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Abstract
The northern and the southern modes are two distinct principle modes that dominate the winter mean surface air temperature 
(Ts) variations over East Asia (EA). The cold southern mode is represented by a significant cooling south of 45°N and is 
linked to La Niña events. An objective criterion, which could distinguish the spatial distributions and the maximum center 
of sea surface temperature anomaly (SSTA), is used to classify the La Niña events into two categories: mega-La Niña and 
equatorial La Niña. Their impacts are inspected onto the Ts southern mode. The mega-La Niña, featured by a significant 
K-shape warming in the western Pacific with the maximum SSTA cooling centered in the tropical central Pacific. As a 
response, an anomalous barotropic high is generated over North Pacific (NP) implying a weak zonal gradient between ocean 
and the EA continent, which induces a neutral Ts southern mode. The equatorial La Niña characterizes a significant cooling 
in the tropical eastern Pacific with convective descending motions shifting eastward to the east of the dateline. The resultant 
low-level circulation anomalies show an anomalous subtropical NP low and a gigantic abnormal EA continent high. The 
strong zonal gradient results in significant northerly anomalies over EA from 55°N to southeastern China. Over the mid-
upper troposphere, the anomalous subtropical NP low extends westward to the Korean Peninsula, leading to a strengthened 
and southward shifted EA trough. Such abnormal circulation patterns favor the intrusion of cold air to southern EA and 
correspond to a strong Ts southern mode. The numerical results well validate the above processes and physical mechanisms.

1  Introduction

East Asian winter monsoon (EAWM) is a very active cli-
mate system in boreal winter, the members of which mainly 
include the Siberian high, mid-level trough, surface north-
erly and upper-level East Asian jet stream (Jhun and Lee 
2004; Wang et al. 2010a; Wang and He 2012). This three-
dimensional planetary-scale circulation features a baro-
clinic structure over East Asia (EA) (Ha et al. 2012). The 

variabilities of EAWM range from interannual to interdec-
adal timescale, which have been attributed to the influences 
of the Arctic Oscillation (Gong et al. 2001; Wu and Wang 
2002) or the North Atlantic Oscillation (Wu and Huang 
1999; Luo et al. 2016), the Atlantic Multi-decadal Oscil-
lation (He and Wang 2013), the Eurasian pattern (Liu et al. 
2014a, b; Wang et al. 2018), the blocking activities over 
Ural Mountain region (Wang et al. 2010a; Wang and Lu 
2017) and the Southern Hemisphere annular mode (Wu et al. 
2009). The El Niño and Southern Oscillation (ENSO)—as 
the most prominent interannual signal of air-sea interac-
tion—could also profoundly impact on the EAWM (Tomita 
and Yasunari 1996; Zhang et al. 1996; Wang et al. 2000; 
Wang and Zhang 2002).

Many studies have proved that El Niño usually accompa-
nies weak EAWM (Tao and Zhang 1998; Wang et al. 2000; 
Chen et al. 2000; Chen 2002; Zhang et al. 2015a, b), the situ-
ations are generally reversed during La Niña years (Wang 
et al. 2008). However, the degree of El Niño and La Niña 
events impact on the EAWM is asymmetric. For instance, 
Zhang et al. (1996) revealed that the El Niño appreciably 
weaken the EAWM, while La Niña does not significantly 
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enhance it. Chen (2002) demonstrated that during El Niño 
winter, significant southerlies could be detected over the 
lower troposphere, but the northerlies are not that significant 
during La Niña winter. Still unclear, until now, is whether 
the influence of La Niña on EAWM is always weak or not.

Then, Wang et al. (2010a) revealed that there are two 
different principal modes—the northern mode (EOF1) and 
the southern mode (EOF2)—dominate the variabilities of 
winter mean surface air temperature (SAT) over the EA. For 
the southern mode, its positive phase shows a cooler than 
normal conditions over the whole subtropical EA, indicating 
a strong EAWM. They also pointed out that on the interan-
nual time scale, the cold southern mode is associated with 
La Niña events. However, the atmospheric anomalies related 
to the cold SAT southern mode do not resemble that of con-
ventional La Niña. Contrasting Fig. 1a (shown in Wang 
et al. 2010b, Fig. 6c) and 1b, huge differences are displayed 
over the North Pacific (NP). When a southern mode EAWM 
occur, over the surface level, an anomalous low is centered 
around 40°N and 190°W, accompanied by a salient anoma-
lous EA continent high (Fig. 1a). The strong zonal gradient 
of the sea level pressure (SLP) anomalies between the NP 
and EA continent indicates strong northerly anomalies over 
EA, resulting in a strong EAWM (Wang et al. 2010b; Chen 
et al. 2014). During conventional La Niña winter (Fig. 1b), 

the strong anomalous high situated to the east of the Aleu-
tian Islands with an anomalous low is centered over the 
Philippines. The weak land-sea SLP gradient implies weak 
northerlies over EA, leading to a neutral winter in the south-
ern EA. So far, it seems that conventional La Niña cannot 
impact EAWM strongly. Therefore, is there a type of La 
Niña that can trigger the SLP anomalies over the NP region 
resembling SAT southern mode?

Recently, Jia et al. (2016) displayed that the negative 
SSTAs associated with cold SAT southern mode are con-
centered in the equatorial eastern Pacific (EP). The positive 
SSTAs in the western and subtropical NP, however, are not 
that significant compared with the conventional La Niña (see 
their Fig. 4h). This SSTA distribution highly resembles the 
Atypical ENSO pattern given by Zhang et al. (2016), who 
classified the ENSO events during their developing phase 
into two groups—the Typical and Atypical ENSO—using 
the mega-ENSO index. The latter type shows a spatial pat-
tern that without significant tropical western and subtropical 
Pacific SSTA. Defined by Wang et al. (2013), the mega-
ENSO index was calculated as the difference of averaged 
West Pacific K-shape SST and East Pacific triangle SST. It 
shows a spatial pattern that is similar to the Inter-decadal 
Pacific Oscillation (Power et al. 1999; Parker et al. 2007) or 
other decadal timescales ENSO-like variability (Zhang et al. 
1997). Thus, comparing with traditional ENSO indices, it 
reflects a broader range of variability. As a new index, mega-
ENSO has attracted much attention (Wu and Zhang 2015; 
Zhang et al. 2016, 2017). Therefore, whether the wintertime 
La Niña events can be divided by mega-ENSO and Niño3.4 
indices?

This study aims to figure out what type of La Niña can 
significantly impact the EAWM. The text is structured as 
follows: data, model, experiment designs are presented 
in Sect. 2. Section 3 defines the two types of La Niña and 
shows their connections to the EAWM. Section 4 contrasts 
the dynamic structures of the different category of La Niña. 
The mechanisms through which La Niñas impact the EAWM 
are discussed in the Sect. 5. Section 6 gives a summary of 
the major findings.

2 � Dataset, model and experiment design

In this study, the datasets cover from December 1957 to 
February 2017. Including: (1) monthly SST data from the 
merged (arithmetic mean) Extended Reconstructed Sea 
Surface Temperature (ERSST V4; Huang et al. 2014, 2015; 
Liu et al. 2014a, b) and Hadley Centre Global Sea Ice and 
Sea Surface Temperature (HadISST; Rayner et al. 2003) 
at 2° × 2° horizontal resolution; (2) ERA-40 (Uppala et al. 
2005) data for the period of September 1957 to December 
1979, and ERA-interim (Dee et al. 2011) from January 1980 

Fig. 1   a Sea level pressure (SLP, contours, hPa), Surface temperature 
(Ts, color shadings, °C), and surface winds (vectors, m/s) for anoma-
lies regressed with reference to southern mode (Fig. 6c in Wang et al. 
2010b). b SLP, 2 m temperature (T2m) (color shadings, K), and 10 m 
winds (UV10m) anomalies in La Niña
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to February 2017 with horizontal resolution of 1.5° × 1.5°. 
The climatological difference between two datasets for the 
period of 1980–2002 is removed from 1980 to 2017 ERA-
interim data to maintain temporal homogeneity; (3) the 
Niño3.4 index is calculated following the definition given 
by Climate Prediction Center (CPC); (4) the mega-ENSO 
index is defined as the difference between western Pacific 
K-shape SST and eastern Pacific triangle SST (Wang et al. 
2013). One of the important features for mega-ENSO is to 
represent the gradient between eastern and western Pacific, 
which cannot be achieved by using Niño3.4, Niño3 or Niño4 
indices. Winter refers to December–January–February (DJF) 
in this study. The deviation from the 60-year climatological 
mean (1957–2016) was conducted as anomalies for all vari-
ables. Considering the surface temperature data may contain 
an upward trend, we detrended the data from 1957 to 2016 
to eliminate the long-term trend influence. We also used 
JRA-55 dataset for the analysis, the results were not changed 
(not shown).

The composite analysis was used in this paper. First, 
we normalized two indices to measure them at the same 
level. Both Niño3.4 and mega-ENSO indices (Fig. 2) show 
small linear trends—− 0.007 and 0.0072 respectively—not 

exceeding the Mann–Kendall trend significance test at 
90% confidence level (Hamed and Rao 1998; Mondal et al. 
2012). Figure 2b, c display the spectrum of Nino3.4 and 
mega-ENSO indices. The Nino3.4 index exhibits interan-
nual time scale of variability, the peak is centered around 
5 years. However, the spectral peak of the mega-ENSO 
index (around 11 years) is dominated by decadal timescales. 
The results suggest that the two indices not only represent a 
diverse spatial pattern, their time variations are also differ-
ent. Then, based on the two time-series, we determined two 
types of La Niña events. If the normalized Niño3.4 index 
was less than − 0.5 and the mega-ENSO index was greater 
than 0.8, indicating the SSTAs pattern resembles that of 
mega-ENSO. The year met this criterion was determined as 
being a mega-La Niña event. Else, we selected the specific 
years as being the Equatorial (Eq.) La Niña event—if the 
normalized Niño3.4 index was less than − 0.5 and mega-
ENSO index was less than 0.8, making sure that the signifi-
cant SSTAs is confined to the equatorial region. 0.7 or 0.9 
can also be chosen to divide the two types of La Niña event, 
which does not change the qualitative results.

The 5th generation Max-Plank-Institute Atmospheric 
General Circulation Model (AGCM), ECHAM5.4 

Fig. 2   a Time series of DJF Niño3.4 and mega-ENSO indices. Black (red) dash line denotes −0.5 (0.8). b, c Corresponding the power spectrum 
of the mega-ENSO and Nino3.4 indices
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(Roeckner et  al. 2003) is introduced to elucidate the 
potential mechanisms. As an AGCM that developed from 
the European Centre of Medium-Term Weather Forecast 
(ECMWF) model, ECHAM5.4 has been actively used for 
climate studies. In this study, the version used is triangular 
63 horizontal resolutions with 19 vertical levels (T63L19). 
Based on this model, we conducted five experiments. First, 
we performed the control experiments, in which AMIP 
II historical SST was prescribed for twelve randomly 
selected sample years (all are ENSO-neutral years). For 
each sample, the simulation was integrated for 38 months 
and the last 3 months result was used as the reference. 
Such as 1958, the control run was integrated from 1 Janu-
ary 1956 to 28 February 1959. We took the results from 
1 December 1958 to 28 February 1959 as samples. Then, 
four sensitivity experiments were performed, for which 
the observational SSTA was imposed on the wintertime 
(DJF) historical SSTs. The initial conditions obtained 
from the control run were used to integrate the sensitivity 

simulations from 1 December to 28 February for each 
sample. The details are displayed in Table 1.

3 � Comparison of the different category of La 
Niña and related EAWM

Due to the high correlation between mega-ENSO (Wang 
et al. 2013) and Niño3.4 indices, conventional ENSO and 
mega-ENSO events may occur concurrently. The Niño3.4 
and mega-ENSO indices are both introduced to better iden-
tify the mega-La Niña and Eq.La Niña winters. Using the 
criterion mentioned in Sect. 2, we selected twelve mega-La 
Niña winters (1970, 1973, 1974, 1975, 1988, 1998, 1999, 
2000, 2007, 2008, 2010 and 2011) and eight Eq.La Niña 
winters (1964, 1967, 1971, 1983, 1984, 1985, 1995 and 
2005) from 1957 to 2016.

Figure 3 displays the composite maps of DJF SSTAs 
in the Pacific and 2 m temperature (T2m) anomalies over 

Table 1   List of SST perturbation experiments conducted in this study

Experiments Description of SSt perturbation

Mega-La Niña SSTA associated with mega-La Niña events is imposed in the Pacific (30°S–30°N, 120°E–100°W)
Weak mega-La Niña SSTA associated with weak mega-La Niña events is imposed in the tropical Pacific (15°S–15°N, 120°E–100°W)
Eq.La Niña SSTA associated with Eq.La Niña events is imposed in the tropical Pacific (15°S–15°N, 120°E–70°W)
Mega-EP La La Niña K-shape positive SSTA associated with mega-La Niña and eastern Pacific negative SSTA associated with Eq.La 

Niña events (multiply by 1.8) are imposed in the Pacific (30°S–30°N, 120°E–70°W)

Fig. 3   DJF sea surface temperature (SST, K) anomalies of a mega-La 
Niña, b Eq.La Niña. c, d Are the same as (a, b), except for T2m (K). 
The black dots in each panel represent the region with anomalies sig-

nificant at the 95% confidence level (Student’s t test). The purple lines 
in a outlines the EP triangle and western Pacific K-shape regions 
where the mega-ENSO index is defined
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the EA region for the two kinds of La Niña events. Dur-
ing mega-La Niña winters, an obvious positive K-shaped 
SSTA is detected in the western and subtropical Pacific 
with a negative triangle SSTA in the EP (Fig. 3a, purple 
box), which is in accordance with the defined mega-ENSO 
SSTA pattern (Wang et al. 2013). For Eq.La Niña cases, a 
significant narrow banded negative SSTA displays in the 
tropical EP (Fig. 3b). Interestingly, except for the ranges 
of the SSTA, the intensity and maximum center of tropical 
Pacific SSTA for the mega- and Eq.La Niña are also differ-
ent. The relatively weak maximum cooling center of SSTA 
for the Eq.La Niña shifts eastward compared with its mega-
La Niña counterpart. Furthermore, since the two kinds of 
La Niña have such diverse features, what are their impacts 
onto the EAWM? To answer this question, Fig. 3c, d give 
the large-scale spatial distribution of DJF T2m anomalies 
over EA (20°–50°N, 100°–145°E) for the mega- and Eq.La 
Niña. Corresponding to the mega-La Niña, there is no salient 
T2m anomaly over the EA region (Fig. 3c). In contrast, sig-
nificant cooling T2m anomaly dominates East China, Korea, 
and Japan during the Eq.La Niña winter (Fig. 3d), which is 
consistent with the T2m southern mode.

Because of the distinct SSTA patterns, two types of 
La Niña-related tropical vertical convective motions are 
expected to be different. The omega fields at 500  hPa 
(omega-500) are checked. In the mega-La Niña cases, the 
positive omega-500 anomalies are centered over the tropical 
central Pacific, and the negative center covers the Maritime 
Continent (Fig. 4a). The anomalous descending (ascend-
ing) motion is also centered over the equatorial central 
Pacific (Maritime Continent) but shifts a bit eastward for the 
Eq.La Niña (Fig. 4b). Meanwhile, the intensity of omega-
500 anomalies associated with the mega-La Niña SSTA is 
evidently larger than that of the Eq.La Niña. Although the 
vertical motions responded to the Eq.La Niña are weaker 
than that to the mega-La Niña, why does the EAWM show 
a stronger response? Next, we compared the atmospheric 
anomalies associated with the mega- and Eq.La Niña in the 
hope of answering this question.

4 � Contrasting dynamic structures 
of equatorial and mega‑La Niña

4.1 � Planetary‑scale circulation anomalies 
associated with Eq. and mega‑La Niña

The intensity and distribution of SSTA vary among indi-
vidual ENSO events (Capotondi et al. 2015). The different 
flavors of ENSO may result in large discrepancies in the 
atmospheric and climatic responses over the extratropical 
regions (Horel and Wallace 1981; Lau and Nath 1996; Wang 
et al. 2000; Alexander et al. 2002). In this part, we mainly 

focus on the atmospheric anomalies related to the two kinds 
of La Niña.

Figure 5a, b displays the surface circulation anomalies 
associated with the mega- and Eq.La Niña. During mega-
La Niña winter, a salient positive SLP anomaly occupies 
the northern Pacific. However, there are no salient SLP 
anomalies over the EA continent. Meanwhile, the Western 
North Pacific (WNP) cyclone is confined over the ocean area 
(Fig. 5a). This environment is unfavorable for the anomalous 
northerlies penetrating the EA continent, leading to a neu-
tral EAWM. However, over the NP, the SLP anomalies for 
the Eq.La Niña markedly differs from that for the mega-La 
Niña. A huge SLP anomaly is located over the entire Eura-
sian continent, with one ridge elongating southward along 
the Caspian Sea to the Arabian Sea and another prominent 
ridge elongating southward from Mongolia toward the South 
China Sea (Fig. 5b). The latter reflects the intrusion of the 
cold-air along the “northwest pathway” from Mongolia all 
the way down to Southeast Asia. Meanwhile, an anomalous 
low centered over the subtropical NP (around 30°N, 190°W), 
generating a large zonal gradient between the subtropical 
ocean and continent. The strong gradient indicates heavy 
abnormal northerlies over EA from 55°N to the tropical 
region.

Figure 5c, d compare the large-scale horizontal wind and 
geopotential height anomalies at mid-troposphere (Z500, 
UV500) associated with the mega-La Niña and Eq.La 
Niña. For the mega-La Niña, the Z500 and UV500 anomaly 
patterns (Fig. 5c) are highly resemble that in the surface 
level (Fig. 5a). During the Eq.La Niña winters, a gigantic 

Fig. 4   DJF 500 hPa vertical velocity (omega-500, Pa/s) anomalies of 
a mega-La Niña, b Eq.La Niña. The black dots in each panel repre-
sent the region with anomalies significant at the 90% confidence level 
(Student’s t test)
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extended anticyclonic anomaly covers entire high-latitude 
Eurasia and North Pacific (Fig. 5d). A salient barotropic 
anomalous low is centered in the subtropical NP (around 
35°N, 175°W) and extending westward to the Kearon Pen-
insula (around 40°N, 130°E)—indicating a reinforced and 
southward shifted East Asian trough (EAT) (compared with 
Wang et al. 2010b, Fig. 7a)—which may exert a great impact 
on the EAWM.

Figure 5e, f show the Z200 and UV200 anomalies related 
to the mega- and Eq.La Niña. Over the NP, an anticyclonic 
Z200 anomaly implies a weakened Aleutian Low, whereas 
no significant anomaly appears over the extratropical Eura-
sian during the mega-La Niña winter (Fig. 5e). For the Eq.La 
Niña (Fig. 5f), the anomalous Z200 patterns are similar to 
the mid-troposphere, with a significant banded negative 
anomaly centered over the subtropical North Pacific and 
the Kearon Peninsula, meanwhile, an anticyclonic anomaly 
covering high-latitude Eurasia and NP.

It needs to be pointed out that the strong WNP cyclone 
during the mega-La Niña winter may not exert a signifi-
cant forcing on the EAWM (Fig. 5a). Zhang et al. (2015a) 

pointed out that during La Niña winter, intraseasonal signals 
dominate the atmospheric variations over WNP, resulting in 
a weak response of the circulation on the interannual time-
scale. This may be another reason for the weak connection 
of mega-La Niña and EAWM.

4.2 � The impact of weak mega‑La Niña

Considering the magnitude of mega-La Niña SSTAs are 
much larger than that of Eq.La Niña, it is hard to conclude 
that the different atmospheric anomalies response to the 
mega-La Niña and Eq.La Niña is depended on the SSTA 
intensity or the SSTA distribution pattern. In this part, 4 
weak mega-La Niña years (1974, 2000, 2008, 2011) are 
selected to inspect the related SST anomaly and atmospheric 
response.

Figure 6 gives the composite maps of SST and circula-
tion anomalies for the weak mega-La Niña. Salient warm-
ing SSTAs appears in the extratropical Pacific, with some 
cooling SSTA observed in the tropical central and eastern 
Pacific. This is similar to the defined areas of a mega-ENSO. 

Fig. 5   DJF SLP (hPa) and UV10m (m/s) anomalies of a mega-La 
Niña, b Eq.La Niña. The vectors in each panel represent the region 
with anomalies significant at the 90% confidence level (Student’s t 
test). The shaded areas exceeding the 90% and 95% confidence level 

based on the Student’s t test. c, d Same as a, b, except for 500 hPa 
geopotential height (Z500, m) and winds (UV500) and e, f for 
200  hPa geopotential height (Z200) and winds (UV200). The black 
shading in a, b represents the Tibetan Plateau
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Moreover, the SSTA maximum center of the weak mega-La 
Niña is also seated in the tropical central Pacific (Fig. 6a) 
and the resultant positive omega-500 anomaly is centered 
to the west of the data line (Fig. 6c). In response to this 
omega-500 anomaly, the atmospheric anomaly exhibits a 
salient anomalous high in SLP over NP and a neutral SLP 
anomaly over Eurasia (Fig. 6d). The underlying SST and 
upper layer circulation responses for the weak mega-La Niña 
present the spatial distributions in agreement with those of 
mega-La Niña. The T2m anomaly exhibits a mild EAWM 
over the subtropical regions of China, the Korean Peninsula 
and Japan (Fig. 6b).

5 � Physical mechanisms

5.1 � Why can’t mega‑ENSO enhance the EAWM?

Based on the comparison of three types of La Niña, we spec-
ulate that the changing SSTA distribution pattern may be the 
key reason for modulating the links of the tropical Pacific 
and EAWM. For the mega-La Niña, the cooling center of 
SSTA seated in the tropical central Pacific (Figs. 3a, 6a) with 
a convective descending motion centered to the west of the 
dateline (Figs. 4a, 6c), a poleward-propagating Rossby wave 
train respond to the central Pacific cooling is generated with 

its positive anomalous center located over NP, indicating a 
weakened Aleutian Low (Fig. 5c). The former studies of Lau 
and Nath (1990) and Alexander et al. (2004) have pointed 
out that the atmosphere is likely to trigger the ENSO-related 
extratropical Pacific SSTAs, not vice versa. Such as during 
the mega-La Niña winter, the NP SSTAs show an appar-
ently wind driven pattern: the central Pacific cooling SSTA 
induces a gigantic anticyclone covering from the tropical to 
extratropical NP. Anomalous northeasterly flow along the 
eastern flank of the anomalous NP high weakens wester-
lies in the subtropical NP and speed up the trades over the 
Eastern North Pacific (ENP) (Figs. 4a, 6c). The resulting 
wind speed—weaker in the subtropics and stronger in the 
ENP—induces SSTA changes in the NP basin: the structure 
resembles the pattern of mega-ENSO. Meanwhile, the huge 
anticyclone reduces the zonal gradient between NP and EA 
continent, unfavorable for the enhancement of EAWM. The 
weak mega-La Niña shows similar characteristics (Fig. 6).

However, the composites do not guarantee any cause 
and effect. To confirm whether the different types of La 
Niña can trigger the disparate atmospheric responses or the 
opposite way around. We perform a series of experiments 
using the ECHAM (v5.4) model. Firstly, the SSTA associ-
ated with mega-La Niña in the Pacific Ocean (Figs. 3a, 6a) 
are imposed in the wintertime (DJF) SST field. It should 
point out that we imposed a broader SSTA on the region 

Fig. 6   Same as Figs. 3, 4, and 5, except for the weak mega-La Niña
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of 30°S–30°N, 120°E–100°W in the mega-La Niña simula-
tion to mimic the contribution of entire mega-ENSO type of 
SSTA. For the weak mega-La Niña experiment, the SSTA 
is added to the tropical region (15°S–15°N, 120°E–100°W) 
for the reasons: (1) it contains nearly the same area as well 
as the same intensity to the Eq.La Niña forcing, providing 
a more intuitive way to compare the impact of the shift of 
the SSTA maximum center in the same level; (2) making 
sure whether the equatorial central Pacific cooling can trig-
ger an NP anticyclone response directly. By checking the 

differences of sensitivity and control runs, the simulated 
omega-500 patterns show high similarity with the observa-
tion (Figs. 4a, 6c), with anomalous descending motion situ-
ated to the west of the dateline in response to the strong and 
weak mega-La Niña forcing (Fig. 7a, b). The corresponding 
simulated T2m anomalies (Fig. 7e, f) are also similar to the 
observed ones (Figs. 3c, 6b). The resultant T2m anomalies 
show a relatively mild winter thought out the subtropi-
cal EA region. Further analysis of the related circulation 
filed revealed that mega-La Niña-type or the central Pacific 

Fig. 7   a Tropical omega-500 responses in the ECHAM5 regarding a 
difference between mega-La Niña forcing and control run. b–d Same 
as a but for weak mega-La Niña, Eq.La Niña and MEP La Niña forc-

ing. e–h Are the corresponding T2m anomalies. The shaded areas in 
e–h indicate anomalous values above 0.6 K or below − 0.6 K. Con-
tour interval is 0.6 K
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cooling SSTA forcing excites an anomalous high over NP 
(Fig. 8a, b) that reduces the zonal gradient between anoma-
lous NP high and SLP anomalies over EA continent, imply-
ing the weak northerlies and a mild EAWM. The results are 
in accordance with the observations.

5.2 � How does Eq.La Niña affect EAWM

The aforementioned analysis has explained the reasons for 
the uncoupling relationship of the mega-ENSO and EAWM. 
But, how does the Eq.La Niña influence the EAWM? The 

simulated results further confirmed that when the SSTA is 
added to the tropical Pacific (15°S–15°N, 120°E–70°W) 
with the cooling SSTA centered in the equatorial EP, the 
resulting convective descending motion shifts eastward 
(Fig. 7c) compared to the mega-La Niña forcing (Fig. 7a, 
b). An anomalous low in the SLP over the subtropical NP 
is triggered with the abnormal northerlies in its west flank 
that coming down from 50°N to South China. Meanwhile, 
an anomalous high over the North of EA and NP is observed 
with an obvious SLP ridge extending southward from Mon-
golia to South China (Fig. 8c). In the mid-troposphere, 

Fig. 8   The SLP (hPa) and UV10m (m/s) (a−d), Z and UV500 
(b−f). The shaded areas indicate SLP values above 1.5 hPa or below 
−  1.5  hPa. Contour interval is 0.5  hPa. The vectors indicate wind 

speed above 0.6 m/s or below − 0.6 m/s. The purple shading repre-
sents the Tibetan Plateau
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Z500 basically responds a deepened and southward shifted 
East Asian trough over EA and reinforced anomalous high 
over northern Eurasia, which is similar to the observation 
(Fig. 5d). In addition, an atmospheric teleconnection pattern 
from subtropical NP, though extra-tropical NP and North 
America, to northern Eurasia (Fig. 8f), can also be found, 
which may connect tropic forcing and the high pressure over 
northern Eurasia. All these circumstances favor the rein-
forcement of the EAWM (Fig. 7g). However, the anoma-
lies high over extratropical NP and the anomalous low over 
North America shifted a bit westward compared with the 
observation (Fig. 5d).

Here, based on the observational and simulated results, 
the process through which Eq.La Niña impacts EAWM 
is concluded as follows: In the tropical Pacific, maxi-
mum SSTA is centered over the EP that excites a convec-
tive descending motion located to the east of the dateline 
(Figs. 4b, 7c). Differing from the tropical central Pacific 
cooling that generates a huge anticyclonic anomaly resid-
ing over NP (Figs. 5a, 8a). On the one hand, at the surface 
level, EP cooling excites an anomalous barotropic low in the 
subtropical NP and a gigantic anomalous high over northern 
Eurasia (Figs. 5b, 8c). The strong zonal gradient between 
anomalous NP low and EA continent high favor the pen-
etration of the northerly anomalies from north to south. On 
the other hand, the anomalous low extends westward to the 
Korean Peninsula at the middle and upper troposphere—
indicating a deeper and southward shifted EAT, exerting a 
notable forcing on the EAWM (Figs. 5d, 8f). The surface 
and mid-high level circulation anomalies work together to 
enhance the EAWM.

6 � Conclusion and discussion

6.1 � Conclusion

In this study, using observational data and numerical simula-
tion, the impacts of La Niña on T2m over EA in winter are 
investigated. Two types of events are identified—the mega-
La Niña and the Eq.La Niña. Mega-La Niña shows a western 
and subtropical Pacific K-shape warming SSTA and a tropi-
cal central Pacific triangle cooling SSTA. The corresponding 
T2m anomaly over EA exhibits a neutral condition. Never-
theless, during the Eq.La Niña winter, the maximum SSTA 
center shifts eastward with a notable cooling SSTA centered 
mainly in the tropical EP and its magnitude is much weaker 
than its mega-La Niña counterpart. However, the associated 
T2m anomaly shows a significant cooling throughout East 
China, the Korean Peninsula and Japan, implying a strong 
EAWM. Such T2m anomaly pattern is similar to the dis-
tribution of surface temperature southern mode, which is 
defined by Wang et al. (2010b).

The related physical mechanism reveals that during the 
mega-La Niña winter, tropical central Pacific cooling gen-
erates a convective descending motion to the west of the 
dateline. A poleward-propagating Rossby wave is triggered 
with a significant anomalous high over NP—indicating a 
weakened Aleutian Low—and a neutral SLP anomaly over 
the north of Eurasia. On the one hand, northeasterly flow 
along the eastern flank of the anomalous NP high weakens 
the westerlies in the subtropical NP and speed up the trades 
over the ENP, inducing the SSTA pattern in the subtropi-
cal basin that resembles mega-ENSO. On the other hand, 
the weak zonal gradient between anomalous NP high and 
EA continent low does not favor the enhancement of the 
northerlies over EA, resulting in a weak EAWM. For the 
Eq.La Niña, on the surface level, the equatorial EP cool-
ing generates an anomalous low over the subtropical NP 
and a gigantic anomalous continental high over northern 
Eurasia. The strong zonal gradient between them indicates 
the enhanced anomalous northerlies over EA from the north 
down to the south. Over the middle and upper-level tropo-
sphere, a strengthened and southward shifted EAT exert a 
great forcing on the EAWM. Both processes are working 
together that could induce a significantly strong EAWM.

It is interesting to notice that almost all mega-La Niña 
can also be recognized as the central Pacific (CP) La Niña 
events for the maximum SSTA centering the tropical cen-
tral Pacific. For the Eq.La Niña, the maximum SSTA is sit-
uated in the tropical EP, which can be seen as the EP (EP) 
La Niña events. It had been assumed that La Niña events 
could not be divided according to the locations of the max-
imum SSTA centers. For example, based on the observa-
tional and model results, Kug and Ham (2011) pointed 
out that the conventional La Niña and La Niña Modoki-
related SST and precipitation patterns were hard to be 
distinguished. Recently, by analyzing the spatial patterns 
of SSTA, Zhang et al. (2015b) successfully classified La 
Niña into CP and EP events over the period of 1951−2009 
to study their different impacts on the climate of northern 
Europe. However, their method primarily relies on subjec-
tive judgments. Our method, however, provides an objec-
tive criterion. The specific years selected from 1957 to 
2009 by the subjective judgments (Zhang et al. 2015b) 
and our objective criteria are listed in Table 2. In order to 
contrast two methods, we also checked the SSTA patterns 
for each year (Fig. 9). Although during 1970, 1999, and 
2007 winter, the La Niña events are selected as the mixed 
type by the subjective judgment (Zhang et al. 2015b), they 
are referred to as the mega-La Niña years according to 
our objective criteria due to the salient K-shape warming 
SSTA (the composite with or without the variables in this 
year does not influence qualitative results). Besides, 2008 
is a mega-La Niña (CP) year, 1967 and 1985 are the Eq.La 
Niña (EP) years. The 3 years are not given by Zhang et al. 
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(2015b). The only exception is 1983, the maximum SSTA 
centered in the tropical CP. As a CP La Niña, it is grouped 
into the Eq.La Niña by using our criteria. The reason may 
be the SSTA in the triangle region shows a tripolar mode 
rather than the mono-sign cooling, resulting in a small 
mega-ENSO index value. However, 19 out of 20 La Niña 
events are rightly classified. Our criteria provide a con-
venient and objective way for which La Niña events can 

be divided according to the range as well as the location 
of the SSTA maximum center.

In contrast to La Niña events, when the El Niño events 
are classified using our criteria into mega-El Niño and Eq.El 
Niño, CP and EP El Niños seem to be mere random chances 
among the two types of El Niño. And the two types of El 
Niño are not significantly impacting the surface temperature 
southern mode. In other words, this phenomenon reflects 

Table 2   La Niña event 
classification using the 
subjective and objective 
methods

Events Years

Objective method Mega-La Niña 1970, 1973, 1974, 1975, 1988, 1998, 1999, 2000, 
2007, 2008, 2010, 2011 (12)

Eq.La Niña 1964, 1967, 1971, 1983, 1984, 1985, 1995, 2005 (8)
Subjective method CP La Niña 1973, 1974, 1975, 1983, 1988, 1998, 2000 (7)

EP La Niña 1964, 1971, 1984, 1995, 2005 (4)
Mixed La Niña 1970, 1999, 2007 (3)

Fig. 9   The SSTAs (K) for each a mega-La Niña, b Eq.La Niña events. The purple lines outline the EP triangle and western Pacific K-shape 
regions where the mega-ENSO index is defined. Shading intervals are 0.2 K
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an asymmetric atmospheric response to the warm and cold 
ENSO events, which might be explained by the asymmetric 
SSTA patterns and the associated air-sea coupling systems 
(Hoerling et al. 1997; Feng and Li 2011).

To sum up, the different La Niña would exert different 
impacts on EAWM. Although Eq.La Niña exhibits a nar-
rower spatial pattern and a weaker SSTA intensity, it shows 
a more intimate relationship with EAWM than its mega-La 
Niña counterpart. The climatic impacts of the Eq.La Niña, 
therefore, cannot be neglected. However, through what 
mechanism does Eq.La Niña be triggered? And, whether 
the mega-La Niña and Eq.La Niña events can also be 
detected during other seasons? These questions need fur-
ther investigation.

6.2 � Discussion

From the observational results, the Eq.La Niña (mega-La 
Niña) mostly corresponding to the tropical EP (CP) cool-
ing and weak (strong) east–west Pacific gradient. What will 
happy if a mega-La Niña event corresponding to the tropical 
EP cooling? We performed another sensitivity experiment, 
named mega-EP La Niña (MEP_LN), to answer this ques-
tion. In the MEP_LN experiment, the SSTA is added on 
the region of 30°S–30°N, 120°E–90°W. The imposed west-
ern Pacific positive K-shape (negative tropical east Pacific) 
SSTA is obtained from mega-La Niña (Eq.La Niña) forc-
ing. Considering the tropical east Pacific negative SSTA for 
Eq.La Niña forcing is much smaller than that of mega-La 
Niña forcing. The negative SSTA is multiplied by 1.8 to 
guarantee a similar intensity. Therefore, compared with the 
mega-La Niña experiment, the zonal location of positive 
SSTA shifted eastward for the MEP_LN forcing. Compared 
with the Eq.La Niña experiment, the MEP_LN forcing pro-
cessed a much larger east–west gradient.

Under the MEP_LN forcing, SLP responds an anomalous 
low over NP and a reinforced anomalous high over north-
ern Eurasia (Fig. 8d). In the mid-troposphere, a deepened 
East Asian trough appears over the EA (Fig. 8h). The sur-
face and mid-troposphere anomalous low, however, seems 
northward shifted in contrast with the Eq.La Nina forc-
ing (Fig. 8c, f). In addition, although the imposed eastern 
Pacific negative SSTA is much stronger than Eq.La Nina 
forcing, the intensity of T2m anomalies over southern EA 
are weaker than that of Eq.La Nina forcing (Fig. 7g, h). The 
reasons may due to the impact of the convective activities 
around Kalimantan Island. When the western Pacific posi-
tive SSTAs are imposed (removed), omega-500 basically 
response the negative (positive) anomalies around Kaliman-
tan Island (Fig. 7a–d), indicating the ascending (descending) 
movements, which are in accordance with the observations 
(Fig. 4).

The numerical results meant that the zonal location of 
anomalous SST/descent on the tropical central/eastern 
Pacific is important to explain the different atmospheric 
responses during the strong gradient La Niña years. How-
ever, the strong western Pacific warming SSTA may reduce 
the impacts of tropical eastern Pacific cooling SSTA on the 
cold EAWM T2m southern mode. At last, it needs more 
observational evidence to verify the numerical results.
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