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ABSTRACT: Utilizing a 2200-yr CESM1 preindustrial simulation, this study examines the influence of property distinc-
tions between single-year (SY) and multiyear (MY) La Nifias on their respective impacts on winter surface air tempera-
tures across mid-high-latitude continents in the model, focusing on specific teleconnection mechanisms. Distinct impacts
were identified in four continent sectors: North America, Europe, Western Siberia (W-Siberia), and Eastern Siberia
(E-Siberia). The typical impacts of simulated SY La Nifa events are featured with anomalous warming over Europe and
W&E-Siberia and anomalous cooling over North America. Simulated MY La Nina events reduce the typical anomalous
cooling over North America and the typical anomalous warming over W&E-Siberia but intensify the typical anomalous
warming over Europe. The distinct impacts of simulated MY La Nifias are more prominent during their first winter than
during the second winter, except over W-Siberia, where the distinct impact is more pronounced during the second winter.
These overall distinct impacts in the CESM1 simulation can be attributed to the varying sensitivities of these continent sec-
tors to the differences between MY and SY La Nifas in their intensity, location, and induced sea surface temperature
anomalies in the Atlantic Ocean. These property differences were linked to the distinct climate impacts through the Pacific
North America, North Atlantic Oscillation, Indian Ocean—induced wave train, and tropical North Atlantic-induced wave
train mechanisms. The modeling results are then validated against observations from 1900 to 2022 to identify disparities in
the CESM1 simulation.
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1. Introduction their second year (Nishihira and Sugimoto 2022). MY La Niiia
events were found to induce a three-season drought in the
Horn of Africa (Anderson et al. 2023). The distinct climate
impacts of MY La Nifias occur not only in the Northern Hemi-
sphere but also in the Southern Hemisphere. Zhu and Yu
(2022) found that the typical Antarctic sea ice anomaly pattern
induced by single-year (SY) La Nifia during the austral winter
was displaced zonally during MY La Nifia, attributable to an
Indian Ocean memory mechanism. They found that the exis-
tence of a preceding-year strong El Nifo condition, which
overdischarges the equatorial Pacific Ocean heat continent
and creates a favorable condition for MY La Nifia events to
occur, causes the Indian Ocean sea surface temperature (SST)
conditions to be different between the MY and SY La Nifia

El Nifio-Southern Oscillation (ENSO) events typically
span 1 year, commencing in the boreal spring, developing and
intensifying during the subsequent summer and fall, and
reaching their peak intensity in winter. Subsequently, they
gradually weaken and transition into the opposite phase or
turn to ENSO neutral phase in the following year. However,
some ENSO events deviate from this pattern, persisting with-
out transitioning into the opposite phase in the following year
and becoming multiyear (MY) events. These are predomi-
nantly observed during the La Nifia phase of ENSO rather
than the El Nifio phase (Hu et al. 2014; Okumura and Deser
2010). Understanding the underlying dynamics and distinct
climatic impacts of MY La Nifia events has attracted increas- .ot The diverse Indian Ocean SSTs induce distinct re-
ing interest and research efforts (e.g., Okumura et al. 2017; sponses in the atmospheric circulation of the Southern Hemi-
Iwakiri and Watanabe 2020; Zhu and Yu 2022; Nishihira and sphere to both the SY and MY La Nifias, leading to varied
Sugimoto 2022; Kim et al. 2023).

Studies have suggested that MY La Nifia events can cause
severe droughts in the United States during the second winter
of the events (Okumura et al. 2017), as well as warmer- (SATs) over mid-high-latitude continents in the Northern
than-normal summers in Japan (Iwakiri and Watanabe 2020). Hemisphere.

The Midwest in the United States suffers a warmer summer Previous studies suggest that ENSO events can significantly
during the summer transitioning from an EI Nifio than during  jmpact the climate of extratropical regions through diverse
the summer persisting from a La Nifia due to different tele-  teleconnection mechanisms [e.g., the review by Yang et al.
connections toward North America (Jong et al. 2020). MY  (2018)]. In the Northern Hemisphere, ENSO can initiate at-
La Nifia events cause severe cold winters over East Asia during  mospheric wave trains propagating from the tropical Pacific
their first year and over northwestern North America during o North America, giving rise to the Pacific North America

(PNA) pattern (Wallace and Gutzler 1981). During La Nifia

events, this wave train can result in anomalous winter cooling

Corresponding author: Jin-Yi Yu, jyyu@uci.edu in the northern United States and winter warming in the

Antarctic sea ice anomaly patterns. In the present study, our
objective is to investigate whether MY and SY La Nifla events
produce similar or different impacts on surface air temperatures
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southern United States (Ropelewski and Halpert 1986; Yu
et al. 2012). ENSO events can also influence extratropical cli-
mate by shifting atmospheric jet streams. During La Nifia
events, for example, the jet stream tends to shift poleward
(Yuan 2004; Lu et al. 2008; Stachnik and Schumacher 2011),
thereby inducing a positive phase of the North Atlantic Oscil-
lation (NAO) (Bronnimann et al. 2007). This, in turn, triggers
warmer-than-normal winters in Eurasia (Domeisen et al.
2019). Moreover, ENSO events can induce SST anomalies
(SSTAs) in the adjacent tropical North Atlantic (TNA) and
Indian Oceans through interbasin interaction processes [see
reviewed by Cai et al. (2019)]. Typically, during La Niiia
events, there is an induced anomalous cooling of SST in the
TNA region and the tropical Indian Ocean. The resultant
TNA SSTAs can further initiate atmospheric wave trains that
propagate downstream, impacting the climate in Eurasia (Lim
2015; Li and Ruan 2018). Similarly, the induced SSTAs in the
Indian Ocean can trigger wave trains that influence the cli-
mate around the Pacific Rim (Annamalai et al. 2007; Min et al.
2008). However, it is unclear whether MY and SY La Nifia
events produce similar or different PNA, NAO, TNA SSTA-
induced, and Indian Ocean SSTA-induced teleconnections,
and how these four teleconnection mechanisms work together
to shape the climate impacts of SY and MY La Nifia events.
This study addresses this issue.

The number of observed SY and MY La Nifia events is re-
stricted. This study employs a 2200-yr preindustrial simulation
generated by NCAR’s Community Earth System Model, ver-
sion 1 (CESM1; Kay et al. 2015), to investigate the potential
distinctive climate impacts of MY and SY La Nifias. The main
goal is to evaluate how variations in La Nifia properties be-
tween SY and MY events in a climate model can result in
divergent climate impacts on mid-high-latitude continents.
The model’s findings may provide insights relevant to real-
world occurrences. Recent studies have substantiated the
CESM1 simulation’s ability to replicate essential features of
observed MY and SY ENSO events. These features include
the spatial structures and temporal evolutions of their SST
anomalies, as well as their teleconnections with adjacent
Atlantic and Indian Oceans (Kim and Yu 2020, 2021, 2022;
Zhu and Yu 2022; Kim et al. 2023; Lin and Yu 2023). Specifi-
cally, concerning La Niiia events, Kim et al. (2023) have dem-
onstrated that the CESM1 preindustrial simulation accurately
captures the interactions between the tropical and extratropi-
cal Pacific associated with SY and MY La Niiias. Lin and Yu
(2023) have shown that this CESM1 simulation reasonably
reproduces not only the teleconnections of SY and MY La Nifias
to the Atlantic and Indian Oceans but also the sensitivities of
these teleconnections to ENSO properties. Additionally, Zhu
and Yu (2022) have illustrated that this model simulation can
generate reasonably realistic La Nifla impacts and teleconnec-
tions to Antarctica.

In this study, we first utilize the substantial samples of MY
and SY La Nifa events in the CESM1 simulation to uncover
the climate impacts on the mid-high-latitude continents and
subsequently validate the model results using observed events.
The data and methods employed are detailed in section 2,
while the model results and observational verification are
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presented in sections 3 and 4. Section 5 concludes by summa-
rizing the findings and discussing the implications of the study.

2. Data and methods

The NCAR preindustrial CESM1 simulation was run for
2200 years with greenhouse gas concentrations maintained at
preindustrial levels. The fully coupled CESM1 model oper-
ated at ~1° horizontal resolution, with component models in-
cluding the CAMS atmospheric model, POP2 oceanic model,
CLM4 land surface model, CICE4 sea ice model, and various
other biogeochemical and chemical cycle models (Hurrell
et al. 2013). For this study, data from model years 400 to 2200
of the simulation were utilized for analysis.

To assess the model’s performance in simulating MY and
SY La Nifia events and their associated climate impacts, we
conducted an analysis using observational and reanalysis data
spanning from 1900 to 2022. The monthly SST data employed
in this study are sourced from the Hadley Centre Sea Ice and
Sea Surface Temperature dataset (HadISST; Rayner et al.
2003) with a horizontal resolution of 1°. Additionally, the
monthly geopotential height, sea level pressure (SLP), and
SAT data are obtained from the NCEP-DOE Reanalysis 11
dataset (Kanamitsu et al. 2002) with a horizontal resolution of
2.5° and the NOAA-CIRES-DOE Twentieth Century Rean-
alysis V3 dataset with a horizontal resolution of 1°. The Twen-
tieth Century Reanalysis covers the period from 1900 to 1978,
while the NCEP dataset spans from 1979 to 2022. We interpolate
the Twentieth Century Reanalysis data to align with the resolu-
tion of the NCEP data and subsequently merge the two datasets
for analyses. Monthly anomalies are calculated as the deviations
from the monthly climatology after removal of the linear trend.
The monthly climatologies for the model and observations are
calculated as the means during their respective analysis periods.

Following Kim and Yu (2022), we use the 3-month running
mean of the Ocean Nifio index (ONI) to identify the MY and
SY La Nifias in both the CESM1 simulation and observations.
For example, the 3-month running mean of ONI for November
is the average value over October—-December. The ONI is de-
fined as SSTAs averaged between 5°S-5°N and 170°-120°W. A
La Nifa event is identified when the running-mean ONI is less
than —0.75 standard deviation (which is —0.85°C in the CESM1
simulation and —0.86°C in the observations) at any month from
November® to January™*'. In this study, the year preceding the
onset year of the La Nifia event is denoted as year —1, while
the onset year and the subsequent 2 years are denoted as
years 0, +1, and +2, respectively. The months within these
denoted years are labeled as month ™!, month®, month™!,
and month*2. A La Nifia is identified as an MY (SY) event
when its running-mean ONI falls below (above) 0°C during
any month from November™! to January™2 Here, we used
the threshold value 0°C instead of —0.5°C during the second
year to attain more MY La Nifa events. Applying this clas-
sification method, there are a total of 7 SY La Nifia events
and 15 MY events during the analysis period of 1900-2022
(Table 1).

We used four SST indices in the analysis. The Indian Ocean
dipole (IOD) index (Saji et al. 1999) was defined as the
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TABLE 1. Lists of MY and SY La Nifla events during 1900-2022.

MY (15) 1908-10, 1916-18, 1933-35, 194244, 1949-51, 1954-56,
1970-72, 1973-75, 1983-85, 1988-90, 1995-97,
2007-09, 2010-12, 2020-22
SY (7)  1903/04, 1924/25, 1938/39, 1952/53, 1964/65,

2005/06, 2017/18

difference in SSTA between the western Indian Ocean (50°-
70°E, 10°S-10°N) and the eastern Indian Ocean (90°-110°E,
10°S-0°). The zonal location (ZL) index of ENSO was defined
as the difference between the SSTAs averaged over the tropical
eastern Pacific (100°~160°W, 5°S-5°N) and those averaged over
the tropical central Pacific (150°E-160°W, 5°S-5°N), following
Kim and Yu (2022). A positive value of ZL indicates that the
La Nifia event is located more in the tropical central Pacific
(CP) and is associated with the CP type of ENSO (Yu and Kao
2007; Kao and Yu 2009). Conversely, a negative ZL value indi-
cates that the event is located more in the tropical eastern
Pacific (EP) and is an EP type of ENSO. The ZL index is em-
ployed in all analyses exploring atmospheric and climatic reac-
tions to various La Nifia locations. The sole deviation is in
Figs. Se-h, where we utilized Nifio-3 (5°N-5°S, 150°-90°W) and
Nifio4 (5°N-5°S, 160°E-150°W) indices instead of the ZL index
to illustrate the specific teleconnection responses to the EP and
CP variants of La Nifia. The cold tongue index (CTI) is defined as
the SSTAs average between 180°-90°W and 6°S—6°N. Here, we
use CTT instead of Nifio-3.4 or ONI to measure the La Nifia inten-
sity because the CTT covers the central and eastern Pacific, provid-
ing a more precise measure of ENSO intensity, regardless of
whether the ENSO event is of the EP or CP type. The TNA index
is defined as the SSTAs averaged between 15°-55°W and 5°-25°N.

Two atmospheric teleconnections indices were also used in
the study. Following CPC/NCEP (https://www.cpc.ncep.noaa.
gov/products/precip/CWlink/pna/month_pna_index2.shtml), the
PNA index is defined as a combination of 500-hPa geopotential
height (Z500) anomalies at four centers:

PNA = Z500(15° — 25°N, 180° — 140°W)

— Z500(15° — 25°N, 180° — 140°W)

+ Z500(45° — 60°N, 125° — 105°W)

— Z500(25° — 35°N, 90° — 70°W).
The NAO index is defined as the difference in area-averaged
mean SLP between southern (90°W-60°E, 20°-55°N) and
northern (90°W-60°E, 55°-90°N) boxes in the North Atlantic
(Stephenson et al. 2006).

A two-tailed Student’s ¢ test was employed to evaluate the
statistical significance of composite and regression analysis.

3. Single-year and multiyear La Nifia properties and
their climate impacts

a. Differences in SSTA properties between SY and MY
La Nifias

The CESM1 preindustrial simulation produced a total of
351 La Nifla events spanning years 400-2200, with 72%
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classified as MY events and 28% as SY events. These percen-
tages closely align with observations during the analysis period
of 1900-2022, where fifteen MY La Niiia events (68%) and
seven SY La Nifla events (32%) were noted. Examining the
composite evolution of the ONI (Fig. 1a), the simulated SY
La Nifia typically emerges in March®~April®-May’ (MAM"),
peaks during December’~January'-February! (DJF°), and
then diminishes during MAM™! before transitioning to an
El Nifio condition in June™'-July"'-August** (JJA™!). Simi-
lar to the SY La Niiia, the simulated MY La Nifa initiates its
development in MAM?, reaching peak intensity during DJF°.
However, unlike the SY La Nifa, the MY La Nina does not
transition into an El Nifio condition after its peak. Instead, the
La Nifia phase persists throughout the second year, diminish-
ing in JJA*? of the third year. The MY La Nifia event reinten-
sifies during the second year, displaying a secondary, weaker
peak during DJF*!, in contrast to the primary peak during
DJF’. The simulated ONI evolutions closely resemble those
composited from the 7 SY and 15 MY La Nifia events ob-
served during the period 1900-2022 (Fig. 1d).

We then compared the composite SSTA patterns between
the simulated MY and SY La Nifias, which revealed three key
differences in the tropical Pacific and their associated SSTAs
in the neighboring Atlantic and Indian Oceans. The first key
difference is that MY La Nifla is preceded by a strong
El Nifo event in the preceding year (Fig. 1c), whereas this is
absent in SY La Niiia (Fig. 1b). This aligns with observational
studies suggesting that the occurrence of a preceding strong
El Niflo, resulting in an excessive discharge of the heat con-
tent in the tropical Pacific Ocean, is a pivotal factor in the for-
mation of MY La Niiia events (Dommenget et al. 2013; Hu
et al. 2014; Larson and Pegion 2020; Iwakiri and Watanabe
2021). The second key difference lies in the location and in-
tensity of the simulated La Nifia SSTAs. While the simulated
SY La Nifia has its peak winter SST cooling in the tropical
eastern Pacific, the cooling center of simulated MY La Niifia
shifts to the tropical central Pacific during both its first and
second winters. This shift from the EP type to the CP type is
also evident in the significant differences seen in the ZL index
values between simulated SY and MY La Niiias (Fig. 2a). The
ZL index shows a large negative value (indicating an EP type
of La Niiia) for the former, while the latter exhibits much
smaller negative values during both its first (DJF®) and second
(DJF*!) winters. The location shift is similar to what has been
observed (see Fig. 2b). The variation in the La Nifia location
aligns with previous research findings, which suggested that
the CP types of ENSO events are more proficient at activating
the Pacific meridional mode (PMM) and its associated sub-
tropical Pacific coupling processes, thereby extending the du-
ration of ENSO events and leading to the emergence of MY
events (Yu and Fang 2018; Fang and Yu 2020a,b; Kim and Yu
2022; Kim et al. 2023). Furthermore, the intensity of the simu-
lated MY La Nifia, as represented by the CTI, is stronger
than that of SY La Nifla during its first winter, but weaker
during its second winter (Fig. 2a). Similar intensity changes
can also be seen in the observations (see Fig. 2b), which has
been noticed in Hu et al. (2014). The robust intensity of the
MY La Nifia in its first year makes it more challenging to
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F1G. 1. Composite SSTAs of the SY and MY La Niflas simulated during years 400-2200 of the CESM1 preindustrial simulation:
(a) ONI evolutions for the SY (blue line) and MY (red line) La Niiia; (b) longitude—time plot of SSTAs along the equatorial (5°S-5°N)

Indo-Pacific Oceans and tropical north (5°-25°N) Atlantic Ocean (shaded; °C) from June ™

! to December 2 for the simulated SY La Nifia;

(c) as in (b), but for the simulated MY La Nifa. (d)—(f) As in (a)—(c), with the difference being that they are composites based on the
7 SY La Nifia events and 15 MY La Nifia events observed during the period 1900-2022. Shadings in (a) and (d) indicate the interquartile
ranges between the 25th and 75th percentiles. Dots in (b), (c), (e), and (f) indicate the areas where the shown values exceed the 95% confi-

dence interval determined using a two-tailed Student’s ¢ test.

terminate, as it necessitates a greater recharge of the ocean
heat content. Consequently, this condition should favor the
persistence of La Nifa into the following year (Hu et al. 2014).

The third key difference between the simulated MY and
SY La Nifias appears in their accompanying SSTAs in the ad-
jacent Atlantic and Indian Oceans. La Nifia events are known
to induce negative phases of the IOD and TNA through at-
mospheric bridge mechanisms, typically peaking during SON°
and MAM™, respectively [see the review by Cai et al. (2019)].
These typical interbasin associations are also evident in the

SSTA evolution composited during the simulated SY La Nifia
along the equatorial (5°S-5°N) Indo-Pacific Oceans and the
subtropical (5°-25°N) North Atlantic (Fig. 1b). For the simu-
lated MY La Nifa (Fig. 1c), negative IOD and TNA features
can be found during its first year (i.e., SON° and MAM™*1), but
their magnitudes are weaker compared to those found in the
SY La Nifa. During the boreal winter, the values of the IOD
and TNA indices are lower in the first year of the MY La Nifia
(i.e., DJF®) compared to those of the SY La Nifia (Fig. 2a). Zhu
and Yu (2022) suggested that this third key difference is caused

(a) CESM1 (b) HadISST
B SYDJF(0)
L SY DJF(0 i
20 = My D.IF(O)) 20 I MY DJF(0)
10 L Il MY DJF(+1) ok Bl MY DJF(+1)
' oD ZL cTl TNA
0.0 0.0
207 201 10D r4R cT TNA

FIG. 2. (a),(b) Normalized values of the composite IOD, ZL, CTI, and TNA indexes for the SY La Nifa during
DJF® (black bars), and the DJF® (red bars) and DJF ™! (blue bars) of the MY La Nifia. All values are normalized by
the index value of the SY La Nifia. The values shown in (a) are calculated from years 400 to 2200 of the CESM1 pre-
industrial simulation, and those in (b) are calculated from years 1900 to 2022 of the observations.
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by the different preonset Pacific SSTA conditions between MY
and SY La Nidas. The strong El Nifio preceding the onset of
MY La Niiia triggers a basinwide warming in the Indian Ocean
that lasted into the first developing year of MY La Nifia (see
Fig. 1c), counteracting the negative IOD typically induced by
the La Nifia. This explains why the simulated MY La Nifia ex-
hibits a weaker IOD during its first winter compared to that in-
duced by the simulated SY La Nifia. However, this residual
effect from the preonset El Nifio condition diminishes as the
MY La Nifia enters its second developing year, enabling the
typical negative IOD condition to appear during the second
winter (i.e., DJF'!) of the event. The recovery of the IOD in-
dex, as illustrated in Fig. 2a, is evident when comparing the first
and second winters of the simulated MY La Nifia. The preonset
El Nifio condition also induces warm SSTAs over the tropical
North Atlantic (between 5° and 25°N), persisting into the first
developing year of the simulated MY La Nifia and weakening
the La Nina-induced TNA cooling during its first winter (see
Fig. 1c). This explains the weakening of the TNA index value in
the DJF® of the simulated MY La Nifia, with a ratio of 0.5 com-
pared to the TNA index value in the simulated SY La Nifia
(Fig. 2a). In the second winter (DJF*!), the negative TNA in-
dex value recovers and even strengthens with a ratio of 1.3. It
is worth noting that the deviations of MY La Nifia from SY
La Nifia in the CESM1 simulation are more pronounced for the
TNA index than for the IOD index. Hence, the different SSTA
conditions in the Atlantic Ocean may exert a greater influence
than those in the Indian Ocean within the CESM1 simulation,
serving as a source of distinct winter climate impacts between
simulated MY and SY La Nifias.

We also investigated whether the three key differences we
have identified are an artifact of the model biases or if they
can be confirmed through observed SY and MY La Niifia
events. The observed SSTAs depicted in Figs. 1e and 1f affirm
that the observed MY La Nifias are indeed preceded by a
strong El Nifio event, a pattern less evident in the case of the
observed SY La Niidias. Nevertheless, the difference in this
preonset condition between MY and SY La Nifias is less pro-
nounced in the observations compared to the CESM1 simula-
tion. This incongruity implies that the generation of simulated
MY La Nifas is primarily influenced by the charge-discharge
processes associated with the preceding strong El Nifio,
whereas the genesis of observed MY La Niiias involves other
mechanisms. Recent studies have posited that subtropical
Pacific processes, such as those linked to the seasonal foot-
printing mechanisms (Vimont et al. 2003), can also extend
La Ninas to become MY events (Fang and Yu 2020a,b; Kim
et al. 2023; Lin and Yu 2023). Evidently, these alternative
processes play a more significant role in the emergence of
observed MY La Nifia events, whereas they are relatively less
influential in the CESM1 simulation.

Turning to the second key distinction in the La Nifia loca-
tion and intensity, the observed La Nifa also exhibits a more
EP location for the SY La Niflas and a more CP location for
the MY La Nifias (Figs. le,f). The values of their ZL index
also underscore this divergence (Fig. 2b), although the index
value difference between MY and SY La Nifias is smaller in
the observations than in the CESM1 simulation. Hence, the
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location shift between MY and SY La Nifias is evident in both
the CESM1 simulation and observations, with the shift being
more pronounced in the former than the latter. The winter in-
tensity of the observed MY La Nifia is stronger than that of
the observed SY La Nifla during its first year but weaker than
the SY La Nifla during its second year, reaffirming what we
found in the CESM1 simulation (see the CTI values shown in
Fig. 2b).

The observed La Nifia events also validate the third key dif-
ference regarding the impacts of La Nifia on Atlantic and
Indian Ocean SSTAs. The interbasin effects resulting from
the strong El Nifio preceding the onset of the observed MY
La Nifia persist into the initial development year of MY
La Nifa (Fig. 1f), counterbalancing the typical La Nifia—induced
cooling in the tropical North Atlantic and Indian Oceans. This
residual impact is reflected by the reduced negative values of
10D and TNA indices in the first year of the observed MY
La Nifia compared to the SY La Nifa (Fig. 2b). Similar to the
CESM1 simulation, the TNA index rebounds in the second
year of the observed MY La Nifia once the residual impact di-
minishes. However, the IOD value during the second year of
the observed MY La Nifia remains quite low, challenging its
identification as an IOD pattern in the observation. This stands
in contrast to the findings in the CESM1 simulation. This con-
trast implies that IOD events in the CESM1 simulation are
likely more influenced by ENSO events compared to what oc-
curs in the observations.

In summary, the three key differences identified in the CESM1
preindustrial simulation between SY and MY La Nifias can
largely be confirmed in the observations. However, these
differences are more accentuated in the CESM1 than in the
observations. While acknowledging that these disparities
represent model biases and should be taken into account
when interpreting results from the CESM1 preindustrial sim-
ulation, the accentuated distinctions also render the CESM1
simulation valuable for exploring the connections between
the property differences of SY and MY La Nifias and the
divergent climate impacts they generate.

b. Differences in the impacts on winter temperature
between MY and SY La Nifias

We compare in Fig. 3 the composite winter SAT anomaly
patterns between SY and MY La Nifias in the CESM1 simula-
tion. The simulated SY La Nifia leads to warmer-than-normal
SATs over mid-high-latitude sectors in Eurasia, while colder-
than-normal SATs appear across the same latitude zone in
North America (Fig. 3a). The simulated MY La Nifa exhibits
a more complex SAT anomaly pattern in its first winter
(Fig. 3b) compared to the SY La Nifia. The SAT difference
pattern between these two groups of La Niiia (Fig. 3f) resem-
bles the SAT anomaly pattern of the simulated SY La Nifia
but with opposite signs. This means that, in the CESM1 simula-
tion, the MY La Nifa overall reduces the SY La Nifa-induced
cooling over North America and warming over Eurasia. The
only exception is over Europe where the SY La Nifia—induced
warming is intensified in the first winter of the simulated MY
La Nifia. Based on the magnitude of the difference, we divide
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a two-tailed Student’s ¢ test.

the mid-high-latitude continents into four sectors: North Amer-
ica, Europe, Western Siberia (W-Siberia; between 130°E and
170°W), and Eastern Siberia (E-Siberia; between 60° and
130°E). The positive SAT difference between MY and SY
La Nifias over North America leads to a shift in winter temper-
ature from colder-than-normal over southern Canada and the
northern United States during SY La Nifias to warmer-than-
normal during simulated MY La Nifias (cf. Figs. 3a and 3b).
The negative SAT differences between MY and SY La Niflas
over E&W-Siberia indicate that the regions of E&W-Siberia
experience colder winters during simulated MY La Nifias com-
pared to the warm winters encountered during simulated SY
La Ninas. In fact, E-Siberia even encounters colder-than-normal
winters during the simulated MY events. Only over Europe do
the already warmer-than-normal winters experienced during
simulated SY La Nifias become even warmer during simu-
lated MY events.

In the second winter (DJE*1) of the simulated MY La Nifia,
the SAT anomaly pattern (Fig. 3c) resembles the pattern seen
during the first winter (cf. Fig. 3b). However, while the SAT
differences between the second winter and the winter of the
simulated SY La Nina (Fig. 3g) exhibit similarities to the dif-
ferences identified in the first winter (cf. Fig. 3f), the magni-
tudes of the differences are mostly smaller in the second
winter than in the first winter. Thus, the most pronounced
distinct winter temperature impacts of the simulated MY
La Nifia on mid-high-latitude continents, compared to the
simulated SY La Nifla, occur primarily during its first winter
rather than its second winter. The only exception is W-Siberia,
where the reduced warming caused by the simulated MY
La Nifia compared to the simulated SY La Nifla not only
continues from the first to the second winters but also exhib-
its a larger magnitude.
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To quantify the impacts of the simulated SY and MY La Nifias,
we calculate the area-averaged SAT anomalies over the four
sectors. These values allow us to assess the signs and strengths
of the changing impacts. To determine the relative changes
(i.e., ratios), we normalize the SAT index values by the index
values of the simulated SY La Nifia. The ratios of the index
values (Fig. 3d) clearly demonstrate that the simulated SY
La Nifia leads to an anomalous SAT warming over Europe and
E&W-Siberia while causing an anomalous SAT cooling over
North America. Compared to the impacts of simulated SY
La Nifia, during the first winter of simulated MY La Nifia, there
is a remarkable 95.8% strengthening of anomalous warming
over Europe, a 69.4% reduction in warming over W-Siberia,
and a shift from anomalous warming to anomalous cooling
over E-Siberia. The anomalous SAT cooling over North
America is reduced by 52.1%. These changes in the impacts
on SAT compared to the simulated SY La Nifia were less pro-
nounced during the second winter of the simulated La Nifia.
This decline is evident in the recovery of the index values,
which gradually approached the index value of the simulated
SY La Nifia. The only exception occurs in W-Siberia, where
the change strengthened in the second winter to such an ex-
tent that the warm SAT anomalies induced by simulated SY
La Nifia nearly vanished.

We further compared the La Nifia impacts simulated by
CESM1 with those observed. Figures 3h—j illustrate the winter
SAT anomalies composited for SY and MY La Nifia events
observed from 1900 to 2022. Our comparisons suggest that
the La Nifa impacts on winter SAT produced by CESM1
align mostly with observations over both the North America and
Europe sectors but show less consistency in the W-Siberia sector
and the least consistency in the E-Siberia sector. In the North
America sector, both CESM1 simulation and observations reveal
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FIG. 4. (a),(c) The observed asymmetric and (b),(d) symmetric components of the ENSO responses for the compos-

ite anomalies of wintertime (DJF) 200-hPa geopotential height and SAT. The composites are calculated based on the
El Nifio and La Nifia events observed during the period of 1900-2022. (e)-(h) As in (a)-(d), but calculated from the
simulated El Nifio and La Nifia events in the years 400-2200 of the CESM1 preindustrial simulation. Stippled regions
indicate the areas where the values exceed the 95% confidence interval determined using a two-tailed Student’s ¢ test.

predominantly negative SAT index values during SY and MY
La Ninas (cf. Figs. 3d and 3e), with observations exhibiting stron-
ger cooling. Over the Europe sector, CESM1 reproduces the ob-
served anomalous SAT warming for both the La Nifia types, but
the simulated warming is generally stronger than observed
(cf. Figs. 3a—c and 3hj; Figs., 3d and 3e). In the W-Siberia sector,
CESM1 reproduces observed anomalous SAT warming during
the first and second winters of MY La Nifia but fails to repro-
duce the observed anomalous cooling for SY La Nifia (cf.
Figs. 3d and 3e; Figs. 3a and 3h). The greatest inconsistency be-
tween CESMI1 simulation and observations is found in the
E-Siberia sector, especially for MY La Ninas (cf. Figs. 3d and
3e). Observations show overall anomalous cooling during SY
La Nifia winter and overall anomalous warming during both win-
ters of MY La Nina (see Figs. 3e,h—j), whereas CESM1 produces
opposite impacts in both SY and MY La Nifia winters (see
Figs. 3a—d). Overall, the impact differences between MY and SY
La Nifias show consistency between observations and CESM1
simulations in North America and Europe but are less consistent
in the E&W-Siberia sectors.

4. Differences in the impact mechanisms between MY
and SY La Nifias

After identifying the distinct winter climate impacts of MY
and SY La Nifias, we explored whether they can be linked to
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the three key differences in La Nifia SSTAs between the MY
and SY events through teleconnection mechanisms. For this
part of the study, we primarily employed regression analyses
to reveal the atmospheric responses and teleconnection pat-
terns to various SSTA properties of La Niflas. It is widely ac-
knowledged in studies (e.g., Hoerling and Kumar 1997) that
the responses to La Nifia and El Nifio can be asymmetric.
Consequently, regression analysis, which primarily reveals the
symmetric component of ENSO responses, may not be suit-
able to explore the teleconnections to La Nifia events if the
asymmetric response is significantly large. Moreover, general
circulation models may have difficulties in accurately replicat-
ing these asymmetries (e.g., Fang and Yu 2020b; Zhao and
Sun 2022; references therein). To address this concern, we
first examined the asymmetric and symmetric components of
the winter [December-February (DJF)] 200-hPa geopotential
height (Z200) and SAT responses to ENSO in both the observa-
tions and CESM1 simulation (Fig. 4). In the analysis, the sym-
metric component was calculated by subtracting the Z200/SAT
anomalies composited for La Nifia events from those composited
for El Nifo events, while the asymmetric component was deter-
mined as the sum of the El Nifio and La Nifia composites.

Our observational analysis reveals that the asymmetric com-
ponent (Fig. 4a) in the Z200 response to El Nifio and La Nifia is
considerably smaller than the symmetric component (Fig. 4b).
Similar conclusions can be drawn regarding the asymmetric and
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symmetric components of the SAT response (cf. Figs. 4c and
4d). These findings align with Zhang et al. (2014), who suggested
that the notable observed asymmetry in ENSO teleconnections
between El Nifio and La Nifia phases may primarily be attrib-
uted to sampling variability. They used ensemble model experi-
ments to demonstrate substantial variations in the magnitude of
this asymmetric component across different ENSO events, lead-
ing to the conclusion that the authentic symmetric component
likely exerts a more significant influence, underscoring the pre-
dominant role of symmetry in ENSO teleconnections. The
CESM1 preindustrial simulation also produces a weaker asym-
metric component in their Z200 (Fig. 4e) and SAT (Fig. 4g)
responses to ENSO compared to the symmetric component
(Figs. 4f)h). These results suggest that it is appropriate to use the
regression analysis method to study the overall atmospheric re-
sponses to La Nifia events in both the observations and the
CESMI1 simulation, even in the presence of nonnegligible asym-
metric components in the responses.

Furthermore, we found that the CESM1 simulation repli-
cates the overall Z200 and SAT patterns of observed symmet-
ric and asymmetric responses more accurately over North
America than over the Eurasian region of the mid-high-latitude
continents. Consequently, the trustworthiness of the La Nifia’s
climate impacts, as identified by this model, is more reliable in
the North America sector than in the Eurasian sector. Further-
more, the model bias in Z200 simulations over the Eurasian re-
gion aligns with our finding that the discrepancies between the
model and observations in the impacts on winter SATs are most
pronounced in the W-Siberia and E-Siberia sectors, as discussed
in section 3b (see Fig. 3).

a. Linking the PNA teleconnection mechanism to
La Nina impacts on North America and W& E-Siberia

Regarding ENSO’s teleconnection mechanisms, previous
studies suggested that ENSO SSTAs can trigger the PNA
wave train pattern, thereby influencing the climate in North
America. This wave train can propagate downstream to im-
pact the phase of the NAO and subsequently affect the climate
in Eurasia. We first examine how these two teleconnection
mechanisms operate during both the SY and MY La Nifias.
Subsequently, we explore how the differences in SSTA charac-
teristics between the MY and SY La Nifias affect these two
mechanisms, thereby causing the overall differences in their
winter impacts on North America and Eurasia.

In observations, La Nifia typically excites a negative phase
of the PNA pattern (Horel and Wallace 1981). This pattern
(Fig. 5a) features two negative anomaly centers of Z200 over
Hawaii and western Canada, as well as two positive Z200
anomaly centers over the southern Aleutian Islands and
southeastern United States. The CESM1 simulation reprodu-
ces this observed negative PNA pattern very well (Fig. 5c).
The CESM1 also reasonably simulates the variability of the
observed PNA index, with the standard deviation of the PNA
index in CESM1 (o = 79) being similar to that in the observa-
tions (o = 96). The SAT regressions onto the negative PNA
index indicate that the negative PNA can induce anomalous
cooling over North America and anomalous warming over
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W&E-Siberia in both the observations (Fig. 5b) and CESM1
simulation (Fig. 5d). In the CESMI1 simulation, the PNA’s im-
pacts on North America and W&E-Siberia can be a result of
thermal advection on the west and east sides of its positive
7200 anomaly center south of the Aleutian Islands (center B
in Fig. 5c), supported by the 975-hPa wind anomalies re-
gressed onto the PNA index (see Fig. 5d). By conducting an
SAT regression onto the Z200 anomalies averaged over the area
of center B (between 140°E-130°W and 35°-65°N) (Fig. 5j), we
replicate the anomalous North America cooling and the anoma-
lous E-Siberia warming seen in the PNA regression.

As discussed in section 3a, the locations of the MY La Nina
during both the first and second winters are more concen-
trated over the central Pacific, while SY La Nina is situated
over the eastern Pacific. To examine the impact of the loca-
tion change on the PNA teleconnection mechanism, we con-
ducted a multiple regression analysis of Z200 anomalies onto
four key SST indices, namely, the Nifio-3, Nifio-4, IOD, and
TNA indices. A similar multiple regression was also applied
to SAT anomalies to reveal the individual impact of each of
these four SST indices to SAT variations. The utilization of
multiple regressions allowed us to isolate the specific effects
of each of these four SST indices, minimizing the influence
from other indices. Utilizing the multiple regressions, we find
that in the CESM1 simulation, the multiple regression coeffi-
cient pattern of Z200 anomalies on Nifio-3 (Fig. 5¢) bears
a closer resemblance to the PNA pattern (see Fig. 5c) than
the corresponding multiple regression coefficient pattern on
Nifio-4 (Fig. 5g). While the Nifio-3 regression coefficient pat-
tern shows a positive center of Z200 anomalies south of the
Aleutian Islands, the Nifio-4 regression coefficient pattern ex-
hibits a negative anomaly center. The multiple regression co-
efficient pattern of SAT anomaly onto the Nifio-3 index in the
CESM1 simulation (Fig. 5f) revealed anomalous cooling over
North America and anomalous warming over W&E-Siberia.
Consistent with the opposing Z200 anomalies, the multiple re-
gression coefficient pattern of the SAT anomaly pattern onto
the Nifio-4 index is also out of phase with that onto the Nifio-3
index (cf. Figs. 5h and 5f). Our results align with Okumura
et al.’s (2017) assertion that the atmospheric teleconnection
associated with observed La Nifla events is sensitive to the
geographical location of La Niiia.

In the CESMI1 simulation, as the SY La Niiia is situated
more in the tropical eastern Pacific, we find that its composite
winter Z200 anomaly pattern (Fig. 5i) resembles the Z200
multiple regressions onto the Nifio-3 index (see Fig. 5e), ex-
hibiting a positive anomaly center south of the Aleutian
Islands. Its composite winter SAT anomaly pattern (see Fig. 3a)
similarly resembles the Nifio-3-regressed SAT anomaly patterns
over North America and W&E Siberia sectors (see Fig. 5f).
This similarity implies that the PNA teleconnection mechanism
is pivotal in generating the SY La Nifia’s impacts on winter
SAT over the North America and W&E-Siberia sectors in the
CESMI1 simulation. Since the simulated MY La Niiia is situated
more in the tropical central Pacific (i.e., the Nifio-4 region)
during both the first and second winters, the composite Z200
anomalies for these two winters (Figs. 5k,1) mirror the Z200
anomaly pattern regressed onto Nifio-4 (refer to Fig. 5g).
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Their composite winter SAT anomaly patterns (see Figs. 3b,c)
also resemble the Nifio-4-regressed SAT anomaly patterns
over North America and W&E Siberia sectors (see Fig. Sh).
The largest Z200 anomaly difference between the first winter
of the simulated MY and SY La Nifias occurs over the Aleu-
tian Islands (Fig. Sm). This negative Z200 difference leads to
warm advection to North America, reducing the anomalous
cooling induced by the simulated SY La Nifia through the
PNA teleconnection mechanism, and cold advection over
W&E-Siberia, reducing the anomalous warming induced by
the simulated SY La Nina. Thus, the overall reduction of the
simulated SY La Nifia’s impacts on SAT over North America
and W&E-Siberia sectors during the first winter of the simu-
lated MY La Nifia is attributed to the westward shift in the
La Nifia location.

As the intensity of the simulated MY La Niiia diminishes
from its initial to subsequent winters, the Pacific wave train
triggered by SSTAs in the Nifio-4 region is weaker in the sec-
ond winter in comparison with the first (Fig. 5Sn). This explains
why the reduction effect of the simulated MY La Nifa on
the impacts of SY La Nifla on winter SATs diminished from
its first to the second winter over the North America and
W&E-Siberia sectors. It is interesting to note that Nishihira
and Sugimoto (2022) found that the observed MY La Nifa in-
duced more significant anomalous cooling over northwestern
North America during its second winter compared to the first
winter. The heightened anomalous cooling they emphasized
aligns with the diminished anomalous warming revealed by
the CESM1 simulation. While they attributed this variation to
diverse adiabatic heating in the tropical northwestern Pacific
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during the two winters of observed MY La Nifia events and
the resulting fluctuations in wave train propagation, our
modeling study suggests that disparate La Nifia intensities be-
tween the two winters can be another factor contributing to
distinct impacts on North America.

b. Linking the NAO teleconnection mechanism to
La Nifia impacts on Europe and W-Siberia

Next, we investigated the role of the NAO teleconnection
mechanism in shaping the La Nifia impacts on winter SATs
over Eurasia, as well as changes in this mechanism between
SY and MY events. Previous studies have demonstrated that
La Nifias can trigger a positive phase of the NAO by converg-
ing wave activity fluxes associated with the downstream ex-
tending of the PNA it generates from the Pacific (Pinto et al.
2011). The CESM1 simulation produces a realistic NAO
pattern (Fig. 6¢), with an anomalous surface low near Iceland
and an anomalous surface high near the Azores Islands,
consistent with the observed pattern (Fig. 6a). The positive
NAO is associated with the northward shift of the polar jet
stream (Hall et al. 2015). This shift confines cold air toward
the pole, resulting in anomalous SAT warming in mid-high-
latitude regions. The warming pattern is clearly depicted in
the SAT regression onto the observed NAO index (Fig. 6b).
The CESM1 simulation reproduces this NAO impact, as evi-
denced by the SAT regression onto the simulated NAO index
(Fig. 6d). In the CESM1 simulation, the negative NAO induces
a warming effect that is particularly pronounced over Eu-
rope and the W-Siberia sectors. We find that the composite
winter SLP anomalies of the simulated SY La Niiia (Fig. 6e)
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during the period 1900-2022. The error bars overlaying on NAO bars are one standard deviation of NAO values.

closely resemble the positive NAO pattern over the North
Atlantic. Therefore, the NAO teleconnection mechanism is
one of the factors contributing to the anomalous winter
warming induced by the simulated SY La Nifa over Europe
and W-Siberia (see Fig. 3a).

We further explore how changes in the La Nifia intensity
and location influence the effectiveness of the NAO tele-
connection mechanism in shaping the impacts on SAT as
La Nifas change from SY to MY events. In the CESM1 simu-
lation, the NAO index exhibits a significant negative correla-
tion with the CTI (R = —0.22; p value = 0.0). This correlation
implies that as the intensity of La Nifia strengthens, it becomes
increasingly likely to trigger a more pronounced positive
NAO pattern. This relationship is consistent with the modeling
finding reported by Hardiman et al. (2019). However, there is
no significant correlation between the NAO index and the
ZL index (R = —0.013; p value = 0.57), indicating that the
NAO is not sensitive to changes in the zonal location of
La Nifia. In line with the La Nifia intensity control, the com-
posite NAO index value is the greatest during the first
winter of the simulated MY La Nifia (CTI = -1.02°),
followed by the second greatest value during the simulated
SY La Nina winter (CTI = —0.92°), and the smallest value
during the second winter of the simulated MY La Nifia
(CTI = —0.62°) (Fig. 7a). The greater peak intensity during the
first winter of MY La Nifla, compared to SY La Niiia, enables
the former to produce a stronger NAO response. This explains
why the first winter of the simulated MY La Nifia induces more
pronounced warming over Europe compared to the simulated
SY La Nina (see Fig. 3f). Similarly, since the La Nifia intensity
during the second winter of simulated MY La Nifia is weaker
than that of simulated SY La Nina, the weaker NAO it induces
elucidates why the warming over Europe during the second
winter is milder compared to the warming caused by simulated
SY La Nidia (see Fig. 3g). We find a similar relationship be-
tween NAO intensity and MY La Nifia intensity in the observa-
tion (Fig. 7b). The composite NAO value in the first winter
(NAO = 0.19, CTT = —1.01) is greater than that in the second
winter (NAO = 0.13, CTI = -0.67) of the observed MY
La Nifia. However, the relationship between NAO and CTI for
the observed SY La Nifia (NAO = —0.69, CTI = —0.62) is dif-
ferent from what was found for the simulated SY La Niiia. It re-
mains undisclosed whether this discrepancy is a result of model
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deficiency or is caused by the limited number of SY La Niiia
events in the observations.

Given that the NAO influence is more pronounced during
the first winter of the simulated MY La Nifia compared to the
simulated SY La Nifia winter, one would anticipate a stronger
anomalous SAT warming over W-Siberia in the MY La Nifia.
However, contrary to this expectation, as shown in Fig. 3d,
the warming over Siberia is actually less pronounced in the
simulated MY La Nifia compared to the simulated SY
La Nifia. The discrepancy arises from the fact that simulated
La Nifia events can influence winter SATs over W-Siberia
through both the NAO and PNA teleconnection mechanisms.
Evidently, the anomalous warming driven by the NAO mech-
anism is partially counteracted by the anomalous cooling in-
duced by the PNA mechanism during the first winter of the
simulated MY La Nifa. As elucidated in a previous section,
the westward positioning of MY La Niiia in the CESM1 simu-
lation facilitates the PNA teleconnection mechanism to shift
the wave pattern across the North Pacific, introducing an
anomalous cooling effect on winter SATs over Siberia. The
cancelation effect of the PNA mechanism on the NAO mech-
anism is not found during the simulated SY La Nifia, as both
mechanisms contribute to anomalous warming over W-Siberia
for this group of La Nifas. In the second winter of the simu-
lated MY La Niiia, the weaker NAO influence coupled with
the attenuated PNA influence collectively leads to the ob-
served small SAT anomalies, as depicted in Fig. 3d.

c¢. Linking the TNA-excited wave train mechanism to
La Nina impacts on Europe

A third impact mechanism of ENSO is related to ENSO’s
ability to induce SSTAs in the TNA region. The induced
TNA anomalies can further trigger atmospheric wave trains
that propagate downstream and affect the climate in Eurasia.
Previous research demonstrated that a La Nifia event can
lead to cold SSTAs in the TNA region. Both the observation
(Fig. 8a) and CESM1 simulation (Fig. 8b) reveal that the mul-
tiple regression coefficient pattern of Z200 anomalies onto
the TNA index is characterized by a wave train that propa-
gates from the TNA to Eurasia. The wave train exhibits posi-
tive anomaly centers over the TNA (referred to as “D” in
Fig. 8b) and Europe (referred to as “F”), along with a nega-
tive anomaly center over eastern Canada (marked as “E”).
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FIG. 8. Multiple regressions of (a) observed Z200 anomalies and (f) observed SAT anomalies onto the negative TNA index in boreal
winter (DJF) during the period 1900-2022; multiple regressions of boreal winter (DJF) (b) Z200 and (g) SAT anomalies onto the negative
TNA index in the CESM1 preindustrial simulation; composite Z200 anomalies during (c) the boreal winter (DJF°) of the simulated SY
La Nifias; (d) the first boreal winter (DJE) and (e) the second boreal winter (DJF*!) of the simulated MY La Nifias, which are the same
as Figs. 5i, 5k, 51 but with a different map projection for the sake of comparison; composite SAT anomalies during (h) the boreal winter
(DJF°) of the simulated SY La Nifias, (i) the first boreal winter (DJF°), and (j) the second boreal winter (DJF ') of the simulated MY
La Nifias, which are the same as Figs. 3a—c, but with a different map projection for the sake of comparison. Stippled regions indicate the
areas where the values exceed the 95% confidence interval determined using a two-tailed Student’s ¢ test. Centers D-F mark the Z200

anomaly centers of the wave train excited by TNA [based on (b)].

Corresponding to the negative Z200 anomaly in center F, an
anomalous warm SAT center was observed over the Euro-
pean sector. This is evident in the multiple regression coeffi-
cient pattern of SAT anomaly onto the TNA index conducted
with both the observations (Fig. 8f) and the CESM1 simula-
tion (Fig. 8g). The three anomaly centers of the TNA-induced
wave train are discernible in the composite Z200 anomalies of
the simulated SY La Niiia (Fig. 8c). Hence, the TNA-induced
wave train mechanism is a contributing factor to the anoma-
lous winter warming produced in the Europe sector during
the simulated SY La Nifia (Fig. 8h, reproduced from Fig. 3a
for comparison purposes).

In the simulated MY La Niiia, the three anomaly centers of
the TNA-induced wave train are also evident in its Z200
anomaly composites during both the first and second winters
(Figs. 8d,e). As previously mentioned, the simulated MY
La Nifia exhibits a weaker negative TNA index than the simu-
lated SY La Nifia during its first winter but a stronger nega-
tive TNA index during its second winter (cf. Figs. 1b and 1c).
The composite TNA value progressively amplifies from
nearly O during the first winter to about —0.2 during the sec-
ond winter (Fig. 9). However, the overall amplitude of the
composite Z200 anomalies is larger during the first winter
rather than during the second winter. This is because the
NAO teleconnection mechanism is strong during the first win-
ter of the MY La Nifia, driven by the strong CTI intensity asso-
ciated with the MY La Niiia during this period. Consequently,
the TNA-induced wave train is less influential than the NAO
mechanism in affecting SAT variations over the Europe sector
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during the first winter of the simulated MY La Nifia. The TNA
influence gains prominence during the second year of the simu-
lated MY La Nifia when the La Nifia-induced TNA anomalies
reach a value even larger than that found during the simulated
SY La Niia. This is evidenced by the heightened prominence
of 7200 anomalies in center F of the TNA-induced wave train
during the second winter compared to the first winter. This
strong TNA influence explains why the SAT warming over the
Europe sector remains stronger during the second winter of the
simulated MY La Nifia compared to the winter of the simulated
SY La Niiia, despite the NAO teleconnection mechanism being
weakened due to the weaker CTI intensity in the former than
the latter.

(a) TNA evolutions in CESM1
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FIG. 9. Evolution of the TNA index during the simulated SY and
MY Niiias in the CESM1 preindustrial simulations. Shadings indi-
cate the interquartile ranges between the 25th and 75th percentiles.
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(I) 66E 12I0E 1é0

(m)

S T T - :
120E 180 120W 60W 0

F1G. 10. Multiple regressions of (a) Z200 and (c) SAT anomalies regressed onto the negative IOD index during the
boreal winter (DJF) of the CESM1 preindustrial simulation. (b),(d) As in (a) and (c), respectively, but with calcula-
tions based on observational data spanning the analysis period from 1900 to 2022. Three black boxes from west to
east are the areas of Europe, Siberia, and North America. Stippled regions indicate the areas where the values exceed
the 95% confidence interval determined using a two-tailed Student’s ¢ test. The “+” and “—*“ signs indicate the center
of positive and negative anomaly centers associated with the IOD-induced Pacific-Rim wave train, respectively.

d. Linking the Indian Ocean—excited wave train
mechanism to La Niita impacts on North America

Last, the negative IOD initiated by La Nifia can also insti-
gate a wave train propagating along the western Pacific Rim
(Annamalai et al. 2007; Min et al. 2008), influencing the cli-
matic impacts associated with La Nifia. Multiple regression
analysis of Z200 and SAT anomalies onto the simulated and
observed 10D index reveals that the negative phase of the
IOD can stimulate an atmospheric wave propagating across
the Pacific Rim to North America (Figs. 10a,b). This can result
in anomalous winter warming over North America in both the
CESM1 simulation (Fig. 10c) and observations (Fig. 10d).
Therefore, both the IOD and PNA patterns can affect Z200
and SAT anomalies over North America. Despite this, when
examining composite winter SAT anomalies over the North
American sector during both simulated SY and MY La Niiias
(see Fig. 3), it is apparent that the warming effect produced by
the IOD teleconnection mechanism is overshadowed by the
cooling effect from the PNA teleconnection mechanism.
Based on the regression coefficient values derived from the
SAT regressions with the IOD and PNA indices (cf. Figs. 5d
and 10c), it is evident that one standard deviation of the IOD
index causes a 0.14 standard deviation of SAT warming over
the North America sector, while one standard deviation of the
PNA index induces a more substantial —0.79 standard devia-
tion of SAT cooling. Consequently, the IOD-induced warming
over North America does not manifest in the winter SAT
anomaly composites during both the simulated SY and MY
La Ninas (see Figs. 3a—c).

It should be noted that previous studies have found the
10D to be important in causing climate variations over East
Asia (Zhang et al. 2022a,b; Chen et al. 2018). In our study, we
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also find that the IOD contributes to SAT anomalies in both
Southern and Northern China in the CESM1 simulation (see
Fig. 10c). The simulated IOD also induces SAT anomalies
over Europe and W-Siberia, but the magnitudes of these
anomalies are relatively small compared to the SAT anoma-
lies induced by the NAO in these two regions (see Fig. 6d). In
E-Siberia, it is noteworthy that the IOD-induced SAT anoma-
lies in the CESM1 simulation are very minimal. Based on these
findings, we conclude that in the CESM1 simulation, the tele-
connection mechanism associated with the La Nifia-induced
10D does not provide a significant explanation for the influence
of La Nifia on winter temperatures in the mid-to-high latitudes.

5. Summary and discussion

The main goal of this study is to utilize the long-term
CESM simulation to gain insights into how SSTA differences
between SY and MY La Nifias can lead to remote variations
in SAT across the North America-Europe-Siberia sector in
the model through specific teleconnection mechanisms. Ac-
knowledging discrepancies between the model and observa-
tions, it is necessary to emphasize that this modeling study
can still contribute to understanding the distinct climate im-
pacts produced by SY and MY La Nifias. Additionally, the
model discrepancies identified in this study provide insights
into assessing the performance of the long-term CESM1 simu-
lation, which has been increasingly utilized in the studies of
the dynamics and climate impacts of MY ENSOs.

Based primarily on the CESM1 preindustrial simulation,
our results indicate that during the first winter, the simulated
MY La Nifia generally weakened the typical warming impacts
over Eurasia and cooling impacts over North America, which
are commonly associated with the simulated SY La Nifia. The
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FIG. 11. A schematic illustrating, based primarily on the CESM1 preindustrial simulation, how (left) La Nifia prop-
erties affect its impacts on winter temperatures over four key regions of the (right) mid-high-latitude continents
through (middle) various teleconnection mechanisms. The La Nifia properties include the ZL and intensity inside the
Pacific, negative IOD inside the Indian Ocean, and negative TNA inside the Atlantic Ocean. The four key regions are
North America, Europe, W-Siberia, and E-Siberia. The teleconnection mechanisms are the Pacific-Rim wave train,
negative PNA (PNA-), positive NAO (NAO+), and TNA-induced wave train. Think solid arrows indicate the
strong effects, and thin solid arrows indicate the weak effects. The labels “Warming” and “Cooling” in the “La Nifia
Winter Impacts” column are derived from the effects found during the CESM1-simulated SY La Nifias and may vary
from those found during simulated MY La Nifias. The information displayed below these labels in the same column
indicates whether the simulated impacts are consistent or not consistent with the impacts found during the observed

SY La Nifia events spanning from 1900 to 2022.

differences in impacts decreased from the first to the second
winters of the simulated MY events, indicating that the dis-
tinctive influence of MY La Nifia on winter temperatures is
most pronounced during its first winter but becomes less dis-
tinct compared to SY events during the second winter. There
are two notable deviations from the general impact of MY
La Nifia described above. The first exception manifests in Eu-
rope, where the warming influence of the simulated SY La
Nifia was heightened during the first winter of MY La Nifia.
The second exception arises in W-Siberia, where the distinct
winter temperature effects generated by the simulated MY
La Nifia are even more pronounced in the second winter.

This study also concluded that, in the CESM1 simulation,
the impacts of La Nifia on winter SATs over North America
and Eurasia are primarily determined by the intensity and lo-
cation of the La Nifia-related SSTAs and the associated At-
lantic SSTAs it induces. The La Nifla—-induced SSTAs in the
Indian Ocean were found to be less significant in this regard.
Our modeling findings are summarized in the illustration
shown in Fig. 11. Specifically, the SSTA location of La Nifia
has the greatest influence on the extent of anomalous cooling
over North America and anomalous warming over W&E-
Siberia in the CESM1 simulation due to its control over the
propagation path of the PNA teleconnection mechanism. The
intensity of La Nifia plays a crucial role in determining the ex-
tent of anomalous warming over Europe and W-Siberia, as it
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affects the effectiveness of the NAO teleconnection mechanism.
Last, the La Nifia—induced SSTAs in the TNA region have a sig-
nificant impact on winter temperature responses over Europe
through the TN A-induced wave train mechanism.

Based on our analyses, Fig. 11 leads to the conclusion that
La Nifia—induced impacts on SAT are primarily determined
by the PNA and IOD teleconnections over the North Amer-
ica sector in the CESM1 preindustrial simulation, with the for-
mer being much more influential than the latter. In the
Europe sector, these impacts are shaped by the NAO and
TNA teleconnections. In the W-Siberia sector, they are influ-
enced by both the NAO and PNA teleconnections. In the
E-Siberia sector, the impacts on SAT are solely determined by
the PNA teleconnection. The solid lines connecting the mech-
anism boxes in the second column of Fig. 11 with impacts on
SAT in the third column indicate the specific teleconnection
mechanisms that are either primary or secondary in determin-
ing the La Niiia impacts on SAT in each specific sector of the
mid-high-latitude continent. The differences in winter SAT
anomalies between the first winter of the MY La Nifia and SY
La Nifias were diminished in the second year of the MY
La Nifia over North America, Europe, and E-Siberia. This re-
duction is attributed to the return of the zonal location and inten-
sity of the MY La Nifia aligning with those of the SY La Nifa.

The impacts on SAT presented in the third column of Fig. 11
also provide a summary indicating that the impacts on SAT
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resulting from SY and MY La Nifias in the CESM1 preindus-
trial simulation are in best agreement with the observations
over both the North America and Europe sectors, less consis-
tent with the observations over W-Siberia, and least consistent
with the observations over E-Siberia.

The findings of this study present an opportunity to utilize
the properties of La Nifia-related SSTAs within and beyond
the tropical Pacific to comprehend and forecast the changing
impacts associated with MY La Nifia events compared to the
typical impacts of SY events. For example, if a La Nifia event
is projected to be a MY event, we should expect atypical win-
ter climate impacts to occur primarily during its first winter,
rather than the second winter. By considering the La Nifia loca-
tion and intensity, as well as the SSTAs induced in the tropical
North Atlantic, it may be possible to predict the potential changes
in winter impacts across various regions of mid-high-latitude con-
tinents. Nonetheless, it should be noted that the cause-and-effect
relationships inferred in this study need to be further verified
with numerical experiments. The findings reported here are
model dependent since they rely solely on the CESM1 model.
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