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ABSTRACT

During the positive phase of the North Pacific Oscillation, westerly wind anomalies over the subtropical
North Pacific substantially increase subsurface heat content along the equator by ‘“‘trade wind charging”
(TWC). TWC provides a direct pathway between extratropical atmospheric circulation and El Nifio—
Southern Oscillation (ENSO) initiation. Previous model studies of this mechanism lacked the ocean—
atmospheric coupling needed for ENSO growth, so it is crucial to examine whether TWC-induced heat
content anomalies develop into ENSO events in a coupled model. Here, coupled model experiments, forced
with TWC favorable (+TWC) or unfavorable (—TWC) wind stress, are used to examine the ENSO response
to TWC. The forcing is imposed on the ocean component of the model through the first winter and then the
model evolves in a fully coupled configuration through the following winter. The +TWC (—=TWC) forcing
consistently charges (discharges) the equatorial Pacific in spring and generates positive (negative) subsurface
temperature anomalies. These subsurface temperature anomalies advect eastward and upward along the
equatorial thermocline and emerge as like-signed sea surface temperature (SST) anomalies in the eastern
Pacific, creating favorable conditions upon which coupled air-sea feedback can act. During the fully coupled
stage, warm SST anomalies in + TWC forced simulations are amplified by coupled feedbacks and lead to El
Nifio events. However, while —TWC forcing results in cool SST anomalies, pre-existing warm SST anomalies
in the far eastern equatorial Pacific persist and induce local westerly wind anomalies that prevent consistent
development of La Nifia conditions. While the TWC mechanism provides adequate equatorial heat content to
fuel ENSO development, other factors also play a role in determining whether an ENSO event develops.

1. Introduction

El Nino-Southern Oscillation (ENSO) describes the
irregular 2-7-yr variability in the state of the ocean and
atmosphere in the tropical Pacific (Rasmusson and
Carpenter 1982; Philander 1983, 1990; Wyrtki 1985; Jin
1997; Li 1997). Given the far-reaching impact of ENSO
on global weather and climate (e.g., Alexander 1992;
Lau and Nath 1996; Wang et al. 2000; Yuan 2004;
McPhaden et al. 2006; Yeh et al. 2014; Zhou et al. 2014;
Min et al. 2015; Chakravorty et al. 2013, 2016), im-
proving the accuracy of ENSO predictions has been a
long-standing goal in climate research. ENSO predic-
tion skill has increased over the past several decades
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because of improved understanding of the coupled
oceanic—atmospheric processes underlying the ENSO
phenomenon, as facilitated by knowledge obtained from
the tropical Pacific observing system, improvements in
models, and data assimilation systems (e.g., McPhaden
et al. 1998; Guilyardi et al. 2009; Barnston et al. 2012).
Yet, there is still considerable uncertainty regarding
which processes are crucial to further improve ENSO
prediction skill at long lead times (Tippett et al. 2012).

Although ENSO is a tropical phenomenon, the extra-
tropics have also been shown to impact ENSO variability
(Chiang and Vimont 2004; Chang et al. 2007; Vimont
et al. 2009) and recent work suggests that incorrect pre-
diction of extratropical precursors may contribute to
ENSO forecast uncertainty (Larson et al. 2018a).
Therefore, improved understanding of the physical
mechanisms by which extratropical precursors impact
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the equatorial Pacific may be vital to improving ENSO
predictions. Numerous studies suggest a robust rela-
tionship between midlatitude atmospheric variability
and the development of ENSO (e.g., Pierce et al. 2000;
Anderson 2003, 2004, 2007; Anderson et al. 2017;
Vimont et al. 2003a,b). Of particular importance is the
North Pacific Oscillation (NPO; Rogers 1981; Linkin and
Nigam 2008), which is the second leading mode of at-
mospheric variability during boreal winter (November—
January). In its positive phase, the NPO is characterized
by a high sea level pressure (SLP) anomaly centered near
60°N and a low SLP anomaly centered near 35°N and can
influence tropical variability through both oceanic and
atmospheric processes (Vimont et al. 2001, 2003a,b;
Anderson 2003, 2004, 2007; Chiang and Vimont 2004;
Chang et al. 2007; Alexander et al. 2010).

Several mechanisms have been proposed to explain
how the NPO can influence ENSO events. In one sce-
nario, during the positive phase of the NPO, the south-
ern lobe of the SLP dipole induced anomalous westerly
winds over the central and eastern subtropical North
Pacific, which oppose the prevailing easterly trade winds.
This acts to reduce evaporative cooling of the ocean,
leaving a warm SST “footprint” in the subtropics (Vimont
et al. 2003a,b). This SST footprint, a hallmark of the North
Pacific meridional mode (NPMM; Chiang and Vimont
2004), persists until the following summer and further
modifies the overlying atmospheric pressure and wind
fields through the positive wind-evaporation-SST (WES)
feedback (Xie and Philander 1994). This results in an
anomalous meridional SST gradient over the central
tropical Pacific (Liu and Xie 1994; Vimont 2010; Wang
2010) that can drive a latitudinal shift of the intertropical
convergence zone (ITCZ), weaken the equatorial east-
erlies, and trigger the onset of El Nifio events (Alexander
et al. 2010; Chang et al. 2007; Larson and Kirtman 2013,
2014). The reverse process operates during the negative
NPO phase and can trigger a cold ENSO event, or La
Nifia (Alexander et al. 2010). Importantly, according to
these arguments, NPO anomalies communicate to the
tropics only through thermodynamic processes (Xie
and Philander 1994; Chang et al. 2007; Vimont 2010).

However, there is an alternative, dynamically based
paradigm for the communication of the NPO to the
tropics, termed the ‘‘trade wind charging” (TWC)
mechanism (Anderson 2007; Anderson et al. 2013;
Anderson and Perez 2015). As part of the TWC
mechanism, the southern lobe of the positive NPO-
related SLP anomalies generates westerly wind stress
anomalies that extend from the western tropical Pacific
into the subtropical North Pacific, accompanied by east-
erly wind stress anomalies over the eastern equatorial
Pacific. These wind anomalies result in an off-equatorial
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wind stress curl that drives an equatorward mass
transport, thereby priming the system for an ENSO
event (Anderson 2007, Anderson et al. 2013; Anderson
and Perez 2015). Although the TWC wind patterns are
similar to those associated with the seasonal footprint
mechanism (SFM; Vimont et al. 2003a,b) and NPMM
processes (Anderson and Perez 2015), the TWC mecha-
nism provides a more direct pathway between extratropical
atmospheric circulation and ENSO event initiation. In
this case, ocean dynamics play a critical role in charg-
ing of central equatorial Pacific subsurface heat con-
tent, resulting in increased warm water volume (WWYV),
a well-known ENSO precursor (Wyrtki 1985; Jin
1997; Meinen and McPhaden 2000; Wen et al. 2014).
Importantly, heat content buildup associated with the
TWC mechanism is a consequence of ocean adjust-
ment to off-equatorial winds and is independent of
ENSO (Anderson 2003, 2004). Therefore, it is distinctly
different from the traditional recharge/discharge (Jin
1997) related changes in WWYV that are a consequence
of the ocean adjustment to equatorial winds related to
the preceding ENSO phase.

While observational results reveal empirical and
dynamical links between NPO-induced modification of
the North Pacific trade winds and concurrent basin-
scale tropical Pacific heat content changes, most of the
coupled model studies to date have focused on the
thermodynamic influence of NPO-related trade wind
variations on ENSO (e.g., NPMM/SFM). Previous ex-
periments using a high-resolution ocean-only model
reveal that positive NPO-related trade wind variations
induce the charging of subsurface heat in the central
Pacific (Anderson et al. 2013; Anderson and Perez
2015). The experiments show that these warm subsur-
face temperature anomalies advect eastward and gen-
erate a warming of eastern equatorial Pacific SST
(Anderson et al. 2013; Anderson and Perez 2015).
However, ocean-only models are unable to amplify the
positive SST anomalies in the eastern equatorial Pacific
because they lack ocean—atmosphere coupling [i.e., the
Bjerknes (1969) feedback mechanism]. As a result, it
has yet to be shown whether TWC-induced equatorial
heat content and the associated eastern equatorial
Pacific SST anomalies can subsequently develop into
mature ENSO events in a coupled model setting.

In this study, we test the efficacy of the TWC mech-
anism on ENSO variability using a coupled model ex-
perimental framework that provides opportunity for
TWC-induced equatorial anomalies to evolve into ma-
ture ENSO events. Details of the controlled model
framework and experimental design are provided in
section 2. The results, obtained from different sensitivity
experiments, are presented in sections 3 and 4, and a
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summary of the key results and conclusions is provided
in section 5.

2. Coupled model framework and the
experimental setup

a. Model description

The coupled model used in this study is the National
Center for Atmospheric Research (NCAR) Community
Earth System Model version 1.2.2.1 (CESM1; Hurrell
et al. 2013). This version of the model is configured
with the Parallel Ocean Program version 2 ocean
model (POP2; Smith et al. 2010) and is coupled to the
Community Atmosphere Model version 5 (CAMS;
Gettelman et al. 2010; Neale et al. 2012). These model
components communicate with each other through
the CESM flux coupler version 7, which computes air—
sea fluxes using the Large and Yeager (2009) surface
layer scheme. The ocean receives the flux information
from the coupler once per model day. POP2 is run
with a nominal 1° horizontal resolution, with finer
meridional resolution, approximately 0.3° latitude,
near the equator. The ocean model has 60 vertical z
levels, with a vertical resolution of 10-m increments in
the upper 160m of the ocean (Danabasoglu et al.
2012). The CAMS model has a horizontal resolution
of 0.9° latitude X 1.25° longitude, and 30 vertical
layers arranged in a hybrid pressure sigma coordinate.

CESM1 simulates realistic ENSO events with a
periodicity of 2-7 years and seasonal phase-locking
(DiNezio et al. 2017; Wieners et al. 2019). However,
it overestimates the SST variability associated with
ENSO by about 50% (DiNezio et al. 2017). CESM1
has improved representation of the asymmetry in the
strength and frequency of El Nifio versus La Nifa
events compared with previous versions of the model,
although it still underestimates the observed El Nifio/La
Nifia asymmetry (DiNezio et al. 2017; Zhang et al. 2017).

b. Experimental setup

We employ an idealized two-step model framework
(by transitioning from a forced version of CESM1 in
which the atmosphere’s communication with the ocean
is manually controlled to the fully coupled version of
CESM1) to highlight the effect of TWC forcing on
ENSO evolution. As both the initial and boundary
conditions have a strong influence on ENSQO’s evolu-
tion, in the first step of the experimental design the
coupled model is integrated in a “‘controlled flux stage”
to minimize these influences and isolate the ocean’s
response to the TWC mechanism. In the second step,
the coupled model is integrated in a ““fully coupled
stage’” during which any TWC-induced tropical signals

CHAKRAVORTY ET AL.

7393

have the opportunity to amplify and evolve into mature
ENSO events.

1) CONTROLLED FLUX STAGE

For the controlled flux stage, we choose initial con-
ditions that minimize the presence of equatorial oceanic
heat content anomalies in the initial ocean conditions, as
they can significantly impact the distribution of ENSO
outcomes in ensemble model experiments (e.g., Larson
and Kirtman 2019). These initial conditions originate
from a 222-yr fully coupled control simulation (CTL) of
CESML1, integrated from a 500-yr spinup run with pre-
industrial (1850) radiative forcing.

As the ensemble experiments are initialized on
1 November [hereafter 1 Nov(0); other months are simi-
larly styled], we select all 1 Nov(0) initial conditions from
the CTL simulation that 1) are in an ENSO-neutral state to
begin with and 2) have a tendency to remain ENSO-
neutral over the following 12-14 months. This is achieved
by applying the following two criteria. First, the monthly
average Nifio-3.4 SST anomaly in Nov(0) must be within
the range of =0.5°C (to ensure that near-neutral conditions
exist in the equatorial Pacific SST). Second, the Niflo-3.4
SST anomaly one year later, during the subsequent winter
Nov(1)-Jan(2) [NDJ(1/2)], must be within the range of
+1°C (to ensure the absence of any precursor conditions in
the initial ocean state that could result in the development
of a mature ENSO event the following year). A total of
31 branch points satisfies the above criteria and are se-
lected as initial conditions for the ensemble experiments.

Figure 1 shows the monthly averaged Nifio-3.4 SST
anomaly from the 222-yr CTL simulation of CESM1.
Comparison with the center of heat index (CHI; Ray
and Giese 2012; not shown), which allows the longitu-
dinal center of SST anomalies to vary as a function of
time and hence is not geographically fixed, indicates that
the Nifio-3.4 SST index is an appropriate indicator of
ENSO variability in this model (i.e., ENSO warming is
typically centered within the longitudinal range of the
Nifio0-3.4 box) and thus this index is used throughout the
rest of the analysis. The vertical black lines in Fig. 1
identify the Nov(0) branch points for the 31 years selected
as the initial conditions for the ensemble experiments and
the gray shaded areas highlight their evolution in the CTL
simulation up to the end of Dec(1).

Figure 2a compares the temporal evolution of the
Nifio-3.4 SST anomalies from Nov(0) to Dec(1) for
these selected years (black lines) with all other years in
the CTL (gray lines). This confirms that during the se-
lected years, the surface conditions remain relatively
ENSO-neutral throughout their evolution. The scatter-
plot between the initial Nifio-3.4 anomalies and the
average Nifio-3.4 anomalies of the following winter
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FIG. 1. Monthly mean Nifio-3.4 SST (°C) anomaly with 3-month smoothing calculated from
the 222-yr preindustrial fully coupled (CTL) simulation. The black vertical lines show the se-
lected Nov(0) branch points that serve as neutral initial conditions for the controlled flux ex-
periments and the gray shaded areas highlight their evolution in the CTL simulation during the
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following year.

show a clustering of points near the origin for the selected
events (black dots in Fig. 2c) further illustrating the near-
neutral ENSO conditions. Similarly, the WWYV anomalies
(computed as the integrated volume above the 20°C iso-
therm in the region 5°N-5°S, 120°E-80°W) for the selected
years confirm that subsurface heat content along the equa-
torial Pacific is relatively ENSO-neutral during the initial
state (black dots in Fig. 2d) and remains fairly neutral
throughout the evolution (black lines in Fig. 2b).

To control for the atmospheric boundary conditions
so as to isolate the dynamical influence of the TWC
mechanism, we force the ocean component of the model
with TWC-related wind stress anomalies (see section 2¢)
superimposed onto the climatological wind stress (cal-
culated from the ~50 years of the CTL simulation for
which the daily values of heat and momentum fluxes
were archived). This is referred to as a mechanically
decoupled version of the model [see Larson et al.
(2018b) for more details] and, by design, deactivates
wind-driven coupled feedbacks (e.g., the Bjerknes feed-
back) and removes the dynamic impact of atmospheric
noise (e.g., wind bursts) on the ocean (Larson and
Kirtman 2015). In our experimental setup, the ocean can
only dynamically respond to the prescribed wind stress,
which by design (the absence of strong wind anomalies
over eastern equatorial Pacific) does not allow the model
SSTs to grow into mature ENSO events. Further, to

eliminate thermodynamic influences of the boundary
conditions on SST via thermally coupled modes such as
NPMM and SFM, we also disconnect the thermodynamic
coupling in CESM1. This is done by forcing the ocean
model with prescribed climatological thermal (and fresh-
water) fluxes (again, calculated from the ~50 years of the
CTL simulation for which the daily values of heat and
momentum fluxes were archived) during the controlled
flux stage. During this stage the atmosphere remains un-
constrained and freely responds to the underlying ocean
state but the reverse feedback is disabled.

2) FULLY COUPLED STAGE

In the fully coupled stage of the modeling framework,
we remove all the flux constraints beginning on 1 Aug(1)
and allow the system to freely evolve on its own under
the fully coupled configuration. During this stage, TWC-
generated SST anomalies in the eastern equatorial
Pacific have the opportunity to grow via coupled air-sea
feedbacks and evolve into ENSO events.

c. Ensemble experiments

To isolate the effect of TWC wind stress forcing on
ENSO evolution, we perform three ensemble experi-
ments, each of which contains 31 ensemble members
initialized from the 31 initial Nov(0) states identified in
section 2b(1). The ensemble approach is necessary to

020z 1snbny 10 uo Jesn Aleiqr [eUsD YVYON Aq Jpd° 22206 L PIRIEESES6T/L6€L/L1ISEAPA-BI0IE/|DI/B10"00s|We S|eUINO//:dRY WOl papeojumog



1 SEPTEMBER 2020

CHAKRAVORTY ET AL.

a) Nino3.4 SST anomaly All years  —Selected years <€) Nov(0) vs NDJ(1/2) Niiio3.4 SSTA
3 ~ ®selected_years,
S 254 & e L
o e all_vyears Y
2 - ’
o 7 159
3 5
= T 05 - &. -
e
% CRNE SRR | & E ..h ................
> -0.5
f z. .h
S . 1T¥,
= -1.54 :
-2 = ’
9 -2.5 H
-3 :
NOV ' DEC ' JAN ' FEB ' MAR ' APR ' MAY ' JUN = JUL ' AUG = SEP = OCT ' NOV ' DEC ’3':.3'5 25 <15 05 05 1.5 25 35

b) WWYV anomaly All years  —Selected years d) Nov(0) Nifio3.4 SSTA vs WWVA

@selected_years
all_years

U

WWVA (10!% m?3)

-2

Nov(0) WWVA (10'% m3)
5

Nov DEC JAN FEB  MAR APR MAY JUN JuL AUG SEP ocT Nov DEC _3'5_3_5 25 .15 0.5 05 1.5 25 35

Time (months) Nov(0) Nifio3.4 SSTA (°C)

FIG. 2. Evolution of monthly mean (a) Nifio-3.4 SST anomalies (°C) and (b) WWYV anomalies (10'* m®) with
3-month smoothing and averaged over the equatorial Pacific (120°E-80°W, 5°S-5°N) from Nov(0) to Dec(1) for the
CTL simulation (gray lines). The 31 selected neutral years are indicated by black lines, and solid (dashed) red lines
show anomalies of +0.5°C (+1°C) for Nifio-3.4 SST anomalies (SSTA) and +0.5 X 10 m® (1 x 10**m?) for
WWYV anomalies (WWVA). (c) Scatterplot of the Nov(0) vs NDJ(1/2) Nifio-3.4 SSTA for the CTL simulation (gray
dots) and 31 neutral years (black dots). (d) As in (c), but for concurrent Nifio-3.4 SSTA vs WWVA in Nov(0).
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isolate the mean response to the TWC mechanism, as
internal variability generates a large ENSO spread
after coupling has been reintroduced (Larson and
Kirtman 2015).

1) THE +TWC ENSEMBLE

The +TWC ensemble is generated by forcing the model
(during the controlled flux stage) with +TWC-related
wind stress anomalies (associated with the positive phase
of the NPO) superimposed on the climatological wind
stress fields. The NPO, and hence TWC mechanism, is
generally weak in CESM1 and the typical structure of the
NPO pattern is not well represented (Thomas and Vimont
2016; Chen et al. 2018). For this reason, + TWC-related
wind stress anomaly fields are reconstructed using the
observationally constrained 20CRv2c momentum fluxes
and SST from the SODAsi.3 reanalysis product (Carton
and Giese 2008; Giese et al. 2016), which has a realistic
ENSO (Giese and Ray 2011; Ray and Giese 2012) and
manifests the TWC mechanism (Anderson et al. 2013).
Details regarding the identification and isolation of the
observationally constrained TWC-related wind stress
fields can be found in the appendix. One point to em-
phasize here is that, following the lead of previous an-
alyses, we constrain these TWC-related wind stress
fields to be independent of the ENSO cycle (see the
appendix for details).

To impose these + TWC-related wind stress anomalies
(Fig. 3a), the so-called controlled flux stage is divided into
two intervals (Figs. 3b,c): 1) the anomaly forced interval
during which the ocean is forced by + TWC anomalies
(added to the climatological wind stress fields) applied
from 1 Nov(0) to 30 Apr(1), as the TWC-related wind
pattern is prevalent during boreal winter; and 2) the cli-
matology forced interval during which the ocean is forced
by climatological wind stresses applied from 1 May(1) to
31 Jul(1). During the anomaly-forced interval, + TWC
anomalies are ramped up over the first month and ram-
ped down in the last month. The fully coupled stage then
begins on 1 Aug(1), after which the model is integrated
for the next 8 months until 31 Mar(2) (Figs. 3b,c).

2) THE NOTWC ENSEMBLE

We perform an ensemble experiment in which the
ocean is forced with only climatological wind stress
during the entire controlled flux stage (both intervals),
hereafter called the NoTWC ensemble. The NoTWC
ensemble is designed in such a way that all coupled
variability is suppressed in the initial controlled flux
stage. In the subsequent fully coupled stage, ENSO
events can develop but only due to the model’s internal
variability. Thus, this ensemble provides an estimate for
the internally generated spread of ENSO that can oc-
cur from an ENSO-neutral state in CESM1 and thus
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1. (c) Schematic of the model experimental setup.

provides an essential baseline to compare with the
other ensembles.

3) THE —TWC ENSEMBLE

Last, to determine whether tropical Pacific variability
is symmetrically responsive to positive versus negative
TWC forcing, we conduct a —TWC ensemble experi-
ment in which the anomalous wind stress forcing is the
opposite sign of that shown in Fig. 3a. This ensures that
any differences in ENSO response are not the result of
structural differences in the forcing itself.

3. Analysis of ensemble experiments

a. NoTWC ensemble results

As described in the previous section, we integrate the
NoTWC experiment in such a way that coupled vari-
ability in the ocean is eliminated during the controlled

flux stage. Figure 4a shows the evolution of 5-day aver-
aged Nifio-3.4 SST from Nov(0) to Mar(2) for each
member of the NoTWC experiment (gray lines) as
compared with the climatological evolution of Nifio-3.4
SST generated from the last 50 years of the CTL (pink
line). The NoTWC ensemble mean (black line) agrees
well with the CTL climatology, although NoTWC is
slightly warmer during the summer of year 1 (i.e., near
the end of the controlled flux stage). The ensemble
spread is very small during the controlled flux stage [e.g.,
blue vertical bar in Jul(1) in Fig. 4a]. Once the flux
constraint is removed and the model begins to evolve
freely in a fully coupled fashion from 1 Aug(1) onward,
the ensemble spread increases due to the model’s in-
ternal variability but remains narrower than the vari-
ability exhibited by the CTL (cf. blue and pink vertical
bars). Figure 4b shows the corresponding equatorial
Pacific WWYV time series, a proxy for heat content, for
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NoTWC ensemble members (gray lines) and the ensemble mean (black line). The pink con-
tinuous line shows the climatological mean from years 175 to 222 of the CTL simulation. The
pink vertical lines show the spread of the CTL simulation about the climatological mean for
Jul(1) and NDJ(1/2). The blue vertical lines are same as the pink, but for the NoTWC en-
sembles. Ensemble spread is calculated as the standard deviation of the ensemble members
(c) Annual mean depth of the 20°C isotherm (D20; m) averaged over 5°S-5°N as a function of
longitude for the NoTWC ensemble mean (black line) and the CTL climatology (pink line).
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the individual NoTWC members (gray lines) and the
ensemble mean (black line). The close proximity of the
ensemble mean WWYV to the CTL climatology (pink
line in Fig. 4b) and the narrow ensemble spread (even
after coupling is turned on) suggests the absence of

strong subsurface variability in the individual ensemble
members (blue vertical bars in Fig. 4b). In Fig. 4c, the
similarity of the annual mean zonal thermocline depth
in the NoTWC ensemble mean (black line) with the
CTL ensemble mean (pink line) further confirms that
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FIG. 5. Ensemble mean model response to + TWC wind stress forcing during the anomaly-forced interval of the controlled flux stage in
Dec(0), Feb(1), and Apr(1). The difference between + TWC and NoTWC ensemble means are shown for (a)—(c) SST (°C; shaded) and
wind stress (tau; Nm ™2, vectors) scaled to the reference vector at the top-right corner, (d)-(f) SSH (m; shaded) and wind stress curl
(1078 N m™3; contours with values =0.3, +0.5, =1, =1.5, and *2), (g)(i) meridionally averaged (5°N-5°S) temperature anomalies, and
(j)—(1) zonally averaged (180° to 140°W) temperature anomalies (°C), designated by color bar at the bottom of the panels. Stippling
indicates regions where the ensemble mean differences are significant with 90% confidence based on a two-tailed Student’s ¢ test. The
bottom panel highlights the corresponding timing relative to the 17-month +TWC experiment.

climatological forcing adequately reproduces the mean
thermocline depth from the fully coupled CTL. Thus,
the prescribed climatological fluxes do not uninten-
tionally bias the mean state and the NoTWC ensemble is
an appropriate analog for neutral conditions in the
equatorial Pacific and can be used as a baseline for our
sensitivity experiments.

b. +TWC ensemble results

1) VERIFICATION OF THE TWC MECHANISM

According to the TWC mechanism, there are three
hypothesized responses to imposed + TWC wind stress
forcing: 1) an initial charging of the central equatorial
Pacific with subsurface heat content almost concurrent
with the wind stress forcing; 2) an eastward migration of
this subsurface heat content anomaly along the equatorial

thermocline, resulting in the emergence of like-signed
eastern equatorial Pacific SST anomalies; and finally, 3)
the development and maturation of El Nifio conditions
across the equatorial Pacific following the emergence of
the eastern equatorial Pacific SST anomalies. In the fol-
lowing we test each of these hypothesized responses at
various intervals within the controlled flux and fully
coupled stages of the +TWC experiment.

2) ANOMALY FORCED INTERVAL

Here we aim to examine how effective the +TWC
forcing, in isolation, is at charging the equatorial Pacific
with positive subsurface ocean heat content. Figure 5
depicts the evolution of the tropical Pacific during
the + TWC anomaly forced interval of the controlled flux
stage by showing the ensemble mean difference between
the +TWC and NoTWC simulations. These differences
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anomalies are computed relative to the corresponding NoTWC WWYV value. Black dots correspond to the NoTWC
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for the +TWC (red) and —TWC (blue) ensembles.

reveal the direct response of the tropical Pacific Ocean to
the imposed anomalous wind stress forcing. Ensemble
mean differences in SST, sea surface height (SSH; as a
proxy of thermocline depth), wind stress, wind stress curl,
and subsurface temperature anomalies are shown for
Dec(0), Feb(1), and Apr(1).

The initial ocean response to imposed +TWC forcing
is present in the off-equatorial central Pacific SSH
anomalies (Fig. 5d) accompanying significant deepening
of the thermocline. In this region, the imposed off-
equatorial westerly wind stress anomalies act to weaken
the prevailing trade winds, which when combined with
anomalous equatorial easterlies generate off-equatorial
anticyclonic curl (black contours in Figs. 5d,e) in the
central Pacific that induces downward Ekman pump-
ing and thus displaces the thermocline downward.
Importantly, the anticyclonic wind stress curl in the
central equatorial Pacific is accompanied by equa-
torward vertically integrated mass transport [consis-
tent with Clarke et al. (2007) and Anderson and Perez
(2015)]. Hence as the forcing persists, there is a sub-
sequent increase in SSH (Figs. 5e.f) and subsurface
temperatures along the equator (Figs. Sh,i), representa-
tive of a ‘“‘charged” equatorial Pacific. Cross-equatorial
sections of temperature in the central Pacific (Figs. 5j-1)
clearly indicate that the formation of positive subsurface
temperature anomalies initially takes place along the
thermoclines near 5°N and 5°S, which then subsequently
move equatorward. Along the equator, subsurface
temperature anomalies remain relatively stationary
(Figs. 5h,i); however, off the equator SSH (and by
extension subsurface temperature) anomalies show a

westward propagation (Figs. Se,f), suggestive of an off-
equatorial baroclinic Rossby wave response to the
+TWC wind stress forcing. Despite the absence of
surface heat flux anomalies (by design), there is a
surface temperature response to the +TWC wind
stress forcing, including a cooling along the equator
and a warming of the off-equatorial central North
Pacific (Figs. Sa—c). Cooling at the equator is the result
of enhanced easterly trade winds that drive shoaling
of the thermocline and more vigorous mixing in the
oceanic boundary layer, whereas warming of the off-
equatorial central North Pacific is in response to weak-
ened easterly trades that results in a deepening of the
thermocline (discussed above) and weaker mixing.
Based on this analysis, it is evident that + TWC forcing
increases subsurface heat content and thus charges the
equatorial central Pacific with warm water consistent
with previous studies (Anderson 2004; Anderson and
Maloney 2006). These warming conditions can serve as a
potential precursor for El Nifio events. Scatterplots of
the Nov(0) WWYV versus the Mar(1)-May(1) [MAM(1)]
WWYV anomalies across the equatorial Pacific are shown
in Fig. 6a for the individual ensemble members of
NoTWC (black dots), +TWC (red dots), and —TWC
(blue dots) ensembles. For each ensemble member,
anomalies are computed with respect to the corre-
sponding NoTWC ensemble member that starts from
the same initial condition; thus, the NoTWC ensembles
by construction have a value of zero. The robustness
of the buildup of subsurface heat content in response
to the +TWC anomaly is clearly evident (red dots).
The approximately 2.9 X 10 m? increase of WWV
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FIG. 7. As in Fig. 5, but for the + TWC ensemble mean response during the climatology-forced interval of the controlled flux stage in
May(1) and Jul(1). Ensemble mean differences of wind stress and curl during this time period are by construction zero, and hence are not
shown. The black box in (b) indicates the ENSO onset region (135°-90°W, 5°N-5°S). Cross-equatorial transects of subsurface temperature
in (g) and (h) are zonally averaged from 140° to 100°W. The bottom panel highlights the corresponding timing relative to the 17-month

+TWC experiment.

anomalies due to the + TWC forcing is consistent across all
ensemble members. This supports our claim that the
+TWC mechanism, in isolation, is sufficient to successfully
charge the tropical Pacific with warm water in boreal
spring of year (1), regardless of its initial state. In addition,
to further illustrate this, we calculate the probability den-
sity function (PDF) of MAM(1) WWYV anomalies (Fig. 6b)
for the +TWC and —TWC ensembles. The +TWC dis-
tribution of WWYV values (red curve) is centered around
2.9 X 10" m? with all ensemble members showing similar
WWYV response to the +TWC forcing. This demonstrates
that +TWC wind stress forcing substantially charges the
subsurface equatorial Pacific heat content and hence con-
firms the first hypothesized response to +TWC forcing.

3) CLIMATOLOGY FORCED INTERVAL

The aim of the climatology-forced interval of the
controlled flux stage is to establish whether the +TWC
induced charged equatorial Pacific is sufficient to subse-
quently initiate a warming in the east equatorial Pacific as
an initial signal of the onset of El Nifio events. The evo-
lution of the tropical Pacific during this interval is depicted
in Fig. 7, which shows the ensemble mean difference
between the +TWC and NoTWC simulations. These
differences reveal the subsequent evolution of the

+TWC-induced anomalies in the absence of any anoma-
lous atmospheric variability or coupled ocean—atmosphere
feedbacks. Under climatological forcing, the equatorial
anomalies generated by the +TWC wind stress forcing
initially advect eastward along the equatorial waveguide
and upward along the zonally tilted thermocline
(Figs. 7c,e). By July(1), these anomalies outcrop at the
surface, resulting in surface warming in the eastern equa-
torial Pacific (Figs. 7b,f,h). Additionally, off-equatorial
positive SSH anomalies continue to propagate westward
from their initial formation location (Figs. Sc,d) consistent
with westward-propagating baroclinic Rossby waves,
which reflect off the western boundary and may further
supply equatorial Pacific heat content even though
the + TWC wind stress forcing is no longer present.
This analysis shows that the eastward advection of
+TWC-induced subsurface equatorial Pacific heat con-
tent anomalies results in the emergence of like-signed
eastern equatorial Pacific SST anomalies. To confirm the
robustness of this SST response to the TWC-related wind
stress forcing, Fig. 8 displays scatterplots of the Nov(0)
SST anomalies over 5°S-5°N, 135°-90°W (ENSO onset
region; black box in Fig. 7b) versus Jul(1) SST in this same
region for the individual ensemble members of NoTWC
(black dots), +TWC (red dots), and —TWC (blue dots)
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FIG. 8. (a) Scatterplot of Nov(0) SST (°C) vs Jul(1) SST anomalies for the 31 ensemble members in the ENSO
onset region (average over 135°-90°W, 5°N-5°S) in Fig. 7b. For each ensemble member, Jul(1) SST anomalies are
computed relative to the corresponding NoTWC SST value. Black dots correspond to the NoTWC ensembles (and
by construction are identically zero), red dots correspond to the +TWC ensembles, and blue dots correspond to
the —TWC ensembles. (b) PDF (%) of the Jul(1) SST anomalies in the ENSO onset region for the +TWC (red)

and —TWC (blue) ensembles.

ensembles. As before, for each ensemble member,
anomalies are computed with respect to the NoTWC
member starting from the same initial conditions. As
with the MAM(1) WWYV response (Fig. 6a), the ro-
bustness of Jul(1) SST response in the onset region to
the +TWC wind stress forcing is evident (red dots in
Fig. 8a) and is similar across all of the ensemble
members, regardless of initial SST values. To further
illustrate the consistency of this surface response to
TWC forcing, we calculate the PDF (Fig. 8b) of Jul(1)
SST anomalies in the onset region. The +TWC en-
semble experiment distribution of SST anomalies (red
curve) indicates that all ensemble members show a
positive SST response to the +TWC forcing. This
shows that +TWC wind stress forcing does result
in the emergence of significant, like-signed eastern
equatorial Pacific SST anomalies (Fig. 7b), confirming
the second hypothesized response to +TWC forcing.

4) FULLY COUPLED STAGE

To investigate whether the +TWC warm SST anom-
alies that emerge in Jul(1) develop into El Nifio events,
we resume thermodynamic and dynamic coupling on 1
Aug(1). We then integrate the model forward under this
fully coupled configuration for the next 8 months, which
allows perturbations to grow through coupled feed-
backs. Figure 9 shows the subsequent growth of the
equatorial Pacific anomalies. Although coupling is
turned on 1 Aug(1l), we choose to show Sep(1) to give
the ocean anomalies enough time to interact with the
overlying atmosphere. In the presence of coupling,
TWC-induced SST warming over the east Pacific initi-
ates the Bjerknes feedback by generating westerly wind

anomalies (Fig. 9a) over the equatorial central Pacific
(mainly west of the surface warming). Further, the off-
equatorial SST anomalies can also influence these winds
along the equator through the wind-evaporation—-SST
feedback (Amaya 2019; You and Furtado 2017). In
turn, the westerly wind anomalies along the equator
oppose the climatological equatorial upwelling and
sustain the deepening of the thermocline in the central
and eastern equatorial Pacific (Fig. 9d), further inten-
sifying surface warming inside and beyond the bound-
aries of the ENSO onset region (Fig. 9a). In Oct(1),
westerly wind stress anomalies become stronger over
the central equatorial Pacific due to the weakening of
the eastern equatorial Pacific cold tongue (2°S-2°N,
140°-100°W), driving positive SSH anomalies from
150° to 110°W and amplifying the central equatorial
Pacific warming (Figs. 9b,e). Finally, in Dec(1) the
+TWC ensemble exhibits an extensive surface warm-
ing pattern across the central and eastern equatorial
Pacific indicative of significant but modest El Nifio
event with ensemble mean SST anomalies greater
than +0.3°C (Fig. 9¢), confirming the third hypothe-
sized response to +TWC forcing. In addition, subsur-
face temperature warming during this stage amplifies
as expected under the Bjerknes feedback mechanism,
with continued warming along the equatorial thermo-
cline in both the central and eastern Pacific (Figs. 9g—i).

5) THE TEMPORAL EVOLUTION OF THE
EQUATORIAL PACIFIC IN THE +TWC
ENSEMBLE

To depict the full evolution of the equatorial Pacific in
response to +TWC wind stress forcing, Fig. 10 shows the
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FIG. 9. As in Fig. 5, but for the +TWC ensemble mean response during the fully coupled stage in Sep(1), Oct(1), and Dec(1). Cross-
equatorial transects of subsurface temperature in (j)—(1) are zonally averaged from 140° to 100°W. The bottom panel highlights the corre-

sponding timing relative to the 17-month + TWC experiment.

time evolution of equatorial Pacific SST (Fig. 10a), SSH
(Fig. 10b), and zonal wind stress (Fig. 10c) anomalies for
the +TWC ensemble mean. During the + TWC anomaly
forced interval, positive SSH anomalies gradually increase
over the central Pacific (Fig. 10b) due to the subsurface
buildup of warm water in this region, as discussed earlier.
At the same time, negative zonal wind stress anomalies on
the equator (Fig. 10c), a result of the prescribed +TWC
wind stress pattern (Fig. 3a), generate anomalous SST
cooling over the equatorial Pacific (Fig. 10a). During the
climatology-forced interval [May(1)-Jul(1)], the equatorial
SSH anomalies, representative of the subsurface warming,
advect eastward (Fig. 10b) and result in surface warming as
they outcrop in the eastern equatorial Pacific during Jun(1)
and Jul(1) (Fig. 10a). During the fully coupled stage
[Aug(1) onward], these warm SST anomalies (Fig. 10a)
induce equatorial westerly anomalies (Fig. 10c) across the
central and eastern Pacific, which in turn further deepen the
thermocline (Fig. 10b) and amplify the SST warming across
the central and eastern Pacific, indicative of an active
Bjerknes feedback. Based on this analysis, it is evident that

the emergence of +TWC-induced eastern equatorial
Pacific SST anomalies does lead to the development and
maturation of El Nifio conditions in the Pacific.

c. —TWC ensemble results

Next, we repeat a similar analysis but with the ensem-
ble forced with —TWC wind stress anomalies. Figure 11
depicts the tropical Pacific evolution for the ensemble
mean response to —TWC wind stress forcing at various
stages of the model experiment. During the anomaly
forced interval, from Nov(1) through Apr(1), the en-
semble mean ocean response to —TWC wind stress
[Apr(1) shown in Fig. 11, top panels] is a virtual mirror
image of + TWC ensemble mean response [Apr(1) shown
in Fig. 5, bottom panels]. Integrated meridional transport
directed away from the equator (poleward discharge of
warm water) due to the —TWC wind stress curl (black
contours in Fig. 11e) results in a significant cooling of
subsurface temperatures along the equator (Figs. 11e,i,m).
This represents the “discharged” state of the equatorial
Pacific, which primes the equatorial Pacific for a La Nifia
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FIG. 10. Time-longitude plots of the + TWC ensemble response of (a) SST (°C), (b) SSH (m), and (c) zonal wind stress (taux; N m~2)
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Nov(0) to Mar(2). The white contour in (c) corresponds to 0 N-m ™2 zonal wind stress. Areas are stippled where values exceed the 90%

confidence level based on a two-tailed Student’s ¢ test.

onset. The scatterplot of Nov(0) WWYV versus the
MAM(1) WWYV anomaly (blue dots, Fig. 6a) and the
PDF of MAM(1) WWYV anomalies for the —TWC en-
semble (blue line, Fig. 6b) indicate that the —TWC wind
stress forces a nearly antisymmetric WWYV response
(approximately 2.7 X 10¥m® decrease) compared to
the +TWC experiment. This response is consistent
across all ensemble members. This suggests that —TWC
wind stress forcing substantially discharges the equato-
rial Pacific heat content, which serves as an important
corollary to our first hypothesized response to TWC-
induced wind stress forcing.

Similar to the + TWC ensemble, during the climatology
forced interval of the —TWC ensemble experiment, these
negative subsurface anomalies advect toward the eastern
equatorial Pacific and outcrop as negative SST anomalies

in the eastern equatorial Pacific by Jul(1) (Figs. 11b,j).
That said, at the end of climatology-forced stage, +TWC
and —TWC forcing generates SST anomalies are not a
simple mirror image (cf. Figs. 7b,j and 11b,f). Instead, a
small asymmetry develops in the far eastern equatorial
Pacific SSTs between the two experiments. The cold SST
anomaly that emerges in the —TWC experiments is lo-
cated slightly west of its +TWC counterpart, due to
slower equatorward and eastward advection of subsur-
face cold anomalies in —TWC simulation (not shown).
Thus, the pre-existing warm SST anomalies in the far
eastern equatorial Pacific (eastern edge of box in Fig. 11b)
do not fully dissipate, resulting in an east-west SST gra-
dient in the —TWC experiment. These differences in the
eastern equatorial SST anomalies in the onset region are
more apparent in the scatterplot and PDF for the —TWC

020z 1snbny 0 uo Jesn Aeiqr [euad YVON Aq 4pd° 222061 PIRIEESESEY/LBE L/ L LISE/Pd-8lome/ol/Bi0-00s}eWe s|eUINOl/:dRY WOl papeojumoq



7404

a)Apr(1SST & Tau —= .0IN/m® e)Apr(1) SSH & Curl
20°N 2 Z 5 . ,
1008 { o g s

10°S (1'\‘ P ERatdatalabiont. .

cemsA NN NN L

s e B

JOURNAL OF CLIMATE

VOLUME 33

i)Apr(1) TEMP(5S—5N)

m)Apr(1 yTEMP(180w—140w)

RO N N W IR
AN

RLTION

o)Aug(1)

-

300 “TyFec(i)” )

60 o _
100 '
140 {
180
220
260

135°E 165°E 165°W 135°W 105°W

135°E 165°E 165°W 135°W 105°W

-0.5 =035 -0.2 -0.05 0.1 0.25 0.4

135°E 165°E 165°W 135°W 105°W 8°s 4°S 0° 4°N  8°N

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8

FI1G. 11. Ensemble mean model response to —TWC wind stress forcing during the anomaly-forced interval of the controlled flux stage in
Apr(1), the climatology-forced interval of the controlled flux stage in Jul(1), and the fully coupled stage in Aug(1) and Dec(1). The
difference between —TWC and NoTWC ensemble mean for (a)—(d) SST (°C; shaded) and wind stress (tau; N m~2; vectors), (¢)—(h) SSH
(m; shaded) and wind stress curl (10~ N m~>; contours with values +0.3, +0.5, and *1), (i)~(1) meridionally averaged (5°N-5°S) sub-
surface temperature, and (m)—(p) zonally averaged [180°~140°W for (m) and 140° to 100°W for (n)—(p)] subsurface temperature. Stippling
shows regions where ensemble mean differences are significant with a 90% confidence level based on a two-tailed Student’s ¢ test.

ensembles in Fig. 8. Despite this slight asymmetry, anom-
alous cooling of the eastern equatorial Pacific is still found
across all ensemble members at this stage of the experi-
ment (blue curve in Fig. 8b). Hence, we additionally argue
that —TWC wind stress forcing results in the emergence
of significant, like-signed eastern equatorial Pacific SST
anomalies, which is a corollary to the second hypothesized
response to TWC-induced wind stress forcing.

As soon as the coupling is engaged, however, a marked
asymmetry arises between the +TWC and —TWC ex-
periments. Instead of finding the expected easterly anom-
alies over the central equatorial Pacific (as a negative
analog of the + TWC experiments), in the —TWC exper-
iments, the east-west SST gradient in the eastern equato-
rial Pacific induces local westerly anomalies in Aug(1)
(Fig. 11c). A subsequent mixed layer heat-budget analysis
(not shown) indicates that during the beginning of the fully
coupled stage for the —TWC experiments, the net heat
flux associated with the westerly wind anomalies results
in a temperature tendency that suppresses the growth of

the La Nifia conditions in the onset region (Figs. 11k,1). As
the surface waters warm, they, along with the westerly
wind stress anomalies, expand westward over the central
equatorial Pacific, resulting in weak El Nifio-like condi-
tions (Fig. 11d).

4. Evolution of individual +TWC and —TWC
ensemble members

To determine the robustness (or lack thereof) of the
imposed +TWC/—TWC wind stress anomaly forcing on
the development of like-signed ENSO events, we analyze
the evolution of the individual ensemble members across
the full experimental integration. Figure 12 shows the time
evolution of Nifio-3.4 SST and equatorial Pacific WWV
anomalies (both calculated with respect to their corre-
sponding NoTWC branch simulation) for the individual
ensemble members from the +TWC (red) and —TWC
(blue) experiments. The broomstick-like curves exhibit
close clustering of all ensemble members around their
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FIG. 12. The 5-day mean (a) Nifio-3.4 SST (°C) anomalies with
3-month smoothing for the 31 + TWC (thin red lines) and —TWC
(thin blue lines) ensembles computed by removing the corre-
sponding NoTWC ensemble member. Thick red and blue lines
correspond to the +TWC and —TWC ensemble means, respec-
tively. The black dashed line shows the 0°C Nifio-3.4 SST anomaly.
(b) As in (a), but for WWV anomalies (10'*m®) averaged over
120°E-80°W, 5°N-5°S.

ensemble means during the controlled flux stage from
Nov(0) to Jul(1), as expected. During this stage, although
the SST response in the Nifio-3.4 region is weak, the nar-
row distribution of the WWV anomalies (Fig. 12b) con-
firms that the + TWC/—TWC forcing consistently provides
sufficient fuel (subsurface preconditioning of equatorial
Pacific heat content) in boreal summer for a like-signed
ENSO event to develop in the subsequent winter.

However, once the coupling is turned on in Aug(1),
the individual ensemble members in either experiment
quickly diverge, evidenced by widening of the plumes in
both the Nifio-3.4 SST and WWYV anomalies. Despite
the large ensemble spread, the positive Nifio-3.4 values
of the +TWC ensemble mean indicate the presence of
modest El Nifo-like warming (thick red line in Fig. 12a),
whereas the —TWC forcing is unable to consistently de-
velop La Nifia-like cooling (blue lines in Fig. 12a) as
discussed in the previous sections. These results demon-
strate that in our model, the response of Nifio-3.4 SST is
not linearly dependent on the sign of the anomalous
TWC forcing applied once coupling resumes.

To further illustrate the Nifio-3.4 SST response to
TWC forcing, we calculate the PDF of the NDJ(1/2)
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FIG. 13. Probability density function of the NDJ(1/2) SST (°C)
anomalies in the Nifio-3.4 region calculated with respect to the
NoTWC ensemble mean for the NoTWC (black), +TWC (red),
and —TWC (blue) ensembles.

Nifio-3.4 SST anomalies (Fig. 13) for the NoTWC,
+TWC, and —TWC ensembles. Since the NoTWC in-
tegrations only contain internal variability resulting
from the influence of coupling, here we calculate SST
anomalies relative to the NoTWC ensemble mean
(rather than relative to the corresponding the NoTWC
ensemble members). While the difference in the means
of the +TWC and NoTWC distributions is small (less
than 0.2°C), the +TWC distribution (red line) is posi-
tively skewed, bimodal, and significantly different from
the corresponding NoTWC distribution (black line) at
the 90% confidence level. Importantly, the probability
of an El Nifio is substantially larger in the +TWC than
the NoTWC experiment. Specifically,14 out of 31 (45%)
of the + TWC ensemble members exceed 0.5°C warming
in the Niflo-3.4 region in boreal winter, which is nearly
3 times as often as in the NoTWC experiment (5 out of
31 members). In addition, an analysis of the location of
the center of heat index (CHI) indicates that within
the +TWC ensemble, ~80% of the warm members lie
to the east of 150°W, the longitude separating the Nifio-4
(i.e., central Pacific) region from the Nifio-3 (i.e., eastern
Pacific) region, suggesting that +TWC forcing has a
tendency to produce eastern Pacific El Nifio events
(by comparison, the NoTWC experiment shows no
preference for one type of ENSO event over the other).
In contrast the —TWC PDF (blue line) is not signifi-
cantly different from the NoTWC distribution although,
as with the + TWC experiment, the bimodal distribution
is skewed positive rather than skewed negative with
more substantial warming events (9 members) than in
the NoTWC experiment, again indicating a nonlinear
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response of the ENSO system to the sign of the TWC-
related wind stress forcing.

5. Summary

In this study, TWC favorable (+ TWC) or unfavorable
(=TWC) wind stress forcing is imposed in a set of
CESM1 coupled model experiments to examine the
ENSO response to the TWC mechanism. For both
+TWC and —TWC scenarios, we integrate an ensemble
experiment, in addition to a control ensemble experi-
ment (NoTWC), in which no TWC forcing is applied.
Each ensemble member is branched from an ENSO-
neutral initial condition. Initially, each member is inte-
grated with the ocean component essentially decoupled
from the atmosphere, with the ocean forced by climato-
logical thermal fluxes and prescribed wind stress anomalies
associated with + TWC, —TWC, or NoTWC (anomalies = 0)
superimposed upon the climatological wind stress. For
each +TWC and —TWC ensemble member, anomalous
forcing is imposed through the first winter, Nov(0) to
Apr(1), and then the model evolves under purely clima-
tological forcing until the end of Jul(1). This “controlled
flux stage” of the experiment allows 1) the +TWC
(—=TWC) mechanism to ‘“charge” (‘“‘discharge”) the
warm water volume in the equatorial Pacific; 2) the as-
sociated subsurface warming/cooling to advect eastward
along the equatorial thermocline; and 3) the outcropping
of the subsurface anomalies to induce initial warm/cold
SST anomalies in the eastern equatorial Pacific (ENSO
onset region). Next, to allow these TWC-forced SST
anomalies to grow via coupled feedbacks, each ensemble
member is integrated in a “fully coupled stage” for the
remainder of the experiment, from Aug(1) to the fol-
lowing winter, Mar(2). The NoTWC experiment is simi-
lar except that the ensemble members are integrated
under climatological forcing during the entire controlled
flux stage from Nov(0) to Jul(1).

We find a robust subsurface ocean response to + TWC
and —TWC forcing relative to the NoTWC experiment
across the equatorial Pacific. Wintertime +TWC forcing
generates a buildup of subsurface heat content through
equatorward mass transport and leads to a charged state
in the equatorial Pacific with large warm (positive)
subsurface temperature anomalies along the thermo-
cline during the following spring (Fig. 5), consistent with
Anderson et al. (2013). Similarly, wintertime —TWC
forcing drives meridional mass transport away from the
equator, discharges the equatorial Pacific heat content
poleward and results in cool (negative) equatorial Pacific
subsurface temperature anomalies (Fig. 11, top panels).
For both +TWC and —TWC experiments, these sub-
surface temperature anomalies then advect eastward and
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upward along the equatorial thermocline from May(1) to
Jul(1) and consistently produce warm (+TWC) or cool
(—TWC) eastern equatorial Pacific SST anomalies in
Jul(1) (Figs. 7b and 11b, respectively), consistent with the
onset of like-signed ENSO events. Thus, the system is
primed with favorable conditions upon which the Bjerknes
feedback can act and potentially develop like-signed
ENSO events the following winter. These responses to
TWC forcing are consistent across all ensemble members
(Figs. 6 and 8). Overall, the +TWC/—=TWC forcing
consistently ‘“primes” the equatorial Pacific for like-
signed ENSO event development.

Notably, even though the oceanic response to TWC
forcing is fairly symmetric in the +TWC and —TWC
experiments, once the coupling is engaged we find an
asymmetry in the subsequent ENSO development. The
+TWC-induced eastern equatorial Pacific warming gen-
erates westerly wind stress anomalies over the central
equatorial Pacific and on average leads to an El Nifio-like
warming in the following winter [NDJ(1/2)], as hypoth-
esized in Anderson and Perez (2015). In contrast, the
—TWC-induced eastern equatorial Pacific cooling along
with pre-existing warming in the far eastern equatorial
Pacific generates an east-west SST gradient. This SST
gradient triggers westerly wind stress anomalies over the
eastern equatorial Pacific. These localized westerly wind
anomalies inhibit the emergence of the cold subsurface
temperature anomalies, resulting in a reversal of the SST
anomalies and the subsequent development of weak
warming in the eastern equatorial and southeast Pacific.

One question that arises is why, given the robust and
consistent charging (discharging) of equatorial subsur-
face heat content and the subsequent initial east Pacific
warm (cold) SST anomalies in the +TWC (—TWC)
experiments, do these experiments fail to consistently
result in the development of El Nifio (La Nifia) events
once the ocean and atmosphere are fully coupled? In
addition to the coupled feedbacks mentioned above,
many studies have shown that stochastic atmospheric
variability (e.g., wind bursts) plays a critical role in the
evolution of ENSO events (Fedorov et al. 2015; Levine
and McPhaden 2016; Hu and Fedorov 2016, 2017;
Larson and Kirtman 2017; Puy et al. 2017; Izumo et al.
2018). Therefore, we hypothesize that stochastic variabil-
ity is responsible for the inconsistent (large spread) ENSO
response in the TWC experiments. Indeed, Larson and
Kirtman (2017) estimate that ocean preconditioning as-
sociated with the traditional Jin (1997) recharge/discharge
explains just 30% of ENSO variability in a coupled model
experiment similar to this one, whereas roughly 70% can
be explained by stochastic variability alone. It is also pos-
sible that the nearly but not quite neutral initial conditions
may have played a role in the large ensemble spread and
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bimodal distribution of the ENSO response. Analysis of
the interaction between stochastic forcing, initial condi-
tions, and the TWC mechanism is beyond the scope of this
paper, but will be the subject of future study.

It is also important to note that our experiments only
consider the dynamic response of the tropical Pacific to
NPO-induced changes in extratropical winds, and do not
include the corresponding thermodynamically coupled
air-sea interactions associated with the SFM and NPMM
mechanisms. The relative contribution of the TWC
mechanism (dynamic interactions) and NPMM mecha-
nism (thermodynamic interactions) on the development
of subsequent ENSO events, along with their combined
effect, might produce a more pronounced ENSO re-
sponse and will also be explored in future studies.
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APPENDIX

Generation of TWC Wind Stress Fields

To identify TWC-related wind stress fields from
within the SODAsi.3 reanalysis product we seek to
isolate the boreal winter tropical wind stress field 7,
that 1) has the highest correlation with tropical SST
variability during the following boreal winter and 2) is
independent of the concurrent ENSO state. To do so,
we use monthly SST and zonal wind stress 7, from the
SODAsi.3 and 20CRv2c datasets, respectively. Since
the +TWC-related wind stress anomalies comprise
both westerly anomalies (i.e., weakened trade winds) in
the central North Pacific and weak easterly anomalies
(i.e., strengthened trade winds) in the eastern equato-
rial Pacific, following the method of Anderson and
Perez (2015; cf. their Fig. 14a), we isolate the central
and eastern Pacific wind stress anomalies by restricting
the reconstructed fields to the region between 180°
and 120°W, and from 20°S to 20°N, using a 20° wide
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Gaussian taper (Anderson and Perez 2015; cf. their
Fig. 14a) as shown in Fig. 3a. This procedure removes
possible impacts from concurrent western equatorial
Pacific wind stress fields, but retains equatorial wind
stress fields over the central and eastern Pacific that can
generate an off-equatorial wind stress curl and vertically
integrated mass transport upon which the TWC mech-
anism relies. Furthermore, because both ENSO and
TWC are most active during boreal winter, the variables
are seasonally averaged from November to January for
SST (Trenberth 1997) and from November to February
for 7, and the seasonal means are linearly detrended
across all years (Anderson and Perez 2015).

To further improve robustness of the results, the data
processing described above is run identically on all eight
ensemble members available from the two reanalysis
products (as opposed to their ensemble means, which
is a more conventional value to analyze). These eight
anomaly fields are then concatenated along the time
dimension, resulting in time series spanning 8 X 60 =
480 years. This strategy assures that interesting internal
variability from each ensemble member is retained,
while still using all realizations to constrain the results
and reduce their sensitivity to the noise that a single
member could be carrying. As a sensitivity test, the
analysis was repeated twice: 1) on each ensemble
member separately whose results were then averaged,
and 2) on the ensemble mean. The results (not shown)
were highly similar and the time-concatenated ap-
proach was chosen for our study.

Having obtained the spatiotemporal evolution of bo-
real winter, tropical Pacific wind stress, and SST varia-
tions, we next sought to identify precursor modes of
wind stress variability that precede large-scale changes
in the boreal winter SST structure the following year by
adopting a variant of the canonical correlation analysis
(CCA) used by Anderson (2003). As in previous ana-
lyses (e.g., Bretherton et al. 1992; Graham et al. 1987) we
first isolate large-scale modes of variability in both fields
through EOF analysis and then, following the method
outlined by Anderson (2003), apply CCA to the leading
EOF time series of boreal winter, tropical Pacific zonal
wind stress, and the following boreal winter’s tropical
Pacific SST. The subset includes the first 10 modes for
SST and the first 9 modes for the wind stress fields. To
avoid concurrent, ENSO-related wind stress anomalies
from biasing the TWC-related wind stress reconstruc-
tions, we followed the approach documented by Larson
and Kirtman (2013) and remove these anomalies by
excluding the first EOF of ,—which captures the time
evolution of ENSO-related wind stress anomalies—
from the CCA. As arobustness test, ENSO-related wind
stress anomalies are also linearly removed using the
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FIG. Al. (a) Canonical variables of SST [CV 4 (¢); thick green line] and zonal winds [CVL ®);
dotted green line] for the first canonical factor relating boreal winter (November—February)
tropical Pacific wind stress variations to SST variations the following winter (November—
January) Also shown is the November—January Nifio-3.4 index (black line) concurrent with
CVSST(t) The CV! _(?) time series are plotted with respect to January of a given year while the
CVi(f) and Nifio-3.4 tlme series are the values for the followmg winter. (b) Weighted mean

zonal wind stress (Nm ™~

% shaded) and total wind stress (N m ™

% vectors) anomalies associated

with positive values of CVL(t), representative of +TWC conditions.

concurrent Nifio-3.4 index and the final results are
identical (not shown).

The CCA analysis returns paired time series, one for
SST and the other for 7,, and they are sorted such that
the first mode is the one with the highest correlation
between paired time series (Fig. 3a). Using the first ca-
nonical variable for 7, CVL(I), the wind fields of TWC
were reconstructed using a weighted composite algo-
rithm. The weights are defined by W] (), where

W CV! (1), if CV! (>0,
- t — X x
* 0, otherwise.

Given the anomaly fields of zonal and meridional winds
at grid space s and time £, 7,(s, f) and 7,(s, t), respectively,
the reconstructed fields are equal to

27 (s, )X W (1)
A T
ZT (s, ) X W} (1)

2W, (0

and T (s)

Figure Ala shows the time evolution of the first ca-
nonical variable for SST and 7,, along with the Nifio-3.4
time series. Figure Alb shows the reconstructed wind
stress pattern associated with the +TWC over the
tropical Pacific.
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