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Abstract It is well established that variations in extratropi-
cal North Pacific wind stress fields can influence the state of
the tropical Pacific 12—-15 months prior to the maturation of
boreal winter El Nifio/Southern Oscillation (ENSQO) events.
While most research has focused on accompanying variations
in the North Pacific trade winds and underlying sea surface
temperatures that subsequently shift equatorward via anoma-
lous air-sea interactions—e.g. meridional mode dynamics—
observational and numerical model analyses indicate empiri-
cal and dynamical links exist between these same trade-wind
variations and concurrent changes in subsurface temperatures
across the equatorial Pacific, which can also serve as a key
initiator of ENSO events. This paper shows that within an
observationally-constrained ocean reanalysis dataset this ini-
tiation mechanism—termed the trade-wind charging (TWC)
mechanism—is induced by the second leading mode of boreal
winter zonal wind stress variability over the tropical Pacific
and operates separately from ENSO-induced recharge/dis-
charge of the equatorial Pacific heat content. The paper then
examines the characteristics and evolution of the ENSO and
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TWC modes. Results indicate that the oceanic evolution for
both modes is consistent with wind stress induced vertically-
integrated, meridional mass transport into and out of the equa-
torial Pacific—i.e. a charging and discharging of the equato-
rial Pacific—despite having distinctly different wind stress
anomaly patterns. The process-based similarity between these
two modes of tropical Pacific wind stress variability suggests
that both can produce a charging/discharging of the equatorial
Pacific, however one (the ENSO mode) represents part of the
ENSO cycle itself and the other (the TWC mode) represents a
separate forcing mechanism of that cycle.

Keywords ENSO - Tropical-extratropical interactions -
Ocean reanalysis - Charging and discharging processes -
ENSO precursors

1 Introduction

The El Nifio/Southern Oscillation (ENSO), with its con-
comitant changes in sea-surface temperatures (SSTs) across
the equatorial Pacific, provides significant forcing of large-
scale atmospheric circulations (Trenberth et al. 1998; Alex-
ander et al. 2002) and influences both local and remote
climates (Ropelewski and Halpert 1986, 1996; Kiladis and
Diaz 1989; Ely et al. 1993; Gershunov and Barnett 1998;
Schneider and Steig 2008), particularly during hemispheric
winter (Kumar and Hoerling 1998; Shukla et al. 2000;
Zheng et al. 2000). Although traditionally defined as an
equatorial Pacific mode of coupled ocean/atmosphere vari-
ability (Philander 1985), numerous additional precursors to
ENSO events are found in the subtropics/extratropics (Kid-
son 1975; Trenberth 1976; Reiter 1978; Rasmusson and
Carpenter 1981; van Loon and Shea 1985, 1987; Barnett
1985; Trenberth and Shea 1987; Gu and Philander 1997,
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Li 1997; Lynse et al. 1997; Barnett et al. 1999; Chan and Xu
2000; Pierce et al. 2000; Anderson 2003, 2004; Vimont et al.
2003a; Wang et al. 2012), suggesting that extratropical pro-
cesses play an important role in forcing ENSO variability.

While various extratropical mechanisms for forcing
ENSO have been proposed, our focus will be on boreal-
winter near-surface circulations linked to the North Pacific
Oscillation (NPO, the Pacific analogue to the NAO—Walker
and Bliss 1932; Rogers 1981; Linkin and Nigam 2008),
which via its influence on sea-level pressure (SLP) variations
over the Hawaiian region is known to play a pivotal role in
initiating the development of warm (i.e. El Nifio) and cold
(i.e. La Nifia) ENSO events (Trenberth and Shea 1987; Bar-
nett et al. 1988; Vimont et al. 2001; Anderson 2003). Over
the last decade, most studies of these boreal-winter near-
surface atmospheric circulations and their influence on the
ENSO have highlighted the anomalous air—sea interactions
that accompany them. These include the “Seasonal Foot-
printing Mechanism” whereby the atmospheric circulations
establish underlying subtropical/tropical SST anomalies by
spring, which persist until summer and subsequently sustain
SLP and wind stress anomalies that are conducive to initiat-
ing ENSO events (Vimont et al. 2001, 2003a, b). They also
include the Pacific “Meridional Mode” (MM) mechanism
whereby the atmospheric circulations, through their influ-
ence on the trade winds, produce an equatorward migration
of underlying SSTs via the wind—evaporation—-SST (WES)
feedback (Xie 1999), resulting in the disturbance of equa-
torial SSTs and onset of ENSO events (Chiang and Vimont
2004; Chang et al. 2007; Zhang et al. 2009; Alexander et al.
2010; Wu et al. 2010; Larson and Kirtman 2013).

However recent findings demonstrate that these same
near-surface atmospheric circulations can directly force
subsurface heat content changes across the central equa-
torial Pacific—a well-known precursor to mature ENSO
events (Wyrtki 1985; Jin 1997; Meinen and McPhaden
2000; Newman et al. 2011; Wen et al. 2014)—via their
influence on trade-wind induced vertically-integrated,
meridional mass transport, resulting in a “trade wind charg-
ing” (TWC) of the equatorial Pacific (Anderson et al.
2013a, b). Indeed, NPO-related subsurface heat content
changes have been noted in observational (Anderson 2004)
and reanalysis (Anderson et al. 2013a, b) data as well as
coarse-scale (Anderson and Maloney 2006; Alexander
et al. 2010) and eddy permitting (Anderson et al. 2013a, b)
numerical models.

It is important to note, though, that trade-wind induced
vertically-integrated mass transport into (and out of the)
equatorial Pacific is not uniquely related to NPO-induced
boreal-winter near-surface atmospheric circulations.
Indeed, it is central to the recharge—discharge mechanism
for sustaining the oscillatory behavior of the ENSO cycle,
as envisioned by Jin (1997) and elucidated in Clarke et al.
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(2007). Since the dynamical process for each mechanism
(i.e. the trade-wind charging mechanism and the recharge—
discharge mechanism) involves variations in the equato-
rial and off-equatorial trade winds over the Pacific and, via
their curl, equatorial ocean heat content, we will refer to
the process itself as charging (resulting in a positive subsur-
face temperature anomaly) and discharging (resulting in a
negative subsurface temperature anomaly) of the equatorial
Pacific heat content. A key motivation of this study, then,
is to explicitly isolate the wind stress fields and subsur-
face heat content changes linked to the oscillatory ENSO
cycle vis a vis those linked to TWC initiation of ENSO
events. Once isolated we want to characterize the coupling
between the atmosphere and underlying ocean as it relates
to the charging and discharging of the equatorial Pacific by
each mechanism.

Specifically, Sect. 2 presents an overview of the data and
statistical methods employed to identify the leading modes
of boreal winter zonal wind stress variability over the tropi-
cal Pacific. The characteristic atmospheric and oceanic
structures of these modes are then presented in Sect. 3.
Further, this section examines the evolution of these
atmospheric and oceanic structures both at the surface and
beneath it, as well as their co-evolution. Discussion of the
results and implications for oscillatory and forced behavior
of the tropical Pacific follow in Sect. 4.

2 Data and methods
2.1 Data

For this study, we use atmospheric and oceanic fields taken
from the observationally-constrained ORA-S3 European
Centre for Medium-Range Weather Forecasts (ECMWF)
ocean reanalysis (Balmaseda et al. 2008), including wind
stress, surface and subsurface ocean temperatures, oceanic
heat content represented by the vertically-averaged temper-
ature anomalies integrated from 0 to 300 m, and meridional
velocity anomalies. These data extend from 1959 to 2006
with monthly time resolution and 1° spatial resolution off
the equator tapering to 0.3° (in the meridional direction) at
the equator. Assimilated data include surface and subsur-
face temperature and salinity (through 2,000 m) along with
sea-level heights, all of which are quality controlled and
bias-corrected prior to assimilation. Surface flux forcing
(wind stress; freshwater; heat) are provided by modified
fields taken from the 40-yr ECMWF Reanalysis (ERA-40)
for 1959-2002 and from the ECMWF operational analyses
after that. These are then used to force an ocean-only model
(the Hamburg Ocean Primitive Equation model—HOPE)
in order to obtain a first-guess of the ocean state, at which
point the bias-corrected observational data are assimilated;
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Fig. 1 a Tropical Pacific ocean/
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further, five separate analyses, forced by five different per-
turbed wind stress fields, are produced in order to arrive at
an ensemble estimate of the three-dimensional state of the
ocean and its time evolution. Full details about this data
product and its evaluation against observations and previ-
ous analysis products can be found in Balmaseda et al.
(2008). In addition, its evaluation against more recent anal-
ysis products (i.e. the ORA-S4—Balmaseda et al. 2013)
indicates that because of the observationally-constrained
nature of these products they show similar behavior over
the tropical Pacific, despite having different assimilation
and numerical modeling systems.

2.2 Methods

Since our interest is in identifying atmospheric processes
that give rise to the charging and discharging of equa-
torial Pacific heat content, we first determine the lead-
ing modes of variability in the tropical wind stress fields
over the Pacific. Adopting the same method and domain
used in Larson and Kirtman (2013), we apply an Empiri-
cal Orthogonal Function (EOF) analysis to the zonal winds
stress fields (hereafter, ™) between 15°S and 15°N, 160E°
and 80°W. Here we apply it to the year-to-year variations
in the seasonal-mean fields found during extended boreal
winter (November-March) when both the ENSO variations
are largest (November—January—lJin et al. 1994; Trenberth
1997) and the MM and TWC precursors to ENSO varia-
bility are also highly active (January—March—Chiang and
Vimont 2004; Chang et al. 2007). One crucial difference

-180° -150° -120° -90°

with the application here, vis a vis that employed by Lar-
son and Kirtman (2013), is that we chose not to preprocess
the anomalies by first removing the ENSO-related compo-
nents. The reason for doing so is that we wish to analyze
not just the non-ENSO related components, but also com-
pare and contrast them with the ENSO-related components
themselves so as to better understand how modes of atmos-
pheric variability in the Pacific, and the underlying oceanic
responses, are related and how they may differ.

3 Results
3.1 Seasonal mean fields

The leading mode of boreal winter zonal wind stress vari-
ability is associated with ENSO variability (Fig. 1a). It is
characterized by large positive SST anomalies extending
across the central and eastern equatorial Pacific and signifi-
cant westerly wind stress anomalies over the central portion
of the basin, with additional off-equatorial northeasterly
(southeasterly) anomalies over the western portion of the
North (South) Pacific. Given its spatial and temporal rela-
tion with ENSO variability (r = 0.91 between the first t*
principal component—PC—time-series and the concurrent
Nov.-Jan. Nifio-3 index), we label this leading mode of var-
iability the “ENSO” mode.

As will be shown, the second leading mode of boreal
winter zonal wind stress variability over the tropical Pacific
is associated with TWC/MM variations (Fig. 1b). This
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Fig. 2 a Shading seasonal-
mean (Nov—Jan) T (0-300 m)
anomalies (°C) regressed
against the concurrent time-
series for the leading mode

of boreal winter 7* variability.
Contour interval is 0.15 °C;
minimum contour is £0.15 °C.
Only significant (p < 0.1

based upon a two-tailed ¢ test)
values are shown. Vectors same
seasonal-mean wind stress
anomalies as in Fig. la. b Same
as a except for the Jan-Mar

T (0-300 m) and wind stress
anomalies regressed against the
concurrent time-series for the

Nov.-dan. ENSO Mode: T(0-300m)/Wind stress

150 -180° -150° -120° -90°

Jan.-Mar. TWC/Meridional Mode: T(0-300m) Nde stress

v .
0.45

20°

second leading mode of boreal 10
winter t* variability

mode is characterized by significant westerly anomalies
over the western equatorial Pacific and easterly anomalies
over the eastern equatorial Pacific. In addition, significant
wind stress variations extend into the subtropics of the
North Pacific, with a southwesterly orientation. Not sur-
prisingly, these wind stress variations are similar to those
associated with the leading mode of “atmospheric noise” in
the tropical Pacific (once the ENSO-related component has
been linearly removed—Larson and Kirtman 2013), which
in turn have been linked to the MM. Indeed, the =¥ PC time-
series isolated through this analysis is highly positively cor-
related (r = 0.84) with concurrent January—March MM-
related 10 m wind fields (as derived in Chiang and Vimont
2004 and archived at the NOAA/ESRL monthly climate
indices website) and negatively correlated (r = —0.79)
with concurrent subtropical sea-level pressure variations
(as captured by the Hawaiian Sea-level Pressure Index,
HSLPI, derived by Anderson 2003), both of which serve
as significant precursors to ENSO variations 12—15 months
later (e.g. Anderson 2003; Chang et al. 2007). As expected
positive SST anomalies extend northeastward into the cen-
tral and eastern North Pacific with negative SST anomalies
in the eastern South Pacific, characteristic of the MM SST
signature, as well as the optimal initial SST structure that
precedes ENSO events by 7-9 months (Penland and Sard-
eshmukh 1995; Penland 1996).

As highlighted in the Sect. 1, however, subsurface tem-
peratures can also be influenced by equatorial and off-equa-
torial wind stress variations (not just in the Pacific but also
the Atlantic—Richter et al. 2013). As such we perform a
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similar regression analysis with concurrent depth-averaged
0-300 m temperature anomalies that serve as a proxy for
heat content anomalies (Fig. 2). The ENSO mode of wind
stress variability is associated with a dipole in heat content
anomalies across the tropical Pacific in which the eastern
lobe is co-located with the temperature anomalies at the
surface (cf. Figure 5a, ¢ from Kug et al. 2003). By contrast,
the MM/TWC mode of wind stress variability is associated
with positive heat content anomalies primarily between
165°E-120°W and 10°S—7.5°N that extend to 110°W along
the equator. These extensive subsurface temperature anom-
alies spanning the tropical Pacific are structurally similar to
a charging of the warm-water volume across the equatorial
Pacific that serves as a precursor to mature El Nifio events
(Meinen and McPhaden 2000; McPhaden 2003; Newman
et al. 2011).

Recognizing the similarity between the wind stress and
SST anomalies associated with the second t* PC time-
series (Fig. 1b) and those previously documented for the
MM (e.g. Chiang and Vimont 2004), it is of interest to
see whether the subsurface anomalies are also similar. As
expected, both the second t* PC time-series isolated here
and the MM-related 10 m wind time-series derived from
the Chiang and Vimont (2004) analysis (and archived at the
NOAA/ESRL monthly climate indices website) have simi-
lar wind stress and SST anomalies associated with them,
both off the equator and along it (Fig. 3). Given the simi-
larity in the wind stress fields, it is not surprising to find
that the T(0-300 m) anomalies related to the second t* PC
time-series and the MM-related 10 m wind time-series also
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Jan. Mar TWC Mode: SST 1
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Fig. 3 a Shading and vectors same seasonal-mean sea-surface tem-
perature and wind stress anomalies as in Fig. 1b. Contours same sea-
sonal-mean T (0-300 m) anomalies as in Fig. 2b. b Same as a except
for the SST, T (0-300 m) and wind-stress anomalies regressed against
the concurrent seasonal-mean (Jan—-Mar) 10 m wind time-series for
the Pacific Meridional Mode, as found on the NOAA/ESRL monthly
climate indices site (http://www.esrl.noaa.gov/psd/data/timeseries/
monthly/PMM/)
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have very similar structures both along the equator and off
of it. However, because the second t* PC time-series tends
to be more strongly related to lower-latitude wind-stress
anomalies vis a vis the MM-related 10 m wind time-series,
the second 7* PC time-series tends to have larger amplitude
T(0-300 m) anomalies (but weaker subtropical SST anom-
alies) associated with it (cf. Fig. 3a, b).

These results confirm that while the MM technically
refers to ““an anomalous SST gradient across the mean lati-
tude of the ITCZ” (as defined in Chiang and Vimont 2004),
there are additional related (subsurface) oceanic perturba-
tions that have gone largely unanalyzed. Indeed, the rela-
tion of the wind-stress variations with these subsurface
temperature anomalies tends to be larger than with the
SSTs, based both upon the relative magnitude of the corre-
sponding SST and T(0-300 m) anomalies compared to the
ENSO-related variations in Figs. 1, 2 respectively (see also
Figs. 9,12 below), as well as upon their respective zero-lag
correlations with the zonal wind stress time series (which
never exceed r = 0.6 for the SST fields, but consistently
reach r > 0.7 across the core of the subsurface heat content
anomalies and even exceed r = 0.8 along the off-equato-
rial branch). As such, although the wind stress anomalies
associated with the 2nd leading mode of zonal wind stress
variability discussed here are functionally equivalent to
those that influence MM-related SSTs, in this paper we will

instead refer to this mode of tropical wind stress variability
as the “TWC” mode.

Having isolated the two leading modes of tropical
Pacific wind stress variability, it is now of interest to diag-
nose how they may be dynamically coupled to the under-
lying subsurface temperatures. To begin, zonal wind stress
anomalies associated with the ENSO mode have a very
characteristic monopole structure centered on the dateline,
with positive (westerly) values at or just south of the equa-
tor that decrease towards higher latitudes (Fig. 4a), nearly
identical to those associated with ENSO itself (cf. Figure 3
from Clarke et al. 2007). For the TWC mode (Fig. 4b), the
positive zonal wind stress anomalies tend to be weaker
than the ENSO-related anomalies, while along the equator
there is a dipole structure with westerly (easterly) anoma-
lies found to the west (east) of the subsurface temperature
anomalies. In addition, east of the dateline westerly anoma-
lies extend northeastward across the central tropical North
Pacific north of the equatorial easterly anomalies, resulting
in an off-equatorial wind stress curl that can produce both
horizontal and vertical circulations within the underlying
ocean.

Indeed, we can estimate the implied vertically-integrated
meridional mass transport, V, associated with both of these
modes based upon the curl of the wind stress anomalies
and vortex stretching of the water columns (Clarke et al.
2007), such that:

VA (8ry/8x - 8'Ex/ay) ]: ) 3h15oc
Pr p ot

where V is the depth-integrated meridional velocity; t~*
and t” are the eastward and northward components of the
wind stress, respectively; p is the density (here set to a rep-
resentative value of 1,025 kg/m3) B is the beta parameter;
fis the Coriolis parameter; and oh 7€ is the local vertical
velocity at the base of the thermochne, here designated by
the climatological depth of the 15 °C isotherm (Capotondi
et al. 2003; Deser et al. 2006, 2012; see also Figs. 9, 12).
The first term on the r.h.s. of Eq. 1 captures the northward
(southward) transport needed to balance changes in the
warm water volume induced by a positive (negative) curl of
the wind stress anomalies at the surface. The second term
on the r.h.s. of Eq. 1 captures the poleward (equatorward)
transport needed to balance changes in the warm water
volume induced by positive (negative) vortex stretching at
the base of the thermocline. Note, given the sign conven-
tion, a positive time derivative of this quantity corresponds
to a deepening of the thermocline and a negative vertical
velocity.

For the ENSO mode (Fig. 5a), implied poleward trans-
port extends across the tropical Pacific and is associated
with positive (negative) curl in the surface wind stress
fields north (south) of the equator (cf. Figure 7 from

ey
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Fig. 4 a Shading seasonal-

Nov.-dan. ENSO Mode: TAUX

mean (Nov-Jan) 7° anomalies
regressed against the concurrent
time-series for the leading mode
of boreal winter t* variabil-

ity. Contour interval is 0.003

(N m~?); minimum contour is
+0.003 (N m~2). Only signifi-
cant (p < 0.1 based upon a two-
tailed ¢ test) values are shown.
Contours same seasonal-mean

0.015
0.012
0.009
0.006
0.003

-0.003
-0.006
-0.009
-0.012

T (0-300 m) anomalies as in 150
Fig. 2a. Vectors same seasonal-
mean wind stress anomalies

as in Fig. la. b Shading same

-0.015

-150° -120° -90

Jan.-Mar. TWC Mode: TAUX

as a except for the Jan-Mar 7"
anomalies regressed against
the concurrent time-series for
the second leading mode of
boreal winter t* variability.
Contours same seasonal-mean
T (0-300 m) anomalies as in
Fig. 2b. Vectors same seasonal-
mean wind stress anomalies as

0.015
0.012
0.009
0.006
0.003

-0.003
-0.006
-0.009
-0.012

in Fig. 1b

-0.015

150° -180°

-150°

g o -1.5
-120 -90

Jan.-Mar. TWC Mode: Sverdrup Transport

Fig. 5 a Shading the implied vertically-integrated meridional veloc-
ity component derived by applying Eq. 1 to the seasonal-mean
(Nov-Jan) wind stress anomalies and vertical velocities at the 15 °C
isotherm depth regressed against the concurrent time-series for
the leading mode of boreal winter t* variability. Minimum shad-
ing is 0.3 m? s~!; shading interval is 0.3 m? s~!. Contours same
seasonal-mean T (0-300 m) anomalies as in Fig. 2a. Vectors same
seasonal-mean wind stress anomalies as in Fig. la. b Shading same
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as a except for the implied vertically-integrated meridional velocity
component derived by applying Eq. 1 to the seasonal-mean (Jan—
Mar) 7" anomalies and vertical velocities at the 15 °C isotherm depth
regressed against the concurrent time-series for the second leading
mode of boreal winter 7" variability. Contours same seasonal-mean T
(0-300 m) anomalies as in Fig. 2b. Vectors same seasonal-mean wind
stress anomalies as in Fig. 1b
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Fig. 6 a Shading seasonal-

Nov.-Jan. ENSO Mode: V(Sfc-15C)

1.5

mean (Nov—Jan) vertically-
integrated (Sfc-15 °C)
meridional velocity anomalies
regressed against the concur-
rent time-series for the leading
mode of boreal winter t*
variability. Minimum shading
is £0.3 m2 s shading interval
is 0.3 m?s~!. Contours same
seasonal-mean T (0-300 m)

1.2
0.9
0.6
0.3

9 ¥
M s ——
e

-0.3
-0.6
-0.9
-1,2

anomalies as in Fig. 2a. Vectors
same seasonal-mean wind stress
anomalies as in Fig. 1a. b Shad-
ing same as a except for the

150°

° -1.5

Jan—-Mar vertically-integrated
(Sfc-15 °C) meridional velocity
anomalies regressed against

the concurrent time-series for
the second leading mode of
boreal winter 7" variability.
Contours same seasonal-mean
T (0-300 m) anomalies as in
Fig. 2b. Vectors same seasonal-
mean wind stress anomalies as

in Fig. 1b

Clarke et al. 2007). However, equatorial divergence (lead-
ing to the discharge of water from the equatorial Pacific) is
concentrated between 150°E and 150°W on either side of
the equator, co-located with the strong horizontal gradients
in the subsurface temperature anomalies. By contrast, for
the TWC mode (Fig. 5b), the implied vertically integrated
mass transport is predominantly equatorward and centered
over the central portion of the basin, principally north of
the equator, co-located with the maximum in subsurface
temperature anomalies. Further examination of the two
contributing terms in Eq. 1 indicates that near the equator
the vertical displacements of the base of the thermocline
(i.e. the second term on the r.h.s. of Eq. 1) between 5°S
and 5°N are very small for the TWC-mode (not shown).
This result suggests that the implied vertically-integrated
meridional velocities between 5°S and 5°N for the TWC-
mode are principally generated by the wind stress curl
anomaly component (i.e. the first term on the rh.s. of
Eq. 1). In some regions (approximately east of 150°W) the
negative wind stress curl that induces this transport arises
from the meridional gradient between equatorial easterly
anomalies and a weakening of the off-equatorial trade
winds (i.e. westerly anomalies). The implied equator-
ward mass transport results in a charging of the equatorial
Pacific at these longitudes and is co-located with an east-
ward extension of the equatorial heat content anomalies.
However in other regions—particularly the region between
180° and 150°W where the positive heat content anoma-
lies are largest—the curl results mainly from the weaken-
ing of the off-equatorial trade winds (given the absence of

-180° -150° -120° -90°

any significant equatorial wind stress anomalies at these
longitudes—cf. Fig. 4b).

It should be noted here that the curl in the wind stress
not only gives rise to vertically-integrated meridional mass
transport, but also to vertical displacements of the under-
lying water itself. In particular, for the TWC mode, the
off-equatorial wind stress curl found at approximately 4°N
tends to induce Ekman mass convergence and downwelling
(not shown). The fact that the vertical circulations induced
by this off-equatorial wind stress curl are co-located with
the axis of off-equatorial heat-content anomalies in the
North Pacific suggests that wind-induced vertical motions
may be contributing to the anomalous subsurface tempera-
ture structure associated with this mode as well.

To confirm that the implied vertically-integrated mass
transport described above is a valid approximation for the
response of the ocean, we examine the depth-integrated
meridional currents estimated from the ocean analysis
itself. For consistency, we integrate these currents from the
surface to the base of the (local) thermocline, again des-
ignated by the climatological depth of the 15 °C isotherm
(Fig. 6). Overall, the vertically-integrated merdional cur-
rents concurrent with the ENSO mode bear a strong resem-
blance, both in structure and magnitude, to the implied
currents derived from the curl of the wind stress fields
and vortex stretching (cf. Figs. 5a, 6a), albeit with slightly
weaker northward transport over the western tropical
Pacific. For the TWC mode, the correspondence between
the calculated and implied vertically-integrated merdional
currents is also good (Figs. 5b, 6b), although again it tends
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Fig. 7 The evolution of the

tropical Pacific ocean/atmos-
phere system concurrent with
and following wind stress varia-
tions associated with the ENSO
mode of variability. Shading

0.6

monthly-mean T (0-300 m)
anomalies (°C) regressed

against the time-series for the
leading mode of boreal winter
7' variability. Shading interval
is 0.15 °C; minimum shading
is £0.15 °C. Only significant

0.45

(p < 0.1 based upon a two-
tailed 7 test) values are shown.

Contours monthly-mean T

(5 m) anomalies (°C) regressed
against the 7* time-series.
Contour interval is 0.2 °C;
minimum contour is £0.2 °C.

a—j Monthly-mean regression

fields centered on 15 October
prior to the boreal winter ENSO
mode time-series through 15
July following the boreal winter
ENSO mode time-series

............

150" -180°

to be somewhat weaker than implied in the central tropi-
cal Pacific. That said, because our interest is in the dynami-
cal process of charging and discharging of the equatorial
Pacific, which is explicitly tied to the wind stress anomalies
and their curl, we will continue to analyze these fields to
determine their relevance to changes in the vertically-inte-
grated temperatures (i.e. heat content) along the equatorial
Pacific.

3.2 Time evolution
3.2.1 ENSO mode

The motivating interest for this research is not to simply
characterize the structure of the atmosphere and underlying
ocean associated with the leading modes of near-surface
wind stress forcing, but understand how these structures
evolve over time, particularly as this evolution relates to
the charging and discharging of the equatorial Pacific. To
start, we examine the monthly-mean heat content and SST
anomalies concurrent with and following the first leading
mode of covariability (i.e. the ENSO mode—Fig. 7). While
the evolution of these fields is well documented (e.g. Ishida
et al. 2008; Kao and Yu 2009), we present it here so as to
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compare it with the evolution of similar fields in response
to the TWC mode discussed next.

Prior to boreal winter (Fig. 7a, b), the typical surface
and subsurface temperature anomalies associated with
the positive (El Nifio) phase are already well established,
as are the overlying wind stress fields (not shown). While
the SST and wind stress anomalies remain fairly constant
through most of the early winter (December—Fig. 7c), the
subsurface temperature anomalies over the central equato-
rial Pacific begin to weaken such that by February (Fig. 7e)
there is a local minimum in equatorial subsurface tempera-
ture anomalies extending across the basin, which continues
to develop. Interestingly, despite this minimum in equato-
rial subsurface temperature anomalies, the SST anomalies
continue to show local maxima along the equator until May
(Fig. 7h). Starting in March the SST anomalies weaken
substantially and essentially dissipate by June (Fig. 7i)
while the negative subsurface temperatures anomalies that
had been generated along the equator (as well as in the
western Pacific) extend across the basin, resulting in a dis-
charged equatorial Pacific that eventually influences the
overlying SSTs in the eastern equatorial Pacific (Fig. 7j).

To better understand this evolution, particularly of
the subsurface temperature anomalies, we examine the
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Fig. 8 The evolution of the
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evolution of the implied vertically-integrated meridional
mass transport based upon the curl of the wind stress anom-
alies and vortex stretching (Fig. 8). As with the seasonal
mean fields, at the start of boreal winter, significant pole-
ward vertically-integrated mass transport extends across
the western and central tropical Pacific, particularly north
of the equator. However, the largest transport off the equa-
tor, and hence equatorial divergence, does not occur until
December/January (Fig. 8c, d). This equatorial divergence
and resultant discharge in turn is co-located with the initial
decreases in equatorial subsurface temperature anomalies.
The off-equatorial discharge of heat persists through March
(Fig. 8f) and remains co-located with the local minimum in
subsurface temperature anomalies on and off the equator.
As the off-equatorial transport begins to dissipate in April
(Fig. 8g), the negative subsurface temperature anomalies,
which until this point had been confined to the west of the
dateline, extend across the equatorial Pacific (Fig. 8h—j),
culminating in a discharged equatorial basin discussed
above.

To see the characteristic equatorial response of the sub-
surface temperatures to the overlying wind stress anoma-
lies and implied vertically-integrated meridional mass

-90° 150° -180° -150° -120° -90°

transport, we next look at their evolution along an equato-
rial transect of the Pacific (Fig. 9). Initially, the equatorial
Pacific is dominated by positive anomalies, which are at
a maximum along the thermocline. However over the far
western Pacific, cold water anomalies start to develop, most
likely in response to the accumulated effect of westward
propagating Rossby waves (cf. Fig. 7a). During the peak
of the ENSO event (November/December) the subsurface
warm water anomalies continue to persist over the east-
ern half of the basin (Fig. 9b, c). In the western half, how-
ever, cold water anomalies intensify, particularly between
150E°and 180°E in the region where the initial poleward
transport along the equator develops. From January to
March (Fig. 9d, f)—the period with largest off-equatorial
mass transport (i.e. discharge)—the negative subsurface
temperature anomalies expand eastward to 150°W, but their
core stays relatively stationary through this 3-month period.
In April (Fig. 7g)—corresponding to the time when the
associated wind stress fields begin to dissipate along with
the wind stress forcing of the meridional mass transport—
the cold water anomaly extends eastward along the shoal-
ing thermocline, effectively eroding the SST anomalies
over the eastern equatorial Pacific approximately 2 months
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Fig. 9 The evolution of the sur-
face and subsurface temperature
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later (i.e. by June) and producing negative SST anomalies
in the eastern equatorial Pacific (Fig. 9j).

3.2.2 TWC mode

We now examine the characteristic evolution of the TWC
mode, starting with the monthly-mean heat content and
SST anomalies (Fig. 10). Prior to boreal winter, there are
initial off-equatorial wind stress anomalies in both the
northern and southern hemispheres, representative of a
weakening of the trade-winds in these regions (not shown).
Equatorward of these trade wind anomalies are positive
off-equatorial subsurface heat content anomalies extend-
ing across much of the western and central Pacific (princi-
pally in the North Pacific—Fig. 10a, b). Positive (negative)
subsurface heat content anomalies are also found along the
equator over the western (far eastern) Pacific. By December
and January (Fig. 10c, d), the positive subsurface tempera-
ture anomalies have intensified both along the equator and
off of it; by contrast, there are still no substantial positive
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SST anomalies present either along the equator or in the
off-equatorial region to the north. By February and March
(Fig. 10e, f), subsurface heat content anomalies and surface
SST anomalies (as well as the wind stress anomalies—not
shown) resemble the seasonal-mean fields themselves and
are characterized by the establishment of extensive positive
subsurface temperature anomalies extending from 150°E to
120°W and 5S5° to 5°N along with positive SST anomalies
that span from the western equatorial Pacific to the eastern
subtropical North Pacific.

Moving into April the positive SST anomalies (repre-
sentative of the MM) and positive subsurface temperature
anomalies (representative of the TWC) continue to persist
(Fig. 10g). In addition, the equatorial subsurface tempera-
ture anomalies continue to extend eastward over time. Inter-
estingly, however, the positive SST anomalies off the equa-
tor remain relatively stationary, as do those at the equator
in the western Pacific. Indeed, it is not until May (Fig. 10h)
that positive SST anomalies extend across the equatorial
Pacific. These in turn are co-located with the underlying
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Fig. 10 Same as Fig. 7 except
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subsurface temperature anomalies (but dislocated from the
off-equatorial SST anomalies over the North Pacific) such
that both the surface and subsurface temperature anoma-
lies develop local maxima around 140°W-110°W over the
course of the following months (Fig. 10i, j).

Again, to better understand the evolution of these fields,
particularly of the subsurface temperature anomalies, we
examine the corresponding evolution of the implied ver-
tically-integrated meridional mass transport based upon
the curl of the wind stress anomalies and vortex stretching
(Fig. 11). During late boreal fall and early boreal winter
(October-December), negative wind stress curl is found
across much of the central and eastern off-equatorial North
Pacific, where it is roughly co-located with the off-equa-
torial subsurface temperature anomalies centered on 5°N,
suggesting that these subsurface temperature anomalies
are being generated by the vertical circulation features that
accompany this curl. By December (Fig. 11c), however,
negative wind stress curl—along with the implied equator-
ward mass transport—reaches the equator and induces a
regional charging of the equatorial Pacific co-located with
the establishment and eastward extension of the equatorial
heat content maxima. During late boreal winter (January-
March) the equatorward mass transport (south of 10°N)
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increases and expands over the entire central and eastern
Pacific (Fig. 11d—f). Concurrently, the underlying subsur-
face temperature anomalies intensify, both along the equa-
tor and off of it, such that by March there exists substan-
tial subsurface heat content anomalies representative of a
charged equatorial Pacific (Fig. 11f).

Moving into the middle of boreal spring, the equator-
ward mass transport in the North Pacific and accompanying
charging of the equatorial Pacific begin to weaken along
with the overlying wind stress anomalies, although it is still
apparent (Fig. 11g). In response, the subsurface tempera-
ture anomalies extend eastward, reaching the far eastern
equatorial Pacific (cf. the eastward extent of the 0.15 °C
and 0.3 °C isotherms along the equator in Fig. 11g, h). By
May-July the wind stress fields and associated meridional
mass transport dissipates across most of the basin. In addi-
tion, the core of the subsurface temperature anomalies have
now shifted eastward (cf. the eastward extent of the 0.45 °C
isotherms along the equator in Fig. 10h—j) and are centered
in the eastern equatorial Pacific between 150°W and 90°W.

Based upon this analysis, wind stress anomalies asso-
ciated with the TWC mode induce substantial equato-
rial and off-equatorial subsurface temperature anomalies
via meridional and vertical circulations respectively. To
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Fig. 11 Same as Fig. 8 except
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see how the equatorial subsurface temperature anomalies
evolve, we once again examine these anomalies along an
equatorial transect of the Pacific (Fig. 12). Prior to boreal
winter (October), there is a weak subsurface dipole across
the Pacific with warm (cold) water anomalies found over
the western (far eastern) portion of the basin (Fig. 12a). As
boreal winter begins and the surface wind stress anoma-
lies intensify, the positive subsurface temperature anoma-
lies intensify and shift eastward along the thermocline
(Fig. 12c). By late boreal winter the core of these anoma-
lies is situated at ~150°W (Fig. 12d, e), equivalent to the
longitude of strongest charging (cf. Fig. 11d, e), with sub-
stantial warm water anomalies (>1.0 °C) extending from
180° to 120°W, co-located with the implied equatorward
mass transport in response to both the weakening of the
off-equatorial trades (west of 150°W) and combined weak-
ening of the off-equatorial trades and strengthening of the
equatorial easterlies (east of 150°W). As with the ENSO-
related discharge, these anomalies remain relatively station-
ary through the 3-month period ending in March (Fig. 12f).
However, starting in April—concurrent with the time
when the TWC-related wind stress anomalies, along with
the wind stress forcing of the meridional mass transport,
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begins to dissipate—the core warm water anomaly extends
eastward along the shoaling thermocline, eventually reach-
ing the eastern equatorial Pacific (120°W) approximately
2 months later (i.e. by June—Fig. 12g—i).

Given its similarities to the structure, timing, and diag-
nostics of the well-known ENSO-related discharge process,
we argue that the evolution of the equatorial subsurface
temperature anomalies associated with this mode of tropi-
cal Pacific wind stress variability represents a charging of
the equatorial warm water volume, which in turn serves as
a precursor to the subsequent warming of the eastern equa-
torial Pacific SSTs and the onset phase of positive ENSO
events. Below we synthesize these results and show how
these two modes (the ENSO mode and TWC mode) of var-
iability relate to one another.

3.2.3 Co-evolution

To start, we look at the time evolution of the convergence
and divergence of off-equatorial meridional mass transport
(Fig. 13, color shading) responsible for producing charg-
ing (i.e. positive heat content anomalies) and discharg-
ing (i.e. negative heat content anomalies), respectively,
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Fig. 12 Same as Fig. 9 except
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along the equator (Fig. 13, contours). For the ENSO mode
(Fig. 13a), significant basin-wide positive subsurface heat
content anomalies are found around 10 months prior to the
mature ENSO events themselves (i.e. ~Month —10). The
anomalies intensify and migrate eastward, establishing the
characteristic subsurface temperature dipole approximately
5 months before the mature stage of the ENSO event. At
approximately the same time, the discharge process starts
with large divergence of meridional mass transport over
the western equatorial Pacific. Both features intensify over
the course of the next 3—5 months. During the mature stage
of the ENSO event [~Month —2 through Month 0, equiva-
lently Nov(—1)-Jan(0)], the leading edge of the negative
subsurface heat content anomalies start to expand eastward
in response to the discharge process during the preceding
months. By the end of boreal winter, the discharge begins
to weaken across most of the basin although remnants are
found over the western equatorial Pacific that extend into
late boreal spring. The negative subsurface heat content
anomalies, however, continue expanding eastward such that

by the following boreal fall (~Month 8-10) they are cen-
tered around 150°W and extend from 180° to 105°W, rep-
resenting a fully discharged equatorial Pacific. It should be
noted, however, that no subsequent ENSO events (statisti-
cally) develop during this time, or even over the course of
the next year (as evidenced by the absence of either a heat-
content dipole or significant wind stress induced charging).

For the TWC mode (Fig. 13b), there are no substantial
positive heat content anomalies (>0.3 °C) along the cen-
tral equatorial Pacific prior to the boreal winter develop-
ment of the TWC anomalies themselves, although some
do develop over the far eastern equatorial Pacific during
the prior boreal spring/summer. Starting at this same time
(~Month —8), there is a period of relatively weak conver-
gence of meridional mass transport (i.e., charging) near
the dateline and a possible corresponding development of
positive heat content anomalies over the western equato-
rial Pacific (as represented by the 0.15 °C isotherm). How-
ever, substantial charging does not begin until ~Month —2
[i.e. November(—1)], which subsequently lasts until early
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Fig. 13 a Time (y-axis)/Longitude(x-axis) plot of ocean/atmos-
phere anomalies along and near the equatorial Pacific prior to and
following wind stress variations associated with the ENSO mode of
variability. Shading monthly-mean implied meridional transport con-
vergence along the equator computed from the sum of the equator-
ward components of the vertically-integrated meridional velocities
(V) averaged between 2°N-3°N and between 2°S-3°S derived from
Eq. 1 and regressed against the time-series for the leading mode of
boreal winter t* variability. Positive values represent longitudes/times
with implied equatorial convergence or charging. Minimum shading
is 0.3 m? s~!; shading interval is 0.3 m? s~!. Contours monthly-
mean T (0-300 m) anomalies (°C) averaged between 2°S-2°N and

boreal spring. In response, lagged positive subsurface heat
content anomalies start to develop and intensify, as well
as expand eastward such that by the end of boreal winter
(~Month 3), the subsurface heat content anomalies are co-
located with the region of greatest charging. After the ces-
sation of the charging in boreal spring, the subsurface heat
content anomalies shift eastward such that by the follow-
ing boreal fall/winter these subsurface heat content anom-
alies are centered in the central/eastern equatorial Pacific,
where they subsequently intensify; in addition negative
heat content anomalies develop over the far western Pacific
in response to boreal winter discharge in this region. These
two signatures (the boreal winter subsurface heat content
dipole and western/central Pacific discharge in Months
10-13 following the TWC mode) are indicative of a posi-
tive ENSO event during this time (cf. Month —2 through
Month 42 of the ENSO mode).

Indeed, while only implied up to this point, it should
be noted that there is a robust correlation between the
TWC-related t* PC time-series with the ENSO-related t*
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regressed against the time-series for the leading mode of boreal
winter t¥ variability. Contour interval is 0.15 °C; minimum contour
is & 0.15 °C; black (white) contours indicate positive (negative)
anomalies. Monthly values centered on 30-day window with ‘0’ rep-
resenting the 30-day window centered on January 15. For orientation,
horizontal grey lines represent the Nov.-Mar. period concurrent with
the t* time-series itself—see text for details. b Same as a except for
implied monthly-mean equatorial convergence and T(0-300 m) anom-
alies associated with the TWC mode of variability as represented by
the time-series for the second leading mode of boreal winter t* vari-
ability

PC time-series the following year (r = 0.59). This result
is to be expected given the similarity of the TWC-related
fields to known oceanic and atmospheric precursors to
ENSO events (highlighted in the Sect. 1). By construc-
tion, the ENSO- and TWC-mode time-series are uncor-
related with one another at concurrent times. In addition,
though, there is no significant correlation between the
ENSO-related 7* PC time-series and the TWC-related t*
PC time-series the following year (r = —0.09). These
results suggest TWC-related wind stress fields eluci-
dated here are not part of the ENSO cycle, as evidenced
by the absence of any wind stress induced equatorial
divergence (and hence implied discharge) in Months
10-12 of Fig. 13a (even given the discharged state of the
equatorial Pacific itself). Instead the TWC-related wind
stress fields appear to serve as a separate mechanism for
generating a “charged” (as well as “discharged”) equa-
torial Pacific that can subsequently induce the onset of
warm (cold) ENSO events, which mature the following
boreal winter.
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Fig. 14 Regional seasonal-mean wind-stress anomalies used to
force a high-resolution dynamical ocean model centered on the
tropical Pacific basin. a Shading Central Pacific regional zonal wind
stress forcing derived from the seasonal-mean (Jan—-Mar) ¥ anoma-
lies regressed against the concurrent time-series for the second lead-
ing mode of boreal winter t* variability. Contour interval is 0.003
(N m~2); minimum contour is & 0.003 (N m~2). Inside the box, the

One final question to address is whether the TWC-
related T (0-300 m) evolution in Fig. 13 could arise from
western equatorial wind stress anomalies and not the
central equatorial and off-equatorial anomalies (via their
curl) as discussed throughout. To compare the response
of the equatorial Pacific subsurface temperatures to each,
we follow the experimental method employed in Ander-
son et al. (2013a, b). Specifically we isolate the western
equatorial Pacific wind stress anomalies and the central
equatorial and off-equatorial Pacific wind stress anoma-
lies (Fig. 14) and use them to force a high-resolution
ocean general circulation model (Perez and Kessler 2009)
centered on the equatorial Pacific basin, using a ramp-
up/ramp-down technique in which the regional forcings
are added to the climatological fields and persisted for
the period December-March. The ocean model is then
allowed to evolve over the next 3 months with only cli-
matological forcing. As in Anderson et al. (2013a, b),
three different initializations are used to reduce mes-
oscale variations associated with tropical instabil-
ity waves. Anomalies are obtained by subtracting the

-150°

ol

full values are applied; at the edge of the box a Gaussian smoothing
with a 10° window is used. Vectors full Central Pacific regional wind
stress forcing derived from the seasonal-mean wind stress anoma-
lies (N m~2) regressed against the t* time-series. Only substantial
(I7l < 0.003) anomalies are shown. b Same as a except for Western
Pacific regional wind stress forcing

-120°

regionally forced simulation fields from the control (i.e.
climatologically forced) simulation fields.

Results indicate that the western equatorial Pacific wind
stress anomalies produce subsurface temperature anomalies
in the model that rapidly propagate to the eastern equatorial
Pacific as Kelvin waves (McCreary 1976); the fast propa-
gation speed associated with these waves allows the core
anomalies to reach the eastern equatorial Pacific within
approximately 2 months (Fig. 15b, contours). By contrast,
the subsurface temperature anomalies induced by the cen-
tral equatorial and off-equatorial wind stress anomalies in
the model (Fig. 15a, contours) show slow eastward propa-
gation speeds similar to those found in the ocean analysis
(Fig. 15a, color shading), suggesting that the dynamic pro-
cesses active in the observationally-constrained ocean anal-
ysis are more representative of the TWC dynamics than of
Kelvin wave dynamics. Indeed, this dominant influence of
the central equatorial and off-equatorial Pacific wind stress
anomalies, vis a vis those found over the western equato-
rial Pacific, mirrors similar results derived from numerical
ocean analyses (Larson and Kirtman 2013).

@ Springer



B. T. Anderson, R. C. Perez

Cent. Pac. Forcing: T(0-300m)

0.75
20 q 0.6
—
0.45
15 7
e
> r10.3
3
- 10
I r10.15
=
=
= 0
c
[e)
=
o -0.15
©
|
~
oS
© -0.3
(5]
|
-5 -0.45
-0.6
-101

150E 180 150W 120W 90W
Longitude

Fig. 15 a Time (y-axis)/Longitude (x-axis) plot of ocean anomalies
along the equatorial Pacific prior to and following wind stress varia-
tions associated with the TWC mode of wind stress variability. Shad-
ing monthly-mean T (0-300 m) anomalies (°C) averaged between
2°S-2°N and regressed against the time-series for the second lead-
ing mode of boreal winter 7" variability. Shading interval is 0.15 °C;
minimum shading is & 0.15 °C. Monthly values centered on 30-day
window with ‘0’ representing the 30-day window centered on January
15. Contours monthly-mean T (0-300 m) anomalies (°C) averaged

4 Summary

Empirical and dynamical links between extratropical
atmospheric circulations—particularly over the North
Pacific during boreal winter—and the onset of mature
ENSO events have been the subject of numerous inves-
tigations over the years (see the Sect. 1 and references
therein). A predominant focus has been on the modifi-
cation of air—sea interactions induced by these circula-
tions, which through their coupling at the surface can
modify the dynamic and thermodynamic structure of
the equatorial ocean/atmosphere system and the onset
of ENSO events. Less well understood however, is how
these circulations can influence the subsurface temper-
atures of the equatorial Pacific, despite the recognition
that subsurface heat content variations are a fundamen-
tal precursor to mature ENSO events and that subsurface
heat content variations are influenced by wind stress var-
iations off the equator as well as along it. In this paper,
we begin to advance our understanding of this relatively
unexplored, but potentially more direct, pathway linking
extratropical atmospheric circulations to the initiation of
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between 2°S and 2°N generated by forcing a high-resolution ocean
model of the tropical/subtropical Pacific basin with idealized TWC-
related wind stress fields over the central Pacific only (as shown in
Fig. 14a). Contour interval is 0.05 °C. See text and Anderson et al.
(2013a, b) for details. b Shading same as in a. Contours monthly-
mean T (0-300 m) anomalies (°C) averaged between 2°S and 2°N
generated by forcing a high-resolution ocean model forced with ide-
alized TWC-related wind stress fields over the equatorial western
Pacific only (as shown in Fig. 14b)

ENSO events via a “trade-wind charging” of equatorial
heat content.

Following the lead of previous research investigat-
ing tropical-atmosphere modes of near-surface variability
(i.e. Larson and Kirtman 2013) we first perform an EOF
analysis to find the leading modes of zonal-wind stress
variability over the central and eastern tropical/subtropical
Pacific. The leading mode of variability corresponds well
with year-to-year variations in the ENSO system, both tem-
porally and spatially, and is characterized by a monopole
in the zonal-wind structure centered on the dateline and
equator that decreases towards higher latitudes, accom-
panied by a monopole (east/west dipole) in the equatorial
surface (subsurface) temperatures. The implied vertically-
integrated meridional mass transport associated with the
meridional gradient in zonal wind stress in turn results
in a discharging of the equatorial heat content across the
entire western half of the Pacific (given the sign convention
used here). In response, subsurface temperature anomalies
develop and intensify over the western equatorial Pacific
during the mature stage of the ENSO event, however they
remain relatively stationary until the decay of the ENSO
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event itself during the following boreal spring, at which
point the subsurface temperature anomalies extend east-
ward along the thermocline and (again, given the sign con-
vention used here) produce a fully discharged equatorial
Pacific by the following boreal summer.

While many of these features have been documented
previously (e.g. Jin 1997; Meinen and McPhaden 2000;
Clarke et al. 2007; Ishida et al. 2008; Kug et al. 2003; Kao
and Yu 2009; Ren and Jin 2013; Wen et al. 2014), we pre-
sent them here to provide a basis for understanding simi-
lar behavior associated with the second leading mode of
tropical Pacific wind stress variability. This second leading
mode is characterized by westerly (easterly) wind stress
anomalies over the western (eastern) equatorial Pacific, as
well as off-equatorial westerly anomalies across much of
the tropical/subtropical North Pacific, representative of a
weakening of the northeasterly trades in this region (given
the sign convention used here). This wind stress anomaly
structure corresponds well with similar patterns associ-
ated with meridional variations in SSTs across the tropi-
cal North Pacific (i.e. the Pacific Meridional Mode) and is
functionally equivalent. However, as shown here it is also
associated with zonally extensive subsurface temperature
anomalies over the central Pacific from 165°E to 135°W
and 5°S to 5°N, representative of a “charged” equatorial
Pacific. By extension we argue here that these wind stress
fields not only influence the underlying SST fields (as
investigated by others—see Sect. 1 and references therein)
but also the subsurface temperature fields; hence here we
refer to it as the trade-wind charging (TWC) mode.

Indeed, the implied vertically-integrated meridional
transport associated with the curl of the TWC-related wind
stress anomalies results in a charging of the equatorial
heat content across the central and eastern Pacific (again,
given the sign convention used here). In response, subsur-
face temperature anomalies develop and intensify over the
central equatorial Pacific during the concurrent boreal win-
ter. As with the ENSO subsurface temperature anomalies,
these remain relatively stationary until the following boreal
spring when the wind stress fields themselves dissipate. At
that point, the subsurface temperature anomalies extend
eastward along the thermocline and shoal during boreal
summer, resulting in a warming of the SSTs in the east-
ern equatorial Pacific and the onset of a (positive) ENSO
event that matures the following boreal winter. We note that
given the linear statistics used here the process is not sign
dependent and as such the reverse evolution tends to fol-
low boreal winters with negative TWC-related zonal wind
stress anomalies.

Given that for each mode of tropical Pacific wind stress
variability, variations in the equatorial and off-equatorial
trade winds over the Pacific appear to be dynamically
linked via their curl to subsurface ocean temperatures, we

consider each to represent a separate mechanism for charg-
ing and discharging the equatorial Pacific heat content.
However, the ENSO-related discharging (charging) of the
equatorial Pacific appears to result in the initiation of the
decay phase of the positive (negative) ENSO event itself,
and possibly the cyclical initiation of an ENSO event of
opposite sign (although no such cyclical behavior is found
in our results). By contrast, the TWC-related charging (dis-
charging) appears to result in the initiation of the onset
phase of a positive (negative) ENSO event, which subse-
quently matures by the following boreal winter. While
beyond the scope of this paper, these results suggest that
for the purpose of predicting ENSO events, non-ENSO
related charging and discharging (via variations in the
equatorial and off-equatorial trade winds) may be impor-
tant in influencing the growth of subsequent ENSO events.
That said, it is recognized that the TWC mode isolated here
is by no means the only initiator of ENSO events and that
other initiating mechanisms can contribute—in isolation
or jointly—to the onset of any particular event (e.g. Nee-
lin et al. 1998). Further, based upon two sets of seemingly
contradictory results in the literature—namely that: (1)
NPO-related extratropical forcing of ENSO may preferen-
tially induce the onset of central Pacific (CP) ENSO events
(Yu and Kim 2011; Yu et al. 2012; Vimont et al. 2014) or
alternatively Eastern Pacific (EP) ENSO events (Anderson
et al. 2013a, b; Larson and Kirtman 2014); and (2) charged
heat content anomalies along the equator may (Vimont
et al. 2014; McPhaden 2012; Kumar and Hu 2014) or may
not (Wen et al. 2014; Ren and Jin 2013) preferentially
induce the onset of EP ENSO events relative to CP ENSO
events—the TWC mode and its concomitant changes in
subsurface temperatures also may be important in influenc-
ing the structural characteristics (i.e., the so-called diver-
sity) of the subsequent ENSO events, although again such
an investigation is beyond the scope of this paper.
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