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ABSTRACT 12 

An adequate characterization of internal modes of climate variability (MoV) is 13 

prerequisite for both accurate seasonal predictions and the attribution and detection of forced 14 

climate change in nature. Assessing the fidelity of climate models in simulating MoV is 15 

therefore essential; however, doing so is complicated by the large intrinsic variations in MoV 16 

and the limited span of the observational record. Large ensembles (LEs) provide a unique 17 

opportunity to assess model fidelity in simulating MoV and quantify inter-model contrasts. In 18 

this work, these goals are pursued in four recently produced LEs: the Energy Exascale Earth 19 

System Model (E3SM) versions 1 and 2 LEs, and the Community Earth System Model 20 

(CESM) versions 1 and 2 LEs. In general, the representation of MoV is found to improve 21 

across successive E3SM and CESM versions concurrent with improved simulation of the 22 

base state climate. The patterns of global coupled modes and many extratropical modes are 23 

well simulated by both E3SM2 and CESM2, though various persistent shortcomings are 24 

identified. The results both demonstrate the successes of these recent model versions and 25 

suggest the potential for continued improvement in the representation of MoV with advances 26 

in model physics. 27 

SIGNIFICANCE STATEMENT 28 

Modes of variability play a critical role in prediction of seasonal to decadal climate 29 

variability and detection of forced climate change, but historically many modes have been 30 

poorly simulated by coupled climate models. Using recently produced large ensembles, this 31 

work demonstrates the improved simulation of a broad range of internal modes in successive 32 

versions of the E3SM and CESM and discusses opportunities for further advances. 33 

1. Introduction  34 

Adequate representation of internal climate variability is critical for both seasonal to 35 

decadal prediction (Robertson et al. 2015; Thoma et al. 2015; Meehl et al 2016; Simpson et 36 

al. 2019; Krishnamurthy et al. 2021), multidecadal prediction (Deser et al. 2012, 2014, 2017, 37 

Kumar and Ganguly 2018; Dai and Bloecker 2019), and climate attribution and detection 38 

efforts (Santer et al. 2009; Stott et al. 2010; Schurer et al. 2013; Deser et al. 2016; McKinnon 39 

and Deser 2018). Internal variability can also mask or amplify the underlying signal of 40 

anthropogenic climate change for decades (Trenberth and Fasullo 2013; Deser et al. 2014; 41 

Medhaug et al. 2017; Lehner et al. 2018; Guo et al. 2019). However, current climate models 42 

exhibit a wide range of fidelity in reproducing observed modes of variability (MoV, Fasullo 43 
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et al. 2020, Coburn and Pryor 2021, Lee et al. 2021) and fundamental questions remain 44 

regarding the capacity of the observational record to adequately sample climate modes, their 45 

intrinsic variability, and responses to forcing (Fasullo et al. 2020, Phillips et al. 2020, Deser 46 

and Phillips 2021).  47 

It is known that many biases in model representations of MoV are systematic across many 48 

models. For example, simulation of the El Niño / Southern Oscillation (ENSO) often includes 49 

sea surface temperature (SST) anomalies that extend too far westward in the equatorial 50 

Pacific Ocean (EPO), spectra that are biased in magnitude with periodicity that is overly 51 

biennial, and teleconnections that are often too weak (Fasullo et al. 2020). Also, in many 52 

models Pacific Decadal Variability (PDV, Newman et al. 2016) fails to extend into the deep 53 

tropics with sufficient magnitude, limiting its large-scale effects and connections with 54 

coupled tropical modes. For spectra in some modes, such as in ENSO, large intrinsic 55 

variability across century-long simulations suggests an implicit limitation in the century-scale 56 

observational record for constraining simulations, with only qualitative statements being 57 

possible. At higher time frequency the simulation of the Madden Julian Oscillation (MJO) 58 

and the Quasi-Biennial Oscillation (QBO) has been particularly elusive. Often being 59 

completely absent in many models until their most recent incarnations. Across model 60 

generations, a progressive improvement in the simulation of many modes has been identified 61 

in conjunction with broader improvements in model fidelity (Fasullo 2020, Fasullo et al. 62 

2020), suggesting a role for improvements in model resolution and physics in advancing 63 

simulation of MoV.  64 

Challenges in evaluating simulated MoV remain. Recent work has identified 65 

shortcomings in characterizing some modes of variability through traditional techniques in 66 

the presence of forced climate change, as the modes and patterns of forced change can be 67 

conflated (Deser and Phillips 2021). For other modes, such as those in the extratropics, model 68 

biases are comparable in magnitude to observational uncertainties in some cases. 69 

Additionally, the intrinsic variability of some modes may limit the usefulness of the 70 

observational record in fully capturing their spatiotemporal character (Fasullo et al. 2020), 71 

though relatively few studies have addressed the issue. A key resource for addressing these 72 

issues and evaluating MoV are climate model large ensembles (LEs), multi-member 73 

simulations using a single climate model and specification of external climate forcings 74 

designed to allow for the estimation of forced climate changes, via the ensemble mean, and 75 

the isolation of climate variability. Four recently-produced LEs are the focus of this work, 76 
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produced with versions 1 and 2 of the Energy Exascale Earth System Model (E3SM) and 77 

versions 1 and 2 of the Community Earth System Model (CESM). To benchmark many 78 

modes of variability (see Section 2c for a listing of modes assessed), a newly developed 79 

diagnostics package is used, the Climate Variability Diagnostics Package for Large 80 

Ensembles (CVDP-LE), developed at the National Center for Atmospheric Research (Phillips 81 

et al. 2020). By allowing for estimation and removal of the forced response of key modes, 82 

this approach allows for the characterization of model bias, the relative skill exhibited by 83 

E3SM and CESM, and the detectible improvements in model fidelity across model 84 

generations. For diagnosing modes not assessed in the CVDP-LE, such as the MJO and QBO, 85 

conventional methods are used (see Methods). These ensembles also allow for an exploration 86 

of the intrinsic noise of key modes and thus the usefulness of the observational record in 87 

constraining the modes.  88 

The goal of this work is to build upon existing knowledge with four specific objectives. 89 

First, the analysis examines the intrinsic noise of MoV in century-scale records to identify 90 

those modes whose simulated bias is large relative to their intrinsic variability and 91 

observational uncertainty. The analysis then seeks to evaluate a broad range of MoV and 92 

characterize model biases in simulating them. The analysis addresses differences in model 93 

fidelity between E3SM and CESM, providing context for which modes are best represented 94 

in each model. Lastly the analysis also compares versions 1 and 2 of each model, 95 

documenting the changes across successive model versions and assessing prospects for 96 

continued model improvements. The investigation begins with a discussion of the models, 97 

data, and methods used in Section 2. The main results are presented in Section 3. These 98 

include an exploration of the rationale for choosing various modes for assessment and the 99 

examination of large-scale coupled modes such as Pacific Decadal Variability, ENSO, and 100 

the Atlantic Niño mode. The fidelity of extratropical modes is then addressed, followed by an 101 

evaluation of the QBO and MJO. A discussion of the main successes and remaining biases, 102 

and paths forward for model improvement, is contained in Section 4.  103 

2. Materials and Methods 104 

a. The Exascale Earth System Model  105 

The characteristics of the ensembles used in this work are summarized in Table 1. The E3SM 106 

is the U.S. Department of Energy’s (DOE) Earth system model, designed to produce climate 107 

projections on scales relevant for energy applications. The E3SM version 1 (E3SM1, Golaz et 108 
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al. 2019) large ensemble (E3SM1-LE, Stevenson et al. 2023) uses the model’s standard 109 

resolution of 1º for the atmosphere and land components, 0.5º for the river model, and the 110 

Model for Prediction Across Scales (MPAS) variable-resolution ocean/sea ice model that 111 

ranges from 60 km in the midlatitudes to 30 km at the equator and poles.. The E3SM1 112 

Atmosphere Model (EAMv1, Rasch et al. 2019 doi: 10.1029/2019ms001629) shares early 113 

versions of its codebase with the Community Atmosphere Model version 5 (CAM5) used in 114 

CESM, but has been substantially modified in recent years, and therefore differs considerably 115 

from CAM5. Changes from CESM stem from the use of higher vertical atmospheric 116 

resolution (72 instead of 32 levels), modified aerosol microphysical schemes, use of the 117 

spectral element (SE) dynamical core. Cloud and convection processes have been 118 

substantially updated (Xie et al. 2018 doi: 10.1029/2018ms001350). The model employs a 119 

multi-moment representation of aerosol properties using MAM4 (Wang et al. 2020).  The 120 

ocean, sea ice, and river model components are entirely different from their counterparts in 121 

CESM. At 5.3 K, climate sensitivity in E3SM1 is likely too high (Golaz et al. 2019).  122 

Produced on the compy and cori supercomputers at the DOE, the E3SM1-LE consists of 20 123 

members spanning 1850 to 2100 initialized from a diverse range of “macro” climate states 124 

that span a broad range of ocean conditions (Stevenson et al., 2023), though only 17 members 125 

were available at the time of this study. The E3SM1-LE experiment uses the historical and 126 

SSP3-7.0 forcing scenarios specified by CMIP6 (Eyring et al., 2016). 127 

The E3SM version 2 (E3SM2, Golaz et al. 2022) shares the same resolution of E3SM1 128 

and features improvements in many aspects, including better simulated clouds, precipitation, 129 

and radiation, and a more realistic climate sensitivity of 4.0 K. Computational performance 130 

improvements also increase the model’s suitability for the large expense of LE experiments. 131 

Produced on a high-performance computing cluster provided by the BER Earth System 132 

Modeling Program at the DOE, the E3SM2 Large Ensemble (E3SM2-LE) consists of 21 133 

members from 1850 to 2100 (Fasullo et al., in review), initialized from a broad range of 134 

“macro” climate states with forcings that are also based on the historical and SSP3-7.0 135 

forcing scenarios provided by CMIP6. A notable feature of the historical simulations in both 136 

the E3SM1-LE and E3SM2-LE is a relative lack of warming in the middle and late 20th 137 

century, likely due to excessive aerosol cooling (Golaz et al. 2019, 2021), though the effect 138 

on MoV is largely unknown. 139 

b. The Community Earth System Model  140 
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The Community Earth System Model versions 1 (CESM1, Hurrell et al. 2013) and 2 141 

(CESM2, Danabasoglu et al. 2020) use nominal 1 º horizonal resolution with 32 vertical 142 

levels. The ocean/sea ice models are the Parallel Ocean Program version 2 and CICE Version 143 

5.1.2, respectively. Climate sensitivity in CESM1 is 4.1 K while in CESM2 is 5.3 K, though 144 

both accurately reproduce the evolution of global surface temperature over the historical era.  145 

The CESM1 large ensemble (Kay et al. 2015; CESM1-LE) uses CAM5 and therefore shares 146 

some of the codebase used by E3SM. The CESM1-LE is comprised of 40 members spanning 147 

1920-2100 employing a “micro” initialization approach from a single climate state. The 148 

CESM2 represents a significant advance over CESM1, containing many science and 149 

infrastructure advances, with major updates to the model’s cloud and aerosol schemes, and to 150 

the land and sea-ice components (Danabasoglu et al. 2020).  The CESM2 Large Ensemble 151 

(Rodgers et al. 2021) uses the low-top 32 vertical level version of CESM2 generated on the 152 

IBS/ICCP supercomputer “Aleph” in Busan, South Korea spanning 1850 to 2100 with 100 153 

members. During production of CESM2, spurious effects of prescribed biomass burning 154 

emissions were identified (Fasullo et al. 2022) leading to the production of a smoothed 155 

biomass ensemble of 50 members, which will be used in this work.   156 

 157 

Model Period # Mem Scenarios Resolution 

E3SM1 1850-2100 17 CMIP6 Historical / SSP370 1º atm/lnd, ¼-½º ocn  

E3SM2 1850-2100 21 CMIP6 Historical / SSP370 1º atm/lnd, ¼-½º ocn 

CESM1 1920-2100 40 CMIP5 Historical / RCP85 1º atm/lnd, 1º ocn 

CESM2 1850-2100 50 CMIP6 Historical / SSP370 1º atm/lnd, 1º ocn 

Table 1. Characteristics of the large ensembles used in this study, including the “future” 158 
scenario used to extend this analysis through 2020. 159 
 160 

c. The Climate Variability Diagnostics Package for Large Ensembles  161 

The CVDP-LE is the core diagnostics package used for this analysis (Phillips et al. 2020) 162 

and the period considered is from 1920 to 2020. Developed by NCAR's Climate Analysis 163 

Section, the CVDP-LE is an automated analysis tool for assessing internal and forced 164 

contributions to climate in coupled model LEs and observations. The package computes 165 

metrics for a wide range of modes of interannual-to-multidecadal variability in the 166 

atmosphere, ocean, and cryosphere, as well as long-term trends and key indices of global and 167 
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regional climate. To avoid conflation of the patterns of forced change with those of MoV in 168 

assessing PDV and AMV, the package estimates and removes the ensemble-mean (i.e. forced 169 

response). Multiple best-estimate observations are used to estimate observational uncertainty, 170 

though the limited duration of the observational record also constitutes a sampling 171 

uncertainty that models can be used to estimate. All CVDP-LE diagnostics and metrics are 172 

saved to a data repository (see Data Availability) analysis and posted online. The major 173 

coupled modes chosen for consideration include the PDV (PDV’ in Phillips et al. 2020), 174 

ENSO (Deser et al. 2010), and the Atlantic Niño mode (Zebiak 1993). In the extratropics, the 175 

Southern Annular Mode (SAM, Thompson et al. 2000), the North Atlantic Oscillation (NAO, 176 

Hurrell and Deser 2010), the Northern Annular Mode (NAM, Thompson et al. 2000), and 177 

Pacific / North America (PNA) modes are assessed. The methods for computing these modes 178 

are described in Phillips et al. (2020) and the SAM is only assessed from 1950 due to data 179 

limitations discussed below. On sub-monthly timescales the Madden Julian Oscillation (MJO, 180 

Zhang, 2005) and the stratospheric Quasi-Biennial Oscillation (QBO, Dunkerton and Delisi, 181 

1985) are also assessed in this work, though not computed in the CVDP-LE. Methods used 182 

for these additional modes are discussed in Section 3.  183 

d. Observational Datasets  184 

Multiple observational products are used in this analysis to diagnose sea surface 185 

temperature (SST), sea level pressure (SLP), and near-surface air temperature (T2m). 186 

Furthermore, to account for observational uncertainty, multiple datasets are used for each 187 

variable. These include SST estimates from the Hadley Centre Global Sea Ice and Sea 188 

Surface Temperature (HadISST; Rayner et al 2003) dataset and the Extended Reconstructed 189 

Sea Surface Temperature version 5 (ERSSTv5, Huang et al. 2017) dataset. For T2m, the 190 

Berkeley Earth Surface Temperature (BEST; Rohde et al. 2013) and Goddard Institute for 191 

Space Studies Surface Temperature (GISTEMP; Lenssen et al. 2019). SLP data from the 192 

European Center for Medium-Range Weather Forecasts (ECMWF) Twentieth Century 193 

Reanalysis (ERA20C; Poli et al. 2016) and twentieth century climate reanalysis (CERES-194 

20C; Laloyaux et al. 2018) are used to extend into the early to mid 20th century. These data 195 

are concatenated with ECMWF’s fifth generation reanalysis (ERA5, Hersbach et al. 2020) to 196 

extend to the present day. Mode metrics are computed from 1920 to 2020 and data sampling 197 

during this period is generally sufficient, except in the polar southern hemisphere and thus 198 

analysis of the Southern Annular Mode is limited to 1950-2020 for which the surface-based 199 

reanalyses are more consistent with the observed SAM and considered superior to the full 200 
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reanalyses (Gerber and Martineau, 2018). For computing pattern correlations, both global and 201 

regional fields are used depending on the mode in question. For PDV and ENSO 202 

teleconnections, global fields are used whereas for extratropical modes, such as the NAO and 203 

SAM, regional domains are used that span the areas used for mode computation (Phillips et 204 

al. 2020).  For the MJO and blocking analysis, daily data are used from NOAA-OLR, 205 

ECMWF’s interim reanalysis (ERA-I, Dee et al. 2011), and NASA’s MERRA2 reanalysis 206 

(Ronald Gelaro, et al., 2017). For the QBO we use zonal mean wind from ERA5. 207 

3. Results 208 

a. Intrinsic Mode Variability and Uncertainty 209 

The distributions across LE members of pattern correlations of simulated MoV with 210 

observations for various modes are shown in Figure 1. Also shown is the observational 211 

uncertainty of each mode as estimated from the pattern correlations between benchmark 212 

observational datasets (red dots). Two necessary conditions for robust model evaluation are 213 

1) that the observational uncertainty in the patterns be much less than estimated model biases 214 

and 2) that the patterns identified in simulations of comparable length to observations do not 215 

experience significant inter-member variation relative to model bias, as this would suggest 216 

excessive intrinsic mode noise and high observational sampling error. While model estimates 217 

of mode noise are used here, biases in those estimates may exist. Various key takeaways are 218 

evident from Fig. 1. First, the El Niño and La Niña T2m composites contain significant 219 

uncertainty arising from intrinsic noise while the hovmoëllers exhibit high certainty. Also, the 220 

PDV can be evaluated much more robustly than the IPO, whose mean correlation is small, 221 

and ensemble spread and observational uncertainty are large. For extratropical modes (e.g. 222 

NAO, SAM, NAM, PNA), observational uncertainty is small and model fidelity is generally 223 

very high with mean correlations above 0.95 and model spread nearly encompassing the 224 

observations in many instances. Perhaps most importantly, there is generally agreement on 225 

the intrinsic noise in MoV across models, suggesting a potentially robust finding and 226 

confirming the generality of similar findings using CESM1 in Fasullo et al. (2020). The 227 

sensitivity of results to alternative definitions of extratropical modes is also expected to be 228 

small as the modes and seasons assessed are known to be robust and well-distinguishable 229 

from higher order EOF signals in general (Lee et al. 2019).   230 

 231 
 232 
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 233 
Fig. 1. Estimated mode fidelity in E3SM and CESM versions and their robustness in 234 

observations. Bars show the mean pattern correlation of various simulated modes of 235 
variability for each ensemble against observed estimates (bars) and the spread in this metric 236 
across the ensemble (whiskers).  Red dots show the pattern correlation between the two 237 
observational estimates. Mean correlation magnitudes and standard deviations averaged 238 
across the ensembles are computed for each mode and specified along the abscissa. 239 

b. Pacific Decadal Variability 240 
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 241 
Fig. 2. The observed PDV pattern (K) estimated from SST observations (HadISST, a) and 242 

the standard deviation across patterns from members of CESM2 (contours, E3SM2 lines) and 243 
E3SM2 (lines, b). The ensemble-mean PDV patterns estimated from E3SM1 (c), CESM1 (d), 244 
E3SM2 (e), and CESM2 (f) are also shown. Stippling in (a) where differences with ERSSTv5 245 
exceed 0.05 K and in (c-f) where observations lie outside of twice the standard deviation 246 
range of the ensemble. The pattern correlation with observations and root-mean-squared 247 
pattern intensity with two standard error ranges are also indicated along with the percent of 248 
the globe stippled. 249 
 250 

Figure 2 shows the PDV pattern (Newman et al. 2016) estimated from HadISST (Fig. 2a), 251 

also often referred to as the Pacific Decadal Oscillation, the intra-ensemble standard 252 

deviation in the patterns from CESM2 (filled contours) and E3SM2 (contour lines, Fig. 2b), 253 

and the ensemble mean patterns from versions 1 and 2 of both E3SM and CESM (Fig. 2c-f). 254 

In observations, the PDV is characterized by a strong dipole in the North Pacific Ocean 255 
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(NPO), with the eastern flank of the dipole extending into the subtropics. Values on par with 256 

those along the coastline of North America (NA) also exist in the deep tropics, extending 257 

from the dateline to South America (SA). Weak values of the same sign as the western NPO 258 

are evident in the southwestern subtropical Pacific Ocean (SSPO). The standard deviation in 259 

the pattern across LE members shows the greatest values in the western NPO, with a local 260 

maximum in the central and eastern EPO. In E3SM1, the mean pattern correlates well with 261 

observations (r=0.8), with a root-mean-squared (RMS) magnitude of 0.14 K. The intensity of 262 

the pattern in the NPO is greater than in observations, but with values in the subtropics and 263 

deep tropics that are too weak generally, with the later centered near the dateline. The pattern 264 

is also too weak in the SSPO. In CESM1, the pattern more closely resembles the observed 265 

pattern (r=0.85), with values in the subtropics and tropics that agree favorably with 266 

observations but that also peak near the dateline rather than in the eastern EPO. The pattern in 267 

E3SM2 closely resembles that in E3SM1, with similar biases (r=0.84). In CESM2, the pattern 268 

again agrees well with observations (r=0.88) but with a magnitude (RMS=0.20) that exceeds 269 

both that in CESM1 (RMS=0.17) and that observed (RMS=0.15). As in CESM1, the tropical 270 

peak is also too strong and is located near the dateline rather than in the east. The magnitude 271 

of the pattern in the SSPO is also somewhat too strong. 272 

c. El Niño – Southern Oscillation 273 

Figure 3 shows El Niño teleconnection patterns with T2m anomalies from December 274 

through February (DJF) estimated from composites of events in nature using HadISST (Fig. 275 

3a), the intra-ensemble standard deviation in the analogous patterns for CESM2 (filled 276 

contours) and E3SM2 (contour lines, Fig. 3b), and the ensemble mean composite patterns 277 

from versions 1 and 2 of both E3SM and CESM (Fig. 3c-f). The fields are based on 278 

compositing events using a 1 standard deviation threshold of the linearly detrended December 279 

Niño3.4 SST Index anomalies. In observations, the pattern is characterized by strong 280 

warming centered near 130o W that extends about 5o from the equator and is small west of the 281 

dateline. Warm anomalies also exist in many land regions, and these are particularly strong in 282 

northern NA, while some land regions (e.g., southern NA and northern Eurasia) are 283 

anomalously cool. Variability across ensemble members is particularly large over boreal land 284 

regions (Fig. 3b). In E3SM1, the T2m anomalies are similar to those observed, however they 285 

extend too far westward and are also too strong in the eastern EPO. Remote anomalies, and 286 

particularly those in northern NA, are weaker than those observed, consistent with a general 287 

weakness of ENSO teleconnections in models when normalized by Niño3.4 SST variability 288 
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(Fasullo et al. 2020). The weakness in Fig. 3c-f is particularly notable given the excessive 289 

strength of SST anomalies in the EPO. In all ensembles, the ensemble mean biases are similar 290 

to those in E3SM1, with anomalies in the EPO that extend too far westward and remote 291 

anomalies that are generally too weak. An exception is the E3SM2 anomaly pattern, which 292 

exhibits extratropical teleconnections that are stronger generally than the other LEs over 293 

boreal land.  294 

 295 

Fig. 3. The observed El Niño teleconnection pattern in T2m (K) in DJF estimated from 296 
observations (GISTEMP, a) and the standard deviation (σ) of patterns across members from 297 
CESM2 (contours) and E3SM2 (lines, b). The ensemble-mean patterns estimated from 298 
E3SM1 (c), CESM1 (d), E3SM2 (e), and CESM2 (f) are also shown. Stippling in (a) where 299 
differences with GISTEMP exceed 0.2 K and in (c-f) where observations lie outside of the 300 
two σ range of each ensemble. Values in the headers include (a) the RMS magnitude of the 301 
patterns in GISTEMP and BEST, (b) the pattern correlations with the respective simulated 302 
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patterns and the RMS magnitudes, (c-f) the pattern correlation of ensemble members with the 303 
GISTEMP pattern and the 2 σ range, the mean RMS magnitude and 2 σ range, and the 304 
percentage of global area in which the observations lie outside of the 2 σ range.   305 

The La Niña composite patterns, generated in an analogous fashion to the El Niño 306 

composite but for cool anomalies exceeding the standard deviation threshold, are shown in 307 

Figure 4 for DJF T2m anomalies estimated from composites of events in nature using 308 

HadISST (Fig. 4a), the intra-ensemble standard deviation in the analogous patterns for 309 

CESM2 (filled contours) and E3SM2 (contour lines, Fig. 4b), and the ensemble mean 310 

patterns from versions 1 and 2 of both E3SM and CESM (Fig. 4c-f). In observations the 311 

pattern is characterized by a zonally broad band of cool anomalies centered near 200 o E that 312 

extends further westward than warm anomalies during El Niño and about 5o from the equator. 313 

Cool anomalies also exist in northern NA, and many subtropical land regions. As for El Niño 314 

teleconnections, intra-ensemble variability is particularly large over boreal land regions. In 315 

E3SM1, the anomalies are similar to those observed however they extend slightly too far 316 

west and are also too strong in the eastern EPO. Remote anomalies, and particularly those in 317 

NA are similar in strength and structure to those observed. Composite anomalies in all LEs 318 

share aspects of the E3SM1 biases, including the excessive westward extension of anomalies 319 

in the EPO. Teleconnections in E3SM2 and CESM2 strengthen relative to E3SM1 and 320 

CESM1 however anomalies in NA however observed teleconnections in most regions fall 321 

within the ensemble range. Pattern correlations with observations increase between both 322 

E3SM1 (r=0.50) and E3SM2 (r=0.61), and CESM1 (r=0.45) and CESM2 (r=0.64). 323 
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 324 

Fig. 4. The observed La Niña teleconnection pattern in T2m (K) in DJF estimated from 325 
observations (GISTEMP, a) and the standard deviation in patterns across ensemble members 326 
from CESM2 (contours) and E3SM2 (lines, b). The ensemble-mean patterns estimated from 327 
E3SM1 (c), CESM1 (d), E3SM2 (e), and CESM2 (f) are also shown. Stippling in (a) where 328 
differences with GISTEMP exceed 0.2K and in (c-f) where observations lie outside of each 329 
ensemble. Metrics in the panel headers are consistent with those in Fig. 3. 330 

Figure 5 shows El Niño composite patterns analogous to Fig. 3 but with DJF precipitation 331 

(P) estimated from GPCP (Fig. 5a), the intra-ensemble standard deviation in the analogous 332 

patterns for CESM2 (filled contours) and E3SM2 (contour lines, Fig. 5b), and the ensemble 333 

mean patterns for versions 1 and 2 of both E3SM and CESM (Fig. 5c-f). In observations the 334 

pattern is characterized by a zonally broad band of positive P anomalies across the eastern 335 

EPO centered near 200oE that extends about 5oN from the equator and into the southern 336 

subtropics near 220oE. The anomalies are surrounded to the north, west, and south by 337 
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negative P anomalies. Positive anomalies exist off the west coast of NA, southeastern SA, 338 

and southern NA, where cool anomalies are associated with high P (Fig. 3a). Negative 339 

precipitation anomalies span South Africa, much of Australia, and northern SA and thus these 340 

regions are relatively warm and dry during El Niño (Fig. 3a). Ensemble spread is particularly 341 

large in the tropics and south of the equator where the major precipitation zones migrate 342 

during DJF. In all LEs the broad pattern of anomalies is captured but significant biases exist. 343 

These include anomalies that are too narrowly confined to the EPO and extend too far 344 

westward, and extratropical anomalies that are too weak. Large biases also exist in the Indian 345 

Ocean, particularly in CESM1/2. While pattern correlations are generally strong (r>0.64), 346 

they are strongly influenced by anomalies in the tropics that dominate the overall pattern 347 

variance. The overall strength of the patterns increases between versions 1 and 2 of both 348 

E3SM (r=0.70 to r=0.81) and CESM (r=0.64 to r=0.81), in improved agreement with GPCP, 349 

however in CESM2 the pattern strength is excessive (RMS=1.31), likely in association with 350 

the excessive strength of SST anomalies (Fig. 3).  351 
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 352 

Fig. 5. The observed El Niño teleconnection pattern in PR (mm day-1) in DJF estimated 353 
from observations (GPCP, a) and the standard deviation in patterns across ensemble members 354 
from CESM2 (contours) and E3SM2 (lines, b). The ensemble-mean patterns estimated from 355 
E3SM1 (c), CESM1 (d), E3SM2 (e), and CESM2 (f) are also shown. Contours in (c-f) where 356 
observations lie outside of each ensemble. Metrics in the panel headers are consistent with 357 
those in Fig. 3. 358 

Figure 6 shows La Niña composite patterns with precipitation (P) estimated from 359 

composites of events in nature using GPCP (Fig. 6a), the intra-ensemble standard deviation in 360 

the analogous patterns for CESM2 (filled contours) and E3SM2 (contour lines, Fig. 6b), and 361 

the ensemble mean patterns from versions 1 and 2 of both E3SM and CESM (Fig. 6c-f). 362 

Observed precipitation teleconnections are characterized by a zonally broad band of strongly 363 

negative precipitation anomalies in the central and eastern EPO centered just west of the 364 

dateline that extends about 5o from the equator and into the southern subtropics near 220oE. It 365 
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is surrounded to the north, west, and south by positive anomalies that extend into the 366 

midlatitudes. Negative precipitation anomalies exist off the west coast of NA, and over 367 

southeastern SA, and southern NA, where warm anomalies are associated with reduced 368 

precipitation (Fig. 4a). Positive precipitation anomalies span South Africa, much of Australia, 369 

and northern SA and thus these regions are also relatively cool during La Niña (Fig. 3a). 370 

Intra-ensemble variability in precipitation is distributed more evenly about the equator than 371 

during El Niño and is large over southern Africa, Australia, and SA. In all LEs, the anomalies 372 

are too narrowly confined to the EPO and extend too far to the west. Simulated pattern 373 

correlations increase between versions 1 and 2 of both E3SM (r=0.68 to r=0.73) and CESM 374 

(r=0.54 to r=0.68), as does the strength of simulated patterns. As for El Niño, the pattern 375 

strength in CESM2 is excessive.  376 

 377 
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Fig. 6. The observed La Niña teleconnection pattern in PR (mm day-1) in DJF estimated 378 
from observations (GPCP, a) and the standard deviation in the pattern across ensemble 379 
members from CESM2 (contours) and E3SM2 (lines, b). The ensemble-mean patterns 380 
estimated from E3SM1 (c), CESM1 (d), E3SM2 (e), and CESM2 (f) are also shown. 381 
Contours in (c-f) where observations lie outside of each ensemble. Metrics in the panel 382 
headers are consistent with those in Fig. 3. 383 

To diagnose ENSO’s space-time structure, hovmoëllers are shown in Figure 7 for El 384 

Niño’s composite anomalies in observed near surface air temperature (Fig. 7a), the intra-385 

ensemble standard deviation in the analogous composites for CESM2 (filled contours) and 386 

E3SM2 (contour lines, Fig. 7b), and the ensemble mean patterns from versions 1 and 2 of 387 

both E3SM and CESM (Fig. 7c-f). In observations, the pattern is characterized by strong 388 

warming east of the dateline extending to 80oW that emerges in June through September 389 

(JJAS), peaks in December, and recedes from March through May (MAM). Often El Niño 390 

events transition to La Niña conditions, leading to slightly cool anomalies in the composite in 391 

DJF of the following year. Significant variability exists from event to event, however, such 392 

that large spread across the ensembles also exists at that time (Fig. 7b). In the LEs, a similar 393 

overall pattern exists but with notable differences, such as the significantly greater magnitude 394 

and broader westward extent of anomalies, as also evident in Figs. 3 and 4. Other features are 395 

also evident in Fig. 7, such as the strong zonal contrast of anomalies between the central and 396 

eastern EPO in versions 1 and 2 of E3SM. In these models, there is also rapid anomaly 397 

growth near 115oW that is not observed.  Biases in the temporal structure are also evident, 398 

including excessive cool anomalies in E3SM1, E3SM2, and CESM2 in the year following El 399 

Niño events, suggesting excessive biennial power in ENSO.  400 
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 401 

Fig. 7. The observed El Niño hovmoëller pattern in SST (K) estimated from observations 402 
(HadISST, a) and the standard deviation in the pattern across members of CESM2 (contours) 403 
and E3SM2 (lines, b). The ensemble-mean patterns estimated from E3SM1 (c), CESM1 (d), 404 
E3SM2 (e), and CESM2 (f) are also shown. Contours in (a) where differences with ERSSTv5 405 
exceed 0.1 K and in (c-f) where observations lie outside of each ensemble. Metrics in the 406 
panel headers are consistent with those in Fig. 3. 407 

Figure 8 shows La Niña’s time-space structure in T2m anomalies estimated from 408 

composites of events in nature using HadISST (Fig. 8a), the intra-ensemble standard 409 

deviation in the analogous structures for CESM2 (filled contours) and E3SM2 (contour lines, 410 
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Fig. 8b), and the ensemble mean patterns from versions 1 and 2 of both E3SM and CESM 411 

(Fig. 8c-f). In observations, the pattern is characterized by cooling that extends from east of 412 

the dateline (~165ºE) to 110ºW that emerges in boreal summer, peaks from December to 413 

January (depending on longitude) and recedes in March through May. Unlike El Niño, La 414 

Niña exhibits an evolution that suggests a westward propagation of anomalies. While La Niña 415 

events often transition from El Niño events, their multi-year character can also limit the 416 

expression of El Niño in the surrounding years of composite events, as evident by neutral 417 

anomalies in the January prior to La Niña and cool conditions in the following January (Fig. 418 

8a). As a result, significant inter-member spread is also evident at the onset and termination 419 

of events (Fig. 8b). While the general character of composite anomalies in the LEs is similar 420 

to that observed, including their westward propagation, significant biases exist in both the 421 

magnitude and temporal evolution of events. Events in E3SM1 and E3SM2 are generally too 422 

biennial, as evident by the strong warm anomalies in the DJF periods prior to and following 423 

events in the composites. As for El Niño, a strong zonal gradient in variability is also evident 424 

in E3SM1 and E3SM2 that contrasts with the observed structure. A similar but weaker bias 425 

exists in CESM1 and CESM2 with event magnitude that is excessive, particularly in CESM2. 426 

Thus, while the pattern correlation of the composite improves between versions 1 and 2 of 427 

both E3SM (r=0.84 to r=0.85) and CESM (r=0.88 to r=0.89), the strength of the patterns 428 

shown in the panel headers generally worsens.  429 
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 430 

Fig. 8. The observed La Niña hovmoëller pattern in SST (K) estimated from observations 431 
(HadISST, a) and the standard deviation in the pattern across members of CESM2 (contours) 432 
and E3SM2 (lines, b). The ensemble-mean patterns estimated from E3SM1 (c), CESM1 (d), 433 
E3SM2 (e), and CESM2 (f) are also shown. Contours in (a) where differences with ERSSTv5 434 
exceed 0.1 K and in (c-f) where observations lie outside of each ensemble. Metrics in the 435 
panel headers are consistent with those in Fig. 3. 436 

d. Spectra of ENSO and PDV 437 

Figure 9 shows the distribution of bandpass power for ENSO and the PDV across four 438 

frequency bands: high (<3 years), interannual (4-6 years), decadal (6-10 years), and 439 
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multidecadal (> 10 years), assessing ENSO power from SST in the Niño3, Niño4, and 440 

Niño3.4 regions. Interannual power in Niño3.4 and Niño4 is generally consistent with 441 

observations in E3SM1 and E3SM2 but is stronger than observed in CESM1 and CESM2. In 442 

the Niño3 region, power is generally too large in all ensembles except in E3SM2. In the high, 443 

decadal, and multidecadal bands model-observation agreement is improved relative to 444 

Niño3.4, with the main bias being the excessive power in CESM, and particularly in CESM2.  445 

Bandpass power of the PDV index (Fig. 9d) is characterized by greatest magnitudes in the 446 

multidecadal band. The large intra-ensemble spread exhibited in all LEs leads to observed 447 

power falling within the ensemble range in all cases. Simulated power in the multidecadal 448 

band is slightly less for CESM1, while in the decadal band CESM1 exhibits the greatest 449 

ensemble mean power. Differences between the models are small however in the context of 450 

the large intra-member spread, suggesting a fundamental limit in constraining PDV spectra 451 

with the observational record.  452 
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 453 

Fig. 9. Spectral power (K2) in various bands and regions for the (a) Niño3, (b) Niño4, and 454 
(c) Niño3.4 indices, and for (d) the PDV index for observations (HadISST-black dot, 455 
ERSSTv5-grey dot) and E3SM1 (green), E3SM2 (blue), CESM1 (orange), and CESM2 (red). 456 
 457 
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e. Atlantic Niño 458 

The Atlantic Niño is a dominant mode of interannual variability in the equatorial Atlantic, 459 

with many similarities to El Niño in the Pacific (Zebiak, 1993; Xie and Carton, 2004; 460 

Keenlyside and Latif, 2007; Ding et al., 2012). The Atlantic Niño index was computed as the 461 

averaged SST anomaly over the equatorial Atlantic Ocean (3°N–3°S, 0–20W). The positive 462 

phase of Atlantic Niño is characterized by anomalously warm sea surface temperatures in the 463 

eastern equatorial Atlantic, relaxed trade winds, and a weakened east-west SST gradient. 464 

Similar to ENSO, the interannual variability of the Atlantic Niño is mainly the result of a set 465 

of coupled ocean-atmosphere interactions, known collectively as the Bjerknes feedback. The 466 

Atlantic Niño has a significant impact on the local climate in the tropical Atlantic sector and 467 

can affect remote regions through teleconnections.  468 

Figure 10 shows the composite Atlantic Niño patterns averaged in June to August (JJA) 469 

in HadISST (Fig. 10a), the intra-ensemble standard deviation in the patterns from CESM2 470 

(filled contours) and E3SM2 (contour lines, Fig. 10b), and the ensemble mean patterns from 471 

versions 1 and 2 of both E3SM and CESM (Fig. 10c-f).  In the observations, the anomalous 472 

warming is centered around the equator within 5˚S to 5˚N in the central-eastern basin and 473 

extends southward along the west coast of Africa to around 15˚S. The strongest SST warming 474 

occurs in the eastern equatorial Atlantic between 15˚W-0˚ and along the Africa coast between 475 

10˚S-15˚S.  476 

Compared to the observations, the ensemble mean surface warming patterns in the 477 

central-eastern equatorial Atlantic are narrower in their meridional extent in all four models. 478 

The strength of the pattern is generally comparable among the models and the observations. 479 

In E3SM1 and E3SM2, the ensemble-mean warming patterns exhibit a southward shift of 480 

about 2˚ towards the Southern Hemisphere, with an anomalous cooling signal north of the 481 

equator, creating a meridional dipole pattern that is absent from observations. There is also 482 

spurious cooling in the western equatorial Atlantic near Cape Branco and over the larger area 483 

in the North Atlantic. The pattern correlation with the observations is 0.48 for E3SM1 and 484 

0.43 for E3SM2.  The ensemble mean warming is stronger than observed in E3SM1, while it 485 

is generally consistent with the observed strength in E3SM2.  486 

The CESM1 ensemble mean captures the observed symmetric warming pattern near the 487 

equator, although there is an overestimation of warming on its east side near western Africa. 488 

Similar to E3SM1, a spurious cooling is present in the western equatorial Atlantic and the 489 
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North Atlantic subtropics. The ensemble mean of CESM2 exhibits a weaker and more 490 

dispersed warming pattern compared to the other models, though the spatial pattern of 491 

warming is generally consistent with observations, and it is the only model that does not 492 

show spurious cooling in the subtropical North Atlantic. Unlink observations and the other 493 

models, it does not however show significant South Atlantic coastal warm anomalies. The 494 

spatial pattern correlations with the observations are higher in CESM1 (r=0.58) and CESM2 495 

(r=0.55) than in either E3SM version.  496 

 497 

Fig. 10. The observed Atlantic Niño pattern in SST estimated from observations 498 
(HadISST, a) and the standard deviation in patterns across ensemble members from CESM2 499 
(contours) and E3SM2 (lines, b). The ensemble-mean patterns estimated from E3SM1 (c), 500 
CESM1 (d), E3SM2 (e), and CESM2 (f) are also shown. Stippling in (a) where differences 501 
with ERSSTv5 exceed 0.1 ˚C and in (c-f) where observations lie outside of each ensemble. 502 
Pattern correlations and pattern magnitudes are indicated in the panel captions.  503 
 504 

Figure 11 shows Atlantic Niño teleconnection patterns with JJA precipitation estimated 505 

from composites of events in nature using GPCP (Fig. 11a), the intra-ensemble standard 506 

deviation in the analogous patterns for CESM2 (filled contours) and E3SM2 (contour lines, 507 

Fig. 11b), and the ensemble mean patterns from versions 1 and 2 of both E3SM and CESM 508 
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(Figs. 11c-f). In the observations, the precipitation anomaly associated with Atlantic Niño is 509 

characterized by enhanced rainfall across the equatorial Atlantic basin, located slightly to the 510 

north of the equator at ~5˚N.  511 

The simulated precipitation patterns are closely related to their respective patterns of 512 

surface temperature. Compared to observations, E3SM1 and E3SM2 exhibit significant 513 

differences in their ensemble mean precipitation patterns, with pattern correlations against 514 

observations of -0.06 for E3SM1 and -0.01 for E3SM2. Both models display a noticeable 515 

southeastward bias in the rainfall maxima towards the eastern equatorial Atlantic. Moreover, 516 

the magnitude of the ensemble mean precipitation is too strong at the equator, while a band of 517 

negative precipitation anomalies exists across the basin to the north of the equator, in contrast 518 

to the observed precipitation maximum in that region. The magnitude of the pattern is also 519 

weaker (rms = 0.19 for E3SM1, rms = 0.17 for E3SM2) than observed (rms = 0.27). CESM1 520 

has the highest pattern correlation with observations (r = 0.59), though areas of negative 521 

precipitation anomalies are also present at around 10˚N and to the west of the basin. The 522 

ensemble mean pattern of precipitation in CESM2 is confined in its meridional extent, and it 523 

has a pattern correlation of 0.48 with observations. Additionally, its magnitude (rms = 0.21) 524 

is the closest of the LEs to the observations. 525 

 526 
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Fig. 11. The observed Atlantic Niño pattern in PR estimated from observations (GPCP, a) 527 
and the standard deviation in patterns across ensemble members from CESM2 (contours) and 528 
E3SM2 (lines, b). The ensemble-mean patterns estimated from E3SM1 (c), CESM1 (d), 529 
E3SM2 (e), and CESM2 (f) are also shown. Stippling in (c-f) where observations lie outside 530 
of each ensemble. Pattern correlations and pattern magnitudes are indicated in the panel 531 
captions. 532 

To examine the seasonal timing of the Atlantic Niño, Figure 12 shows the space-time 533 

hovmoëllers for Atlantic Niño’s composite anomalies in surface temperature in HadISST 534 

(Fig. 12a), the intra-ensemble standard deviation in the analogous composites for CESM2 535 

(filled contours) and E3SM2 (contour lines, Fig. 12b), and the ensemble mean patterns from 536 

versions 1 and 2 of both E3SM and CESM (Fig. 12c-f). The observed Atlantic Niño peaks in 537 

the boreal summer around JJA with warming spreading across the central and eastern 538 

equatorial Atlantic basin.  539 

In both E3SM1 and E3SM2, the timing of the Atlantic Niño peak season lags the 540 

observations by about a month, with the seasonal peak occurring in August. The ensemble 541 

mean pattern of E3SM1 is characterized by a more rapid increase of surface temperature in 542 

June. Note that the anomalous cooling in the western basin (also seen in Figure 10) in E3SM1 543 

is present through March to September, lying east of the warm anomalies from March to June 544 

and then retreating west afterwards.  The potential model biases leading to these cool 545 

anomalies are worthy of further investigation. The space-time structure has a pattern 546 

correlation of 0.69 and 0.79 in E3SM1 and E3SM2, respectively. The pattern strength is 547 

slightly stronger than observed (rms = 0.20) in E3SM1 (rms = 0.21) and slightly weaker in 548 

E3SM2 (rms = 0.18).  549 

The seasonal timings in CESM1 and CESM2 are broadly consistent with the 550 

observations. Interestingly, despite having different seasonal timing, CESM1 and E3SM1 551 

share several similarities as they both feature a rapid increase of temperature with a stronger 552 

peak than observed and both have a similar cooling bias in the western basin. In CESM2, the 553 

ensemble mean space-time structure agrees best with the observations, with a pattern 554 

correlation of 0.93 and the same pattern strength as the observed (rms = 0.20).  555 
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 556 

Fig. 12. The observed Atlantic Niño hovmoëller pattern in SST estimated from 557 
observations (HadISST, a) and the standard deviation in the pattern across members of 558 
CESM2 (contours) and E3SM2 (lines, b). The ensemble-mean patterns estimated from 559 
E3SM1 (c), CESM1 (d), E3SM2 (e), and CESM2 (f) are also shown. Contours in (a) where 560 
differences with ERSSTv5 exceed 0.1˚C and in (c-f) where observations lie outside of each 561 
ensemble. Pattern correlations and pattern magnitudes are indicated in the panel captions. 562 

f. Extratropical Modes 563 
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 564 

Fig. 13. The SAM teleconnection pattern in sea level pressure (PSL, hPa) in DJF 565 
estimated from surface-based reanalyses since 1950 (ERA20C/ERA5, a) and the standard 566 
deviation in the pattern across ensemble members from CESM2 (contours) and E3SM2 567 
(lines, b). The ensemble-mean patterns estimated from E3SM1 (c), CESM1 (d), E3SM2 (e), 568 
and CESM2 (f) are also shown. Contours in (a) where differences with CERA20C/ERAI 569 
exceed 0.5 hPa and stippling in (c-f) where observations lie outside of the 2 σ range. Metrics 570 
in the panel headers are consistent with those in Fig. 3. 571 

The spatial structure of the SAM teleconnection, computed as the leading empirical 572 

orthogonal function (EOF) from monthly PSL south of 20ºS (Thompson et al. 2000), is 573 

shown in Figure 13. Due to poor data sampling in the early 20th Century, the pattern from the 574 

reanalyses is only computed over 1950-2019. It is characterized by moderate negative values 575 

over the Antarctic continent, with maxima along the coast of west Antarctica and in the Ross 576 

Sea, and weak positive values in the Southern Indian Ocean and near New Zealand (Fig. 577 

13a). The pattern of intra-ensemble spread in CESM2 (Fig. 13b) is characterized by the 578 

greatest values northeast of the Ross Sea, with a regional minimum south of Australia. It 579 

differs slightly from the pattern of spread in E3SM2, which shows a maximum southeast of 580 

New Zealand (lines in Fig. 13b). The ensemble mean pattern in E3SM1 (Fig. 13c) captures 581 

the observed pattern, as do all the ensembles (0.92 < r < 0.96), with values that are weaker 582 

(rms=1.24) than ERA20C/ERA5 (rms=1.41) but stronger than CERA20C/ERAI (rms=0.88). 583 

In CESM1 the ensemble mean pattern is weaker than both observational estimates 584 

(rms=0.85), though the CERA20C/ERAI estimate lies within the ensemble spread, while in 585 

E3SM2 the ensemble mean lies between them (rms=1.16). In CESM2, the pattern is similar 586 

to that in CESM1, with the CERA20C/ERAI estimate lying within the ensemble spread. 587 

Stippling at low latitudes indicates a weaker connection of the SAM to the tropics in the 588 

models, consistent with broader model evaluation (Lim et al. 2016). 589 
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 590 

Fig. 14. The observed NAO teleconnection pattern in PSL in DJF estimated from 591 
observations (ERA20C/ERA5, a) and the standard deviation in the pattern across ensemble 592 
members from CESM2 (contours) and E3SM2 (lines, b). The ensemble-mean patterns 593 
estimated from E3SM1 (c), CESM1 (d), E3SM2 (e), and CESM2 (f) are also shown. 594 
Contours in (a) where differences with CERA20C/ERAI exceed 0.3 hPa and stippling in (c-f) 595 
where observations lie outside of each ensemble. Metrics in the panel headers are consistent 596 
with those in Fig. 3. 597 

The spatial structure of the NAO teleconnection, estimated from the leading EOF of PSL 598 

in the region 20º-80ºN, 90ºW-40ºE following Hurrell and Deser (2009), is explored in Figure 599 

14. The observed pattern (Fig. 14a) is characterized by strong negative values across the 600 

Arctic with a regional maximum east of Greenland and positive values west of Spain. The 601 

pattern of intra-ensemble spread in CESM2 (Fig. 14b) is characterized by the greatest values 602 

in the North Atlantic, North Pacific, and western Arctic Oceans, and is similar to the pattern 603 

of spread in E3SM2. The ensemble mean pattern in E3SM1 (Fig. 13c) correlates strongly 604 

with observations (r=0.96) with a magnitude (rms=0.85) that is slightly weaker than in 605 

ERA20C/ERA5 (rms=0.96) but stronger than in CERA20C/ERAI (rms=0.79). In CESM1 the 606 

strength of the pattern (rms=0.90) also lies between the observational estimates, and the 607 

pattern correlation is again high (r=0.96). In E3SM2, that pattern is very similar to E3SM1 608 

(r=0.93, rms=0.85) while CESM2 exhibits the closest agreement with observations (r=0.96). 609 
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 610 

Fig. 15. The observed NAM teleconnection pattern in PSL (hPa) in DJF estimated from 611 
observations (ERA20C/ERA5, a) and the standard deviation in the pattern across ensemble 612 
members from CESM2 (contours) and E3SM2 (lines, b). The ensemble-mean patterns 613 
estimated from E3SM1 (c), CESM1 (d), E3SM2 (e), and CESM2 (f) are also shown. 614 
Contours in (a) where differences with CERA20C/ERAI exceed 0.5 hPa and stippling in (c-f) 615 
where observations lie outside of each ensemble. Metrics in the panel headers are consistent 616 
with those in Fig. 3. 617 

The spatial structure of the NAM teleconnection, computed as the leading empirical 618 

orthogonal function (EOF) from PSL north of 20ºN (Thompson et al. 2000), is shown in 619 

Figure 15. The observed pattern (Fig. 15a) is characterized by strong negative values across 620 

the Arctic with weak regional maxima in the North Pacific and Atlantic Oceans and over 621 

Europe. The pattern of intra-ensemble spread in CESM2 (Fig. 15b) is characterized by the 622 

greatest values in the North Pacific and western Arctic Oceans and is similar to the pattern of 623 

spread in E3SM2. The ensemble mean pattern in E3SM1 (Fig. 15c) correlates strongly with 624 

observations (r=0.93) with a magnitude (rms=0.95) that is weaker than observed (rms=1.09) 625 

but observed strength is encompassed by the ensemble spread. For all ensembles, the 626 

magnitude of the ensemble-mean pattern in the North Pacific is much greater than that 627 

observed, and the observed values lie outside of the model ensemble ranges (stippling). In 628 

CESM1 the strength of the NAM pattern (rms=1.03) falls between the observational 629 

estimates, and the pattern correlation is again high (r=0.91). In E3SM2, the NAM pattern is 630 

very similar to that in E3SM1 (r=0.90, rms=0.94) while CESM2 exhibits the closest 631 

agreement with the observed pattern (r=0.92) but a magnitude that may be too large 632 

(rms=1.11) though the ensemble spread encompasses observed estimates. As for all models, 633 

biases in the North Pacific in CESM2 are strong. 634 
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 635 

Fig. 16. The observed PNA teleconnection pattern in PSL (hPa) in DJF estimated from 636 
observations (ERA20C/ERA5, a) and the standard deviation in the pattern across ensemble 637 
members from CESM2 (contours) and E3SM2 (lines, b). The ensemble-mean patterns 638 
estimated from E3SM1 (c), CESM1 (d), E3SM2 (e), and CESM2 (f) are also shown. 639 
Contours in (a) where differences with CERA20C/ERAI exceed 0.3 hPa and in (c-f) where 640 
observations lie outside of each ensemble. Metrics in the panel headers are consistent with 641 
those in Fig. 3. 642 

The spatial structure of the PNA teleconnection is shown in Figure 16. The observed 643 

pattern (Fig. 16a) is characterized by strong negative values in the North Pacific’s Aleutian 644 

Low region and weak negative values spanning the Arctic. The pattern of intra-ensemble 645 

spread in CESM2 (Fig. 16b) is characterized by the greatest values in the western Arctic and 646 

the patterns of spread in CESM2 and E3SM2 agree closely. The ensemble mean pattern in 647 

E3SM1 (Fig. 16c) correlates strongly with observations (r=0.91) with a magnitude 648 

(rms=0.85) that is stronger than observed (rms=0.80), though the observations fall within the 649 

ensemble spread. In CESM1 the strength of the pattern (rms=0.93) is even stronger than in 650 

E3SM1, and the pattern correlation is again high (r=0.90). In E3SM2 (r=0.95) and CESM2 651 

(r=0.94), the PNA patterns correlate strongly with observations, though the pattern in CESM2 652 

is stronger than observed (rms=1.00), particularly in the North Pacific Ocean. 653 

High pressure blocking patterns in the mid-latitudes are large-scale modes of extratropical 654 

variability most commonly associated with extremes of surface temperature and precipitation 655 

(Pfahl, 2014). However, unlike mobile baroclinic weather systems, atmospheric blocking 656 

characteristics: onset, duration, and decay, are difficult for models to simulate and predict. 657 

This is particularly true during northern winter when events are most prevalent, and the zonal 658 

jet interactions are most complex.  659 
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Figure 17 shows the meridional distribution of blocking frequency in models and 660 

reanalysis. Based on the measure used here, sectors in western Europe and the central Pacific 661 

can be ‘blocked’ about a quarter of the time. The general pattern of model performance is that 662 

the frequency of blocking is well captured in the Pacific more poorly simulated over western 663 

Europe. The general eastward shift of the maximum frequency into Eastern Europe, leaving 664 

an underestimate in the eastern Atlantic is a typical shortcoming in CMIP models, with little 665 

improvement between CMIP3 and CMIP6 (Davini, P., and F. D’Andrea, 2020; Schiemann et 666 

al., 2020). Among the models presented here the greatest disagreement and biases exist 667 

within the Euro-Atlantic sector. It is worth noting that during MAM, the agreement and 668 

accuracy across all the ensembles is much greater (not shown).  Over the Greenland region 669 

ensemble disagreement is greatest, with E3SM1 and especially E3SM2 showing a 670 

pronounced maximum. This may be due to the mean climate bias in the region, where model 671 

SSTs are substantially cooler then observed (Golaz et al., 2019, Golaz et al., 2022). However, 672 

the pronounced intra-ensemble spread shows that blocking frequency in some multi-decadal 673 

periods (1979-2005) can easily overlap with ensemble members from other models. In the 674 

Pacific sector, blocking is often associated with downstream Rossby wave radiation from the 675 

tropics. With multiple ensemble members we are able to stratify the 2 modeling systems, 676 

such that E3SM maximum blocking frequency is too strong, but positioned correctly, 677 

whereas CESM frequency is accurate, but positioned too far east. This would not be 678 

discernible if using a single or just a few ensemble members, illustrating an additional benefit 679 

of model evaluation using LEs.    680 

 681 

Fig. 17. Ensemble averaged blocking for E3SM1 (5 members), E3SM2 (20 members), 682 
CESM2 (50 members) and CESM1 (40 members) and reanalyses (ERA-interim and 683 
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MERRA2) for the period 1979-2005. The diagnostic is based on the frequency of a daily 500-684 
hPa height field, meridional gradient threshold metric from D’Andrea et al., (1998). The 685 
shaded regions are -/+ 1 standard deviation across each ensemble. Because of limited model 686 
data availability, the version of E3SM1 analyzed here is from the 5-member CMIP6 687 
submission for the period 1980-2006. 688 

 689 

Table 2. CVDP-LE summary metrics of model performance for E3SM1, E3SM2, 690 
CESM1, and CESM2 based on pattern correlations (a) and root-mean-squared pattern 691 
magnitudes of differences with observed modes (b). 692 

To provide a broad overview of model performance in simulating MoV, the skill scores 693 

from the CVDP-LE are summarized in Table 2. They demonstrate many aspects of the 694 

simulated modes already discussed, including the improvements in fidelity across generations 695 

of E3SM and CESM whose average pattern correlation scores increase from 0.82 to 0.85 and 696 
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0.80 to 0.85, respectively. The strength of the patterns also improves across successive 697 

generations of E3SM, from 0.58 to 0.56, but degrades slightly in CESM (0.69 to 0.70) though 698 

observational uncertainty in magnitude is also large as discussed in Section 3.f. The 699 

challenges faced by each model in simulating some modes (e.g. PDV in CESM) is also 700 

evident and the broad spread of the model ensembles in simulating some modes (e.g. between 701 

10% and 90% ranges of PDV) illustrates the inherent limitations of model evaluation with an 702 

observational record of limited length, as intrinsic variability drives a broad range of skill 703 

scores within each ensemble (0.69 to 0.87 in E3SM1).   704 

g. The Quasi-Biennial Oscillation 705 

The QBO is the dominant mode of variability in the tropical lower stratosphere (Baldwin 706 

et al. 2001) and is characterized by descending easterlies and westerlies from about 10 to 100 707 

hPa with an average period of 28 months. The QBO is important to surface climate through 708 

its various teleconnections (see Anstey et al. 2022 for review), with an influence deep 709 

convection, the MJO, and precipitation (e.g. Collimore et al., 2003, Liess and Geller 2012, 710 

Yoo and Son 2016, Son et al. 2017).  It also influences the subtropical jet (Garfinkel and 711 

Hartmann, 2011, Wang et al. 2018), and the stratospheric polar vortex which subsequently 712 

affects the NAO (Holton and Tan 1980, Anstey and Shepherd 2014).  713 

Simulation of the QBO in global models is improving. Only 5 models out of CMIP5 were 714 

able to simulate the QBO, however 15 models in CMIP6 succeeded to do so (Richter et al. 715 

2020). Biases in its representation have persisted however with models underestimating its 716 

amplitude in the lowermost stratosphere, a likely reason for underrepresentation of many of 717 

the QBO’s teleconnections and its MJO coupling (Richter et al. 2020, Kim et al. 2020).  718 
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 719 

Fig. 18. Zonal-mean zonal wind averaged between 5oS and 5oN between 1979 and 2014 720 
for a) ERA5, b) CESM1, c) CESM2, d) E3SM1, e) E3SM2. The first ensemble member is 721 
shown for the models. f) Distribution of dominant QBO periods across E3SM1 and E3SM2 722 
ensembles (whiskers) The distribution median is depicted by horizontal line in each box, box 723 
edges mark the lower and upper quartiles, and box whiskers mark the minimum and 724 
maximum values. Black dots represent mean values. The dominant QBO period for ERA5 is 725 
marked by the gray line. g) QBO amplitude calculated using the DD method for ERA5, 726 
E3SM1 and E3SM2. Shading represents the +/- standard error. 727 
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Panels (a) - (e) of Figure 18 illustrate the basic features of tropical stratospheric 728 

variability in ERA5 and in the CESM and E3SM large ensembles. Tropical zonal mean winds 729 

in ERA5 show alternating descending easterlies and westerlies with clearly defined phases 730 

between 10 and 100 hPa (Fig 18 a). CESM1 and CESM2 have a relatively low model top, 731 

and do not employ a non-orographic gravity wave parameterization, hence the tropical 732 

stratospheric mean winds are mostly easterly (Fig 18b, c) and do not simulate the QBO. On 733 

the other hand, E3SM has a higher model top and includes a non-orographic gravity wave 734 

parameterization following Richter et al. 2010 with different tunings (Rasch et al. 2019, 735 

Golaz et al. 2022). E3SM1 produces an oscillation in the tropical stratospheric zonal mean 736 

wind between 10 and 100 hPa that primarily consists of westerlies that often reach 30 to 40 737 

m/s in amplitude, much stronger than in observations (Fig 18d). In addition, the period of the 738 

oscillation is shorter than in observations, and the easterly phases are weak and brief. On the 739 

other hand, the tropical stratospheric zonal mean wind in E3SM2 shows much weaker 740 

westerlies ,which propagate downward from 10 to 50 hPa, and alternate with very weak 741 

westerlies. Hence, while E3SM1/2 are able to simulate the QBO, their biases are substantial. 742 

In Figure 18, the QBO period and amplitude are also assessed in E3SM1 and E3SM2 743 

across the large ensembles (Fig. 18f, g). The dominant QBO period is computed by applying 744 

the fast Fourier transform to the deseasonalized time series of zonal-mean zonal wind at 20 745 

hPa, averaged between 5oS and 5oN, following Richter et al. 2020. QBO amplitude is 746 

calculated using the Dunerketon and Delisi (1985) method which was also used in Richter et 747 

al. (2020) and Richter et al. (2022). Using this method, the mean amplitude of the QBO is 748 

approximated by the square-root of 2 times the standard deviation of the deseasonalized time 749 

series of the monthly mean westerly winds. This method is particularly useful when the 750 

phases of the QBO are not coherent, as in the simulation of the QBO in E3SM2. Figure 18f 751 

shows that the average QBO period in E3SM1 over the historical period from 1979 to 2014 is 752 

17.1, lower than the QBO period in ERA5 of 28.1 months. The mean QBO period in E3SM2 753 

is much closer to that in ERA5 at 24.4 months. The inter-ensemble spread of QBO periods is 754 

approximately twice as large in E3SM2 as compared to E3SM1. The amplitude of the QBO 755 

in E3SM1 is similar to that derived from ERA5 in the lowermost stratosphere, between 30 756 

and 100 hPa (Fig 18f). On the other hand, E3SM2 largely underestimates the QBO amplitude 757 

throughout the depth of the stratosphere.  758 

An analysis of the reasons for the differences between the QBO in E3SM1 and E3SM2 759 

are undergoing detailed examination and are beyond the scope of this work. The differences 760 
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likely result from both different gravity wave parameterization tunings and changes in 761 

convection parameterization that occurr from E3SM1 to E3SM2 (Golaz et al. 2022). 762 

Additionally, we examine the E3SM1 and E3SM2 models for the observed boreal wintertime 763 

QBO-MJO relationship, where the easterly phase of the QBO has been shown to increase 764 

MJO activity over the maritime continent (Yoo and Son, 2016). We find that the models do 765 

not produce a robust relationship between these two modes of variability, which is consistent 766 

with other CMIP6 models (Kim et al 2020). 767 

Figure 19a shows that in ERA5 the boreal stratospheric polar vortex is weakened during 768 

the easterly QBO (EQBO) winter and strengthened during the westerly QBO (WQBO) 769 

winter, known as the Holton-Tan effect (Holton and Tan, 1980; Lu et al., 2020). E3SM1 770 

produces the Holton-Tan effect in the boreal winter, although the stratospheric polar vortex 771 

during EQBO weakens less than in observations (Figure 19b). E3SM2 fails to produce the 772 

Holten-Tan effect (Figure 19c), which may be related to the low amplitude of the QBO in the 773 

lower stratosphere in E3SM2 as compared to ERA5. The subtropical pathway is proposed as 774 

a possible route for the QBO in the lower stratosphere to modulate the tropospheric 775 

subtropical jet (Garfinkel and Hartmann, 2011; Haynes et al., 2021). Although E3SM1 and 776 

E3SM2 produce statistically significant responses to the QBO in the subtropical jet region, 777 

the patterns of the responses in models are biased. Figure 19d shows that there is a negative 778 

phase PNA pattern corresponding to EQBO in the boreal winter in the ERA5. E3SM1 779 

produces a similar wave train pattern in the North Pacific and America (Figure 19e), but the 780 

magnitude is much weaker than that depicted in ERA5. For other regions, such as the 781 

Atlantic Ocean, the geopotential height response to the QBO in E3SM1 is opposite to that 782 

observed. The response in E3SM2 has an even larger bias (Figure 19f). 783 

Lastly, the teleconnection of the QBO to surface temperature is assessed. Figure 19g 784 

shows that the surface temperature anomalies have a La Niña-like pattern during EQBO and 785 

El Niño-like pattern during WQBO in ERA5. A higher frequency of El Niño during the 786 

WQBO and of La Niña during the EQBO since 1979 has been observed (Taguchi, 2010; 787 

Liess and Geller, 2012). Both E3SM1 and E3SM2 produce a La Niña-like pattern during the 788 

EQBO phase (Figure 19h, i), but the amplitude in E3SM2 is larger than in E3SM1. However, 789 
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both simulated patterns are weaker than observed.  790 

 791 

Figure 19. The zonal mean zonal wind (a-c), geopotential height at 500 hPa (d-f), and 792 
surface temperature (g-i) in boreal winter (DJF) are regressed to the normalized QBO index 793 
by the simple linear regression model using an ordinary least-squares (OLS) method from 794 
ERA5 (left column), E3SM1 (middle column) and E3SM2 (right column). The QBO index is 795 
defined as the equatorial zonal mean zonal wind at 50 hPa. The analysis covers from 1979 to 796 
2014. All the panels correspond to the EQBO situation. The contour lines in (a-c) depict the 797 
climatological mean. The one-tailed t-test is utilized and the dotted region is significant at the 798 
90% confidence level.  799 

h. The Madden Julian Oscillation 800 

The Madden Julian Oscillation (MJO) is the largest mode of variability and the leading 801 

source of predictability on intraseasonal timescales (Zhang, 2005). It also has large, but 802 

complex interactions with slow modes of variability such as El Niño (e.g, Moon et al., 2011). 803 

While skill has improved recently (Li et al., 2022), the MJO remains a difficult mode of 804 

variability to simulate (Jiang et al., 2020). As a consequence, this restricts the predictive skill 805 

of models that exploit the inherent predictability associated with the MJO (Wang et al., 806 

2018). Figure 20 shows the percentage of the total intraseasonal (20-100-day filtered) 807 

variance explained by contribution from the first and second combined EOFs. On the whole, 808 

the MJO has experienced an increase in simulation skill from the baseline CESM1 model to 809 

the successive CESM2 and E3SM1/2 models. The overall bias in this metric has been 810 

reduced by around half, on average, and the improvements have been attributed to 811 
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modifications to the physical parameterization in both modeling systems (Danabasoglu et al., 812 

2020; Golaz et al . 2019).  813 

 814 

Fig. 20. The percentage of the total intraseasonal (20-100-day filtered) variance explained 815 
by contribution from the first and second combined EOFs (for global anomalies of 850-816 
mb/200-mb zonal wind and outgoing longwave radiation). The domain of the shaded boxes 817 
are -/+ 1 standard deviation along each axis. The ‘+’ represents the ensemble mean for each 818 
ensemble set. Because of limited model data availability, the version of E3SM1 analyzed 819 
here is from the 5-member CMIP6 submission for the period 1980-2006. 820 
 821 

Although the average strength of the explained variance is greatest in CESM2, the 822 

ensemble variability over this multi-decadal time frame (1979-2005) is substantial. Variations 823 

in the underlying tropical SSTs can dominate the MJO response, such that comparisons of 824 

single simulations across models would not be able to determine the correct skill ordering 825 

reliably. For example, E3SM1 member 4, E3SM2 10 and CESM2 member 10 are statistically 826 

indistinguishable and yet the ensemble mean behavior is quite well separated. Such a large 827 

intra-ensemble variability over these multi decadal timescales prompts further understanding 828 

of the MJO’s relationship to ENSO and the PDV, which have been seen in the observational 829 

record (e.g., Dasgupta et al. 2020; Tang and Yu, 2008). 830 
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4. Discussion and conclusions 831 

The importance of MoV to a range of climate science questions and applications 832 

motivates an assessment of their fidelity across climate models. Here the performance of 833 

versions 1 and 2 of E3SM and CESM is evaluated using LEs. The availability of these LEs 834 

allows an assessment of the intrinsic variability in MoV and estimation of inter-model 835 

differences. Contrasts between model generations and between E3SM and CESM are 836 

identified in multiple modes that enable an assessment of suitability for purpose of the 837 

models in a broad range contexts. For example, biases are identified in patterns of PDV that 838 

are too weak in the Tropics in E3SM and that are displaced westward in both E3SM and 839 

CESM (Fig. 2). For El Niño and La Niña, the pattern of anomalies in the tropics are again 840 

displaced westward from those observed and composite El Niño teleconnections are too weak 841 

(Figs. 3, 4), particularly given the excessive power of Niño3.4 SST variability in CESM2 842 

(Fig. 9). While simulated La Niña teleconnections agree more closely with those observed, 843 

the excessive magnitude of Niño3.4 SST anomalies calls into question both the depiction of 844 

conditions in the Tropics and their linkages to the extratropics. The temporal structure of both 845 

El Niño and La Niña in E3SM suggests tropical variability that is overly biennial, though a 846 

strong zonal gradient in variability is also identified, precluding a simple characterization of 847 

spectral bias in E3SM1 or E3SM2 (Figs. 7, 8).  848 

E3SM1 and E3SM2 are able to simulate an internally generated QBO (Fig. 18). However, 849 

the representation of it in both versions of the model is biased from observations in various 850 

ways. The QBO in E3SM1 has a period much too short as compared to observations, 851 

although the amplitude is reasonable. On the other hand, the QBO in E3SM2 has a period 852 

closer to the observed QBO, however the amplitude is too weak. E3SM1 is able to capture 853 

the teleconnection of the QBO to the polar vortex (Fig. 19). Both E3SM versions 854 

underestimate the connection to the subtropical jet, however they are able to capture the 855 

pattern of teleconnections to surface temperatures although that connection is also weak.  856 

Finally, MoV based on higher frequency phenomena generally show similar 857 

improvements across model versions for E3SM and CESM (Fig. 20). For the MJO this 858 

improvement is dramatic in CESM, where there is very limited activity in CESM1. For 859 

E3SM the improvement is less dramatic, consistent with the similar model configurations of 860 

CESM2 and E3SM1/v2. Among all models the decadal variation in the MJO strength across 861 

ensembles is substantial and often overlapping. Blocking frequency in E3SM is, overall, 862 

greater than in CESM. Common to many models the largest NH biases are in the Atlantic 863 
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sector. In particular, the large positive biases in E3SM may reflect the cool ocean biases in 864 

this region.   865 

 866 

Model Overall Energy Water Dynamics Mean Annual ENSO 

E3SM1 0.778±0.008  0.782±0.009  0.745±0.008  0.802±0.009  0.875±0.001  0.874±0.002 0.583±0.023 

E3SM2 0.801±0.008 0.821±0.008 0.767±0.008 0.816±0.009 0.885±0.001 0.873±0.001 0.653±0.024 

CESM1 0.803±0.004  0.809±0.004  0.762±0.004  0.839±0.004   0.889±0.001  0.887±0.000  0.640±0.011  

CESM2 0.814±0.004 0.827±0.003 0.772±0.004 0.843±0.004 0.909±0.001 0.893±0.001 0.647±0.010 

Table 3. CMATv1 summary metrics of model performance for E3SM1, E3SM2, CESM1, 867 
and CESM2 (Fasullo, 2020). Uncertainties correspond to the 2 standard error range. 868 
 869 

 The improvements identified in simulating the patterns and magnitudes of many major MoV 870 

have been accompanied by improvements in the depiction of the mean climate state, as 871 

summarized with version 1 of the Climate Model Analysis Tool (CMATv1, Fasullo 2020, 872 

Table 3). CMATv1 computes pattern correlations between simulated fields and benchmark 873 

observations for fields such as radiative fluxes and atmospheric energy transports, 874 

precipitable water and precipitation, and near surface wind speed and 500 hPa eddy 875 

geopotential height. It also considers a range of time domains such as the mean climatology, 876 

seasonal contrasts, and variability during ENSO.  It is not known whether the association 877 

between improved MoV and base state climate is causal, and indeed the intrinsic variability 878 

of modes identified here (e.g. Fig. 1), highlights the difficulty in tracking mode fidelity 879 

between single realizations during model development. However, the association between 880 

improvements in modes and model mean state is suggestive of improvements in the physical 881 

process that govern each. Notably, the model versions assessed here use identical 882 

atmospheric grids, and similar ocean grids, and thus contrasts between the model versions are 883 

certainty not the result of model resolution. Rather, inter-model contrasts suggest a role for 884 

improved physical representations, which in CESM include major changes to clouds and 885 

convection (Danabasoglu et al. 2020), and in E3SM include significant changes to radiation 886 

and precipitation (Table 3; Golaz et al. 2019). Continued improvements in these fields are 887 

suggested as a plausible path forward for continued depiction of MoV in models.   888 
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