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Abstract The cold tongue mode (CTM) is the second EOF mode of sea surface temperature anomaly
(SSTA) variability over the tropical Pacific and represents the out-of-phase relationship in SSTA variability
between the Pacific cold tongue region and elsewhere in the tropical Pacific. A positive CTM is
characterized by cold SSTA in the Pacific cold tongue region and warm SSTA in the rest of the tropical
Pacific, with conditions reversed for a negative CTM. The CTM is a coupled air-sea mode, and its long-term
variability is most probably induced by ocean dynamical processes in response to global warming [Zhang
et al., 2010]. This study focuses on the specific ocean dynamical processes associated with the CTM and its
possible relationship with global warming. A heat budget diagnosis of ocean temperature in the eastern
equatorial Pacific shows that the net heat flux plays a damping role and the four ocean advection terms
(2u0@�T=@x, 2�v@T 0=@y, 2�w@T 0=@z, and 2w0@�T=@z) contribute to the temperature change associated with
the CTM. Among them, the vertical advection of the anomalous temperature by the mean upwelling
(2�w@T 0=@z) makes a dominant contribution to the long-term change in the CTM. The long-term change of
the term 2�w@T 0=@z is controlled mainly by the decreasing vertical gradient of the ocean temperature
anomaly (@T 0=@z). The other three advection terms make a minor contribution to the long-term change in
the CTM.

1. Introduction

The tropical Pacific drives the global climate by providing massive sensible and latent heat fluxes [Cane,
1998], and it has the most important natural climate mode at an interannual time scale (i.e., the El Ni~no/
Southern Oscillation (ENSO) phenomenon) [e.g., Rasmusson and Carpenter, 1982; Philander, 1990; Trenberth,
1997]. ENSO has been the focus of much public concern because of its capacity to generate worldwide envi-
ronmental and socioeconomic impacts [e.g., McPhaden et al., 2006]. Recently, a new flavor of ENSO, referred
to as the Central-Pacific type (CP-ENSO), has been found to occur frequently in the tropical Pacific [Ashok
et al., 2007; Cai and Cowan, 2009; Kao and Yu, 2009; Kug et al., 2009; Yeh et al., 2009; Shinoda et al., 2011;
Zhang et al., 2014a]. Many studies have reported that its climatic impacts are remarkably different [e.g.,
Weng et al., 2007; Cai and Cowan, 2009; Weng et al., 2009; Taschetto and England, 2009; Feng and Li, 2011;
Zhang et al., 2011, 2013a; Wang and Wang, 2013; Zhang et al., 2014a,b]. Yeh et al. [2009] argued that global
warming is possibly responsible for the ENSO regime change. Generally, global warming affects ENSO char-
acteristics by modifying the background of the tropical Pacific [e.g., Fedorov and Philander, 2000; Yeh et al.,
2009; Choi et al., 2011; Xiang et al., 2013].

Large discrepancies remain among the various estimates of long-term change in the tropical Pacific under
global warming [e.g., Vecchi et al., 2008; Collins et al., 2010]. Meehl and Washington [1996] suggested that
cloud-albedo feedback triggers an El Ni~no-like pattern (i.e., greater warming in the east Pacific than in the
west) as a result of reduced incoming solar radiation caused by a stronger cloud shielding effect in the west
than in the east. This El Ni~no-like pattern has been identified in observations [Graham, 1995; Wang, 1995;
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Trenberth and Hoar, 1996; Zhang et al., 1997; Knutson and Manabe, 1998] and simulations [Knutson and Man-
abe, 1995; Tett, 1995; Meehl and Washington, 1996; Roeckner et al., 1996; Timmermann et al., 1999; Cai and
Whetton, 2000; Jin et al., 2001]. Held and Soden [2006] suggested that a decreasing zonal sea surface temper-
ature (SST) gradient is also supported by a weakening atmospheric zonal overturning circulation as a
response to global warming and argued that different increasing rates for water vapor and precipitation
indicate a weakening mass exchange between the boundary layer and the free troposphere (i.e., a slow-
down in atmosphere circulation). Therefore, the weakening Walker Circulation and thus the weakening
trade winds cause the decreasing zonal SST gradient over the tropical Pacific [Vecchi et al., 2006, Vecchi and
Soden, 2007].

A La Ni~na-like pattern (i.e., greater warming in the west Pacific than in the east) has also been reported in
observations [Cane et al., 1997; Karnauskas et al., 2009; Compo and Sardeshmukh, 2010; Zhang et al., 2010;
Solomon and Newman, 2012; L’Heureux et al., 2013] and simulations [Cane et al., 1997; Noda et al., 1999;
Zhang et al., 2010]. An ocean dynamical feedback is suggested to be responsible for the La Ni~na-like pattern
[Clement et al., 1996; Sun and Liu, 1996; Cane et al., 1997; Seager and Murtugudde, 1997; Zhang et al., 2010],
whereby vigorous upwelling of cold water in the eastern equatorial region causes the slower warming in
the eastern Pacific than in the western Pacific. The mechanisms, which play a dominant role in long-term cli-
mate change over the equatorial Pacific, remain debated.

Compo and Sardeshmukh [2010] suggested that ENSO can be considered as a noise for the long-term change
of global SST anomalies (SSTAs), and that it probably hinders our understanding of the long-term change in the
tropical Pacific. Based on this assumption, some studies have analyzed the long-term change in the tropical
Pacific SSTA and its associated Walker Circulation by removing the ENSO signal. Solomon and Newman [2012]
demonstrated that the tropical Pacific SSTA long-term trend shows a La Ni~na-like pattern in four SST data sets
(HadISST, ERSST, COBE, and Kaplan) when the ENSO signal is removed. This La Ni~na-like pattern is also found in
10 different sea level pressure (SLP) data sets after removing the ENSO signal [L’Heureux et al., 2013]. These
results suggest that the ocean dynamical feedback is a dominant influence on the long-term change over the
tropical Pacific. To improve our understanding of the long-term variability in the tropical Pacific, it seems neces-
sary to separate the ENSO signal from total variability. The residual variability may well reflect the relationship
between long-term climate change in the tropical Pacific and global warming.

Previous studies have demonstrated that empirical orthogonal function (EOF) analysis can clearly identify
the ENSO signal [Rasmusson and Carpenter, 1982; Trenberth, 1997; Zhang et al., 2010]. Figure 1 shows the

Figure 1. Spatial patterns and corresponding NPCs of the first two leading EOF modes of the tropical Pacific SSTA for the HadISST1 data set.
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first two leading EOF modes over the
tropical Pacific using the HadISST1 data
set and their corresponding normalized
principal components (NPCs). These
modes account for 43.3% and 11.1% of
the total variance, respectively. The first
EOF mode mainly describes the ENSO
variability, with the maximum SSTA in
the eastern tropical Pacific. Its NPC1 is
dominated by interannual variability.
Aside from the ENSO mode, the second
EOF mode depicts an out-of-phase
relationship in SSTA variability between
the Pacific cold tongue region and
elsewhere in the tropical Pacific,
referred to as a cooling mode (or cold
tongue mode, hereafter CTM) [Zhang
et al., 2010]. The positive CTM is charac-
terized by a cold SSTA in the Pacific
cold tongue region and a warm SSTA
in the rest of the tropical Pacific, and
vice versa. Its NPC2 mainly exhibits a
strong long-term variability in SSTA,
with a negative phase before the late
1930s, oscillation during the period
1940–1980, and a positive phase after
the early 1980s. Zhang et al. [2010] also
stated that the CTM is a coupled phe-
nomenon (in their Figure 5) and that its
long-term variability is most probably
induced by ocean dynamical processes
in response to global warming. In addi-
tion, some studies have suggested that
the La Ni~na-like background state in
the tropical Pacific seems to cause the
more frequent occurrence of the cen-
tral Pacific (CP) El Ni~no in recent deca-
des [Choi et al., 2011; Xiang et al., 2013].
Duan et al. [2014] used an optimal forc-
ing vector (OFV) approach to offset
tendency errors in a simulation of CP-El
Ni~no in the Zebiak-Cane model [Zebiak
and Cane, 1987]. They found that the
offsetting pattern is similar to the CTM
pattern. This means that the CTM may
also have an effect on the ENSO regime
change. As mentioned above, it is of
great significance to study the CTM.

The above studies [e.g., Cane et al.,
1997; Zhang et al., 2010; Solomon and Newman, 2012; L’Heureux et al., 2013] suggested that the ocean
dynamical feedback plays a dominant role in the long-term SST change over the tropical Pacific under
global warming. However, the specific physical processes of ocean dynamical feedback under global warm-
ing are not clear. Consequently, we intend to address the following questions. Which ocean dynamical proc-
esses are primarily responsible for the ocean temperature change associated with the CTM? And, what are

Figure 2. Time series of 15RCR between NPC2 and each advection term of the
temperature equation in the eastern equatorial Pacific mixed layer (0–30 m,
28S–28N, 1408W–808W). (a) Net heat flux (red line), total temperature advection
(blue line), and temperature tendency (green line); (b) temperature advection by
the zonal current; (c) temperature advection by the meridional current; and
(d) temperature advection by the vertical current. In Figure 2b, red, blue, orange,
and green lines indicate total zonal temperature advection, advection by the
mean zonal current, advection by the anomalous zonal current, and the zonal
nonlinear term, respectively. (Figures 2c and 2d) As in Figure 2b, but for the
meridional and vertical temperature advections. Thicker lines indicate statistical
significance at the 99% confidence level.
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the possible relationships between the ocean dynamical processes and global warming? The remainder of
this paper is organized as follows. In section 2, we briefly introduce the observational data sets and meth-
ods. Section 3 analyzes the net heat flux and ocean dynamical processes associated with the CTM based on
a heat budget for ocean temperature. Section 4 discusses the relationships between the ocean dynamical
processes and global warming. Finally, conclusions and a discussion are presented in section 5.

2. Data and Methodology

2.1. Data
The SST data set used in this study was the Hadley Centre SST data set version 1 (HadISST1) on a 18 3 18

grid [Rayner et al., 2003]. We also used the fourth Met Office Hadley Centre and Climatic Research Unit
Global Land and Sea Surface Temperature Data Set (HadCRUT4) on a 58 3 58 grid [Morice et al., 2012]. The
ocean subsurface temperature, circulation, and sea surface wind stress data were from the Simple Ocean
Data Assimilation (SODA 2.2.4) system [Carton and Giese, 2008]. This product has a 0.58 3 0.58 horizontal
resolution with 40 vertical levels and covers the period 1871–2008. The data were produced by using an
ocean general circulation model to assimilate available temperature and salinity observations. The surface
boundary conditions of the ocean model were taken from the Twentieth Century Reanalysis version 2
(20CR2) [Compo et al., 2011]. The 20CR2 data set is a comprehensive global atmospheric circulation data set
spanning the period 1871–2010 and contains a synoptic-observation-based estimate of global tropospheric
variability. The 20CR2 reanalysis was also used to analyze the heat flux in the present study. However, the
20CR2 data set is probably unreliable during the first half of the twentieth century, because of the lower
observational density in the earlier part of the record [Compo et al., 2011; Krueger et al., 2013]. Therefore, we
used the period 1960–2008 for all data sets to analyze the ocean dynamical feedback associated with the
CTM. The mean seasonal cycle of all data sets from 1961 to 1990 has been removed.

2.2. Methodology
Several statistical methods were used in this study. We used the normalized empirical orthogonal function
(NEOF), in which the principal components were divided by their standard deviation (STD) and the spatial
EOF patterns were multiplied by the corresponding STD [Zheng et al., 2013]. We also used the partial
correlation, regression, and running correlation methods. The significance of the trends was tested using
the nonparametric Mann-Kendall method. To determine the contributions of net heat flux and ocean advec-
tion terms to the CTM, the temperature heat budget was calculated. Following previous studies [e.g., Kang
et al., 2001; Kug et al., 2009; Ren and Jin, 2013; Zhang et al., 2013b], the heat budget equation is shown as
follows:
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where overbars and primes indicate the monthly climatology and anomaly, respectively. The variables u, v,
w, T, Q0, and R indicate zonal current, meridional current, vertical current, ocean temperature, thermal forc-
ing, and residual terms, respectively. Note that R is not considered in this study and that Q0 in the oceanic
mixed layer can be determined from the expression:

Q05
Q0net

qCpH
(2)

where Q0net , q, and Cp denote the net heat flux at the ocean surface, the density of water, and the specific
heat of water, respectively. H is the climatological mixed layer depth, and H 5 30 m in this paper.

3. Net Heat Flux and Ocean Dynamical Processes Associated With the CTM

3.1. Contribution of Net Heat Flux
As the time scale of the CTM is relatively long under global warming (Figure 1), we use the 15 year running
correlation coefficient (15RCR) to diagnose the relationships between the CTM and temperature heat
budget terms. Figure 2a shows the 15RCRs between NPC2 and the anomalous net heat flux, the anomalous
total ocean advection, and the SSTA tendency in the eastern equatorial Pacific mixed layer (28S–28N,
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1408W–808W). There is a stable positive 15RCR between NPC2 and the anomalous net heat flux. The positive
CTM (cold SSTA in the cold tongue region) corresponds to positive net heat flux, and vice versa. We also
show the anomalous net heat flux regressed onto NPC2 over the period 1960–2008 (Figure 3a). Positive
anomalous net heat flux is located over the eastern equatorial Pacific and is associated with the cooling
CTM. Furthermore, decomposition of the anomalous net heat flux into the anomalous latent heat net flux,
net shortwave radiation flux, net longwave radiation flux, and sensible heat net flux indicates that the
anomalous net heat flux associated with the CTM depends mainly on the anomalous latent heat net flux
and the net shortwave radiation flux (Figure 3).

The effect of wind stress on the latent heat net flux is examined. Figure 4a shows the surface wind stress
and divergence anomalies regressed upon NPC2 over the period 1960–2008. Divergence anomalies of sur-
face wind stress occur over the eastern equatorial Pacific, where southwesterly and northwesterly wind
stress anomalies prevail to the north and south of the equator, respectively. By averaging the regression
coefficients between 28S and 28N, robust divergence anomalies appear east of the date line (Figure 4b).
Strong easterly anomalies appear west of about 1408W (Figure 4b), and weak westerly anomalies occur east
of about 1408W (Figures 4b and 4c). This result suggests that the local wind stress anomalies associated
with the CTM over the eastern equatorial Pacific are opposite to the climate mean state of wind stress. This
reduces the release of latent heat from ocean to atmosphere and consequently contributes to the positive
net heat flux anomalies (Figure 3).

Figure 3. Regression of heat flux (positive downward; W m22) onto NPC2 over the period 1960–2008. (a–e) Net heat flux, latent heat net flux, net shortwave radiation flux, net longwave
radiation flux, and sensible heat net flux, respectively. In all parts, shading indicates statistical significance at the 99% confidence level.
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The net shortwave radiation flux is related to the total cloud cover. In association with the positive CTM,
anomalous atmospheric sinking appears over the central and eastern equatorial Pacific [Zhang et al., 2010].
The sinking center is located over the central equatorial Pacific and can reach 150 hPa (Figure 5a). This
anomalous sinking circulation could suppress the growth of cloud, resulting in a weaker cloud shielding
effect in the eastern equatorial Pacific (Figure 5b). This means that the ocean is able to absorb a greater
net shortwave radiation flux and thereby contribute to the positive net heat flux anomalies in this area
(Figure 3).

3.2. Contribution of Ocean Advections
The above results suggest that the anomalous net heat flux acts as a damping term for the CTM. That is, the
CTM-associated ocean temperature change should be closely related to the ocean dynamical processes
(Figure 2a, blue line). To develop a better understanding of the role of each ocean advection term, we inves-
tigate their relationships with the CTM. Based on equation (1), the anomalous total ocean advection can be
decomposed into three components: the anomalous advection by the zonal current, by the meridional cur-
rent, and by the vertical current. In turn, each component comprises three subcomponents: the anomalous
advection by the anomalous temperature and mean current, the anomalous advection by the mean tem-
perature and anomalous current, and the nonlinear advection by the anomalous temperature and current.
Figure 2b shows that the evolution of 15RCR between NPC2 and the anomalous total zonal advection is
approximately positive, but it is insignificant before 1990. The positive correlation after 1990 suggests that
this anomalous total advection is also a damping term for the CTM. Likewise, its component (the anomalous

Figure 4. (a) Anomalies of surface wind stress (vectors) and its divergence (shading; 1028 N m23) regressed on NPC2 over the period
1960–2008. Shading and black vectors indicate statistical significance at the 99% and 95% confidence levels, respectively. (b) Meridional
average regression coefficients of Figure 4a from 28S to 28N for divergence (red line), zonal wind stress (blue line), and meridional wind
stress (orange line). (c) As in Figure 4b, but for the zonal average from 1408W to 808W.
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zonal advection of the anomalous tem-
perature by the mean zonal current,
2�u@T 0=@x) is a damping term for the
CTM (Figure 2b). However, the anoma-
lous zonal advection of the mean tem-
perature by the anomalous current
(2u0@�T=@x) has a stable negative
15RCR with NPC2 (Figure 2b). This indi-
cates that the 2u0@�T=@x term contrib-
utes to the temperature change
associated with the CTM in the eastern
equatorial Pacific. In addition, the 15RCR
between NPC2 and the nonlinear zonal
advection term (2u0@T 0=@x) displays a
stable positive correlation, indicating
that 2u0@T 0=@x is also a damping term.

In Figures 2c and 2d, the 15RCRs
between NPC2 and the anomalous total
meridional, as well as vertical advections,
significantly contribute to the anomalous
temperature change associated with the
CTM in the eastern equatorial Pacific. In
particular, the anomalous meridional
advection of the anomalous temperature
by the mean current (2�v@T 0=@y),
the anomalous vertical advection of the

anomalous temperature by the mean upwelling (2�w@T 0=@z), and the anomalous vertical advection of
the mean temperature by the anomalous upwelling (2w0@�T=@z) show stable negative 15RCRs with NPC2. This
finding indicates that these terms play an important role in the CTM-associated ocean temperature change.
Additionally, the anomalous meridional advection of the mean temperature by the anomalous current
(2v0@�T=@y) and the nonlinear meridional advection (2v0@T 0=@y) are insignificant for the majority of the record
and also are damping terms for the CTM (Figure 2c). The nonlinear vertical (2w0@T 0=@z) advection displays an
unstable relationship with the CTM (Figure 2d).

3.3. Main Ocean Dynamical Processes Associated With the CTM
The running correlation analysis of the temperature heat budget shows that the four anomalous advection
terms (2u0@�T=@x, 2�v@T 0=@y, 2�w@T 0=@z, and 2w0@�T=@z) play an important role in the temperature change
associated with the CTM in the oceanic mixed layer of the eastern equatorial Pacific. Note that our sensitiv-
ity test with the running year changed from 10 to 25 years shows the same results. To examine how the
anomalous advection terms impact the anomalous temperature tendency in the eastern equatorial Pacific,
we regress the zonal mean anomalous temperature tendency and advection terms onto NPC2 over the
period 1960–2008. Figures 6a and 6b indicate that the cooling temperature tendency can be broadly
explained by the anomalous total advection term at the equator.

By comparing the anomalous total zonal advection (Figure 6c) with the temperature tendency (Figure 6a), it
can be further demonstrated that the anomalous total zonal advection term is the damping term for the
anomalous temperature tendency of the thermocline (generally at about 60 m in the eastern equatorial
Pacific) related to the CTM from about 28S to 28N, while it makes some contribution to the anomalous
cooling temperature tendency from about 68S to 28S, and from about 28N to 68N. The term 2�u@T 0=@x
exhibits a warm tendency in the thermocline from about 48S to 48N (Figure 6d). The accompanying anoma-
lous zonal temperature gradient (@T 0=@x) in the eastern equatorial Pacific region is positive in the 0–40 m
layer (Figure 7a). Corresponding to the mean zonal current (�u) in the eastern equatorial Pacific region, the
south equatorial current (SEC) is westward. This means the term 2�u@T 0=@x corresponds to the warming
temperature tendency in the eastern equatorial Pacific, but it plays a damping term in comparison with the
anomalous temperature tendency of the CTM (Figure 6a).

Figure 5. (a) Anomalies of pressure velocity (mean from 58S to 58N; 21023 Pa
s21) and (b) total cloud cover (%) regressed on NPC2 over the period 1960–2008.
Shading indicates statistical significance at the 99% confidence level.
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Nevertheless, the term 2u0@�T=@x contributes to the anomalous cooling temperature tendency in the whole
thermocline of the eastern equatorial Pacific (Figure 6e). As the temperature is gradually cooling from west
to east along the equatorial Pacific, the mean zonal temperature gradient (@�T=@x) is always negative. Asso-
ciated with the positive CTM, there is an anomalous westward zonal current (u0) in the total thermocline
(Figure 8a), opposite in direction to the westerly wind stress anomalies in the eastern equatorial Pacific
(Figure 4). This indicates that the anomalous zonal current associated with the CTM is not controlled solely
by the wind stress anomalies (refer to Appendix A for details). Figure 9a shows the 15RCRs between NPC2
and the anomalous total zonal current (green line), the anomalous Ekman current (orange line), and the
anomalous semigeostrophic current (blue line). The anomalous total zonal current related to the CTM
depends mainly on the anomalous zonal semigeostrophic current, and it has a stable negative 15RCR with
NPC2. Overall, when the CTM is in its positive phase, the thermocline uplift (the thermocline depth anomaly

Figure 6. Regression of advection terms (10268C s21) in the eastern tropical Pacific (1408W–808W) onto NPC2 for the period 1960–2008. (a) Temperature tendency. (b) Total temperature
advection. (c–f) Total zonal temperature advection, advection by the mean zonal current, advection by the anomalous zonal current, and the zonal nonlinear term, respectively. (g–j,
k–n) As in Figures 6c–6f, but for the meridional and vertical temperature advections. In all parts, shading indicates statistical significance at the 99% confidence level, and the thin black
contour denotes the zero line.
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is referred to as TDA below; red line in
Figure 9a) induces a westward anoma-
lous zonal semigeostrophic current
(blue line in Figure 9a) and thus con-
tributes to the cooling term 2u0@�T=@x
in the eastern equatorial Pacific. In
addition, the nonlinear zonal advection
term (Figure 6f) is weak and can be
ignored.

The term 2�v@T 0=@y depicts the cooling
temperature tendency in the upper layer
of the eastern equatorial Pacific when
the CTM is in its positive phase (Figure
6h). This term is controlled by the anom-
alous meridional temperature gradient
(@T 0=@y). Figure 8d shows that the
strongest latitudinal cooling tempera-
ture anomalies associated with the CTM
are located in the equatorial region of
the eastern Pacific, thus the term @T 0=@y
in the upper layer is positive north of the
equator but negative south of the equa-
tor (Figure 7b). In other words, the pole-
ward anomalous temperature gradient
(@T 0=@y (N–S)), which is obtained by
subtracting the southern @T 0=@y term
(28S–08S) from the northern @T 0=@y
term (08N–28N), is positive. Meanwhile,
this term @T 0=@y (N–S) maintains a sta-
ble relationship with the CTM (blue line
in Figure 9c). In addition, the mean
meridional current (�v ) is divergent in the
upper layer of the eastern equatorial
Pacific [e.g., Kessler et al., 1998; McPhaden
et al., 1998; Zhang et al., 2009]. It is sug-
gested that the corresponding terms @T 0

=@y and �v could induce the cooling
term 2�v@T 0=@y. By comparing Figure
6g with 6h, the total meridional advec-
tion anomalies can be attributed mainly
to the term 2�v@T 0=@y in the eastern
equatorial Pacific. The other two terms
play only a minor role in the total meridi-
onal advection anomalies.

Although the term 2v0@�T=@y acts to damp the CTM (Figure 2c), it enhances the cooling tendency to the south
of the equator and weakens the cooling tendency to the north of the equator in the 0–30 m layer (Figure 6i). As
the mean temperature of the Pacific equator is cooler than that of the Pacific off-equator, the mean meridional
temperature gradient (@�T=@y) is positive north of the equator but negative south of the equator. In addition,
the corresponding anomalous meridional current (v0) moves southward in the eastern equatorial Pacific (Figure
8b). Its direction is controlled primarily by the meridional wind stress anomalies (Figure 4). Similar to the anoma-
lous zonal advections, the nonlinear meridional advection (Figure 6j) can also be ignored.

The anomalous total vertical advection also contributes to the anomalous temperature tendency associated
with the CTM in the eastern equatorial Pacific (Figure 6a versus Figure 6k). Its component of the term 2�w@T 0=@

Figure 7. Anomalies of (a) zonal temperature gradient (10278C m21), (b) meridio-
nal temperature gradient (10268C m21), and (c) vertical temperature gradient
(10228C m21) in the eastern tropical Pacific (1408W–808W) regressed on NPC2
over the period 1960–2008. In all parts, shading indicates the 99% confidence
level, and the thin black contour denotes the zero line.
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z cools the temperature tendency of the whole thermocline (Figure 6l). As the relative cooling center of temper-
ature anomalies is located in the lower layer (Figure 8d), the vertical gradient of the temperature anomaly
(@T 0=@z) is negative over the whole thermocline (Figure 7c). This indicates an increasing temperature difference
between the upper and lower layer of the ocean. Also, this temperature difference maintains a stable relation-
ship with the CTM (red line in Figure 9c). When the negative term @T 0=@z is accompanied by the strong mean
positive upwelling (�w ), the term 2�w@T 0=@z contributes to the cooling temperature tendency.

As the mean subsurface temperature is cooler than that at the surface, it is corresponding to the negative
mean vertical gradient (@�T=@z). When the anomalous upwelling (w0 in Figure 8c) is positive in the eastern
equatorial Pacific, the term 2w0@�T=@z exhibits a cooling in ocean temperature tendency (Figure 6m). This
begs the question, what induces the anomalous upwelling associated with the CTM? Figure 9b shows that
the increasing SSTA gradient (red line) causes the decreasing SLP anomaly (SLPA) gradient (blue line) along
the equatorial Pacific, when the CTM is in its positive phase. There is a strengthening anomalous divergence
of meridional wind stress (referred to as Vs (N–S) below; orange line in Figure 9b), which has a strong
correlation with the anomalous divergence in wind stress (above 0.98) over the eastern equatorial Pacific.
As the Coriolis force is approximately equal to 0 at the equator, the anomalous divergence of meri-
dional wind stress enhances the anomalous divergence of the Ekman currents (green line), and further
increases the upwelling (purple line). However, this anomalous advection term plays a smaller role than the
term 2w0@�T=@z in the eastern equatorial Pacific. The nonlinear vertical advection (Figure 6n) can also be
ignored.

4. Relationships Between Ocean Dynamical Processes and Global Warming

The above results demonstrate that the four anomalous advections (2u0@�T=@x, 2�v@T 0=@y, 2�w@T 0=@z, and
2w0@�T=@z) contribute to the cooling total advection anomalies in the whole thermocline of the eastern equato-
rial Pacific (Figure 6b), which furthermore induce the CTM-associated ocean temperature change (Figure 6a). Fig-
ure 10e (bottom) shows a normalized time series of the sum of these four anomalous advection terms (referred
to below as the sum of anomalous cooling advection terms) in the whole thermocline. After removal of the
ENSO (Nino3 index), the partial correlation coefficients (PRs) between the tropical Pacific temperature anomalies

Figure 8. As in Figure 7, except for anomalous (a) zonal current (1021 m s21), (b) meridional current (1022 m s21), (c) vertical current (positive upward; 1026 m s21), and (d) temperature (8C).
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(averaged over 0–60 m) and the sum of
anomalous cooling advection terms cor-
respond to the negative correlation (mul-
tiplied by 21.0) over the tropical Pacific
cold tongue region (Figure 10e). This
result suggests that the temperature
anomalies show a cooling change when
the sum of anomalous cooling advection
terms is negative. This spatial pattern of
PRs (Figure 10e) is similar to the spatial
pattern of the CTM (Figure 1), which rep-
resents the out-of-phase relationship in
SSTA variability between the Pacific cold
tongue region and elsewhere in the
tropical Pacific.

Furthermore, Zhang et al. [2010] argued
that the CTM’s long-term change is most
probably induced by ocean dynamical
processes in response to global warm-
ing. Table 1 lists the PRs between the
sum of anomalous cooling advection
terms and the CTM and global warming,
which are all significant at the 99% confi-
dence level. In addition, the time series
of the sum of anomalous cooling advec-
tion terms has a significantly negative
trend (20.33 per 30 years; Table 1). This
suggests that the sum of anomalous
cooling advection terms is the main con-
tributor to the long-term change in the
CTM. Thus, it is necessary to examine
whether the four components
(2u0@�T=@x, 2�v@T 0=@y, 2�w@T 0=@z, and
2w0@�T=@z) respond to global warming
and contribute to the long-term change
in the CTM.

Table 1 also shows the 30 year trends of
the time series of four anomalous ocean
advections. They all follow a negative
trend, suggesting that each term plays a
role in the long-term change of the CTM.

However, only the term 2�w@T 0=@z displays a strong negative trend (20.74 per 30 years; Table 1) and exceeds
the 95% confidence level. The normalized time series of the term 2�w@T 0=@z is in an almost positive phase in
the pre-1980 period, but an almost negative phase in the post-1980 period (Figure 10a, bottom). The negative
PRs between the term 2�w@T 0=@z and the CTM and global warming are all significant at the 99% confidence
level and are strongest among the four anomalous advection terms (Table 1). Figure 10a (top) shows the PRs
between the anomalous tropical Pacific temperature and the term 2�w@T 0=@z. This corresponds to the negative
correlation over the tropical Pacific cold tongue region, where the cooling anomalous 2�w@T 0=@z term is associ-
ated with the negative temperature anomalies. As mentioned above, the term 2�w@T 0=@z is closely related to
the long-term change of the CTM under global warming.

The long-term change of the term 2�w@T 0=@z is controlled by the decreasing vertical gradient of temperature
anomalies (@T 0=@z; Figure 11a), whose trend is 20.01 per 30 years at the 95% confidence level over the period
1960–2008. There are also significant PRs between the term @T 0=@z and the CTM (about 20.46) and global

Figure 9. Time series of 15RCR between NPC2 and various terms related to the
atmosphere and ocean. (a) Red, blue, orange, and green lines indicate the TDA
(thermocline depth anomaly), the zonal semigeostrophic current, the zonal
Ekman current, and the total zonal current, respectively. (b) Red, blue, orange,
green, and purple lines indicate the zonal SSTA gradient (western-eastern), the
zonal SLPA gradient (western-eastern), divergence of meridional wind stress
(north-south; north: 08N–28N, south: 28S–08S), divergence of Ekman currents, and
upwelling, respectively. (c) Red and blue lines indicate the vertical temperature
gradient and poleward temperature gradient (north-south; north: 08N–28N, south:
28S–08S), respectively. Except for the area of zonal gradient of SSTA and SLPA
(western: 58S–58N, 1408E–1608W; eastern: 58S–58N, 1408W–808W), the calculated
area of all terms is located in the eastern equatorial Pacific (28S–28N, 1408W–
808W, note that the oceanic term is from 0 to 30 m). Thicker lines indicate the
99% confidence level.
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Figure 10. (top) Partial correlation coefficients (after removal of ENSO) between the tropical Pacific oceanic temperature (0–60 m) and
the monthly indices of (a–d) four cooling ocean advections and (e) the sum cooling advection. (bottom) The corresponding normalized
time series of the indices. These indices are calculated over 28S–28N, 1408W–808W, and 0–60 m. Shading indicates statistical significance
at the 99% confidence level, and the thin black contour denotes the zero line. To allow a direct comparison, the PR patterns in Figures
10a–10e are multiplied by 21.0.
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warming (about 20.44). We can regard the
surface and subsurface temperatures as their
climate mean state in the initial period. Sup-
pose a uniform external heating, which can be
thought of as global warming, is imposed on
the tropical Pacific. In the eastern equatorial
Pacific, the SST will tend to increase, but the
subsurface temperature is not affected, which
leads the term @T 0=@z toward the negative
anomaly. The negative @T 0=@z term accompa-
nied by the mean upwelling (�w ; i.e., the cool-
ing term 2�w@T 0=@z) could induce the cooling
temperature (Figure 8d) in the eastern equato-

rial Pacific. In addition, the center of the term 2�w@T 0=@z is located in the subsurface (Figure 6l), indicating that
this term could also increase the difference between the subsurface and surface temperature (i.e., the decreas-
ing term @T 0=@z; Figure 7c) in the eastern equatorial Pacific.

The cooling eastern equatorial Pacific temperature could induce an increased poleward temperature gradi-
ent, uplifted thermocline depth, and strengthened divergence of meridional wind stress, which is expected
to induce the three cooling advections (2�v@T 0=@y, 2u0@�T=@x, and 2w0@�T=@z). Figures 10b–10d (top) and
Figures 11b–11d (top) respectively show the PRs between the anomalous tropical Pacific temperature and
these terms (2�v@T 0=@y, 2u0@�T=@x, and 2w0@�T=@z; @T 0=@y (N–S), TDA, and Vs (N–S)). The spatial patterns
of all PRs show negative correlations over the tropical Pacific cold tongue region, similar to the spatial pat-
tern of the CTM. Although most of the PRs between these three advection terms and the CTM or global
warming are significant, no significant trend is detected (Table 1). This means they make a minor contribu-
tion to the long-term change in the CTM.

5. Discussion and Conclusions

The CTM [Zhang et al., 2010] represents the out-of-phase relationship in SSTA variability between the Pacific
cold tongue region and elsewhere in the tropical Pacific. The long-term change in the CTM is likely related
to global warming [Cane et al., 1997; Zhang et al., 2010]. Using a heat budget analysis of the ocean tem-
perature in the eastern equatorial Pacific, it is found that the net heat flux is a damping term and that the
four anomalous advections (2u0@�T=@x, 2�v@T 0=@y, 2�w@T 0=@z, and 2w0@�T=@z) play an important role in
the CTM-associated temperature variability. However, only the term 2�w@T 0=@z displays a strong decreasing
trend, which is closely related to the long-term change in the CTM. Note that these results are also obtained
when NPC2 is generated from the ERSST v3b, COBE2, and Kaplan data sets (supporting information Figures
S1–S16 and Table S1). Despite the uncertainties of SODA 2.2.4 data set in the early period (1871–1900), we
obtain the same results both in the period 1871–2008 and in the period 1900–2008 (supporting information
Figure S17–S28 and Table S1), which is also the same with the results from the other four data sets (HadISST1,
ERSST v3b, COBE2, and Kaplan). It is suggested that our results are not sensitive to the different instrumental
SST reconstruction.

The long-term change of the cooling 2�w@T 0=@z term depends on the decreasing vertical gradient of the tem-
perature anomaly (@T 0=@z). In fact, suppose a uniform external heating, which can be regarded as global warm-
ing, is imposed on the tropical Pacific. In the eastern equatorial Pacific, the SST will tend to increase, but the
subsurface ocean temperature is not affected, which causes the anomalous vertical temperature gradient
(@T 0=@z) to move toward a negative anomaly. The accompanying mean upwelling (�w ) induces the anomalous
vertical advection term (2�w@T 0=@z), which makes a contribution to the cooling surface temperature and the
decreasing vertical temperature gradient in the eastern equatorial Pacific. The decreasing vertical temperature
gradient further enhances the cooling 2�w@T 0=@z term, which is likely to be a negative feedback in response
to the forcing of global warming. Subsequently, the cooling temperature leads to an increased poleward tem-
perature gradient, uplifted thermocline depth, and strengthened divergence of meridional wind stress. These
three terms are expected to further induce the cooling advection terms (2�v@T 0=@y, 2u0@�T=@x, and
2w0@�T=@z), and thus these three cooling advection terms can also make a contribution to the cooling

Table 1. Partial Correlation Coefficients (After Removal of ENSO)
Between Time Series of Ocean Advections and NPC2 (First Row) and
the Global Warming Index (GWI; Second Row)a

2�w @T 0
�
@z 2�v @T 0

�
@y 2u0@�T

�
@x 2w0@�T

�
@z

Sum Cooling
Advection

NPC2 20.47 20.21 20.27 20.17 20.38
GMI 20.41 20.08 20.19 20.13 20.29
Trend 20.74 20.06 20.14 20.01 20.33

aThe 30 year trends of ocean advections (third row) for the time
series are also shown. These indices of ocean advections are calculated
over 28S–28N, 1408W–808W, and 0–60 m. The GWI is the HadCRUT4
global mean surface temperature. (Bold values indicate significant at
the 99% confidence level (Student’s t test) or at the 95% confidence
level (nonparametric Mann-Kendall test).)
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temperature. Although these three oceanic dynamic processes’ long-term trends are cooling, no significant
trends are detected. It is suggested that only one term (2�w@T 0=@z), which represents the increased
ocean thermal stratification, makes a major contribution to the long-term cooling change of oceanic tempera-
ture in the eastern equatorial Pacific. This result is consistent with DiNezio et al. [2009], while it differs from the
associated ocean dynamical feedback presented by Cane et al. [1997], in which both the anomalous vertical
advection of the anomalous temperature by the mean upwelling and advection of the mean temperature by
the anomalous upwelling (2�w@T 0=@z and 2w0@�T=@z) are emphasized.

Yang et al. [2014] depicted a historical strengthening of the Pacific subtropical cells (STCs) in the Simple
Ocean Data Assimilation-sparse input version 1 (SODAsi.1) and reported a cooling trend over the central
tropical Pacific (their Figure 2). Note that this cooling region in Yang et al. [2014] overlaps in part with the

Figure 11. As in Figure 10, except for (a) the vertical temperature gradient, (b) the poleward temperature gradient, (c) TDA, and (d) Vs (N–S) indices. To allow a direct comparison, the PR
patterns in Figures 11a and 11c are multiplied by 21.0.

Journal of Geophysical Research: Oceans 10.1002/2015JC010814

LI ET AL. DYNAMICAL PROCESSES IN THE PACIFIC 6432



positive CTM’s cooling region. In addition, anomalous easterlies occur in the west of the cooling region and
anomalous westerlies in the east. These anomalous easterlies accelerate the STC and thus increase the
transport of water between the subtropical and equatorial thermocline. As the CTM is in its positive phase,
strong easterly anomalies appear west of about 1408W, and weak westerly anomalies occur east of about
1408W (Figure 4). These easterly anomalies associated with the CTM may contribute to the accelerated STC.

Drenkard and Karnauskas [2014] used the SODA 2.2.6 data set to investigate historical strengthening of the
Pacific equatorial undercurrent (EUC). As the zonal wind stress increases along the Pacific equator, the zonal
pressure gradient force is strengthened and thus the EUC is increased [Drenkard and Karnauskas, 2014]. This
means that the easterly anomalies associated with the CTM may also contribute to the historical strengthen-
ing of the EUC. Simultaneously, the strengthening STC and EUC would transport more cold water to the
eastern equatorial thermocline. This is accompanied by the mean positive upwelling, and the anomalous
advection by the mean upwelling (2�w@T 0=@z) may make a contribution to the cooling temperature tend-
ency (or CTM) in the eastern equatorial Pacific. Overall, the historical strengthening of the STC and EUC is
likely related to the CTM. In addition, the cooling eastern equatorial Pacific thermocline is detected not only
in the SODA data set but also in the subsurface temperature of Ishii and ORAS4 data sets (not shown).

This paper demonstrates that the long-term variability in the CTM is most probably induced by ocean dynami-
cal processes in response to global warming. Zhang et al. [2010] used the Phase 3 of the Coupled Model Inter-
comparison Project (CMIP3) models to investigate the second EOF modes under the twentieth century run
(20C3M) and preindustrial control (picntrl) scenario, in which there is no forcing by global warming. Under both
the 20C3M and picntrl scenarios of the CMIP3 models, the corresponding spatial patterns of the second EOF
mode show cooling SSTA in the tropical Pacific cold tongue region [Zhang et al., 2010, Figures 7 and 12b]. The
corresponding principal components of the second EOF mode exhibit a clearly long-term change under the
20C3M scenario, whereas they show an interannual variability under the picntrl scenario. In Phase 5 of CMIP’s
historical simulation and preindustrial control (piControl) scenario, the second EOF mode over the tropical
Pacific is also investigated (not shown). The spatial and temporal features of these second EOF modes are con-
sistent with those of CMIP3. It is suggested that the CTM is an interannual variability mode under the preindus-
trial control scenario, but it will become the long-term cold trend mode through ocean dynamic processes in
response to global warming. In future work, we intend to carry out further research into the ocean dynamical
mechanism of the CTM under the different scenarios of CMIP3 and CMIP5, and this should help to more clearly
understand the background climate change over the tropical Pacific, the possible influence on El Ni~no regime
change, and the preexisting and future hiatus periods [e.g., Kosaka and Xie, 2013; Li et al., 2013; England et al.,
2014; Meehl et al., 2014] under global warming.

Appendix A: Anomalous Ekman Currents and Semigeostrophic Currents

We use an equatorial b-plane framework to diagnose wind-induced Ekman currents and semigeostrophic cur-
rents in the equatorial Pacific. The anomalous zonal and meridional Ekman currents (ue and ve, respectively)
and semigeostrophic currents (ug and vg, respectively) can be written as follows [e.g., Chang and Philander,
1994; Su et al., 2010, 2014]:

ue5
1

q�H
rssx1bysy

r2
s 1ðbyÞ2

(A1)

ve5
1

q�H
rssy2bysx

r2
s 1ðbyÞ2

(A2)

ug52
g0

b
@2h
@y2

(A3)

vg5
g0

b
@2h
@x@y

(A4)

where q is the density of seawater; �H 5 30 m is the mean mixed layer depth; sx and sy are the anomalous
zonal and meridional wind stress, respectively; rs is the dissipation rate; g0 is the reduced gravity; b is the
planetary vorticity gradient; and h is the anomalous thermocline depth (the mean thermocline depth is the
depth of the 208C isotherm).
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