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Abstract

El Nifio-Southern Oscillation (ENSO)-related sea surface temperature variability in the eastern equatorial Pacific drives an
extratropical large-scale atmospheric response. The atmospheric response is a key driver of global climate variability, with
the strongest impact occurring during Northern Hemisphere winter. The degree to which atmospheric circulation variability
is altered during ENSO events, in comparison with atmospheric circulation variability during ENSO-neutral conditions, is the
focus of this study. Two multi-century, CESM1-CAM4 simulations are compared: a fully coupled experiment (CTRL), and
a partially decoupled experiment in which ENSO is dynamically suppressed (NoENSO) so that the mean state is not biased
towards a particular ENSO phase. We present evidence that the rectification of ENSO and its teleconnections onto the mean
state lead to an underestimation of the asymmetry of ENSO teleconnections in this model. Analyses also show that ENSO
displaces 500 hPa geopotential height (Z500) variability away from the central northern U.S. and southern Canada, result-
ing in less variability during ENSO years than ENSO-neutral years. Additionally, we find that estimating the ENSO-forced
change in Z500 variance compared to ENSO-neutral years requires a surprisingly large sample of ENSO-neutral years. The
results imply that a substantially longer record—roughly an order of magnitude longer in length—is needed to fully capture

the statistics of ENSO’s teleconnected impacts over North America than suggested in previous studies.
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1 Introduction

El Nifio-Southern Oscillation (ENSO), or the fluctuation
of sea surface temperature (SST) in the equatorial Pacific
Ocean, is the dominant source of interannual atmospheric
circulation and terrestrial climate predictability over North
America (Ropelewski and Halpert 1986, 1987). The connec-
tion between local ENSO forcing in the tropical Pacific and
climatic impacts in the extratropics are often referred to as
ENSO teleconnections and can be explained by tropical and
extratropical atmospheric dynamics (Gill 1980; Hoskins and
Karoly 1981). ENSO-forced precipitation anomalies drive
divergence and vorticity anomalies in the upper atmosphere
of the tropical Pacific, exciting a stationary Rossby wave
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train pattern into the midlatitudes (Hoskins and Karoly 1981;
Sardeshmukh and Hoskins 1988). The resulting shift in the
large-scale atmospheric circulation alters global weather
patterns, which can enhance the risk of natural disasters,
such as droughts, heavy rainfall, floods, and heat waves
(Ropelewski and Halpert 1987; Dilley and Heyman 1995).
These terrestrial impacts can influence the severity of eco-
logical and economical disasters, such as the destruction of
fisheries, low crop yield, and water scarcity (McPhaden et al.
2006). However, predicting the ENSO signal has proven dif-
ficult due to the abundance of other sources of internal vari-
ability, which act as noise and can cloud the ENSO signal
(Kumar and Chen 2017; Deser et al. 2018).

The ENSO-forced Rossby wave train in the Northern
Hemisphere projects onto an anomalous atmospheric cir-
culation pattern that resembles the Pacific North American
pattern (PNA; Wallace and Gutzler 1981)). Put simply, the
PNA is the resulting spatial pattern of atmospheric variabil-
ity associated with changes in the Pacific jet (Hoerling et al.
1997). The phase of the PNA is often linked to the phase of
ENSO (Hoerling and Kumar 2002), hence the precipitation
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and surface temperature impacts over North America associ-
ated with the PNA are often considered similar to those asso-
ciated with ENSO (Ropelewski and Halpert 1987; Harrison
and Larkin 1998). For example, during an EI Nifio event, the
Aleutian low is anomalously deep, anomalous ridging occurs
over northwest North America, and anomalous troughing
occurs over the southeast U.S., thus projecting onto the posi-
tive PNA pattern. Wetter-than-average conditions over the
southern U.S. and drier conditions over the northeast and
northwest U.S. usually accompany this pattern. The opposite
patterns occur for La Nifia and the negative PNA. Yet not
every El Nifio or La Nifia event results in these canonical
patterns, due to other naturally occurring large-scale atmos-
pheric patterns that can impact North American precipita-
tion (L’Heureux et al. 2017; Peng et al. 2018, 2019). There
is also evidence that the ENSO-forced atmospheric circula-
tion response exhibits important distinctions from the typical
PNA pattern (Livezey and Mo 1987; Trenberth et al. 1998;
Hoerling and Kumar 2002; Straus and Shukla 2002; Johnson
and Feldstein 2010; Li et al. 2019) that result in significant
differences in winter precipitation signatures across the
southeastern U.S. (Larson et al. 2022). Therefore, robustly
characterizing ENSO’s impact on atmospheric circulation
variability, or variance, is critical to determine the predict-
ability of seasonal climate anomalies over North America.
To do so, it is first necessary to characterize and compare
the amplitude of non-ENSO variations (i.e., the “noise”)
to those related to ENSO (i.e., the “signal”), which is an
important goal of our study.

Isolating and removing the ENSO signal and its related
teleconnections, so as to estimate the non-ENSO variance, is
commonly accomplished through statistical approaches sum-
marized in Compo and Sardeshmukh (2010). One method is
to bandpass filter SST to remove the interannual variations,
thus assuming only and all variability within the defined
frequency band is related to ENSO. However, ENSO and
its teleconnections are known to have a low frequency sig-
nal (Wittenberg et al. 2014). Another method is to linearly
“regress out” the ENSO signal through computing the linear
regression of climate variables onto an ENSO time series,
like Nifio3.4, and subsequently remove the linear ENSO
contribution from the anomaly fields. This approach assumes
all variations captured by the ENSO time series are strictly
ENSO related, which is not necessarily true (e.g., see ther-
mally coupled modes in Larson et al. 2018a, b), and lagged
responses to ENSO (Su et al. 2005) are nearly impossible
to fully remove. This approach is further complicated by
the issue that ENSO variations are tightly linked to the sea-
sonal cycle (Stuecker et al. 2013). Furthermore, ENSO itself
and its teleconnections exhibit marked nonlinearities (e.g.,
Frauen et al. 2014) that are neglected in linear approaches.
More sophisticated modeling approaches have also aimed
to compare ENSO and non-ENSO variations. One method
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is through the Linear Inverse Modeling (LIM) framework,
in which atmospheric variations can be identified as cou-
pled or uncoupled to the tropical SST (Newman et al. 2009).
Through removing atmospheric modes coupled to tropical
SST, Henderson et al. (2020) investigate PNA growth related
and unrelated to tropical SST. One caveat to this approach
related to our purposes is atmospheric variability forced by
non-ENSO tropical SST may be excluded, thus potentially
underestimating non-ENSO atmospheric variance. For sim-
ilar reasons, tropical pacemaker simulations in which the
tropical Pacific SST is prescribed as climatology may also
underestimate non-ENSO atmospheric variability originat-
ing from the tropical Pacific, as well as shut off non-ENSO
tropical-to-extratropical ocean pathways that may drive
midlatitude variability. Finally, compositing and compar-
ing atmospheric patterns during ENSO-neutral versus ENSO
years can be useful, but the observational record is limited
and other sources of natural variability can overshadow the
ENSO signal (e.g., Deser et al. 2018).

Recently, a coupled model method that dynamically sup-
presses ENSO variability has proven effective in removing
both ENSO and its teleconnected impacts without the afore-
mentioned caveats. In this method, the equatorial Pacific
Ocean is unable to dynamically respond to anomalous wind
stress variability, thereby breaking the Bjerknes feedback
(Bjerknes 1969), the coupled wind-ocean feedback required
for ENSO growth (as demonstrated in Larson and Kirtman
2015; Larson et al. 2018b). The result is a simulation of
Earth’s climate devoid of ENSO variability but inclusive
of all other variations resolved by the model. We hereaf-
ter refer to this as a “NoENSO” experiment. By compar-
ing the impacts of PNA variability in a control version of
the coupled model that includes ENSO variability and a
“NoENSQO” version of the same model, Larson et al. (2022)
demonstrate that this approach facilitates clean comparison
of ENSO-forced and non-ENSO-forced extratropical climate
variations. Furthermore, the reference climatology from the
NoENSO simulation can be used as an unbiased estimate
of the ENSO-neutral state from which to compute ENSO-
related climate anomalies in the control run.

The purpose of this study is to investigate ENSO-driven
impacts on interannual mid-level atmospheric circulation
variability by comparing a world with ENSO to a world
without ENSO. We accomplish this through the comparison
of novel climate model experiments that cleanly separate
ENSO and non-ENSO variability. We address science ques-
tions such as the following: To what extent do asymmetries
related to ENSO and/or its teleconnections bias the mean
state and impact interpretations of the asymmetry of ENSO
teleconnections? How does ENSO alter mid-level atmos-
pheric circulation variability over North America? How long
of a simulation length is needed to resolve the ENSO forced
change in mid-level atmospheric circulation variability?
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Model experiments are introduced in Sect. 2. Analysis and
comparison of these simulations in Sects. 3.1 and 3.2 dem-
onstrate how ENSO composites, when constructed using an
ENSO biased mean state as the reference climatology for
computing anomalies, can underestimate the asymmetry of
ENSO teleconnections. Sections 3.3-3.4 analyze the ENSO
versus non-ENSO contributions to atmospheric circulation
variability and include a model-derived estimate of how
many ENSO neutral years are required to resolve the ENSO
forced variance, the results of which are subsequently tested
in Sect. 3.5 using a different model. Summary and conclu-
sions are provided in Sect. 4.

2 Data and Methods
2.1 Observational and Reanalysis Datasets

The observed SST dataset used is the Extended Reconstruc-
tion Sea Surface Temperature version 5 (ERSSTv5; Huang
et al. 2017). The horizontal grid spacing of the ERSSTVS is
2°x2°. All calculations in this study use the full time series
from 1950-2020. SST data is available prior to 1950, but is
less reliable (Huang et al. 2017).

Reanalysis products are used to analyze 500 hPa geo-
potential heights (Z500), which we use to represent mid-
level atmospheric circulation and its variability. The first
dataset is from the National Centers for Environmental Pre-
diction (NCEP)-National Center for Atmospheric Research
(NCAR) reanalysis project (hereafter, NCEP/NCAR reanaly-
sis; Kalnay et al. 1996). The NCEP/NCAR reanalysis dataset
is available from 1948-present on a 2.5° X 2.5° horizontal
grid. The second reanalysis product used is the European
Centre for Medium-Range Weather Forecasts reanalysis ver-
sion 5 (hereafter, ERAS reanalysis; Hersbach et al. 2020).
The ERAS reanalysis dataset is available from 1950-present
with approximately a 0.25° X 0.25° horizontal resolution. All
analyses from observations and reanalyses are from the time
period 1950-2020.

2.2 Model experiments
2.2.1 CESM1-CAM4 Control (CTRL)

The first model used in this study is the Community
Earth System Model version 1 coupled to the Community
Atmospheric Model version 4 (CESM1-CAM4, Worley
et al. 2011). CESM1-CAM4 has a nominal horizontal
resolution of 1° and is forced with a constant radiative
forcing from the year 2000 (i.e., “present day’’). The Paral-
lel Ocean Program version 2 (POP2; Smith et al. 2010) is
the ocean component in CESM1-CAM4. The atmospheric
component is CAM4 (Neale et al. 2013), which is different

from the out-of-the-box version of CESMI1 that includes
the updated CAMS. For this reason, CESM1-CAM4 com-
pares closely to Community Climate System Model ver-
sion 4 (CCSM4; Gent et al. 2011), however with updated
diabatic processes parameterizations found in the typical
CESM1 (Hurrell et al. 2013). CCSM4 produces a realistic
ENSO-related spatial pattern and frequency, as well as
ENSO teleconnections (Deser et al. 2012). The control
version of this model, hereafter “CTRL,” is the typical
fully coupled version that includes ENSO variability. A
total of 321 simulation years are available from the CTRL.

2.2.2 CESM1-CAM4 NoENSO Experiment

We analyze a second CESM1-CAM4 experiment in which
ENSO variability is eliminated through the suppression of
the dynamical processes that support ENSO variability,
hereafter the “NoENSO” experiment (see also Larson et al.
2022; McMonigal and Larson 2022). The NoENSO experi-
ment is performed using the same CESM1-CAM4 base
model as the CTRL and is the same experiment analyzed
in Larson et al. (2022) (named “MDgp,.” in their study) to
study PNA variations and precipitation impacts unrelated
to ENSO. In the NoENSO experiment, the wind stress
forcing on the tropical Pacific Ocean is prescribed as the
seasonally varying daily wind stress climatology, thereby
mechanically decoupling the ocean from the atmosphere.
The wind stress climatology is computed from a 30-yr
period of daily wind stress from the CTRL run that is rep-
resentative of the climatology of the greater 321-yr period
across the equatorial Pacific (not shown). This method of
prescribing the wind stress does not alter the atmospheric
turbulent heat flux formulation, as wind variability is still
applied to the bulk formula. Therefore, while the anoma-
lous wind stress is decoupled from the tropical Pacific
Ocean, anomalous buoyancy fluxes remain unaltered,
leaving the model thermodynamically coupled even in
the tropical Pacific. By removing the atmosphere’s ability
to reinforce the initial SST anomaly through wind driven
changes in the ocean dynamics, the Bjerknes feedback
is deactivated, and ENSO events cannot develop. In this
study, wind stress climatology is only prescribed along the
equatorial Pacific basin (10°N-10°S, 120°E-60°W), with
a linear tapering at the latitudinal boundaries (see Larson
et al. 2022 for more details). Outside of this region, the
CTRL and NoENSO experiments behave similarly with
fully coupled, interactive atmosphere and ocean dynam-
ics. The two experiments, CTRL and NoENSO, will be
compared through a series of statistical analyses in this
study. A total of 306 simulation years are available from
the NoENSO experiment.
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2.2.3 CESM2

The second model is the Community Earth System Model
version 2 (CESM2; Danabasoglu et al. 2020). Similar to
CESM1-CAM4, the horizontal grid spacing of CESM2 is
approximately 1°. The atmospheric model is the Commu-
nity Atmospheric Model version 6 (CAM6; Bogenschutz
et al. 2018) with 32 vertical levels. CESM2 uses the same
ocean model, POP2, as used in CESM1-CAM4. However,
POP2 has been updated since CESM1 (Danabasoglu et al.
2020). CESM2 simulates realistic ENSO variability as well
as ENSO teleconnections (Capotondi et al. 2020). This fully
coupled simulation is the same CESM?2 pre-industrial simu-
lation contributed to the CMIP6 project (Eyring et al. 2016)
and includes 2000 model years. In Sect. 3.4, we estimate the
minimum number of ENSO neutral model years necessary
to estimate ENSO’s forced impact on Z500 variance. The
CESM2 model is then used in Sect. 3.5 to test the estimate,
given the abundance of model years available.

2.3 Analysis methods

To compare to variability in the two models, all obser-
vational and reanalysis datasets are linearly detrended
to approximately remove the presence of anthropogenic
trends. Generally, monthly anomalies are calculated by
removing the respective monthly mean climatology of each
experiment. Analyses in Sect. 3.2 will test the sensitivity
of results when instead using the NoENSO reference cli-
matology to compute ENSO composite anomalies in the
CTRL. After calculating the monthly anomalies, seasonal
averages are calculated using a three-month moving aver-
age. In this study, we focus on the boreal winter seasonal
average (December-February, or DJF), given the largest
ENSO-related anomalies in the equatorial Pacific and the
most robust global teleconnected response to ENSO occur
during these months.

To define ENSO events, the DJF SST anomalies in the
equatorial Pacific are first area-weighted and averaged over
the Nifio3.4 region from 5°N-5°S, 120°-170°W. An EI Nifio
event is defined as when the DJF Nifio3.4 meets or exceeds
0.5 °C, whereas a La Nifa event is defined when the DJF
Nifio3.4 is less than or equal to -0.5 °C. ENSO-neutral years
are defined as when the magnitude of DJF Nifio3.4 value is
less than 0.5 °C.

The interannual variance is calculated using the DJF sea-
sonal anomalies; this is done to show the amount of vari-
ability present from year-to-year during the boreal winter.
To quantitatively examine ENSO’s impact on interannual
variability, the percent difference between the CTRL and
NoENSO is examined throughout this study to investigate
how the addition of ENSO’s atmospheric forced response
changes the overall variance, thus the variance difference is
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normalized by the NOENSO variance in the denominator.
When the total DJF variances are directly compared between
the experiments, we use a 306-yr sample from each experi-
ment. In our analysis of observed fields, due to small sample
sizes, the percent difference is computed as the variance
difference between the ENSO versus ENSO-neutral winters,
relative to the variance of the ENSO-neutral winters.

The NoENSO experiment contains very little variability
in the Nifio3.4 region, as Larson et al. (2022) report the
standard deviation of Nifio3.4 is roughly 0.16 °C. This indi-
cates the Nifo3.4 region in NOENSO remains close to cli-
matology throughout the simulation. This 0.16 °C threshold
will later be used to define ENSO-neutral years. However, a
sufficient sample of ENSO-neutral years with such a closely
climatological state, i.e., with a Nifio-3.4 of +0.16 °C, is
impossible to obtain from observations. Therefore, we
follow the typical approach for defining ENSO-neutral in
observations, as when the amplitude of the DJF Nifio3.4
anomaly is less than 0.5 °C. An F-test is used to determine
at what locations the difference in variance is statistically
significantly different.

3 Results
3.1 ENSO variability

We first demonstrate the lack of ENSO variability in the
NoENSO experiment. Figure 1 shows the DJF SST anom-
aly variance in the CTRL and NoENSO experiments. The
CTRL shows large SST variability in the equatorial Pacific
indicative of ENSO variability that is absent in NoENSO.
NoENSO also shows weaker variance in the North Pacific
where SST variability can be forced remotely via ENSO
through the “atmospheric bridge” mechanism (Lau and Nath
1994; Alexander et al. 2002; Liu and Alexander 2007). Simi-
lar differences can be seen if the variance is instead com-
puted from all months (see Larson et al. 2022 their Fig. 1b,
c).

The DJF Nifio3.4 index is used to depict 100 arbitrary
year-to-year ENSO events in the CTRL (Fig. 2). The
red horizontal lines show the 0.5 °C magnitude thresh-
olds for ENSO events. For comparison, the blue lines
show + 0.16 °C, the Nifio3.4 standard deviation from
NoENSO, indicating the interannual SST variations in the
NoENSO experiment fall well below the typical thresh-
old for defining ENSO events. The removal of canonical
ENSO is further confirmed by the power spectrum anal-
ysis of McMonigal and Larson 2022; see their Fig. 1a).
Finally, given that anomalous deep convection in the
tropical Pacific is the driving force for ENSO telecon-
nections, we show the percent difference in precipitation
variance between the two experiments (Fig. 3). The CTRL
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Fig. 1 DIJF SST variance from a)
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simulates larger precipitation variability in the tropical
Indo-Pacific compared to NOENSO, indicative of ENSO’s
role in modulating tropical precipitation.

Based on these multiple lines of evidence and further
analyses of these experiments in Larson et al. (2022), we
conclude that the NOENSO experiment indeed lacks canon-
ical ENSO variability and remains close to climatology
throughout the simulation. Larson et al. (2018a) show that
the weak monthly Nifio3.4 SST variability that occurs in
the NoENSO experiment is thermodynamically forced from
the extratropical South Pacific: this is non-ENSO tropical
SST variability that could drive a weak extratropical telecon-
nection, thus should be included in estimates of non-ENSO
variance. We also note that even though 0.5 °C is the typical
threshold used to delineate ENSO-neutral and ENSO years,

this threshold allows for considerably more tropical Pacific
SST variability than occurs in the NoOENSO experiment.

3.2 Impact of ENSO-biased mean state on ENSO
teleconnection asymmetry

Figure 4 shows the difference between the CTRL and
NoENSO DJF mean state for SST, Z500, sea level pressure
(SLP), and precipitation. Compared to NoENSO, the CTRL
SST is warmer in the eastern equatorial Pacific and cooler
in the west, consistent with a weakening of the zonal SST
gradient typical during El Nifio. Since El Nifio events in
observations tend to be stronger (higher amplitude anomaly
in Nifio3.4) than La Nifia events (e.g., An and Jin 2004), we
initially suspected that this SST mean state difference and
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Fig.2 DIJF SST anomalies CTRL
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area-averaged over the Nifio3.4
region (5°N-5°S, 120°-170°W)
from in a 100-yr period of the
321-yr long CTRL experi-
ment. Units are in °C. Red

lines indicate the +£0.5 °C
threshold for defining ENSO
events. Blue lines indicate the
standard deviation of Nifio3.4
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the differences in the other fields shown could be explained
by ENSO amplitude asymmetry projecting onto the mean
state in the CTRL. Yet if ENSO amplitude asymmetry is
to blame, we would expect to see positive skewness in the
CTRL Nifio3.4 distribution, but that is not the case (see Fig-
ure S1). Instead, the origin of the different mean states is due
to the asymmetry in the ENSO teleconnection patterns that
can possibly be linked to the differing spatial patterns of El
Nifio and La Nifia.

To support the claim that the mean state differences can
be linked to ENSO teleconnection asymmetry in the CTRL,
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Fig. 5 shows the difference in the DJF climatologies between
ENSO and ENSO-neutral years from the CTRL experiment.
Differences in the climatologies reflect the rectification of
ENSO-related asymmetries onto the mean state. The largest
SST differences (Fig. 5a) occur in the western Pacific, where
differences in El Nifio and La Nifia spatial patterns occur in
this model (cf. Figures S2a and S3a; La Nifia patterns stretch
farther west). The cool bias in the western Pacific is coupled
to reduced precipitation (Fig. 5d), and both the SST and pre-
cipitation differences closely mirror the differences shown
in the CTRL and NoENSO experiment comparison (Fig. 4a,



New insights on ENSO teleconnection asymmetry and ENSO forced atmospheric circulation... 3195

a) SST

CTRL-NoENSO

60°N |- _

30°N

0° [~

30°G e

60°S ..

0° 60°E 120°E 180° 120°W 60°W

-1.0 -0.5 0.0 0.5 1.0 15

CTRL-NOENSO
AT

60°N

30°N [ S > ...... ™, L

0°

30°S

60°S

120°E

180° 120°W 60°W

-120 -90 —-60 -30 O 30 60 90 120 150
Pa

Fig.4 Difference in CESM1-CAM4 Experiment mean state in DJF
(NoENSO — CTRL). a sea surface temperature units: °C. b 500 hPa
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d). The SLP and Z500 mean state differences between the
CTRL and NoENSO experiments (Fig. 4b, c) are consist-
ent with the difference between ENSO and neutral years in
the CTRL experiment ( Fig. 5b, ¢). This indicates that the
mean state bias in the CTRL can be linked to asymmetric
ENSO teleconnection patterns, given the consistencies with
the separate El Nifio and La Nifia teleconnection patterns
(Figs. S2b-c and S3b-c). For example, if the bias patterns
in Fig. 4b, ¢ were due to ENSO amplitude asymmetry, the
SLP and Z500 bias patterns should look like a weak El Nifio
pattern, or positive PNA-like. Instead, the difference patterns
exhibit ridging over the North Pacific and troughing over
western North America, consistent with the difference in
teleconnection patterns associated with El Nifio and La Nifia
in this model (cf. Figures S2b-c and S3b-c).

If the extratropical mean state in the CTRL is biased
towards a particular ENSO teleconnection pattern, the cal-
culation of anomalies and subsequent composites of ENSO
teleconnections will inherit this bias as well. To circumvent
this caveat, we instead compute DJF mid-level atmospheric

b) Z500
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(d) Precipitation units: millimeters per day. Red shading indicates
larger values in the CTRL compared to NoENSO

circulation anomalies, estimated using Z500, from the CTRL
based on the NoENSO reference climatology rather than the
CTRL reference climatology. These anomalies are then used
for the El Nifio and La Nifia composite maps (Fig. 6 a, b).
The Z500 anomalies during El Nifio reflect a positive PNA-
like pattern, whereas a negative PNA-like pattern is present
during La Nifia. One can see that the Z500 anomalies across
North America, particularly along the U.S. west coast and
southeast are stronger during El Nifio than during La Nifa.

To quantitatively compare the amplitude of the tel-
econnection anomalies across North America and other
latitudes, Fig. 6¢ shows the latitudinal profiles of Z500 at
96°W (gold line in Fig. 6a, b), which intersect the North
American centers of action of the PNA pattern. When
El Nifio (red) and La Nifia (blue) composite anomalies
from the CTRL are computed with respect to the unbi-
ased NoENSO reference climatology (“NoENSOref” solid
curves), the amplitude asymmetry of the teleconnections
becomes more distinct, with El Nifio-forced atmospheric
circulation anomalies in both hemispheres being larger in
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Fig.5 Difference in CTRL mean state in DJF for ENSO years versus
ENSO-neutral years. a sea surface temperature units: °C. b 500 hPa
Geopotential height units: meters. ¢ Sea Level Pressure units: Pascals

magnitude than those driven by La Nifia. However, when
the anomaly composites are instead computed with respect
to the ENSO biased CTRL reference climatology (“CTRL-
ref” dashed lines), much of the Z500 asymmetry disap-
pears along this latitude: El Nifio teleconnection anomalies
weaken and La Nifia teleconnection anomalies strengthen,
resulting in teleconnections of comparable magnitude at
most latitudes. Overall, when the mean state is biased due
to asymmetries in ENSO and/or its teleconnections, as
in the CTRL, many models, and observations, composite
comparisons of ENSO teleconnections will inherit those
biases. In the case of our model, this results in an under-
estimate of the amplitude of El Nifio teleconnections and
overestimate of the amplitude of La Nifia teleconnections
across central North America, resulting in an underesti-
mate of the teleconnection asymmetry. We note that using
any DJF reference climatology will not change the vari-
ance, but the anomaly patterns themselves are clearly sen-
sitive to the chosen reference climatology.
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(d) Precipitation units: millimeters per day. Red shading indicates
larger values during ENSO years versus ENSO-neutral years

3.3 ENSO impact on atmospheric circulation
variability

To show the impact of ENSO on the interannual mid-level
atmospheric circulation variability, we analyze and compare
the DJF Z500 variance in the CTRL and NoENSO experi-
ments. In both experiments, the largest Z500 variability in
DIJF occurs in the mid and high latitudes, with largest vari-
ance occurring in the North Pacific related to fluctuations
in the position and strength of the Aleutian Low (Fig. 7a,
b). While the CTRL and NoENSO experiments produce a
similar pattern, significant differences in variance are pre-
sent in both hemispheres and at most latitudes (Fig. 7c). As
expected, ENSO enhances variability throughout the tropics,
as indicated by the band of significantly increased variance
roughly between 20°N-20°S. However, unexpectedly, ENSO
reduces interannual variance in several regions, specifically
in the extratropics, shown by the regions of blue shading in
Fig. 7c. In the extratropics, regions of reduced variability are
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ENSO anomalies at 96 °W
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Fig.6 a, b DJF Z500 composite anomalies from the CTRL for (top)
El Nifio and (bottom) La Nifia. Anomalies are calculated by remov-
ing the DJF climatology from the NoENSO experiment. Units are
in meters. Red shading shows higher than average heights and blue
shading indicates lower than average heights. ¢ Latitudinal profile of

often adjacent to the regions of enhanced variability, indi-
cated by a dipole-like structure. This suggests that variability
is displaced from one region into another. This is particu-
larly evident over North America, where a large region of
enhanced variability is found over the southern U.S., which
is located south of the region with strongest reduced vari-
ability in the north central U.S. and southern Canada, cen-
tered at (45°N, 96°W). Interannual atmospheric circulation
variability over this region of North America is the focus of
subsequent analyses in this work.

Next, we refer to the ENSO composite anomaly maps
from the CTRL (Fig. 6) to aid in interpretation of the
changes in Z500 variance. As discussed previously, the
strongest ENSO-driven Z500 anomalies are associated
with a PNA-like pattern over North America. Notably, Z500
anomalies over North America during both ENSO phases are
closely symmetric with respect to their pattern, although not
in terms of amplitude. These regions where ENSO drives the
largest Z500 anomalies correspond with the three main red
shaded regions near North America in Fig. 7c (e.g., where
ENSO enhances interannual Z500 variance). The region of
displaced variability in North America in Fig. 7c is located
where ENSO-driven anomalies are near zero in Fig. 6. To
show this more clearly, we return to the latitudinal profile
in Fig. 6¢c. The region of displaced variability is centered

40

-30 -20 -10 0 10 20 30

40

DJF Z500 ENSO composite anomalies at 96°W. Red lines: El Nifio
composite anomalies. Blue lines: La Nifia composite anomalies.
Solid lines: Anomalies based on the NoENSO reference climatol-
ogy. Dashed lines: Anomalies based on CTRL reference climatology.
Units: meters

around 40°N, where the variance of Z500 anomalies for both
El Nifio and La Nifia are close to zero, whereas the adjacent
latitudes show substantially enhanced variability. This sug-
gests that ENSO preferentially drives variability to the north
and south, away from the specified region. Therefore, when
ENSO-forced variability is absent as in the NOENSO experi-
ment, Z500 variability is not preferentially displaced away
from the north central U.S. and southern Canada, resulting
in higher local atmospheric variability when compared to
the CTRL.

We next determine if similar ENSO-related patterns of
enhanced and reduced variability over North America can be
derived from the NCEP/NCAR and ERAS reanalysis prod-
ucts, despite the short record. We note that this is not an
apples-to-apples comparison with the model experiments for
a number of reasons. First, the amplitude of tropical Pacific
SST variability, even when only selecting ENSO-neutral
years from reanalysis years, still exhibits larger temperature
fluctuations than the NoENSO run. If we had only selected
reanalysis years in which Nifio3.4 from observations does
not exceed the standard deviation of Nifio3.4 in the NoENSO
experiment (0.16 °C as opposed to the typical 0.5 °C thresh-
old for ENSO-neutral), the sample size would be drastically
reduced. Second, instead of using the total variance from all
years compared to ENSO-neutral to compute the variance
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Fig. 7 DIJF 500 hPa geopoten-
tial height (Z500) variance

for a the CTRL and b the
NoENSO experiments. ¢ per-
cent difference in DJF Z500
variance between the CTRL
and NoENSO. Red shading
indicates including ENSO-
related variability results in
increased variance, whereas
blue shading indicates including
ENSO-related variability results
in reduced variance. Gray trans-
parent shading indicates grid
points where the difference is
insignificant based on the 95%
confidence level
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difference, we only use the ENSO years from observations.
These modifications increase the possibility that this simple
formulation can isolate differences in ENSO-related vari-
ance despite the smaller sample size.

Both ERAS and NCEP/NCAR reanalysis products show
regions where ENSO enhances and reduces Z500 variance
(Fig. 8). ENSO enhances variability across the global trop-
ics and over parts of North America. Three main regions
of enhanced variability over North America are located off
the west coast of the U.S., across the southeastern U.S., and
in northern Canada. This pattern generally agrees with the
model experiment comparison (Fig. 7c¢), with differences in
the spatial extent and amplitude in some regions. Notably, a
region of statistically significant reduced variance emerges
over the central-western U.S., suggesting that the presence
of ENSO forcing and related teleconnections act to reduce
variability. Similar to the model experiment comparison,
enhanced variance off the west coast of the U.S. and across
the southeast are adjacent to the region of reduced vari-
ability, indicating that variability typically occurring dur-
ing ENSO-neutral years is displaced away from the reduced

Fig. 8 Percent difference in a)
DIJF Z500 variance between
observed ENSO and ENSO-
neutral years from a NCEP/
NCAR Reanalysis and b ERAS
reanalysis from 1950-2020.
ENSO events are defined as
meeting or exceeding 0.5 °C 0
Niflo3.4 magnitude. Red shad-

ing indicates larger variance

during ENSO years. Blue shad- 30°s
ing indicates larger variance
during ENSO-neutral years.
Grey shading: Insignificant val-
ues based on a 90% confidence
level

60°N

30°N

b)

60°N

30°N

30°S

variance region. Notably, the location of the reduced vari-
ance region from the reanalysis products is slightly south-
west of the model-derived pattern. Deficiencies in model
teleconnection patterns, differences in sample size, and dif-
ferences in the threshold used to define ENSO-Neutral could
all potentially explain the differences in the amplitude and
spatial patterns between the model derived patterns and that
from the reanalysis products. The occurrence of a reduced
variance region over North America in the reanalyses is
encouraging and suggests the model experiments are likely
picking up on physically realistic changes in variability.

To test the sensitivity of the reanalysis results to the
ENSO-neutral threshold, we redefine ENSO-neutral years
from observations as those when the DJF Nifio3.4 does not
exceed 0.16 °C in magnitude (to match the typical variability
of the NoENSO experiment) and reproduce the percent dif-
ference plot (not shown). While the results varied quantita-
tively, similar spatial patterns emerged from the reanalysis
products, suggesting that the results are qualitatively insensi-
tive to the threshold used to define ENSO-neutral. Although,
using the stricter threshold also results in a drastic reduction

NCEP/NCAR Reanalysis

120°wW 60°W

=30 0 30 60 20 120 150
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in the number of years that classify as ENSO neutral (5 com-
pared to 26 for the 0.5° threshold) and increase in the num-
ber of years that classify as ENSO years (65 compared to
44 for the 0.5° threshold), further clouding the interpretation
of results. The insight we can take from this analysis is that
the results appear quantitatively sensitive to the number of
ENSO-neutral years sampled, thus motivating our approach
in the subsequent section. For the remainder of the analyses,
we assume that the exact threshold for defining ENSO-neu-
tral is less important than how the threshold chosen impacts
the sample size of ENSO-neutral years. We also assume that
teleconnection patterns in the model are generally realistic,
as shown in Deser et al. (2012) for a pre-industrial version
of a similar model, and proceed by exploring the sensitivity
of the model results to sampling variability of ENSO-neutral
years.

3.4 Sensitivity to ENSO neutral sample size

In this section, we apply Monte Carlo sampling to estimate
the sensitivity of the model comparison results (e.g., Fig. 7c)
to the sample size of ENSO-neutral years. The goals of this
analysis are to quantitatively demonstrate 1) the extent to
which the ENSO-forced variance (i.e., as inferred from the
percent difference in variance) is sensitive to the number of
ENSO-neutral years sampled and 2) how variable results are
across same-size random samples of ENSO-neutral years.

Together, these measures will allow us to estimate how large
a sample size of ENSO-neutral years is necessary to resolve
ENSO’s forced Z500 response in this model, the results of
which are tested in the subsequent section.

For example, say we estimate how ENSO drives a change
in Z500 variance by computing the percent difference in
variance between the CTRL and NoENSO, but instead
restrict the estimate of the Z500 variance from the NoENSO
experiment (the non-ENSO variance) to one iteration of 40
randomly sampled ENSO-neutral years. A sample of 40
ENSO-neutral years is chosen because only 40 years from
the CTRL exhibit tropical Pacific SST variability as minimal
as NoENSO (less than 0.16 °C Nifio3.4 magnitude). We then
repeat this analysis 8 additional times and display the 9 dif-
ferent estimates of how ENSO changes the Z500 variance in
Fig. 9. Notably, the CTRL Z500 variance never changes—
only the variance estimated from the NoENSO experiment
changes with each iteration. Notice that the amplitude and
spatial extent of the increased variance regions vary across
iterations. Also, some iterations produce a substantial region
of reduced variance over North America while others do not.

Additionally, the enhanced variance over North-
ern Canada does not emerge in all iterations and varies
widely in amplitude across iterations. Overall, the spatial
pattern changes with each random sample of non-ENSO
variance, suggesting that the resulting variance estimates
are dependent on which randomly sampled 40 NoENSO

Z500 % Difference

Fig.9 Example of how sampling variability of ENSO-neutral years
impacts the estimate of ENSO-forced changes in Z500 variabil-
ity. Each panel shows the percent difference in DJF Z500 variance
between the CTRL and NoENSO, with the NoENSO sample size
restricted to 40 randomly sampled years with replacement. Red shad-
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ing indicates including ENSO-forced variability results in increased
variance. The two regions of focus for Fig. 10 are indicated in the
lower right-hand panel. The domains are: southern box (27°N-33°N,
105°W-95°W) and northern box (43°N—-47°N, 105°W-95°W)
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years are selected. This analysis is then extended to 10,000
total iterations with replacement, meaning that when one
year from the NoENSO experiment is selected, it is imme-
diately reintroduced into the population. We apply this
Monte Carlo random sampling approach to ENSO-neutral
year sample sizes of 20, 40, 60, and up to 300 in intervals
of 20 to identify at what sample size the sensitivity begins
to diminish. As the sample size approaches 300, the num-
ber of possible unique random samples approaches one.

We focus results on two regions (see domains in bot-
tom right panel of Fig. 9): the southeast U.S. (27°N-33°N,
105°W-95°W) where ENSO significantly enhances Z500
variance and the region directly to the north (43°N-47°N,
105°W-95°W) where ENSO displaces variability, result-
ing in reduced variability during ENSO years, as seen in
Fig. 7. The above procedure is modified slightly to display
the average percent change in variance across iterations
for each sample size, averaged over the specified domains
(Fig. 9). The area-weighted average NoENSO variance is
calculated at both locations for all 10,000 iterations at each
sample size. Then, the ensemble average NoOENSO vari-
ance is calculated by averaging the area-weighted average
variance over all iterations at each sample size. This value
is used to calculate the percent difference from the CTRL.
The CTRL variance is constant across all sample sizes and
is the same estimate used in Fig. 7c.

Figure 10 (top panel) shows the results of the Monte
Carlo simulation over the region where ENSO drives
a reduction in Z500 variance over North America. The
blue dots represent the percent change based on the aver-
age NoENSO variance at each sample size. We define
the “truth” as the percent change in variance estimated
from a 300-yr sample size of ENSO-neutral years from
the NoENSO experiment (e.g., the rightmost blue dot).
The uncertainty decreases with increasing sample size,
as expected. When 300 years of the NoENSO time series
are used to estimate the non-ENSO variance, the results
show that ENSO drives a 25% reduction in Z500 variance
over the Northern United States and Southern Canada.
This result is only slightly underestimated at the smallest
sample size of 20, with ENSO driving a 21% reduction in
7500 variance, although the uncertainty is large. The large
uncertainty at smaller sample sizes suggests that a wide
range of results are possible when only a small number
of ENSO-neutral states are sampled. For example, when
a subset of 20 random neutral years is used, the resulting
percent change can range from an increase in variance of
roughly 80% to a reduction in variance of about 125%. The
average magnitude of the displacement (-25%) is repro-
duced when roughly 60—-80 ENSO neutral years are used
in the calculation, although the uncertainty is too large
to confidently expect consistent results across different
samples. It is not until the sample size increases to 240

ENSO neutral years that the uncertainty drops to within
10% of our “truth” estimate, as shown with the horizontal
dashed lines.

Figure 10 (bottom panel) shows the results of the Monte
Carlo simulation over the region where ENSO drives an
increase in Z500 variance over the southeast U.S. When
300 years are used to estimate the non-ENSO variance,
ENSO increases variance in this region by roughly 155%.
The average percent change is overestimated at a sample size
of 20 years, with ENSO estimated to increase the variance
by 165%. The average magnitude of the enhanced variance
is reproduced when roughly 120-140 ENSO-neutral years
are used, although the uncertainty is large. It is not until the
sample size increases to 180 years that the uncertainty drops
to within 10% of our “truth” estimate.

Based on findings from both regions, an estimated 240
ENSO neutral years are needed to reduce the sensitiv-
ity to sample size. However, some impacts, including the
increased variance in the southeast U.S., are reproduced with
low uncertainty with as few as 180 ENSO neutral years.
The sign of the impacts, whether variance will be enhanced
or reduced, may be resolved at smaller sample sizes, but
the magnitude is not consistent due to large uncertainty.
These results imply that a multi-century simulation length
of approximately 1800 model years is needed to obtain 240
ENSO-neutral years and resolve the full impact of ENSO on
interannual atmospheric variability in this model, based on
the ratio of 260 ENSO to 40 ENSO neutral years (defined
as when Nifio3.4 magnitude is less than 0.16 °C) obtained
from 300 years of the CTRL run.

3.5 Testing the sample size estimate

Finally, the CESM2 model is used to test the hypothesis
that if a simulation is sufficiently long to simulate at least
240 ENSO neutral years, sensitivity to sample size will
diminish and the impact of ENSO on interannual atmos-
pheric variability, particularly over North America where
ENSO appears to displace variability, can be reproduced
consistently. To test this hypothesis, the full 2000-yr CESM2
simulation is used. The simulation length surpasses the pre-
viously stated 1800 model years needed, but the periodicity
of ENSO is different in CESM2 and 2000 model years only
affords 195 ENSO-neutral years. ENSO is categorized based
on the same definition used above, where an ENSO-neutral
year is defined as when the magnitude of SST variability in
the CESM2 Nifio3.4 region is within the NoENSO standard
deviation (0.16 °C). Although 195 is fewer than our estimate
based on CESM1-CAM4, the sensitivity analysis suggests
that the sign of the percent change in variance should be
reproduced with this smaller ENSO neutral sample size,
although with some uncertainty in the magnitude. We com-
pute the spatial map of the percent change in variance due
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Fig. 10 Sensitivity of the per- Variability in Percent Change (43N-47N, 105W-95W)
cent change in Z500 variance
driven by ENSO to the sample 75 4
size of ENSO-neutral years for
aregion in the (bottom panel)
southeast U.S. (27°N-33°N,
105°W-95°W) and (top
panel) directly to the north 25 -
(43°N-47°N,105°W-95°W).
Bold dots are the percent
change based on the average
NoENSO variance of a particu-
lar sample size, estimated from
10,000 random samples. Error
bars are the percent uncertainty
in the variance change derived
from the standard deviation of
individual samples of NoENSO =731
variance at each sample size.
The x-axis is sample sizes of ~100 -
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to ENSO (Fig. 11) similar to that in observations, but with  the uncertainty for a sample size of 200 ENSO neutral years
a 0.16 °C threshold for ENSO-neutral. A similar spatial  (Fig. 10 top panel).

pattern as Fig. 7c from the model experiment comparison

emerges, with ENSO driving enhanced variability off the

west coast of the United States, the southeastern U.S., and 4 Summary and conclusions

northern Canada. A small yet significant region of reduced

variability is present over the north central United States and  In this study, we investigate the ENSO-driven impact on
into Canada and is in the same general location as shown  mid-level atmospheric circulation variability over North
in Fig. 7c. The CESM2 results show that ENSO drives a ~ America during boreal winter using two coupled model
10-20% reduction in Z500 variance over the Northern  experiments, CTRL and NoENSO. The CTRL contains
United States and Southern Canada, which is well within =~ ENSO variability, whereas in the NOENSO experiment, a
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Fig. 11 CESM2 DJF Z500
percent difference in variance.
Comparison between CTRL
ENSO and Neutral events based
on a Nifio3.4 ENSO threshold
of +0.16 °C, from the NoENSO
Nifio3.4 standard deviation.
Red shading: ENSO increases
variability. Blue shading: ENSO
reduces variability. Grey shad-
ing: Insignificant values based
on a 90% confidence level

CESM2

Z500 % Difference

novel modeling approach is used to dynamically suppress
the Bjerknes feedback, thus eliminating ENSO variability.
These model experiments, as well as reanalysis products,
are analyzed to address the following three questions and
related discussions.

To what extent do asymmetries related to ENSO and/
or its teleconnections bias the mean state and impact inter-
pretations of the asymmetry of ENSO teleconnections? To
address this question, we use the NOENSO experiment to
obtain an unbiased estimate of the seasonally varying clima-
tology in the model. Comparing the DJF mean state between
the CTRL and NoENSO experiments reveals that the asym-
metry of ENSO teleconnections, possibly linked to different
spatial patterns of El Nifio and La Nifia, projects onto the
CTRL mean state. By consequence, when the mean state is
biased towards this teleconnection pattern, as in the CTRL
(Figs. 4, 5), composite anomalies for ENSO years underes-
timate the amplitude of El Nifio teleconnections and over-
estimate the amplitude of La Nifia teleconnections, result-
ing in an underestimate of the teleconnection asymmetry
(e.g., Fig. 6¢). Using the unbiased NoENSO climatology
to construct the CTRL ENSO composites reveals that the
model produces substantial teleconnection asymmetry, with
the magnitude of El Nifio-forced Z500 anomalies distinctly
stronger than those during La Nifia (Fig. 6). As a result,
we suspect that ENSO teleconnection asymmetry is gener-
ally underestimated in many studies for a variety of reasons,
including asymmetries in ENSO itself as well as the asym-
metry of ENSO teleconnections, as in our model (Zhang
and Sun 2014).

How does ENSO alter mid-level atmospheric circulation
variability over North America? Our initial hypothesis was
that removing a forcing, such as ENSO, results in reduced
variability in the atmospheric circulation where ENSO

teleconnections are known to occur and little-to-no change
in variance in regions where ENSO’s forced signal does not
reach. While this topic has been widely studied, we are sur-
prised to conclude that while ENSO enhances Z500 vari-
ability in several known regions over North America (e.g.,
Wallace and Gutzler 1981; Trenberth et al. 1998), ENSO
also displaces variability away from north central U.S. and
southern Canada, resulting in less variability during ENSO
years than during ENSO-neutral years (Fig. 7c). This result
is also reproduced in reanalysis products, although the spa-
tial patterns vary slightly. Here we consider both El Nifio
and La Nifia events and their overall impact on Z500 vari-
ance, but prior studies argue that El Nifio reduces internal
variability at 200 hPa over the North Pacific PNA region
(Peng and Kumar 2005; Abid et al. 2015; Chapman et al.
2021), whereas La Nifia increases variability (Peng and
Kumar 2005).

How long of a simulation length is needed to resolve the
ENSO-forced change in mid-level atmospheric circulation
variability? A Monte Carlo random sampling method is
used to determine the total number of ENSO-neutral years
needed to consistently obtain the amplitude of the ENSO-
forced variance in Z500 within 10% uncertainty. We find
general consistency in the mean estimate of the non-ENSO
variance over 10,000 random samples for even small sample
sizes (20, 40, 60, 80) of ENSO-neutral years, however the
uncertainty in the estimate is too large for small sample sizes
to have confidence in any single sample (Figs. 9, 10). We
find that approximately 240 ENSO-neutral years are needed
to estimate the ENSO-forced reduction in variance over the
Northern U.S. and southern Canada within 10% uncertainty,
thus consistently obtaining the decline in Z500 variance in
each individual sample. Over the southeast U.S., where
ENSO drives an increase in variance, fewer ENSO-neutral
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years are needed—a sample size of approximately 180—to
consistently obtain within 10% the increase in Z500 variance
in each individual sample. Therefore, roughly 240 ENSO-
neutral years are ideal to closely resolve the ENSO forced
change in Z500 variance over North America in this model.
Using this estimate, we show that a 2000-yr CESM2 simula-
tion with roughly 200 ENSO-neutral years produces a simi-
lar pattern of significantly reduced variability during ENSO
years (Fig. 11). However, the amplitude of the reduced vari-
ance is weaker in CESM?2 but within the uncertainty esti-
mated from the CESM1-CAM4 experiments (Fig. 10). We
suspect that the amplitude and spatial pattern of the reduced
variance varies across long simulations from other models.
Many previous studies have addressed the limitations of
exclusively using observational datasets to investigate the
ENSO forced response (Wittenberg 2009; Stevenson et al.
2010; Deser et al. 2017, 2018). These studies find that the
majority of uncertainty in the ENSO-forced response found
in observations is the result of large internal atmospheric
variability. Stevenson et al. (2010) concluded that a simula-
tion length of a minimum of 250 years is needed to obtain
stable ENSO statistics. Based on results found in the present
study, a minimum simulation length of at least 1800 years
is needed to consistently estimate the ENSO-forced vari-
ance. While this estimate is strictly based on CESM1-CAM4
ENSO behavior, we note that this estimate is an order of
magnitude larger than previous suggestions.

There are a few limitations to the results presented in
this work. Although CESM1-CAM4 has proven adequate
in simulating ENSO and ENSO teleconnections, limitations
still exist in the model’s ability to replicate the observed
frequency and amplitude of ENSO events. For example, if
the ratio of ENSO-neutral to ENSO years is higher in a par-
ticular model than what is found in CESM1-CAM4, then a
simulation length of less than 1800 years may be adequate
to resolve the non-ENSO variance. We expect the total
number of simulation years necessary to resolve ENSO-
forced changes in variance depends on the ENSO statistics
of a given model. If the amplitude of SST variability in the
equatorial Pacific is overestimated, as in CESM1-CAM4,
this could impact the strength of the teleconnected response
and overestimate the amplitude of ENSO-forced variabil-
ity found over North America. A weaker ENSO signal then
could require a larger sample of ENSO years for the signal
to rise above the internal variability.

We also acknowledge that the ability to utilize the model
experiments in this study to investigate ENSO’s impact on a
more regional and finer temporal scale is limited by the reso-
lution of the CESM1-CAM4 and data availability. ENSO has
been shown to influence the seasonal probability distribution
functions (PDFs) of precipitation and temperature on daily
scales, particularly on the frequency of daily extreme events
found in the tails of the PDFs (Gershunov 1998; Cayan et al.
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1999). Daily data was not stored for the CESM1-CAM4
experiments, however the rich CESM2 archive could offer
an opportunity to extend this analysis to regional terrestrial
impacts on shorter timescales.
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