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Abstract

The fluctuation of the subsurface ocean heat condition along the equatorial Pacific is associated with the mass/heat exchanges
between the equatorial and off-equatorial regions, which is the main cause of the phase transitions during the El Nifio—
Southern Oscillation (ENSO) cycle. In this work, the connection between the meridional transport convergences (MTCs)
along the equatorial Pacific and variations of the warm water volume in the equatorial Pacific and their connections with
the ENSO cycle are investigated. It is noted that the Sverdrup MTC induced by the wind stress curl has a significant impact
on the thermocline fluctuation in nearly the entire equatorial Pacific but the impacts of its components vary with longitude.
The component induced by the Ekman currents has a significant contribution from 150° W eastward to the coast, as well
as the far-western Pacific, while the geostrophic component has a significant contribution in the central Pacific. There is a
strong compensation between the surface wind stress-induced Ekman MTC and the Ekman pumping-induced geostrophic
MTC which is confined in the central Pacific. Furthermore, the geostrophic component facilitates the phase transition of the
ENSO cycle, while the Ekman component compensatively hinders it. The longitudinally varying component of the MTC
enhances the anomalous thermocline tilting during the ENSO growth and maturing phases. These results may benefit the

understanding, monitoring, and forecasting of ENSO evolution.

1 Introduction

Climate anomalies may cause serious social crises and affect
economic growth. Accurately predicting climate variability
has great social and economic benefits (National Research
Council 2010). At interseasonal-to-interannual time scales,
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the predictability of global climate variability is linked to
the tropical forcing that is mainly associated with the El
Nifio—Southern Oscillation (ENSO) (National Research
Council 2010; Wang et al. 2016; Huang et al. 2019; Hu
et al. 2020a, b). Thus, understanding and predicting ENSO
evolution are crucial for global interseasonal-to-interannual
climate prediction.

As a coupled irregular oscillation in the tropical Pacific,
ENSO growth is linked to the positive feedbacks among
the oceanic thermocline fluctuation, atmospheric deep con-
vection, sea surface temperature (SST), and surface wind
stress anomalies in the central and eastern equatorial Pacific
(Bjerknes 1969). Meanwhile, the interaction between the
equatorial and off-equatorial oceans generates the heat dis-
charge/recharge of the equatorial zone, which modulates
the ENSO recurrence and leads to the phase transition of
the ENSO cycle. Wyrtki (1985) first pointed out that sub-
surface oceanic condition is crucial for El Nifio evolution,
and the period/cycle of ENSO is determined by the rate
of accumulation and dispersion of the ocean heat in the
equatorial Pacific. Later, through theoretical modeling, Jin
(1997a, b) documented that the recharge—discharge of the
equatorial Pacific heat content generates the non-equilibrium
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between the zonal-mean equatorial thermocline depth and
wind stress: an El Nifio (a La Nifia) event depletes (resup-
plies) the equatorial heat content and leads to a shallower
(deeper) mean thermocline in the equatorial Pacific. The
heat accumulation and depletion in the equatorial Pacific
Ocean determine the phase transition and amplitude of the
ENSO cycle (Zebiak 1989) that leads to the cyclic evolution
of ENSO (Kessler 2002).

The fluctuation of ocean subsurface heat is reflected in
the equatorial warm water volume (WWYV) mode (Clarke
et al. 2007; Clarke 2010; Kumar and Hu 2014; Hu et al.
2017a), which can be measured by the WWYV index as the
anomalous volume of water above the 20 °C isotherm (D20)
in the entire equatorial Pacific (e.g., Meinen and McPhaden
2000; Brown and Fedorov 2010). The WWYV tends to be
highest (lowest) during the developing stage of an El Nifio
(La Nina) event. Geographically, the subsurface oceanic
heat buildup and reduction are concentrated in the western
and central Pacific (Li et al. 2020) and are associated with
the strengthening and relaxation of the trade winds. While
the equatorial easterly trade winds weaken (strengthen),
the positive (negative) thermocline anomaly in the western
equatorial Pacific propagates eastward in the form of a Kel-
vin wave. That leads to a reduction (an enhancement) of the
thermocline slope and initiates an El Nifio (a La Nifia) event
(Wyrtki 1975; Clarke 2010). As the accumulated ocean heat
content redistributes zonally throughout the basin, it is also
discharged into higher latitudes as the El Nifio peaks and
decays. Conversely, ocean heat content is recharged into the
equatorial ocean as the La Nifia peaks and decays (Jin 1997a,
b). Such heat exchanging between the equatorial and off-
equatorial oceans is mainly accomplished through Sverdrup
transports across the latitudinal circles of the equator, which
is induced by the off-equatorial wind stress curls on both
sides of the equator (Jin 1997a). Thus, the variations of the
equatorial upper-ocean heat content are controlled by the
interplay among meridional, zonal, and vertical transports
(Brown and Fedorov 2010).

The variation of WWY, the accumulated heat content in
the equatorial Pacific, is considered to be a crucial precursor
for ENSO forecast and is also the major source of the ENSO
predictability (e.g., Clarke and Van Gorder 2001; Kug et al.
2005; McPhaden et al. 2006; McGregor et al. 2014; Tseng
et al. 2016; Huang et al. 2017; Clarke and Zhang 2019; Hu
et al. 2019, 2020b; Chen et al. 2020). Observationally, the
variation of the WWV mode leads the ENSO evolution by
a couple of seasons (e.g., Wyrtki 1975, 1985; Meinen and
McPhaden 2000; McPhaden 2012; Singh and Delcroix 2013;
Hu et al. 2017b; Izumo et al. 2019; Zhang et al. 2019; Li et al.
2020; Zhao et al. 2021). Since WWYV is determined by heat
exchange between the equatorial and off-equatorial ocean,
which is dominated by meridional mass transport conver-
gence (MTC), to better understand and forecast the ENSO
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cycle requires a thorough examination of the contributions by
the various meridional transport processes to the variation of
WWYV in connection with the ENSO cycle.

Previous studies have concentrated on the roles played by
the meridional water and heat exchanges between the equato-
rial and off-equatorial Pacific on driving the time tendency of
WWYV. On the other hand, the zonal pressure gradient along
the equator associated with the slope of the anomalous thermo-
cline depth is largely in a Sverdrup balance with the equatorial
wind stress force (e.g., Cane and Sarachik 1981; McPhaden
and Taft 1988; Schneider et al. 1995; Yu and McPhaden 1999).
This quasi-equilibrium is used to explain the zonal tilt mode
of the equatorial thermocline during the ENSO peak phases
(e.g., Meinen and McPhaden 2001). In the discharge/recharge
paradigm, the Sverdrup balance is assumed to hold all the time
(Jin 19974, b; Clarke et al. 2007). Chen et al. (2016) pointed
out that the Sverdrup balance may not hold during the ENSO
peaking phases when a sudden reversal of the anomalous zonal
water transport occurs in the eastern equatorial Pacific, which
triggers a quick decay of the ENSO events. More recently,
Zhang and Clarke (2017) and Clarke and Zhang (2019)
showed that the anomalous zonal flow acceleration right at
the equator is crucial to understanding the WWV-EI Nifio
dynamics. Therefore, it is useful to explore that, in addition to
equatorial zonal winds, what other factors can affect the zonal
pressure gradient (i.e., the tilt mode) along the equator.

Using reanalysis data in this work, we investigate the con-
tribution of the convergence of the Sverdrup transport along
the equatorial Pacific to the variations of thermocline fluc-
tuation of the equatorial Pacific and WWV. In particular, we
focus on the longitudinal dependence of the contributions and
their lead—lag connection with ENSO. We further decompose
the Sverdrup transport into its Ekman and geostrophic com-
ponents and examine their contributions to the thermocline
fluctuations along the equator. The characteristics of the MTCs
and their longitudinal variations along the equatorial Pacific
are examined in connection with the variations of the equato-
rial thermocline, as well as the integral properties, such as
the WWYV and ENSO indices. These features, especially their
longitudinal dependence and association with the ENSO cycle,
have not been fully examined in previous work. The paper is
organized as follows. The data and methods used in the analy-
sis are described in Sect. 2; Sects. 3 and 4 present the integral
properties and longitudinal variations of the MTCs, respec-
tively; Sect. 5 shows the connection of the MTCs with the
ENSO cycle; a summary with discussion is given in Sect. 6.

2 Data and methods

The fluctuation of the equatorial Pacific thermocline is meas-
ured by the gridded monthly mean D20 from the Global Ocean
Data Assimilation System with a resolution of 1° latitude by



Oceanic meridional transports and their roles in warm water volume variability and ENSO in the... 247

1° longitude (GODAS; Behringer 2007). The recharge and
discharge processes (Wyrtki 1975, 1985; Jin 1997a, b; Wang
2001) are represented by the WWYV index, which is defined
as the monthly mean D20 anomaly (D20a) averaged over
the region within 5° S-5° N, 120° E-80° W (Meinen and
McPhaden 2000). ENSO is measured using the Nifio3.4 index
defined as the monthly mean SST anomaly (SSTA) averaged
over the region within 5° S-5° N, 120° W-170° W. The SST
is represented by the monthly mean ocean temperature of the
top layer (5 m) of GODAS. The monthly mean ocean surface
wind stress is from the National Environmental Prediction
Center and Department of Energy reanalysis (Kanamitsu et al.
2002). The data duration is January 1979-December 2019.
The monthly mean anomalies are calculated relative to the
climatologies in the entire period.

According to Clarke et al. (2007) and Bosc and Delcroix
(2008), the wind-driven variations of ocean thermocline depth
at different longitudes along the equator, which are represented
by the time tendency of the averaged D20a from 5° S to 5° N,
can be approximated as:

oD20a _ Vs—Vn  Tw—Te
ot L L M

y X

where L, is the distance from 5° S to 5° N and L, is the
length of one longitudinal grid on the equator; Vg and Vy are
the anomalous meridional volume transports (vertically inte-
grated meridional velocity) above D20 at 5° S and 5° N; Ty,
and Ty are the anomalous zonal transports at the west and
east sides of a longitudinal grid along the equator, respec-
tively. With the assumption of the seawater density as con-
stant, the volume transport and mass transport variations are
equivalent, except for the unit and magnitude differences. In
the following discussion, we concentrate on the meridional
transports Vg and V and simply refer them as the transports
unless otherwise noted. For convenience, T, and Tggy
are referred specifically to as the zonal transports from the
western and eastern boundaries of the considered domain at
120° E and 80° W, respectively, hereafter.

In this study, we calculate Vg and Vy (the total MTC) from
GODAS as the meridional current anomalies integrated from
D20 to the ocean surface. We will demonstrate that a consider-
able portion of Vg and VY is caused by the Sverdrup transport,
which is the part of the meridional transport driven by surface
wind stress curl as:

1 aTy 6Tx

Vo=—(5r -5 @)
pp\ ox dy

where p is seawater density; = %, and f = 2Qsing is the

Coriolis parameter; € is the angular speed of the earth’s
rotation; @ is the latitude; T, and T, are zonal and meridional

wind stress anomalies, respectively. The unit of the transport
is m?/s.

The Sverdrup transport (Vg,) can be further decom-
posed into two types of transports: the geostrophic (V,,) and
Ekman (V) transport, i.e.

VSV = Vge + VEk (3)

The geostrophic current is a balanced flow between the
Coriolis force and the pressure gradient force throughout the
layer of the upper ocean, while the Ekman current is a direct
response to the surface wind stress forcing in the planetary
boundary layer (roughly the oceanic mixed layer) under
the combined influences of the Coriolis force and turbulent
mixing. Following Pedlosky (1996), the Ekman (Vp,) and
geostrophic (V) transports at latitude ¢ are

1
Vi = o 4)
_ 1 0 Ty _ 0 <Tx>
WEk_p[dx(f) oy \ f )
f
Vge = BWEk = Rtan(PWEk (6)

where R is the radius of the earth; wyg, is the Ekman verti-
cal velocity (upwelling or downwelling at the bottom of the
oceanic mixed layer). Therefore, the meridional geostrophic
transport is a response to the vortex stretching by the Ekman
pumping.

It should be indicated that the results from Eqgs. (1 to 6)
are varied with longitude. Here, in addition to discussing the
longitudinal variations of 5° S—5° N average or convergence,
we also examine their zonal averages of 120° E-80° W. 9D20a

awwy ot

averaged in 120° E-80° W is used to represent T

3 Basin integral properties

Climatologically, the MTC between 5° S and 5° N in the
Pacific is negative for the Ekman component (Fig. 1d)
because the easterly winds prevailing over the tropi-
cal Pacific generate poleward Ekman transport at both
5° N and 5° S. The geostrophic component is convergent
(Fig. le) due to the off-equatorial downwelling on both
sides of the equator. Both are with maximum values in
the central-eastern Pacific. The Sverdrup MTC between
5° S and 5° N is the compensated result between the two
components and is negative (positive) in the 1st (2nd) half
of the year (Fig. Ic). To some extent, the seasonal cycle
of the Sverdrup MTC is similar to that of the total MTC
(Fig. 1b) and the climatological monthly tendency of the
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Fig. 1 Seasonal cycle of a the climatological monthly tendency of the
thermocline (D20) averaged in 5° S—5° N and the convergences of the
b total meridional transport integrated from the thermocline (D20) to

thermocline (Fig. 1a), which show pronounced westward
propagation.

Before studying the longitudinal and anomalous vari-
ations, we first examine the integral properties of the
upper-ocean heat content anomalies. It is noted that the
time evolution of the Sverdrup MTC between 5° S and
5° N averaged in 120° E-80° W well represents the time
tendency of WWYV anomaly (i.e., dWWV) with a signifi-
cant simultaneous correlation of 0.48 as well as the total
MTC with a significant simultaneous correlation of 0.51
(Fig. 2a). For a direct and quantitative comparison, both
the tendencies of WWYV and D20a (dv&;\t)v , aDazth) and all the
MTCs are displayed in the unit of m/month in this work.
The coherence between 2 and the total and Sverdrup
MTCs is evident especially during the major El Nifio and
La Nifia episodes. Nevertheless, only about 25% of the
variances of &Y and the total MTC can be explained

by the Sverdrup MTC, meaning that other processes may
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0 4 8 12 16 20

the oceanic surface, ¢ Sverdrup, d Ekman, and e geostrophic meridi-
onal transport convergence between 5° S and 5° N averaged in Janu-
ary 1979-December 2019. The unit is m/month

play important roles in offsetting the contribution from the
Sverdrup MTC to dv&;vtvv_

One possibility of the overly strong Sverdrup MTC is
that the wind-driven transports may extend below the level
of D20. Since D20 is not exactly a material surface, ver-
tical mass and heat transports across the 20 °C surface
may also play an important role in ENSO evolution (e.g.,
Meinen and McPhaden 2001; Clarke et al. 2007; Bosc and
Delcroix 2008). On the other hand, Lengaigne et al. (2021)
emphasized the importance of equatorial diabatic processes
in controlling WWYV variations. Also, as a reanalysis sys-
tem, GODAS does not conserve mass or energy because of
assimilating data, which may add additional biases to the
budget calculations here.

Moreover, the zonal transports through the western
(e.g., Indonesian through flow) and eastern boundaries of
the domain (T,,yg and T,y ) have some contributions to

d“;‘tw (Fig. 3) although they have much smaller amplitudes
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Fig.2 Time series of —— AWWY
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and weaker correlations with —— dWWV (Fig. 2b) compared  to dWWY " and (2) the basin-averaged Sverdrup MTC is a

with that of the MTC terms (Flg 2a). Here, the contri-
butions of the zonal transport across the western (T ,qg)
(eastern (Tggqyw)) boundary to IWWY are defined as the
anomalous zonal current averaged between 5°Sand 5° N
integrated from the thermocline (D20) to the oceanic sur-
face across 120° E (80° W). The standard deviation of
T 20g (0.35 m/mon) is larger than that of Tgqy (0.06 m/
mon). Nevertheless, they are much smaller than that of
dWWY (2.0 m/mon), the geostrophic (3.2 m/mon), Ekman
(2. 1 m/mon), and Sverdrup (2.6 m/mon) MTCs. T, has
significant negative contemporary correlations with AWWY
the geostrophic and Sverdrup MTCs, while it has signifi-
cant positive contemporary correlations with the Ekman
MTC. On the contrary, the corresponding correlations
with Ty, are not significant. That is generally consist-
ent with Zebiak (1989), Springer et al. (1990), Lengaigne
et al. (2021), and Lu et al. (2017). They emphasized that
interior transports are partially compensated by the west-
ern boundary current transports. Lu et al. (2017) sug-
gested that the zonal transport from the western boundary
is highly correlated with meridional convergence and leads
by about 4-5 months, and their phase offset determines the
WWYV variations.

Though with all these caveats, Fig. 2 shows that (1) the
basin-averaged MTC above D20 is a major contributor

dt
reasonably good approximation to the total interior ocean

MTC. For the entire equatorial Pacific average (5° S-5° N
120° E-80° W), the contemporary correlations of dW\tW
with the Sverdrup, geostrophic, and Ekman MTCs are
0.48, 0.24, and 0.22 (Table 1), respectively. Through lin-
ear regression and variance calculations, it is noted that
about 23%, 5%, and 6% of the variance of dWWV -an be
explained simultaneously by the Sverdrup, geostrophic,
and Ekman MTCs, respectively. The Sverdrup MTC has
a positive correlation of 0.74 with the geostrophic com-
ponent, and an insignificant correlation of 0.12 with the
Ekman component (Table 1). The geostrophic component
has a significant negative correlation of —0.57 with the
Ekman component (Table 1), suggesting a compensation
between the two components, similar to the climatology
(Fig. 1). Even though the correlations are statistically sig-
nificant, they are still relatively small. Thus, it would be
interesting to further examine the longitudinal variations.

4 Longitudinal variations
We further examine the longitudinal variations of the con-

nections between 2% and the MTCs. Figure 4 shows the
time-longitude cross-sections of (a) —— aDzoa averaged between
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Table 1 dv]\?gl\?ar correlations Vsy Vee Vek
among ——, the Sverdrup

(Vsv), geostrophic (Vge), and AWWV  ()48% ().24* 0.22%
Ekman (Vek) MTCs in January dt

1979-December 2019; YWY Vsv 0.74* 0.12
is 222% averaged in 5° S-5°N , Vge —0.57*

120% E-80° W, and the MTCs
are the differences between

5° S and 5° N and averaged in
120° E-80° W

The correlation values with
“*” mean significant at the 1%
significance level using a t-test
with independent sample sizes
which are estimated following
Bretherton et al. (1999)

5° S and 5° N, and the anomalous convergences of the (b)
total meridional transports integrated from the thermocline
to the oceanic surface, (c) Sverdrup, (d) Ekman, and (e)
geostrophic MTCs between 5° S and 5° N. As in the inte-
gral cases, both the total MTC (Fig. 4b) and Sverdrup STC
(Fig. 4c) show larger amplitudes than that of aDazth (Fig. 4a).
The differences between Fig. 4a and b, ¢ may also be associ-
ated with some processes that redistribute heat content zon-
ally across the basin, such as the zonal wave propagation and
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the fluctuation of the tilting mode associated with the time
variations of the equatorial zonal wind anomalies, which
are not represented here. That may imply a limited role of
MTCs in explaining the longitudinal-time fluctuations of
%, especially for the variabilities in the higher frequen-
cies. On the other hand, certain coherence is present between
6'3;03 (Fig. 4a) and the total MTC (Fig. 4b) in the western
and central equatorial Pacific, and between the Sverdrup
(Fig. 4c) and total (Fig. 4b) MTCs at interseasonal and inter-
annual time scales. Interestingly, the negative 0])32th

the basin during the mature and decay phases of the strong
El Niflo events (e.g., 1983, 1998, 2007, and 2016, Fig. 4a)
corresponds more closely with the Sverdrup MTC (Fig. 4c)
than with those of the total MTC (Fig. 4b), especially in the
eastern equatorial Pacific.

From Fig. 4d, e, we can see that there is a clear com-
pensation between the geostrophic and Ekman trans-
ports, as noted in Izumo (2005) and Bosc and Delcroix
(2008). Physically, the geostrophic and Ekman transports
are interconnected to a certain degree. In the Northern

(Southern) Hemisphere, the Ekman transport pushes
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Fig.4 Hovméller diagrams of a 9D20a averaged in 5° S—5° N and the grated from the thermocline (D20) to the oceanic surface, ¢ Sverdrup,

it . g .
anomalous convergences of the ﬁ total meridional transport inte-

water to the right (left) of the direction of the surface
wind stress, which creates a hill of seawater to one side of
the prevailing winds. For instance, a westerly wind anom-
aly over the equatorial ocean with a meridional width
of 20° latitudes causes equatorward Ekman transports
from both hemispheres and volume convergence into the
equatorial ocean. Furthermore, a jet-like structure of the
westerly wind anomaly with the largest amplitude along
the equator leads to a latitudinal variation of the Ekman
transports: the transports decrease with latitude increase.
Such latitudinal variation of the Ekman transport causes
off-equatorial Ekman divergences and upwelling at the
bottom of the mixed layer on both sides of the equator.
These vertical movements tilt up the isopycnal below the
mixed layer and cause poleward geostrophic currents. In
this case, the Ekman and geostrophic transports tend to
compensate each other.

d Ekman, and e geostrophic meridional transports between 5° S and
5° N. The unit is m/month

In addition to the out-of-phase relation, the geostrophic
MTC (Fig. 4e) generally has a larger amplitude than that
of the Ekman MTC (Fig. 4d), as pointed out by Kug et al.
(2003). Consistently, the geostrophic MTC (Fig. 4e) also has
a larger amplitude than that of the Sverdrup MTC (Fig. 4c¢).
This is confirmed by the longitudinal distributions of the
standard deviations shown in Fig. 5a. The variability (meas-
ured by standard deviation) of the Sverdrup MTC (green
curve, Fig. 5a) is smaller than that of the geostrophic compo-
nent (black curve, Fig. 5a) and larger than that of the Ekman
component (red curve, Fig. 5a). For the longitudinal varia-
tions, the standard deviations of all three MTCs are generally
larger in the western and central Pacific (150° E-150° W)
than in the eastern Pacific, which is similar to the longi-
tudinal variation pattern of the standard deviation of the
zonal wind stress anomaly (bar in Fig. 5b). A clear peak
of standard deviation appears in the central Pacific around
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Fig.5 Longitudinal evolution Standard Deviation (m/mon; Jan1979—Dec2019)
of standard deviations of a 222% (a) <5S>—<5N> Ekman (Red) & Geostrophic (Black) & Sverdrup (Green) Transports

5S~5N Mean dD20a/dt (Shading)

averaged in 5° S-5° N (shadin[g) 12

and the Ekman (red), geos- /‘\
trophic (black), and Sverdrup ~_7 '\
(green) MTCs between 5° S 91 \/ﬁ‘/ it of \
and 5° N, b zonal wind stress \

anomaly averaged in 5° S—5° N.
The units are N/m? for the wind
stress and m/month for the
others
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160°-165° W for both the geostrophic and Sverdrup MTCs,
especially the latter, before being quickly reduced further
east (Fig. 5a). A possible explanation is that this is near
the nodal point where the MTCs change sign. Compared
with the MTCs, the longitudinal variation of the standard
deviation of 2222 is less obvious but is generally smaller in
the west than in the east. The amplitude of D20 (shading,
Fig. 5a) is smaller than that of the MTCs in 155°E-155°W
but is closer to the MTCs further east.

For the average between 5° S and 5° N, the MTCs are
moderately correlated with aDozth on a broad zone along the
equator, with the maximum correlation around 0.3-0.4.
The contributions of the Ekman (red), geostrophic (black),
and Sverdrup (green) MTCs to 01302[0-4 are different and vary
with longitude (Fig. 6a). For the Ekman component (red
curve, Fig. 6a), significant positive correlations appear from
150° W eastward to the coast as well as in the far-western
Pacific, while the correlations are generally negative and
not significant in the central Pacific (145° E-155° W). On
the other hand, for the geostrophic component (black curve,
Fig. 6a), significant positive correlations are present from
the central to east-central Pacific (165° E-135° W) with
some significant negative correlations in the far-western
Pacific. In the eastern Pacific, the correlations are also nega-
tive but smaller.

For the Sverdrup MTC (green curve, Fig. 6a), significant
positive correlations are present in almost the entire equatorial
Pacific, except in the far-western and far-eastern Pacific. On its
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relations among the MTC components, the geostrophic and the
Sverdrup MTC show high positive correlations in the whole
longitude range (black curve, Fig. 6b). However, the signifi-
cant correlation of the Ekman component with the Sverdrup
MTC is confined in the central Pacific (green curve, Fig. 6b).
Among the three MTCs, the Ekman component is best cor-
related with &2[021 in the eastern Pacific (east of 120° W). Since
the geostrophic MTC does not contribute to 9D20a §

—in the eastern
Pacific (black curve, Fig. 6a), the Ekman component is the
main driver in this area.

Overall, an out-of-phase relation between the geostrophic
and Ekman components (or the compensating behavior) is pre-
sent in the whole longitude range, especially in the western and
central equatorial Pacific (red curve, Fig. 6b). The equatorial
MTCs show systematic longitudinal variations with an out-of-
phase tendency between the western-central and the eastern
Pacific. That is expected with westerly anomalies in the west
and easterly anomalies in the east during El Nifio and vice
versa during La Nifia. The Sverdrup MTC, mostly in phase
with the geostrophic MTC, dominates 9D20a §

in the central and

western Pacific. In the eastern equatorial Pacific, the Ekman

MTC seems the sole contributor to aDalea'
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(a) Corr of D20a/dt (5S—5N) with Vek (Red), Vge (Black)
Sverdrup (Green) (<5S>—<5N>; Jan1979—Dec2019; 99%)
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Fig.6 Longitudinal evolution of the correlations of a —— 9D20a averaged

5° S-5° N with the Ekman (red), geostrophic (black), a(;ld Sverdrup
(green) MTCs between 5° S and 5° N, and b the Ekman MTC with
the geostrophic MTC (red), the Ekman MTC with the Sverdrup MTC
(green), and the Sverdrup MTC with the geostrophic MTC (black)
between 5° S and 5° N. The curve segments with open squares repre-
sent the significance at the level of 1% using a t-test. The dashed line
represents zero line

5 Connection with the ENSO cycle

Previous studies have shown that the MTCs are linked with
the WWYV variations and the phase transition of an ENSO
cycle (e.g., Meinen and McPhaden 2000, 2001; Izumo
2005; Bosc and Delcroix 2008, and references therein). For
instance, Bosc and Delcroix (2008) noted that anomalous
meridional geostrophic transports of warm water are out-
of-phase with and proportional to the SSTAs in the Nifio3.4
region. The correlations of de\IVV with (a) the Nifio3.4
index, zonally (120° E-80° W) averaged (b) geostrophic,
(c) Ekman, and (d) Sverdrup MTCs between 5° S and 5° N
are shown in Fig. 7. The maximum negative correlation is
present when the Nifio3.4 index leads dW\tNV by 1 month
(Fig. 7a). This suggests that, slightly after the peaking of an

El Nifio (a La Nifa), the WWYV in the equatorial Pacific is
being discharged (recharged) most rapidly. This discharge/
recharge of the WWYV is conducted through the basin-wide
MTC as the maximum positive correlation occurs when the
Sverdrup MTC leads dV\;\:VV by 0 months (Fig. 7c). Between
the two components of the Sverdrup MTC, the maximum
positive correlation is present when the geostrophic MTC
leads dWWV by 2 months (Fig. 7b), and the maximum nega-
tive correlatlon occurs when the Ekman component leads
dW\:W by 3 months (Fig. 7c).

This relationship between and the MTC:s is consist-
ent with the more convent10na1 statistics used to measure
the WWV-ENSO connection. Figure 8 shows the lead—lag
correlations of the Nifio3.4 index with (a) the WWYV index,
zonally (120° E-80° W) averaged (b) geostrophic, (c)
Ekman, and (d) Sverdrup MTCs between 5° S and 5° N
The maximum positive correlations between the Nifio3.4
and WWYV indices are present when the WWYV index leads
the Nifio3.4 index by 4-8 months (Fig. 8a), consistent with
that WWYV is a crucial precursor of ENSO evolution and
forecast (Meinen and McPhaden 2000; Tseng et al. 2016; Hu
et al. 2017a; Clarke and Zhang 2019; Zhao et al. 2021). The
correlation of the Nifio3.4 index with the geostrophic MTC
is negative and reaches the maximum absolute value when
the Nifio3.4 index lags the geostrophic MTC by 1 month
(Fig. 8b). In contrast, the correlation of the Nifio3.4 index
with the Ekman component is positive and reaches the maxi-
mum when the Nifio3.4 index lags the Ekman component by
2-3 months (Fig. 8c).

Both the zonally uniform and non-uniform components of
the MTCs contribute to the ENSO evolution. Here we focus
on the roles of the MTCs not only on the WWV and the
phase transition of the ENSO cycle but also on the east—west
difference of the heat content variation, as well as their
lead-lag relations with the ENSO evolution. For this pur-
pose, we conduct a composite analysis with respect to evolv-
ing phases of ENSO. Similar to Hu et al. (2019), the ENSO
cycle is divided into 14 phases with a 0.5 °C interval based
on the observed Nifio3.4 index and its tendency (Table 2).
Then the composites are made based on the 14 phases of the
ENSO cycle (Figs. 9, 10). Following the discharge/recharge
paradigm, we examine the WWV (zonally uniform; Fig. 9)
and tilt (zonally non-uniform; Fig. 10) modes separately.

It is shown that dWWV (Fig. 9b) is nearly out of phase
with SSTA. In partlcular the peaks of WY are roughly
simultaneous with those of SSTA, i.e., the peaking ENSO
phases are also the time of fastest WWV decline. However,
the decay of dWWV is slower than that of SSTA. As a result,
d“;# = 0 presents with the WWV at maximum (minimum)
in the growing phase of El Nifio (La Nifia), consistent with
the discharge/recharge theory (Jin 1997a, b). Interestingly,
the amplitude of the negative dWWY s larger than that of the
positive one (Fig. 10b), consistent with the asymmetry of the

dWWV
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Lead & Lag Correlations of dWWV/dt With (1979—2019; 99%)
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Fig.7 Lead-lag correlations of IWWY with a the Nifio3.4 index,

120° E-80° W zonally averaged b geostrophic, ¢ Ekman, and d
Sverdrup MTCs between 5° S and 5° N. The bars with open squares

recharge and discharge processes (Meinen and McPhaden
2000; Hu et al. 2017b). The discharge associated with El
Nifio is stronger than the recharge associated with La Nifia
(Kessler 2002; Hu et al. 2017b; Clarke and Zhang 2019).
During the ENSO peak phase, the Sverdrup MTC (Fig. 9¢)
is a major driver of dv‘ng The evolution of the Sverdrup
MTC is more similar to that of the SSTA than dvx;wv The
geostrophic MTC (Fig. 9d) is in phase with the Sverdrup
MTC (Fig. 9c) and has larger amplitudes. The Ekman MTC
(Fig. 9e) is generally out-of-phase with Sverdrup MTC and
has smaller amplitudes. Interestingly, the Ekman MTC is
more substantial during the ENSO growth and peak phases
but negligible during the decaying phases.

Then we remove the zonal means (i.e., the WWYV mode)
to examine the MTCs’ contributions to the tilt mode (Clarke
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represent the significance at the level of 1% using a t-test with inde-
pendent sample sizes which are estimated following Bretherton et al.
(1999)

2010; Kumar and Hu 2014). Figure 10a shows the zonally
varying part of the SSTA, which is dominated by opposite
anomalies in the western and eastern Pacific in the ENSO
peak phases. The zonal-mean departure SSTA (Fig. 10a) is
a noticeable asymmetry between El Nifio and La Nifia, with
the former having a stronger anomalous tilt. In comparison,
aDaZOa (Fig. 10c) is more symmetric between the warm and
cold ENSO episodes. In general, the D20 level is shoal-
ing (deepening) east (west) of 150° W from the peak of El
Nifio to the peak of La Nifia. % is largely in phase with
the zonal mean of the time tendency of the surface zonal
wind anomalies (Fig. 10b), consistent with the equatorial
Sverdrup balance. Interestingly, climatologically, westward
propagation is dominated in % total MTC, and Sverdrup

MTC (Fig. la—), while the anomalous evolution of aDzoa and
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Lead & Lag Correlations (1979—2019; 99%)
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Fig.8 Lead-lag correlations of the Nifio3.4 index with a the WWV
index, 120° E-80° W zonally averaged b geostrophic, ¢ Ekman, and d
Sverdrup MTCs between 5° S and 5° N. The bars with open squares

Sverdrup MTC associated with the ENSO cycle (Fig. 10c, d)
is largely a stationary variation. In addition to the contribu-
tion of the MTC, the zonal transport may be important for
the dipole-like oscillation of the thermocline (tilt mode).

The zonally varying part of the geostrophic MTC
(Fig. 10f) shows convergence (divergence) east (west) of
150° W during El Niflo. This pattern favors positive (nega-
tive) % in the east (west), which enhances and prolongs
the flattened thermocline during El Nifio. Similarly, the geo-
strophic MTC enhances and prolongs the steeper thermo-
cline during La Nifia. The Ekman MTC (Fig. 10e) is gener-
ally opposite to that of the geostrophic MTC. As a result, the
Sverdrup MTC (Fig. 10d) shows a similar pattern as that of
the geostrophic MTC but with a smaller magnitude. Thus,
the zonally varying MTC affects the tilt mode.

224-20-16-12 -8 -4 0 4 8 12 16 20 2424-20-16-12 -8 -4 0 4

-7 -0.8
8 12 16 20 24

Vsv Leads Nino3.4 Vsv Lags

represent the significance at the level of 1% using a t-test with inde-
pendent sample sizes which are estimated following Bretherton et al.
(1999)

Accompanied with the growth of an El Nifio (La Nifia)
(Fig. 10a), a dipole-like pattern of 9D20a (Fig. 10c) emerges,
which is associated with the so-called anomalous tilt
(or dipole) mode (Meinen and McPhaden 2000; Clarke
2010), reflecting the opposite variation of the thermocline
between the central and eastern equatorial Pacific (Kumar
and Hu 2014). The MTC terms are confined to the cen-
tral Pacific with a small fraction of the eastward propaga-
tion (Fig. 10d—f), in particular for the Ekman component
(Fig. 10e). Specifically, the evolution of the Sverdrup and
geostrophic MTCs (Fig. 10d, f) are largely in phase with
that of the BDaZth (Fig. 10c) and the evolution of the Ekman
component (Fig. 10e) is out-of-phase with that of 0D2t0“
(Fig. 10c). This implies that the geostrophic (and Sverdrup)
MTC:s facilitate the phase transition of the ENSO cycle, and
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Table 2 ENSO phase classification based on observed Nifio3.4 SSTA
range and its tendency during January 1979-December 2019

Phase = SSTA range SSTA tendency % of
each
phase

1 0.0t00.5°C Positive 13

2 0.5t01.0°C Positive 7

3 1.0to 1.5°C Positive 3

4 >1.5°C Both positive and negative 6

5 1.5t01.0°C Negative 3

6 1.0t0 0.5 °C Negative 7

7 0.5t0 0.0 °C Negative 9

8 0.0to-0.5°C Negative 13

9 —-05t0—-1.0°C  Negative 7

10 —-10to-1.5°C Negative 3

11 <-15°C Both positive and negative 4

12 —15t0—-1.0°C Positive 4

13 —1.0t0o-0.5°C  Positive 9

14 -051t00.0°C Positive 12

The numbers in the rightmost column show the % of the number of
months in each phase to total months in all phases

the Ekman MTC compensatively hinders the phase transi-
tion. Such a feature is also evident in the corresponding
zonal-mean anomalies (Fig. 9).

These results indicate that variations of both the geos-
trophic and Ekman components slightly lead the variations
of the Nifio3.4 index, but the former has a negative contri-
bution, and the latter has a positive contribution. Therefore,
the divergence of warm water from the equatorial Pacific by
the geostrophic current helps to terminate the growth of the
warm SSTA, favoring the phase transition of ENSO, while
the convergence by the Ekman flow prolongs it, not favoring
the phase transition of ENSO.

6 Summary and discussion

In this work, using reanalysis data, we investigate the con-
nection of MTC along the equatorial Pacific with the vari-
ation of WWYV in the equatorial Pacific that is associated
with the recharge and discharge processes and the ENSO
evolution. The different characteristics of the Sverdrup,
geostrophic, and Ekman MTCs along the equatorial Pacific

Zonal Mean Anomaly Composite based on 14—Phases of ENSO Cycle

(a) SSTA (b) dD20/dt

(¢) Sverdrup

(d) Ekman (e) Geostrophic

Nino3.4 Range (C)

-1 0 6 -3 0 3 6 -6

Fig.9 Zonal-mean (120° E-80° W) composites of a SSTA, b %
averaged in 5° S-5° N, and ¢ Sverdrup, d Ekman, and e geostrophic
MTCs between 5° S and 5° N varied with the 14 phases of the ENSO
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cycle (y-axis). The 14 phases of the ENSO cycle are determined by
the observed Nifio3.4 index value and its tendency (see Table 2). The
units are C in a and m/month in b—e
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Zonal Mean Removed or Zonal Mean Composite of 14—Phases of ENSO Cycle

(a) SSTA (C)
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Fig. 10 Zonal-mean departure anomaly composites of a SST and ¢

9020 averaged in 5° S-5° N, d Sverdrup, e Ekman, and f geostrophic

MTCs between 5° S and 5° N varied with the longitude (x-axis) and
14 phases of the ENSO cycle (y-axis), and b zonal mean of time ten-
dency of zonal wind stress anomalies varied with the 14 phases of

are examined, focusing on their longitudinal variations in
connecting with the WWYV variation and ENSO evolution.
Statistically, the amplitudes of variations are largest for
the geostrophic component and smallest for the Ekman com-
ponent, and in between for the Sverdrup MTC. Spatially,
the maximum variabilities appear in the central Pacific
around 160° E-165° W for both the geostrophic and Sver-
drup MTCs. The Sverdrup MTC is largely determined by
the geostrophic component. There is compensation between
the geostrophic and Ekman components which is mainly in
the central Pacific. For the contribution to the thermocline
fluctuation along the equatorial Pacific, the Ekman compo-
nent has a significant contribution in 150° W eastward to the
coast as well as the far-western Pacific, while the geostrophic
component has a significant contribution in the central and

the ENSO cycle (y-axis). The 14 phases of the ENSO cycle are deter-
mined by the observed Nifio3.4 index value and its tendency (see
Table 2). The units are C in a, N/(m? month) in b, and m/month in
c—f

east-central Pacific (165° E-135° W) with some significant
contributions in the far-western and eastern Pacific. The
Sverdrup MTC has a significant contribution in almost the
entire equatorial Pacific, except in the far-western and far-
eastern Pacific near the coasts.

For the entire equatorial Pacific average, both the geos-
trophic and Ekman components slightly lead the variations
of the Nifio3.4 index, with the former having a positive cor-
relation and the latter having a negative correlation. In the
El Nifio (La Nifia) phase, weakened (strengthened) trade
wind along the equatorial Pacific leads to positive (nega-
tive) Ekman MTC anomaly, not favoring the phase transition
from El Nifio to La Nifia (from La Niifia to El Nifio); mean-
while, the corresponding positive (negative) wind stress curl
anomaly in the tropical Northern Hemisphere and negative
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(positive) wind stress curl anomaly in the tropical South-
ern Hemisphere result in negative (positive) geostrophic
MTC anomaly along the equator, favoring the phase transi-
tion (Fig. 11). Thus, the geostrophic (and Sverdrup) MTCs
facilitate the phase transition of the ENSO cycle, while the
Ekman MTC compensatively hinders the phase transition.
The longitudinally varying component of the MTC may also
enhance the tilt mode during the ENSO growth and matur-
ing phases. As a result of the compensation and dominance
of the geostrophic component in the Sverdrup MTC, the
amplitude of the maximum negative correlation between
the Nifio3.4 index and the geostrophic component is larger
than that between the Nifio3.4 index and the Sverdrup MTC.
Here, we focused on the contribution of MTC to the thermo-
cline tilt oscillation. It should be pointed out that the zonal

Fig. 11 Schematic plot to

show the connections of wind
stress anomaly, the Sverdrup,
geostrophic, and Ekman meridi-
onal transport convergence
anomalies with the ENSO phase
transition in El Nifio (top) and
La Niiia (bottom) conditions

transport may also play an important role in modulating the
opposite variation of the thermocline between the western
and eastern equatorial Pacific (tilt mode).

These results showed the different contributions of the
geostrophic and Ekman MTCs to the thermocline fluctua-
tion along the equatorial Pacific and identified the crucial
longitude zones of the different components of the MTCs in
linking to the WWYV and ENSO evolutions. This may benefit
the understanding, monitoring, and forecasting ENSO that
is a leading source of global climate variability and predict-
ability at the seasonal-interannual time scales. For example,
surface wind stress-induced Ekman MTC is mainly in the
eastern equatorial Pacific, while surface wind stress curl-
induced geostrophic MTC is mainly in the central and east-
central Pacific.

= 2=
=
O
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The focus of this study is on the meridional mass trans-
ports in the tropics at interseasonal—interannual time scales
and their association with ENSO evolution. In particular, the
Sverdrup transport is associated with the oceanic anomalies
generated by the surface wind stress curls in the interior of
the basin. Furthermore, the meridional transports at 5° S and
5° N are still within the equatorial waveguide (e.g., Battisti
1989). However, large oceanic anomalies are also present
in the higher latitudes (such as 12° N), which contribute
to the lower frequency components of ENSO (Kirtman
1997). Kirtman (1997) further pointed out that the oceanic
anomalies outside the equatorial waveguide (i.e., poleward
of around 7° of latitudes) influence ENSO mainly through
the westward propagating off-equatorial Rossby waves to
the western boundary. These transports associated with the
oceanic wave dynamics are not counted for in this study.
The roles of the tropical and subtropical oceanic anoma-
lies in the ENSO cycle and its interdecadal variations have
been demonstrated by previous studies (Graham and White
1988, 1991; Battisti 1989; White et al. 1989; Kessler 1990;
McCreary and Lu 1994; Zhang and Levitus 1996; Gu and
Philander 1997; Zhang et al. 1998; Barnett et al. 1999;
Kleeman et al. 1999; Liu et al. 2002). For example, oce-
anic thermal anomalies can coherently propagate along the
loop consisting of the off-equatorial region along 12° N,
the western boundary, the equator, and the eastern bound-
ary (Zhang and Levitus 1996; Zhang et al. 1998). Thus, the
possible connection of the anomalies in the tropical region
and higher latitude atmosphere—ocean anomalies deserves
further investigation.

Finally, our study concentrates on the roles played by
the MTCs. One should note that the ocean wave dynamics
also play an important role in influencing both the WWV
and tilt modes during an ENSO cycle. Some recent stud-
ies have argued that WWV plays a key dynamical role in
ENSO which may not be because of heat content, but mainly
because it is a proxy for zonally-averaged zonal equatorial
currents. For example, Clarke and Zhang (2019) suggested
that WWYV can be an ENSO predictor mainly because it
is directly related to the anomalous equatorial zonal cur-
rent and its acceleration. These anomalous zonal equatorial
currents advect the eastern edge of the western equatorial
Pacific warm pool eastward during the development stage
of the El Nifio and the cold water in the eastern equatorial
Pacific westward during that of La Nifia (Picaut et al. 1997).
When the equatorial westerly wind anomalies move south
of the equator during the boreal winter of an El Nifio event
(Harrison and Vecchi 1999; Stuecker et al. 2013) and the
zonal equatorial wind anomalies are weakened on the equa-
tor, the sea level and thermocline anomalies decrease in the
eastern equatorial Pacific. Chen et al. (2016) also argued that
the shoaling of the equatorial thermocline, together with a
simultaneous deepening of the off-equatorial thermocline,

triggers a sudden basin-wide reversal of anomalous equato-
rial zonal transport above the thermocline at the peaking
phase of ENSO that rapidly terminates an EI Nifio event.
Zhang and Clarke (2017) and Clarke and Zhang (2019)
further argued that this adjustment of the equatorial Pacific
is closely related to the reduction of the equatorial WWV.
These results have further demonstrated the complexity of
the atmosphere—ocean interactions and their roles in ENSO
evolution.
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