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Abstract

Based on the Ocean Reanalysis System version 5 (ORAS5) and the fifth-generation reanalysis datasets derived
from European Centre for Medium-Range Weather Forecasts (ERA5), we investigate the different impacts of the
central Pacific (CP) El Niño and the eastern Pacific (EP) El Niño on the Southern Ocean (SO) mixed layer depth
(MLD) during austral winter. The MLD response to the EP El Niño shows a dipole pattern in the South Pacific,
namely the MLD dipole, which is the leading El Niño-induced MLD variability in the SO. The tropical Pacific
warm sea surface temperature anomaly (SSTA) signal associated with the EP El Niño excites a Rossby wave train
propagating southeastward and then enhances the Amundsen Sea low (ASL). This results in an anomalous
cyclone over the Amundsen Sea. As a result, the anomalous southerly wind to the west of this anomalous cyclone
advects colder and drier air into the southeast of New Zealand, leading to surface cooling through less total
surface heat flux, especially surface sensible heat (SH) flux and latent heat (LH) flux, and thus contributing to the
mix layer (ML) deepening. The east of the anomalous cyclone brings warmer and wetter air to the southwest of
Chile, but the total heat flux anomaly shows no significant change. The warm air promotes the sea ice melting and
maintains fresh water, which strengthens stratification. This results in a shallower MLD. During the CP El Niño,
the response of MLD shows a separate negative MLD anomaly center in the central South Pacific. The Rossby
wave train triggered by the warm SSTA in the central Pacific Ocean spreads to the Amundsen Sea, which weakens
the ASL. Therefore, the anomalous anticyclone dominates the Amundsen Sea. Consequently, the anomalous
northerly wind to the west of anomalous anticyclone advects warmer and wetter air into the central and southern
Pacific, causing surface warming through increased SH, LH, and longwave radiation flux, and thus contributing to
the ML shoaling. However, to the east of the anomalous anticyclone, there is no statistically significant impact on
the MLD.
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1  Introduction
The Southern Ocean (SO, 30°–85°S, 0°E–180°–0°W) is an im-

portant field for the global Meridional Overturning Circulation
(MOC) and deep ocean water formation (Kuhlbrodt et al., 2007).
The SO is also a key region for the global carbon cycle, air-sea ex-
change and heat redistribution (Arrigo et al., 2008; Park et al.,
2010; Sarmiento et al., 1998). The mixed layer (ML) refers to a
near ocean surface water layer with an almost vertical uniformity
of temperature, salinity, density and other physical properties,
resulting from the wind mixing and effects of ocean internal pro-
cesses (Carton et al., 2008; Holte and Talley, 2009; Liu et al.,
2009). As a bridge between the atmosphere and the ocean, the
properties and dynamical processes in the ML have significant
effects on the exchange of mass, heat and momentum between
air and sea (Kara et al., 2003; de Boyer Montégut et al., 2007).
Thus, the mixed layer depth (MLD) in the SO plays a crucial role
in global climate regulation. On the other hand, there is a large

amount of phytoplankton living in the ML. The variability of MLD
has great influences on the availability of light and nutrients,
modulating the heat and nutrient exchange between the well-lit
surface layer and the dark deep layer, which dominates the
growth and distribution of phytoplankton (Mitchell et al., 1991;
Sallée et al., 2010). Besides, changes in phytoplankton can fur-
ther affect primary productivity and even ecosystems through
food webs, especially in the SO where the krill is abundant. Dy-
namic processes of ML in the SO can thus alter the ocean capa-
city of storing heat and carbon, as well as the availability of light
and nutrients for phytoplankton growth. Above all, the SO ML
has a pivotal impact on global climate change and ecosystems
due to its unique characteristics. Therefore, it is important to
study the variability of MLD in the SO, particularly the links with
the dominant mode of atmospheric and oceanic variabilities.

Numerous studies in the literature have linked the variability
of the SO MLD to sea ice, Amundsen Sea low (ASL), El Niño-  
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Southern Oscillation (ENSO) and the Southern Annular Mode
(SAM) through observations and models on various time scales
(Gupta and England, 2006; Li et al., 2019; Nardelli et al., 2017;
Sallée et al., 2010; Vivier et al., 2010). However, the SO MLD re-
sponds most significantly to the SAM and the ENSO, and the in-
fluences of the SAM and the ENSO are dominant on the interan-
nual time scale (Li and England, 2020; Sallée et al., 2010). Mean-
while, the response of the SO MLD to the SAM shows a wave-3
pattern in the latitudinal band between 35°S and 55°S, with the
maximum anomaly close to New Zealand, south-west of Aus-
tralia and the east of Chile. The wave-3 pattern is caused by the
combined effects of net heat flux and meridional wind (Sallée et
al., 2010; Zhang et al., 2018). In addition, the sea surface temper-
ature anomaly (SSTA) in the South Pacific also exhibits a similar
tripole-like structure, suggesting that the MLD variability has an
impact on SST (Li et al., 2014b).

As for ENSO, although it occurs in the tropics, previous stud-
ies have shown that its effects extend to extratropical variations of
the southern hemisphere and even high-latitude regions covered
by sea ice (Ciasto and England, 2011; Schneider et al., 2012; Turn-
er, 2004). Meanwhile, previous studies have revealed the mech-
anisms of ENSO-induced anomalies of specific climate variables
in the southern hemisphere, such as surface air temperature, sea
surface temperature (SST), sea ice concentration, and MLD
(Ciasto and England, 2011; Ding et al., 2011; Li and England,
2020). The impact of ENSO on the SO MLD is mainly concen-
trated in the Pacific sector. Using the model data, Li and England
(2020) found that the anomalous ASL intensification associated
with the ENSO affects the variation of the MLD in the Pacific sec-
tor during the austral winter (June, July, and August; JJA). In turn,
the MLD response is characterized by a dipole pattern with a
positive MLD anomaly center in the central Pacific (surrounding
120°W) and a negative MLD anomaly center in the southwest Pa-
cific (surrounding New Zealand). This is closely related to the air-
flow around the anomalous sea level pressure (SLP) center in the
Amundsen Sea.

The ENSO can modulate the austral winter MLD in the South
Pacific via the teleconnection between it and the ASL (Li and
England, 2020). The teleconnection is realized by the Rossby
wave train propagation emanating from the equatorial Pacific
Ocean into the Antarctic (Hoskins and Karoly, 1981; Turner,
2004), which is known as the Pacific-South American (PSA) tele-
connection pattern (Kidson, 1999; Mo and Ghil, 1987; Mo and
Higgins, 1998). Positive SSTA in the tropical Pacific related to the
positive phase ENSO can be regarded as an effective Rossby wave
source, which excites the stationary Rossby wave train in the up-
per troposphere (Cai et al., 2011; Clem and Fogt, 2015; Fogt et al.,
2011; L’Heureux and Thompson, 2006), which propagates pole-
ward, with the alternating occurrence of high pressure anomaly
centers and lowpressure anomaly centers, eventually reaching
ASL and interacting with the ASL (Li et al., 2021; Meehl et al.,
2016; Zhang et al., 2021). The ASL, in turn, is abnormally
deepened. As a consequence, colder southerly wind anomaly and
warmer northerly wind anomaly appear to the west and east of
the anomalous cyclone respectively, thus contributing to the di-
pole distribution of MLD in the South Pacific (Li and England,
2020).

Moreover, growing number of studies suggest that tropical-
polar teleconnections can also originate from other tropical
oceans except for the Pacific Ocean (Cai et al., 2019; Li et al.,
2014a, 2015a; Nuncio and Yuan, 2015). They affect the SO on dif-
ferent time scales, either through individual or combined impact

(Li and England, 2020; Meehl et al., 2016; Rondanelli et al., 2019;
Zhang et al., 2021). In addition to the ENSO, signals from the
tropical Indian Ocean, especially the Indian Ocean Dipole (IOD),
also play an instrumental role in the generation and propagation
of the Rossby wave train (Cai et al., 2014; Luo et al., 2010; Saji
et al., 2005). When these two major tropical climate variabilities
coexist, such as El Niño accompanied by a positive phase IOD,
the Rossby wave train can reach farther to the Bellingshausen
Sea. Therefore, they can work together to influence the SO MLD
(Cai et al., 2011; Li and England, 2020; Zhang et al., 2021).

The aforementioned studies reveal that the tropical diabatic
heating caused by the El Niño can act as the effective Rossby
wave source, and trigger a southeastward propagating Rossby
wave train in the upper troposphere, thus affecting the SO MLD
(Hoskins and Karoly, 1981; Karoly and Hoskins, 1983; Li and Eng-
land, 2020; Turner, 2004). The different categorization of El Niño
was used by previous investigators. For example, Yu and Kao
(2007) categorized the El Niño events into two types based on the
location of maximum SSTA, namely, the central Pacific (CP) El
Niño with maximum SSTA occurring in the central tropical Pa-
cific and the eastern Pacific (EP) El Niño with maximum SSTA in
the eastern tropical Pacific (Kao and Yu, 2009; Yu and Kao, 2007).
Similarly, Kug et al. (2009) categorized the El Niño events into
cold tongue (CT) El Niño and warm pool (WP) El Niño based on
the spatial distribution of SSTA. The CT El Niño is typically
known as the conventional El Niño, which is distinguished by the
presence of considerable SSTA in the Niño 3 region (between 5°S
and 5°N and 150°W to 90°W). In contrast, the WP El Niño is char-
acterized by the occurrence of SSTA that are mostly restricted to
the Niño 4 region (between 5°S and 5°N and 160°E to 150°W).

This study follows the definitions by Yu and Kao (2007). Us-
ing reanalysis data, Wang et al. (2020) examined the effects of EP
and CP El Niño events on the SO MLD from 1979 to 1998. They
found that the response of the MLD to CP and EP El Niño is relat-
ively strong in austral winter and spring. The MLD response ex-
hibits a seesaw pattern, located on the flanks of South America.
The positive MLD anomaly center of the seesaw arises in the
Southwest Atlantic and the negative anomaly center occurs in the
Southeast Pacific. This feature could be found in two types of El
Niño events in spring, and it is mainly controlled by sea surface
heat flux anomaly. However, the seesaw pattern disappears dur-
ing the austral winter for both EP and CP El Niño events. Two
types of El Niño events are quite distinct in terms of generation
and development mechanisms (Chen et al., 2019), so that have
different impacts on the SO MLD. However, previous studies fo-
cused mainly on the impacts of classified El Niño events on the
SO MLD (Wang et al., 2020). It has not been well understood
what are the distinct effects and mechanisms of EP and CP El
Niño events on the variation of SO MLD. Compared with the un-
classified El Niño event, the impacts of EP and CP El Niño events
on the SO MLD are more complex. Thus, this study aims to ex-
plore the different responses of the SO MLD to two-type El Niño
events during austral winter when the influence of EP and CP El
Niño events on the SO MLD is greatest (Li and England, 2020).

The remainder of this paper is organized as follows. Section 2
briefly describes the datasets and methods used in this paper.
Next, MLD variabilities induced by EP and CP El Niño events are
presented respectively in Section 3. Section 4 investigates the dif-
ferent characteristics of tropical-polar teleconnections during the
EP and CP El Niño events. Section 5 further illustrates possible
modulation mechanisms of MLD variability during the EP and
CP El Niño events. Discussion and conclusions are given in Sec-
tion 6.
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2  Data and methods

2.1  Datasets
This study uses the monthly data derived from the European

Centre for Medium-Range Weather Forecasts (ECMWF) Ocean
Reanalysis System version 5 (ORAS5) from January 1980 to
December 2021 as a baseline (Zuo et al., 2019). The horizontal
resolution is 0.25° × 0.25° with 75 layers in the vertical direction.
Variables include potential temperature, salinity, and sea ice
concentration (SIC), where potential temperature and salinity
are used to estimate the MLD in the SO. Another primary dataset
for this study is the fifth-generation ECMWF reanalysis data
(ERA5; Bell et al., 2021; Hersbach et al., 2020). The ERA5 has a ho-
rizontal resolution of 0.25° × 0.25° and covers the period from
January 1980 to December 2021. Geopotential height from
300 hPa, 700 hPa, and 850 hPa, SLP, horizontal wind fields at
300 hPa and 10 m, air temperature at 2 m, surface specific hu-
midity (1 000 hPa), SST, surface sensible heat flux (SH), latent
heat flux (LH), net longwave radiation flux (LW), shortwave radi-
ation flux (SW), and potential vorticity (PV) obtained from ERA5
are the basis for mechanism analysis. Besides, monthly Niño 3
and Niño 4 indices based on the Hadley Centre Global Sea Ice
and Sea Surface Temperature (HadISST), spanning from January
1980 to December 2021, are derived from the National Oceanic
and Atmospheric Administration (NOAA) Physical Sciences
Laboratory (PSL) (Rayner et al., 2003).

2.2  MLD estimation

ΔT

ΔT
Δθ

ΔS
Δθs

Δθ Δθs
ΔS

Δθs

In this study, the MLD is defined as the minimum depth of
temperature-criteria mixed layer (MLt), salinity-criteria mixed
layer (MLs) and density-criteria mixed layer (MLd) (Helber et al.,
2012). To unify the criteria for calculating the MLD for each vari-
able so that the calculation results can be compared, 0.2℃ ( )
is selected as a threshold value, and 10 m is used as the reference
layer (Dong et al., 2008; Duan et al., 2012; de Boyer Montégut
et al., 2004; Xiao et al., 2013). By taking the reference layer at
10 m, the influence of abnormal thermal processes on the ocean
surface, such as freshwater input and rapid evaporation, can be
removed. The threshold of 0.2℃ is the optimal temperature
threshold and considered as the most appropriate estimation
from individual profiles, which has been used broadly in previ-
ous studies (Bosc et al., 2009; Dong et al., 2007, 2008; Foltz and
McPhaden, 2009; Liu et al., 2009; Ying et al., 2019). Therefore,
0.2℃ is the temperature threshold ( ) for calculating the MLt.
The density threshold ( ) used to calculate MLd is the density
increase corresponding to a 0.2℃ temperature decrease com-
pared to the reference layer when the salinity is constant. Simil-
arly, the threshold ( ) of MLs is the salinity increase associated
with a density increase ( ) compared to the reference layer
when the temperature is constant. To make a valid comparison
and then find the shallowest one of the three (MLt, MLs, and
MLd),  and  should be equal. Therefore, the salinity
threshold  is calculated by increasing the salinity by 0.01 incre-
ments until the  is equal or exceeded (Helber et al., 2012).
These are presented as follows:

Δθ = θ (T − ΔT, S, P)− θ (T, S, P) , (1)

ΔS = .n, n = , , ..., Nmld, (2)

Δθs = θ (T, S + ΔS, P)− θ (T, S, P) , (3)

Δθs = Δθ, (4)

T S
P

ΔT

where  and  are the potential temperature and salinity at
the reference depth of 10 m,  is the pressure at the ocean sur-
face, which the depth is 0 m.  is equal to 0.2℃ as mentioned
above.

2.3  Two Niño indices
We use Nep and Ncp to categorize the EP and CP El Niño

events according to Ren and Jin (2011). These are presented as

{
Nep = N − αN,
Ncp = N − αN,

(5)

α =

{
/, NN > ,
, otherwise,

(6)

and N3 and N4 are the Niño 3 and Niño 4 indices, respectively.
The indices are averaged monthly SSTA in the Niño 3 region
(5°N–5°S, 150°–90°W) and Niño 4 region (5°N–5°S, 160°E–
180°–150°W), respectively.

3  Observed MLD variability during EP and CP El Niño events
Before considering the MLD changes caused by two types of

El Niño events, it is first important to consider which El Niño
years belong to the EP and CP El Niño events. According to previ-
ous studies, Niño 3 and Niño 4 indices can be adequately used to
represent EP and CP El Niño events (Kug et al., 2009; Yeh et al.,
2009). However, Ren and Jin (2011) further proposed two new El
Niño indices based on Niño 3 and Niño 4 indices (see Eq. (5)).
Figure 1 shows the time evolution of Niño 3 and Niño 4 indices
(blue lines) and two new El Niño indices named Nep and Ncp (red
lines). Consider that El Niño events typically reach peaks during
boreal winter (December, January, and February; DJF) (Zhang et
al., 2019), only boreal winter years with indices larger than one
standard deviation are selected for this study to avoid interfering
with subsequent composite results. One can see that Niño 3 and
Nep are highly correlated (Fig. 1a, r = 0.95). The difference
between the two is generally minor, especially in years with the
strongest EP El Niño, such as 1982/1983 and 1997/1998. It indic-
ates that both Niño 3 and Nep indices can capture EP El Niño
events well. Although Niño 4 index is also highly correlated with
the Ncp index (Fig. 1b, r = 0.82), the difference between Niño 4
and Ncp indices is more pronounced compared to the difference
between Niño 3 and Nep (Fig. 1a). Specifically, during the periods
of the strongest El Niño events, Niño 4 and Ncp indices are
almost out of phase, such as 1982/1983, 1997/1998, and 2015/
2016.

In general, fluctuation amplitudes of Nep and Ncp indices tend
to be a little smaller than that of Niño 3 and Niño 4 indices. That
is, some years may be classified as the EP El Niño or the CP El
Niño events if classified according to Niño 3 and Niño 4 indices,
but may not be when classified by Ncp and Nep. In addition, when
the CP El Niño events occur, Nep becomes less than one standard
deviation in most cases, while the Niño 3 indices are still larger
than one standard deviation, such as 1994/1995, 2014/2015, and
2018/2019. This indicates that Ncp and Nep indices are relatively
independent, while Niño 3 and Niño 4 indices are interrelated.
According to these characteristics, Ncp and Nep indices thus are
used as the basis for dividing two types of El Niño events. Ulti-
mately, as listed in Table 1, five EP El Niño and eight CP El Niño
events are selected during 1980–2021. It is worth noting that both
Ncp and Nep indices exceeded one standard deviation during
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1987/1988, so it was classified as mixed type, starting with the EP
El Niño and subsequently shifting into the CP El Niño (Wang
et al., 2018a). Comparing with the previous finding using the
same Nep and Ncp indices, the selection of EP El Niño years is
identical. However, the selection of CP El Niño years is different.
This study has two more CP Niño years, namely 1990/1991 and
2019/2020. This difference may be attributed to different SST data
used to calculate N3 and N4 in Eq. (2), as well as different study

periods. The analysis period for the previous study was from 1980
to 2019, while that for this study from 1980 to 2021 (Zhang et al.,
2021). In addition, the comparison is made to the conventional
definition of two-types of El Niño. The years of EP and CP El Niño
are robust over the same research period, except for the mixed
type of El Niño event (such as 1987/1988) (Wang et al., 2017;
Zhang et al., 2011).

Figure 2 shows composite images of seasonal mean MLD an-
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Fig. 1.   Time series of Niño 3 index (blue line) from NOAA and Nep index (red line) based on Eq. (5) (a), and Niño 4 index (blue line)
from NOAA and Ncp index (red line) based on Eq. (5) (b). Grey dashed lines denote one standard deviation of Nep and Ncp indices. Cor
indicates correlations between two curves in each panel.

 

Table 1.   Category of EP El Niño and CP El Niño events from 1980 to 2021 determined by Nep and Ncp indices

Category Year

EP El Niño 1982/1983, 1991/1992, 1997/1998, 2006/2007, 2015/2016

CP El Niño 1990/1991, 1994/1995, 2002/2003, 2004/2005, 2009/2010, 2014/2015, 2018/2019, 2019/2020
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Fig. 2.   Composite images of MLD anomaly derived from the ORAS5 in austral, spring (SON) (a, e), summer (DJF) (b, f), autumn
(MAM) (c, g), and winter (JJA) (d, h) for EP El Niño (a–d) and CP El Niño (e–h) events. The black stippled areas represent that the res-
ults are statistically significant at the 95% confidence level.  Box 1 (red; 40°–60°S, 160°E–180°–145°W) and Box 2 (blue; 45°–65°S,
140°–70°W) in d and the Box 3 (blue; 42°–62°S, 165°–100°W) in h indicate the focus areas. SON: September, October, and November;
DJF: December, January, and February; MAM: March, April, and May; JJA: June, July, and August.
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omaly in the SO for five EP and eight CP El Niño events listed in
Table 1. Overall, the MLD anomaly in the Pacific sector is evident
in both EP and CP El Niño events throughout the year, while the
MLD anomaly in the Atlantic and Indian Ocean sectors is weaker.
The notable anomalous regions are mainly concentrated in the
high latitude region between 40°S and 70°S. In austral spring
(September, October, and November; SON) during EP El Niño
events, the distribution of MLD anomaly shows a dipole pattern
in the Pacific sector, with the positive and negative anomaly cen-
ters in the central and eastern Pacific, respectively (Fig. 2a). The
other sectors have no obvious distribution features. Although the
spatial structure is obvious, the MLD anomaly is not statistically
significant at the 95% confidence level. For the austral spring of
CP-El Niño, the distributions of MLD anomaly in the SO bear a
resemblance to that of EP El Niño events, except that the phases
are opposite. Furthermore, only weak and statistically significant
negative MLD anomaly occurs in the central Pacific Ocean
(Fig. 2e). During the subsequent austral summer (DJF) and au-
tumn (March, April, May; MAM), the distribution characteristics
of MLD anomaly in the SO are similar to that during the EP El
Niño, with weak and statistically significant negative anomaly
centers in the central Pacific. The remaining regions show posit-
ive anomaly and are almost statistically insignificant (Figs 2b and
c). Similarly, during the CP El Niño, the spatial structure is simil-
ar in austral summer and autumn, with the positive anomaly oc-
curring mainly in the central Pacific and southern Australia. The
negative anomaly is found in the remaining oceans. Except the
Weddell Sea, other areas are statistically insignificant in austral
summer and autumn (Figs 2f and g).

In the following austral winter during the years of EP El Niño,
the feature of MLD anomaly in the SO exhibits a dipole structure,
with positive anomaly (Box 1) over the central and western Pa-
cific (40°–60°S, 160°E–145°W) and negative anomaly (Box 2) over
the eastern Pacific (45°–65°S, 140°–70°W). The Indian and At-
lantic sectors show a weak and statistically insignificant positive
anomaly (Fig. 2d). One can see two negative MLD anomaly cen-
ters and one positive anomaly center in austral winter in the CP
El Niño cases. Negative anomaly centers occur in the central Pa-
cific and Indian Ocean, while the positive anomaly center occurs
in southern Australia. But only the negative anomaly center in
the central Pacific (42°–62°S, 165°–100°W) features the strong and
statistically significant negative anomaly (Box 3), which is dis-
tinct from that of EP El Niño. The above results indicate that both
EP and CP El Niño events have dominant impacts on the MLD
anomaly in the southern Pacific in austral winter compared with
the other three seasons, while the influences are markedly differ-
ent. We find that the MLD anomaly associated with EP El Niño
shows a dipole-like pattern in the Pacific sector during the aus-

tral winter (Boxes 1 and 2 in Fig. 2d), while during the CP El Niño,
only a separate negative anomaly center (statistically significant)
exists in the Pacific sector (Box 3 in Fig. 2h). These response char-
acteristics are different from previous investigations, which indic-
ated that the MLD dipole emerges in spring during EP El Niño.
Moreover, they found the MLD dipole located in the Pacific (neg-
ative anomaly center) and Atlantic (positive anomaly center) sec-
tors (Wang et al., 2020). Different data sets and study periods, and
different methods for defining the EP and CP El Niño and the
MLD may all lead to differences in the results. Although the ef-
fects of the two types of El Niño on the MLD are significantly dif-
ferent in austral autumn, the impact of CP El Niño on MLD is not
statistically significant. In contrast, in austral winter, the effects of
two types of El Niño on MLD are statistically significant, which
makes comparisons of the different effects valid. On the other
hand, austral winter is the deepest season for the MLD, which
has a significant impact on both SO primary productivity and
global climate change. In addition, although the El Niño during
the austral winter is in the decaying phase, the effect on the MLD
is strongest at this season. This prompts this study to primarily fo-
cus on the different impacts of two types of El Niño events on the
MLD of the Pacific sector in austral winter.

4  Tropical teleconnections
Previousnresults have revealed that the two types of El Niño

events are accompanied by SSTA at different spots. This section
first examines the SSTA triggered by the EP and CP El Niño
events in the Pacific sector (Fig. 3), where the austral winter MLD
anomaly is most pronounced (Figs 2d and h). During the EP El
Niño, the SSTA is most obvious near the equator (Fig. 3a). The
positive SSTA occurs in the eastern Pacific south of the equator,
extending westward to 180°. The positive SSTA center appears off
western Peru, yet the SSTA here is statistically insignificant. The
negative SSTA is zonally distributed along the equator with lon-
gitudes ranging from 180° to 100°W. It is also not statistically sig-
nificant. Instead, the statistically significant region appears in the
extratropical Pacific between 160°E and 70°W, characterized by a
dipole distribution pattern as well. It is noted that the dipole posi-
tion of SSTA is consistent with that of the MLD dipole (Figs 2d
and 3a). The negative SSTA occurs exactly where the ML abnor-
mally deepens (Box 1), while positive SSTA occurs where the ML
shoals (Box 2). In addition to the tropical Pacific, a small propor-
tion of significant positive SSTA exists in the northern Indian
Ocean near the coast. In comparison, the maximum positive
SSTA of CP El Niño emerges in the central Pacific, with 10°–30° of
westward shifting compared with the EP El Niño events (Fig. 3b).
Although the magnitudes of this positive anomaly are smaller
than that of the EP El Niño, they are statistically significant at the
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Fig. 3.   Composite images of SSTA observed from the ERA5 for EP (a) and CP (b) El Niño events in austral winter (JJA, June, July, and
August). The black stippled areas represent that the results are statistically significant at the 95% confidence level. Box 1 (red; 40°–60°S,
160°E–180°–145°W) and Box 2 (blue; 45°–65°S, 140°–70°W) in a and Box 3 (blue; 42°–62°S, 165°–100°W) in b indicate the focus areas,
same as Boxes 1, 2, and 3 in Figs 2d and h.
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95% confidence level. During the CP El Niño events, the positive
SSTA occurs to the northwest of Box 3 and the position of posit-
ive SSTA is not completely coincident with Box 3 (Fig. 3b). Addi-
tionally, statistically significant positive SSTA is found in almost
entire the northern Indian Ocean, which is different from the EP
El Niño. The statistically significant SSTA and MLD anomaly are
in good agreement, suggesting a possible connection between
the two. The mechanisms will be discussed in a later section.

Previous studies have shown that the positive SSTA associ-
ated with the El Niño in the tropical Pacific can heat the atmo-
sphere and enhance atmospheric convection (Cai et al., 2011;
Clem and Fogt, 2015; Karoly and Hoskins, 1983). It can be re-
garded as an effective Rossby wave source, which can excite the
Rossby wave train propagating poleward in the upper tropo-
sphere. Figure 4 shows the austral winter geopotential heights of
the upper, middle, and lower troposphere during the EP and CP
El Niño events. One can see that in the upper troposphere, the
Rossby wave train propagates from the tropical region to the Ant-

arctic region via alternating cyclone anomaly and anticyclone an-
omaly on the 300 hPa geopotential height anomaly, which is
known as the Pacific-South American (PSA) pattern (Figs 4a and
b). During the EP El Niño, the 300 hPa geopotential height anom-
aly extends along an approximate great circle path, originating
from the eastern Australia and propagating southeastward into
the Southeast Pacific and finally into the Amundsen Sea, charac-
terized by a positive (far east of Australia)-negative (Ross
Sea–Amundsen Sea) anomaly centers (Fig. 4a). As a result, low-
pressure anomaly center, known as the cyclonic anomaly, dom-
inates the Ross Sea–Amundsen Sea. During the CP El Niño, the
Rossby wave train has a similar spatial propagation path to that
of EP-Niño, featuring positive (eastern Australia)-negative
(southern New Zealand)-positive (Amundsen Sea–Belling-
shausen Sea) anomaly centers. In contrast to the EP El Niño, the
Amundsen–Bellingshausen seas are controlled by the positive
geopotential height anomaly center, namely anticyclonic anom-
aly (Fig. 4b). Since the interval of geopotential height contours is
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Fig. 4.   Composite images of 300 hPa (a and b), 700 hPa (c and d), and 850 hPa (e and f) geopotential height anomaly (unit: m) in aus-
tral winter (JJA) derived from the ERA5 for EP El Niño (a, c, and e) and CP El Niño (b, d, and f) events. The gray shadings represent the
results statistically significant at the 95% confidence level. Red solid, black solid, and blue dashed lines for geopotential height anom-
aly indicate the positive, zero, and negative anomalies, respectively. Black arrow indicates the path of Rossby wave propagation. Box 1
(red; 40°–60°S, 160°E–180°–145°W) and Box 2 (blue; 45°–65°S, 140°–70°W) and Box 3 (blue; 42°–62°S, 165°–100°W) in b, d, and f indicate
the focus areas, same as Boxes 1, 2, and 3 in Figs 2 d and h.
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5 m, the PSA structure of the EP El Niño is stronger than that in
the CP El Niño cases. In the middle and lower troposphere, the
phenomenon of Rossby wave train propagation is weaker or even
disappears, but the Ross Sea–Amundsen Sea and the Amundsen
Sea–Bellingshausen Sea are still dominated by a low-pressure an-
omaly (EP El Niño) and high-pressure anomaly (CP El Niño) cen-
ters, respectively (Figs 4c–f). The above analysis results indicate
that tropical Pacific warm SSTA with different magnitudes and
placements induce different geopotential height anomalies near
the Amundsen Sea in terms of intensity and location.

The Rossby wave train only spreads poleward during three
seasons rather than summer, when the subtropical jet is suffi-
ciently strong and properly positioned to act as a waveguide
(Li et al., 2015b; Schneider et al., 2012). Figure 5 shows the aus-
tral winter 300 hPa zonal wind speed anomaly together with the
PV anomaly during the two types of El Niño. During the EP El
Niño, the subtropical jet (38°–60°S, 160°E–180°–70°W) at the MLD
dipole region is substantially stronger than the climatology,
ranging from southeast of Australia to west of Chile around 50°S
(Fig. 5a). From Fig. 5c, in the meridional direction, the PV anom-
aly exhibits distinctive positive-negative-positive distribution
patterns in the South Pacific. The positive PV anomaly (25°–50°S,
160°E–180°–70°W) occurs between 25°S and the northern dipole
pattern, ranging latitudinally from southeastern Australia to
western Chile. Negative PV anomaly (40°–65°S, 160°E–180°–70°W)
occurs at the dipole pattern, with the negative anomaly center
located on the western border of Box 2. Another positive PV an-
omaly (65°–80°S, 160°E–110°W) exists to the south of the negative
PV anomaly. Moreover, positive (25°–50°S, 160°E–180°–70°W)
and negative PV anomalies (40°–65°S, 160°E–70°W) appear to the
north and south of the subtropical jet (38°–60°S, 160°E–180°–70°W),
respectively (Fig. 5c). This exceptionally strong subtropical
jet and the meridional PV gradient in its vicinity facilitate the
propagation of the Rossby wave train. However, in the case of the
CP El Niño, the subtropical jet is not visible and the meridional
PV gradient is substituted by the zonal gradient (Figs 5b and d).

This illustrates that the intensity of the PSA pattern may also in-
fluence the circulation near Amundsen Sea in addition to the dif-
ferent heat sources in the tropical Pacific. Conditions favoring
southeastward propagation of Rossby wave trains may result in a
stronger PSA pattern.

5  Possible modulation mechanisms
The last section investigates poleward propagation of the El

Niño-induced Rossby wave trains in the upper troposphere, thus
this section further explores responses of near-surface ocean cir-
culation. Figure 6 shows the SLP anomaly and 10 m wind speed
anomaly attributed to the EP and CP El Niño. The positive SSTA
associated with the EP El Niño excites a Rossby wave train
propagating towards the vicinity of the Amundsen Sea, which in-
tensifies the ASL (Fig. 6a). Consequently, a strong anomalous
cyclone formed in the Ross Sea–Amundsen Sea–Bellingshausen
Sea. Strong southerly and northerly wind speed anomalies occur
to the west and east of the anomalous cyclone, respectively,
where the MLD dipole occurs (Figs 2d and 6c). In contrast, the
CP El Niño events cause anomalous anticyclone only in the
Amundsen Sea–Bellingshausen Sea (Fig. 6b). Remarkable north-
erly wind speed anomaly occurs to the west of this anomalous
anticyclone, precisely where the negative MLD anomaly occurs
(Figs 2h and 6d). Despite the cold southerly winds to the east of
the anomalous anticyclone, it fails to directly affect the MLD in
Box 3, as it is located to the east of Box 3. One can see that the
strong anomalous cyclone appears in the MLD dipole region
(Boxes 1 and 2) during the EP El Niño, while the strong anomal-
ous anticyclone occurs in the region of negative MLD anomaly
(Box 3) during the CP El Niño events, which enhances the lateral
transport of the corresponding meridional winds of two flanks. It
suggests that the meridional winds associated with anomalous
cyclones and anticyclones are critical factors to create distinct ef-
fects of two types of El Niño events on the MLD anomaly. In addi-
tion, the anomalous cyclone is only observed during the EP El
Niño events, which is similar to the response of the SLP anomaly
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Fig. 5.   Composite images of austral winter (JJA, June, July, and August) 300 hPa zonal wind speed anomaly derived from the ERA5 for
EP El Niño (a) and CP El Niño (b) events and potential vorticity (PV) anomaly derived from the ERA5 for EP El Niño (c) and CP El Niño
(d) events. The black stippled areas represent the results statistically significant at the 95% confidence level. Box 1 (red; 40°–60°S,
160°E–180°–145°W) and Box 2 (blue; 45°–65°S, 140°–70°W) and Box 3 (blue; 42°–62°S, 165°–100°W) indicate the focus areas, same as
Boxes 1, 2, and 3 in Figs 2d and h.
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field to unclassified ENSO (Li and England, 2020). However, the
Amundsen Sea is controlled by the anomalous anticyclone in the

CP El Niño, which has not been studied yet.
The different sources of meridional winds exhibit different
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Fig. 6.   Composite images of SLP anomaly (a and b, unit: hPa) (contours), and anomalous 10 m wind (c and d) (vectors) as well as
wind speed (color) anomaly (unit: m/s) derived from the ERA5 for EP El Niño (a and c) and CP El Niño (b and d) events. Red solid,
black solid, and blue dashed lines for SLP anomaly indicate the positive, zero, and negative anomalies, respectively. The gray shadings
and black stippled areas represent the results statistically significant at the 95% confidence level. The red letters H and A represent the
High-pressure anomaly center and anticyclone, respectively. The blue letters L and C represent the Low-pressure anomaly center and
cyclone, respectively. Box 1 (red; 40°–60°S, 160°E–180°–145°W) and Box 2 (blue; 45°–65°S, 140°–70°W) in a and c and Box 3 (blue;
42°–62°S, 165°–100°W) in b and d indicate the focus areas, same as Boxes 1, 2, and 3 in Figs 2d and h.
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Fig. 7.   Composite images of air temperature anomaly at 2 m (a and b), and 1 000 hPa specific humidity anomaly (c and d) derived
from the ERA5 for EP El Niño (a and c) and CP El Niño (b and d) events. The black stippled areas represent the results statistically sig-
nificant at the 95% confidence level. Box 1 (red; 40°–60°S, 160°E–180°–145°W) and Box 2 (blue; 45°–65°S, 140°–70°W) in a and c and Box
3 (blue; 42°–62°S, 165°–100°W) in b and d indicate the focus areas, same as Boxes 1, 2, and 3 in Figs 2d and h.
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properties, particularly temperature and humidity. Figure 7
shows temperature anomaly at 2 m and 1 000 hPa specific hu-
midity anomaly in the EP and CP El Niño cases. In the EP El Niño
case, the 2 m air temperature anomaly and specific humidity an-
omaly also show a dipole structure (Figs 7a and c), characterized
by colder and drier air appearing in Box 1 (positive MLD anom-
aly), and warmer and wetter air appearing in the Box 2 (negative
MLD anomaly). These are attributed to the anomalous cyclone at
the MLD dipole region. During the EP El Niño events, the equat-
orward winds to the west of the anomalous cyclone deliver colder
and drier air to Box 1, whilst poleward winds to the east of the an-
omalous cyclone advect warmer and wetter air to Box 2 (Fig. 6c).
The poleward winds on the west side of the strong anomalous an-
ticyclone transport warmer and wetter air to Box 3 during the CP
El Niño, resulting in a warm together with wet anomaly center
(Figs 6d, 7b and d).

Furthermore, comparisons of Figs 3a and b to Figs 7a and b
show that the distribution of temperature anomaly at 2 m is quite
similar to that of the SSTA during the EP and CP El Niño events.
However, the fluctuation amplitudes of the SSTA are smaller than
that of the 2 m temperature anomaly, implying that the heat ex-
change exists between the atmosphere and the ocean through
sensible heating and then affect the MLD. Therefore, the total
heat flux at the air-sea interface is further investigated. Figure 8
shows components of total heat flux anomaly during two types of
El Niño. The positive anomaly indicates that the ocean gains the
heat from the atmosphere. One can see that during the two types
of El Niño, SH and LH anomalies are more pronounced than LW
and SW anomalies in the focus regions. During the EP El Niño
events, the negative SH anomaly (southeast of New Zealand) and
the positive SH anomaly (southwest of Chile) show up in the
MLD dipole region (Fig. 8a). In contrast, the negative LH anom-
aly extends eastward to 100°W compared to the negative SH an-
omaly (Fig. 8c), which may counteract the warming effect of the
positive LH anomaly in Box 2. The LW anomaly is similar to the
LH anomaly, but the magnitudes are smaller (Fig. 8e). Compar-
ing to the other three components, the SW anomaly at the MLD
dipole region are negligible (Fig. 8g). Accordingly, the spatial dis-
tributions of total surface heat flux anomaly are similar to that of
the LH anomaly (Figs 8c and i). During the CP El Niño events, ex-
cept for the SW anomaly, the other three components gain the
heat in Box 3 (Figs 8b, d, and f). The SW anomaly here shows a
weak and statistically significant negative anomaly with the heat
loss (Fig. 8h). The reason for the negative SW anomaly needs to
be further explored. Thus, the total surface heat flux anomaly in
the CP El Niño cases acquires the heat at the negative MLD an-
omaly region (Box 3 in Fig. 8j).

These signatures may preliminarily explain the different res-
ults of SSTA and MLD anomaly during two types of El Niño
events, i.e., the MLD (SSTA) dipole in the EP El Niño cases and
separate negative MLD (positive SSTA) anomaly center in the CP
El Niño cases. During the EP El Niño events, the ocean loses the
heat off the southeastern of New Zealand (Box 1, positive MLD
anomaly region), where convection is enhanced and the ML
deepens. In contrast, in the southwest of Chile (Box 2, negative
MLD anomaly region), the ocean gains the heat from the atmo-
sphere and the ML becomes shallower, even though the heat loss
here counteracts the warming effect. As for the CP El Niño events,
the ocean acquires the heat from the atmosphere in the central
subtropical Pacific (Box 3, negative MLD anomaly region), which
enhances stratification and therefore, ML shoals.

Further quantitative analysis of the total surface heat flux an-
omaly and its components show that during EP El Niño, both the
negative surface SH, LH, and SW anomaly contribute to the SST

cooling and ML deepening (Box 1), especially the surface SH and
LH anomaly (Fig. 9). The regional averaged total heat flux anom-
aly reaches –4.5 W/m2, accompanied by SH, LH and SW reaching
–1.9 W/m2, –1.9 W/m2 and –0.7 W/m2, respectively. In comparis-
on, the contribution of the total heat flux is negligible in the neg-
ative MLD anomaly region (Box 2), characterized by values close
to 0, due to the counterbalance of heat gain and loss in this re-
gion. During the CP El Niño events (Box 3), the LH reaching
3.6 W/m2 is the dominant contributor to SST warming and ML
shoaling. In addition, the increased SH and LW of 2.7 W/m2 and
2.6 W/m2 are two other important contributors to SST warming
and ML shoaling. The SW cools the SST with –0.8 W/m2. Thus,
the total heat flux anomaly is 8 W/m2.

In combination with the surface heat flux anomaly described
above, we next examine the austral winter MLD variability driv-
en by surface heat flux anomaly. As shown in Figs 2d and h, the
MLD dipole associated with the EP El Niño events occurs in the
South Pacific, while only the single negative MLD anomaly cen-
ter can be found during the CP El Niño events. To comprehens-
ively understand the response of MLD anomaly to El Niño-in-
duced surface heat flux anomaly, the regional means of the three
MLD anomaly boxes is shown in Fig. 10. One can see that the
MLD increases by 26 m and decreases by 40 m in the MLD dipole
region in the EP El Niño cases, while it decreases by 15 m in the
CP El Niño cases. It is worth noting that the maximum MLD vari-
ation occurs synchronously with the almost zero total heat flux
anomaly in EP cases (Box 2 in Figs 9 and 10), suggesting that the
surface heat flux is not the primary factor leading to the negative
MLD anomaly in Box 2 (southwest of Chile).

The question then arises as to what is responsible for the neg-
ative MLD anomaly during the EP El Niño events. The earlier
analysis proved that the EP El Niño-related ASL intensifies via the
PSA pattern. Subsequently, the enhanced poleward northerly
winds to the east of the anomalous cyclone bring warmer air
from lower latitudes into the vicinity of the Amundsen Sea. Even
though the surface heat flux has no contribution to this negative
MLD anomaly in Box 2, the warmer air promotes sea ice melting
and facilitates the maintenance of fresh water, which may result
in a negative MLD anomaly. To confirm this hypothesis, the SIC
anomaly in the EP and CP El Niño cases is shown in Fig. 11. One
can see that a strong and statistically significant negative SIC an-
omaly prevails to the south of Box 2 during the EP El Niño events.
Negative SIC anomaly suggests sea ice melting or reduction in
sea ice formation, which results in available freshwater on the sea
surface. Negative SIC anomaly occurs to the south of Box 2 and
does not directly affect MLD change within Box 2. However, this
area is dominated by prevailing westerly winds, implying that the
northward Ekman transport brings the freshwater from the south
into Box 2. As a result, stratification is enhanced and the MLD be-
comes shallower. In comparison, strong but statistically insigni-
ficant positive anomaly and negative SIC anomaly present in the
southern Box 1 during the EP El Niño and Box 3 during the CP El
Niño, respectively. These suggest that sea ice is a predominant
factor in the shallowing of MLD in Box 2, while total surface heat
flux anomaly has no effect. Sea ice affects the MLD by varying the
strength of stratification. This is inconsistent with previous con-
clusions, which indicated that the MLD anomaly associated with
the EP El Niño is governed by surface heat flux anomaly and wind
anomaly (Li and England, 2020; Wang et al., 2020).

6  Discussion and conclusions
In summary, we have shown distinct responses of the austral

winter MLD in the SO to the two types of El Niño, i.e., the SO
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MLD dipole (Box 1 and Box 2) during the EP El Niño events and

the isolated negative MLD anomaly center (Box 3) during the CP

El Niño events. The corresponding mechanism is summarized in

Fig. 12. Positive SSTA in the central and eastern Pacific associ-

ated with the EP El Niño events warm the atmosphere and en-

hance atmospheric convection, which can act as an effective
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Fig. 8.   Composite images of surface sensible heat flux (SH) anomaly (a and b), latent heat flux (LH) anomaly (c and d), net longwave
radiation flux (LW) anomaly (e and f), net shortwave radiation flux (SW) anomaly (g and h), and total surface heat flux anomaly (i and
j) derived from the ERA5 for EP El Niño (a, c, e, g, and i) and CP El Niño (b, d, f, h, and j) events. The positive anomaly represents
downward. The black stippled areas represent the results statistically significant at the 95% confidence level. Box 1 (red; 40°–60°S,
160°E–180°–145°W) and Box 2 (blue; 45°–65°S, 140°–70°W) in a, c, e, g, and i and Box 3 (blue; 42°–62°S, 165°–100°W) in b, d, f, h, and j
indicate the focus areas, same as Boxes 1, 2, and 3 in Figs 2d and h.
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source of the Rossby wave train. The Rossby wave train propag-
ates southeastward along a great circle path in the upper tropo-
sphere, ultimately reaching the vicinity of the Amundsen Sea. As
a result, the ASL intensifies, enabling the southerly winds to the
west of the anomalous cyclone to deliver colder and drier air to
the southeast of New Zealand (Box 1). The strong negative air
temperature anomaly and weak negative SSTA cause temperat-
ure differences at the sea-air interface, resulting in the heat loss
on the sea surface, and leading to MLD deepening in Box 1.
However, on the other side of the anomalous cyclone, northerly
winds transport warmer and wetter air to the southwest of Chile
(Box 2). Although the effect of sea surface heat flux is negligible,
the warmer air promotes sea ice melting and maintenance of

fresh water with subsequent stratification enhancement, thus
making MLD shallower in Box 2 (Fig. 12a). During the CP El Niño
events, the heat source appears in the central Pacific. The
propagation path of the Rossby wave train is similar to that of the
EP El Niño, except that the Amundsen Sea is dominated by an
anomalous anticyclone. Thus, the poleward winds from the west
of the anomalous anticyclone transport warmer and wetter air to
the southern Pacific (Box 3). This contributes to warmer air than
the ocean. The ocean gains the heat from the atmosphere, thus
forming a negative MLD anomaly in Box 3 (Fig. 12b).

From Fig. 10, one can see that the ML variations caused by the
EP El Niño events are larger than that of the CP El Niño events.
This may be caused by the following three reasons. First, the
warm SSTA signal induced by the EP El Niño is stronger than that
by the CP El Niño (Fig. 3), which is consistent with the previous
results (Kao and Yu, 2009; Ren and Jin, 2011). Therefore, the EP
El Niño creates stronger anomalous disturbances in the atmo-
sphere. Second, years of the EP El Niño events coincide with the
positive phase of the IOD, and the tropical Indian Ocean also has
a Rossby wave train propagating southeastward into the Amund-
sen Sea (Fig. 4a), resulting in a stronger PSA pattern due to the
combined effect of the EP El Niño and the IOD (Zhang et al.,
2021). Finally, in the EP El Niño cases, the abnormally strong
subtropical jet and the meridional gradient of the PV anomaly are
conducive to propagation of the Rossby wave train (Li et al.,
2021), which are absent in the CP El Niño cases (Fig. 5).

Based on ORAS5 and ERA5 reanalysis data, we investigate the
quite different responses of the MLD to the two types of El Niño.
The strongest MLD response to both EP and CP El Niño events
occurs in austral winter, accompanied by an EP-induced SO
MLD dipole pattern and a separate CP-induced negative MLD
anomaly center. The two types of El Niño have different strengths
of tropical warm SST anomalous signals. Therefore, the PSA pat-
terns vary in strength, i.e., the southeastward propagation of the
Rossby wave train. As a result, the ASL strengthens during the EP
El Niño, with an anomalous cyclone dominating the Amundsen
Sea, while the ASL weakens during the CP El Niño, with an anom-
alous anticyclone controlling the Amundsen Sea. During the EP
El Niño events, the positive MLD anomaly occurs in the south-
east of New Zealand (Box 1, 40°–60°S, 160°E–180°–145°W), while
the negative anomaly occurs in the southwest of Chile (Box 2, 45°–
65°S, 140°–70°W). The southerly winds to the west of the anomal-
ous cyclone exacerbate the temperature and humidity differ-
ences between the air and the sea surface, subsequently causing
variations in the surface heat flux. Among the four components of
the total surface heat flux, negative SH anomaly and LH anomaly
are the main contributors to surface cooling. This makes the
MLD deepen. To the east of the anomalous cyclone, the role of
sea surface heat fluxes is negligible. However, the warm air from
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Fig. 9.   Contributions of net heat flux components to the MLD
anomaly during EP and CP El Niño events.  The contributions
are calculated from averaged anomaly over Box 1 and Box 2 in
Figs 8a, c, e, g, and i for EP El Niño events, and Box 3 in Figs 8b, d,
f, h, and j for CP El Niño events.
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Fig. 10.   Magnitudes of MLD variation derived from the ORAS5
during the EP and CP El Niño events. The magnitudes are estim-
ated by averaging anomaly over Boxes 1 and 2 in Fig. 2d and Box
3 in Fig. 2h.
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Fig. 11.   Composite pictures of SIC anomaly derived from the ORAS5 during EP El Niño events (a) and CP El Niño events (b). The
black stippled areas represent the results statistically significant at the 95% confidence level. Box 1 (red; 40°–60°S, 160°E–180°–145°W)
and Box 2 (blue; 45°–65°S, 140°–70°W) in a and Box 3 (blue; 42°–62°S, 165°–100°W) in b indicate the focus areas, same as Boxes 1, 2, and
3 in Figs 2d and h.
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the tropics melts the sea ice and maintains fresh water, thus res-
ulting in the shallower MLD. The separate negative MLD anom-
aly center in the CP El Niño cases occurs in the far southeast of
New Zealand (Box 3, 42°–62°S, 165°–100°W). Warmer and wetter
air to the west of the anomalous anticyclone is transported to Box
3, increasing the temperature difference between the ocean and
the atmosphere here. As a result, the sea surface gains the heat
from the atmosphere through the positive SH, LH, and LW anom-
alies, eventually the MLD shoals.
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