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ABSTRACT

This study shows the sudden basinwide reversal of anomalous equatorial zonal transport above the ther-
mocline at the peaking phase of ENSO triggers rapid termination of ENSO events. The anomalous equatorial
zonal transport is controlled by the concavity of anomalous thermocline meridional structure across the
equator. During the developing phase of ENSO, opposite zonal transport anomalies form in the western-
central and central-eastern equatorial Pacific, respectively. Both are driven by the equatorial thermocline
anomalies in response to zonal wind anomalies over the western-central equatorial ocean. At this stage, the
anomalous zonal transport in the east enhances ENSO growth through zonal SST advection. In the mature
phase of ENSO, off-equatorial thermocline depth anomalies become more dominant in the eastern Pacific
because of the reflection of equatorial signals at the eastern boundary. As a result, the meridional concavity of
the thermocline anomalies is reversed in the east. This change reverses zonal transport rapidly in the central-
to-eastern equatorial Pacific, joining with the existing reversed zonal transport anomalies farther to the west,
and forms a basinwide transport reversal throughout the equatorial Pacific. This basinwide transport reversal
weakens the ENSO SST anomalies by reversed advection. More importantly, the reversed zonal transport
reduces the existing zonal tilting of the equatorial thermocline and weakens its feedback to wind anomalies
effectively. This basinwide reversal is built in at the peak phase of ENSO as an oceanic control on the evo-
lution of both El Nifio and La Nifia events. The reversed zonal transport anomaly after the mature phase
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weakens El Nifio in the eastern Pacific more efficiently than it weakens La Nifia.

1. Introduction

The El Nifo—-Southern Oscillation (ENSO) phenom-
enon is a Pacific basinwide interannual variation of the
tropical ocean—atmosphere system. ENSO is generally
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characterized as an oscillation of 3-7 years, and major
warm and cold ENSO episodes (i.e., El Nifios and La
Nifas) evolve as distinctive events that usually last for
about one year, with intensive anomalies of the sea
surface temperature (SST) initiating in boreal spring,
growing in summer and fall, peaking in winter, and then
decaying in the next spring. It has long been recognized
that the growth of an ENSO cycle is due to the positive
dynamical feedback among the equatorial SST, wind
stress, and the zonal slope of thermocline, known as the
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Bjerknes feedback (Bjerknes 1969). However, what
processes cause an equally fast termination of an ENSO
event, when a peaking El Nifio quickly dissipates in
spring and sometimes turns into a La Nifia by summer, is
less well explained.

The termination of ENSO events is usually examined in
the framework of phase transition within an ENSO cycle.
Several conceptual ENSO models have proposed different
delayed negative feedbacks that are necessary to sustain
the coupled oscillation. 1) The ‘“delayed oscillator”
theory (Suarez and Schopf 1988; Battisti and Hirst 1989)
suggested that the delayed negative feedback is caused
by off-equatorial Rossby wave signals with the opposite
sign to an ongoing ENSO event. These Rossby wave sig-
nals are generated by the wind anomalies in the equatorial
Pacific, which propagate to the western boundary and are
reflected as equatorial Kelvin waves to decay the SST
anomalies in the eastern Pacific. 2) The early idea of
Wyrtki (1985) showed that the warm water of the western
Pacific tends to increase prior to an El Nifio event, and then
decreases during the process of the event. Jin (1997a,b)
and Li (1997) proposed a “‘recharge—discharge oscillator”
scenario to describe how the warm water volume (WWYV)
could facilitate the transition of ENSO event. 3) The
“western Pacific oscillator” model developed by Weisberg
and Wang (1997) emphasizes the role of off-equatorial
SST anomalies in the western Pacific, which induce equa-
torial wind anomalies there and generate the Kelvin wave
signal as a negative feedback to reverse the phase of
ENSO. 4) Picaut et al. (1997) proposed an ‘‘advective—
reflective oscillator” model through observational ana-
lyses. This conceptual model emphasized the importance
of zonal advection of the mean SST by anomalous zonal
current associated with the wave reflections at the eastern
and western boundaries of the Pacific Ocean. The neg-
ative feedback forces the coupled ocean—-atmosphere
system to oscillate. A unified oscillator model has been
developed based on the physics of the above delayed
negative feedback mechanisms (Wang 2001). In this
general framework, all of the four mechanisms discussed
above can be seen as special cases of the unified oscil-
lator model. The unified oscillator demonstrates that
ENSO is a multimechanism phenomenon and the rela-
tive importance of different mechanisms is time de-
pendent. As a result, it provides a more comprehensive
description of the physical mechanisms of the ENSO
cycle than each of the mechanisms alone.

However, it is not clear whether these negative feed-
back mechanisms, some of which emphasize the gradual
phase transition within a low-frequency ENSO cycle,
could adequately explain the more sudden termination
of an ENSO event, compared with its growth. For in-
stance, in the conceptual model developed by Jin (1997a),
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the zonally averaged recharge—discharge process seems
to have no direct influence on the zonal thermocline
slope, because the latter is assumed to be in balance with
the zonally averaged wind stress anomalies instead of
the meridional heat exchange between the equator and
areas off the equator (e.g., Schneider et al. 1995). As a
result, the recharge—discharge process is unlikely to be
the main factor that stops the unstable ENSO growth
and terminate ENSO event suddenly. For the delayed
oscillator, although there is substantial evidence of
western boundary reflection (e.g., Mantua and Battisti
1994; Zang et al. 2002), over 80% of equatorial Kelvin
waves in the central Pacific are forced by winds
(Boulanger et al. 2003). For example, at the end of the
1997/98 El Niflo, upwelling Kelvin-wave signals are
mostly generated by easterly wind anomalies (Weisberg
and Wang 1997; Wang et al. 1999; McPhaden and Yu
1999; Boulanger and Menkes 2001). There seems no
concrete evidence that a reflected signal can propagate
as an uncoupled Kelvin wave into the eastern equatorial
Pacific. The coupled equatorial propagation seems
much slower (Cai 2003).

Some studies have suggested that a meridional shift
of the surface zonal westerly wind anomalies from the
equator to the Southern Hemisphere in boreal winter is
responsible for the quick termination of El Nifio events
(Harrison 1987; Harrison and Vecchi 1999; Larkin and
Harrison 2002; Vecchi and Harrison 2003; Lengaigne et al.
2006). At the peak of an El Nifio event, such southward
wind shift weakens the equatorial westerly anomalies and
generates eastward propagating upwelling Kelvin waves.
This process is similar to that proposed by Weisberg and
Wang (1997), except that the wind shift is argued to be
driven by the southward displacement of the warmest
water, following the seasonal march (e.g., Spencer 2004;
Lengaigne et al. 2006). This interaction between the
ENSO low-frequency component and the western Pacific
annual cycle not only explains the sudden change in this
phase of ENSO evolution but also accounts for the ENSO
phase lock with the seasonal cycle naturally (Stuecker
et al. 2013). However, the effect of southward wind shift
seems to be limited to El Nifio events. According to
Zhang et al. (2015), there is no distinct southward wind
displacement over the central Pacific during decaying
phase of La Nifla. Furthermore, although earlier studies
(e.g., Harrison and Larkin 1998) suggested that the central
equatorial Pacific westerly wind anomalies move south of
the equator in the winter of every El Nifio, more recent
studies (e.g., Stuecker et al. 2013) argue that this process
occurs much more prominently for strong El Nifio than
for weak El Nifio. Zhang et al. (2015) also showed that the
wind shift appears only during eastern-Pacific El Nifio
events rather than during central-Pacific El Nifio events,
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which is probably also related to their different strengths.
Whether wind shift is a universal mechanism of ENSO
termination still needs investigation.

In this paper, we demonstrate that a sudden basin-
wide reversal of the zonal equatorial current at the
peaking phase of ENSO may be a trigger to the rapid
termination of an ENSO event. This mechanism is
dependent upon the fact that the equatorial zonal
current is controlled by the relative strength of the
equatorial and off-equatorial thermocline anomalies
through geostrophic balance. During the developing
phase of ENSO, the zonal current is driven by equa-
torial thermocline anomalies. As a result, thermocline
anomalies forced by equatorial zonal wind anomalies
over the western-central Pacific generate opposite
zonal current anomalies locally and to the east. The
latter enhances the ENSO growth through zonal SST
advection. In the mature phase of ENSO, because the
thermocline depth anomalies are reflected in the eastern
Pacific and propagate westward in both hemispheres,
the off-equatorial thermocline depth anomalies become
higher than that on the equator for El Nifio events and
lower for La Nifio events. Combined with the existing
zonal current anomalies in the western-central Pacific,
this meridional structure change of thermocline reverses
zonal transport throughout the equatorial Pacific. The
reversed zonal transport in the mature phase can rapidly
weaken the ENSO amplitude by reversing the temper-
ature advection. More importantly, this reversal changes
the mass balance in the eastern equatorial Pacific that
weakens the existing zonal tilting of equatorial ther-
mocline. Both processes are concentrated in the eastern
equatorial Pacific and can be effective on seasonal time
scales. Overall, the current reversal mechanism is built
in to the peak phase of ENSO in both El Nifio and
La Nifa.

The wave reflection at the eastern boundary discussed
in the advective-reflective oscillator (Picaut et al. 1997)
may play a major role in the current reversal. However,
we argue that the basinwide character of current re-
versal is due to not only eastern boundary reflection but
also the wind-driven current farther to the west. Both
factors can be represented by the concavity of meridi-
onal thermocline anomalies, simpler than projecting to
wave modes (e.g., Boulanger and Menkes 1999). Like
Jin and An (1999), we also link the zonal advective
feedback with thermocline feedback via geostrophic
balance. However, we emphasize that these two pro-
cesses are not in phase after the current reversal. An-
other distinction between our study and the previous
ones is that we not only invoke zonal current as a
mechanism for SST advection but also consider its direct
effects on mass balance.
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The rest of the paper is structured as follows. Section 2
describes the datasets and the methods used in this pa-
per. Section 3 describes the general evolution of the
typical El Nifio and La Nifia events in the equatorial
Pacific. Section 4 discusses the roles played by both the
zonal and meridional transports during the evolution
and the physical processes that generate these anoma-
lous currents. Finally, a summary and discussion is given
in section 5.

2. Data

Monthly means of 20°C isotherm depth (D20) and
ocean current on a 0.333° latitude X 1.0° longitude
global grid are from the Global Ocean Data Assimila-
tion System (GODAS; Behringer and Xue 2004). D20 is
generally used as an indicator for the tropical thermo-
cline depth. Therefore, the ocean mass transport above
the thermocline is defined in this study as transport in-
tegrated vertically from the surface to D20. The SST
dataset used in this study is the monthly HadISST data
on a 1° X 1° grid (Rayner et al. 2003), which is a long-
term global SST analysis available from 1870 to the
present. It is based on historical in situ ship and buoy
observations with satellite data blended in after 1982.
The cold bias of bucket SST measurements prior to 1942
is corrected and missing grids are filled by optimal in-
terpolation based on EOF analysis. The surface wind
data (0.995 sigma level) from the National Centers for
Environmental Prediction—National Center for Atmo-
spheric Research (NCEP-NCAR) reanalysis project
(Kalnay et al. 1996; Kistler et al. 2001) on a 2.5° X 2.5°
grid is used to analyze the corresponding ocean—
atmosphere interaction. Because GODAS output
starts from 1980, we analyze all the output from 1980 to
2015 in this study.

The selection of ENSO events follows the ENSO year
definition by the Climate Prediction Center of NOAA
based on the Nifo-3.4 index (http://www.cpc.ncep.noaa.
gov/products/analysis_monitoring/ensostuff/ensoyears.
shtml). Only moderate and strong El Nifio and La Nifia
events with five consecutive overlapping 3-month mean
Nifio-3.4 SSTA at or above 1.0°C are used in the com-
posite analysis of this study. We exclude the events in
1987/88 because this event follows a strong El Nifio and
does not reach its peak intensity near boreal winter.
During the analysis period, there were six El Nifio
events (1982/83, 1986/87, 1991/92, 1997/98, 2002/03, and
2009/10) and five La Niiia events (1988/89, 1998/99,
1999/00, 2007/08, and 2010/11). A composite El Nifio
(La Nifia) event is defined as the average of the corre-
sponding calendar months of all El Nifio (La Nifia)
events for a maximum of 3-yr duration, starting from the
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F1G. 1. Hovmoller diagram of SST (shading) and zonal surface wind (contour) anomalies

averaged between 5°S and 5°N for composite of (a) El Nifio and (b) La Nifia years. The purple
lines represent zero wind anomalies, with solid (dashed) lines for positive (negative) surface
wind anomalies. The gray dots indicate the difference of SST between El Nifio and La Nifia
exceeding a 95% confidence level using a ¢ test. The contour interval is 0.4ms~! for wind
anomalies and shading interval is 0.2°C for SST anomalies. The green lines represent January of

Year(1) and Year(2), respectively.

developing year [Year(0)] to decaying year [Year(1)]
and afterward [Year(2)].

3. Equatorial evolution of El Nifio and La Nifia
events

We first present the general life cycle of the composite
warm and cold ENSO events to establish their major
characteristics. Figure 1 shows the composite evolution
of SST (shading) and zonal surface wind (contour)
anomalies along the equator during El Nifio and La Nifia.
For El Nifo (Fig. 1a), the positive SST anomalies are
initiated in the western Pacific in Year(0) and propagate
eastward to the central and eastern Pacific. For La Nifia
(Fig. 1b), however, the negative SST anomalies occur

simultaneously across the basin since the early summer
of Year(0). The evolutions of the SST anomalies show a
physically consistent pattern with zonal surface wind
anomalies over the equatorial Pacific: the peak of
westerly (easterly) wind anomaly is collocated with
minimum (maximum) zonal gradients of SST anomalies.
This wind-SST anomaly collocation suggests that the
SST and surface wind anomalies are amplified through
the Bjerknes air-sea interaction in the central and
eastern equatorial Pacific (Bjerknes 1969) and reach
their peaks around the winter of Year(0)-Year(1).
During the mature phase, the negative SST anomalies
for La Nifia extend farther west in the western Pacific
compared to the positive SST anomalies for El Nifio.
The associated surface wind anomalies extend farther
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westward in La Nifia compared to El Nifio. This differ-
ence is mainly associated with the fact that the zonal
wind anomalies migrate eastward from Jun(0) to Apr
(1)—note that months will be referred to by their first
three letters: Jan, Feb, etc.)—the during the El Nifio
event (contours, Fig. 1a), while the wind anomalies re-
main stationary in the same period during the La Nifia
event (contours, Fig. 1b).

After the mature phase, the negative SST anomalies
for the El Nifio event start to propagate eastward in
May(1), associated with the weakening of the westerly
wind anomalies over the central Pacific and an east-
ward migration of the easterly wind anomalies from
farther west (Fig. 1a). As the cold SST anomalies
move into the central Pacific in the summer of Year
(1), the EI Nifio event is ended and the eastern equa-
torial Pacific turns into a cold episode. For the La
Nifia, however, the positive SST anomalies remain
stationary in the western equatorial Pacific through-
out Year(0) to Year(l) without any propagation
(shading, Fig. 1b). The cold SST and easterly wind
stress anomalies in the central Pacific also remain
stationary throughout Year(1) and the spring of Year
(2). Farther to the east, associated with the appear-
ance of weak westerly wind anomalies between 90°
and 120°W in early Year(1), the cold SST anomalies
weaken temporarily from Jan(1) to Jul(1). However,
the cold SST anomalies recover in the eastern Pacific
during the latter half of Year(1) and occur a secondary
peak in early Year(2), before finally dissipating in the
late spring of Year(2).

The evolution of the equatorial thermocline depth
anomalies is crucial to explain the ENSO develop-
ment and phase transition. The contour in Fig. 2
shows the composite evolution of D20 anomalies
averaged in 5°N and 5°S during El Nifio and La Niifia.
According to these composites, the D20 anomalies
are initiated in the western Pacific in Year(0) during
both the El Nifio and La Niiia years, and then prop-
agate eastward. As documented by Schneider et al.
(1995), the slope of the equatorial thermocline
anomalies is proportional to the surface wind. During
the winter of Year(0)-Year(1), the deepening or
shallowing of the thermocline in the eastern Pacific is
collocated with the major SST anomalies, manifest-
ing the subsurface component of the positive ocean—
atmosphere feedback process (Bjerknes feedback)
that brings El Nifio or La Nifia event to a mature
phase. For the transition of both events, opposite
D20 anomalies start to propagate slowly eastward
starting from Jul(0). For El Nifio, the negative D20
anomalies (contour, Fig. 2a) propagate roughly at the
same pace as that of the surface wind anomalies
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(contour, Fig. 1a), reaching the eastern boundary
around Jul(1). For La Nifia, however, the eastward
migration of the positive D20 anomalies stops at the
central Pacific in Jan(1) (contour, Fig. 2b). It is noticeable,
however, that a mild positive D20 anomaly appears in the
eastern Pacific from Apr(1) to Aug(1), which is detached
from the positive D20 anomalies from the west (contour,
Fig. 2b).

The evolution of the equatorial SST, surface wind and
D20 anomalies during an ENSO event is quite well
known and similar composites have been shown in Ren
and Jin (2013). The evolutions of the SST and surface
wind anomalies associated with El Nifio and La Nifla
suggest that they are largely symmetric during their
development and peak phases, and become largely
asymmetric in the decay phase. Of particular interest to
us is the rapid dissipation of the ENSO event from Jan
(1) to Apr(1) after its maturing phase, which leads to the
termination of an El Nifio event and a significant
weakening of a La Nifa event. This is closely connected
to the off-equatorial processes to be discussed in the
next section.

4. Equatorial and off-equatorial connections

In this section we show that, during the ENSO
evolution, the equatorial variations are closely con-
nected to off-equatorial processes through zonal and
meridional mass transports associated with the
thermocline anomalies. We first describe the roles
played by the meridional transport because of its
close connections to the equatorial thermocline var-
iations discussed in section 3. The zonal transport,
however, plays a more important role in affecting the
ENSO evolution in its maturing phase, which is
discussed next.

a. Meridional transport

When the thermocline slope changes in the equatorial
Pacific, the zonal thermocline gradient extends to off-
equatorial oceans to generate geostrophic meridional
currents there (Jin and An 1999). Together with the
Ekman transport, this process causes substantial me-
ridional mass transport divergence (convergence)
anomalies in the central Pacific (150°E-150°W) for the
El Nifio (La Nifa) (Clarke et al. 2007). Shadings in Fig. 2
show the composite evolution of the convergence of
meridional transport anomalies smoothed by zonally
running mean with a 20° longitude window along 5°N
and 5°S during El Nifio and La Nifia. The positive (neg-
ative) values mean the water mass is pumped toward
(away from) the equator across 5°N and 5°S. The me-
ridional transport is superimposed upon the equatorial
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transport between El Nifio and La Nifia exceeding a 95% confidence level using a ¢ test. The
contour interval is 5 m for D20 anomalies and shading interval is 0.1 Sv for transport anomalies
(1Sv = 10°m®s™1). The green lines represent January of Year(1) and Year(2), respectively.

D20 anomalies to demonstrate their correspondence.
The maxima of divergence and convergence (shading,
Fig. 2) are usually collocated with the largest zonal
gradient of D20 (contour, Fig. 2) while its general pat-
tern is somewhat similar to the equatorial zonal wind
anomalies (contour, Fig. 1), reflecting the effects by both
geostrophic and Ekman flows (Clarke et al. 2007).
There are some interesting differences between
the warm and cold events. For El Nifio, the di-
vergence (negative values of shading, Fig. 2a) starts
from late summer of Year(0) and persisting well into
the summer of Year(1). It also extends eastward from
Aug(0) to Jan(1), following a similar migration of the
anomalous westerlies (contour, Fig. la). For La Niiia,

however, the convergence (positive values of shading,
Fig. 2b) starts somewhat earlier in Year(0) and persists
longer, with its center always located in the western Pacific,
which is also consistent with its corresponding wind struc-
ture (contour, Fig. 1b).

This meridional convergence—divergence corresponds
to the recharge—discharge process described in previous
studies (e.g., Jin 1997a,b). However, our result shows
that, instead of a zonally uniform process, there is sub-
stantial zonal variation of meridional transport in
ENSO. It is interesting to see that major discharge—
recharge processes occur in the central and western
Pacific. Chen et al. (2015) also indicate that the
recharge—discharge process is reversed in the eastern
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green lines represent January of Year(1) and Year(2), respectively.

Pacific. It seems that the major discharge-recharge
processes are associated with the Sverdrup transports
generated by the wind stress curls associated with the
meridional gradient of the equatorial zonal wind stress
anomalies. This relationship between the meridional
convergence and the equatorial zonal wind stress can be
seen in Figs. 1 and 2. Moreover, the different processes
of meridional transport in the eastern and central-
western regions also result from the opposite signs of
their corresponding wind anomalies during the decaying
phase for El Nifio and during the developing phase to
decaying phase for La Nifla. The zonal variation of
recharge—discharge process caused by zonal surface
wind modifies the slope of thermocline, which may affect

the efficiency of the Bjerknes feedback. This effect of
meridional transport will be discussed in next subsection.

b. Zonal transport

As we will see in the next section, compared to the
meridional transport, the zonal transport plays a more
important role in the growth and termination of an
ENSO event. The composite life cycles of the equatorial
zonal transport for the El Nifio and La Nifia events are
shown as the contours in Figs. 3a and 3b, respectively.
The shading in Fig. 3 represents a quantity that further
illustrates the mechanism to generate the equatorial
zonal transport, which will be discussed in the later part
of this section. During the developing phase of El Nifio
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(La Nina) [Year(0)], the eastward (westward) trans-
port prevails in the central and eastern Pacific in two
episodes, one from March to June, the other from Au-
gust to November, with a break in July. These two epi-
sodes roughly correspond to the quick increase of the
westerly (easterly) wind stress anomalies near or west of
the date line (contour, Figs. 1a,b). These signals corre-
spond to the zonal temperature advection described in
Picaut et al. (1997), which enhances the thermocline
feedback during the ENSO development, as suggested
by An and Jin (2001).

The initial reversal of the zonal transport appears in
Oct(0)-Nov(0) between 150°E and the date line where
the signs of the equatorial D20 anomalies reversed a few
months ago (contour, Fig. 2). At first, the reversed zonal
transport propagates slowly eastward (contour, Fig. 3)
with the eastward propagation of opposite D20 anom-
alies (contour, Fig. 2) from the western Pacific and
reaches about 150°W by the end of the year. However,
this corresponding relationship between zonal transport
and equatorial D20 anomalies suddenly ends in Jan(1)
when the reversed zonal propagations quickly extend
eastward to occupy the whole basin (contour, Fig. 3).
Between Jan(1) and Apr(1), the reversed zonal trans-
ports show a quick enhancement over the whole basin
with its peak in the central Pacific around 150°W for the
El Nifio event in Apr(1). The peak in La Nifa is in the
same month but located farther to the west between
150°E and the date line although a secondary peak ap-
pears earlier in the central Pacific around 150°W.
Therefore, at the peaking phase of both El Nifio and La
Nifia, zonal transport quickly changes from enhance-
ment to damping to the ENSO growth.

One should note that, among all equatorial variables
we have examined, only the zonal transport shows the
quick reversal at the peak phase of ENSO. Among the
major factors of the Bjerknes feedback, the equatorial
D20 anomalies initially associated with the reversed
zonal transport propagate slowly in Year(1) at nearly
the same pace as before and reach the eastern boundary
in late spring and early summer (contour, Fig. 2). Simi-
larly, the zonal wind stress anomalies are also largely
sustained at a peak level between 150°W and 150°E
before their demise in late spring of Year(1). It is also
interesting to note that, after its peak, the relatively fast
decay of the SST anomalies occurs in the eastern Pacific
between 90° and 120°W (shading, Fig. 1), which can be
readily explained as a direct response to the zonal
transport reversal. On the other hand, the SST anoma-
lies in the central Pacific (150°W to the date line), which
are in balance with the zonal wind anomalies, are much
more persistent after the peak of ENSO (Fig. 1). This
longitudinal difference of the SST variation actually
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gives a perception of the westward propagation of the
SST decaying signals. Moreover, the meridional trans-
port (the discharge-recharge) also is largely maintained
in the central and western Pacific without much change
during the peak phase of ENSO (shading, Fig. 2).
Overall, we argue that the reversal of the zonal transport
contributes to damping ENSO.

Now we discuss the factors responsible for the zonal
transport anomaly reversal. The geostrophic balance
links the zonal velocity at the equator to the second
derivative of D20 with respect to latitude as

8°D20
BuEQ =~ _g, ayz

: (1)
where B =20/R, EQ is defined as 0°, and g’ is the re-
duced gravity. In finite differencing format, —(92D20/9y?)
is proportional to

E = —[(D20g, — D20,,,) — (D20, — D20,)]

= 2(D20,,,) — D20, — D20,,,. @)

In essence, E measures the relative magnitude of the
D20go anomaly with respect to the off-equatorial ones
(D205y and D2055). Assuming that the D20 anomaly is
symmetric to the equator, when E is positive, D20
concaves upward at the equator and the geostrophic
zonal transport is eastward. Similarly, when E is neg-
ative, or D20 anomaly concaves downward at the
equator, the geostrophic zonal transport anomaly is
westward.

The Hovmoller diagram of E is shown in Fig. 3 as
shadings. Clearly, E corresponds well with the zonal
transport anomaly above D20 throughout the life cycle
of both El Nifio and La Nifia, confirming that the
equatorial zonal transport anomaly is predominantly
geostrophic (Jin and An 1999). More interestingly, both
the gradual reversal of the zonal transport anomaly first
initiated in the western Pacific in Oct(0)-Nov(0) and the
sudden basinwide reversal around Jan(1) are associated
with the sign changes of E. Since E is determined by
both the D20k and off-equatorial D20 anomalies, we
can identify the zonal transport anomaly as mainly
driven by the former or the latter in different phases of
the ENSO evolution. During Oct(0)-Nov(0), the initial
reversal of the zonal transport anomaly is apparently
driven by D20gqo anomaly as shown by its close corre-
spondence with the local D20 anomalies on the equator
(contour, Fig. 2). It is not surprising that, for an El Nifio
event, the westward transport anomaly first appears in
the longitude band of 150°E to the date line where the
westerly wind stress (contour, Fig. 1a) and meridional
divergence anomalies are largest (shading, Fig. 2a).
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As a result, the strong discharge process causes sub-
stantial shoaling of the thermocline, making the D20gg
anomaly shallower than the off-equatorial ones. A similar
situation occurs in the same phase of the La Nifia event
in opposite sign to the El Nifio event. Although the
controlling factor of the zonal transport is taken over by
another mechanism, as we describe below, we expect
that the D20go mechanism will continue a relatively
slow paced eastward propagation in the El Nifio case
while stay more or less stationary in the La Niiia case, as
manifested by their corresponding D20 evolution on the
equator (contour, Fig. 2).

On the other hand, the basinwide reversal of the
equatorial zonal transport anomaly in Jan(1) is mainly
induced by the off-equatorial D20 anomaly that extends
westward from the eastern boundary near 5°N and 5°S.
The eastward propagating D20 anomalies along the
equator reach the oceanic eastern boundary in boreal
winter at the peak phase of ENSO (contour, Fig. 2).
Subsequently, the D20 anomalies in the eastern
boundary are reflected as Rossby waves and propagate
westward off the equators on both hemispheres toward
the central Pacific. As a result, E changes sign, and so
does the zonal transport anomaly. The branching off of
the D20 anomaly near the equator in Jan(1) can be seen
clearly from the zonally averaged D20 anomaly between
80°W and the date line in Figs. 4 and 5 (shading). In the
El Nifio event (Fig. 4), the D20 anomaly at the equator
switches from maximum to minimum and the meridio-
nal gradient of D20 is reversed in both hemisphere in
Jan(1) (contour, Fig. 4a). A similar reversal also occurs
in La Nifia (Fig. 5) during Jan(1). In both cases, the
poleward propagation of the D20 anomalies from the
equator to about 10°N and 10°S from Jan(1) to May(1)
lead to the opposite gradient of D20 anomaly after the
peak of ENSO (Figs. 4a and 5a). As the result, the
equatorial zonal transport anomaly is reversed and ex-
tends to off-equator (contour, Figs. 4b and 5b) after Jan(1),
which is strongest during Mar(l) and Apr(1). It
should be pointed out that the total zonal transport
anomaly is the combination of both factors caused by
D20k mechanism and off-equatorial D20 mechanism.

To further demonstrate the evolution of D20 and
zonal transport anomalies, Figs. 6 and 7 show the com-
posites of the zonal transport (contour) and D20
(shading) anomalies for El Nifio and La Niiia years from
Sep(0) to Aug(l), respectively. According to these
composites, the D20 anomalies propagate eastward
along the equator [Sep(0) to Nov(0)] and reach the east
boundary in Dec(0). Meanwhile, the reversed zonal
transport anomaly appears around the date line in Sep(0)
and extends eastward to about 150°W by Dec(0). The
reversed zonal transport anomaly is limited in 2°S-2°N
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and, as we discussed above, is driven by local zonal wind
stress associated with ENSO. After the peak of ENSO,
the D20 anomalies are reflected in the eastern Pacific
and then propagate westward off the equator. As dis-
cussed in Hu et al. (2014), these reflected D20 anomalies
make the D20 anomalies in the off-equator areas higher
than at the equator for El Nifio events and lower for La
Nifo events after Dec(0). The meridional structure of
the thermocline rapidly generates reversed zonal
transport in the eastern equatorial Pacific, which is
combined with the existing ones farther to the west and
forms the reversed zonal transport anomaly in the
whole Pacific basin in 5°S-5°N. The reversed zonal
transport anomaly after the mature phase quickly
weakens the ENSO-associated SST anomalies in the
eastern Pacific.

c¢. Equatorial mass and heat budget

Many previous studies have emphasized the role of
SST advection of the equatorial zonal current anomalies
during an ENSO event (e.g., Picaut et al. 1997; An and
Jin 2001). Through this process, the anomalous zonal
current modifies the equatorial SST anomalies. On the
other hand, anomalous zonal transport anomaly also
redistributes water above the thermocline along the
equatorial ocean and directly affects the zonal tilting of
the thermocline depth, a critical factor of ENSO growth.
This process can be considered as an “oceanic’ factor
because it does not change SST or surface winds directly.
In this subsection, we examine how effective this oceanic
contribution is and whether it can be considered as an
independent factor in ENSO evolution.

The meridional transport anomaly (i.e., recharge—
discharge processes) changes WWYV in the equatorial
Pacific. In addition to influencing the mass balance, it is
responsible for the ocean heat exchange processes be-
tween the equatorial and the off-equatorial oceans that
cause the ENSO phase transition (Jin 1997a,b; Meinen
and McPhaden, 2000; Kumar and Hu 2014). Here we
define an anomalous WWYV index as the integrated
volume of water above D20 within 5°S-5°N from 120°E to
80°W (Meinen and McPhaden, 2000; Kumar and Hu 2014).
In both El Niflo and La Nifia events, the tendency of the
WWYV index (gray bars, Figs. 8b,c) is primarily con-
tributed by the net meridional transport anomaly (blue
curves, Figs. 8b,c). The magnitude of the net zonal
transport anomaly (red curves, Figs. 8b,c) is much
smaller than that of meridional transport anomaly and is
negligible when the whole Pacific basin is considered.
The zonal surface wind anomalies (dashed curves,
Fig. 8a) lead Nino-3.4 index (solid curves, Fig. 8a) by
about 1-3 months. We also find that the Nifio-3.4 index
is out of phase with the WWYV tendency.
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The zonal transport anomaly, however, not only re-
distributes mass along the equator but also changes the
heat balance above the thermocline in the eastern
equatorial Pacific. In particular, this process works di-
rectly against the zonal tilting of equatorial thermocline.

We choose 160°W, the midpoint between the positive
and negative D20 anomalies (contour, Fig. 2), as a check
point in Fig. 9 to discuss the thermocline heat budget in
the eastern equatorial Pacific (5°S-5°N, 160°-80°W)
contributed from zonal, meridional, and vertical heat



15 AUuGUST 2016

CHEN ET AL.

5869

(a) La Nina: D20 and Gradient of D20

10N 5

T
1
v
]
1
1

g

.

T
~

SN[ /° .
g

.
e

6N

e
LTy

e~
B e,

(N
'y

.,

4N

o~

2N
EQ
258
48 -
8S| Z P
8S
- 4
Jan{0) Apr(0) Jul{0) Oct(0) Jan(1) Apr(1) Jul{1) Oct{1) Jan(2) Apr{2) Jan(0) . 2
- 0
(b) La Nina: D20 and Zonal transport ,
1GN T T T | -
8N . 4
6N N
-8

4sF
6S

8S

1 “h"?"‘

Apr(0)  Jul{0) Oct{0)

=5

Jan(1)

108 )
Jan(0) Apr(1)

Ju(1)

Oct{1) Jan(2)

Apr(2)

Jan(0)

FIG. 5. As in Fig. 4, but for La Nifia years.

transport. Here we analyze the thermocline heat budget
instead of the mixed-layer heat budget because of the
equatorial transport above the thermocline, which is
predominantly geostrophic; however, the mixed-layer
transport is partly dominated by the Ekman transport.
The thermocline heat budget equation is

BE-0,+0,+0,+0,+R. 3)

where the term in the left side represents the tendency of
heat content above the thermocline; Q,, O,, and Q,,
denote the zonal, meridional, and vertical heat conver-
gence, respectively; Q, indicates the total downward
heat at surface; and R is the residual term. Here we
define an anomalous heat content above the thermo-
cline as the integrated heat content of water above D20
within 5°S-5°N from 160° to 80°W. The time tendency of
the anomalous heat content integrated within this
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volume is contributed by the zonal and meridional heat
convergence, defined as the net heat transport into the
eastern equatorial Pacific across the horizontal bound-
aries. The vertical heat transport is contributed by the
net heat transport into the eastern equatorial Pacific
across the surface of D20. The total downward surface
heat is estimated as the integrated downward heat flux in
the eastern equatorial Pacific at surface. It is worth
noting that the surface heat term is two orders of mag-
nitude smaller than other terms when we consider the
thermocline heat budget integrated from surface to
depth of D20. These terms are estimated explicitly using
the GODAS monthly mean analysis. The residuals in-
clude the horizontal and vertical diffusions and the
contributions of the unresolved higher-frequency eddy
transports. The tendency of the heat content (gray bar,
Figs. 9b,c) corresponds well with the tendency of SST
anomalies in the eastern equatorial Pacific (solid curves,
Fig. 9a). This result indicates that the eastern Pacific SST
anomaly is strongly driven by local heat content varia-
tion. During the developing phase, the zonal heat
transport anomaly (red curves, Figs. 9b,c) enhances the
thermocline feedback in both El Nifio and La Nifia

events. The reversal of the zonal transport anomaly
appears in Oct(0)-Nov(0), which is nearly simultaneous
with the time when the heat content anomaly in the
eastern Pacific starts to decay. The weakening of the
surface wind anomalies (dashed curves, Fig. 9a), which
occurred in response to the weakening of the SST
anomalies in the eastern equatorial Pacific, may also
change the zonal thermocline slope through the read-
justment of the Sverdrup balance, resulting in a change
of the thermocline depth in the eastern equatorial Pa-
cific. However, the direct influence on thermocline
anomaly in the eastern Pacific associated with reversed
zonal transport anomaly is independent of that of the
equatorial zonal wind stress anomalies.

The net meridional heat transport anomaly may also
be able to contribute to the thermocline feedback be-
cause of its substantial zonal variation as we have shown
in Fig. 2 (shading). However, the contribution from the
meridional heat transport anomaly is smaller than that
from the zonal heat transport anomaly in the eastern
Pacific (cf. the curves in Figs. 9b,c). During the de-
veloping phase in El Nifio events, the major recharge
processes occur in the central Pacific and few discharge
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processes in the eastern Pacific. As a result, the merid-
ional heat transport in the eastern Pacific (blue curves,
Fig. 9b) reduces the heat content in the eastern equa-
torial Pacific. The water heat of the eastern Pacific keeps
being lost due to the largest meridional divergence. For
La Nifa, however, the convergence starts somewhat
from late winter in Year(0) and persists longer, with its
center always located in the western Pacific (shading,
Fig. 2). Consequently, the value of meridional heat trans-
port anomaly (blue curves, Fig. 9c) is zero in the eastern
Pacific. However, the recharge processes extend eastward
at the peak of La Nifia in Jan(1) and Dec(1) and this ex-
tension of convergence of meridional heat transport
anomaly will increase the heat content in the eastern Pa-
cific and reduce the effect of building zonal tilting. Al-
though the meridional heat transport anomaly would
changes the heat budget as the ENSO events mature, the
zonal heat transport plays the leading role in causing the
decrease of the upper ocean heat content in the eastern
equatorial Pacific Ocean after the ENSO peaking phase.
The vertical heat transport anomaly is a damping term
for the thermocline heat budget in the eastern Pacific
(black curves, Figs. 9b,c). Because the vertical heat
transport is defined as the net transport of the 20°C

water across the surface of D20, the contribution of
vertical heat transport is mainly determined by the
vertical velocity in this calculation. This contribution,
however, is always partly offset by a corresponding
displacement of the D20 surface itself. The effect of the
latter part is not explicitly evaluated and is contained in
the residual term R. The vertical heat transport is out of
phase with zonal heat transport anomaly and the vertical
transport along the equator is dynamically associated
with zonal transport (Su et al. 2010). The relationship
between zonal and vertical heat transport anomaly can
be explained by the mass conservation. To further
demonstrate the evolution of thermocline and the re-
lationship between zonal and vertical transport anom-
alies, Figs. 10 and 11 show the evolution of the zonal
velocity anomalies (contour) and vertical velocity
anomalies (shading) in connection with the fluctuation
of the thermocline (D20; red curves) for El Nifio and La
Nifia years from Jun(0) to May(1), respectively, together
with climatological D20 (green curves). During the de-
veloping phase of El Nifno (La Nina) [Jul(0)-Aug(0)],
the eastward (westward) velocity prevails above D20
and enhances the thermocline feedback during the
ENSO development. At the same time, the major
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SST anomalies, ms ™ for surface wind and Sv for transport and tendency of WWV.)

downward (upward) velocity generated by the eastward
(westward) velocity occurs in the eastern Pacific (100°-
80°W) to slow down the development of El Nifio (La
Niiia). The first reversed zonal velocity anomaly appears
along D20 around the date line in Sep(0) and extends
eastward to about 150°W by Dec(0), as we have shown in
Figs. 6 and 7. However, the eastward (westward) ve-
locity anomaly still prevails in the upper layer above
100m. The upward (downward) velocity anomaly ap-
pears along the east edge of reversed zonal velocity
anomaly and propagates eastward with it. Between

Jan(1) and May(1), the reversed zonal velocity anomaly
shows a quick enhancement over the whole layer above
D20. The reversed zonal velocity anomaly after the
mature phase quickly weakens the thermocline feed-
back associated with SST anomalies in the eastern Pa-
cific. Nevertheless, the upward (downward) velocity
anomaly locates in the far eastern Pacific along the east
edge of the reversed zonal velocity to work against the
decay of El Nifio (La Nifia). This result demonstrates the
close connection of the zonal and vertical transport
anomalies, with the reversal of the zonal transport above
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FIG. 9. (a) Solid curves are the tendency of SST anomalies averaged in the eastern Pacific region
(5°S-5°N, 160°-80°W) and dashed curves are the zonal surface wind anomalies averaged between
5°S and 5°N, extending longitudinally from 120°E to 80°W for El Nifio (red curves) and La Nifia
(blue curves) years. Also shown are the time evolutions of thermocline heat budget in eastern
Pacific (5°S-5°N, 160°W-80°W) for composites of (b) E1 Nifio and (c) La Nifia years. The gray bar is
the tendency of heat content above D20 in the eastern Pacific. The red, blue, and black curves
represent the zonal, meridional, and vertical heat transport, respectively. The purple curves rep-
resent the total downward heat at surface. The green curves show the residual term. (Units are
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the thermocline in the El Nifio (La Nifa) mature phase
corresponding to the switch from downwelling (upwelling)
to upwelling (downwelling) in the eastern Pacific. Since the
reversal of the zonal transport is mainly associated with the
reflected off-equatorial thermocline anomalies, we argue
that, at this moment, it is the zonal transport drives the
vertical transport change, instead of the other way around.

5. Summary and discussion

In this work, a sudden reversal of the zonal equatorial
upper current at the peaking phase of ENSO is revealed
to explain the rapid termination of an ENSO event. This

process is dependent upon the fact that the equatorial
zonal current is mainly controlled by the relative
strengths of the thermocline depth anomalies on and off
the equator (i.e., the concavity of the thermocline me-
ridional structure), through geostrophic balance.
During the developing phase of ENSO, the zonal sur-
face wind anomalies show a physically consistent pattern
with the corresponding SST anomalies. The peak of wind
anomaly is collocated with minimum or maximum zonal
gradients of SST anomalies. The zonal gradient of the
equatorial thermocline anomalies is proportional to the
surface wind and thus to the SST anomaly. The wind-
driven thermocline anomalies in the eastern Pacific
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manifest the subsurface component of the positive ocean—
atmosphere feedback process that brings El Nifio or La
Nifia to a mature phase. The ENSO is amplified through
this coupled process between ocean and atmospheric
anomalies in the central and eastern equatorial Pacific.
Furthermore, the equatorial thermocline anomalies are
largest and determine the zonal transport anomalies.
Since the zonal wind anomalies over the western-central
equatorial ocean generate opposite equatorial thermo-
cline anomalies locally and farther to the east, opposite
zonal transport anomalies form in the western-central and
central-eastern equatorial Pacific, respectively. At this
stage, the anomalous zonal transport in the east enhances
the ENSO growth through zonal SST advection.

In the mature phase of ENSO, off-equatorial ther-
mocline depth anomalies become more dominant in the
eastern Pacific due to the reflection equatorial signals at
the eastern boundary and their westward propagation in
both hemispheres. As a result, the concavity of the ther-
mocline anomalies at the equator is reversed in the east
(i.e., the off-equatorial thermocline depth anomalies

become higher than that on the equator for El Nifio
events and lower for La Nifio events). This change of
the meridional thermocline structure reverses zonal
transport rapidly in the central-to-eastern equatorial
Pacific, which is joined with the existing zonal transport
anomalies farther to the west and forms a basinwide
current reversal throughout the equatorial Pacific. This
basinwide transport reversal weakens the ENSO SST
anomalies through advection damping. More impor-
tantly, the reversed zonal mass transport anomaly re-
duces the existing zonal tilting of equatorial thermocline
and suppresses its feedback to wind anomalies effec-
tively. We argue that reversal of the equatorial zonal
transport is a critical factor in terminating an ENSO
event. Although there are other factors that also con-
tribute to the termination of ENSO events, the basinwide
current reversal mechanism associated with reflective
thermocline depth anomalies is a robust ocean dynamic
process that is built in to the peak phase of ENSO as a
dynamic feedback within the ocean that has functions in
both El Nifio and La Nifia.
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FIG. 11. As in Fig. 10, but for La Nifa years.

The meridional transport anomaly is connected with
ENSO phase transition by exchanging the ocean heat
between the equatorial and off-equatorial ocean. In ad-
dition to Ekman transport, a substantial portion of the
meridional transport anomaly is generated by the zonal
thermocline gradient anomaly according to geostrophic
balance. Consequently, the maxima of divergence and
convergence anomalies are collocated to the largest zonal
gradient of thermocline while their general pattern is
somewhat similar to the equatorial zonal wind stress
anomalies. Although the zonally integrated meridional
transport anomaly largely fulfills the role of recharge—
discharge to the upper ocean warm water volume, there is
substantial zonal variation of meridional transport
anomaly due to the pattern of zonal surface wind anom-
aly, which redistributes the slope of the thermocline and
may affect the efficiency of Bjerknes feedback.

The vertical heat transport anomaly is a damping term
in an ENSO event. The vertical transport is out of phase
with zonal transport anomaly and the vertical transport
along the equator is dynamically associated with zonal
transport. The relationship between zonal and vertical
transport anomalies can be explained by the mass con-
servation. Our results demonstrate the close connection

of the zonal and vertical transport anomalies, with the
reversal of the zonal transport above the thermocline in
the El Nifio (La Nifia) mature phase corresponding to
the switch from downwelling (upwelling) to upwelling
(downwelling) in the eastern Pacific.

In this paper, we emphasize the reversal of the zonal
equatorial transport anomaly as an ENSO termination
mechanism that is functional for both El Nifio and La
Nifia events. However, an interesting asymmetry also
appears between the warm and cold events. During
the development phase, the anomaly patterns are
quite symmetric between El Nifio and La Nifa events.
The processes of ENSO weakening by the reversed
zonal transport after the mature phase are also sym-
metric between El Nifio and La Niifia years. However,
the asymmetric features appear after their peak. For
instance, the negative SST and westerly surface wind
anomalies, for an El Nifio year, start to propagate
eastward in May(1) and reach the central Pacific in the
summer of Year(1) and turn into cold phase after the
mature phase. For La Nifia, however, the positive SST
and easterly surface wind anomalies remain stationary
in the western equatorial Pacific throughout Year(0)
to Year(1) without any propagation. The asymmetry
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in the temporal evolution between El Nifio and La Nifia has
been attributed to a couple of reasons. One explanation is
that the interannual variation of tropical instability waves
slows down the transition from La Nifia to El Nifio but does
not have a significant impact on the transition from El Nifio
to La Nina (Nagura et al. 2008). Another possible expla-
nation is the nonlinear atmospheric response to the SST
distribution in the equatorial Pacific and the surrounding
tropical Pacific and Indian Ocean such that surface wind
forcing in the far western equatorial Pacific tends to effi-
ciently terminate the warm phase into the La Nifia condition
(Weisberg and Wang 1997, Wang et al. 1999) but to prolong
the cold phase before the El Nifo condition (Hoerling et al.
1997; Kug and Kang 2006; Ohba and Ueda 2009; Okumura
and Deser 2010; Okumura et al. 2011; Ohba and Watanabe
2012). Hu et al. (2014) argued that the persistence of the
cold condition is related to the equatorial upwelling Kelvin
waves and the reflected off-equatorial Rossby wave in
stronger La Nifia events. Another explanation provided by
Chen et al. (2016) shows that the dynamic processes asso-
ciated with asymmetry of wind response in the western
Pacific is as important as the thermodynamic processes
related to the asymmetric cloud-radiation—-SST and
evaporation-SST processes in contributing to the ENSO
evolution asymmetry. The reversed zonal transport also
appears to be asymmetric between El Nifio and La Nifia in
this study. The peak of reversed zonal transport in El Nifio
locates between 120°W and the date line; however, the re-
versed transport in La Nifia locates farther to the west be-
tween 150°E and the date line (Fig. 3). This difference of
spatial pattern between warm and cold event leads to the
fact that the amplitude of the reversed zonal transports
anomalies associated with tilting along 160°W in El Nifio is
larger than that in La Nina (Fig. 9). The reversed zonal
transport anomaly after the mature phase weakens El Nifio
in the eastern Pacific more efficiently than for La Nifia.
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