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Abstract In boreal winter, the El Nifio/Southern Oscillation (ENSO)-induced Pacific-North American
(PNA) teleconnection pattern is farther westward during La Nifia relative to that in El Nifio, causing discernible
distinct climate implications. However, there has been a lack of consensus regarding the underlying mechanism
driving this asymmetric structure. This study highlights the contribution of nonlinear kinetic energy advection
(nKA) to this asymmetry. The zonally symmetric responses to ENSO, specifically the anomalies in zonal

mean zonal flow, generate opposing nKA patterns by advecting anomalous eddy kinetic energy in the North
Pacific, which leads to the shift of the PNA teleconnection pattern. In addition to nKA, transient eddy activities
responded to changes of baroclinicity help maintain the asymmetry through a feedback effect. These findings
underscore the importance of considering extratropical factors, such as nonlinear energy processes and
synoptic-scale transient eddies, in understanding the mechanism responsible for the asymmetric structure of the
PNA teleconnection pattern.

Plain Language Summary The El Nifio/Southern Oscillation (ENSO)-induced atmospheric
anomalies over the North Pacific and North America (PNA region) are more westward during La Nifia relative
to that during El Nifio in boreal winter. The disparity of atmospheric responses causes discernible distinct
climate implications, and limits the seasonal prediction. The mechanism underlying this asymmetry, however,
remains in disagreement. Some believe that it is due to variations in the location of tropical convective
anomalies. Whereas others show that the climatological zonal flow could anchor the disturbance. Utilizing

a more comprehensive energy diagnostic framework, we find that the nonlinear component, in particular,

the nonlinear kinetic energy advection and the feedback effect of synoptic-scale disturbances contribute to
the asymmetric atmospheric responses. The study emphasizes the importance of nonlinear processes and
multi-scale interactions in the asymmetric structure of ENSO-induced atmospheric anomalies in the PNA
region, which are essential for understanding ENSO teleconnections, comprehending model biases, and
improving seasonal predictions.

1. Introduction

The El Nifio/Southern Oscillation (ENSO), as the dominant interannual air-sea coupled mode in the tropical
Pacific, significantly impacts global climate variability (Adames & Wallace, 2017; Cai et al., 2019; Ciasto
etal., 2015; Held & Kang, 1987; Held et al., 2002; Hoerling et al., 1997; Horel & Wallace, 1981a, 1981b; Johnson
& Kosaka, 2016; Tao et al., 2016; Xie et al., 2009). One of the strongest and most notable features of ENSO is
the ENSO-forced Pacific-North American (PNA) teleconnection pattern observed during boreal winter. This
pattern exhibits a wave structure extending from the tropical Pacific to North America, influencing the strength
of Aleutian Low and the high-pressure center in western Canada, thereby leading to extreme weather and climate
events across North America (Hoerling et al., 1997; Horel & Wallace, 1981a, 1981b; Johnson & Kosaka, 2016;
Liu & Alexander, 2007; Trenberth et al., 1998). However, simulating and predicting the PNA teleconnection
pattern, despite its significance and predictability, face challenges due to inadequate understanding and simula-
tion of its complex nonlinear characteristics (Kim et al., 2021). One particular aspect that presents difficulties
is the asymmetry observed in the PNA teleconnection pattern. During El Nifio (EN), the teleconnection wave
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train exhibits an eastward shift relative to that in La Nifia (LN; Hoerling et al., 1997; Y. Wang et al., 2021).
Contemporary climate models struggle to accurately represent this asymmetry, which hampers reliable predic-
tions (Kim et al., 2021). Various studies have aimed to identify the cause of this asymmetry. Some attribute it to
variations in the location of tropical convective anomalies between EN and LN (e.g., Hoerling et al., 1997), while
others suggest that the extratropical climatological circulation, specifically the subtropical jet stream (STJ), may
influence the position of disturbances by modifying the barotropic energy conversion in the exit zone of the STJ
(Simmons et al., 1983; Y. Wang et al., 2022a, 2022b; Zhou et al., 2020). Via a hierarchy of linear model experi-
ments, Simmons et al. (1983) demonstrated that the stationary Rossby wave train undergoes minimal movement
when tropical convection varies, as long as the background circulation remains unchanged. These differing inter-
pretations contribute to ongoing disagreements concerning the asymmetry's explanation.

While the PNA teleconnection pattern constitutes a zonally asymmetric component of the atmospheric response
to ENSO, there are also significant zonally symmetric components (Held et al., 2002; Seager et al., 2003),
including changes in tropical tropospheric temperature and STJ in both hemispheres (Held et al., 2002; Seager
et al., 2003). During EN, the tropical troposphere exhibits above-normal temperatures across all longitudes,
and the STJ strengthens on their equatorward flanks in the North Hemisphere. The opposite occurs during LN.
Simmons et al. (1983) demonstrated that the PNA teleconnection pattern is highly determined by the background
flows. This raises the question of whether the zonally symmetric response to ENSO affects the PNA telecon-
nection pattern by altering the background flows. In this study, we seek to answer this question by incorporating
nonlinear effects into a comprehensive energy diagnostic equation. We show that the kinetic energy advected by
the zonally symmetric responses is critical for establishing the asymmetric structure of the ENSO-induced PNA
teleconnection pattern. Furthermore, the feedback effect of synoptic-scale transient eddies helps maintain this
asymmetry.

The rest of this study is organized as follows: Section 2 introduces data and models. Section 3 presents the mecha-
nism leading to the asymmetry based on an energy diagnostic framework. Finally, Section 4 provides a summary.

2. Data and Methods
2.1. Data

In this study, we collected daily and monthly mean geopotential height, zonal and meridional winds from the
National Centers for Environmental Prediction-Department of Energy Atmospheric Reanalysis 2 (NCEP2;
Kanamitsu et al., 2002) at a resolution of 2.5° x 2.5° for the period 1979 to 2015. The global gridded monthly
sea surface temperature (SST) data sets from Extended Reconstructed SST (ERSST.v5 SST) are utilized (Huang
et al., 2017). To track ENSO occurrences, the December-January-February (DJF) mean Nifio3.4 (5°S—-5°N,
170°-120°W) SST index is employed. An EN (A LN) event arises when the DJF Nifio3.4 index exceeds (falls
below) 0.5 (—0.5) °C. The study employs composite analysis and the statistical significance is determined using
the two-tailed Student's -test.

2.2. Models

We employ the ECHAMS.3.2 atmospheric general circulation model (AGCM) developed by the Max Planck
Institute for Meteorology for AGCM simulations. The model has a triangular truncation at zonal wave-number
63 (T63; equivalent to a horizontal resolution of 1.9°) and 31 vertical levels. Roeckner et al. (2003) provide more
information about this model. Additionally, we use a T42L20 dry version of the linear baroclinic model (LBM)
based on the primitive equations linearized at a given state. The model has a horizontal resolution of T42 and
20 sigma levels, and schemes for horizontal and vertical diffusion, Rayleigh friction, and Newtonian damp-
ing. Watanabe and Kimoto (2000) provide a detailed introduction to the model. To obtain a stable atmospheric
response to the heating forcing, we integrate the model for 50 days and use the averages from 20 to 50 days.

2.3. Eddy Kinetic Energy Tendency

In this study, we utilize the complete eddy kinetic energy tendency equation (Equation 1) for energy diagnostic.
This equation could be obtained from the momentum equation; Supporting Information S1 gives a detailed deri-
vation of the formula. EKE is the eddy kinetic energy, u’, v', ', T" and @' are the anomalous monthly zonal wind,

WANG ET AL.

20f8

8508917 SUOLULLIOD SAITER1D) 3|edldde ay) Ag peusenoB a2 saoile YO ‘SN J0 Sa|NI o} Aeiqi T UlIUO AS]IAN UO (SUOTIPUOI-PUR-SLLIBYWI0D A8 |1 Aleiq U1 |uD//SANY) SUONIPUOD PUe SIS | 8U) 89S *[£202/60/TT] U Aeiqiauliuo A8|im ‘sosAud dueydsouny JO uonmnsu| Aq 2/250T T19E202/620T 0T/10p/wod As|mAseiq putjuosqndnBe//sdny wouy papeojumoq ‘2T ‘€202 ‘2008 Y6T



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL105277

meridional wind, vertical wind, temperature, and geopotential, respectively, u and v represent the background
zonal and meridional flow. KI represents the kinetic energy extracted from the basic flow, while the conversion
from anomalous effective potential energy to anomalous kinetic energy is represented by KP. The combination of
KP and KI forms as the energy source of the disturbance. KA describes the kinetic energy advected by the basic
flow and the anomalous wind, which could be seen as the redistribution term. This term could be further decom-

posed to linear KA (IKA =— [E‘)E)ﬁ + E’)E)ﬁ + Ediﬁ]) and nonlinear KA (nKA=—[u")iﬁ + u")iﬁ + w")‘iﬁ ).
ox dy ap X ay op

The generation of the EKE by local convergence of the eddy geopotential flux is given by KZ. Equation 1 is
similar to Lau and Lau (1992), except that a time-mean operator is added in each term in Lau and Lau (1992)
analyses, as it was used to diagnosis the transient eddy kinetic energy balance. KI in Equation 1 equals CK

(- [u’v’ (z—i + j—z ) + % (3—3 - g ) (v’z - u'z)]) given the assumption that there is no divergence in the mean flow
(see Supporting Information S1 for detailed derivation), and the latter is widely used for energy diagnostic for
Rossby waves (e.g., Kosaka & Nakamura, 2006). Energy analysis has been widely used to diagnose the position
of key climate systems, as represented by geopotential height or wind fields. For instance, Simmons et al. (1983)
investigated how background mean flow modulated wave trains triggered by tropical heating using kinetic energy
conversion. Kosaka and Nakamura (2006) examined the relationship between mean flow and the Pacific-Japan

teleconnection pattern utilizing barotropic and baroclinic energy conversion.
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2.4. Synoptic-Scale Transient Eddy-Induced Geopotential Height Tendency

The synoptic-scale transient eddy-induced geopotential height tendency is shown as follows (Lau et al., 2005):

(5) = £V (7)) @

where Z is the monthly averaged geopotential height, g is the acceleration of gravity, and V” and ¢” are the
synoptic-scale transient winds and relative vorticity filtered by a band of 2—10 days. The overbar represents the
time average of a month.

3. Results
3.1. The Asymmetric Structure of the PNA Teleconnection Pattern

Figures 1a and 1b shows the boreal winter composite anomalies of 200-hPa geopotential height during EN and
LN, respectively. During EN, the anomalous center in the North Pacific is located around 150°W, and the anom-
alous center over North America is situated in central Canada; whereas during LN, the anomalous center in the
North Pacific shifts westward by nearly 10°, and the anomalous center over North America also moves west-
ward, settling in western Canada. These contrasting patterns suggest an asymmetric structure in the atmospheric
response to different phases of ENSO. Considering that different phases, SST patterns and intensities of ENSO
may all lead to different atmospheric responses, we first analyze the source of this asymmetry through a series of
AGCM experiments. The experiments utilized symmetrical SST conditions (Figures 1c and 1d), referred to as EN_
SYM_SST and LN_SYM_SST, as proposed by Trascasa-Castro et al. (2019). The symmetrical SST patterns were
constructed using a theoretical equation to ensure that the strengths of EN and LN were identical. To assess the
asymmetry, we compared the results of these experiments with a control experiment forced with climatological
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Figure 1. DJF composite 200-hPa geopotential height (shading; m), winds (vectors; 10 m/s), and eddy kinetic energy (EKE;
contour lines with interval of 10 m?/s?) anomalies during (a) El Nifio (EN) and (b) La Nifia (LN) in NCEP2. The red and blue
circles represent the central position of the anomalous geopotential height in North Pacific during EN and LN, respectively.
Strong El Nifio/Southern Oscillation (ENSO) events with Nifio3.4 index greater (less) than 1 (—1) °C are selected in this
study, as the atmospheric response to strong ENSO events is more pronounced than weak ENSO events. DJF anomalous
200-hPa geopotential height (shading; m) and SST (contour lines; K) during (c) EN and (d) LN in SYM_SST experiments.
PCC denote pattern correlation coefficient of the model responses with the corresponding observed composites. Zonal mean
anomalies have been to focus on the Pacific-North American teleconnection pattern.

SST data from the period 1980-2005. Model results show a significant asymmetric ENSO-triggered PNA tele-
connection pattern between EN_SYM_SST and LN_SYM_SST experiment (Figures 1c and 1d). The result indi-
cates that factors other than the spatial pattern and intensity of SST also contribute to the observed asymmetry
in the PNA response. This finding highlights the importance of considering additional factors, such as nonlinear
processes and synoptic-scale transient eddies, in understanding the complete mechanism behind the asymmetric
PNA teleconnection pattern during different phases of ENSO.

3.2. The Role of Nonlinear Energy Advection on the Asymmetry

Next, we employ Equation 1 to explain this phenomenon. Figures 2a and 2b displays the distribution of KI in EN
and LN. We first focusing on the energy sources comprised of KI and KP. Significant positive KI distributes in
the front of the STJ. According to Simmons et al. (1983), the Pacific STJ exit zone with the confluent zonal wind
(Z—Z < 0; Figure 2a) favors kinetic energy conversion, which facilitates the development of the wave train. Nega-

tive KI centered on the flank of the STJ is mainly attributable to —u'v’ ( Z—E ), which is highly influenced by the
'y

i

ay

Pacific are mainly due to the subsidence movement in this region. Su and Neelin (2002) illustrated that anom-

meridional gradient of zonal mean flow (=). Strong negative KP (Figure 2c) anomalies near 20°N in the eastern
alous dry advection could induce descent anomalies north of the EN warm SST. Comparing EKE (Figure 1a)
to energy sources (KI and KP) reveals that KI primarily contributes to the development of the ENSO-triggered
PNA teleconnection pattern, whereas the impact of KP is minor, especially north of 30°N (Figures 2¢ and 2d).
The weak KP likely arises from the quasi-barotropic structure of the PNA pattern (Held et al., 2002), which
prevents it from extracting the potential energy from the mean flow. Similar conclusion could be obtained in LN
(Figures 2b and 2d).

As the climatological zonal flow keeps fixed, the energy source, KI, does not cause asymmetry. The differences
in KI (Figures 2a and 2b) and IKA (Figures 2i and 2j) are mostly attributable to the shift of the disturbances
themselves. KP is small in the subtropics and almost canceled out by KZ. Figures 2g—2j show the distribution of
nKA, which varies considerably between EN and LN. During EN, a negative and a positive anomaly are alter-
natively distributed from west to east in the subtropical Pacific. During LN, the eastern disturbance is replaced
by a negative anomaly, and the western one become positive, accompanied by a general westward shift of the
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Figure 2. Horizontal distribution of composite (a, b) KI (m? s73), (c, d) KP (m? s73), (e, f) KZ (m? s~3), (g, h) nKA (m? s73), (i, j) KZ (m? s3), and (k, 1) nKA_(u)
(m?s73)in (a, c, €, g, i, k) El Nifio and (b, d, f, h, j, 1) La Nifia, respectively. The contour lines denote the climatological zonal flow (larger than 30 m/s are shown, with

interval of 10 m/s).
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Figure 3. Horizontal distribution of nKA_(u) (m? s~3) in (a) EN_SYM_SST
and (b) LN_SYM_SST, respectively.

anomalous centers. The difference in nKA between EN and LN could be
partially attributable to the advection by the zonally symmetric response of
atmospheric circulation to ENSO. Su et al. (2003) showed that positive tropi-
cal SST anomalies warm the tropical tropospheric temperature through moist
adiabatic adjustment. The warming increases meridional temperature gradi-
ents, leading to anomalous westerlies via the zonally symmetric pathway
(Rind et al., 2001; Seager et al., 2003). The zonally symmetric responses,
featuring strengthened zonal mean zonal winds during EN, and the oppo-
site during LN are seen in the subtropics (Figure S1 in Supporting Informa-
tion S1). These anomalous zonal winds would in turn advect eddy kinetic
energy, resulting in different nKA distributions during EN and LN, leading
to the asymmetric responses of atmospheric circulation to ENSO. As the
anomalies in nKA consist of both zonal flow and wave trains, we further
calculate nKA_(u) = —(u’)% (where (u’) represents the zonal mean zonal
flow anomaly) and found that it displays a similar pattern to nKA (Figures 3k
and 31). The magnitude of nKA_(u) is somewhat smaller than nKA, implying
the interaction between the zonal flow and the quasi-stationary Rossby wave
trains may also have some contributions.

Moreover, we further test the proposed mechanism in AGCM experiments.
The experimental results, including the zonal mean zonal flow (Figure S2
in Supporting Information S1), nKA (Figure 3) and other energy diagnos-
tic terms (Figure S3 in Supporting Information S1) show similarities to the
observations. Zonal mean zonal wind anomalies in model results display a
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Figure 4. Distributions of 200-hPa geopotential height (shading; m) in (a) LBM_EXP1 and (b) LBM_EXP2. (c) Differences
between EXP1 and EXP2, where the anomalies are standardized by the absolute value of the central value in the North
Pacific. The blue and red circles represent the central position of the anomalous geopotential height in North Pacific in LBM_
EXP1 and LBM_EXP2, respectively.

opposite change in LN_SYM_SST relative to EN_SYM_SST (Figure S2 in Supporting Information S1). As
in observations, the positive zonal flow anomalies (Figure S2 in Supporting Information S1) in EN_SYM_SST
lead to west-negative-east positive nKA anomalies in the subtropical Pacific (Figure 3a). In contrast, the distri-
bution is reversed in LN_SYM_SST, with west-positive-east negative anomalies (Figure 3b). These results in
AGCM experiments support the notion that zonal flow anomalies play a crucial role in driving the asymmetric
structure of the ENSO-induced PNA teleconnection pattern.

To further validate the effect of anomalous zonal flow on kinetic energy advection and the Rossby wave train, we
conducted two sets of LBM experiments. In the first experiment (hereafter referred to LBM_EXP1), we applied
a heating source centered at 150°W with a cosine elliptical pattern, a peak of 3 K/day at the 0.45 sigma level, and
used the climatological DJF mean flow from 1979 to 2005 in NCEP reanalysis. In the other experiment (LBM_
EXP2), we used the same heating source but increased the background zonal wind by 1 m/s compared to LBM_
EXP1 to mimic the enhancement of zonal wind during EN events. It is important to note that in LBM_EXP2, the
overall increase in zonal flow does not alter the position of the jet exit region and the divergent region of zonal
flow, thus not affecting KI. A comparison of the two experiments reveals that the PNA wave train in LBM_EXP2
shifts eastward (Figures 4a and 4b), corresponding to the advection of kinetic energy by anomalous zonal mean
zonal flow. Figure S4 in Supporting Information S1 displays the difference of KA contributed by the anomalous
background zonal flow, which could be seen as nKA in observations. The results show that an increase in the
background zonal flow would lead to a west-negative-east-positive pattern in the subtropical central Pacific,
similar to that in observations (Figure 2k). The energy pattern, in turn, would cause the disturbance to develop to
the east, as shown in Figure 4b.

3.3. The Role of Synoptic-Scale Transient Eddies

In addition to nonlinear energy advection, synoptic-scale transient eddies play a significant role in maintaining
the asymmetry through the feedback effect. The divergent or convergent centers of E are inconsistent during EN
and LN due to differences in anomalous zonal flow and the associated baroclinicity, and this disparity maintains
the asymmetries via wave-mean flow interactions. During EN, the prominent divergence of E near 150° and
110°W belt suggests strengthened synoptic-scale activity and accelerated westerly winds in this site, whereas
E convergence on its northern side weakens the zonal flow (Figure S5a in Supporting Information S1). These
changes in zonal winds imply an enhanced low-pressure center in the subtropics as in Figure 1a. During LN, the
locations of the E convergence or divergence are farther westward relative to those in EN (Figure S5b in Support-
ing Information S1), which has a westward influence on the teleconnection wave train, thereby maintaining the
asymmetry between EN and LN.

4. Summary

In this paper, we investigate the mechanism of the asymmetric ENSO teleconnections in the PNA region during
boreal winter and try to reconcile two different views on the issue. Our findings highlight the significant role of
nonlinear energy advection in contributing to the asymmetric structure of the teleconnection wave train.

During EN, a negative and a positive nKA anomaly are alternatively distributed from west to east in the subtrop-
ical Pacific. During LN, the eastern disturbance is replaced by a negative anomaly, and the western one becomes
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positive, accompanied by a general westward shift of the anomalous centers. The difference in nKA between
EN and LN could be partially attributable to the advection by the zonally symmetric response of atmospheric
circulation to ENSO. The zonally symmetric responses, featuring strengthened zonal mean zonal wind anomalies
during EN, and the opposite during LN, would in turn advect eddy kinetic energy, resulting in different nKA
distributions, leading to the asymmetric responses of atmospheric circulation to ENSO. In addition to nonlinear
energy advection, synoptic-scale transient eddies also play a role in maintaining the asymmetry through the
feedback effect.

Our study underscores the significance of nonlinear processes and multi-scale interactions in understanding
the asymmetry of ENSO-forced PNA teleconnection patterns. These findings have implications for improving
our understanding of ENSO teleconnections, addressing model biases, and enhancing seasonal predictions. In
addition to the zonal asymmetry in ENSO-induced teleconnections, the meridional variations of the PNA tele-
connection and asymmetry in non-ENSO-triggered PNA teleconnection patterns also warrant in-depth discus-
sion and could potentially yield insights from a nonlinear energy diagnostics framework. It is important to
note that our analysis focused on the energy conversion perspective, other pathways, such as subtropical wave
sources (Sardeshmukh & Hoskins, 1988; X. Wang & Yang, 2023; Yeh et al., 2018), and wave propagation (Feng
et al., 2016; Lu et al., 2002; Yiu & Maycock, 2020) may also contribute to the wave train influenced by tropical
convective anomalies. Exploring the linkages and distinctions between these different pathways will provide a
more comprehensive and in-depth understanding of ENSO teleconnections in future research.
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