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Abstract

Including significant warming trend, Arctic climate changes also exhibit strong interannual variations in various
fields, which is suggested to be related to El Nino and Southern Oscillation (ENSO) events. Previous studies have
demonstrated the different impacts on the Arctic of central Pacific (CP) and eastern Pacific (EP) ENSO events, and
suggested these impacts are largely of opposite sign for ENSO warm and cold phases. Our results illustrate
asymmetrical changes for the cold and warm ENSO events, especially for the La Nifia events. Compared to the
past frequent basin-wide cooling La Nifna events, since the 1980s the cooling center for the La Nifia event has
strengthened and moved westward along with the increasing frequency for the canonical and CP La Nifa events.
Contrary to the basin-wide cooling and canonical La Nifia events, the frequent CP La Nifa events induce
significant warming from the Beaufort Sea to Greenland via the convection center moving northward over the
western Pacific. Observation analysis and numerical experiments both suggest that the changes in La Nina type

may also accelerate Arctic warming.
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1 Introduction

Under greenhouse gases forcing, the surface air temperature
(SAT) displays a characteristic pattern of Arctic amplified warm-
ing, which could alter significant climate and weather variations
in the mid- and high-latitude (Holland and Bitz, 2003; Overland
and Wang, 2010; Screen and Simmonds, 2010; Serreze and Barry,
2011; Francis and Vavrus, 2012; Overland et al., 2016; Cohen et
al., 2014; Coumou et al., 2018; Stuecker et al., 2018). Therefore,
the Arctic has received increasing attention under global warm-
ing (Overland et al., 2011; Cohen, 2016; Wu, 2017; Stuecker et al.,
2018). However, the mechanisms of Arctic amplification are still
debated (Huber, 2008; Spicer et al., 2008). Some studies emphas-
ized that the poleward moisture and heat transport fluxes from
outside the Arctic (Cai, 2005, 2006; Graversen, 2006; Lu and Cai,
2010; Lee et al., 2011; Krishnamurti et al., 2015; Ding et al., 2014).
And more studies highlighted the importance of the local posit-
ive feedback inside the Arctic, such as the ice-albedo feedback
(Budyko, 1969; Sellers, 1969; Hall, 2004; Ogi and Wallace, 2012;
Stroeve et al., 2012), water vapor-cloud cover feedbacks (Francis
and Hunter, 2006; Abbot and Tziperman, 2008; Kay et al., 2008;
Screen and Simmonds, 2010; Ghatak and Miller, 2013) and the
local lapse rate feedback (Pithan and Mauritsen, 2014; Stuecker
etal., 2018).

Considering these positive feedbacks, the Arctic warming or
cooling can be triggered by the circulation disturbance, which
can be originated from the tropical forcing through atmospheric
teleconnections, particular the forcing from the El Nifio and
Southern Oscillation (ENSO) (Neelin et al., 1998; Lee, 2012; Hu et
al., 2016; Timmermann et al., 2018). As a dominant source of
global interannual climate variability, ENSO can induce interan-
nual fluctuations in Arctic climate (Bjerknes, 1969; Wyrtki, 1975;
Schopf and Suarez, 1988; Jin, 1997). ENSO-associated tropical sea
surface temperature anomalies (SSTAs) and latent heat fluxes
can excite poleward-propagating atmospheric Rossby waves,
then regulate the Arctic climate (Hoskins and Karoly, 1981;
Sardeshmukh and Hoskins, 1988; Lee and Yoo, 2014). Previous
studies have reported that the El Nifio usually coincides with an-
omalous cooling over the East Siberian Sea, while La Nifia often
coincides with anomalous warming of the Kara Sea during boreal
winter (Lee, 2012).

However, considering the changes in ENSO diversity, these
linkages between ENSO and Arctic climate are not stable. In par-
ticular, the so-called central Pacific (CP) El Nifio events have pre-
vailed since the 1980s, which stimulates a lot of research to be de-
voted to the changes and impacts of the ENSO diversity (Larkin
and Harrison, 2005; Ashok et al., 2007; Zhang et al., 2015, 2019).
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At present, few studies focus on the relationship between ENSO
and Arctic climate from the perspective of ENSO diversity. Re-
cently, two studies have investigated the different impacts of the
CP and eastern Pacific (EP) events on the Arctic climate during
boreal summer and boreal winter. Hu et al. (2016) indicated that
compared to the EP El Nifio, the CP El Nifio events have an op-
posite effect on the Arctic, which can inhibit the Arctic warming
and sea-ice melting in summer. Li et al. (2019) investigated the
different responses of Arctic surface air temperature to EP and CP
ENSO types during boreal winter, and they found the EP ENSO
events are accompanied by SAT responses over the Barents-Kara
seas in February, while the CP events coincide with significant re-
sponses over the northeastern Canada and Greenland. And they
also concluded that these impacts are largely of opposite sign for
ENSO warm and cold phases.

The ENSO flavors are usually monitored by the sea surface
temperature anomaly (SSTA) spatial patterns. Our previous stud-
ies have indicated that more than only CP and EP ENSO events,
ten SSTA spatial patterns are obtained by a novel method, which
combines the empirical orthogonal function (EOF) analysis and
K-means clustering algorithm (Li et al., 2021). The changes of the
warm and cold ENSO events are asymmetrical. And the changes
in La Nina seems more distinct. Hence a question arises: Are
there any changes of the impacts from the changing La Nifa fla-
vors?

To address the question, we identify the ENSO types based on
our previous result. Section 2 provides the introduction of the
datasets and methods. The changes in ENSO diversity are de-
scribed in Section 3. The impacts of different La Nifia events on
the Arctic climate and the underlying mechanisms are investig-
ated in Section 4. Finally, conclusions and discussions are high-
lighted.

2 Data and methods

The present study uses monthly sea surface temperature
(SSTs) from the Met Office Hadley Centre's sea ice and sea sur-
face temperature (SST) data set version 1 (HadISST1) with a 1°x1°
grid (Rayner, 2003) and the National Oceanic and Atmospheric
Administration (NOAA) interpolated outgoing longwave radi-
ation (OLR) dataset (Liebmann and Smith, 1996). The OLR avail-
able since 1979 represents tropical convection. The atmospheric
components are taken from the National Centers for Environ-
mental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis products (Kalnay et al., 1996). These
variables are available from 1948 to the present, with a 2.5°x2.5°
horizontal resolution. In addition, a simple dry model named the
linear baroclinic model (LBM) was used in our present study to
examine the influence of the SSTAs-related convection on the
Arctic climate. The LBM employed in this study is a time-de-
pendent model based on primitive equations. The model had a
resolution of T42 in the horizontal direction and 20 sigma levels
in the vertical direction. More details can be found in Watanabe
and Jin (2003).

3 Changes in ENSO diversity

The ENSO diversity is made up of a rich variety of SSTA pat-
terns among ENSO events. The recent accumulated CP El Nifio
events have been regarded as a possible harbinger of changes in
ENSO due to global warming (Yeh et al., 2009). With the wide-
spread attention to the different ENSO types, several methods
have been proposed to identify the SSTA patterns. Besides the CP
and EP ENSO events, much more ENSO types are identified via
the details of the SSTAs spatial distribution (Ashok et al., 2012;

Cai et al., 2014, 2015; Capotondi et al., 2015).

Inspired by these studies, we have proposed a novel method
combining the EOF analysis and the K-means clustering method
to identify the tropical SSTA flavors. The SSTA fields of all months
are reasonably grouped into 10 categories (Li et al., 2021), and
the cluster result can be found in Fig. S1. Since the ENSO events
usually peak during the boreal winter, we combine the SSTA
fields of each category during December, January, and February
to illustrate the changes in ENSO diversity.

The composited SSTA spatial patterns during boreal winter
are nearly consistent with our previous work (Li et al., 2021).
Among the ten categories, three La Nifa-like SSTA patterns
(cluster 4, cluster 6, and cluster 7) and three El Nifio-like patterns
(cluster 2, cluster 5, and cluster 9) are contained (Fig. 1). Our cur-
rent study is mainly focused on these three La Nifia type events.
Cluster 4 shows a basin-wide cooling spatial pattern, cluster 6
represents the canonical La Nifia, and cluster 7 exhibits a typical
central Pacific La Nifia event. The last two types of La Nifia events
have a cooling center near the dateline, and the extreme La Nifia
events usually belong to cluster 6.

Then to depict the changes of the ENSO diversity clearly, the
occurrence frequency differences for different ENSO events are
compared before and after 1980 (Fig. 2). Before 1980, the basin-
wide cooling event (cluster 4) acts as the dominant cold event
with the highest frequency. After 1980, the frequency for this
dominant cold event has dropped to a low level. In contrast, the
frequencies for the other two kinds of La Nifia events with cent-
ral Pacific cooling have increased, which also supports the west-
ward air-sea interaction center under global warming. Therefore,
we will check the different impacts on Arctic climate due to the
La Nifia type changing.

4 Opposite impacts of different La Nifia events on Arctic SAT

The ENSO events usually influence the interannual Arctic cli-
mate via the poleward-propagating atmospheric Rossby waves
(Lee and Yoo, 2014). Therefore, the La Nifia-related atmospheric
waves are first examined to confirm the physical linkage between
ENSO and the Arctic climate.

These three La Nifa types all exhibit significant extratropical
Rossby wave propagation pathways. The large-scale circulation
anomalies (200 hPa geopotential height and wave activity flux)
for the three type events are shown in Fig. 3. For the basin-wide
cooling events (cluster 4), significant negative height anomalies
are evident mainly over the tropics and northern Canada (Fig. 3a).
The canonical La Nifia events (cluster 6) excite a similar telecon-
nection pattern (Fig. 3b). Around the Arctic region, significant
negative height anomalies extend from the Beaufort Sea to
Greenland. In contrast to these two La Nifia types, the recent fre-
quent CP La Nina events (cluster 7) triggered positive height an-
omalies around the Arctic from the Barents-Kara seas to Green-
land (Fig. 3c).

Consistent with the opposite anomalous geophysical height
anomalies over the Arctic, the low-level temperature anomalies
for the recent frequent CP La Nifna events (cluster 7) are also op-
posed to those of the canonical and basin-wide cooling La Nifia
events (Fig. 4). Both the canonical La Nifia events and the basin-
wide cooling La Nifia events seem to induce anomalous cooling
from the Beaufort Sea to Greenland (Figs 4a and b), while the CP
La Nifia events seem to induce anomalous warming over north-
ern Canada and southern Greenland (Fig. 4c). Since the areas
from the Beaufort Sea to Greenland are the key regions for Arctic
warming (e.g., Screen and Simmonds, 2010), it seems that in con-
trast to previous La Nifia events, the recent frequent CP cold EN-
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Fig. 1. Composited sea surface temperature anomaly (SSTA) spatial distribution for ten clusters in boreal winter month (December,
January and February) during 1950-2016, where the dots indicate 95% significance.
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Fig. 2. The percentage of occurrence frequency (months) of ten
clusters respectively in winter (December, January, and Febru-
ary) during 1950-1979 (blue bars) and 1980-2016 (red bars).

SO events may warm northern Canada and Greenland accelerat-
ing Arctic warming.

The canonical La Nifia-related atmospheric teleconnections
are nearly consistent with those of the basin-wide cooling events,

and the canonical La Nifia events also occur frequently since the
1980s. Considering the limitation of the OLR dataset, the canon-
ical La Nifia events and the frequent CP La Nifia events are com-
pared to illustrate the changes for the impacts on Arctic climate.
Since the tropical ENSO-related convections act as the energy
source driving the atmospheric circulation, the changes in these
La Nina-related SSTA spatial patterns may change the convec-
tion distribution over the tropical Pacific basin, then can trigger
different atmospheric teleconnections inducing different Arctic
responses.

The convection distributions and the low-level circulation for
the canonical La Nifia events and the CP La Nifa events are com-
pared in Fig. 5. A dipole convection pattern in the tropics and
strengthened Walker Circulation can be found in both La Nifia
events, with enhanced convection over the western Pacific and
suppressed convection over the eastern Pacific. The enhanced
convection distributions over the western Pacific show signific-
ant differences for these two La Nifia types. The enhanced con-
vections for the canonical La Nifa events over the western Pa-
cific are nearly symmetrical about the equator (Fig. 5a), however,
the CP La Nifna-related enhanced convections are over the north
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Fig. 3. Composited 200 hPa geopotential height anomalies (shading) and the wave activity flux anomalies (black vectors, unit: W/m?)
for the events of cluster 4 (a), cluster 6 (b) and cluster 7 (c), respectively, and the dots indicate 95% significance.

of the equator (Fig. 5b). A typical Matsuno-Gill response can be
found for the canonical La Nifia events (Fig. 5a), and the related
teleconnections to the extratropics are triggered by the en-
hanced tropical convection, inducing large-scale subsidence
within an anticyclone over the northeast Pacific near the Aleut-
ian Islands with positive 850 hPa height anomalies (Fig. 5¢).
Within the subtropical anticyclones, anomalous upper tropo-
spheric convergence is the most important source of Rossby
wave forcing and these waves can eventually propagate to the
mid-latitudes and high latitudes (Brands, 2017). On the other
hand, the northward enhanced deep convections for the CP La
Nifia events over the western Pacific induce a basin-wide anticyc-
lone over the North Pacific, which tilts from southwest to north-
east (Fig. 5b). The anticyclone related positive 850 hPa height an-

omalies even extends to Greenland with a negative center over
the northeast Asia. In contrast to the induced cooling around the
north of Canada by the canonical La Nifia events (Fig. 4b), signi-
ficant warming extends from the Beaufort Sea to Greenland for
the frequent CP La Nina events (Fig. 4c), which is related with the
positive 850 hPa height anomalies (Fig. 5d). Considering the in-
fluences of topography, the composition for the height anom-
alies at 850 hPa is not statistically significant. However, the com-
positions at the up levels (Fig. 3c) have passed the significance
test, indicating a significant equivalent barotropic feature. The
positive height anomalies are corresponding to the surface
warming as a result of subsidence.

Based on the above analysis, we speculated that the north-
ward deep convections over the western Pacific may change the
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impacts on the Arctic, particularly from the Beaufort Sea to
Greenland. To confirm our hypothesis, two sensitive numerical
experiments by the linear baroclinic model (LBM) are carried.
Since the convection mainly drives the atmospheric circulation
through the diabatic heating, the different elliptical areas of addi-
tional heating are added for the sensitive experiments according
to the convection distributions of the ENSO events (Fig. S2). In
this study, the sensitive numerical experiment is set up accord-
ing to the convection distributions for the canonical La Nifa
events and CP La Nifna events, respectively (Fig. 6) by changing
the location of the sensible heating center (Fig. S2). Results from
the experiments support the effectiveness of the northward con-
vections for the CP La Nina events (Fig. 6b). The heating over the
north of the equator induces positive 850 hPa height anomalies
over the north of Canada, which is opposite to the results in-
duced by the symmetric heating about the equator. Considering
the local positive feedbacks over the Arctic, the canonical La Nifa
events could trigger the north of Canada cooling, while the CP La
Nifa events can warm northern Canada and part of Greenland
through the meridional movement of the convection center.

5 Summary and discussion
Considering the great impacts of the Arctic amplification, the
Arctic climate has received increasing attention under global
warming. Meanwhile, ENSO events exhibit considerable di-
versity in their frequency, location, intensity, and meridional
scale. However, few studies investigate the linkage between EN-
0° 3(I)° 6(|)°

90° 120°
A - L

90°

150°  EI180°W  150°
] L Rl LA

67

SO and Arctic climate from the perspective of ENSO diversity.
The recent studies have investigated the different impacts on
Arctic climate of the CP and EP ENSO events and concluded that
these impacts are largely of opposite sign for ENSO warm and
cold phases. Following our previous results, the changes for the
warm and clod ENSO events show significant asymmetrical fea-
tures, particularly the La Nifia events. Therefore, the impacts on
the Arctic climate by the changing La Nifa types are investigated.

Compared to the past frequent basin-wide cooling La Nifla
events, since the 1980s the cooling center for the La Nifia event
has strengthened and moved westward along with the increasing
frequency for the canonical and CP La Nifia events. The impacts
of the recent frequent CP La Nifia events induce significant
warming from the Beaufort Sea to Greenland, which is opposite
to those of the basin-wide cooling and canonical La Nifa events
and is in favor of the Arctic warming.

In contrast to the other La Niiia types, the deep convection
centers for the CP La Nifna events are located over the north of
the equator instead of nearly symmetrical about the equator. The
changes in the meridional movement of the ENSO-related con-
vection center cause variations in atmospheric teleconnections
inducing different responses in the Arctic via local positive feed-
backs, such as the ice-albedo feedback (Budyko, 1969; Sellers,
1969; Hall, 2004; Ogi and Wallace, 2012; Stroeve et al., 2012), wa-
ter vapor-cloud cover feedbacks (Francis and Hunter, 2006; Ab-
bot and Tziperman, 2008; Kay et al., 2008; Screen and Simmonds,
2010; Ghatak and Miller, 2013) and the local lapse rate feedback
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(Pithan and Mauritsen, 2014; Stuecker et al., 2018). The observed
Arctic responses are also supported by the numerical experi-
ments. The changes in ENSO diversity are suggested to be regu-
lated by changes in the tropical Pacific mean state under global
warming. Our results suggest that besides the direct impacts from
the greenhouse gas, the changes in La Nifia type may also accel-
erate the Arctic warming.
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