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Abstract: A discrepancy remains in the first two leading empirical orthogonal function (EOF) modes of the tropical Pacific sea surface
temperature anomaly (SSTA) based on observations since the 1980s. The EOF1 mode, representing the El Nifio-Southern Oscillation
(ENSO), is a robust result. However, the EOF2 features either El Nifio Modoki (EM) or ENSO evolution during different periods, which is
probably associated with the impacts of global warming. The underlying question is what the EOF2 mode of the tropical Pacific would be
without global warming. Using the CMIP5 preindustrial scenario to exclude the influence of global warming, we find that the EOF1 mode
of the tropical Pacific SSTA represents ENSO and that the EOF2 mode is not EM. According to the lead-lag correlation between the ENSO
and EOF2 modes, the linkage between these two modes is as follows: ...El Nifio — EOF2 — La Nifia — -EOF2 — EI Nifio.... By analyzing
the evolution of sea surface temperature, surface wind, and subsurface ocean temperature anomalies, we find the mechanism linking the
ENSO and EOF2 modes is the air-sea interaction associated with the ENSO cycle. This result suggests that the EOF2 mode represents an

aspect of ENSO evolution under preindustrial conditions. Therefore, this study further indicates that the EM is probably due to the

influence of global warming.
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1. Introduction

The El Niflo-Southern Oscillation (ENSO) is a large-scale air-sea in-
teraction over the central and eastern tropical Pacific (Bjerknes,
1969). There is widespread public concern that this mode of cli-
mate variability should be understood because the prediction of
ENSO plays an important role in the prediction of global climate
anomalies (Zheng F et al., 2006; Zheng F and Zhu J, 2016; Zheng F
and Yu JY, 2017). For instance, ENSO conditions influence the Asi-
an-Australian summer monsoon (e.g., Li JP et al,, 2012; Yang RW
et al,, 2017, 2019) and Pacific-North American teleconnections
(e.g., Wallace and Gutzler, 1981). Recently, a new El Nifio phe-
nomenon, referred to as El Nino Modoki (EM), dateline El Nifo,
Central Pacific El Nifio, or warm pool El Nifio, has been found to
occur frequently in the tropical Pacific (Larkin and Harrison, 2005;
Ashok et al., 2007; Kao HY and Yu JY, 2009; Kug et al., 2009; Yeh et
al., 2009; Ren HL and Jin FF, 2011; Takahashi et al., 2011; Karnaus-
kas, 2013). The EM event is characterized by a maximum sea sur-
face temperature anomaly (SSTA) in the central equatorial Pacific,
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whereas the maximum SSTA in the conventional El Nifio is loc-
ated in the eastern equatorial Pacific. Several studies have shown
that these two types of El Nifio events have different climate im-
pacts (e.g., Weng HY et al, 2007, 2009; Feng J and Li JP, 2011;
Zhang WJ et al., 2011, 2013, 2014; Xie F et al., 2012; Ren HL et al.,
2016).

Ashok et al. (2007) have demonstrated that the two types of El
Nifilo can be identified by empirical orthogonal function (EOF)
analysis. For the period from 1979 to 2005, they found that the
first EOF mode of the tropical Pacific represents the conventional
ENSO and that the second EOF mode represents the EM (Ashok et
al., 2007; Marathe et al., 2015). In addition, Trenberth and Stepan-
iak (2001) pointed out that the two leading modes over the trop-
ical Pacific are closely related to ENSO and its evolution. Note that
the sea surface temperature (SST) used in their study covers the
period from 1979 to 1998 (Trenberth et al., 2002a). Furthermore,
the leading two dominant modes associated with the ENSO and
its evolution modes have been detected in the surface air temper-
ature (e.g., Kelly and Jones, 1996) and the tropospheric and strato-
spheric air temperature (e.g., Yulaeva and Wallace, 1994;
Fernandez et al.,, 2004). These results suggest that the first EOF
mode over the tropical Pacific represents the conventional ENSO,
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which is a well-documented result (e.g., Trenberth and Stepaniak,
2001; Ashok et al., 2007; Zhang WJ et al., 2010; Li Y et al., 2015,
2017). However, the second mode of this tropical Pacific SSTA is
sensitive to the study period (Feng J and Li JP, 2011).

The potential cause of the sensitive second mode is associated
with the influence of global warming on the EM (Ashok et al.,
2007; Yeh et al., 2009; Collins et al., 2010; Capotondi et al., 2015; Li
Y et al,, 2017; Lemmon and Karnauskas, 2018). Yeh et al. (2009)
found that EM events did not generally occur before 1990 and
that they were primarily observed during the post-1990 period. In
particular, in the post-2000 period, the strongest EM event oc-
curred between 2009 and 2010 (Lee and McPhaden, 2010). Mean-
while, Trenberth and Fasullo (2013) pointed out that the 2000s
were by far the warmest decade on record, and that before then
the 1990s were the warmest decade on record (their Figure 1).
This suggests that more frequent EM occurrence may be closely
associated with global warming. On the basis of this hypothesis,
numerous studies have reported that global warming could in-
duce more frequent EM events by modifying the background
state of the tropical Pacific (Ashok et al., 2007; Yeh et al., 2009;
Collins et al., 2010; Capotondi et al., 2015; Li Y et al,, 2017; Lem-
mon and Karnauskas, 2018). These results indicate that global
warming could modify the distribution of EM events during differ-
ent time periods and thus affect the physical meaning of the
second mode of the tropical Pacific. Because the study periods of
Trenberth et al. (2002a) and Ashok et al. (2007) are different, their
analyses of the second mode of the tropical Pacific are different.

These studies also raise interesting questions: What is the second
dominant mode of the tropical Pacific without the global warm-
ing signal? Is it an EM mode or an evolution of ENSO? And, if the
second mode is the evolution of ENSO, what is the linkage
between ENSO and its evolution mode? To address these issues,
the global warming signal should need to be removed. Although
itis impossible at present to completely remove the global warm-
ing signal from observations, climate models provide a useful tool
for analyzing climate variability without global warming. In this
study, we use a long-term preindustrial control simulation from
the core version of the Norwegian Climate Center’s Earth System
Model (NorESM1-M). We note that there is no global warming for-
cing in the preindustrial scenario (Taylor et al., 2012). In addition,
NorESM1-Mis a fully coupled model of the earth’s physical cli-
mate system. A general description of the model is given in Bent-
sen et al. (2013) and Iversen et al. (2013).

NorESM1-M is chosen in our study because this model performs
reasonably well in capturing ENSO variability. For instance, Bel-
lenger et al. (2014) demonstrated that the modeled ENSO season-
al phase locking in NorESM1-M is very close to observations. They
also showed that this model captures the spatial and temporal
characteristics and Bjerknes feedback of ENSO compared with the
other Phase 5 of the Coupled Model Intercomparison Project
(CMIP5) models (Bellenger et al., 2014). Furthermore, numerous
studies (e.g., Kim and Jin FF, 2011; Jha et al., 2014; Kim et al.,
2014a, 2014b; Risbey et al., 2014; Pausata et al., 2015) have shown
that NorESM1-M exhibits a more realistic portrayal of key ENSO
features compared with most climate models. Considering the
simulation ability of NorESM1-M in reproducing ENSO, we selec-

ted it to study the leading two modes of the tropical Pacific and
their linkage without global warming.

The remainder of this article is arranged as follows. The data and
methods used are described in Section 2. Section 3 investigates
the leading two modes of the tropical Pacific without the influ-
ence of global warming. The potential mechanism associated with
the linkage between these two leading modes is presented in
Section 4. Finally, the discussion and conclusions are provided in
Section 5.

2. Data and Methods

2.1 Data

The data used in this study are from the coupled atmosphere-
ocean-aerosol model NorESM1-M (Bentsen et al., 2013; Iversen et
al., 2013). The ocean model of NorESM1-M has a horizontal resolu-
tion of 384 (meridional grid point) x 320 (zonal grid point) and 70
vertical levels. NorESM1-M is an Earth System Model that uses the
Oslo version of the Community Atmosphere Model (i.e., CAM4-
Oslo), for the atmospheric component of the model, with an up-
dated module that simulates cycling of sea salt, mineral dust, par-
ticulate sulfate, black carbon, and primary and secondary organ-
ics. CAM4-Oslo is coupled to an updated version of the isopycnal
ocean model MICOM (Miami Isopycnic Coordinate Ocean Model;
Bleck and Smith, 1990; Bleck et al., 1992).

In this study, we used the preindustrial control simulation of
NorESM1-M. The control simulation was integrated over 500 mod-
el years, and the last 100 years were used in the present analysis.
This choice was made to avoid the initial adjustment period be-
cause of the model spin-up process. Furthermore, the 100-year
segment is very similar to the period covered by common long-re-
cord observational and reanalysis data sets, such as the Hadley
Centre Global Sea Ice and SST data set (Rayner et al.,, 2003) and the
Simple Ocean Data Assimilation product (Carton and Giese, 2008).
The NorESM1-M simulation data used in our analysis included
variables at the sea surface (i.e., SST and surface winds) and vari-
ables in the subsurface ocean (i.e., subsurface oceanic temperat-
ure). Seasons in this article refer to the boreal season.

2.2 Methods

In this study, we used the normalized EOF, in which the principal
components were divided by their standard deviation and the
spatial EOF patterns were multiplied by the corresponding stand-
ard deviation (Zheng F et al, 2013). In addition, we used a
lead-lag correlation. The statistical significance of the correlation
between two autocorrelated time series was calculated by using
the two-tailed Student’s t-test and the effective number (Neff) of
degrees of freedom (Bretherton et al., 1999). For this study, Neff
was determined by the following approximation (e.g., Li JP et al.,
2013; Xie F et al,, 2016, 2017):

1.2 SNN-j . .
- X + Z N pXX(])pYY(J)’ (1)

where N is the sample size, and pyy and pyy are the autocorrela-
tions of the two sampled time series, X and Y, respectively, at time
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3. Two Leading EOF Modes of the Tropical Pacific

Without Global Warming
Following previous studies (Yulaeva and Wallace, 1994; Kelly and
Jones, 1996; Trenberth and Stepaniak, 2001; Fernandez et al.,
2004; Ashok et al., 2007), we first performed an EOF analysis of
SSTA in the tropical Pacific by using the preindustrial control sim-
ulation. Figure 1 shows the first two leading EOF modes over the
tropical Pacific. The first two leading modes account for 43.5%
and 8.0% of the total variance, respectively (Figure 1). These two
modes are well separated from each other according to the cri-
terion of North et al. (1982). The EOF1 mode depicts a typical EN-
SO horseshoe spatial pattern (Rasmusson and Carpenter, 1982),
with the maximum SSTA in the eastern equatorial Pacific (Figure 1),
whereas its normalized principal component (NPC1) is dominated
by interannual variability. The power spectrum of NPC1 exhibits
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dominant power around 2-7 years (not shown), which is consist-
ent with that of ENSO. Meanwhile, Figure 2a shows the seasonal
variation in the standard deviations of the NPC1. The NPC1 clearly
attains the maximum variance from autumn (September-Novem-
ber; SON) to winter (December-February; DJF; Figure 2a), which is
same as the seasonal variation of ENSO (Kug et al., 2009). In addi-
tion, strong correlation coefficients (about 0.98) were found
between the NPC1 and Nifio 3 and Nifio 3.4 indices. These results
suggest that the EOF1 mode over the tropical Pacific represents
ENSO well, which is consistent with previous studies (Trenberth
and Stepaniak, 2001; Trenberth et al., 2002b; Ashok et al., 2007;
Zhang WJ et al., 2010; Li Y et al,, 2015, 2017).

The EOF2 mode also depicts a horseshoe spatial pattern, but with
cooling SSTA in the eastern equatorial Pacific (Figure 1) com-
pared with the EOF1 or ENSO mode. Its NPC2 also exhibits inter-
annual variability, as revealed by spectrum analysis (not shown).
For the seasonal variation, the EOF2 mode has greater variance in
June-August (JJA; Figure 2b). By comparing the spatial patterns
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Figure 1. Spatial patterns (left) and corresponding NPCs (right) of the first two leading EOF modes of the tropical Pacific SST anomalies (°C). The
values of abscissa and ordinate in right panels represent the year and values of normalized principal component, respectively.
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Figure 2. Seasonal variations of the standard deviation in (a) NPC1 and (b) NPC2.
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Figure 3. Lead-lag correlation between the NPCs of the ENSO and
EOF2 modes. Thicker lines indicate significance at the 99% confidence
level.

and peak season of the EOF2 mode and EM, it is clear that the
EOF2 mode is different from the EM. In addition, the spatial pat-
tern of EOF2 (Figure 1) is consistent with that of observational EN-
SO evolution in summer (JJA), as shown in Fig. 6 of Deser et al.
(2010). Thus, a question to be addressed is: Does the EOF2 mode
represent an aspect of the evolution of ENSO? To address this
question, we calculate the lead-lag correlations between the EN-

SO mode (NPC1) and EOF2 mode (NPC2). As shown in Figure 3,
the positive and negative ENSO modes lead the EOF2 mode by
about 6-9 months. Note that the result of Figure 3 is consistent
with that of lead-lag correlations between Nifio 3 and NPC2. This
lead-lag correlation supports the oscillatory sequence of the EN-
SO and EOF2 modes as follows: ...El Ninio — EOF2 — La Nifa —
-EOF2 — El Nifo....

Because the ENSO (EOF2) mode peaks in winter (summer; Figure 2),
the SSTA pattern in the subsequent 6 months is expected to be
associated with the EOF2 (negative ENSO) mode. The lead-lag
correlations between the DJF-averaged NPC1 and the following
year JJA-averaged SSTA are shown in Figure 4a. Hereafter, we de-
note the year in which the ENSO (EOF2) mode peaks in DJF (JJA)
as year 0 and the preceding and following years as years -1 and
+1, respectively. Figure 4a shows that the spatial pattern of the
following JJA(+1) SSTA associated with the DJF(0) NPC1 depicts a
horseshoe spatial pattern, with the cooling SSTA in the eastern
equatorial Pacific. Note that this spatial pattern is consistent with
that of lead-lag correlations between the DJF(0)-averaged Nifo 3
and JJA(+1) SSTA. The pattern of Figure 4a is similar to that of the
EOF2 mode (Figure 1), which is supported by their high spatial
correlation coefficient (0.7). Similarly, the spatial pattern of the fol-
lowing DJF(0) SSTA associated with the JJA(0) NPC2 is similar to
the La Nifa (negative ENSO) condition. These two correlation
maps agree with the oscillatory sequence of the ENSO and EOF2
modes. In summary, to a large extent, these results imply that the
EOF2 mode may play an important role in the ENSO cycle, or that
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Figure 4. (a) Correlation map of the DJF(0)-averaged NPC1 with the following JJA(+1) SSTA. (b) Correlation map of the JJA(0)-averaged NPC2
with the following DJF(0) SSTA. Positive (red) and negative (blue) SSTA, with the correlation significant at the 95% level, are stippled. The thin

black line denotes the zero contour.
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the EOF2 mode indicates an aspect of the evolution of ENSO in
the preindustrial scenario without global warming.

4, Potential Mechanism Associated with the Linkage

Between ENSO and EOF2 Modes

These results show a significant lead-lag relationship between the
variability in the ENSO and EOF2 modes. If the potential mechan-
ism associated with the linkage between these two modes could
be identified, it would aid in understanding whether the EOF2
mode is the evolution of ENSO. In the following section, we exam-
ine the evolutionary features of SST, surface wind, and subsurface
ocean temperature anomalies associated with the EOF2 mode,
with the goal of identifying the mechanism responsible for the
linkage between the ENSO and EOF2 modes.

Considering that the EOF2 mode peaks in summer and that the
ENSO and EOF2 modes have an oscillatory sequence, we com-
pute lead-lag correlations between the JJA(0)-averaged NPC2 and
3-month averaged SSTA and surface wind anomalies (Figure 5).
During October-February (ONDJF)(-1), about 6-9 months before
the EOF2 mode peaks, significant warm SSTA occur in the central
and eastern equatorial Pacific (Figures 5a-5b). At the same time,
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surface wind anomalies converge in the eastern equatorial Pacific
and westerly wind anomalies appear in the western equatorial Pa-
cific. It is interesting to note that the SSTA and wind patterns
shown in Figure 5b are closely related to El Nifio conditions. Sub-
sequently, the warm SSTA gradually weaken, especially in the
eastern equatorial Pacific (Figures 5¢-5d). During AMJ(0), easterly
wind anomalies occur in the western and central equatorial Pa-
cific. The air-sea interaction of the tropical Pacific is well known to
make a dominant contribution to ENSO evolution (Bjerknes, 1969;
Jin FF, 1997a, 1997b; Karnauskas, 2013; Ren HL and Jin FF, 2013;
Zheng F et al,, 2014, 2016). Easterly wind anomalies in the west-
ern and central equatorial Pacific lift thermocline and further in-
duce the cooling subsurface temperature in the eastern equatori-
al Pacific. The accompanying strong mean upwelling in the east-
ern equatorial Pacific could bring up cooler subsurface waters to
the near-surface layer, which in turn would cool the SST. As the
easterly winds are strengthened (Figure 5d), the SSTA in the east-
ern equatorial Pacific becomes significantly cooler during JJA(O)
(Figure 5e). Note that the SSTA pattern during JJA(0) (Figure 5e) is
consistent with that of the EOF2 mode. On the basis of the air-sea
interaction in the tropical Pacific, this cooler SSTA could increase
the easterly wind anomalies and thus further cool the SSTA in the
eastern equatorial Pacific (Figures 5f-5g). During DJF(0) and
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Figure 5. Correlation maps of the JJA(0)-averaged NPC2 with the 3-month averaged SSTA (shaded) and surface wind (vectors) anomalies for
OND(-1), DJF(-1), FMA(0), AMJ(0), JJA(0), ASO(0), OND(0), DJF(0), and FMA(+1). Positive (red) and negative (blue) SSTA, with the correlation
significant at the 95% level, are shaded. Only surface wind vectors significant at the 95% level are shown. The thin black line denotes the zero
contour.
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Figure 6. Asin Figure 5, but for the subsurface temperature anomalies in the equatorial Pacific (5°S-5°N). The green lines indicate the climate
mean of the thermocline depth in OND, DJF, FMA, AMJ, JJA, and ASO, respectively.

FMA(+1), a horseshoe spatial pattern of cooling SSTA occurs,
which is closely associated with La Nifia conditions (Figures
5h-5i). These results show that the transformation between the
ENSO and EOF2 modes is associated with the ENSO cycle and that
the EOF2 mode is consistent with the JJA(0) SSTA pattern during
ENSO evolution (Figure 5e). It is suggested that the EOF2 mode
represents an aspect of the evolution of ENSO, which is similar to
the results of Trenberth and Stepaniak (2001).

To illustrate the relationship between the ENSO and EOF2 modes
more clearly, Figure 6 shows correlation maps of the JJA(0)-aver-
aged NPC2 with the 3-month averaged subsurface ocean temper-
ature anomalies at different depths averaged over 5°S-5°N for a
range of lead-lag times. During ONDJF(-1), significant subsurface
temperature anomalies in the equatorial Pacific depict a typical El
Niflo condition (Figures 6a-6b), which corresponds to the SSTA
and surface wind anomalies shown in Figures 5a-5b. Afterward,
the cooling subsurface temperature anomalies propagate east-
ward and upward along the thermocline (Figures 6c-6d), reach-
ing the eastern equatorial Pacific during AMJ(0) (Figure 6d). Fol-
lowing previous studies (Kang et al., 2001; Jin FF et al., 2003), vig-
orous upwelling in the eastern equatorial Pacific could bring up
cold subsurface temperature anomalies and thus cool the surface
waters (Figures 5e and 6e). Once the cooling ocean temperature

anomalies are generated in the eastern equatorial Pacific (Figures
5e and 6e), easterly wind anomalies increase and the cooling of
ocean temperature anomalies is further strengthened (Figures
5e-5i and 6e-6i). Finally, the subsurface temperature anomalies
associated with the EOF2 mode become a La Nifia condition dur-
ing DJF(0) and FMA(+1). As mentioned, these results further sug-
gest that the EOF2 mode represents an aspect of the evolution of
ENSO and that the mechanism linking the ENSO and EOF2 modes
is the air-sea interaction associated with ENSO cycle.

5. Discussion and Conclusions

This study investigates the first two leading EOF modes of the
tropical Pacific under the preindustrial scenario. The EOF1 mode,
resembling the spatial pattern of the conventional ENSO (Figure 1),
attains maximum variance during autumn and winter (Figure 2a).
This result suggests that the EOF1 mode over the tropical Pacific
represents ENSO well, which is consistent with previous studies
(Trenberth and Stepaniak, 2001; Trenberth et al., 2002b; Ashok et
al., 2007; Zhang WJ et al., 2010; Li Y et al,, 2015, 2017). Although
the EOF2 mode also depicts a typical ENSO horseshoe spatial pat-
tern, the cooling SSTA occurs in the eastern equatorial Pacific (Fig-
ure 1). Note that the spatial pattern of the EOF2 mode is different
from that of the EM (Ashok et al., 2007). Additionally, the NPC2 at-

Li Y et al.: Leading modes of tropical Pacific



tains maximum variance in the summer (Figure 2b).

The significant lead-lag correlation between the ENSO and EOF2
modes (Figure 3) implies that the EOF2 mode makes an import-
ant contribution to ENSO evolution. We speculate, based on this
correlation, that the ENSO and EOF2 modes occur in an oscillatory
sequence as follows: ...El Nino — EOF2 — La Nifla — -EOF2 — El
Nifio.... By studying the evolution of SST, surface wind, and sub-
surface ocean temperature anomalies, we find that the air-sea in-
teraction associated with the ENSO cycle is responsible for the
mechanism linking the ENSO and EOF2 modes. The present ana-
lysis suggests that the EOF2 mode represents an aspect of the
evolution of ENSO and not the EM under the preindustrial scen-
ario without global warming, which is similar to the results of
Trenberth and Stepaniak (2001).

We note that our results generally agree with the conclusions of
Ashok et al. (2007), who showed that the EOF2 mode represents
the EM. Ashok et al. (2007) emphasized that the more frequent oc-
currence of EM is closely associated with global warming (Yeh et
al., 2009; Collins et al., 2010; Capotondi, 2013; Li Y et al,, 2017;
Lemmon and Karnauskas, 2018), and our results appear to verify
their conclusion from the perspective of no global warming sig-
nal. In addition, this study briefly used the NorESM1-M, which
could realistically reproduce the variability and features of ENSO,
to study the first two leading modes of the tropical Pacific and
their linkage without global warming. In future work, we intend to
use the multi-model CMIP5 to conduct further research into the
two dominant modes over the tropical Pacific and their associ-
ated linkage.
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