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ABSTRACT The potential influence of a developing La Niña on Arctic sea-ice annual variability is investigated
using both observational data and an atmospheric general circulation model. It is found that during the developing
phase of an eastern Pacific (EP) La Niña event in June, July, and August (JJA) and September, October, and
November (SON), the sea-ice concentration (SIC) over the Barents–Kara Seas declines more than 15%. The
local atmospheric circulation pattern associated with the EP La Niña is characterized as a weak decrease in
geopotential height over the Barents–Kara Seas, combined with an anticyclone in the North Atlantic. The
corresponding southerly winds push warm waters northward into the key sea-ice reduction region and directly
accelerate sea-ice melt. Meanwhile, the abundant moisture contained in the lower troposphere is transported
into the Arctic region by winds resulting from the local barotropic structure. The humid atmosphere contributes
to both net shortwave and longwave radiation and thus indirectly accelerates the decline in sea ice. Simulations
by the European Centre Hamburg Model, version 5.4, are forced by observed sea surface temperature anomalies
associated with EP La Niña events. The results of the simulations capture the North Atlantic anticyclone and repro-
duce the moisture transport, which supports the premise that an EP La Niña plays a crucial role in sea-ice
reduction over the Barents–Kara sector from the perspective of atmospheric circulation and net surface heat flux.

RÉSUMÉ [Traduit par la rédaction] Nous étudions l’influence potentielle du développement d’un épisode La Niña
sur la variabilité annuelle de la glace de mer arctique, et ce, à partir de données d’observation et d’un modèle de
circulation générale de l’atmosphère. Nous notons que pendant la phase de formation d’un épisode La Niña dans le
Pacifique Est, en juin, juillet et août (JJA), et en septembre, octobre et novembre (SON), la concentration de glace
dans les mers de Barents et de Kara s’amoindrit de plus de 15%. La circulation atmosphérique locale associée au
phénomène La Niña du Pacifique Est se caractérise par une faible diminution de la hauteur géopotentielle
au-dessus des mers de Barents et de Kara, et par un anticyclone dans l’Atlantique Nord. Les vents du sud corre-
spondants poussent de l’eau chaude vers le nord dans la région où survient principalement la diminution de la
glace de mer et ils accélèrent directement la fonte de cette glace. Parallèlement, l’humidité abondante contenue
dans la basse troposphère se déplace vers la région arctique en raison des vents résultant de la structure barotrope
locale. L’atmosphère humide influe à la fois sur le rayonnement net des ondes courtes et des ondes longues, et
accélère donc indirectement le déclin de la glace de mer. Les simulations issues du modèle de Hambourg
version 5.4 du Centre européen sont pilotées par les anomalies des températures de surface de la mer observées
lors d’épisodes La Niña du Pacifique Est. Les résultats des simulations reproduisent l’anticyclone de l’Atlantique
Nord et le transport de l’humidité, ce qui étaye l’hypothèse selon laquelle un épisode La Niña exerce une influence
cruciale sur la réduction de la glace dans les mers de Barents et de Kara, sur les plans de la circulation atmosphér-
ique et du flux net de chaleur superficielle.

KEYWORDS Barents–Kara sea ice; EP La Niña; atmospheric circulation; moisture; net surface heat flux

1 Introduction

Climate change in the Arctic has received unprecedented
attention in the past few decades because of the dramatic
reduction in sea ice (Duarte, Lenton, Wadhams, &Wassmann,

2012). Along with sea-ice melt, near-surface air temperature in
the Arctic has risen to twice the global average because of a
local positive feedback, known as “Arctic Amplification”
(Screen & Simmonds, 2010). Growing evidence has suggested

*Corresponding author’s email: zhiweiwu@fudan.edu.cn

ATMOSPHERE-OCEAN iFirst article, 2019, 1–13 https://doi.org/10.1080/07055900.2019.1587375
Canadian Meteorological and Oceanographic Society

mailto:zhiweiwu@fudan.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1080/07055900.2019.1587375&domain=pdf


that the pronounced changes are caused by a combination of
external anthropogenic forcing (Gillett et al., 2008; Polyakov,
Walsh, & Kwok, 2012; Serreze, Barrett, Stroeve, Kindig, &
Holland, 2009) and internal natural variability. The internal
components could be related to the Atlantic Multidecadal
Oscillation (Chylek, Folland, Lesins, Dubey, & Wang,
2009), the Madden–Julian Oscillation (Yoo, Feldstein, &
Lee, 2011, 2012), the Pacific–North American (PNA) pattern
(L’Heureux, Kumar, Bell, Halpert, & Higgins, 2008), and the
changes in sea surface temperature (SST) and convection in
the Pacific associated with the El Niño–Southern Oscillation
(ENSO; Ding et al., 2014; Hu et al., 2016; Lee, 2012; Lee,
Gong, Johnson, Feldstein, & Pollard, 2011).
Being one of the most prominent large-scale ocean–atmos-

phere interactions over the tropical Pacific, ENSO has pro-
found effects on both local and remote climate variability
(Brönnimann, 2007; Ropelewski & Halpert, 1987; Trenberth
& Caron, 2000; Van Loon & Madden, 1981). Canonical
ENSO or eastern Pacific (EP) ENSO is characterized by sea
surface temperature anomalies (SSTAs) developing in the
eastern Pacific and propagating westward (Rasmusson & Car-
penter, 1982). Since the 1970s, a new type of ENSO has
occurred more frequently and become more intense (Lee &
McPhaden, 2010; Yu & Kim, 2011, 2013). Because the
SSTA begins in the central equatorial Pacific and develops
in situ, it is termed the central Pacific (CP) ENSO. Given
that the atmospheric responses to the EP and CP El Niños
are quite different (Kao & Yu, 2009; Yu & Kim, 2011;
Zhang, Wu, & Zhou, 2016), the relationships between the
two types of El Niño and changes in the Arctic sea ice have
been discussed separately. Hu et al. (2016) suggested that
the CP El Niño has a strong impact on Arctic sea-ice variabil-
ity over the Canadian basin through an “atmospheric bridge.”
The warming associated with the CP El Niño deepens the
Arctic polar vortex in the troposphere and strengthens the cir-
cumpolar westerly wind, thus suppressing summer Arctic
warming and sea-ice retreat.
Some studies have also discussed the necessity of La Niña

classification. Using surface currents derived from satellite
observations, CP La Niña events can be clearly distinguished
from EP La Niña events (Shinoda, Hurlburt, & Metzger,
2011).Meanwhile, there are large discrepancies in the response
of the extratropical atmosphere over East Asia to EP and CP La
Niña events (Wang,Wang, Zhou, & Li, 2012), the rainfall tele-
connections in Australia (Cai & Cowan, 2009), and especially
high-latitude atmospheric circulation (Zhang, Wang, Xiang,
Qi, & He, 2015). Therefore, it is necessary to consider the
response of Arctic sea ice to both EP and CP La Niña events.
Based on satellite observations from the National Aeronautics
and Space Administration (NASA), September Arctic sea-ice
extent attained record minima four times: 16 September 1984
(6.80 million km2); 30 September 1995 (6.10 million km2);
22 September 2005 (5.50 million km2); and 14 September
2007 (4.20 million km2) (NASA, n.d.). They all coincide in
time with four EP La Niña events. Motivated by the obser-
vations, we focus mainly on the relationship between the

developing phase of an EP La Niña and the Arctic sea ice in
boreal summer and autumn and the underlying mechanism.
In the remainder of this paper, datasets, methodology, and
model experiment settings are described in Section 2. Section
3 shows the observational Arctic sea-ice changes associated
with an EP La Niña. In Section 4, a potential mechanism is pre-
sented to illuminate how EP La Niña events impact Arctic sea
ice from the perspective of both atmospheric circulation and net
surface heat flux. Section 5 verifies the underlying causality
using the fifth generation of the European Centre–Max Plank
Institute model, version 5.4 (ECHAM5.4), which is an atmos-
pheric general circulation model. Major conclusions and dis-
cussions are summarized in Section 6.

2 Data, methodology, and model

The major datasets employed in this paper include (i) monthly
sea-ice concentration (SIC) data obtained from the Hadley
Centre Sea Ice and SST (HadISST) dataset for the 1953–
2017 period at 1.0° × 1.0° resolution (Rayner et al., 2003).
Although HadISST data starts in 1950, we found that
monthly sea-ice data from 1950 to 1952 are exactly the
same, so we started our research period in 1953. The other
datasets used were (ii) monthly SSTs from the National
Oceanic and Atmospheric Administration (NOAA) Extended
Reconstructed SST, version 5 (ERSST.v5), gridded at
2.0° × 2.0° resolution (Huang et al., 2017) and (iii) monthly
mean atmospheric fields and surface heat flux data from the
National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanalysis
at 2.5° × 2.5° resolution (Kalnay et al., 1996). Our research
focuses on June, July and August (JJA) and September,
October, and November (SON) of the EP La Niña developing
phase. During this time, sea ice, on one hand, reaches its
largest annual variability (Serreze, Holland, & Stroeve,
2007), making it vulnerable to melting and more easily
affected by other forcings (e.g., Ding et al., 2017; Wettstein
& Deser, 2014; Yang & Magnusdottir, 2018); on the other
hand, sea ice has a profound influence on subsequent
changes in atmospheric circulation and climate (Deser, Mag-
nusdottir, Saravanan, & Phillips, 2004; Holland, Bitz, &
Tremblay, 2006; Li & Wu, 2012; Singarayer, Bamber, &
Valdes, 2006; Wang & Overland, 2009; Wu, Li, Li, & Li,
2016). Although observational records for sea ice are more
reliable after 1979, our research period starts in 1953 so that
we can maximize the number of EP La Niña events, and we
have verified that the conclusions are consistent with each
other in the two periods.

In this paper, a La Niña is defined to occur when Niño 3.4
SSTAs (averaged over 120°W–170°W, 5°N–5°S) are below
−0.5°C during December, January, and February (DJF).
Selection of EP La Niña events are made if DJF Niño 3
SSTAs (averaged over 150°W–90°W, 5°N–5°S) are less
than the DJF Niño 4 SSTAs (averaged over 160°E–150°W,
5°N–5°S) as in Yeh et al. (2009). Therefore, we identify ten
EP La Niña events as follows: 1954/55, 1955/56, 1964/65,
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1971/72, 1984/85, 1985/86, 1995/96, 2005/06, 2007/08, and
2017/18. The developing phase of an EP La Niña occurs in
JJA and SON of the previous year based on the above selection.
To better understand the underlying mechanism, ECHAM5.4

is used to evaluate the response of the Arctic atmospheric cir-
culation to an EP La Niña. The resolution of ECHAM5.4 used
is triangular 63 with 19 vertical levels (T63L19) (Roeckner
et al., 2003). Based on the model, two experiments are set.
In the control experiment, ECHAM5.4 is driven by
HadISST climatological SSTs, and the results are derived as
a reference state. In the sensitivity experiment, the composite
of observational monthly SSTAs (120°E–80°W, 30°N–30°S,
June to November) associated with EP La Niña events is
added to ECHAM5.4 as the only forcing superposed on the
climatological SSTs. The integration is conducted for 40
years, and the monthly mean of the last 30 years is analyzed.
Atmospheric circulation discrepancies between control and
sensitivity experiments in the Arctic region are considered to
be the remote responses to EP La Niña forcing. To eliminate
the effect of global warming, all datasets were detrended.
Both composite and simulated results in this paper are tested
using a Student’s t-test.

3 Observational changes in the Arctic sea-ice
associated with an EP La Niña

Although EP La Niña events are determined based on DJF
Niño indices, the spatial distribution displayed in Fig. 1
shows that cold SSTAs have already emerged in the eastern
Pacific in JJA (Fig. 1a). They develop off the coast of South
America and propagate westward into the central Pacific.
The cooling centre is confined along the equator with an
amplitude less than −1.2°C (Fig. 1d) and is located mainly
in the eastern Pacific near 120°W, determining the subsequent
convective activity pattern and location (Zhang et al., 2016).

The development and spatial distribution of SSTAs in JJA
and SON indicate the validity of the selection of an EP La
Niña. Based on the selection, a composite analysis technique
is used to assess the impacts of EP La Niña events on Arctic
sea-ice change.

Figure 2 displays composites of the Arctic sea-ice anomalies.
As an EP La Niña develops over the tropical Pacific, Arctic sea-
ice concentration (SIC) over the Barents–Kara sector decreases
by 10% in JJA (Fig. 2a). The decrease strengthens and
reaches its peak of more than 15%, mainly in the Kara Sea,
during late JJA and early SON (Figs 2b and 2c). In SON, the
decline stretches and covers the entire Barents and Kara Seas
(Fig. 2d). The sea-ice loss here is presented simultaneously,
the reduction signal actually lags SSTAs associated with an
EP La Niña by about one to two months, even though this
lead-lag relationship is not easily recognized in the three-
month running average results displayed in Fig. 2. Because
the sea-ice decline is evident, concentrated, and persistent, the
local atmospheric circulation that changes the Arctic thermodyn-
amics may thus play a key role in the melt process (e.g., Ding
et al., 2017; Hu et al., 2016; Ogi, Rigor, McPhee, & Wallace,
2008; Wettstein & Deser, 2014).

4 Possible mechanism of Barents–Kara sea-ice
reduction associated with an EP La Niña

To illuminate the linkage between sea-ice loss over the
Barents and Kara Seas and local thermodynamics, in this
section, the analyses are performed using both local atmos-
pheric circulation and the net surface heat flux.

a Atmospheric Circulation
In the lower troposphere (Fig. 3), the sea level pressure (SLP)
anomaly distribution is very uneven. A wide range of negative

Fig. 1 Composite of SSTAs (colour bar; °C) during the developing phase of an EP La Niña: (a) June–August (JJA), (b) July–September (JAS), (c) August–October
(ASO), and (d) September–November (SON). Stippling indicates statistical significance at the 90% confidence level based on a Student’s t-test.
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pressure anomalies appear over the west coast of Canada, the
Beaufort Sea, the Barents–Kara Seas, and eastern Greenland
(Fig. 3a). The negative signal over the North American
margin weakens promptly and disappears in SON (Fig. 3d).
The lower pressure anomaly around the Barents–Kara Seas
also weakens progressively. On the contrary, higher than
normal SLP develops around 50°N in the North Atlantic in
JJA (Fig. 3a). The anticyclone strengthens in situ (Figs 3b–
3d) and intensifies the local meridional pressure (Fig. 3c). In
the mid-troposphere at 500 hPa (Z500; Fig. 4), the northern
hemisphere features a more regular wavelike pattern with
anomalous centres of positive and negative Z500 anomalies.
Though pressure anomalies over the key region (outlined in
red) of sea-ice reduction are more neutral, an area of weak
low pressure can still be seen over eastern Greenland (Figs 4b
and 4c). In the southeast of Greenland, a stronger anticyclone
in the North Atlantic mirrors the one at the surface and sustains
the local poleward pressure gradient. A similar pattern can also
be found at 200 hPa (not shown), which indicates a barotropic
structure that extends from upper levels to the surface.
Associated with the poleward pressure gradient in the entire

troposphere, the North Atlantic is dominated by southerly
winds, which can push the North Atlantic warm waters into

the Barents–Kara Seas, increasing the water temperature
there directly and accelerating sea-ice melt (Fig. 5). What
remains unclear is whether the crucial southerly winds associ-
ated with the North Atlantic anticyclone are a response to the
sea-ice reduction or vice versa. In the Arctic region, atmos-
pheric circulation in the upper troposphere is relatively insen-
sitive to surface temperature related to sea-ice changes
(Graversen, Mauritsen, Tjernström, Källén, & Svensson,
2008; Screen, 2013; Screen, Deser, & Simmonds, 2012).
Given that the circulation in the middle and upper troposphere
is stronger and more regular than the surface component, it
seems that the barotropic structure here is not likely forced
by surface sea-ice reduction, which, in turn, is a result of
local atmospheric forcing. Then what is the role of the EP
La Niña in the anomalous circulation around the Barents–
Kara Seas?

On further analysis of the mid-troposphere (Fig. 4), we
identify a canonical PNA pattern in that the anomalous
centres arc northeastward over the North Pacific Ocean, the
west coast of Canada, and North America (Figs 4b–4d;
Wallace & Gutzler, 1981). Although the PNA pattern
reaches peak amplitude during DJF, its atmospheric presence
can be found throughout the year, with the wave train varying

Fig. 2 Composite of the sea-ice concentration (SIC) anomaly (%) during the developing phase of an EP La Niña: (a) JJA, (b) JAS, (c) ASO, and (d) SON. Shading
indicates statistical significance at the 90% confidence level based on a Student’s t-test. The key region (65°−85°N, 30°−120°E) of sea-ice reduction in this
study is outlined in red.
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in intensity and location from season to season (L’Heureux
et al., 2008). Over the Atlantic Ocean, atmospheric responses
to the EP La Niña are also found. Lower pressure over eastern
Greenland and the North Atlantic anticyclone resemble a weak
North Atlantic Oscillation (NAO) pattern (Fig. 3). It is consist-
ent with a previous study showing that JJA NAO has a small
but significant correlation with a La Niña SST pattern appear-
ing in the eastern Pacific (Folland et al., 2009). Because the
PNA and NAO are often cited as mid-to-high-latitude
responses to ENSO (Gouirand & Moron, 2003; Livezey &
Mo, 1987; Straus & Shukla, 2002), therefore, we suppose
that the critical southerly winds related to the Atlantic anticy-
clone might be forced by the tropical SST associated with the
EP La Niña.

b Net Surface Heat Flux
As well as atmospheric circulation, the energy exchange is
also thought to be a crucial component of sea-ice decrease
in the Arctic region because it determines the local radiation
budget that controls the growth and melt of Arctic sea ice.
The net surface heat flux is expressed in Eq. (1) in which
total net flux consists of downwelling (upwelling) shortwave

radiation Qdsw (Qusw), downwelling (upwelling) longwave
radiation Qdlw (Qulw), latent heat flux Qlh, and sensible heat
flux Qsh.

Qnet = Qdsw − Qusw + Qdlw − Qulw − Qlh − Qsh. (1)

Spatial distribution of total net surface heat flux is shown in
Fig. 6. There is a net heat flux over the entire Arctic region in
JJA because of polar day. Over the Barents–Kara Seas, consider-
able energy is absorbedby the surface contributing to sea-icemelt
(Fig. 6a). The signal then fades and even reverses to energy dis-
sipation inSON (Fig. 6d).Tounderstand the underlying causality
of the net surface heat flux changes, we next assess the contri-
bution of each component to the net flux change in Eq. (1) by cal-
culating domain-averaged indices over the Barents–Kara Seas
(65°−85°N, 30°−120°E) as shown in Fig. 7.

Downwelling solar radiation is highly correlated with local
moisture content (Yang & Magnusdottir, 2018). Water vapour
absorbs four times as much infrared radiation as carbon
dioxide and is thus a critical greenhouse gas. As the vertical dis-
tribution in Fig. 8 shows, positive water vapour anomalies are
contained in the lower troposphere (below 700 hPa), resulting

Fig. 3 Composite of the sea level pressure (SLP) anomaly (hPa) during the developing phase of an EP La Niña: (a) JJA, (b) JAS, (c) ASO, and (d) SON. Cross-
hatching indicates statistical significance at the 90% confidence level based on a Student’s t-test. The key region (65°−85°N, 30°−120°E) of sea-ice
reduction in this study is outlined in red.
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in lower downwelling shortwave radiation (indicated by nega-
tive dsw) in the region throughout the research period (Fig. 7).
While the lower upwelling solar radiation (indicated by positive
-usw), which is likely due to a reduction in surface albedo (less
sea ice), compensates for the lower downwelling solar radiation,
resulting in net downward shortwave radiation in JJA
(1.84 W m−2; dsw −1.250 W m−2; -usw 3.097 W m−2) and
JAS (1.702 W m−2; dsw −1.213 W m−2; −usw 2.915 W m−2).
This net flux weakens in ASO (0.464 W m−2; dsw
−1.370 W m−2; −usw 1.834 W m−2) and SON
(−0.158 W m−2; dsw −0.685 W m−2; −usw 0.527 W m−2).
Downwelling longwave radiation, as the primary contribu-

tor to net surface flux, is also highly dependent on water
vapour content, especially in the lower atmosphere in the
Arctic region. It reaches its maximum in ASO (Fig. 7c,
4.048 W m−2), coinciding with the vertical distribution of
specific humidity shown in Fig. 8. Upwelling longwave
radiation, which is associated with surface temperature,
closely resembles the SST changes shown in Fig. 5.
The Barents–Kara Seas are dominated by sea surface
warming, and the widespread positive anomalies in ASO
(Fig. 5c) result in the maximum upwelling longwave radiation
in Fig. 7c (-ulw −3.287 W m−2). Latent heat flux is a result of

a change in the sea-ice phase, namely, melting and freezing;
sensible heat flux relies on the temperature difference
between the air and the water surface, which is also controlled
by the sea-ice change. Therefore, latent and sensible heat
fluxes here are delayed atmospheric responses to sea-ice
melt. They are initially weak because sea-ice retreat starts in
JJA (Fig. 7a, -lh −0.401 W m−2, -sh −0.091 W m−2) and
strengthens in SON when the sea-ice reduction reaches its
peak (Fig. 7d, -lh −0.742 W m−2, -sh −0.730 W m−2).

In summary, both net shortwave and longwave radiation con-
tribute to total net flux positively. However, latent and sensible
heat flux work the other way around and are responsible for the
signal reversing in Fig. 6d due to sea-ice reduction. The above
analysis is consistent with the conclusions of Yang and Magnus-
dottir (2018) and indicates that local moisture plays a critical but
indirect role in sea-ice melt by contributing to the surface net heat
flux. Based on the vertical distribution of water vapour (Fig. 8),
we next integrate specific humidity from the surface to 700 hPa
to trace its source, and the results are presented in Fig. 9.

During JJA (Fig. 9a), moisture originating from the North
Atlantic is transported poleward into the Arctic region along
the southwest margin of Greenland. As the anticyclone
strengthens and broadens (Fig. 3), the corresponding southerly

Fig. 4 Composite of the 500 hPa geopotential height (Z500) anomaly (hPa) during the developing phase of an EP La Niña: (a) JJA, (b) JAS, (c) ASO, and (d) SON.
Cross-hatching indicates statistical significance at the 90% confidence level based on a Student’s t-test. The key region (65°−85°N, 30°−120°E) of sea-ice
reduction in this study is outlined in red.
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winds become stronger and reach farther into the Arctic over
the edge of the Barents–Kara sector, humidifying the local
atmosphere with plentiful water vapour (Fig. 9b,c). Although
the amplitude is weaker in SON (Fig. 9d), an evident moisture
conveyor belt has been formed along the Barents–Kara Seas,
and the positive transport still contributes to the downwelling
longwave radiation flux (Fig. 7d).
Based on the discussion of atmospheric circulation and net

surface heat flux above, we provide the following plausible
mechanism: during the EP La Niña developing phase of
June to November, cold SSTAs over the eastern Pacific can
force a remote anomalous atmospheric pattern of poleward
pressure gradient associated with the North Atlantic anticy-
clone. This pattern favours the transport of both the North
Atlantic warm waters and lower troposphere water vapour
into the Barents–Kara Seas. The former accelerates sea-ice
melt directly, and the latter, by contributing to net surface
heat flux, facilitates sea-ice reduction indirectly. The statistical
links of the EP La Niña with the Barents–Kara sea-ice retreat
are robust in both JJA and SON, prompting the following
investigation to examine the possible mechanism by conduct-
ing numerical experiments with ECHAM5.4.

5 Modelling support from ECHAM5.4

For decades, there have been large uncertainties in predicting the
Arctic climate in general circulation models (e.g. Randall et al.,
1998). These discrepancies are mostly a result of our incomplete
understanding of thermodynamic processes in the ocean–ice–
atmosphere system in the Arctic region both horizontally and
vertically (Uttal et al., 2002). Therefore, in this section, we
omit discussion of net surface heat flux and focus mainly on

the simulated general circulation pattern over the Barents–Kara
Seas. As described in Section 2, we perform two experiments:
a control run and a sensitivity experiment. The sensitivity exper-
iment is driven by monthly observational EP La Niña SSTAs
over the eastern tropical Pacific region (120°E–80°W, 30°N–
30°S) from June to November. The differences between the
two experiments are the response to EP La Niña forcing.

Figure 10 displays the simulated 500 hPa geopotential height
and the 850 hPa winds. They are perfectly matched, indicating a
barotropic structure as in the observations. In JJA (Fig. 10a),
atmospheric circulation over the mid-high latitudes is mostly
consistent with observations (Fig. 4a), especially the positive
anomaly centres over North America, the west coast of
Europe, and the East Siberian Sea, as well as the negative
anomaly centres around the key area of sea-ice reduction.
Around this area, the low pressure is accompanied by a positive
anomalous centre over Europe. Although the location of the
cyclone is shifted southward from the Barents Sea to eastern
Greenland compared with observations, the pattern still facili-
tates a local pressure gradient and evident southerly winds that
penetrate far over the Barents–Kara Seas. Associated with the
distribution of the winds, the warm waters can be driven into
the Arctic region and heat the water there. A weak PNA
pattern appears in ASO (Fig. 10c); this pattern strengthens in
SON with a negative anomalous centre located over western
Canada, sandwiched between positive anomalies over the
Bering Sea and the eastern coast of North America (Fig. 10d).

In the North Atlantic Ocean, the positive anomaly is strikingly
similar to that observed in Fig. 4d. The anticyclone appears in JJA
(Fig. 10a), and the model used here reproduces the southerly
winds that contribute directly to sea-ice reduction (Figs 10a and
10b). Further insight into the moisture source is achieved in the

m s–1

Fig. 5 Composite of SSTAs (colour bar; °C) and 850 hPa winds (UV850; vector; m s−1) during the developing phase of an EP La Niña: (a) JJA, (b) JAS, (c) ASO,
and (d) SON. The thick dark blue line and wind anomalies indicate statistical significance at the 90% confidence level based on a Student’s t-test. The key
region (65°−85°N, 30°−120°E) of sea-ice reduction in this study is outlined in red.
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same manner of vertical integration of local water vapour flux
from the surface up to 700 hPa (Fig. 11). The moisture is trans-
ported poleward into the Arctic region in JJA by the southerly
winds (Fig. 11a). The water vapour belt along southern Greenland
becomes stronger and extends northeastward into the Barents Sea
(Figs 11b and 11c), which is highly consistent with the observa-
tional results in Fig. 9. The humid atmosphere favours local net
heat flux and consequently indirectly accelerates sea-ice melt.
The general ECHAM 5.4 simulation here is not perfect

because the location of the JJA anticyclone over the North
Atlantic is shifted eastward. But the discrepancies do not
mean that the simulation has failed. The model captures the
major characteristics of the southerly winds and the moisture
transport throughout the research period, which confirms our
hypothesis for the underlying mechanism. The results improve
our understanding of the physical processes involved in the
Arctic thermodynamics and help us bridge the gap between
the model and observations in the study of the Arctic climate.

6 Discussion and conclusions

The noticeable warming associated with sea-ice retreat in the
Arctic has provoked a surge of research interest worldwide

(e.g. Ding et al., 2017; Duarte et al., 2012; Screen & Sim-
monds, 2010; Serreze et al., 2009). It has been shown that
the rapid change in sea ice is partly triggered by tropical
forcing related to ENSO (Ding et al., 2014; Lee, 2012; Lee
et al., 2011). Based on the premise of ENSO classification
(Yeh et al., 2009), important progress has been made in the
relationship between the CP El Niño and Arctic sea-ice melt
(Hu et al., 2016). However, we notice that the response of
sea ice to the canonical EP La Niña is also evident with four
exceptional record minimum sea-ice extents that all occur
during EP La Niña years. Inspired by these records, this
paper demonstrates the linkage between Arctic sea-ice
change and the EP La Niña during its developing phase in
JJA and SON. To illuminate the potential causality, observa-
tional data and simulation results from ECHAM5.4 are ana-
lyzed from the perspective of both atmospheric circulation
and net surface heat flux with the following conclusions.

Along with the EP La Niña development in JJA, sea-ice
decreases significantly in the Barents–Kara Seas. The signal per-
sists to SON and reaches its peak amplitude of over 15%
reduction in ASO. A local barotropic structure of an anticyclone
exists over the North Atlantic Ocean and a low-pressure centre is
located over eastern Greenland. This pattern facilitates a

Fig. 6 Composite of the net surface heat flux anomaly (W m−2) during the developing phase of an EP La Niña; (a) JJA, (b) JAS, (c) ASO, and (d) SON. Cross-
hatching indicates statistical significance at the 90% confidence level based on a Student’s t-test. The key region (65°−85°N, 30°−120°E) of sea-ice
reduction in this study is outlined in red.
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northward pressure gradient and strong southerly winds. Driven
by these winds, the warm waters from the North Atlantic are
pushed into the Barents–Kara Seas and accelerate sea-ice melt
directly. In addition, abundant water vapour associated with
the warm waters are contained in the lower troposphere and is
also transported to the Arctic region because of the barotropic
structure. The moisture contributes to both JJA net shortwave
and JJA longwave radiation, increasing local net heat flux and
ultimately indirectly contributing to the decline in sea ice. Ana-
lyses indicate that local southerly winds, moisture transport,
and net surface heat flux are all affected by atmospheric circula-
tion and, in turn, affect SIC directly or indirectly.

Further inspection shows that SON atmospheric anomaly
centres in the mid-troposphere located over the North Pacific
and western and eastern North America qualitatively agree
with observational results, suggesting that anomalous circula-
tion in the Arctic is likely a remote response to EP La Niña
SST forcing. In the numerical experiment, we omit the net
surface heat flux simulation because of model uncertainties
and bias. But the simulation results provide robust evidence
and helpful indicators. The ECHAM5.4 model, driven by
observed EP La Niña SSTAs, can reproduce major character-
istics of the North Atlantic anticyclone, the southerly winds,
and the moisture transport that are crucial for the sea-ice
reduction in the observations.

Fig. 7 Each component of the net surface heat flux anomaly (W m−2) averaged over the key region (65°−85°Ν, 30°−120°E) of sea-ice reduction during the devel-
oping phase of an EP La Niña: (a) JJA, (b) JAS, (c) ASO, and (d) SON (net: net surface heat flux; dsw: downwelling shortwave radiation; usw: upwelling
shortwave radiation; dlw: downwelling longwave radiation; ulw: upwelling longwave radiation; lh: latent heat flux; sh: sensible heat flux). Positive (nega-
tive) values correspond to increased (decreased) surface net heat flux and are plotted as upwelling (downwelling) bars.

Fig. 8 Vertical distribution (hPa) of composite specific humidity anomaly
(g kg−1) averaged over the key region (65°−85°N, 30°−120°E) of
sea-ice reduction during the developing phase of an EP La Niña in
JJA, JAS, ASO, and SON.
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Fig. 9 Composite of vertically integrated water vapour flux (vector; surface to 700 hPa) and its amplitude (colour bar; g cm−1 hPa−1 s−1) during the developing
phase of an EP La Niña: (a) JJA, (b) JAS, (c) ASO, and (d) SON. The thick dark blue line and vector anomalies indicate statistical significance at the 90%
confidence level based on a Student’s t-test. The key region (65°−85°N, 30°−120°E) of sea-ice reduction in this study is outlined in red.

m s–1

Fig. 10 Simulated responses of (a) JJA, (b) JAS, (c) ASO, and (d) SON 500 hPa geopotential height (Z500; colour bar; hPa) and 850 hPa winds (UV850; vector;
m s−1) to EP La Niña forcing in the ECHAM5.4 model. The thick dark blue line and wind anomalies indicate statistical significance at the 90% confidence
level based on a Student’s t-test. The key region (65°−85°N, 30°−120°E) of sea-ice reduction in this study is outlined in red.
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In addition, we examined the linkage between the CP La Niña
and the Arctic sea-ice change, and the results are quite different.
Sea ice increases only in JJA over the Chukchi Sea during the
development of CP La Niña events. However, both the atmos-
pheric circulation and the net surface heat flux are much
weaker. It seems that wind-induced flow is responsible for the
regional sea-ice increase in JJA by causing pack ice to drift out
of the central Arctic Ocean into the East Siberian Sea, and
surface net heat flux is almost neutral throughout the process.
Because the sea-ice increase signal appears only in JJA, we are
not sure whether it indicates potential connections between the
CP LaNiña and the Arctic sea ice or whether it is simply a coinci-
dence. Because of the unclear relationship between sea ice and
the CP La Niña, we will defer this question for future study.
We would also like to note that the extent to which the EP La

Niña events account for the evident Barents–Kara sea-ice loss
remains unclear. Examining sea-ice changes for each EP La
Niña event, we find the linkage between ice melt and SSTA
intensity varies. For example, there were weak EP La Niña
events in 1984/85 and 2005/06; however, JJA and SON seaice
reduction in 1984 is much stronger than in 2005. The September
sea-ice extent reached record minima during four EP La Niña
years. In 2012, a new historical record minimum of
3.40 million km2 was detected, but there was no apparent
ENSO pattern over the Pacific Ocean. Therefore, this article

may provide a new opportunity for predicting Arctic sea-ice
change by showing that remote forcing from the Pacific
Ocean, like EP La Niña events, also plays a crucial role in sea-
ice variability. Themechanismwe put forward in this article pro-
vides valuable insights into the understanding of the surface
energy exchange and air–sea–ice interactions in the Arctic.
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