exhibits a zonal dipole 814 

pattern in the tropical Pacific, with the western Pacific pole extending into the central-western 815 

North Pacific (Fig. 18b). This mode is associated with multidecadal modulations of the ENSO 816 

amplitude discussed in previous studies (e.g., Trenberth and Shea 1987; Gu and Philander 1995; 817 

Li et al. 2011; McGregor et al. 2010). The second leading PC (PC2) is weakly correlated (r = 0.20) 818 

with the ENSO amplitude defined as the standard deviation of the monthly Niño-3.4 index in a 819 

moving 10-year window (Fig. 18e). The correlations between the PCs and the indices of ENSO 820 
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modulation increase if the Hadley Centre Sea Ice and SST dataset (Rayner et al., 2003) is used 821 

instead of the ERSSTv5 dataset (r=0.43 and 0.41 for PC1 and PC2, respectively). 822 

 823 

 824 
Figure 18. TPDV and ENSO modulations in (a-e) observations (ERSSTv5 over 1900-2018) and 825 
(f-j) CESM2 (model years 201-1200). (a) SST anomaly pattern associated with TPDV1 obtained 826 
by regressing SST anomalies onto the standardized PC1 of 10-year low-pass filtered SST 827 
variability in the tropical Pacific (23.5°S–23.5°N, 120°E–80°W). The fraction of total decadal 828 
variance explained by this mode is indicated in the top right. (b) As in (a) but for TPDV2. (c) Time 829 
series of the monthly Niño-3.4 index smoothed with a 3-month binomial filter (°C). (d) Time series 830 
of PC1 (standard deviation units; shaded curve) and the relative frequency of El Niño and La Niña 831 
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events (%; black curve) defined as (E −L)/(E + L) × 100, where E and L are the numbers of El 832 
Niño and La Niña events in a moving 10-year window, respectively. El Niño  and La Niña  events 833 
are defined as in Figs. 6 and 7, although consecutive El Niño or La Niña years are counted 834 
separately. The correlation coefficient of these time series is indicated in the upper right. (e) As in 835 
(d) but for PC2 and the ENSO amplitude (°C) defined as standard deviation of the Niño-3.4 index 836 
in a moving 10-year window.  (f-j) As in (a-e) but for CESM2. Both observed and CESM2 SST 837 
data are linearly detrended prior to the analysis. 838 
 839 

While the brevity and uncertainty of observational records make it difficult to assess the robustness 840 

of the relationships between TPDV and ENSO modulations, the observed relationships are 841 

surprisingly well reproduced in the 1200-year CESM2 piControl run (Fig. 18f-j). Compared to 842 

observations, TPDV1 simulated in CESM2 explains a much larger fraction of the total decadal 843 

variance (65%) and shows larger SST anomalies in the equatorial and southeastern tropical Pacific 844 

(Fig. 18f), presumably related to the excessively strong ENSO in this model (Fig. 1). SST 845 

anomalies associated with TPDV2, on the other hand, show a more meridionally symmetric pattern 846 

in the central-eastern tropical Pacific (Fig. 18g). It is also interesting to note that the North Atlantic 847 

SST anomalies seen in the observed TPDV2 are absent in CESM2. The PC1 and PC2 are 848 

significantly correlated with the relative frequency of El Niño  and La Niña  events (r=0.48) and 849 

the ENSO amplitude (r= 0.46), respectively. Similar patterns of the TPDV modes and their 850 

relationships to ENSO modulations are found in CCSM4 (Okumura et al. 2017) and CESM1 (not 851 

shown). Compared to CESM2 and CESM1, TPDV2 simulated in CCSM4 explains a larger fraction 852 

of the total decadal variance (22%) and PC2 is more highly correlated with the ENSO amplitude 853 

(r=0.79). 854 

  855 

The causality of TPDV and ENSO modulations remains unclear [see a recent review by Fedorov 856 

et al. (2019)]. In one view, mean state changes associated with TPDV affect ENSO by modulating 857 

the oceanic and atmospheric feedbacks (Fedorov and Philander 2000; Wang and An 2002; Kang 858 

et al. 2014; Capotondi and Sardeshmukh 2017; Hu and Fedorov 2018; Sun and Okumura 2019). 859 

In another view, ENSO modulations are stochastically forced or internally generated, and the 860 

resultant nonzero residuals induce changes in the mean state (Flügel and Chang 1999; Thompson 861 

and Battisti 2001; Rodgers et al. 2004; Wittenberg et al. 2014; Atwood et al. 2017). For example, 862 

a random increase in the relative frequency of El Niño would result in El Niño-like changes in the 863 

mean state. A random increase in the amplitude of ENSO would, on the other hand, induce a zonal 864 
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dipole pattern of mean SST changes due to the asymmetry in the El Niño and La Niña SST anomaly 865 

patterns. Further studies are needed to understand the origins of TPDV and to what degree TPDV 866 

interacts with the ENSO dynamics.  867 

 868 

5. Conclusions 869 

 870 

In this paper we have provided an overview of ENSO and PDV in the NCAR Community Earth 871 

System Model version 2 (CESM2), focusing primarily on the 1200-yr preindustrial integration. 872 

ENSO is a coupled ocean-atmosphere phenomenon, and its evolution involves both predictable 873 

oceanic processes and stochastic influences from within and outside the tropical Pacific. This 874 

complexity of influences and feedbacks results in a large diversity of ENSO spatial patterns and 875 

temporal evolutions which are very challenging for climate models to simulate realistically. 876 

CESM2 exhibits realistic spectral characteristics, with a dominant timescale very close to the 877 

observed, an aspect that appears to be related to the spatial structure of the wind stress response to 878 

the ENSO SST anomalies. Indeed, the longitudinal location and meridional scale of the wind stress 879 

anomalies are very similar to those found in observations, and can be expected to lead to an 880 

adjustment timescale of the equatorial thermocline also similar to the observed. The evolution of 881 

the equatorial Warm Water Volume, as described by the leading modes of sea surface height 882 

variability appears to be very realistic, and consistent with the Recharge Oscillator paradigm (Jin, 883 

1997). Also, in agreement with recent observational findings, the heat content in the western-to-884 

central Pacific during spring exhibits an asymmetric relationship with ENSO conditions during the 885 

following winter, with La Niña events usually following a discharged state and El Niño events 886 

being mostly associated with neutral spring conditions. CESM2 also shows a realistic asymmetry 887 

in the evolution and duration of warm and cold events, with El Niño events typically transitioning 888 

to a La Niña event after their peak, and La Niña events tending to re-occur for a second year, 889 

although not as frequently as in the observations.  890 

 891 

Extra-tropical ENSO precursors are also well-simulated in CESM2, including the North and South 892 

Pacific Meridional Modes, and their associated atmospheric circulation anomalies. CESM2 893 

simulates some degree of diversity in the spatial patterns of El Niño events, with some events 894 

exhibiting large anomalies that extend to the eastern equatorial Pacific, and another class of events 895 
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characterized by anomalies that are more confined to the central Pacific. As in observations, these 896 

two classes of events are associated with different patterns of wind stress and precipitation 897 

anomalies, which are more confined to the western part of the basin in the case of the Central 898 

Pacific events.  899 

 900 

One main limitation in the CESM2 ENSO simulation is its excessive amplitude, which in the Niño-901 

3.4 region is about 30% larger than the observed in the preindustrial simulation and 40% larger in 902 

the historical runs, as estimated from the magnitude of the Niño-3.4 spectral peak. Estimates of 903 

uncertainty associated with the high level of system noise help to partly reconcile the discrepancy 904 

in the spectral power of model and observations, highlighting the strong limitation of relying on 905 

the relatively short and uncertain instrumental record to assess model performance.  906 

 907 

A second important limitation of the ENSO representation in CESM2 is the excessive westward 908 

extension of the ENSO-related SST anomalies, whose maximum standard deviation occurs near 909 

the dateline. This also limits the range of ENSO spatial patterns, which are all shifted further west 910 

than observed, and the ability of convection to shift as far eastward as observed. The intensity of 911 

the eastern Pacific cold tongue is critical to determine how readily deep convection can shift 912 

eastward. Since anomalous convective activity depends on the local total SST relative to the 913 

tropical mean SST (He et al., 2018), an excessive cold tongue may impede the eastward 914 

displacement of deep convection (and precipitation) even in the presence of large SST anomalies. 915 

While CESM2 appears to have a reduced cold tongue bias relative to previous model versions, its 916 

zonal mean SST is higher than in CESM1 and CCSM4, establishing a higher convective threshold 917 

which may be responsible for the westward confinement of precipitation in the model.  918 

 919 

In spite of the above limitations, global ENSO teleconnections are reasonably well represented in 920 

CESM2 relative to observations, including pattern and seasonality, although a definitive 921 

assessment of the model performance is limited by many factors, the most prominent of which is 922 

the large level of atmospheric noise. CESM2 also has a pattern of PDV that compares extremely 923 

well with the observed. The tropical signature of PDV shows a realistic association with ENSO 924 

decadal modulation, although the exact mechanisms underlying this relationship are still unclear 925 

and a subject of active research.  926 
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 927 

Several aspects of ENSO remain to be investigated in the model. Apart from the “deterministic” 928 

wind stress response to eastern Pacific SST anomalies, tropical wind stress anomalies also include 929 

a stochastic component which appears to play an important role in the onset and magnitude of 930 

ENSO events (Puy et al., 2019; Capotondi et al., 2018). The model representation of the stochastic 931 

wind component should be examined in detail in future studies. Similarly, additional analyses are 932 

needed to understand the influence of sub-seasonal wind variations, e.g., those associated with the 933 

Madden-Julian Oscillation on the onset of El Niño events. The mechanisms underlying asymmetric 934 

ENSO behavior (e.g., duration of warm and cold ENSO events, state-dependence of stochastic 935 

wind forcing)  also deserve further investigation. Finally, while the large level of atmospheric noise  936 

greatly limits our ability to detect differences in the impact of different ENSO flavors, large 937 

ensembles and novel diagnostic approaches should be considered to maximize the value of the 938 

model ENSO as a predictor of global impacts.  939 
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