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Abstract

This study uses the Climate Forecast System Reanalysis (CFSR) to investigate the responses of the Southern
Hemisphere (SH) extratropical climate to two types of El Niño–Southern Oscillation (ENSO)—the eastern Pacific
(EP) type and the central Pacific (CP) type in different seasons. The responses are denoted by the anomalies of
climate variables associated with one-standard-deviation increase in the Niño3 or Niño4 index. The results show
that in austral spring the differences in the ENSO-related anomaly (ERA) patterns of atmospheric circulation
between the EP ENSO period (1979–1998) and CP ENSO period (1999–2010) are mainly associated with the
change in the ENSO-PSA2 relationship. Such differences affect the ERA fields of surface air temperature and
mixed layer temperature, and finally result in significant differences in sea-ice concentration anomalies in the
Atlantic sector. In austral summer, significant correlation exists between the variations of SAM and both of the
variations of  Niño3 and Niño4 in  1979–1998,  while  the correlation between SAM and Niño4 disappears  in
1999–2010. For all seasons, the strength of the climate ERAs depend on if there are close relationship between
ENSO and the major climate variation modes of the SH extratropics. For the climate variables, the ERA patterns of
surface air temperature are generally controlled by surface wind anomalies and mirrored by the mixed layer
temperature anomalies. The mixed layer depth anomalies are primarily modulated by surface heat flux anomalies
and occasionally by anomalous wind. There are strikingly strong anomalies of surface heat flux in the autumn of
1979–1998 related to the Niño3 variation, the period when there is only significant correlation between ENSO and
PSA2. There are no evidence that the SH extratropical climate variability induced by Niño3 variations are stronger
in the EP-ENSO period, and that variability induced by Niño4 variations are stronger in the CP-ENSO period.
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1  Introduction
ENSO is a dominant climate mode related to coupled atmo-

spheric and oceanic processes over the tropical Pacific Ocean,
and exerts influences on extratropical climate variability in both
the Northern Hemisphere (NH) and Southern Hemisphere (SH)
by atmospheric teleconnection (Philander et al., 1984; Zebiak
and Cane, 1987; Mcphaden et al., 2006). Relationship between
ENSO and the SH extratropical climate variations has been the
focus of many studies, which have either revealed the ENSO in-
duced anomalies of a specific climate variable such as the sea
surface temperature (SST), the surface air temperature and the
sea ice concentration (Turner, 2004; Gong et al., 2013; Li et al.,
2013; Ciasto et al., 2015), or revealed the relations between ENSO
and the dominant climate modes including the southern annu-
lar mode (SAM) and the Pacific-South America (PSA) wave train
(Mo, 2000; Fogt and Bromwich, 2006; L’Heureux and Thompson,
2006; Fogt and Bromwich et al., 2011; Yu et al., 2015).

In the past decade, it was found that ENSO was transitioned
from an eastern Pacific (EP) type to a central Pacific (CP) type in
the late 1990s (Kao and Yu, 2009; Yu et al., 2011), with a transfer
of the tropical SST anomaly center from the eastern to the cent-

ral Pacific. Such transition has been documented to impose sig-
nificant impacts on the SH extratropical climate variation pat-
terns. Li et al. (2013) found that the two types of ENSO can stimu-
late different atmospheric circulation modes that further affect
the SST variations in the South Pacific. Ciasto et al. (2015) sugges-
ted that in austral warm seasons, the EP SST variability is largely
associated with zonally symmetric structures in the SH extratrop-
ical atmospheric circulation reflecting SAM and is strongly
coupled with the SH SST and sea ice, while the CP ENSO has only
weak impacts on the SH climate variables. Yu et al. (2015) was fo-
cused on the austral spring season, and concluded that a close
relationship between SAM and ENSO was developed in this sea-
son when ENSO changed from the EP type to the CP type by both
an eddy-mean flow interaction mechanism and a stratospheric
pathway mechanism, and the CP ENSO type induced a stronger
dipole structure in the sea ice concentration field in the Atlantic
and Pacific sectors. Yeo and Kim (2015) investigated the decadal
change in the SH SST associated with both ENSO and with SAM
before and after 1999, and suggested a weakened ENSO telecon-
nection with the SH extratropics in austral autumn and winter.
These previous studies have made great efforts in revealing the  
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linkage between different types of ENSO and the SH extratropical
climate patterns in different seasons, with most of them focused
on specific variables like SST or on specific seasons. In this study,
we attempted to uncover the linkage of the SH extratropical cli-
mate variability to the EP and CP ENSO over a full annual cycle
for a variety of important climate variables including the atmo-
spheric circulation, mixed layer temperature, mixed layer depth,
air-sea heat fluxes and sea-ice concentration. In addition, in aus-
tral spring and summer, the seasons characterized by strong
coupling between ENSO and the SH extratropical climate (Ciasto
et al., 2015; Yu et al., 2015), the change in the ENSO-related an-
omalies of the climate variables mentioned above from the EP
ENSO period to the CP ENSO period were associated with
changes in the dominating climate modes in the SH extratropics.

2  Datasets and methods

2.1  Dataset
The reanalysis product used in this study is the Climate Fore-

cast System Reanalysis (CFSR) covering the period 1979–2010
(Saha et al., 2010), which is produced by a coupled atmosphere-
ocean-sea-ice system from the National Centers for Environ-
mental Prediction (NCEP). CFSR uses the global forecast system
(GFS) model as the atmospheric model. The ocean model is the
Modular Ocean Model Version 4 (MOM4) that also includes a
sea-ice module. This model has a zonal resolution of 0.5°, and a
meridional resolution of 0.25° between 10°S and 10°N that in-
creasing to 0.5° poleward of 30°S and 30°N. The model has 40 ver-
tical layers. The sea-ice model grid is identical to the ocean mod-
el grid. CFSR assimilates sub-surface temperature and salinity
observations from XBTs and the Argo array using a 3D-VAR
scheme, and surface temperature and salinity from satellite and
in-situ observations using an optimal interpolation scheme. Sea-
ice concentration reanalysis data comes from the gridded data of
Cavalieri (1994), the NCEP operational ice analysis, and a newer
NCEP sea-ice analysis system (Saha et al., 2010). In this study,
monthly data from CFSR were used to derive the climate indices
and to analyze the relations of the SH extratropical atmospheric,
oceanic and sea-ice processes to ENSO.

2.2  Methods
In this study, the CFSR dataset was separated into the period

of 1979–1998 (hereafter 79–98) and the period 1999–2010 (here-
after 99–10), corresponding to the periods when ENSO is domin-
ated by the EP type and the CP type, respectively. Variations of
the EP and CP ENSO are characterized respectively by the Niño3
and Niño4 indices. The Niño3 index was obtained by calculating
the anomalies of multi-year SST from CFSR over the eastern trop-
ical Pacific (5°S–5°N, 90°–150°W), and the Niño4 index was ob-
tained from the SST anomalies in the central tropical Pacific
(5°S–5°N, 160°E–150°W). The SH extratropical area is defined as
the region south of 20°S, and to study the relationship of the cli-
mate variables in this region to the ENSO variation, we first re-
moved the long-term linear trend from the monthly timeseries
data. Seasonal cycles were then removed from the detrended
data to obtain the anomalies of the respective variables. The an-
omaly of a climate variable associated with the ENSO variation,
which is defined as ERA (ENSO related anomaly) in this study,
was then derived by performing a point-wise regression of the
monthly anomaly timeseries of the respective variable to the
Niño3 or Niño4 index depending on the period. The regression
coefficient (slope), which denotes the anomaly of a variable cor-
responding to an one-standard-deviation increase in the Niño in-

dex, is then the ERA. Following Mo (2000) and Mo and Higgins
(1998), indices of SAM, PSA1 and PSA2 were defined as the prin-
ciple component time series associated with the first, second and
third empirical orthogonal function (EOF) modes of monthly
mean SLP data south of 20°S, respectively. Linear regression of
SAM, PSA1 and PSA2 onto the ENSO indices were also per-
formed to analyze the relationship between these climate modes
for periods dominated by different ENSO types. The ENSO relate
climate variable variations are examined in different seasons,
and in this study the austral summer, autumn, winter and spring
were denoted by DJF (December, January and February), MAM
(March, April and May), JJA (June, July and August) and SON
(September, October and November) respectively.

3  Results and discussion

3.1  Variations of the SH extratropic atmospheric variations asso-
ciated with the EP and CP ENSO

3.1.1  Sea level pressure
Figure 1 shows the spatial distributions of the SH extratropic-

al SLP ERAs related to the Niño3 or Niño4 variations for the 79–98
and 99–10 periods and in the four seasons. Significant SLP anom-
alies related to the Niño3 or Niño4 changes are observed in all of
the four seasons, while the coupling between ENSO and SLP at
high latitudes (south of 60°S) are stronger in spring and summer,
which is consistent with previous studies (e.g., Fogt and Brom-
wich, 2006). In spring, the SLP ERA fields related to Niño3 and to
Niño4 in 79–98 are similar (Figs 1d , h), and they are both charac-
terized by two negative anomaly centers in the western Atlantic
sector and the western Pacific sector, and a positive anomaly
center in the eastern Pacific sector. This pattern resembles the
distribution of a negative phase of PSA2. The coefficient of correl-
ation between Niño3 and the PSA2 index is –0.59, and the coeffi-
cient of correlation between Niño4 and the PSA2 index is –0.53
(Table 1). These correlations are both significant at the confid-
ence level of 95%. In the period 99–10 (Figs 1l , p), however, the
SLP ERA field bears no resemblance to PSA2. Instead, the SLP
ERA field shows a dipole structure with a positive anomaly cen-
ter in the Amundsen Sea and Ross Sea, and a negative anomaly
center east of New Zealand. Such structure shows similarity to
the pattern of a positive phase of SAM in the Pacific sector
(Zhang et al., 2018), and the correlation coefficients between
Niño3 and SAM and between Niño4 and SAM are –0.33 and
–0.42, respectively, which are respectively significant at the con-
fidence level of 95% and 90%. These results support the finding
from Yu et al. (2015) that there is strong relationship between
SAM and ENSO when ENSO was transitioned into a CP type in
the 1990s. On the other hand, a significant relationship between
PSA1 and Niño3 (Table 1) in 79–98 does not appear in 99–10,
which is consistent with the results from Yeo and Kim (2015) that
the Rossby wave response to anomalous Equatorial heating/
cooling is weaker in the CP ENSO period.

In the summer of 1979–1998 (Figs 1a ,e), the positive anomaly
center in the eastern Pacific sector is still noticeable, while the
negative centers in the Atlantic sector and the western Pacific
sector are much weaker compared to those in spring. The SLP
ERA fields exhibit a PSA-like pattern in the Pacific sector, with al-
ternative signs from the mid to high latitudes depicting a wave
train. The PSA1 index is neither significantly correlated with
Niño3 nor Niño4 (Table 1), while the correlation coefficients
between Niño3 and PSA2 and between Niño4 and PSA2 still
reach –0.55 and –0.57 respectively, both of which are significant
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at the 95% confidence level. The coefficients of correlations
between Niño3 and SAM and between Niño4 and SAM are –0.29
and –0.24 respectively, which are also respectively significant at
the 95% and the 90% confidence level. For the summer of 99–10
(Figs 1i , m), a PSA-like pattern nearly disappears in the SLP ERA
field, and neither the correlation between Niño3 and PSA2 nor
between Niño4 and PSA2 is significant. The decadal variability in
the ENSO-PSA2 relationship over the two periods are similar to
that in spring. On the other hand, the correlation between Niño3

and SAM is –0.31 and is significant at the 90% confidence level,
while that between Niño4 and SAM is not statistically significant.
Ciasto et al. (2015) found that during the austral warm season,
the EP SST variability is correlated with SAM and the CP SST vari-
ability exhibits no clear association with SAM. Our results indic-
ate that in summer significant relationships exist both between
SAM and the EP SST variability and between SAM and the CP SST
variability during the EP ENSO period, while the association of
SAM with the CP SST variability is broken down during the CP

Table 1.   Coefficients of correlation between the Niño3 Index or Niño4 Index and the SAM, PSA1, and PSA2 Indices in 1979–1998 and
1999–2010 in the four seasons

Indices 1979–1998 1999–2010

DJF MAM JJA SON DJF MAM JJA SON

Niño3–SAM –0.29* 0.01 0.03 –0.18 –0.31 –0.24 –0.18 –0.33*
Niño3–PSA1 0.07 –0.20 –0.21 0.27 0.23 0.22 0.16 –0.07

Niño3–PSA2 –0.55* –0.10 –0.28 –0.59* 0.28 –0.37 –0.28 –0.18

Niño4–SAM –0.24 –0.12 –0.16 –0.11 –0.26 –0.27 –0.23 –0.42*
Niño4–PSA1 0.03 –0.11 –0.23 –0.01 0.19 0.21 0.16 –0.03

Niño4–PSA2 –0.57* –0.31* –0.20 –0.53* 0.17 0.01 –0.28 –0.23

          Note: Bold numbers denote correlations significant at the 90% confidence level, and numbers with stars denote correlations significant at
the 95% confidence level.
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Fig. 1.   Spatial distributions of the ERAs of SLP associated with the Niño3 or Niño4 variations for 1979–1998 (a–h) and for 1999–2010
(i–p) during austral (first column) summer, (second column) autumn, (third column) winter and (fourth column) spring seasons.
Only areas where the ERAs are statistically significant at the 90% confidence level are shaded.
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ENSO period.
Significant SLP ERAs associated with Niño4 and Niño3 are

also observed in the autumn and winter of 79–98 (Figs 1f , g) and
of 99–10 (Figs 1g , k), respectively. The ERA patterns show re-
semblance to those in spring, while the positive anomalies are
mostly confined south of 60°S in the Amundsen Sea and eastern
Ross Sea. For these two seasons, correlations between Niño4 and
PSA2 during 79–98 and between Niño3 and PSA2 during 99–10
are both significant at the 90% confidence level, and for both
periods the correlation coefficients for autumn are higher than
those for winter. For autumn and winter, no significant correla-
tions are found either between Niño3 and SAM or between Niño4
and SAM for either of the two periods. While PSA1 is also one of
the dominant modes for the SH extratropical climate variability,
we see in Fig. 1 that prominent PSA1-like signatures only appear
in the SLP ERA field in the summer of 79–98, while statistically
significant correlation between ENSO and PSA1 is only found in
the winter season of 79–98 between Niño4 and PSA1 and the
spring season of 79–98 between Niño3 and PSA1, with low correl-
ation coefficients below 0.3. Therefore the results from this study
suggest that PSA2 plays a more important role in the linkage of
the SH subtropical climate variability to ENSO.

Comparing all the SLP ERA fields in Fig.1, it is noted the
weakest SLP anomalies occur in the summer of 99–10 related to
Niño4, the autumn of 79–98 related to Niño3, the autumn of
99–10 related to Niño4 and the winter of 79–98 related to Niño3,
corresponding to the four periods without any significant correla-
tions of ENSO to either of the major climate modes dominating
the SH extratropical climate variability, i.e., SAM, PSA1 or PSA2
(Table 1). On the other hand, comparing the SLP ERA fields asso-
ciated either with Niño3 or with Niño4 between the 79–98 and
99–10 periods, we cannot reach a conclusion that the ERAs in-
duced by Niño3 variations are stronger in 79–98 when ENSO is
dominated by the EP type, and that ERAs induced by Niño4 vari-
ations are stronger in 99–10 when ENSO is dominated by the CP
type. In fact, in the EP ENSO period 79–98, during spring and
summer the SLP ERAs induced by Niño3 and Niño4 variations
are comparable, while during autumn and winter the SLP ERAs
related to Niño4 are even stronger than those related to Niño3. In
the CP ENSO period, during spring and winter there are no con-
siderable differences between the SLP ERAs related to Niño3 and
the ERAs related to Niño4, while during summer and spring the
SLP anomalies related to Niño3 are even stronger than those re-
lated to Niño4. These indicate that the SH extratropical atmo-
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Fig. 2.   Spatial distributions of the ERAs of 10-m wind vector (arrow) and wind speed (color) associated with the Nin ̃o3 or Nin ̃o4
variations for 1979–1998 (a–h) and for 1999–2010 (i–p) during austral (first column) summer, (second column) autumn, (third
column) winter and (fourth column) spring seasons. Only areas where the ERAs are statistically significant at the 90% confidence level
are shaded.
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spheric variations associated with a specific ENSO type are not
necessarily strong when this ENSO type is dominant.

3.1.2  Surface wind
Figure 2 shows the ERAs fields of the SH extratropical surface

(2 m) wind related to the Niño3 or Niño4 variations for the 79–98
and 99–10 periods. The surface wind ERA distributions show a
close correspondence to the SLP ERA distributions, such that a
positive (negative) anomaly center in the SLP field is generally
accompanied by anticyclonic (cyclonic) wind anomalies. In
spring, the wind ERA field is generally characterized by westerly
wind anomalies in the mid latitudes and easterly wind anom-
alies in the high latitudes, while noticeable anticyclonic wind an-
omalies are observed in the central and eastern Pacific sector
corresponding to the positive SLP anomaly center (Fig. 1). It is
noted that in the spring of 79–98, while the SLP anomaly field as-
sociated with Niño4 (Fig. 1h) is similar to that with Niño3 (Fig. 1d),
the wind anomaly field shows noticeable differences. The anti-
cyclonic anomaly structure in the central and eastern Pacific sec-
tor associated with Niño4 is weaker compared to those associ-
ated with Niño3, and instead it is mainly characterized by north-
east wind anomalies on the northern branch of the anticyclone.
The northeasterly anomalies, instead of southeasterly anomalies

in the same region as in Fig. 1d, are a result of a weakened correl-
ation between ENSO and PSA2 that results in weak SLP anom-
alies in the western Pacific sector between 40°S and 60°S. The dif-
ference between the ERA field associated with Niño3 and that as-
sociated with Niño4 in 79–98 also occurs in the summer, autumn
and winter seasons in the same period (Figs 1e–g). In 99–10, no
significant differences are observed between the wind ERA field
associated with Niño3 and that associated with Niño4 in winter
and spring, while in autumn the wind ERAs associated with
Niño3 are strongest among all of the wind ERA fields, correlated
with strong SLP ERAs. This is the period when the ENSO vari-
ation is only significantly correlated with PSA2, and the fact that
there is no influence from the other major climate modes such as
SAM and PSA1, and thus no offset in the climate variable anom-
alies may result in the strong SLP ERAs in this period. For the sur-
face wind, same as SLP, there is no evidence that the ERAs in-
duced by Niño3 variations are stronger in the EP ENSO domin-
ated period, and that ERAs induced by Niño4 variations are
stronger in the CP ENSO dominated period.

3.1.3  Surface air temperature (SAT)
Figure 3 shows the ERAs fields of the SH extratropical SAT re-

lated to the Niño3 or Niño4 variations for the 79–98 and 99–10
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Fig. 3.   Spatial distributions of the ERAs of SAT associated with the Nin ̃o3 or Nin ̃o4 variations for 1979–1998 (a–h) and for 1999–2010
(i–p) during austral (first column) summer, (second column) autumn, (third column) winter and (fourth column) spring seasons.
Only areas where the ERAs are statistically significant at the 90% confidence level are shaded.
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periods. The SAT anomalies are largely determined by the sur-
face wind anomalies. For example, in the regions dominated by
anticyclonic wind anomalies, such as in the central and eastern
Pacific sector in most subplots of Fig. 3, the SAT anomaly field is
characterized by a negative center near the Antarctic Peninsula
and a positive center in the central Pacific sector, which are re-
spectively created by the southward advection of warm air from
the lower latitudes and northward advection of cold air from the
Antarctic continent by the anomalous anticyclone. In the spring
of 79–98, the period when a strong relation exists between PSA2
and ENSO (Table 1), SAT exhibits the strongest ERAs associated
with both of Niño3 or Niño4 in the high latitudes, and particu-
larly in the eastern Pacific sector and the western Atlantic sector
as for the SLP ERAs. Associated with the prominent negative SLP
anomaly center in the western Atlantic sector in the spring of
79–98 (Figs 1d, h) and the related anomalous cyclonic winds
(Figs 2d , h), which appear as a result of the strong coupling
between PSA2 and ENSO, the SAT anomaly field in the Atlantic
sector exhibits a dipole structure with strong negative SAT anom-
alies east of the Antarctic Peninsula and noticeable positive SAT
anomalies in the eastern Atlantic sector. Such anomalies pat-
terns are found to exert significant impacts on the anomaly field
of the mixed layer temperature and sea ice concentration, as will

be discussed below. Strong SAT anomalies also occur in the
winter of 79–98 associated with Niño4 (Fig. 3g), the only season
in which significant correlation between ENSO and PSA1 exists
(Table 1). Another notable feature in the SAT ERA field is that in
the autumn of 99–10 (Figs 3j , n), the anomaly patters are both
dominated by three positive centers in the mid latitudes, indicat-
ing a wavenumber-3 structure. For the anomaly field associated
with Niño3 (Fig. 3j), this structure can be explained by the close
relation between Niño3 and PSA2 in this season as shown in Table 1,
while for the anomaly field associated with Niño4, there are no
significant correlations of Niño4 either with PSA2, PSA1 or SAM.
The SLP and surface wind ERAs are also quite weak in this sea-
son, implying that the SAT anomalies are not resulted from the
wind anomalies but instead from other processes. It is noted that
significant anomalies associated with Niño4 are found for the
mixed layer temperature (MLT) in the autumn of 99–10 (Fig. 4n)
and are characterized by a wavenumber-3 structure in the mid
and high latitudes, with three positive anomaly centers located
exactly in the same regions as the SAT positive anomaly centers,
seemingly capable of explaining the SAT anomaly pattern
through a oceanic feedback to the atmosphere. However, the sur-
face heat flux anomalies at the three positive SAT anomaly cen-
ters are positive (Fig. 5n), meaning that the net heat fluxes are
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Fig. 4.   Spatial distributions of the ERAs of MLT associated with the Nin ̃o3 or Nin ̃o4 variations for 1979–1998 (a–h) and for1999–2010
(i–p) during austral (first column) summer, (second column) autumn, (third column) winter and (fourth column) spring seasons.
Only areas where the ERAs are statistically significant at the 90% confidence level are shaded.
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from the atmosphere into the ocean and that it is the SAT anom-
alies modulating the MLT anomalies rather than the other way
round. Therefore the SAT anomalies are created by anomalies of
other atmospheric processes, and probably by cloudiness that is
not included in this study.

On the other hand, significant positive SAT anomalies are ob-
served in the autumn of 1979–1998 associated with Niño3 in the
central Pacific sector (Fig. 3b), while the SLP and surface wind
anomalies are quite weak and insignificant (Figs 1b, 2b). The
strong positive anomalies in the MLT field (Fig. 4b) together with
the weak, but significant negative anomalies in the total surface
heat flux field (Fig. 5b) in this region suggest that the positive SAT
anomalies are modulated by the positive MLT anomalies by the
ocean-to-atmosphere heat fluxes. It is unknown that if the MLT
anomalies are directly affected by the ENSO variations via an
ocean teleconnection or affected by atmospheric variables like
clouds or precipitation via an atmosphere teleconnection and
then atmosphere-ocean interaction. As shown in Table 1, in the
autumn of 79–98 there is no significant correlation of the Niño3
index to either of the dominant SH climate variation indices, i.e.
SAM, PSA1 or PSA2. Therefore, it is very likely that the MLT an-
omalies are resulted from ocean teleconnection, the mechanism

behind which demands further analysis that is beyond the scope
of this study.

3.2  Variations of the SH extratropical oceanic variations associ-
ated with the EP and CP ENSO

3.2.1  Mixed layer temperature
As mentioned above, in most cases the MLT ERA field shows

a resemblance to the SAT ERA field by the atmosphere-ocean in-
teractions, such that positive (negative) anomaly centers of SAT
are normally followed by positive (negative) anomaly centers of
MLT by atmosphere-ocean heat fluxes. A positive anomaly cen-
ter in the central Pacific sector is a persistent feature in the MLT
ERA field in both periods and in all seasons resembling the SAT
anomaly pattern. A major difference from the SAT anomaly field
is that the positive MLT anomaly centers in the central Pacific
sector are strongest in summer and autumn, and weakest in
spring when the SAT anomalies are quite strong. The decoupling
between the MLT and SAT anomalies in spring are associated
with the surface wind anomalies, which have a strong northward
component in the eastern Pacific sector (the eastern branch of
the anomalous cyclone) that transports cold water near Antarc-
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Fig. 5.   Spatial distributions of the ERAs of total surface heat flux associated with the Nin ̃o3 or Nin ̃o4 variations for 1979–1998 (a–h)
and for 1999–2010 (i–p) during austral (first column) summer, (second column) autumn, (third column) winter and (fourth column)
spring seasons. Only areas where the ERAs are statistically significant at the 90% confidence level are shaded.
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tica to the central Pacific area by Ekman flows, which are direc-
ted leftward of the anomalous winds. Therefore, the MLT anom-
alies are co-influenced by the SAT anomalies via air-sea heat
fluxes and by surface wind anomalies via advective oceanic heat
fluxes.

In the spring of 79–98 that is characterized by significant cor-
relation between PSA2 and ENSO, similar to the SAT anomaly
pattern, a dipole structure appears in the MLT anomaly field in
the Atlantic sector, with significant negative anomalies near the
Antarctic Peninsula and positive anomalies in the eastern At-
lantic sector. This dipole structure is absent in the spring of
99–10. Such decadal variation reflects the variation in the surface
heat flux anomaly field in spring (Figs 5d–h): large-scale negative
and positive heat flux anomalies exist in the western and eastern
Atlantic sectors respectively in 79–98, which nearly disappear in
99–10. Significant decadal variations in the MLT anomaly field
also exist in autumn when the negative anomalies in the western
Antarctic Peninsula region and in the western Pacific sector in
79–98 disappear in 99–10, and in winter when the MLT anomaly
field turns into a more annular structure in 99–10. While there are
no significant correlations between SAM and Niño3 or between
SAM and Niño4 in the winter of 99–10 (Table 1), the wind anom-
aly fields do exhibit an annular structure in this period (Figs 2k,

o), which are responsible for the annular patterns in the MLT an-
omaly fields by advective heat fluxes associated with wind-driv-
en Ekman transports. Yeo and Kim (2015) observed a prevailing
of warm SST anomalies in the Pacific sector east of New Zealand
in spring and summer when CP ENSO dominates, which is asso-
ciated with a westward shift of positive SLP anomalies in the Pa-
cific. Such phenomenon is not observed in the MLT anomaly
fields in Fig. 3, though weak negative MLT anomalies east of New
Zealand in 79–98 become obscure in 99–10.

3.2.2  Mixed layer depth (MLD)
The MLD ERA field shows a good correspondence to the sur-

face heat flux and MLT ERA fields with an anti-correlation, con-
sistent with the results from Sallee et al. (2010) and Zhang et al.
(2018) that the SH extratropical MLD anomalies are majorly con-
trolled by the surface heat flux anomalies. Occasionally, surface
wind also plays a significant role in the MLD anomalies. In the
spring of 79–98, the heat flux ERA fields associated with both
Niño3 and Niño4 show prominent signatures of PSA2 and are
dominated by a zonal wavenumber-3 structure in the mid and
high latitudes (Figs 5d,h). The MLD anomaly field is featured by a
positive center in the western Atlantic sector and a negative cen-
ter in the eastern Pacific sector, collocated with the negative and
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Fig. 6.   Spatial distributions of the ERAs of MLD associated with the Nin ̃o3 or Nin ̃o4 variations for 1979–1998 (a–h) and for 1999–2010
(i–p) during austral (first column) summer, (second column) autumn, (third column) winter and (fourth column) spring seasons.
Only areas where the ERAs are statistically significant at the 90% confidence level are shaded.
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positive heat flux anomaly centers respectively. The absence of
significant MLD anomalies in the western Pacific sector where
significant heat flux anomalies exist is a result of weak, insignific-
ant wind anomalies. The dipole structure in the MLD anomaly
field disappears in the autumn of 99–10 (Figs 6l , p) when a close
ENSO-PSA2 relation no longer exists. Significant decadal vari-
ations in the ERA field of MLD are also found for the autumn sea-
son, when strong negative MLD anomalies south of 40°S in the
eastern Pacific sector and positive anomalies across the Pacific
sector between 40°S and 20°S associated with strong negative
heat flux anomalies become hardly detectable in 99–10. The lat-
ter is associated with the disappearance of the elongated surface
heat flux anomalies in the mid latitudes of the Pacific Ocean in
99–10, while the former is a result of disappeared positive MLT
anomalies in the eastern Pacific sector in conjunction with nil
easterly wind anomalies (which will not weaken the prevailing
westerlies and thus will not result in shallowed MLD) in this area.

It is also noted that while the heat flux anomalies in Fig. 5j are
strongest among all of the heat flux ERA fields, which results from
the strongest surface wind anomalies existing in the same period
(Fig. 2j), the respective MLD anomalies (Fig. 6j) as well as the
MLT anomalies (Fig. 4j) are quite weak. Besides winds and sur-
face heat fluxes, advection and vertical mixing are the other two
factors that play a significant role in the MLD variation (Sen
Gupta and England, 2006). It is very likely that the strong wind

anomalies have led to strong anomalous horizonal advection of
heat that could cancel out the heat anomalies brought by the at-
mosphere-ocean heat exchange. One possible evidence for such
hypothesis is that in the central Pacific sector, which is character-
ized by strong positive heat flux anomalies (Fig. 5j) but weak
MLD and MLT anomalies (Figs 6j and 7j). This could result from
the fact that the strong anomalous anticyclonic wind in this area
induces westward Ekman transport on its eastern branch and
eastward Ekman transport on its western branch, carrying wa-
ters from the negative MLT anomaly centers in the eastern and
western Pacific sector to the positive MLT anomaly center in
central Pacific and thus resulting ultimately in weak MLT and
MLD anomalies in this region.

3.3  Variations of the SH extratropical sea-ice variations associ-
ated with the EP and CP ENSO
Finally, we examined the spatial distributions of the SH ex-

tratropical sea-ice concentration (SIC) ERAs related to the Niño3
or Niño4 variations during the EP-ENSO dominated period and
the CP-ENSO dominated period. The SIC anomaly patterns are
examined only in austral spring, i.e. the season when ice extent
reaches the maximum in the southern hemisphere. In both peri-
ods and related to both of the Niño3 and Niño4 variations, there
are positive SIC anomalies near the Antarctic Peninsula and neg-
ative SIC anomalies in the central Pacific sector between 60°S
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Fig. 7.   Spatial distributions of the ERAs of sea-ice concentration associated with the Niño3 or Niño4 variations for 1979–1998 (a , b)
and for 1999–2010 (c , d) during austral spring. Only the areas where the ERAs are statistically significant at the 90% confidence level
are shaded.
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and 65°S, corresponding to the positive and negative SAT anom-
alies in the respective regions. One of the major differences
between the 79–98 period and the 99–10 period occurs in the
eastern Atlantic sector, where the negative SIC anomalies in
79–98 change to positive anomalies in 99–10. This is associated
with the disappearance of positive anomalies of SAT and MLT in
the eastern Atlantic sector during the transition from the EP EN-
SO to the CP ENSO, which is in turn related to the disappearance
of a close relation between ENSO and PSA2 during the transition.
To investigate why positive SIC anomalies appear in the eastern
Atlantic sector in the 99–10 period, we analyzed the correspond-
ing ERA field of the sea-ice velocity as shown in Fig. 8. It is no-
ticed that in 79–98, the sea-ice drift anomaly field is dominated
by divergence in the area where SIC anomalies show significant
decadal variability before and after 1999 (55°–60°S, 20°W–30°E;
Figs 8a, b), while in 99–10, noticeable convergence patterns ap-
pear and begin to dominate the above area near 60°S. Such con-
vergence is created by the convergence in the anomalous wind
field in this region (Figs 2l ,p) and results in the positive SIC an-
omalies mentioned above. Another notable difference in the SIC
ERA fields exists in the east of the Antarctic Peninsula around
60°S, where significant positive SIC anomalies in 79–98 change to
slightly negative values in 99–10. This is also associated with the

decoupling of PSA2 to ENSO in the CP ENSO period, when the
negative SAT and MLT anomalies found in 79–98 in this area are
obscure in 99–10. Ciasto et al. (2015) observed that in both of the
austral cold season (June through September) and the warm sea-
son (November through February), compared to the EP-ENSO
related SIC anomalies, the CP-ENSO related anomalies exhibit
more negative values in the Eastern Hemisphere between 90°E
and 180°E associated with a westward displacement of anticyc-
lonic atmospheric circulation. Such feature is not observed in the
SIC ERA field in the spring season of our study, as Fig. 7 shows
that the SIC anomalies between 90°E and 180°E are even more
positive in the CP ENSO period relative to the EP ENSO period.

4  Conclusions
Based on the CFSR reanalysis dataset that is produced by a

coupled atmosphere-ocean-sea-ice system, this study investig-
ated the variations of the Southern Hemisphere extratropical cli-
mate variables to the ENSO variations during two periods that are
respectively dominated by the EP type ENSO and the CP type EN-
SO. In particular, we analyzed the ENSO related climate anom-
alies over an annual cycle. The relations of the SH extratropical
climate variables to ENSO are examined by the anomalies of the
variables related to an one-standard-deviation increase in the
Niño3 or Niño4 index. It is found that during austral spring,
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Fig. 8.   Spatial distributions of the ERAs of the sea-ice velocity associated with the Niño3 or Niño4 variations for 1979–1998 (a , b) and
for 1999–2010 (c , d) during austral spring.
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which is considered as the season with the strongest coupling
between the SH extratropical climate and the tropics, the differ-
ences in the ENSO-related SLP anomaly patterns between the EP
ENSO period (1979–1998) and the CP ENSO period (1999–2010),
which are most notable in the Pacific sector, are primarily linked
to the relationship between ENSO and PSA2 in 1979–1998, which
is significant in the EP ENSO period and obscure in the CP ENSO
period. A significant correlation is built up between SAM and EN-
SO during the CP ENSO period. The difference in the ENSO-PSA
relationship affects the ENSO-related anomaly fields of surface
wind, surface air temperature, mixed layer temperature and fi-
nally the Southern Ocean sea-ice concentration in spring. In aus-
tral summer, the decadal variability in the ENSO-PSA2 relation-
ship from the EP ENSO period to the CP ENSO period is similar to
that in spring. In addition, in 1979–1998 significant correlation
exists between the variations of SAM and both of the variations of
Niño3 and Niño4, while in 1999–2010 the correlation between
SAM and Niño4 disappears. There are no significant correlations
found between either of the major climate modes dominating the
SH extratropics (SAM, PSA1 and PSA2) to Niño4 in the summer
and autumn of 1999–2010, or to Niño3 in the autumn and winter
of 1979–1998, resulting in the weakest ENSO-related anomalies
in the sea level pressure field. There is no evidence that the SH
extratropical climate variability induced by Niño3 variations are
stronger in 1979–1998 when ENSO is dominated by the EP type,
and that variability induced by Niño4 variations are stronger in
1999–2010 when ENSO is dominated by the CP type.

The surface air temperature anomaly patterns are basically
controlled by the surface wind anomalies, which are further
mirrored by the mixed layer temperature anomalies by atmo-
sphere-ocean heat fluxes. There are occasionally situations that
the SAT anomalies do not follow those of winds, which are in-
ferred to be affected by the anomalies of other atmospheric pro-
cesses like cloudiness and oceanic processes through ocean-to-
atmospheric heat fluxes. The mixed layer depth anomalies are
generally anti-correlated with the anomalies of surface heat
fluxes and mixed layer temperature, while the role of wind occa-
sionally overwhelms that of the heat fluxes in determining the
MLD anomaly patterns. There are strikingly strong anomalies of
surface heat fluxes resulting from strong surface wind anomalies
in the autumn of 1979–1998 related to the Niño3 variation, the
period when there is only significant correlation between ENSO
and PSA2, but such extremely strong heat flux anomalies seem
not transitioned into the mixed layer temperature and mixed lay-
er depth anomalies. Considerable differences exist in the sea-ice
concentration anomaly field between the 1979–1998 and the
1999–2010 periods, with negative and positive SIC anomalies in
the eastern and western Atlantic sector in the former period re-
placed respectively by positive and weak negative anomalies in
the latter period. Such change is found to be associated with the
change in the anomaly fields of air temperature and mixed layer
temperature, which are in turn linked to the change in the ENSO-
PSA2 correlation.
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