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ABSTRACT

The amplitude asymmetry between El Nino and La Nifa is investigated by diagnosing the mixed-layer heat
budget during the ENSO developing phase by using the three ocean assimilation products: Simple Ocean
Data Assimilation (SODA) 2.0.2, SODA 1.4.2, and the Global Ocean Data Assimilation System (GODAS).
It is found that the nonlinear zonal and meridional ocean temperature advections are essential to cause the
asymmetry in the far eastern Pacific, whereas the vertical nonlinear advection has the opposite effect. The
zonal current anomaly is dominated by the geostrophic current in association with the thermocline depth
variation. The meridional current anomaly is primarily attributed to the Ekman current driven by wind stress
forcing. The resulting induced anomalous horizontal currents lead to warm nonlinear advection during both
El Nifio and La Nifia episodes and thus strengthen (weaken) the El Nifio (La Nina) amplitude. The con-
vergence (divergence) of the anomalous geostrophic mixed-layer currents during El Nifio (La Nifia) results in
anomalous downwelling (upwelling) in the far eastern equatorial Pacific, which leads to a cold nonlinear

vertical advection in both warm and cold episodes.

1. Introduction

El Nino-Southern Oscillation (ENSO) is the domi-
nant interannual variability in the tropical Pacific. A
considerable number of observational, theoretical, and
modeling studies have contributed over the past decades
to the understanding of the structures and basic mecha-
nisms of the ENSO cycle (e.g., Rasmusson and Carpenter
1982; Cane and Zebiak 1985; Philander 1990; Zhang and
Chao 1993a). There are several theories for the ENSO
oscillations: for example, the delayed oscillator (Battisti
and Hirst 1989; Suarez and Schopf 1988), the self-excited
oscillations in the nonlinear tropical air-sea coupled
system (Zhang and Chao 1993b), the recharge—discharge
or stationary SST mode (Jin 1997; Li 1997), the western
Pacific oscillator (Weisberg and Wang 1997a,b), and the
advective-reflective oscillator (Picaut et al. 1997).
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However, a remaining open question is what causes the
ENSO amplitude asymmetry. Observations show that the
amplitude of sea surface temperature anomalies (SSTAs)
in the eastern equatorial Pacific is significantly larger
during El Nifno episodes than during La Nifa episodes
(Burgers and Stephenson 1999). This asymmetric aspect
of ENSO cannot be explained by the conceptual model
mentioned earlier, in which ENSO is portrayed as a reg-
ular and periodic oscillation. An and Jin (2004, hereafter
AJ04) showed that nonlinear dynamical thermal advec-
tions could play important roles in the amplitude asym-
metry between El Nifio and La Nifia. The asymmetric
atmospheric response to equal-strength but opposite SST
anomalies is another possible cause (Hoerling et al. 1997;
Kang and Kug 2002). The oceanic tropical instability
waves in the eastern equatorial Pacific tend to be more
active during La Nifia than El Nifo (Vialard et al. 2001),
which may also favor the ENSO amplitude asymmetry.

To reveal specific processes that give rise to the ENSO
amplitude asymmetry, Jin et al. (2003) and AJ04 ana-
lyzed three-dimensional (3D) temperature advection terms
and found that nonlinear vertical temperature advections
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make a major contribution. Because the sign of the
nonlinear advection term is determined by the phase re-
lationship between the anomalous temperature and ve-
locity, the final results depend crucially on the quality of
the simulated ocean current and temperature fields used
in the heat budget diagnosis. The analyses of Jin et al.
(2003) and AJ04 were mainly based on an older version
of the National Centers for Environmental Prediction
(NCEP) Ocean Data Assimilation System (ODAS) and
the Simple Ocean Data Assimilation (SODA) beta 7
version. Over recent years, the ODAS has been updated
by the new version of the Global Ocean Data Assimila-
tion System (GODAS), and several updated versions of
SODA have also been released.

Several issues related to the nonlinear temperature
advection need be addressed. For example, do the
nonlinear temperature advections keep the same sign
from the El Nifno developing phase to its decaying
phase? What is the difference between horizontal and
vertical advections? What determines anomalous hori-
zontal and vertical currents in the far eastern equatorial
Pacific? The release of the newly updated ocean assimi-
lation systems motivates us to revisit the mechanism of
ENSO amplitude asymmetry. This paper attempts to
address those questions based on the ocean fields derived
from the GODAS and the new version SODA products.

The rest of this paper is organized as follows: section 2
describes the data and method. Section 3 shows the
temperature skewness. An analysis of the mixed-layer
heat budget is given in section 4. The processes that
cause the anomalous zonal and meridional currents are
discussed in section 5. Finally, conclusions and discus-
sion are presented in the last section.

2. Data and methods

The primary data used in this study are the SODA
reanalysis version 2.0.2 (Carton and Giese 2008). The
ocean model in the data assimilation is based on the
Parallel Ocean Program (Dukowicz and Smith 1994)
with a horizontal resolution of 0.4° longitude by 0.25°
latitude. There are 40 levels in the vertical, with a res-
olution of about 10 m in the upper 100 m. For this study,
all the monthly mean oceanic variables are interpolated
into a horizontal resolution of 0.5° X 0.5°. Forced by
daily wind stresses and heat fluxes from the 40-yr Eu-
ropean Centre for Medium-Range Weather Forecasts
Re-analysis, SODA 2.0.2 assimilates all the available
hydrographic data, including expendable bathythermo-
graph (XBT) from 1958 to 2000.

To reduce the uncertainty in the mixed-layer heat
budget and ocean currents, SODA 1.4.2 (Carton and
Giese 2008) and the GODAS (Saha et al. 2006) products
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are also used. Different from SODA 2.0.2, SODA 1.4.2
is forced by NCEP wind stress, whereas the SST is re-
stored toward the observations. Although the vertical
velocity field is a direct output variable in version 2.0.2, it
is diagnosed from the horizontal currents based on the
continuity equation in version 1.4.2. GODAS is based
on a quasi-global configuration of the Geophysical Fluid
Dynamics Laboratory Modular Ocean Model (MOM)
version 3. The model domain extends from 75°S to 65°N,
and it has a constant zonal resolution of 1° and a variable
meridional grid that ranges from a resolution of /3° at the
equator to 1° at 10° and 1° poleward. The model has
40 levels with a 10-m resolution in the upper 200 m. Forced
by the momentum flux, heat flux, and freshwater flux
from the NCEP-2 atmospheric reanalysis, the GODAS
assimilates temperature profiles from XBTs, tropical
atmosphere—ocean moorings, and Argo profiling floats.

The skewness is used to quantify the deviations from
normality. It measures the asymmetry of a probability
distribution function, with a value of 0 representing a
normal distribution (White 1980). The skewness is de-
fined as Skewness = m3/(m2)3/2, where my, is the kth
moment, m, = 1/N Z,Nzl(fo)k; x; is the ith observa-
tion (seasonal mean field in here); X is the long-term
climatological mean; and N is the number of observa-
tions. The statistical significance of the skewness may be
estimated based on the number of independent samples
(White 1980). Because the time series of SSTA might not
be statistically independent, we use a range estimate in-
stead, following Hong et al. (2008a). It is estimated that, for
a given sample length, a confidence level of 95% corre-
sponds to the amplitude of the skewness exceeding *+0.67.

To understand the relative roles of ocean advection
and surface heat flux terms in causing the asymmetric
SSTA tendencies, the oceanic mixed-layer heat budget
is diagnosed. The mixed-layer temperature (MLT) ten-
dency equation may be written as

aT! o o ’
=—(V.VT+V.VT')—(V'-VT') + =L + R
= )~ ( )+ L R,

rCp
M

where V = (u, v, w) represents the 3D ocean current,
V = (9/dx, 9/dy, 3/9z) denotes the 3D gradient operator,
(') represents the anomaly variables, () represents the
climatological annual cycle variables, —(V' - VT + V.
VT") is the sum of linear advection terms, —(V' - VT")
denotes 3D nonlinear temperature advection terms,
Onet represents the net heat flux at the ocean surface,
R represents the residual term, p = 10° kg m > is the
density of water, Cp = 4000 J kg~ ' K" is the specific
heat of water, and H = 30 m denotes the climatological
mixed-layer depth. All of the mixed-layer fields are
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FIG. 1. Skewness of DJF SST anomalies. Contour interval is 0.5.
Contours with values above 1.0 are shaded.

calculated based on their depth average. The climato-
logical annual cycle is calculated based on the period of
1958-2000 for SODA and 1980-2000 for GODAS. The
heat budget analysis is performed for both El Nifio and
La Nifia composites, following the methodology used in
Li et al. (2002) and Hong et al. (2008a,b).

3. Temperature skewness

The amplitude asymmetry of El Nifio and La Nina
episodes may be quantitatively represented by the skew-
ness of the SSTA (Fig. 1). Note that the positive skewness
is confined in the eastern equatorial Pacific. The skewness
is most significant near the South American coast be-
tween 5°N and 10°S. The skewness magnitude decreases
gradually toward the west. Because the significant tem-
perature skewness is primarily located east of 110°W, in
the following our budget analysis is focused on the region
(5°N-58°, 110°-80°W; called EP110). The maximum skew-
ness in EP110 occurs during the boreal winter.

A heat budget analysis is performed for each indi-
vidual El Nifio and La Nifa case. As shown in Fig. 2, the
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developing phase of a warm (cold) case begins at a time
when the positive (negative) temperature anomaly in
EP110 occurs and ends at the mature phase, when
the temperature anomaly tendency is zero. Before se-
lecting the developing phase, the time series of the
temperature anomaly is smoothed with a 7-month run-
ning mean to remove the high-frequency signals. The
developing periods for seven El Nifo years are as fol-
lows: March-September 1965, February-September
1972, February—October 1976, February 1982-January
1983, June 1986—June 1987, January 1990-December
1991, and January-November 1997. The developing
periods for seven La Nifia years are as follows: January—
October 1964, February 1966-September 1967, February—
November 1970, April-October 1973, January 1984-April
1985, January-September 1988, and October 1998—
October 1999. An alternative way to define the devel-
oping phase is based on the composite ENSO evolution.
As the mature phase of the composite ENSO occurs in
December—February (DJF), one may analyze the SST
tendency averaged during June-November. It turns out
that the heat budget analyses derived from both the
methods are quite similar.

An examination of composite SSTA evolutions dur-
ing El1 Nino and La Nifia reveals that the SSTA tendency
differs significantly between the warm and cold episodes
during their developing phase. The temperature ten-
dency during the developing phase in EP110is 0.18° and
—0.10°C month ! in El Nifio and La Nifia composites,
respectively (Fig. 3). Given that the ratio of MLT at
EP110 between El Nifo and La Nifia in their mature
phase is also about 3:2, it is obvious that the temperature
tendency difference in the developing phase is respon-
sible for the El Nifio and La Nifia amplitude asymmetry
in the mature phase. In the following, we focus on an-
alyzing the cause of the asymmetry of the MLT ten-
dency during the developing phase of El Nifio and
La Nifia.

T (°C)

T T
1960 1965 1970 1975

1980 1985 1990 1995 2000

FIG. 2. The time series of mixed-layer temperature anomalies of region EP110 (5°N-5°S,
110°-80°W). The developing phases for El Nifio (La Nina) cases are indicated by the gray
(black) shading. The time series is smoothed with a 7-month running mean. The time series of
3-month mean observed SST anomalies of Nifio-3.4 is also plotted as a light line.

Unauthenticated | Downloaded 03/20/25 11:37 AM UTC



608

0.3
0.2
0.1

0.1
0.2

°C mon™

HFLX

FIG. 3. The mixed-layer temperature tendency terms (left)—
(right) along the x axis: the observed temperature tendency, the 3D
temperature advection, the surface flux heating, and the sum of the
advection and the surface heat flux. The calculation is based on
SODA 2.0.2. Gray and black bars represent composite results for
El Nifo and La Nifia events, respectively. All the terms are aver-
aged over the far eastern equatorial Pacific (5°N-5°S, 110°-80°W)
for the developing phases.

adv Sum

4. A mixed-layer heat budget analysis

The heat budget analysis indicates that the asymmetry
of the MLT tendency in EP110 between the El Nifio and
La Nifa episodes is primarily attributed to the 3D ocean
temperature advection (Fig. 3). The net surface heat flux
terms actually tend to reduce the tendency contrast be-
tween the warm and cold episodes and thus have no
contribution to the amplitude asymmetry. Although the
heat budget is not exactly in balance because of the un-
certainty of surface heat fluxes and oceanic subgrid pro-
cesses, the asymmetry in the MLT tendency is adequately
demonstrated and is consistent with the observed; that
is, the amplitude of the positive MLT tendency during
El Nifio is much greater than its La Nifia counterpart.

The 3D ocean temperature advection can be further
decomposed into linear and nonlinear advection terms
(by separating the climatological annual cycle and in-
terannual anomaly fields). The sum of the linear and
nonlinear advection terms in contributing to the asym-
metric MLT tendency is shown in Fig. 4. The linear ad-
vection terms are 0.22° and —0.21°C month ! in El Nifio
and La Nifa episodes respectively. This indicates that
the linear advection terms primarily contribute to the
growth of El Nifo and La Nifia. The nonlinear advection
terms, on the other hand, are positive in both El Nifo
(0.07°C month™') and La Nifa (0.13°C month™') epi-
sodes. This means that the nonlinear advections tend to
enhance the warm events but weaken the cold events and
thus are responsible for the amplitude asymmetry.

The nonlinear advection terms can be further decom-
posed into the zonal, meridional, and vertical advection
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FIG. 4. As in Fig. 3, but for the linear and nonlinear temperature
advection terms for El Nifio and La Nifla composites.

terms (Fig. 5a). The zonal nonlinear advection terms tend
to warm the MLT in both the El Nifio (0.03°C month ')
and La Nifia (0.12°C month ') composites. The meridi-
onal nonlinear advection terms are also positive for both
warm and cold episodes (0.11°C month ™" in El Nifio and
0.07°C month ™! in La Nifia). Thus, both the zonal and
meridional nonlinear advections favor the positive skew-
ness in the far eastern equatorial Pacific. The vertical
nonlinear advection terms, on the other hand, tend to
cool the MLT in both El Nifio (—0.07°C month™') and
La Nifia (—0.06°C month ') events.

To examine how the result above is sensitive to dif-
ferent data products, we carried out the same budget
analysis using the SODA 1.4.2 and GODAS data. Be-
cause the GODAS outputs begin from 1980, only the
years after 1980 are used for calculating the El Nifio and
La Nifia composites. As in SODA 2.0.2, the linear ad-
vection terms in SODA 1.4.2 also favor the growth of
both El Nifio and La Nifa episodes, with an amplitude of
about 0.2°C month™ ! (not shown). The nonlinear ad-
vection terms show an asymmetric feature, being positive
in both El Nifio and La Nifia episodes (Fig. 5b). Although
differing in amplitude, the relative contributions of the
zonal, meridional, and vertical advection terms in SODA
1.4.2 are the same as those in SODA 2.0.2 (Fig. 5). A
similar conclusion may be derived from the GODAS data.
Thus, the results based on SODA 1.4.2 and GODAS
confirm the conclusion that the positive skewness is
caused by the nonlinear horizontal advection.

Figure 6 illustrates the horizontal distribution of the
nonlinear advection terms. Note that both the positive
horizontal nonlinear advection and the negative vertical
nonlinear advection fields are primarily confined in the
far eastern equatorial Pacific.

How do the nonlinear horizontal advection terms
contribute to the positive skewness in the far eastern
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FIG. 5. (a) As in Fig. 3, but for the zonal, meridional, and vertical components of nonlinear
advection terms. (b) As in (a), but based on SODA 1.4.2.

Pacific? To address this question, we first examine the minimum MLT anomaly resides around 110°W. The
anomalous ocean temperature and current fields along anomalous westward current (#' < 0) leads to a positive
the equator (Figs. 7a,b). For the El Nifio composite, the zonal nonlinear advection (—u'd7"7dx > 0) east of
zonal current anomalies in the mixed layer are eastward  110°W. Therefore, positive zonal nonlinear advections
(u’' > 0), with the maximum temperature anomaly being  appear in both El Nifio and La Nifia composites.

located around 105°W. East of 105°W, the negative From the meridional-vertical section (Figs. 7c,d), it is
zonal temperature gradient (9770x < 0) and the positive  seen that the maximum MLT anomaly is located south of
current anomalies lead to a warm zonal nonlinear ad- the equator (about 1°S) during El Nifio. Thus, the me-
vection (—u'dT"/dx > 0). For the La Nina composite, the ridional temperature gradient is negative at the equator,
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FI1G. 6. Composite (top) horizontal and (bottom) vertical nonlinear temperature advection fields during the developing phases of (left)
El Nifio and (right) La Nifa from SODA 2.0.2. The shadings with black (white) contours indicate positive (negative) values with absolute
values >0.1°C month ™.
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F1G. 7. (top) Composite mean zonal wind stress, temperature, and current anomalies along the equator (within +2°) and (bottom) mean
meridional wind stress, temperature, and current anomalies averaged in the eastern Pacific (110°-80°W) during developing phases for
(left) El Nifo and (right) La Nifia from SODA 2.0.2. The temperature anomalies are shown as contours with an interval of 0.5°C, and

absolute values >2.0°C are shaded.

where the meridional ocean current anomalies are north-
ward (Fig. 7c). As a result, the meridional nonlinear ad-
vection term is positive (—v'd7"/dy > 0). In the La Nina
composite, both the meridional temperature gradient and
the meridional current anomalies are opposite to those in
the EI Nifio composite. Hence, the meridional nonlinear
advection terms are positive in the equatorial eastern
Pacific during both the El Nino and La Nifia events.
Because the temperature change in the subsurface
(50-100 m) is larger than that in the surface (Fig. 7), the
vertical gradient of the anomalous temperature is neg-

ative (07"79z < 0, where z is positive upward) for El Nifio
and positive for La Nifia. During El Nino, there are
strong downwelling anomalies east of 105°W (Fig. 7a).
As a result, the vertical nonlinear advection tends to
be negative there (9779z < 0 and w'< 0; therefore,
—w'9T"9z < 0; Fig. 6¢). During La Nifa, the anomalous
vertical current is upward; hence, the vertical nonlinear
advection is also negative (077/9z > 0 and w' > 0; there-
fore, —w'9T"/9z < 0; Fig. 6d).

Although the nonlinear vertical advection is negative
east of 110°W, it becomes positive over the maximum or
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FIG. 8. (top) Composite mean temperature and zonal current anomalies along the equator (within £2°) and (bottom) mean temperature
and meridional current anomalies averaged in the eastern Pacific (110°-80°W) during developing phases for (left) El Nifio and (right)
La Nifa events. The temperature anomalies are shown as contours with an interval of 0.5°C, and absolute values >2.0°C are shaded. The
composite fields are the ensemble mean of SODA 1.4.2 and GODAS.

minimum SSTA center. For example, during the El Nifio
developing phase, there is anomalous upwelling at the
base of the mixed layer at 110°W (Fig. 7a). As a result,
the vertical nonlinear advection leads to the MLT
warming, which is consistent with AJ04. However, the
strongest amplitude asymmetry does not appear over
the maximum SSTA center; rather, it appears in the
far eastern equatorial Pacific (east of 110°W), where
anomalous downwelling is pronounced (Fig. 7a). Hence,
the vertical nonlinear advection tends to enhance (re-
duce) the SST warming around (east of) the maximum
SSTA center. A similar vertical nonlinear advection
feature occurs during the La Nifa.

The contribution of the nonlinear advections to the
ENSO amplitude asymmetry is further confirmed by the
anomalous temperature and current fields from the en-
semble of the SODA 1.4.2 and GODAS data (Fig. 8).
The current anomalies in the far eastern Pacific show an
opposite pattern between the warm and cold compos-

ites. In the El Nino composite, the zonal (meridional)
current anomalies in the mixed layer are eastward
(northward) and there is anomalous downwelling east of
110°W. As a result, the zonal and meridional nonlinear
advections are positive, whereas the vertical nonlinear
advection is negative. Similar results can be derived in
the La Nina composite because the anomalous hori-
zontal and vertical currents change their directions and
the anomalous temperature changes its sign.

5. Cause of anomalous ocean circulation

A key question related to the positive skewness or the
ENSO amplitude asymmetry is what causes the eastward
(westward) current anomaly against the surface zonal
wind stress anomaly in the far eastern Pacific during
El Nifio (La Nifia). During El Nifio, the enhanced con-
vection near the maximum SSTA leads to a convergent
surface wind stress pattern, with eastward (westward)
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zonal wind stress anomaly in the western-central equa-
torial Pacific (east of 120°W) (Fig. 7a). The eastward
ocean mixed-layer current is enhanced east of 120°W
(Fig. 7a; Fig. 8a), with a direction against the westward
wind stress in situ. This implies that the ocean current
anomaly is not directly driven by the wind stress anom-
aly. The anomalous local vertical overturning circula-
tion (with upward motion under the maximum SSTA
center and downward motion to the east of 110°W) is, to
a large extent, caused by the divergence of the eastward
current anomalies. Therefore, a physical interpretation
is required for understanding the cause of the anoma-
lous mixed-layer ocean currents.

To investigate the mechanisms for generating the cur-
rent anomalies, wind-induced Ekman currents and geo-
strophic currents are diagnosed in an equatorial B-plane
framework. The linear reduced-gravity model in an
equatorial B plane forced by the surface wind stress has
been used to study current anomalies associated with
ENSO (e.g., Hirst 1986; Wang and Weisberg 1994). The
anomalous zonal and meridional geostrophic currents
may be written as

g oh

ng = —Ea—yz and (2)
_g 3

Y™ B dxdy’ ®)

where g’ = 0.026 m s~ 2 is the reduced gravity, f is the
planetary vorticity gradient, and £ is the anomalous
thermocline depth. Here, the thermocline depth is rep-
resented by the depth of 18°C isotherm. The anomalous
Ekman currents are calculated based on Chang and
Philander (1994):

x y
u,= %rs;r;ﬁyz and “4)
Pty r K + (By )
r.m — Byr*
v, = Lsngyz , (5)
PH, 12+ (By)
where p is the density of seawater; H; is the mean mixed-
layer depth; 7" and 7” are the zonal and meridional wind
stress anomalies, respectively; and r, = (%) day ' is the
dissipation rate.

The calculated zonal geostrophic and Ekman current
anomalies are shown in Fig. 9. Note that the zonal cur-
rent anomalies in the far eastern equatorial Pacific are
primarily contributed by the geostrophic current, whereas
the wind-induced Ekman current is one order of mag-
nitude smaller and its direction is opposite to that of
the geostrophic current. This feature appears in both
El Nifio and La Nifia events (Figs. 9a,b).
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The anomalous geostrophic current in the eastern
equatorial Pacific is closely related to the variation of the
thermocline depth in situ. During the onset and devel-
opment phases of El Nifio, westerly wind anomalies
in the western equatorial Pacific may produce down-
welling Kelvin waves to warm the equatorial central and
eastern Pacific (e.g., Weisberg and Wang 1997a,b; Wang
and Weisberg 2000). The composite mean temperature
fields show a deepening of the thermocline depth with a
magnitude of about 30 m in the eastern Pacific. It is
the maximum thermocline depth anomaly in the eastern
equatorial Pacific that leads to a positive geostrophic
current anomaly in situ. The zonal current anomaly that is
generated further induces a local vertical overturning cir-
culation, with anomalous upwelling around the maximum
SSTA center (~110°W) and anomalous downwelling to
its east (Figs. 7a, 8a). A reversed local overturning circu-
lation appears during La Nina (Figs. 7b, 8b).

In contrast to the dominant geostrophic zonal current,
the meridional current anomaly in EP110 arises pri-
marily from the anomalous Ekman current, whereas
the magnitude of the meridional geostrophic current
anomaly is much smaller (Fig. 10). It is worth mention-
ing that, although the maximum (minimum) SSTA dur-
ing El Nino (La Nifia) appears south of the equator, the
maximum convergence (divergence) of the surface me-
ridional wind is located north of the equator (Figs. 7c,d).
This is crucial for forcing a northward (southward)
Ekman current anomaly during El Nifio (La Nina), which
leads to a positive MLT tendency for both warm and cold
episodes. The northward shift of the anomalous surface
atmospheric convergence (and convection) is primarily
caused by the equatorial asymmetry of the mean SST,
because the anomalous convection is determined by
both the SSTA and mean SST (Zebiak and Cane 1987;
Li et al. 2003). Although the SSTA is relatively weak
north of the equator, the mean SST is much higher there.
As a result, anomalous atmospheric convection and sur-
face wind convergence appear to the north of the equator.

The relative contribution of the geostrophic and Ekman
currents to the ocean circulation changes can be further
validated from the results calculated based on SODA
1.4.2 and GODAS (Figs. 9c,d, 10). Thus, the zonal current
is primarily attributed to the anomalous geostrophic cur-
rent, whereas the meridional circulation is dominated by
the anomalous Ekman current.

6. Conclusions and discussion

The amplitude asymmetry of the SSTA between
El Nifio and La Nifa is investigated by diagnosing a
mixed-layer heat budget during the developing phases of
ENSO. The budget analysis indicates that the nonlinear
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FI1G. 9. Anomalies of zonal currents from the assimilated ocean data (solid line), geostrophic currents (dotted line), and Ekman currents
(dotted—dashed line) along the equator (within =2°) during developing phases for (left) E1 Nifio and (right) La Nifia based on (top) SODA
2.0.2 and (bottom) the ensemble mean of SODA 1.4.2 and GODAS.

zonal and meridional temperature advections are essen-
tial to cause the positive skewness in the equatorial
eastern Pacific. The nonlinear vertical advection, on the
other hand, favors the negative skewness because of the
reduction (enhancement) of the upwelling of anomalous
warm (cold) water from the subsurface layer to the mixed
layer during El Nino (La Nifia) events.

The cause of the positive skewness by the nonlinear
zonal advection is attributed to anomalous geostrophic
currents that are against the zonal wind stress anomaly.
During El Nifio (La Nifia), the anomalous wind stress in
response to the warm (cold) SSTA leads to the deep-
ening (shoaling) of the thermocline depth, which causes
eastward (westward) geostrophic current anomalies in
the eastern equatorial Pacific. This leads to warm non-
linear zonal advections for both El Nifio and La Nifa
episodes. The nonlinear meridional advection by anom-
alous Ekman currents also contributes to the positive
skewness. The eastward (westward) zonal currents during
El Nifo (La Nifia) result in the anomalous downwelling
(upwelling) in the far eastern equatorial Pacific, which

leads to cold vertical nonlinear advections in both warm
and cold episodes.

Different from the ENSO developing phase, the non-
linear vertical advection during its mature—decaying
phase is positive for both El Nifio and La Nifia, which is
consistent with AJ04. This can be seen from the anom-
alous temperature and current fields during the mature—
decaying phase (Fig. 11). Here, the mature-decaying
periods for El Nifo are as follows: October 1965-January
1966, October 1972-March 1973, November 1976-January
1978, February 1983-November 1983, July-December
1987, January-September 1992, and December 1997—
September 1998. For La Nifa, the mature-decaying
periods are as follows: November—-December 1964,
October 1967-April 1968, December 1970-August
1971, November 1973-February 1974, May 1985-January
1986, October 1988-June 1989, and November 1999-
March 2000. Although the vertical temperature gradient
anomalies remain similar, the anomalous currents dur-
ing the mature—decaying phase show a quite different
pattern from the developing phase. In the far eastern
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Itisimportant to note that, although all three products
(SODA 2.0.2, SODA 1.4.2, and GODAS) indicate a
positive horizontal nonlinear advection and a negative
vertical nonlinear advection during the ENSO devel-
oping phase, the result from the older dataset ODAS
(Ji and Smith 1995; Ji et al. 1995; Behringer et al. 1998) is
different. The ODAS has a Pacific basin domain, with a
horizontal resolution of 1.5° longitude by 1° latitude and
a vertical resolution of 10 m in the upper 100-m depth.
It covers the period of 1980-99. A comparison of the
anomalous vertical velocity, vertical temperature differ-
ence, and nonlinear vertical temperature advection pat-
terns between ODAS and GODAS during the 1997/98
El Nino episode is shown in Fig. 12. In the ODAS data,
lation products (left bars), geostrophic meridional currents (middle there is I_IO direct O_utp_llt of the vertical velocity ﬁefld and
bars), and Ekman meridional currents (right bars) averaged in the ~ the vertical velocity is calculated from the horizontal
far eastern equatorial Pacific (2°S-2°N, 110°-80°W). Gray and currents by using the continuity equation. The vertical
black bars represent composite results of El Nifio and La Nina  velocity pattern calculated from ODAS (Fig. 12a) re-
events, respectively. The composite is based on the ensemble mean  ¢o iples that in AJO4. Both the GODAS and ODAS
of SODA 2.0.2, SODA 1.4.2, and GODAS. .

show that the subsurface temperature anomalies are

larger than the surface anomalies during the developing
equatorial Pacific, anomalous upwelling (downwelling) period of El Nifio. Thus, the vertical temperature dif-
appears east of about 120°W during the mature—decaying ference is negative prior to December 1997. The re-
periods of El Nifio (La Nifia). This leads to positive ver- markable difference between ODAS and GODAS lies
tical nonlinear temperature advection in the mature— in the anomalous vertical velocity field. It is negative in
decaying phase for both El Nifio and La Nina. Thus, the GODAS (Fig. 12d) but positive in ODAS (Fig. 12a) in
nonlinear vertical temperature advection makes an op- the far eastern equatorial Pacific (east of 120°W) dur-
posite contribution during the ENSO developing and de- ing January—December 1997. As a result, the anoma-
caying phases. The positive vertical nonlinear warming in  lous vertical nonlinear temperature advection in the far
the mature—decaying phase, however, cannot contribute to  eastern Pacific is different in the two datasets, being
the SSTA amplitude asymmetry because the actual tem- positive in ODAS (Fig. 12c) but negative in GODAS
perature change will occur after the mature phase, when  (Fig. 12f). A significant difference in the vertical velocity
the SSTA has already reached its maximum or minimum. and vertical nonlinear advection fields between ODAS

V anom. (cm s™)

FIG. 10. Anomalies of meridional currents from ocean assimi-
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FI1G. 11. Composite temperature and current anomalies along the equator (within £2°) during the mature-decaying phase of (a) El Nino
and (b) La Nina. The temperature anomalies are shown as contours with an interval of 0.5°C, and the absolute values >2.0°C are shaded.
The composite fields are the ensemble mean of SODA 2.0.2, SODA 1.4.2, and GODAS.
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FI1G. 12. Longitude-time section along the equator (averaged over
temperature difference (0.1°C m 1), and nonlinear vertical advectio
(top) ODAS and (bottom) GODAS. The thick black line represent

and GODAS is also found during the developing phase
of the 1982/83 El Nino.

The vertical velocity difference also appears between
SODA 2.0.2 and SODA beta 7 version products. In the
SODA beta 7 version (Carton et al. 2000), MOM?2 is
forced by NCEP surface wind stress and heat fluxes
during 1950-2001. Although the anomalous tempera-
tures are similar to those in SODA 2.0.2, the SODA beta
version shows a quite different vertical current anomaly
field in the far eastern Pacific. For example, anomalous
upwelling in the beta version appears east of 120°W
prior to December 1997, which is opposite of that from
SODA 2.0.2 (Fig. 13). This anomalous upwelling in the
far eastern Pacific in the beta version would cause a
positive vertical nonlinear heating to enhance El Nifio,
as emphasized in AJ04. The above comparison indicates
that caution is needed in diagnosing the ocean heat
budget, in particular the vertical temperature advection,
and it is necessity to use multiple ocean assimilation data
products to validate the analysis results.
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0.5°S-0.5°N) of anomalous upwelling velocity (107> m s~ 1), vertical
n (0.1°C month ') during the 1997/98 El Nifio episode derived from
s the zero line, and large negative values are shaded.

The ocean current fields derived from SODA 2.0.2 and
GODAS may be verified by independent ocean obser-
vations such as the Ocean Surface Currents Analysis—
Real Time (OSCAR; Lagerloef et al. 1999). OSCAR
currents are designed to represent the average over a
30-m-thick surface layer. The OSCAR dataset is rou-
tinely updated every week and covers the period from
October 1992 to the present. It provides reasonably ac-
curate time means of horizontal currents at a period of
40 days or longer and a wavelength of 8° or greater
(Johnson et al. 2007). Figure 14 shows the time series of
vertical velocity anomalies at the depth of 30 m from
OSCAR (calculated from the horizontal current fields
based on the continuity equation), along with those from
SODA 2.0.2 and beta 7 during the period of 1993-2000.
It is obvious that the time series of SODA 2.0.2 is much
closer to that of OSCAR. Although there is a significant
positive correlation between the two, the correlation
between OSCAR and SODA beta 7 is near zero. Prior
to the mature phase of the 1997/98 El Nifo, negative
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vertical velocity anomalies appeared in the far eastern
equatorial Pacific in OSCAR, which is consistent with
those derived from SODA 2.0.2 (and GODAS) but re-
markably different from the SODA beta 7 (and ODAS;
Fig. 14). The independent observational data further
validate the conclusions derived from the current study.
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