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Abstract

Distinct Pacific-North American (PNA) teleconnection patterns and their associated climate
impacts in North America have been observed during single-year El Nino events, as well as during
both the first and second years of multi-year El Nino events. The research highlights the critical
role of PNA-related North Pacific circulation anomalies, which shift northwestward during
multi-year events and reach their peak intensity in the second year. Multiple dynamical diagnostic
methods are employed to elucidate the reasons behind the diverse subtropical circulation
responses. Differences in the anomalous tropical heat sources influence the formation of Rossby
wave sources through adjustments in divergent wind anomalies, subsequently modulating the
position and intensity of the PNA patterns. Additionally, variations in the meridional range of sea
surface temperature anomalies affect the edge of tropospheric temperature through
moist-adiabatic adjustment, leading to distinct subtropical jet stream responses. This, in turn,
modifies the position of North Pacific circulation anomalies through the advection of anomalous
kinetic energy. Furthermore, synoptic-scale transient eddies act as a feedback mechanism, helping
to maintain and intensify these diverse atmospheric anomalies.

1. Introduction

The El Nino-Southern oscillation (ENSO) is the dom-
inant mode of global climate variability on interan-
nual time scales (Neelin et al 1998, Giese and Carton
1999, McPhaden et al 2006, Yeh et al 2018). The intric-
ate evolution of ENSO exhibits multifaceted char-
acteristics. For example, the El Nino and La Nina
are the warm and cold phase of ENSO, respectively.
During its developing phase, El Nino typically mani-
fests with a stronger amplitude compared to La Nina
(Burgers and Stephenson 1999, An and Jin 2004, Choi
et al 2013, Dommenget et al 2013). This difference is

© 2024 The Author(s). Published by IOP Publishing Ltd

tied to the robustness of the Bjerknes feedback loop,
encompassing the sensitivity of wind stress to sea
surface temperature (SST) anomalies, SST response
to thermocline anomalies, and thermocline adjust-
ment to wind stress anomalies, which are all more
pronounced for El Nino than La Nina (Meinen and
McPhaden 2000, Choi et al 2013, Timmermann et al
2018, Geng et al 2019). These complex properties can
cause El Nino to end quickly and La Nina to per-
sist (Larkin and Harrison 2002, Okumura and Deser
2010, Okumura et al 2011, Choi et al 2013), further
affecting the diversity and asymmetry of El Nino and
La Nina durations.
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In terms of diversity, following an El Nino event,
it is possible to shift to a La Nina state, a neutral state,
or continue in an El Nino state in the subsequent year
(Kessler 2002, Larkin and Harrison 2002, Tao et al
2017, 2022, Yu and Fang 2018, Fang and Yu 2020). As
for asymmetry, La Nina is more prone to develop into
a multi-year (MY) event, and El Nino predominantly
spans a single year, although MY El Nino does occur.
The disparity in ENSO duration is influenced by its
own intensity, spatial distribution, pre-onset Pacific
condition, as well as intricate inter-basin interactions
(Vimont et al 2003, Tao et al 2018, Chakravorty et al
2020, Fang and Yu 2020, Ding et al 2022, Kim and Yu
2022, Iwakiri et al 2023, Kim et al 2023, Lin and Yu
2024, Wang et al 2024).

The global climate response to ENSO events
varies depending on the durations of these events.
Research on the climate impacts of MY ENSO events
can be broadly classified into two categories: one
focuses on comparing the climate difference between
the first and second year of a MY event (Okumura et al
2017, Raj Deepak et al 2019, Jong et al 2020, Mamani
Jimenez et al 2023, Huang et al 2024), and the other
examines the contrasts between MY and single-year
(SY) events (Mamani Jimenez et al 2023, Zhong et al
2023, Huang et al 2024). Although El Nino is more
likely to manifest as a SY event compared to La Nina,
numerous historical cases of MY El Nino events have
been observed (Gao et al 2023). Most previous studies
concentrated on MY La Nina events, and less atten-
tions have been paid to MY El Nino events. However,
impacts of MY El Nino events on the Pacific-North
America (PNA) region not only differ from SY events
but also exhibit distinct contrast between the first and
second year as documented in the present study.

Tropical convective anomalies induced by ENSO
trigger Rossby waves that propagate poleward across
the PNA region, resulting in extreme weather and cli-
mate events in North America (Horel and Wallace
1981, Renwick and Wallace 1996, Hoerling et al 1997,
Trenberth et al 1998, Okumura et al 2017). However,
the PNA pattern is not identical in each ENSO event,
for example, the asymmetrical circulation response
between El Nino and La Nina, and multiple mechan-
isms has been proposed to explain this asymmetry.
On one hand, the differences in tropical heating
anomalies between El Nino and La Nina cause dif-
ferent divergent wind responses (Hoskins and Karoly
1981, Hoerling et al 1997, 2001, Alexander et al 2002),
which influence the formation of Rossby wave source
(RWS) thereby affect the wave trains (Sardeshmukh
and Hoskins 1988). On the other hand, different zon-
ally symmetric responses to ENSO, such as changes
in tropical tropospheric temperature and the sub-
tropical jet stream (STJ; Held et al 2002, Seager et al
2003) in both hemispheres, contribute to the asym-
metric PNA teleconnection patterns through nonlin-
ear energy advection. During El Nino events, the ST
tends to enhance and shift southward, while during La
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Nina events, it weakens and moves northward (Seager
et al 2003, Lu et al 2008, Yang et al 2018, Wang et al
2021, 2022b). These changes redistribute the anom-
alous kinetic energy by nonlinear energy advection,
leading to distinct PNA patterns (Simmons et al 1983,
Wang et al 2022a, 2023). In addition, transient eddies
responded to baroclinicity changes due to ENSO can
help maintain the asymmetry as a feedback effect in
the subtropical region (Hoskins et al 1983, Lau and
Holopainen 1984, Trenberth 1986, Lau et al 2005).
Given these complexities, it is essential to investig-
ate the mechanisms driving the differences in PNA
patterns between SY and MY El Nino events, as well
as between the first and second year of MY El Nino
events.

The remainder of this paper is structured as
follows: the data and methods used are described
in section 2. In section 3, we compare the differ-
ences of PNA teleconnection patterns among SY El
Nino events and the first and second year of MY El
Nino events, and provide possible explanations for
these differences. Section 4 presents a summary and
discussion.

2. Data and methods

2.1. Data

The monthly and daily-mean reanalysis datasets
from the fifth generation of the European Centre
for Medium-range Weather Forecasts (ERA5) are
employed in this study, which include geopotential,
wind, vertical velocity, total precipitation, air temper-
ature, and 2 m air temperature (Munoz Sabater 2019,
Hersbach et al 2023a, 2023b, 2023c¢). The SST data is
taken from the Hadley Centre Sea Ice and SST, ver-
sion 1.1 (HadISSTv1.1; Rayner et al 2003). All data
are selected for the 1950-2023 period and linearly
detrended. Statistical significance of the composite
anomalies is evaluated through a bootstrap test at the
90% confidence level.

2.2. Identifying SY and MY El Nino events

SY and MY El Nino events are selected based on
the monthly SST anomalies averaged in the Nino3.4
region (5° S-5° N, 120°-170° W). If the October—
November—December—January—February (ONDJF)
mean Nino3.4 index of an El Nino event is greater
than 0.5 standard deviations in the first year and also
greater than 0.5 standard deviations in the second
year, then it is a MY El Nino event (Geng et al 2023).
14 SY El Nino events (1951/52, 1957/58, 1963/64,
1965/66, 1972/73, 1979/80, 1982/83, 1991/92,
1994/95, 1997/98, 2002/03, 2004/05, 2006/07,
2009/10) and 5 MY El Nino events (1968/70, 1976/78,
1986/88, 2014/16, 2018/20) are identified from 1950
to 2023. Hereafter, suffix (0) refers to the developing
year of SY events and the first developing year of MY
events, and suffix (+1) is the second developing year
of MY events.
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2.3. RWS

To understand the influence of El Nino on sub-
tropical atmospheric circulation, the RWS is dia-
gnosed, which is derived from the barotropic vor-
ticity equation (Sardeshmukh and Hoskins 1988).
Following Sekizawa et al (2021), the RWS can be cal-
culated as follows:

RWS' = -V -(V,¢)’
~—(V-V, =V, - V(-('V-V,
=V, V¢ (1)

where V, denotes divergent wind and ( the abso-
lute vorticity, the prime signifies an anomaly, the
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overbar signifies a climatological-mean quantity. The
first term (—(V -V, '), representing the stretching
effect by anomalous divergence acting on the cli-
matological absolute vorticity, is the dominant term
of equation (1). This implies that in regions where
the climatological absolute vorticity is significant, the
presence of anomalous convergence or divergence can
lead to the development of vorticity, thereby stimulat-
ing the formation of Rossby waves.

2.4. Eddy kinetic energy tendency equation
Following Wang et al (2023), the complete eddy kin-
etic energy tendency equation can be calculated as
follows:

OEKE _ [ n 0% ¢ yryr (08 OV | yn 0% r O sy 07
or Ox dy Ox dy op 9p
KI
OEKE OEKE OEKE
= (OEKE\ 1= [ YERE 2
(u—l—u)( ax) (V+")(5y> (w+w)<8p> ?
KA
_Bw'T' —u’%—v’aél—w/ad)/
P Ox dy Ip
KP Kz

where EKE is the eddy kinetic energy, u’, v/, w’, T’
and ¢ ' are the anomalous monthly zonal wind, meri-
dional wind, vertical wind, temperature, and geopo-
tential, respectively, 7 and ¥ represent the background
zonal and meridional flow. KI represents the kin-
etic 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 decomposed to linear

KA (IKA = —[u%E + VaEKE +w agz;E ]) and nonlin-
car KA (oA =~ (255 /B B T

generation of the EKE by local convergence of the
eddy geopotential flux is given by KZ.

2.5. Geopotential height tendency and Eliassen-
Palm vectors

To analyze the interaction between synoptic-scale
transient eddies and the wave train, we use the geo-
potential height tendency and Eliassen—Palm vectors
(hereafter referred to as E vectors). Following Lau et al
(2005), they can be calculated as follows:

(%) b o
E7;<”2 u”2>i7Wj (4)

where Z is the monthly averaged geopotential height,
gis theacceleration of gravity,and V'/, u’’,v'" and ("’
are the synoptic-scale daily 200 hPa winds and relat-
ive vorticity. The high frequency components are all
filtered by a band of 2.5-8 days and the overbar rep-
resents the monthly average.

3. Results

3.1. Atmospheric circulations induced by SY and
MY El Nino events

Figure 1 shows the DJF composite anomalies of
200 hPa geopotential height during SY events and the
first and second year of MY events. The PNA telecon-
nection patterns are evident in all three cases, with
variations in their distribution and intensity. In the
tropical segment of the PNA patterns, the circulation
anomalies in SY events are more eastward-shifted and
stronger compared to MY events. Among the three
cases, MY (0) exhibits the most westward and weak-
est circulation anomalies, whereas MY (+1) presents
intermediate characteristics in both location and
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Figure 1. DJF composite of 200 hPa geopotential height (1) anomalies during (a) SY (0), (b) MY (0) and (c) MY (+41). Black dots
indicate the statistically significant anomalies at the 90% confidence level.

intensity between SY and MY (0). Correspondingly,
the SST and precipitation anomalies in the trop-
ical Pacific reflect consistent spatial distribution and
intensity patterns across the three cases (figure 2),
and they induce the differences in tropical circula-
tion anomalies by triggering a Rossby wave response
(figure 1). Composite analyses show that while the
SSTA for SY and MY events resemble those for Eastern
Pacific (EP) and Central Pacific (CP) El Nino, which
are part of a widely recognized ENSO classification
(Ashok et al 2007, Kao and Yu 2009, Kug et al 2009,
Yeh et al 2009, Tao et al 2014), the Z200 distribution
differs significantly (figures S1(a)-S1(d)). SY and MY

El Nino events do not directly correspond to EP and
CP El Nino events (figure S1(e)).

In the North Pacific region, the zonal positions
of negative geopotential height anomalies among the
three cases generally mirror the characteristics of
positive geopotential height anomalies in the trop-
ics, with a more westward shift in MY (0) and MY
(4+1) than in SY (figure 1). Additionally, the circula-
tion anomalies during MY (0) and MY (+1) move
more northward than those during SY in meridi-
onal locations. However, the subtropical circulation
anomalies across the three cases display inconsistent
intensity characteristics compared to the tropical
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(a), (d) SY (0), (b), (e) MY (0) and (c), (f) MY (+1), respectively. Black dots indicate the statistically significant anomalies at the

(d) SY(0)

vvvv

40°N

10°E
(e) MY(0)

W 120°E

40°N

W 120°E 160°E 160°W 120°wW

(f) MY

(+1) Precipitation & V,

0°

W 120°E 160°E 160°W 120°wW 80°wW 40°W

-6 -4 =2 0 2 4 6

circulation anomalies. While MY (+1) exhibits inter-
mediate intensity of tropical circulation anomalies
between SY and MY (0), it shows the strongest
subtropical circulation anomalies. The PNA-related
North Pacific circulation anomalies in MY (0) do not
reach statistical significance, which could be attrib-
uted to the small sample size of MY events and the
weak and diverse tropical heat sources in MY (0)
(figures not shown).

For the North American segment of PNA pat-
terns, the positive geopotential height anomalies in
MY events are slightly stronger compared to SY events
(figure 1). The circulation anomalies over North
America in MY events are positioned more north-
westward than SY events, following the similar dis-
tribution patterns observed in subtropical circulation
anomalies. Note that the circulation anomalies in MY
(0) shift eastward to southern Greenland with a wide
zonal extension. Further analysis of the 500 hPa geo-
potential height anomalies reveals the presence of two
independent cells over North America and south-
ern Greenland, respectively (figure S2(b)), and they

merge into one cell at 200 hPa (figure 1(b)). The
western cell is associated with PNA pattern, while
the eastern cell, along with the anomalous low height
counterpart to its south, closely resembles the North
Atlantic Oscillation pattern (Wallace and Gutzler
1981). The positional differences of regional posit-
ive geopotential height anomalies lead to correspond-
ing differences of the high temperature areas in North
America, with anomalies in SY (MY) events situated
south (north) of 60° N (figure S3).

As previously mentioned, the North American
segment of PNA pattern is largely influenced by its
tropical and subtropical counterparts. Tropical cir-
culation anomalies are a direct response to heat-
ing anomalies in the tropics. Subtropical circulation
anomalies in the North Pacific link the tropical and
North America segment of PNA pattern, affected
by both tropical processes and intricate atmospheric
dynamics in the subtropics (Simmons et al 1983,
Hoerling et al 1997, Seager et al 2010, Okumura et al
2017, Wang et al 2023, Wang and Yang 2023, Gan et al
2024). Thus, elucidating the reasons in the differences
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Figure 3. DJF composite of the main term of RWS (—(V - Vy, /) (shading; 10~!! s72) during (a) SY (0), (b) MY (0) and (c) MY
(41). Black dots indicate the statistically significant anomalies at the 90% confidence level.

of circulation anomalies in the North Pacific among
the three cases is important to understand the diverse
PNA responses to El Nino events, and this will be
explored in the following subsections.

3.2. The role of RWS

Tropical SST anomalies induce convergent and diver-
gent winds, which, in conjunction with suitable back-
ground circulation, generate RWS in the subtropics.
These sources affect atmospheric circulation anom-
alies by exciting steady Rossby waves. According to
the decomposition of equation (1), the magnitude
of —(V -V,  is on the same scale as RWS with
a nearly identical distribution (figures 3 and S4)
and is significantly larger than the other three terms
(figures 3 and S5), which emerges as the primary
contributor to RWS. Given that the climatological
ST] is located around 30° N and positive vorticity
forms at its north side (figures 5(a)—(c)), the posit-
ive RWS generally concentrates along 40° N in the

North Pacific accompanied with anomalous conver-
gent winds originated from the tropics (figure S4).
The positive area of —(V - V, ' in SY (0) is loc-
ated further east than that in MY (41) (figure 3),
attributing to the eastward displacement of the trop-
ical heat source and the resulting tropical divergence
and subtropical convergence anomalies in SY events
(figures 2(d) and (f)). Then, the positional difference
of RWS influences the origin position of the wave
trains, contributing to the difference in the zonal pos-
itions of PNA-related North Pacific circulation anom-
alies between SY (0) and MY (+1). In addition, the
intensity of —(V -V, ' in the North Pacific during
MY (+1) is stronger than during SY (0) (figure 3),
which explains the intensity difference in circula-
tion anomalies between these two cases. This differ-
ence is attributed to the strength of tropical precipit-
ation anomalies and the resulting subtropical diver-
gent wind anomalies (figures 2(d) and (f)). The dis-
tribution of the positive area of —(V -V, ' in MY
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(0) differs from the other two cases (figure 3). The
positive-value areas are scattered, with both narrow
meridional and zonal ranges, and most areas are
occupied by weak positive values. This distribution
does not effectively enhance the development of the
wave trains, resulting in the circulation anomalies
over the North Pacific in MY (0) being significantly
weaker than in the other two cases. The above analysis
emphasizes the critical role of the difference in trop-
ical heat anomalies, which modulate both the posi-
tion and intensity of RWS and thereby contribute to
the difference in North Pacific circulation anomalies
among the three cases.

3.3. The role of zonally symmetric response

The Pacific STJ exit zone, characterized by conflu-
ent zonal winds, promotes kinetic energy conversion
from mean flow and facilitates the development of
North Pacific circulation anomalies (Simmons et al
1983, Wang et al 2021, 2023). Influenced by trop-
ical heat sources, changes in the intensity and spatial
structure of the STJ can adjust the position of circu-
lation anomalies by redistributing subtropical atmo-
spheric kinetic energy through the nonlinear energy
advection (Hoerling et al 1997, Wang et al 2021).
Equation (2) is employed to diagnose the dominant
term of eddy kinetic energy around the North Pacific
among the three cases, and the distribution of each
term are shown in figure S6. KI and KA have large
magnitude, and 1IKA closely approximates the value
of KA. The climatological zonal flow remains con-
sistent across the three cases, and KI and IKA gen-
erate different patterns based on the distinct circu-
lation anomalies. Similarly, the spatial distribution
of KZ corresponds well to the North Pacific circu-
lation anomalies among three cases, and the differ-
ent KZ patterns are the result of circulation anom-
alies rather than the underlying cause. Hence, none of
these terms can be identified as the primary driver of
the PNA-related circulation anomalies over the North
Pacific (Wang et al 2023). In comparison to the other
terms, the value of KP is relatively small and lacks a
clear distribution pattern, which may be attributed
to the quasi-barotropic structure of the PNA pattern
(Horel and Wallace 1981, Wallace and Gutzler 1981,
Held et al 2002). Wang et al (2023) demonstrated
that nKA plays a crucial role in driving the asymmet-
ric PNA pattern during El Nino and La Nina events.
They further noted that, as the anomalies in nKA con-
sist of both zonal flow and wave trains, nKA_(u) =
—(u’>% (where (u’) represents the zonal mean
zonal flow anomaly) displays a similar pattern to nKA.
Moreover, the difference in nKA_(u) distribution can
well explain the difference in the position of the North
Pacific circulation anomalies related to PNA telecon-
nection pattern.

Y Liu et al

Figure 4 shows the distribution of nKA_{u)
during SY (0), MY (0) and MY (+1). Consistent
with Wang et al (2023), nKA_(u) is crucial for
nKA (figures 4 and S6), and it exhibits a zonal
dipole distribution along 20-40° N in the North
Pacific, featuring a ‘west negative and east posit-
ive’ structure in the three cases. However, this zonal
dipole distribution shifts more southeastward in SY
events than MY events. Compared to MY events,
the STJ is more significantly strengthened and moves
more southward in SY events (figures 5(a)—(c)). The
strengthened (southward) STJ favors a more east-
ward (southward)-shifted ‘west negative and east pos-
itive’ nKA_(u) distribution, resulting in the circu-
lation disturbances developing further east (south)
(figures 1 and 4). It is important to note that
the role of STJ and resultant nKA are emphas-
ized to contribute the positional difference of North
Pacific circulation anomalies rather than intensity
difference.

The meridional gradient of tropospheric temper-
ature closely links to STJ following thermal wind bal-
ance. The edge of tropospheric temperature warming
in SY events is located around 20° N (figure 5(d)),
corresponding well with nearby strengthened upper-
level westerlies (figure 5(a)). In contrast, the edge
extends to 35° N in MY events, and the meridi-
onal gradient of tropospheric temperature anomalies
is weaker compared to SY events (figures 5(e) and
(f)), accompanied by the poleward shift and moder-
ate enhancement of the STJ (figures 5(b) and (c)).
Furthermore, the meridional differences in tropo-
spheric temperature anomalies originate from differ-
ences in meridional range of SST anomalies through
moist-adiabatic adjustment (Su and Neelin 2003, Xie
et al 2009, Tandon et al 2013, Yang et al 2020).
Significant SST warming occurs within 10° S-10° N
of the deep tropics in SY events, whereas the zonal
mean SST profile in MY events covers a broader
range and the SST warming can extend up to 30° N
(figures 5(g) and S7), thereby leading to the distinct
tropospheric temperature and STJ responses among
the three cases (figures 5(a)—(f)).

3.4. The role of synoptic-scale transient eddy

In addition to the roles of RWS and STJ, synoptic-
scale transient eddies play a significant role in
maintaining the differences in circulation anomalies
through a feedback effect (Hu et al 2018, Wang et al
2023). Figure 6 shows the distribution of composite
geopotential height tendency and E vectors induced
by synoptic-scale transient eddies during SY (0), MY
(0) and MY (41). Moreover, the Eady growth rate
(EGR; Vallis 2017) is calculated to measure the rela-
tionship between stationary wave train and eddy
ik

activities, and it is given by o = 0.3098 —*', where
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Figure 4. Horizontal distribution of composite nKA_(u) (10> m?
dots indicate the statistically significant anomalies at the 90% confidence level.

120°W
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s7?) during (a) SY (0), (b) MY (0) and (c) MY (+1). Black

N is the Brunt-Viisild frequency, N2 = %%, g is

the acceleration due to gravity, 6 is the potential
temperature, and f is the Coriolis parameter. In all
three cases, the stationary wave train enhances ver-
tical wind shear and baroclinic instability in the North
Pacific region (figures 1 and S8(a)—(c)), leading to
the increased synoptic-scale eddy activities (figures
S8(d)—(f)), and negative eddy-induced geopotential
height tendency anomalies consistently appear in this
region (figure 6). The increased eddy activities cor-
respond with the divergence of E vectors at 40° N,
accelerating the upper-level westerlies in the south-
ern part of the negative geopotential height anom-
alies (figures 1 and 6), which, in turn, further con-
tributes to the enhancement of baroclinic instabil-
ity (figure S8). This positive feedback mechanism

sustains and amplifies the circulation anomalies over
the North Pacific, resulting in the differences of cir-
culation anomalies among the three cases. During
MY events, the divergence area of the E vectors
extends further northwestward, corresponding to a
more northwestward shift of negative geopotential
height anomalies in the North Pacific than SY events
(figures 1 and 6). Note that the negative geopotential
height tendency anomalies during MY (+41) extend to
North America, which exhibits positive eddy-induced
geopotential height tendency anomalies during MY
(0) (figures 6(b) and (c)). This may partially explain
why the PNA teleconnection pattern during MY (+1)
is stronger in both the tropics and the North Pacific,
but not as strong as that during MY (0) in North
America (figures 1(b) and (c)).
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4, Conclusion and discussion

Based on a composite analysis of observational and
reanalysis data, distinct PNA teleconnection patterns
and their climate impacts in North America are
observed during SY El Nino events and the first
and second year of MY El Nino events. This study

emphasizes the critical role of subtropical circula-
tion anomalies in the North Pacific for linking the
tropical and North America segment of the PNA
pattern. In terms of position, the subtropical cir-
culation anomalies in the North Pacific shift more
northwestward during MY events compared to SY
events. Regarding intensity, the negative geopotential
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plotted. Black dots indicate the statistically significant anomalies at the 90% confidence level.

height anomalies in MY (4-1) are stronger than those
in MY (0).

Multiple dynamical diagnostic methods are
employed to elucidate the reasons behind the diverse
subtropical circulation response among the three
cases. From the perspective of tropical origin, the
pivotal role of the ENSO-induced tropical heat source
is confirmed. The differences in anomalous trop-
ical heat sources influence the formation of RWS
through adjustments of divergent wind anomalies,
subsequently modulating the position and intens-
ity of the PNA patterns. Consistent with the spatial
distribution of tropical heat sources, the location of
positive RWS in MY events is more westward than SY
events, and the positive RWS in MY (41) exhibits the
strongest intensity.

From the perspective of subtropical processes, the
STJ modifies the position of North Pacific circula-
tion anomalies through the redistribution of subtrop-
ical atmospheric energy advection. nKA_(u) plays

10

a primary role in this process, featuring a zonal
dipole distribution with the ‘west negative and east
positive’ structure along 20-40° N in the North
Pacific across the three cases. During SY events, the
more strengthened and southward-shifted STJ facil-
itates southeastward movement of nKA_(u), result-
ing in a more southeastward shift of North Pacific
circulation anomalies compared to MY events. The
diverse STJ response in the three cases originate
from differences in meridional range of SST anom-
alies. Significant SST warming occurs within the
deep tropics in SY events, whereas the zonal mean
SST profile in MY events exhibits a broader meri-
dional range, influencing the edge of tropospheric
temperature through moist-adiabatic adjustment and
thereby leading to distinct STJ responses among
the three cases. Additionally, synoptic-scale transi-
ent eddies can affect North Pacific circulation anom-
alies as a positive feedback mechanism. In conclu-
sion, RWS, STJ and synoptic-scale transient eddies
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jointly contribute to the positional differences, and
the intensity differences can be interpreted by RWS.

Given that El Nino events typically persist for one
year and develop into SY El Nino events, the num-
ber of observed MY El Nino events is limited. To
ensure the robustness of the conclusions obtained in
present study, we extend the starting time of study
period to 1900. The merged ECMWF reanalysis data-
set comprises the ERA-20C reanalysis for the period
of 1900-1939 (Poli et al 2016) and the ERA5 reana-
lysis for the period of 1940-2023 (Hersbach et al
2023b). The differences between the ERA-20C and
ERAS datasets in monthly climatology during the
overlap period 1940-2010 are calculated to calib-
rate the mean state of ERA-20C to ensure temporal
consistency of these two datasets. Consequently, the
number of MY El Nino events increases to 7, and there
are 20 SY El Nino events. Figure S9 presents the DJF
composite anomalies of 200 hPa geopotential height
with the dataset extended to 1900-2023. The over-
all anomaly distribution highly resembles figure 1,
except that the North Pacific circulation anomalies
during MY (0) slightly shift southward. This shift is
attributed to the relative meridionally narrow sub-
tropical SST warming during MY (0) in the extended
dataset (figure S10(g)), consequently moving the edge
of tropospheric temperature (figure S10(e)) and the
STJ southward (figure S10(b)).

Another important issue not addressed in the
present study is that the PNA pattern, as an internal
pattern of atmospheric variability in the Northern
Hemisphere, can exist in the absence of tropical SST
forcing, which is known as the venerable PNA pat-
tern. Previous studies suggested that the PNA pat-
terns induced by ENSO are different from those asso-
ciated with internal variability (Straus and Shukla
2002, Lopez and Kirtman 2019). Other argue that
ENSO forcing can only amplify the effects of internal
variability and cannot generate a new PNA pattern
(Palmer 1999). Therefore, further understanding of
the specific influence of internal atmospheric vari-
ability, through model experiments or by separating
external forcing from internal variability, is critical
for more comprehensively considering the sources of
these differences in the PNA pattern.
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openly available at the following URL/DOI: The
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