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Abstract

Westerly wind events (WWES), defined as strong surface westerly wind anomalies that
persist for a few days to weeks over the western-central equatorial Pacific, are observed
frequently during El Niio. Despite the short timescale, the WWE has been considered
as an important factor for the El Rlb-Southern Oscillation (ENSO) phenomenon having

a typical period of 3—7 years. WWESs act to increase sea surface temperature (SST) in
the central-eastern equatorial Pacific, and the warmer SST in turn favors the occurrence
of WWEs. These potentially serve as a positive feedback between WWEs and ENSO.
However, the detailed mechanisms of the interaction between them are not fully unraveled
yet. It is particularly important to clarify (i) processes responsible for the response of the
atmosphere and ocean to WWESs in the presence of annual cycle, (ii) state dependence and
asymmetry of WWESs and their easterly counterpart called easterly wind events (EWES),
and (iii) role of the state dependence of WWESs in generating the complexity of ENSO.
The purpose of this study is to advance understanding of the WWE-ENSO coupling using
a hierarchy of coupled atmosphere-ocean models and observational data.

In Chapter 2, responses of the atmosphere-ocean coupled system to WWESs were ex-
amined by ensemble experiments using a coupled atmosphere-ocean general circulation
model (CGCM) with a prescribed single WWE imposed at sevefimint timings and
locations. It is found that the lagged responses of the atmosphere and ocean to WWESs de-
pend much on the timings of the imposed WWEs as an interaction with the annual cycle
in the atmosphere and ocean is crucial. WWEs in May warm the eastern Pacific initially
through the oceanic equatorial Kelvin wave propagating on a seasonally steeper thermo-
cline tilt in the east. The warming then induces the equatorward shift of the rain belt
over the Pacific, causing further warming in the equatorial Pacific by weakening easterly
trade winds and poleward surface currents. On the other hand, WWEs in March increase
SST only in the easternmost Pacific since the thermocline is flatter and the rain belt is not

active when the response occurs. The above model experiments enable us to identify a



favorable set of combinations of timing and location that maximize the impact of WWEs
on El Nifio in the subsequent winter. By repeating the ensemble experiments with ocean
initial states in El Nino and La Niha years, it is shown that WWEs are mofgagent to
amplify EIl Nifio but are not #icient to suppress La Na.

Chapter 3 showed the characteristics of WWEs and EWEs. Their state dependence
and asymmetry are analyzed by using observational daily data of atmosphere and ocean
fields. By referring to the surface zonal wind anomalies over the equatorial Pacific for
1982-2013 as reference, 101 WWEs and 23 EWEs are detected. Both types of events
tend to appear over the Pacific warm pool, where SSTfigcgently high for active deep
convection, with a similar seasonality, and they favorably occur with increasing SST in
the Nino4 region (160E-150°W, 5°S—5°N). The relationship of the occurrence of both
events with the Madden-Julian oscillation is also identified. However, the occurrence fre-
guency of EWEs is much less than that of WWESs, confirmed from a comparison of their
characteristics based onfidirent criteria for the event detection. The asymmetry in the
occurrence frequency between WWEs and EWEs is causedfligyethit local develop-
ment processes associated with intraseasonal low-level zonal winds. The importance of
both local and remote anomalous convections in exciting these events is demonstrated by
using linear baroclinic model experiments.

In Chapter 4, role of coupling between WWEs and ENSO in the complexity of ENSO
was examined using a coupled atmosphere-ocean model with an intermediate complexity.
The model produces an ENSO-like oscillation by tuning a paramegjethét controls
efficiency of the thermocline feedback. By referring to the observational statistics shown
in Chapter 3 as the basis, WWEs are parameterized as state-dependent stochastic noise
in surface zonal stress anomalies. Numerical experiments without the noise (denoted as
NO) produce a regular ENSO-like oscillation with a period of 6 years, with its variance
increasing withy. When additive (purely stochastic) noise is given to the model over

the western Pacific (experiment AD), oscillations become irregular with the dominant



period of about 5 years and the increase of its variance relative to NO depends on
When the state-dependent noise is incorporated (experiment SD), the oscillatory solution
Is also irregular besides its variance and asymmetry increase irrespective of the value of
v. Both the additive and state-dependent noises help to produce two types of ENSO-like
oscillation, corresponding to the eastern-Pacific (EP) and central-Pacific (CPHi&s.Ni

The noise tends to produce CP ERNiin boreal winter and to trigger EP Elf\d in early
summer even in AD due to the seasonally varying response to the noise (cf. Chapter 2).
EP EIl Nino is magnified in SD due to the eastward shift of the noise location caused by
the warm pool expansion. CP Eli is even favored by the state-dependent stochastic
noise, which enhances the zonal advection to warm the central Pacific, and in turn the
warmer Nfo4 SST increases the probability of occurrence of the noise. This positive
feedback ensures the existence of CP Eld\iegardless af in SD, while the number of

CP El Nino declines with largey in AD. The above results thereby suggest that the state
dependence of WWEs may play a crucial role in the asymmetry and diversity of ENSO
in nature.

This study shows the crucial roles of the coupling between the atmosphere-ocean an-
nual cycle and the response to WWEs (Chapter 2), and of the state-dependent WWES in
the rich behavior of ENSO (Chapter 4). The uneven occurrence probability of WWEs and
EWEs, although they both have the similar state dependence and seasonality, emphasizes
the relative importance of WWEs on El i (Chapter 3). This study also advocates that
the WWE-SST feedback ensures the ENSO asymmetry and the existence of GR® EI Ni
in nature. From the above results, it is clear that the ENSO mechanism is considerably
affected by the background annual cycle, state-dependent high-frequency atmospheric
disturbances, and interaction among them. This suggests that the reproducibility of these
factors greatly influences the Eli prediction skills and future projections of ENSO in

CGCMs.
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Chapter 1

General introduction

The El Nino-Southern Oscillation (ENSO) phenomenon is the most energetic coupled
atmosphere-ocean variability in the equatorial Pacific with typical period of 3—7 years.
ENSO is usually characterized by sea surface temperature (SST) anomaly in the eastern
equatorial Pacific (e.g., Rb3 region, 90-150°W, 5 °S-5°N) and its warm and cold
phases are called El Alb and La Nina, respectively. The temporal SST variation in the
equatorial Pacific is shown in Figs. 1.1a and 1.2a. It is seen that extremely strong El
Niflos occurred in 19883 and 199/08, relatively weak El Nios in 198687, 199192,

and 200203, and La Nias in 198485, 198889, and 1998-2000.

In classical theories (e.g., Schopf and Suarez 1988; Battisti and Hirst 1989; Jin 1997a),
the ENSO cycle has been interpreted as an unstable oscillatory solution of the coupled sys-
tem. For instance, positive SST anomaly during EidNis accompanied by anomalous
westerly (Figs. 1.1b and 1.2b), which induces anomalous eastward surface currents and
deepens thermocline. Then, the eastward surface currents advect warm water to the east,
while the subsurface warm water associated with the deepened thermocline (Figs. 1.1c
and 1.2c) is entrained into the surface due to mean equatorial upwelling. Therefore, both
the processes act as positive feedbacks to further increase the SST. On the other hand,
off-equatorial cyclonic curl associated with the anomalous westerly causes a slow pole-

ward heat transport in the subsurface layer, and results in a shoaling of the zonal mean
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Chapterl: General introduction

thermocline. This acts as a delayed negative feedback by entraining cold water below the
thermocline into the surface, and Lafdibegins to develop. The turn about from Léali
to El Nifo is vise versa. This oscillation cycle can explain the heart of ENSO mechanism.
However, as shown in Fig. 1.1, the observed ENSO cycle is not purely periodic, but has
a diverse structure, or the El ib flavor (e.g., Yeh et al. 2014); 1998 EI Nifio has
the SST maximum in the eastern Pacific (called eastern-Pacific (EPYB) Bimilar to
conventional El Niio, while 200203 El Nifio has the SST maximum in the central Pa-
cific (called central-Pacific (CP) El No, Kao and Yu 2009), also named dateline Eidi
(Larkin and Harrison 2005), El Kib Modoki (Ashok et al. 2007), or warm-pool El i
(Kug et al. 2009). These diversity and irregularity of ENSO indicate that nonlinearity and
external factors may modulate ENSO in nature.

Relationship between high-frequency atmospheric disturbances and ENSO can be de-
tected in the temporally finer structures of EAds in 199798 and 2003 (Figs. 1.3 and
1.4). While anomalous westerlies have the interannual components correlated with the
SST anomalies, short-term strong westerlies that accompany active deep convections oc-
cur sporadically (Figs. 1.3b, c and 1.4b, c). These high-frequency westerly anomalies are
called westerly wind events (WWESs) or westerly wind bursts (WWBSs), defined as strong
surface westerly wind anomalies that persist for a few days to weeks over the western and
central equatorial Pacific (Luther et al. 1983; Hartten 1996; Harrison and Vecchi 1997;
Seiki and Takayabu 2007a,b). WWEs may be associated with internal atmospheric vari-
ability in the tropics, such as the Madden-Julian oscillation (MJO), convectively-coupled
Rossby wave, cold surge, and twin cyclones. Several criteria have been used to detect
WWEs in surface wind datasets (Hartten 1996; Harrison and Vecchi 1997; Seiki and
Takayabu 2007a; Chiodi et al. 2014). McPhaden (1999, 2004) indicated that succes-
sive occurrences of WWEs triggered and amplified Eiddiin 1997 and 2002. Contrary,
episodic easterly winds (easterly wind events, EWES) may help terminat@&| &8 indi-

cated by Takayabu et al. (1999) and Lengaigne et al. (2004, 2006). Takayabu et al. (1999)



Chapterl: General introduction

showed a crucial role of the EWE, related with the atmospheric equatorial Kelvin wave
coupled with deep convection, in the termination of 1987El Nifo. Using intrasea-
sonal wind stress fields, Puy et al. (2015) characterized the spatio-temporal distribution of
WWESs and EWESs, and suggested that occurrence probability of both WWEs and EWESs
is affected by the MJO and convectively-coupled Rossby waves. However, their use of
wind stress anomalies majfact the characteristics of atmospheric events since the wind
stress nonlinearly depends on the surface wind.

WWEs tend to warm the equatorial Pacific in one direction through the ocean dy-
namics (Vecchi and Harrison 2000; Lengaigne et al. 2002; Belamari et al. 2003; Chiodi
et al. 2014), and sometimes trigger Elfdi(McPhaden 1999). That is, eastward wind
stresses associated with WWEs advect warm water to the east, and also induce down-
welling oceanic Kelvin waves, which deepen the thermocline in the eastern equatorial
Pacific. These two dynamical processes can increase the SST. However, previous studies
have suggested that the ocean response to WWEs depends on many factors: the longi-
tudinal location of WWEs (Vecchi and Harrison 2000; Chiodi et al. 2014), zonal SST
gradient (Harrison and Schopf 1984), tropical instability waves (TIWs) (Harrison and
Giese 1988), mean state of zonal wind stresses and thermocline depth (Fedorov 2002),
and phase of ENSO (Fedorov 2002; Hu et al. 2014; Fedorov et al. 2015). Latif et al.
(1988) examined the oceanic response in a coupled atmosphere-ocean general circulation
model (CGCM) to WWEs, and attempted to show the dependence of the response on
seasonal timings of WWEs. However, no cledfatience was observed in the model be-
tween experiments forced by WWEs in January and July due to unrealistic annual cycle
in the precipitation. Recently, Chiodi and Harrison (2015) examined ocean response to
EWESs using observational data and an ocean general circulation model (OGCM) forced
by the climatological plus EWE wind stresses, and showed that EWESs cool the SST in
the eastern equatorial Pacific in the following 2—3 months through ocean dynamics. These

previous studies indicate that a robust picture of how WWESs impact the coupled system



Chapterl: General introduction

Is not obtained yet.

In many theoretical ENSO studies, high-frequency atmospheric disturbances have
been simplified to stochastic additive noise. This treatment is justified by affar-di
ent time scale of WWEs against ENSO. The typical timescale of each WWE episode
is shorter than a month, while that of ENSO is a few years. However, previous studies
showed that WWEs are dependent on ENSO, namely, multiplicative. The state depen-
dence of WWEs is supported by the observational fact that they occur frequently during
El Niflo and rarely occur during La Ra (Vecchi and Harrison 2000). In other words, the
likelihood of the occurrence of WWESs increases when the warm pool expands to the east
in association with the zonal contrast of SST (Lengaigne et al. 2003; Eisenman et al. 2005;
Miyama and Hasegawa 2014) and sea level pressure (Yu et al. 2003). This can be dynam-
ically interpreted as a high-frequency energy accumulation caused by the low-level back-
ground westerly, suggested either by observational analysis (Seiki and Takayabu 2007b)
or by a modeling study (Sooraj et al. 2009). Using observational data, Kug et al. (2008)
showed a significant increase of the noise variance during ii,Nind the interdecadal
change in the state-dependent noise, which has been more energetic since the late 1970’s.
Gushchina and Dewitte (2012) reported thgatence of the noise between EP and CP El
Nifios by separating the low-level intraseasonal zonal wind into the MJO and equatorial
Rossby and Kelvin waves. State dependence of EWES was also examined recently, but it
is still unclear. Although frequent occurrence of EWES during LaaNivas suggested by
Chiodi and Harrison (2015) using wind stress anomalies relative to the annual cycle, Puy
etal. (2015) showed that, unlike the state dependence of WWESs, there was no dependence
of EWEs on the ENSO cycle when focusing on intraseasonal wind stress fields. They fur-
ther emphasized that WWEs and EWESs should be defined after removing the interannual
component not to alter their relationship with ENSO. Levine and Jin (2015) confirmed
that the state dependence of atmospheric noise remains even in the residual after both the

linear and low-order nonlinear parts of the deterministic ENSO signal were removed.



Chapterl: General introduction

Assuming a two-way interaction between WWEs and ENSO, the potential importance
of their coupling on the ENSO cycle has been suggested by modeling studies. Perez et al.
(2005) used a coupled atmosphere-ocean model with intermediate complexity forced by
external noise. They showed that, while the irregular and symmetric ENSO cycle was
produced by the additive stochastic noise, the state-dependent noise caused positively-
skewed ENSO in the model. Eisenman et al. (2005) also investigated the coupling be-
tween WWEs and ENSO using an intermediate coupled model that has been stabilized
by reducing the drag cdéigcient in wind stresses. They parameterized the WWE forcing
in the central equatorial Pacific as a function of the warm pool extension, and indicated
that low-frequency tail of occurrence of WWESs, corresponding to the envelop of episodic
westerlies, was responsible for amplifying ENSO in the model (see also Zavala-Garay
et al. 2005). They noted that the WWE modulation by the large-scale SST field is qualita-
tively equivalent to an increase in the atmosphere-ocean coupling strength controlled by
the drag cofficient. Similar results were obtained using CGCMs (Lopez et al. 2013) and
Zebiak-Cane (ZC) model (Zebiak and Cane 1987) witfedent noise parameterizations
(Kapur et al. 2012; Kapur and Zhang 2012). Gebbie et al. (2007) parameterized state-
dependent WWEs in an OGCM coupled with a statistical atmosphere model, and showed
that the eastward shift of WWEs associated with the warm pool extension is important for
the ENSO asymmetry via enhancing the eastward advection.

Coupling between the noise and ENSO has also been examined in the conceptual
recharge oscillator model developed by Jin (1997a,b). Jin et al. (2007) and Levine and Jin
(2010) introduced the stochastic forcing modulated by ENSO-related SST anomalies in
their low-order model, and showed that the state-dependent noise enhances the instability
of ENSO and its ensemble spreads besides increases the probability of occurrence of
extremely large EI Nios. Levine and Jin (2010) emphasized, as in Eisenman et al. (2005),
that the low-frequency variability in the noise was necessary to influence ENSO in their

model. Overall, the state-dependent noise tends to increase the variance and positive
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skewness of ENSO, and the slow component of the noise is of importance to modulate
ENSO.

The impact of WWEs on the El R flavor has also been focused in recent studies.
Hu et al. (2014) and Fedorov et al. (2015) imposed a single WWE to a CGCM, and
indicated that the initial state of the ocean was a key factor in the i Mavor in their
model. When the initial ocean heat content is higher than normal, the WWE tends to
excite an EP EIl Nio by warming the central and eastern Pacific via zonal advective and
thermocline feedbacks. On the other hand, when the heat content is nearly normal, the
WWE can produce a CP EIl Ro since the anomalous SST in the eastern Pacific is still
negative and easterly wind anomaly persists there (see also, Xiang et al. 2013). Lian
et al. (2014) and Chen et al. (2015) used a modified version of the ZC model with a
parameterization of WWESs, and suggested that CP and extremely strong EfoEIdsn
be generated by the state-dependent WWEs. Lian et al. (2014) implied that the timing
of occurrence of WWEs is crucial for the El o flavor, consistent with suggestions
by Hu et al. (2014) and Fedorov et al. (2015). However, the role of the state-dependent
WWEs in generating CP El Nb is still unclear since the previous studies did not compare
their results with experiments with stochastic additive noise. Lopez and Kirtman (2013)
showed the contributions of additive and multiplicative WWESs to the EloNlavor in
two CGCMs with a WWE parameterization. Their results depended on CGCMs, whose
reproducibility of ENSO was dierent from each other. While WWESffected both types
of El Nifio in one CGCM, they modified only EP EI hb in the other model. Although
the above studies suggest the importance of WWEs on theftd flavor, the essential
role of state dependence of WWEs in the coexistence of CP and EFi&$ Nhould be
clarified further.

Importance of coupling between atmospheric noise and ENSO on the ENSO cycle has

so far been presented. However, as discussed above, several problems still remain.

e The dependence of the atmosphere-ocean coupled response to WWEs on the annual
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cycle in both the ocean and atmosphere basic states should be clarified.

e The characteristics of atmospheric noise, i.e., WWEs and EWESs, should be assessed

using both surface wind and wind stress data with careful definition of the events.

e Mechanism of the ENSO modulation due to atmospheric noise in a coupled system
having a diferent stability needs to be elaborated. Role of the state dependence of

WWEs in generating the El R flavor should also be clarified.

The objective of this study is to advance understanding of the coupling of WWEs with
ENSO using a hierarchy of coupled atmosphere-ocean models and observational data. In

particular, this study focuses on

e processes responsible for the response of the atmosphere and ocean to WWES in

the presence of annual cycle,

e observational evidence of the state dependence of WWEs and EWESs, as well as

their asymmetry, and
¢ roles of the state dependence of WWES in generating the complexity of ENSO.

In Chapter 2, the importance of annual cycle in the atmosphere-ocean coupled system
for its response to WWEs is investigated using a CGCM forced by imposed WWESs. In
short, the response of the coupled system to WWEs is shown to be influenced strongly by
the annual cycle of the ocean subsurface temperature and the rain belt over the Pacific. A
favorable set of combinations of timing and location that maximize the impact of WWEs
on El Nifos in the subsequent winter will be suggested.

In Chapter 3, the state dependence of WWEs and EWEs and their asymmetry are ana-
lyzed by using observational daily data of atmosphere and ocean fields. The atmospheric
events are detected from zonal surface wind anomalies which retain intraseasonal compo-
nent. A comparison of the characteristics of the events followiffgmint criteria for their

detection shows the robustness of the state dependence and asymmetry between WWEs
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Chapterl: General introduction

and EWEs. Local and remote influences in the developing process of WWEs and EWEs
are identified.

In Chapter 4, roles of coupling between WWEs and ENSO in the complexity of
ENSO are examined using an intermediate coupled atmosphere-ocean model that pro-
duces ENSO-like oscillations. The model incorporates a parameterization of state-dependent
WWES by referring to the observational statistics in Chapter 3 as the basis. The annual
cycles of both atmosphere and ocean are prescribed in the model given its importance on
the ENSO cycle (Chapter 2). By perturbing a parameter controlling the model's ENSO
stability, we qualify the ENSO modulation due to additive and state-dependent WWESs in
stable and unstable regimes.

Chapter 5 summarizes the results in Chapters 2, 3, and 4, and provides conclusions of
this study. Relationship among these chapters and comparisons with previous studies are

also given there.
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Figure 1.1: Time-longitudinal monthly plot of anomalies in (a) SST][ (b) zonal wind

stress [N m?], and (c) subsurface temperature (ocean temperature averaged for 50-300
m depth) {C] averaged between° and 2N in the Pacific from 1981 to 2003, derived
from simple ocean data assimilation (SODA) data (Giese and Ray 2011). Climatology is
defined as the monthly average for 1971-2000.
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Figure 1.2: Same as Fig. 1.1, except for their absolute values.
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Figure 1.3: Time-longitudinal daily plot of (a) the SST anomaly and 3-month running
averaged 28.5C isotherm {C] averaged between°& and 2°N, (b) zonal surface wind
anomalies [m 3], and (c) OLR anomalies [W m] averaged between % and 5°N in

the Pacific from 1997 to 1998, derived from NOAA High Resolution SST data (Reynolds
et al. 2007), surface zonal wind of the Japanese Re-Analysis 55 Years (JRA-55) data
(Kobayashi et al. 2015), and interpolated OLR data (Liebmann and Smith 1996). Clima-
tology is defined as the monthly average for 1982—-2013 (see Chapter 3).

14



Chapterl: General introduction

oy ™.

APR2003 -

Time [year]

APR20024 -

(a) Sea surface temperature

(b) Zonal surface wind (c) OLR

R T T

-4 -2

[l

110w

—— : — :
150E 160W 110w 110w

0 2 4 8 -4 0 4 -8

-100 -50 0 50 100

[m/s] W/m?]
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Chapter 2

Importance of background seasonality
over the eastern equatorial Pacific in a
coupled atmosphere-ocean response to

westerly wind events

Abstract

A coupled atmosphere-ocean response to westerly wind events (WWEs), which some-
times trigger El Nilos, was investigated using a coupled general circulation model with
particular attention paid to the dependence on the seasonal timing of WWESs. Twelve sets
of 20-member ensembles were made with an idealized WWE pattern imposdtem di
ent months from January to July and irffdrent longitudes from 16%E to 160°W. The
initial ocean states are set to be near neutral so that the lagged response to WWESs can be
isolated.

The results show that sea surface temperature (SST) in f@3Mi region (170—

120°W, 5°S-5°N) increases largely and persistently when a WWE is imposed in May,
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which is favorable for EI Nio growth. In contrast, a WWE imposed in March induced

an SST increase only in the easternmost equatorial Pacific. In both cases, oceanic signal
induced by the WWE in the subsurface propagates eastward and warms the surface in the
eastern equatorial Pacific. When forced by the WWE in May, a positive SST anomaly
appears in boreal summer when it can strongly interact with the atmospheric circulation
and convective activity, which amplify the SST anomaly spreading toward the central
equatorial Pacific. The above mechanism works conditioned by the seasonal march of
both the atmosphere and ocean background states, and therefore the coupled response
Is sensitive to the timing of the WWEs. A favorable set of combinations of timing and
location that maximize the role of WWEs in triggering Elffds in the subsequent winter

Is suggested. Other experiment sets with ocean initial states imélahid La Nila years
showed that WWEs in May ardfient to amplify EI Niio similar to the neutral case,

but are not #icient to suppress La Na.

2.1 Introduction

Strong equatorial westerly winds that persist for several days to weeks over the western-
central Pacific are called westerly wind events (WWESs). Various atmospheric phenom-
ena such as the Madden-Julian oscillation (MJO), tropical cyclones, and cold surges
are thought to cause WWEs stochastically (Luther et al. 1983; Hartten 1996; Harrison
and Vecchi 1997; Vecchi and Harrison 2000) or state dependently (Seiki and Takayabu
2007a,b; Chapter 3). Despite their short duration, WWEs are important elements with
respect to the variability of tropical climate as they sometimes trigger &b Nivents
(Wyrtki 1975; McPhaden 1999; McPhaden and Yu 1999).
WWES can excite oceanic downwelling Kelvin waves that warm the eastern Pacific.

In addition, they can expand the edge of the western Pacific warm pool eastward and in-

duce sequential WWESs, resulting in a further eastward shift of a large-scale convection
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over the western Pacific, and potentially contribute to HidNdlevelopment (Lengaigne

et al. 2002, 2003, 2004; Eisenman et al. 2005; Vecchi et al. 2006; Drushka et al. 2014;
Fedorov et al. 2015). A typical example is the historic Eidlevent of 199/B8. The sea
surface temperature (SST) in the eastern Pacific rapidly increased after the sequential oc-
currence of WWEs from late-1996 to mid-1997. In contrast, two strong WWESs occurred
from January to March in 2014, but El hb growth did not follow—outcomes that were

not well predicted by most operational centers (McPhaden et al. 2015). Menkes et al.
(2014) suggested that subsequent WWEs were required after April 2014 fofi&ltdi

start growing. Chen et al. (2015) implied that warm water volume (WWV) during the de-
veloping phase was not large enough for subsequent possible WWEs, although McPhaden
(2015) showed the WWYV in early 2014 was higher than any time since 1997. Another ex-
ample was observed in 1974, when El Nilo had been predicted, but warming occurred
only in the far eastern Pacific (flb1+2) in April 1975 (McPhaden et al. 2015). Thus,

the coupled response to WWEs may be sensitive to the stochastic atmospheric behavior
(Lengaigne et al. 2004) and oceanic heat content anomalies (Lian et al. 2014; Hu et al.
2014; Fedorov et al. 2015).

Oceanic variation observed in the eastern Pacific associated with the WWEs was ex-
amined by Vecchi and Harrison (2000). Using observational data obtained during the
period 1986-98, they composited the SST anomaly (SSTA) related with WWEs. On the
whole, warming was observed in the central and eastern Pacific relative to a composite
SSTA without any WWEs. Beneath the WWE region, the sea surface was cooled in re-
sponse to WWEs located to the west of the dateline, whereas it was warmed in response to
WWEsSs located to the east of the dateline, implying a dependency of the oceanic response
on the longitudinal location of WWES (see also Chiodi et al. 2014). However, the ocean
response to WWEs also depends on the basic state of the atmosphere and ocean (e.g.,
Harrison and Schopf 1984; Latif et al. 1988).

The ocean response to WWESs has been investigated using ocean general circulation
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models. For instance, Harrison and Giese (1988) and Giese and Harrison (1991) exam-
ined the ocean variability associated with a WWE in May imposed on an ocean model
with a realistic basic state. They showed that the Kelvin waves induced by WWEs not
only warmed the surface locally due to zonal advection, but also introduced the modula-
tions of tropical instability waves (TIWS) into the eastern Pacific, which initially enhance
the warmer SSTA and then damp it out due to the meridional advection of heat related
with the modulated TIWs (Hansen and Paul 1984). A volume-averaged nonlinear heat
flux convergence in the mixed layer represents the influence of TIWs (An 2008). More-
over, Giese and Harrison (1991) indicated that the warming caused by WWE-induced
Kelvin waves occurs mostiéciently when the easterly trade winds are strongest. On the
other hand, based on the observational data by Qiao and Weisberg (1995), a downwelling
Kelvin wave reduces the TIW activity by temporally halting the South Equatorial Cur-
rent, indicating the lack of consensus of the TIW response to WWESs. In either way, the
atmospheric state strongly depends on the sea surface conditions in nature; therefore, itis
reasonable to discuss the response to WWESs in a coupled atmosphere-ocean system, not
only the oceanic responses.

Latif et al. (1988) examined the response of a coupled general circulation model
(CGCM) to WWEs. Their coupled model consisted of a regional ocean model of the
tropical Pacific and a global atmospheric model having a low resolution, and they im-
posed a WWE over the western Pacific for 1 month in January. They found that the warm
SSTA response persisted for about 12 months associated with an eastward shift of the
Walker circulation, whereas it disappeared after 4 months without the atmosphere-ocean
coupling. They conducted the same experiment again, except for imposing the WWE in
July; however, no clear filerence was observed between the two experiments, although
it was expected that WWE-induced variations would interact with the seasonal variabil-
ities of the intertropical convergence zone (ITCZ) and South Pacific convergence zone

(SPCZ2). This insensitivity to the seasons was attributed to the fact that the atmospheric
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model used did not realistically reproduce the background seasonality, although Tziper-
man et al. (1997) showed the importance of the prescribed seasonality of the ITCZ to
destabilize an ENSO-like oscillation in a simple CGCM during boreal winter. Fedorov
(2002) investigated the dependency of a coupled response to WWEs on the strength of
background trade winds and background thermocline depth using a simple linear CGCM
on an equatorig® plane. The response was found to be highly sensitive to the background
state, with the temporal evolution of the SSTA varying greatly for tirffedences in the
initial values (see also, Fedorov et al. 2003). Although they concluded that WWESs occur-
ring 6 to 10 months prior to the peak of EliMi could strengthen El [Ro significantly,

the assumption of meridional symmetry is not valid when considering the seasonal march
of the background precipitation.

In this chapter, the coupled atmosphere-ocean response to an idealized WWE is ex-
amined by using a state-of-the-art CGCM. Specifically, the relationship of the response to
WWE and background seasonality is investigated by imposing the wind stress forcing in
various timings and locations. To extract the response isolated from thé&{$&authern
Oscillation (ENSO) cycle, we suppress the ENSO perturbations in the model by employ-
ing a near-neutral ocean initial state. In addition, we discuss the impact of a WWE on
the ENSO cycle using the same CGCM, but with the initial ocean state including ENSO
perturbations.

The rest of this chapter is structured as follows. The experimental designs, data sets,
and annual cycle in the model are described in section 2.2. In section 2.3, we show the
various response of the coupled system to WWEs and background seasonal variations.
The process of WWE-induced coupled response is examined by means of a heat budget
analysis in the ocean mixed layer, and the generality of the process and the impacts on
the ENSO cycle are explained in section 2.4. The relationship with observed situations is

discussed in section 2.5, and conclusions are given in section 2.6.
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2.2 Method and data

2.2.1 Model

An updated version of the Model for Interdisciplinary Research on Climate version 5
(MIROC5, Watanabe et al. 2010) is used for all the experiments. The modification from
the original version is mainly in the ocean component model, which has replaced the
horizontal coordinates with a tripolar grid having finer vertical resolution (see the sup-
plementary information of Watanabe et al. 2014). For the ocean component model over
the tropics, the zonal resolution is fixed addngitude, whereas the meridional and ver-
tical resolutions become finer toward the equator and the surface with 63 levels, and the
meridional resolution is around 0.fatitude. For ease of analysis, the model outputs are
interpolated onto a°igrid in the zonal and meridional directions. The atmospheric model

Is the same as MIROCS5, having a spatial resolution of T85 with 40 vertical levels up to
3 hPa. The radiative forcing and other boundary conditions follow the Coupled Model
Intercomparison Project phase 5 (CMIP5; Taylor et al. 2012) Representative Concentra-
tion Pathways 4.5 (RCP4.5) scenario, and values after January 1, 2014, are used. The
integration period for each experiment is 18 months starting on January 1, until June 30
of the following year.

To determine the initial values for the experiments, we conducted a centennial run
from 1850 with the radiative forcing and other boundary conditions following CMIP5
historical and RCP4.5 scenario runs before and after 2006, respectively (referred to as the
“historical run”). The number of ensemble members in each experiment is 20. Whereas
the climatological values are used for the initial states of the atmosphere and land, the
initial values of the ocean include tiny perturbations obtained by averaging 29 out of 30
ocean fields, chosen from the historical run during the period 1981-2010. That is, the
ocean initial values are near-neutral with respect to the ENSO cycle so that the response

of the coupled system to WWESs can be isolated from the ENSO dynamics.
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In our numerical experiments, zonal wind stress on the ocsgais(replaced, follow-
ing the equation:

Ty = T;"Ode'+ T WE (2.1)

where7°% and r¥'WE are the wind stresses (unit: N-A) calculated in the model and
representing an imposed WWE having the longitudeltitude §), and time {) dimen-

sions:

TWWE = F(x,y, 1) X 0.2 % exp{—()zz_oz()oz)z} X exp{—(;z)z} . (2.2)

A stepwise functiorF indicates thaF(x,y,t) = 1if Xp—20° < x < X%+20°, -5° <y < 5°,
andto — 6 <t <ty + 6 [day] , otherwised= = 0. Figure 2.1a shows the structure of the
imposed WWE, approximately following the composite structure of the observed WWESs
in Fig. A2 (see appendix A). The maximum magnituder$§f'E averaged between s
and 5°N is about 0.14 N ¢ (Fig. 2.1), assuming strong events. The other parameters in
Eg. (2.2) are the center longitude) and center datdy) of the imposed WWE; we set
Xo at 160°E, 180°, and 160W to capture various locations over the Pacific witket to
the 15th of January, March, May, and July, assuming the typical season ai&bNsets.
In other words, we conduct 12 sets of ensemble experiments in addition to a reference
experiment without the imposed WWE (referred to as “REF”). The names of these exper-
iments are summarized in Table 2.1. Since the WWE occurrence is concentrated over the
western Pacific (Fig. Al top in appendix A), we focus on WWE-160E experiments. Note
thatr)'WEis set to zero where the grid overlaps land in the model; the area is very limited
and does notféect the results.

The background climatology is defined as the average of REF each time, and here-
after, an anomaly is defined by thefdrence between the climatology and each ensemble
member of the experiments forced by the WWE. Thiedéence between the anomalies

of each ensemble member of WWE experiments and REF is called “WWE contribution.”
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Although all the results necessarily include model drift (i.e., systematic change of model
background), the anomaly has nfieet of the drift because the model climatology has

been subtracted.

2.2.2 Observational data

To confirm how the background seasonality is consistent with observations, we use two
observation-based monthly data sets. Ocean temperature data are derived from Ishii and
Kimoto (2009). GPCP precipitation data provided by the NQBAR/ESRL PSD, Boul-

der, Colorado, USA, from their web site at hffpww.esrl.noaa.gopsd (Adler et al.

2003) are also used. The horizontal resolutions of these two data setsamd 2.5,
respectively, and the base period for deriving the climatological monthly values is during

the period 1981-2010.

2.2.3 Model climatology

Figures 2.2 and 2.3 compare annual cycles between the observations and model. The
model reproduces the seasonal intensification of the eastern Pacific cold tongue, repre-
sented by 24C SST isotherms (Fig. 2.2a, b), although it extends too far to the west than
the observation. This bias may result in the eastern edge of the western Pacific warm pool
migrating to the west after June farther than observed one (Fig. 2.2a, b). Figures 2.2c and
2.2d show the annual cycles of the climatological precipitation averaged over the eastern
Pacific (170°-120°W). Although the amplitude of the precipitation associated with the
ITCZ is larger in the model, its annual cycle and overall structure (e.g., no “double ITCZ,”
Li and Xie 2014; Zhang et al. 2015) are remarkably reproduced.

Figure 2.3 shows the vertical structures of the ocean temperature averaged for the
first and second halves of the year along the equator. The thermocline, represented by
isotherms of 20—-24C, deepens from January to June and shoals after July in the eastern

Pacific in both the observation and model. This annual cycle may result in the seasonal
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difference of the ocean response to WWEs as pointed out by Harrison and Schopf (1984).
The main error occurs in the western Pacific, where the warm water is shifted back to
the west during the second half year in the model. Thi@iske thermocline in the ocean
model is a common bias in conventional ocean models (Tatebe and Hasumi 2010).

The model captures annual cycle of the ocean temperature and precipitation realis-
tically, except for the error in the western Pacific warm pool associated with a bias in
the easterly trade wind stronger than observations (cf. Zhang and Sun 2014). This may
cause the less frequent WWEs over the central Pacific in the model (Fig. Al bottom
in appendix A). Nevertheless, in the historical run, the model is able to produce mod-
erate ENSO events and extreme Ehbds, accompanied by sequential WWESs similar to

199798 El Nino (cf. subsection 2.4.3).
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Table 2.1: List of the names of experiments (left column), and the centers of month
(middle column) and longitude (right column) for the imposed WWE in each experiment.

Experiment name Month Longitude
REF (No WWE)

WWE1-160E January 16
WWE1-180 January 180

WWE1-160W January 160V
WWE3-160E March 160°E

WWE3-180 March 180°
WWE3-160W  March 160°W
WWES5-160E May 160°E
WWES5-180 May 180°
WWE5-160W  May 160°W
WWE7-160E July 160°E
WWE7-180 July 180°
WWE7-160W  July 160°W
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Zonal wind stress of the imposed WWE
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Figure 2.1: (a) Horizontal structure of the eastward zonal wind stress [unit:?Nafithe
imposed WWE and (b) its average betweeiSmnd 5°N.
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Figure 2.2: Annual cycles of SST of the (a) observation and (b) model along the equator (2
°S—-2°N) [unit: °C] and climatological precipitation of the (c) observation and (d) model
averaged over the eastern Pacific (27020°W) [unit: mm day]. Dashed lines in (a)

and (b) indicate 24 and 2& SST isotherms.
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Climatology of Ocean Temperature (Equator) [degC]
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Figure 2.3: Climatology of ocean temperature of the (a) observation and (b) model along

the equator (25—-2°N) averaged from January to June (gray) and from July to December
(black). From upper depths, the contours indicate isotherms of 28, 24, 22, 4ad 20
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2.3 WWE contributions

2.3.1 WWE contribution to Nino indices

WWE contributions to Nio indices are examined using the monthly SSTA. Figure 2.4
shows the WWE contributions of SSTAs at theid8.4 (17¢°-120°W, 5 °S-5°N) and
Nifiol+2 (90°-80°W, 10°S—0°) regions for WWE-160E experiments. In all the experi-
ments, the WWEs commonly warm the regions up to about 0.5 K. Interestingly, the same
structure for the WWES produces a considerabfiecence in the duration of the coupled
response among the experiments.

From Fig. 2.4a, WWED5-160E shows a warming ofitd.4 SST that persists for more
than 5 months with a peak of about 0.5 K in August. Althoughd®.4 SSTA increases
up to 0.5 K in the WWE1-160E and WWE7-160E, it decays rapidly. In WWE3-160E,
the Nino3.4 warming persists weakly until July in terms of the ensemble mean and is
scattered among ensemble members after boreal summer.

The WWE contributions to Mio1l+2 SSTA are shown in Fig. 2.4b. In WWE3-160E,
the warming in the Nio1+2 region has a significant peak in July and continues for several
months. In other experiments, the WWE contributions are scattered.

In summary, WWEs in May are more favorable to increaseoi4 SST, whereas

those in March areficient to increase Niol+2 SST.

2.3.2 WWE contribution to spatio-temporal structures

The diference in the WWE contributions among the experiments is clear not only for
the Nino indices but also for the spatial structure of the coupled response. Figure 2.5
summarizes the response in WWES5-160E, in which thieRi4 SSTA increased the most.
Here, “day 0” in the figure corresponds to the center date of the imposed WWE period
(i.e., 15th May for WWES5-160E).

The vertical structure of the ocean temperature along the equator is depicted in Fig.
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2.5a. A warm water anomaly is initially formed in the subsurface (100—300 m depth),
and its signal propagated eastward as an oceanic Kelvin wave along the thermocline as
represented by isotherms of 20—22. The initial peak of the temperature anomaly is
located on the eastern side of the WWE region since it is induced by the downwelling
balanced with the eastward current anomaly in the surface layer (1-100 m depth) caused
by zonal wind stress directly and the westward current anomaly near the thermocline
caused by wind stress indirectly (Kessler and Kleeman 2000), rather than that balanced
by the Ekman transport (see also McPhaden et al. 1988; Smyth et al. 1996).

The SST rapidly warms in the Ro3.4 region when the Kelvin wave signal reaches
the surface by day 60 (Fig. 2.5b). Subsequently, this positive SSTA expands over the
equatorial Pacific involving the eastward and equatorward surface wind anomalies and
continues for several months, especially in the Northern Hemisphere (hereafter, NH) in-
volved with the stronger wind response. A part of the positive SSTA, accompanied by
westerly anomalies, migrates westward and decays gradually. This migration after June
may be caused by the seasonal shrink of the warm pool.

Precipitation anomalies associated with the SSTA are shown in Fig. 2.5c. After day
60, positive and negative precipitation anomalies appear at the southern and northern sides
of the climatological ITCZ, respectively, indicating the southward shift of the ITCZ. The
southward shift of the ITCZ accompanies surface wind anomalies eastward and equa-
torward in the central equatorial Pacific (Fig. 2.5b), causing the anomalous latent heat
flux owing to the weakening of the trade wind. Therefore, the positive SSTA expands
westward and persists after day 60, especially in the NH.

The time sequence of the WWE contribution in WWE3-160E is depicted in Fig. 2.6,
in a similar manner to Fig. 2.5. Similar to WWE5-160E, a warm water anomaly is formed
in the surface and subsurface layers, and a cold water anomaly is also formed in the far
western Pacific until day 20. While the positive SSTA accompanied by westerly anoma-

lies shifts westward after day 60, the warm water signal in the subsurface propagates
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eastward along the thermocline. However, unlike the result of WWES5-160E, the warm
signal reaches around 10®%/. Then, surface warming begins in thefldil+2 region and
persists after day 80 (Fig. 2.6b). In addition, the significant anomalies of precipitation and
surface winds are restricted only over the central and western Pacific. That is, the SST
response is limited in the far eastern Pacific, and atmospheric response is very weak over
the eastern Pacific. This is a discernibl&a&tence from the atmosphere-ocean coupled
SST response in WWED5-160E.

WWED5-160W and WWES5-180 show responses quite similar to WWE5-160E, and the
WWE7 experiments result in WWE contributions similar to WWES5-160E except for the
shorter duration of significant signals. Likewise, the three WWE3 experiments share a
great similarity in the coupled response. In the WWE1 experiments, although the surface
warming occurs initially near the N03.4 region similar to WWES5 experiments, it has

shorter period and weak wind and precipitation responses in the eastern Pacific.

2.3.3 Role of background seasonality

In the warming process in the eastern equatorial Pacific, background seasonality in the
thermocline and precipitation may play a significant role. The signal of the subsur-
face warm water propagates eastward as a Kelvin wave, along approximately between
isotherms of 20 and 24C (Figs. 2.5a and 2.6a). Therefore, the steepness of the thermo-
cline tilt and corresponding zonal gradient of the temperature in the eastern Pacific are
crucial in determining the initial warming (cf. Harrison and Schopf 1984). The slope of
the thermocline is the flattest in May (cf. Fig. 2.5a); after which the WWE-induced warm
signal reaches the easternmost equatorial Pacific. The slope becomes steeper after July
(cf. Fig. 2.3), corresponding to the strengthening of the equatorial upwelling in the east-
ern Pacific, resulting in the surface warming near thigdSi4 region through the vertical
advection of the subsurface warm water.

The ITCZ located near 1IN is active over the equatorial Pacific from June to Septem-
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ber (Fig. 2.2c, d). Thus, the positive SSTA in the eastern Pacific can easily interact with
the ITCZ, causing a southward shift of the ITCZ. Corresponding to the active ITCZ, the
surface wind converges in the ITCZ region, involving the strengthening of the climatolog-
ical cold tongue in the eastern Pacific (Fig. 2.2a, b). Once the ITCZ shifts southward as a
result of the positive SSTA, the cold tongue becomes weak in association with the weak-
ening of the poleward and westward surface wind over the cold tongue in the NH. This
reduces poleward heat advection in the surface layer to warm the surface in the eastern
Pacific. In addition, the weakening of the trade wind over the southern side of the back-
ground ITCZ also contributes to the warming due to the reduction in evaporation over the
equatorial Pacific.

The temporal relationship between the southward shift of the ITCZ and equatorward
surface wind, causing the anomalous equatorward surface currents, is confirmed in Fig.
2.7a for WWES5-160E. After June, the equatorial precipitation anomaly (orange line) is
accompanied by the equatorward wind convergence (blue line). From July to mid-August,
the precipitation is activated to the south of the background ITCZ (red line) and the equa-
torward surface wind anomaly is correspondingly intensified more at the NH (blue line),
driving the anomalous equatorward surface current at the NH persisting until Novem-
ber (black line). The meridional advection due to the anomalous current may warm the
eastern Pacific in the NH. Such a persisting equatorward current is not observed at the
Southern Hemisphere (figure not shown). In contrast, for WWE3-160E, there is no robust
peak in the signals of the precipitation and meridional wind, although the precipitation
anomaly to the south of the ITCZ is weakly positive during the boreal summer. As shown
in Fig. 2.4a, the Ni03.4 warming after August is not statistically significant having the
scattered ensemble members, implying that the interaction with the ITCZ after July might

occur only in a few members.
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(a) Nino3.4 SSTA (b) Nino1+2 SSTA
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Figure 2.4: WWE contributions of (a) N03.4 and (b) Nio1+2 monthly SSTAs [unit:

K] for WWE-160E experiments. Thick-dashed lines indicate ensemble means and thin-
gray lines indicate each members. From top to bottom, the WWE is imposed in January,
March, May, and July. The marks indicate the 95% significant values by t-test.
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Spatio—temporal structure (WWE5-160E)
: (a) Temperature (2S-2N) (b) SST & Surface Wind (c) Precipitation
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Figure 2.5: Spatio-temporal structures of (af2-2 °N averaged ocean temperature
anomaly [shade, unit: K] and its climatology [black contour, contour intervatCh

(a thick line corresponds to 2€), (b) SSTA [shade, unit: K] and 10 m horizontal wind
anomaly [vector], and (c) precipitation anomaly [shade, unit: mntJand its clima-

tology [contour, contour interval: 6 mm day (a thick line corresponds to 12 mm day

for WWED5-160E. A 15-day running mean is applied for all values. Time proceeds from
top to bottom by 20 days from day 20. Actual date of each figure is shown at the bottom
left-hand side of each panel. Shades are depicted only for regions exceeding 95% statisti-
cal confidence by t-test, and red (blue) contours with the same interval of shades indicate
positive (negative) values except for (c), where red (blue) contours indicate negative (pos-
itive) values. Black vectors in (b) indicate the zonal or meridional component exceeds
95% statistical confidence. See the vector scale at the bottom left-hand side of (b) for the
wind magnitude.
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Figure 2.6: As for Fig. 2.5, except for WWE3-160E.
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Figure 2.7: Time series of 128-170°W averaged anomalies of the meridional currents
averaged over 3-6 °N (black solid) in the mixed layer (1-50 m depth), the meridional
surface winds averaged ovef-410°N (blue), and the precipitation averaged ovéS3-3

°N (orange) and 4-8°N (red) for (a) WWE5-160E and (b) WWE3-160E, smoothed by
a 31-day running mean.
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2.4 Mechanism

2.4.1 Processes responsible for WWE-induced warming

As shown in the previous section, a widespread warming over the equatorial Pacific is
induced by an imposed WWE, especially in WWE5-160E. To clarify the mechanism of
the warming, we conducted a heat budget analysis for the mixed layer (ML). According
to Kang et al. (2001), the mixed layer depi) (s assumed to be 50 m. Thus, the temper-
ature () tendency averaged in the ML is approximately described as the sum of the zonal
and meridional advections, vertical advection including the entrainment of cool water into

the ML, and surface heat fluxes:

oT _ oT ﬂ _ H(We)WeAT + th + Qsh

F N Y, D 0oCpD

+R, (2.3)

whereu andv indicate the zonal and meridional ocean currents, respectigigdicates

the vertical velocity at the ML base, ad indicates the temperaturefidirence across
the ML base.R represents the residual term, including surface radiation. According to
Kang et al. (2001), we assume the buffeet of the entrainment by defining thd{w,) =

1 for we > 0 andH(weg) = O for we < 0. Q andQg;, are latent and sensible heat fluxes,
respectively.p is seawater density an@, is specific heat, given as 1022.4 kg¥and
3940 J kg! °C1, respectively. By decomposing variables into means and deviations in

Eq. (2.3), the tendency equation of the ML temperature anomaly is derived as

o _ 0T 0T HMWWAT 9T _aT"  HWWe(AT)
ot ox oy D oX oy D
LN1 LN2
T 0T HOMRWATY Qi+ Qo (2.4)
oX ay D poC,D
NL Q
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The overbars and primes indicate the basic state values including seasonal variation and
anomalies, respectively. LN1 is the sum of linear advection terms due to current anoma-
lies, LN2 is the sum of linear advection terms due to basic state current, NL is a combined
nonlinear advection term, and Q represents the heat flux anomalies.

Figure 2.8a shows the tendencyTdfover the Nilo3.4 region for WWE5-160E (gray
curve). Two clear peaks are discernible in June and July. These peaks are well reproduced
by Eq. (2.4), and are mainly related to the zonal component of LN1 (black curve in the
second panel) and the meridional and vertical components of LN2 (red and green curves
in the third panel). The meridional component of LN1 (green curve in the second panel)
also contributes to warming after July.

The WWE in WWE5-160E induces No3.4 warming in the ML by the following
processes. First, the linear zonal advection of LN1 warms the region in June, which is re-
sponsible for the first peak of the warming tendency, associated with the eastward surface
current anomaly of the WWE-forced oceanic Kelvin wave (cf. McPhaden 2002; Harrison
and Schopf 1984). Second, the vertical and meridional advection terms in LN2 induce
the second peak of warming in July as the thermocline tilt becomes steeper involved with
the equatorial upwelling (Fig. 2.3b). Then, the background current in the ML expands
the warm water anomaly poleward. In addition, meridional advection in LN1 results in a
warming tendency in the Np3.4 region persistently from July to November mainly in the
NH (cf. Fig. 2.7a). As the background SST increases poleward near the cold tongue, this
warming tendency is induced by the equatorward anomalous surface current, resulting
from the wind anomaly in association with the southward shift of the ITCZ. Correspond-
ingly, easterly trade wind is weakened (Fig. 2.5b), reducing evaporation. This causes the
spread of the warm water anomaly toward the central Pacific in the NH (Fig. 2.8b) (Xie
and Philander 1994; Xie 1996). Reduction of equatorial upwelling due to the anomalous
surface westerly also contributes to warm the SST on the equator (figure not shown), via

weakening of the poleward Ekman transport in the eastern Pacific.
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The process for WWES3-160E is confirmed based on Fig. 2.9, in a similar manner
to Fig. 2.8. The Nm03.4 warming initially occurs only due to the zonal component of
LN1 in April. After July, a warming tendency by the meridional component of LN1 is
observed (cf. Fig. 2.7b), although theifd8.4 SSTA is scattered among the ensemble
members of WWE3-160E (Fig. 2.4a). This implies that a part of the ensemble members,
having southward shift of the ITCZ, might show the warming in boreal summer.

With respect to the Nio3.4 warming, it is found that the seasonality of the ocean
and atmosphere plays a crucial role. The subsurface warm water induced by the WWE
outcrops in the Ni03.4 region when the slope of the mean thermocline is steeper, and
the southward shift of the ITCZ is caused by the interaction between active background
precipitation and outcropped warm water. As shown in Figs. 2.2 and 2.3, the back-
ground condition is preferable for both the atmospheric and oceanic processes from July
to November. As the WWE is imposed in May, the WWE-induced Kelvin wave reaches
the eastern Pacific in July-August, resulting in a background condition that is favorable to

warming the Nino3.4 region.

2.4.2 Generality

The generality of the mechanism explained above is confirmed by using 12 sets of en-
sembles. Figure 2.10 collectively plots the central timings and longitudes of the imposed
WWEsS (crosses), the maxima of the warm water anomaly in the subsurface (open circles),
and the SSTA maxima on the easf@restern side of 150W (closed circleAriangles)
over the background seasonal march of precipitation averaged 6v@&55N, tempera-
ture in the ML, and the warm pool edge (defined as@&ST isotherm).

Climatological precipitation associated with the ITCZ (shading) is seasonally active
during the boreal summer from June to October. In addition, the area of climatologi-
cal ML temperature of 20-24C (hatched area), where the initial surface warming may

appear as indicated in section 2.3.3, expands after June and reaches n8af ta6
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responding to the seasonal strengthening of the equatorial cold tongue or equatorial up-
welling in the eastern Pacific. In the western Pacific, the edge of the warm pool expands
the most in May.

Subsurface temperature anomalies (open circles) begin with the imposed WWE forc-
ing in each set of experiments (crosses). The warm water anomaly appears in the eastern
side of the WWE and its signal propagates eastward as an oceanic Kelvin wave. In the
WWE3 experiments, the subsurface warm water outcrops and continues weakly in the
easternmost Pacific (near ), while surface warming continues in the eastern Pacific
for several months in the WWES experiments (closed circle). The westward propagation
of the SSTA maximum after July is possibly associated with the zonal advection due to
climatological westward currents. Considering all the ensemble sets, greater and more
persistent surface warming occurs where climatological precipitation is active after out-
cropping of the subsurface warm water near th@dSi4 region, indicating the importance
of both the seasonally steeper slope of the climatological thermocline and the interaction
with the ITCZ. An exception is WWE1-160W, where the amplitude of the SSTA maxi-
mum is larger at 110W for 2 months, due mainly to NL of Eq. (2.4) only for 1 month
(not shown).

In the western Pacific, surface warming (triangles) concentrates near the eastern edge
of the warm pool, the reason of which can be interpreted as follows. Precipitation is
activated near the edge due to the SSTA induced by WWE over the western Pacific. Then,
the large-scale motion forced with the precipitation anomaly pushes the edge eastward,
although it is shifted back into the west because of the seasonal migration of the warm

pool.

2.4.3 WWE impact on the ENSO cycle

The impact of WWESs on the ENSO cycle is investigated in this subsection. We conducted

an extra set of numerical experiments, referred to as HIST-WWES5-160E, which is the
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same as WWEDS-160E except for the ocean and atmosphere initial values. The initial
values are given from the historical run on January 1 during the period 1981 to 2005 (cf.
section 2.2). A set of experiments without WWE forcing is referred to as HIST-REF.
Because of the initial subsurface anomalies, the ocean condition develops into either a
warm or a cold phase of the ENSO cycle, or stays neutral without any prescribed WWEs.
By prescribing a WWE similar to WWE5-160E, we can estimate tfeceof a WWE in
May on the subsequent development of ENSO. The number of ensemble members is 25,
and by the method described below, we classify the set into four cases: W (moderately
warm), E (extremely warm), N (neutral), and C (cold) following théid8.4 SSTA in
HIST-REF. As the WWE is prescribed in May, the Kevin wave induced by the WWE
reaches the eastern Pacific during July and August; therefore, c&s€Q)is defined
as an experiment in which N03.4 SSTA from July to November is higher (lower) than
0.93.0 K (-0.5 K); otherwise, it is classified as case N. The 25 cases are broken down as
W 6, E 2, N7, and C 10. The results described below are not sensitive to the sampling
method.

The Nino3.4 indices in each case are depicted in Fig. 2.11. Comparing HIST-WWES5-
160E with HIST-REF, the WWE féects cases W and N, with a contribution of 0.5 K
to 1 K warming for several months. On the other hand, cases E and C are insensitive
to the prescribed WWE. The horizontal structures of the WWE contribution to SST are
shown in Fig. 2.12a-d. In case N, the SST warms a wide are of the tropical Pacific,
and the ITCZ shifts southward as in WWE5-160E (Fig. 2.12a, e). Similarly, in case
W, surface warming expands over the tropical Pacific centered in tfie3Ni region,
involving a southward shift of the ITCZ (Fig. 2.12b, f). Interestingly, two of case W
were modulated by the WWE into extreme warm events, accompanied by subsequent
westerly anomalies over the western Pacific, as shown by Fedorov et al. (2015). On the
other hand, the SST response to a WWE is weak in case E (Fig. 2.12c, g) siia®ANi

SST almost reaches the temperature determined by the radiative-convective equilibrium
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(Jin et al. 2003). However, there are very weak signals in the precipitation field in case C
(Fig. 2.12d, h), even though the slope of the thermocline is steeper in the eastern Pacific
during cold phases. This may be caused by the northward shift of the ITCZ associated
with a cold SSTA over the equatorial Pacific, resulting in weak interaction between the
WWE-induced warm water and the ITCZ. While the SSTA induced by a WWE in May
can interact with the ITCZ in cases W and N, there is no interaction with the ITCZ in case
C. This indicates that thdfect of the WWESs is asymmetric to the ENSO phase associated

with the diference in atmospheric conditions.
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Figure 2.8: (a) Time series of the temperature anomaly [green-solid line, unit: K] in
the Nifi03.4 region in the mixed layer, and its tendency [gray-solid line in ALL] and the
results of the heat budget analysis [unit: K (30 dadjshor WWES5-160E. In ALL, the
shade indicates the sum of the advective terms (LN1, LN2, NL) and Q in Eq. (2.4), and
black-solid, magenta-dashed, and cyan-dotted lines indicate the zonal, meridional, and
vertical components of the advective terms, respectively. Shades in LN1, LN2, and NL
indicate the sums of the zonal (black-solid line), meridional (magenta-dashed line), and
vertical (cyan-dotted line) components of LN1, LN2, and NL in Eqg. (2.4), respectively.
Black line in LH indicates the latent heat flux anomaly. (b) Time series of the temperature
anomaly green-solid line, unit: K, its tendency [black-solid line, unit: K (30 dayshd

latent heat flux anomaly [shade, unit: K (30 daykpaveraged over 176-120°W and 3
°N-10°N in the mixed layer. The 15-day running mean is applied for all values.
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Figure 2.9: As for Fig. 2.8a, except for WWE3-160E.
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Figure 2.10: Paths of the warm water anomaly on the subsurface (open circles) and maxi-
mum points of the SSTA on the eastern side of M80(closed circles) and on the western

side of 150W (open triangles) for each experiment. The color corresponds to each exper-
iment and the size corresponds to the amplitude of anomalies; see right-hand side. Shade
indicates the background precipitation near the ITCZ{8°N) [unit: mm day!]. The

solid line and hatching indicate the 2€ contour and the area between 20 and Q4f

the background ocean temperature averaged betwé8mad 2°N in the mixed layer

(from the surface to a depth of 50 m). The dashed line indicates the eastern edge of the
warm pool, or 28 C contour of the background SST.
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Figure 2.11: (a) Each members of HIST-WWES5-160E (thin lines) and ensemble means
of Nifio3.4 SSTA in HIST-REF (thick-dashed lines) and HIST-WWES5-160E (thick-solid
lines) and (b) the dierences between the ensemble means 6b8l4 SSTA in HIST-
WWED5-160E and HIST-REF of cases N (black), W (red), E (purple), and C (blue). The
marks in (b) indicate the 95% significant values by t-test for the WWE contributions of
Nifi03.4 SSTA.
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Figure 2.12: Horizontal structures of theffdrences between HIST-WWE5-160E and
HIST-REF of (left column) SSTA [K] and (right column) precipitation [mm d&yfor

the ensemble means of cases N, W, E, and C in August of year 1. The 80% significant
value by t-test is shaded. The contour intervals of the SSTA and precipitation anomaly
are 0.4 K and 2 mm day, respectively.
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2.5 Discussion

From the series of WWE experiments conducted, it is clear that background seasonality
is of importance in a coupled atmosphere-ocean response to the imposed WWE forcing.
However, the sensitivity of the response to the mean seasonal march is not guaranteed
in nature because of potential model biases in the climatological ITCZ and thermocline.
Figure 2.13 shows the mean seasonal variations of the observed precipitation averaged
over 5°-15°N and ocean ML temperature averaged oves22°N. A comparison with

Fig. 2.10 indicates that the model is indeed biased to have too strong an ITCZ and a larger
seasonal variation of the 20-2€ isoline, but they are unlikely to be significant for the
mechanism described in section 2.4. Specifically, precipitation 0vel5°N is active

and the area with an ML temperature of 20=Z4reaches 120W from June to Septem-

ber, both of which are consistent between the model and the observations. The possible
paths of oceanic Kelvin waves (phase speed is assumed as 22 mg, McPhaden

2002) indicate that the WWEs inside the thick dotted lines in the figure rfieyeatly

warm the eastern Pacific associated with the interaction with the ITCZ. The probability
density function (PDF) of the observed WWE occurrences (cf. top panel of Fig. Al in ap-
pendix A) is higher between 14& and 160W. Therefore, the rhomboidal area between

the thick-dotted lines and red areas in Fig. 2.13 defines the preferable set of combination
for timings and longitudes of the WWEs that maximizé&dis.4 warming. WWESs in May

are indeed thought favorable to warming thédB.4 region, or triggering El Ko in the
subsequent winter.

Past studies indicate that the relationship between WWEs and warming in the eastern
Pacific is similar to that shown in our results. An example indicating the importance of
timing of WWEs is “a curious case of the EI i predicted for 2014” (McPhaden et al.
2015). Menkes et al. (2014) suggested that the mafberéince in El Nilos in 201415
and the El Nino in 199798 is the absence of sequential WWEs after April, implying the
importance of WWEs in May in triggering El No. Two WWEs during the period Jan-
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uary to March in 2014 might result in the warming in théibli+2 region in June and July
2014. Itis interesting that a modulation of the climatological seasonality at the equatorial
Pacific in a CGCM resulted in a successful forecast of th@RIi4 SSTA starting from
April 2014 (Masuda et al. 2015), implying the importance of the realistic background
seasonality on the response to WWESs. In addition to the case inZR)lthe evolution
of the SSTA in 197475 is also curious as McPhaden et al. (2015) pointed out. Despite
the frequent occurrence of WWEs during winter 1284 the El Nilo predicted for 1975
did not happen, but the easternmost Pacific was warmed instead in April 1975. On the
other hand, preceding the large ERgB in 198283, 199798, and 2015, WWESs occurred
in May. Another example is the surface warming that occurred in the far eastern Pacific
in mid-2012, which had been predicted to develop an EloNiMcPhaden et al. 2015);
subsequent WWEs in March and April 2012 might result in warming. Although the re-
sults in section 2.3 are derived with near-neutral initial values and therefore independent
of ENSO dynamics, we confirmed in section 2.4.3 that WWESs in May similarly warm the
Nifi03.4 region for cases developing into EFNI

One limitation of this chapter is that the WWEs have been prescribed. In reality,
the timing and location of WWEs are partly controlled by background SST and zonal
wind, as shown by Seiki and Takayabu (2007a,b) and many other studies (Lengaigne et al.
2003; Yu et al. 2003; Eisenman et al. 2005; Sooraj et al. 2009; Miyama and Hasegawa
2014; see also, Chapter 3). Generally, WWESs frequently appear over the western Pacific
warm pool, and their timing is partly determined by atmospheric intraseasonal phenomena
such as the MJO (Chapter 3), although the relationship between the WWEs and MJO is
not very significant in previous studies (Seiki and Takayabu 2007a; Chiodi et al. 2014).
The eastern edge of the warm pool is usually located to the west of the dateline, while
it extends eastward during or just before an Efidlievent. Based on the findings of
Seiki and Takayabu (2007a), WWEs often occur near the dateline between April and

July before El Nilo events, consistent with the favorable WWEs that we suggest in this
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chapter. Further study is needed to clarify why the timing and location are restricted in

the preferable season and longitude prior to Eid\Névents.
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Figure 2.13: Gray color indicates the background precipitation of GPCP data averaged
between 5N and 15°N [unit: mm day']. The solid line and hatching indicate the A2
contour and the area between 20 and@4f the background ocean temperature of Ishii

and Kimoto (2009) averaged betweefRand 2°N in the mixed layer (from the surface

to a depth of 50 m). Dotted lines indicate eastward propagating paths with a phase speed
of 2.2 m st assuming those of typical oceanic Kelvin waves in the equatorial Pacific. Red
color indicate the probability density function (PDF) of WWE occurrences [longitiide
shown in Fig. Al (top) in appendix A. Note the value of the PDF is constant in time,
although it is partly overlapped by gray in this figure.
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2.6 Conclusions

The response of an atmosphere-ocean coupled system to WWESs was investigated using a
CGCM, focusing on the importance of background seasonality. Twelve ensemble sets of
experiments initialized with ocean states close to neutral to ENSO indicate that WWEs
imposed in May #iciently increase Nio3.4 SSTA, independent of the ENSO dynamics.
The following three key processes were found to be responsible foy3N warming:

(i) linear zonal advection resulting from an eastward surface current anomaly associated
with an WWE-forced oceanic Kelvin wave; (ii) the outcropping of warm water in the
subsurface in Nio3.4 region caused by the steeper background thermocline slope; and
(iii) the reduction of poleward surface current at the NH due to the southward shift of the
background ITCZ interacted with the positiveifd3.4 SSTA originating from (i) and (ii).

The relationship between the timings of WWEs and background states of precipitation
and thermocline explained above is schematically shown in Fig. 2.14. As the background
seasonal march of the oceanic and atmospheric conditions is essential for (ii) and (iii),
the timings of WWESs, rather than their locations, are crucial to the warming tie3\t

region. From observation-based data sets, we suggest a preferable set of timings and
locations of a WWE that maximizes the role for triggering ERdliin the subsequent
winter, indicating the importance of WWEs in May.

The impact of WWESs in May on the ENSO cycle was also investigated using the same
method as mentioned above, except that the initial values included ENSO fluctuations.
For moderate warm cases like EIfidi, the imposed WWEfEects the system similar to
neutral cases. That is, the contribution to the system is almost additive and the nonlinear
interaction between the initial and WWE-induced fluctuations is not dominant. On the
other hand, theféect of the WWE is not significant in cold cases such as Li@aNiThis
asymmetry originates from the precipitation activity in the ITCZ, which is more (less)
active in warm (cold) cases. Although the ITCZ cannot interact with the warmer SSTA

induced by the WWE in cold cases, there is the interaction between them in moderate
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warm cases, similar to the neutral cases. Because, in nature, the strength of zonal wind
is skewed positively over the western equatorial Pacific (see Chapter 3), the WWE is a
candidate for the phenomena that generate the asymmetry of the ENSO.

The coupled atmosphere-ocean response to the WWESs can vary when the interaction
with background seasonality is considered. This indicates that tropical atmospheric distur-
bances such as WWEs contribute to the diversity of ENSO events (Chapter 4; Capotondi
et al. 2015). Furthermore, there is a possibility that the bias of atmospheric disturbances
in CGCMs results in errors of a modeled ENSO. The relationship between the WWEs
and ENSO in CGCMs used for CMIP5 may give us insights into the role of WWESs in the

coupled system.
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Figure 2.14: Schematic figure of the relationship between the timing of a WWE forcing
and background conditions of precipitation and thermocline. Red shadings indicate the
anomalous warm water. Black arrows indicate surface wind anomalies. (a) Initial condi-
tion and WWE-induced warm water. (b) 3 month after a WWE in March. (c) 3 month

after a WWE in May.
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Appendix A: Event detection and composited structure of

WWES

WWESs are detected following the method of Seiki and Takayabu (2007a) basically to
confirm the typical properties of observed and modeled WWEs. For observed WWES,
we use the daily averaged zonal and meridional momentum fluxes of the Japanese Re-
Analysis 55 Years (JRA-55, Kobayashi et al. 2015) from 1 January 1958 to 31 March
2014. The spatial resolution is 12by 1.25 horizontal grids. The background data is
derived by applying a 21-day running mean to averaged values for 30 years from 1981
to 2010 twice to ensure smoothness. A daily anomaly is defined as a departure from
the background data. For modeled WWEs, a 100-year output of the model with a pre-
industrial radiative forcing is used with a similar manner to the observed WWESs. Note that
the positive zonal and meridional momentum fluxes correspond to westerly and northerly
wind stresses.

Following the method of Seiki and Takayabu (2007a) basically, the conditions for
detecting WWE events are as follows: The 7-day running averaged zonal momentum flux
anomaly averaged between3-3°N is larger than 0.07 N nt zonally, extending at least
1@ in longitude and lasting for at least 2 days. Figure Al shows histograms of the number
of observed and modeled WWE occurrences for eveiy fongitude over the equatorial
Pacific and its probability density function (PDF) derived by the kernel method using the
Epanechnikov kernel (cf. Kimoto and Ghil 1993). The event number is concentrated over
the western and central Pacific and it has two peaks for the observed WWEs (Fig. Al
top), consistent with Fig. 3 of Seiki and Takayabu (2007a). The PDF for the modeled
WWEs is concentrated at the western Pacific (Fig. Al bottoffgcted by a model bias
in the cold tongue extending too far to the west.

Using the detected WWE events in the longitudinal bins with at least four samples, we

derived composite structures of the observed WWEs for each longitudinal bin centered
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around the day when the anomaly has its maximum during each event. Then, the compos-
ite structures of each bin are constructed, centered in the longitudinal direction, to obtain
an averaged structure of WWEs in the equatorial Pacific ignoring the overlap of events,
shown in Fig. A2. Note that to confirm the overall structure of WWES, only data over the
ocean are used in compositing, even although the original data exist over the land. The
properties in Figs. Al and A2 are insensitive to the thresholds for our event detection and

the averaging method.
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Composnte wind stress of WWEs (JRA 55)
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Figure A2: Horizontal structure of composited WWE in the observation. The vector and
color indicate the wind stress anomaly and its zonal component, respectively.

58



Chapter 3

Asymmetry of westerly and easterly

wind events: Observational evidence

Abstract

Westerly (WWES) and easterly (EWES) wind events, short-lived anomalous surface west-
erly and easterly winds, are known to occur with unusually large magnitude over the
equatorial Pacific. As their relative frequency of occurrence and dependence on back-
ground conditions are yet to be fully clarified, we analyzed daily surface winds for 1982—
2013 from which WWEs and EWEs are detected. Both types of events appear over the
western Pacific warm pool, where sea surface temperature (SSTigesuly high for

active deep convection, with a similar seasonality, and they favorably occur with increas-
ing Nifo4 (160°E-150°W, 5°S—5°N) SST. The relationship of occurrence of both events
with phases of the Madden-Julian oscillation is also identified. However, the frequency of
occurrence of EWESs is much less than that of WWES, resulting in asymmetry in wind am-
plitude. Local and remote anomalous convections are equally important in exciting these
events, but dferent local development processes cause the asymmetry in the frequency

of occurrence. These results can also be seen in wind stress anomalies, albeit obscured
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due to nonlinearity therein.

3.1 Introduction

Short-lived anomalous surface westerly wind epochs over the equatorial Pacific, westerly
wind events (WWES) (e.g., Luther et al. 1983; Hartten 1996; Harrison and Vecchi 1997;
Seiki and Takayabu 2007a,b), act to warm the eastern equatorial Pacific (Chapter 2; Vec-
chi and Harrison 2000; Lengaigne et al. 2002; Chiodi et al. 2014) and sometimes trigger
El Nifios (McPhaden 1999; Lengaigne et al. 2004). Eisenman et al. (2005) showed that
WWE occurrence is dependent on sea surface temperature (SST) variability in the western
Pacific warm pool associated with the Effg-Southern Oscillation (ENSO) phenomenon
(see also, Lengaigne et al. 2003; Vecchi et al. 2006). In contrast, anomalous easterly coun-
terparts, easterly wind events (EWES), induce a cold SST anomaly in the eastern Pacific
and may suppress El Rb growth (Takayabu et al. 1999; Lengaigne et al. 2004, 2006;
Chiodi and Harrison 2015; Min et al. 2015). Takayabu et al. (1999) showed that an abrupt
intensification of the easterly trade winds in May 1998 caused the rapid termination of
the 1997 El Nino. Lengaigne et al. (2004, 2006) indicated that episodic reinforcement of
trade winds limits the central and eastern Pacific warming and initiates fia NHow-

ever, very few studies have compared the statistical properties of these events and their
relationship with interannual variability.

Presence of EWEs has been uncovered in two recent studies (Chiodi and Harrison
2015; Puy et al. 2015). Despite a similarity between WWEs and EWESs in terms of the
spatio-temporal structure and the impact on the underlying ocean, their relationship with
the interannual variability is still under debate. Chiodi and Harrison (2015) showed fre-
quent occurrence of EWEs during the cold phase of ENSO, whereas Puy et al. (2015)
argued that the above state dependence of EWES relies on the definition and found no ro-

bust relationship between EWE occurrence and the warm pool displacement in the west-
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ern Pacific once the interannual anomalies of wind stress are excluded. While Chiodi
and Harrison (2015) did not make a direct comparison of the frequency of occurrence of
WWEs and EWEs, Puy et al. (2015) showed that EWESs occurred as frequently as WWEs
with given thresholds for the event detection. However, the use of wind stress anomaly
results in an exaggeration of EWESs over the central and eastern Pacific due to nonlinearity
of the wind stresses (see appendix B and Chiodi and Harrison 2015). This causes ambigu-
ity in the relative occurrence frequency between WWEs and EWESs and their dependence
on the background conditions, although these may influence the ENSO cycle. In this
chapter, statistical properties of WWEs and EWEs are investigated using surface wind
data, with focuses on the asymmetry of their occurrence frequencies and the relationship
with the interannual SST variability.

The rest of this chapter is structured as follows. Section 3.2 shows data sets of atmo-
sphere and ocean and methods of analysis. In section 3.3, the characteristics of WWEs
and EWEs is described. The development process of WWEs and EWESs is examined in

section 3.4. Section 3.5 provides conclusions and discussion.

3.2 Data and Method

3.2.1 Observational data

We use daily-averaged data derived from the following atmospheric and oceanic reanal-
ysis products interpolated on &y 1° grid from 1 January 1982 to 31 December 2013:

the Japanese Re-Analysis 55 Years (JRA-55) data (Kobayashi et al. 2015) for atmospheric
variables including the horizontal wind at 10 m height (surface wind), NOAA High Res-
olution SST (Reynolds et al. 2007), and interpolated outgoing longwave radiation (OLR)
data provided by the NOA®AR/ESRL PSD (Liebmann and Smith 1996). We define
anomaly as a deviation from the climatology, which is calculated as the long-term daily

average for 1982-2013 with an 11-day running mean. The high-frequency (HF) com-
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ponent of the anomaly is then defined by subtracting the interannual component, i.e., a
91-day running mean of the anomaly, and then applying a 3-day running mean to remove
daily-scale noise. The sum of the climatology and the interannual component is regarded
as the background state for the HF anomalies.

To analyze the relationship between WYE#EVE and the Madden-Julain oscillation
(MJO) (e.g., Madden and Julian 1971, 1972, 1994; Zhang 2005), we use an MJO index
of Wheeler and Hendon (2004) (provided by H. Hendon), defined by the principal com-
ponent time series of a pair of empirical orthogonal function of the combined fields of

near-equatorially averaged 850-hPa zonal wind, 200-hPa zonal wind, and OLR data.

3.2.2 Event detection

Several criteria have been used to detect WWEs in surface wind datasets (Hartten 1996;
Harrison and Vecchi 1997; Seiki and Takayabu 2007a; Chiodi et al. 2014). Following the
previous investigations into WWEs, we extract WWEs and EWEs based on the method
in Seiki and Takayabu (2007a) using the HF surface wind anomaly averaged between 2.5
°S and 2.5N. The thresholds of the magnitude, duration, and zonal extent are’ 5 & s
days, and 10in longitude, respectively. An eventis required to satisfy the three thresholds
at each grid over the equatorial Pacific (FE3-80°W). Note that results are qualitatively
similar with different thresholds for wind magnitude (Table B1 and Fig. Bla in appendix
B). The central day and longitude of each event are determined by the date and location
of the maximum magnitude of the event. An event is considered to be consecutive when

its center is less than 1@ longitude distant from its position in the previous day.

3.2.3 Analysis Method

In the composite analysis, the central longitude of each event is set toibhadative
longitude (hereafter, RL). In the lag composite analysis, “day 0” indicates the central day

of the event and “dayN (+N)” indicates theNth day lagging (leading) it. For calculating
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the statistical significance level, a two-tailed Student’s t-test is conducted assuming that
individual events are independent.

In the eddy kinetic energy (EKE) tendency analysis, the HF anomaly of zonal wind
at 850 hPa is decomposed into the eddly lfigher than about 20 days) and intraseasonal
(u”, lower than about 20 days) components. Since barotropic energy accumulation due
to the low-level zonal winds is a dominant contributor to the EKE generation along the
equator for both WWEs and EWEs (appendix C), thiéedénce in developing processes

between WWEs and EWEs is demonstrated by

oK' J U, ou’
ot X X

+R (3.1)

whereK’ = u2 +v2/2 is the EKE,V is the eddy component of the meridional wind at
850 hPa, the overbar indicates an 11-day running méais, the background of the zonal
wind, andR indicates the other terms.

A linear baroclinic model (LBM) (Watanabe and Kimoto 2000, 2001) is used to ex-
amine the linear response of atmospheric circulation to anomalous deep convection as-
sociated with WWEs and EWEs. The LBM consists of the primitive equation system
linearized about a basic state and has a spatial resolution of T42 withi@ls in the
vertical. The three-dimensional composite backgrounds of WWEs and EWEs are used
for the model basic state of the horizontal wind, temperature, and sea level pressure to
simulate the WWE and EWE, respectively (e.g., vectors in Figs. 3.10c and 3.10d). The
horizontal structure of the prescribed heating is determined based on the composite struc-
tures of the HF OLR anomaly associated with the WWE and EWE (cf. Fig. 3.7), and the

vertical structures(2) is provided as

S = my(1 + v){1 + explv)} expmovz) sin(mp2), (3.2)

wherev is a dimensionless parameteay = n/h, andh is the top of the tropopause (15
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km) (Fuchs et al. 2012). For the peak to occur at upper levels (about 400-300 hPa),
v = 0.5 is used. For translation into levels, the equivalent depth is assumed to be 8.3
km. The forcing is standardized to have a maximum magnitude of 5 K'd&jote that

the magnitude itself has no meaning owing to the linearity. The steady response to the

forcing is obtained by time integration for 80 days.

3.3 Results

3.3.1 Statistics of WWEs and EWEs

We detected 101 and 23 WWEs and EWEs for 32 years, respectively (Fig. 3.1a). The
number of events varies with slightlyfterent detection thresholds, but the frequency of
occurrence of EWEs is less than that of WWES regardless of the threshold (Table B1 in
appendix B). This robust asymmetry in the frequency of occurrence may result in WWEs
to have stronger magnitude and longer duration than EWES probabilistically (Fig. 3.2).
On the other hand, both events favorably occur in a similar season and location (Fig.
3.3); they occur rarely in the boreal summer but frequently in the boreal winter, and
preferentially appear over the Eastern Hemisphere (a few WWESs are also observed over
the Western Hemisphere). This indicates the similar dependence of the occurrences of

both WWEs and EWEs on background state with its seasonal march.

3.3.2 Dependence on background state

The relationship between event occurrence and interannual SST variability is shown in
Fig. 3.1. A comparison of the number of events with the time series of the montibANi
SST anomaly (160E-150°W, 5 °S-5°N) shows that WWEs and EWEs are both ob-
served frequently during the positiveidi4 SST anomaly. Indeed, the histogram of the
event occurrence and the probability density function (PDF) calculated by the Epanech-

nikov kernel (Kimoto and Ghil 1993) indicate that both WWEs and EWEs have a very
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similar shape skewed toward the positivéibd SST anomaly. The interannual variations
associated with WWEs and EWEs are seen in the composite structures of the interan-
nual anomalies of SST, OLR and horizontal wind at the peak date of these events (Fig.
3.4). Both WWEs and EWEs occur to the west of the broadly positive SST anomaly ac-
companied by anomalous active deep convections and low-level westerly, consistent with
the dependence on theidi4 SST anomaly. Since the 4 SST anomaly is related

to the warm pool expansion having important roles in BEidNonset and growth (Picaut

et al. 1996; Lengaigne et al. 2004) and is a measure of the central Pacifi6i&iaNd

La Nina (Takahashi et al. 2011; Cai et al. 2015), the above relationship implies that not
only WWEs but also EWES are probabilistically state dependent as suggested by Jin et al.
(2007). Note that the dependence of WWEs and EWEs on the3d\W (120°—-170°W,
5°S-5°N) SST anomaly vanishes when the interannual wind anomaly is removed (Fig.
Bla, b in appendix B).

The dependence of the HF zonal wind including the WHBAEE events on the back-
ground SST and OLR is presented in Fig. 3.5. The HF wind anomaly greater than 5
m s or less than-5 m s, thresholds for the WWE and EWE, preferentially occurs
when the background SST is greater than 2&5Fig. 3.5a) and the background OLR
is less than 230 W n# (Fig. 3.5b). This indicates that the warm pool, where the SST
is suficiently high for active deep convection, is favorable not only for WWESs but also
for EWES, consistent with the fact that the eastward expansion of the warm pool or the
positive Niio4 SST anomaly is accompanied by the frequent occurrences of WWEs and
EWESs (Fig. 3.1).

Any difference in occurrence frequency of WWEs and EWEs is unclear when using
the HF zonal wind stress anomaly. The nonlinearity of the wind stress anomaly with re-
spect to the background winds (e.g., Trenberth et al. 1989) makes the anomaly skewed
negatively (Fig. B2) and exaggerates the EWE occurrences over the central and east-

ern Pacific (Fig. B3), as suggested by Chiodi and Harrison (2015). This exaggeration
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of EWEs obscures the asymmetry in the frequency of occurrence except for extremely
strong events (Table B1), consistent with Puy et al. (2015), and their dependence on the

background (Fig. B1). See appendix B for further discussion.

3.3.3 Relationship with the phases of the MJO

The relationship of occurrence of WWEs and EWEs with the MJO is examined using a
MJO index (Wheeler and Hendon 2004). Figure 3.6 shows the histograms of occurrences
of WWEs and EWEs for eight phases of the MJO. WWEs favor to occur during phase
7, where active (suppressed) deep convection and low-level westerly (easterly) over the
western Pacific (Indian) Ocean (see Fig. 8 of Wheeler and Hendon (2004)). In contrast,
EWEs frequently occur during phase 3, where suppressed (active) deep convection and
low-level easterly (westerly) over the western Pacific (Indian) Ocean. This relationship is
still robust when the events are detected usitiigcent thresholds (figure not shown). Al-
though some previous studies showed the statistically insignificant relationship of WWEs
identified using surface wind anomalies relative to seasonal cycle with the MJO (Seiki
and Takayabu 2007a; Chiodi et al. 2014), this result implies that both the occurrences of
WWESs and EWEs are supported by the MJO.

3.3.4 Spatio-temporal structures

The structure of the WWE and EWE is examined using the composite analysis. Horizon-
tal patterns of HF winds and OLR anomalies at the peak date are similar to each other
except with the sign reversed (Fig. 3.7). The WWE (EWE) is shown to couple with in
situ active (suppressed) convections, which accompany anomalous convections having the
opposite sign and extending in the upstream region #@@ to —30° in RL. Such hori-

zontal structures are also seen in Fig. 4 of Puy et al. (2015), but only the in situ anomalies
were focused. The local and remote OLR patterns are consistent with the vertical pro-

files of HF upward motions (Fig. 3.8). Since the horizontal extent of the remote OLR
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anomalies is about twice area of the local anomalies, atmospheric circulation induced by
the remote anomalies can be comparable to that induced by the local anomalies in a lin-
ear sense. A dynamical analysis demonstrates that local and remote convective activities
are equally important for intensifying the zonal wind anomaly associated with the WWE
and EWE (see the next section). From the vertical structures of equatorial zonal wind of
the WWE and EWE (Fig. 3.8), it is found that the westerly anomaly of the WWE at the
central longitude is deeper than the easterly anomaly of the EWE.

The temporal evolutions of the WWE and EWE along the equator are shown in Fig.
3.9. The remote suppressed (active) convective anomaly of the WWE (EWE) propagates
eastward from-90° to O° in RL with a phase speed of about 5 nt.sThe cyclonic and
convective signal of the WWE propagates eastward slowly fr&@f to 0° in RL prior to
the peak date, but the propagation is not robustly seen. The cyclonic vorticity associated
with the WWE propagates westward after the peak date. The EWE is accompanied by a
westward-propagating disturbance with anticyclonic vorticity prior to the peak date from
-3 to & in RL. The growth rate of the WWE is greatly larger than that of the EWE near
the peak date at the central longitude, indicating the importance of local development

processes for WWEs.
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Figure 3.1: (a) Time series of theiMi4 SST anomaly [K] (solid line) and the number of
occurrences of WWEs (red bars) and EWEs (blue bars) in every month. The total numbers
of the event occurrence are shown in the panel. (b) Histogram for the occurrences of
WWEs (pink boxes) and EWEs (light blue boxes) and probability density function of
WWEs (red solid) and EWEs (blue dotted) with respect to tH@oMiSST anomaly [K].
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Figure 3.2: Histograms for occurrences of WWEs and EWEs (left vertical axis) and their
ratio to the total number (right vertical axis): (a) magnitude [} and (b) duration [day].
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Figure 3.3: Histograms for occurrences of WWEs and EWEs (left vertical axis) and their
ratio to the total number (right vertical axis): (a) seasonality from January to December
and (b) location [degree in longitude].
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Figure 3.4: Composite horizontal structures of the interannual anomalies of (a) WWEs
and (b) EWEs. Vector indicates the wind anomaly at 850 hPa [see legend for magni-
tude] where both the zonal and meridional components exceed 95% statistical confidence.
Shade indicates the OLR anomaly [W#h Red and blue contours indicate the positive
and negative SST anomaly [contour interval: 0.2 K].
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Figure 3.5: Histograms standardized by the total number of occurrence for the HF zonal
surface wind anomaly [m~$] averaged between 2% and 2.5°N over the equatorial
Pacific (120°E-80°W) with respect to background (black contown.0-°) of (a) SST

[°C] and (b) OLR [W m?]. Vertical solid lines in (a) and (b) indicate 286 and 230 W
m~2, respectively.
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WWE and EWE for MJO phase
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Figure 3.6: Histograms of the number of occurrence of (red boxes) WWEs and (blue
boxes) EWEs for phases of the MJO (left vertical axis). MJO index produced by Wheeler
and Hendon (2004) is used. Red and blue lines indicate the ratio to the total number of
occurrence (right vertical axis).
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Figure 3.7: Horizontal structures of the composite of (a) WWEs and (b) EWEs at the
peak day. Vector indicates the HF surface wind anomaly [see legend for magnitude]
where both the zonal and meridional components exceed 95% statistical confidence. Red
vectors indicate the zonal component is larger than 3'mShade indicates the HF OLR
anomaly [W n7?] and dots indicate the value exceeds 95% statistical confidence. Thick
dashed line indicates the background SST is 28.5
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Figure 3.8: Composite vertical structures of the HF anomaly of (a) WWEs and (b) EWEs
along the equator. Contour and shade indicate the zonal wind [contour interval:l m s
and pressure velocity [Pa’§, respectively, and thick line and dot indicate values exceed
95% statistical confidence.
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Figure 3.9: Lag composite structure of (a) WWEs and (b) EWEs for the HF components
of the equatorial-symmetric vorticity at 850 hPa (shade) and OLR (contour) averaged be-

tween 15°S and 15N from day—15 to day+15. Contour interval is 5 W n?, and neg-
ative contours are dashed. Triangles denote the negatively (positively) maximum points

of the vorticity for the WWE (EWE) between50° and 50 in RL. Crosses denote the
positively (negatively) maximum points of the OLR for the WWE (EWE) betwe&a(
and 90 in RL. Dots and thick lines indicate values of the vorticity and OLR, respectively,

exceed 95% statistical confidence
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3.4 Development processes

3.4.1 Local process

An analysis on the EKE at the peak date demonstrates therafice in development
processes near the central longitude between the WWE and EWE (see subsection 3.2.3).
The EKE of the WWE is larger than that of the EWE along the equator (Fig. 3.10a, b). The
EKE is similarly generated due to barotropic energy accumulatiob pgbackground)

for both the WWE and EWE (Fig. 3.10c, d). On the other hand, the EKE tendencies
associated withu” (intraseasonal) have asymmetric structures between the WWE and
EWE sinceu” is westerly for the WWE but easterly for the EWE at lower levels (Fig.
3.10e, f). Since the peaks of both terms for the WWE share their locations, the EKE is
effectively generated, resulting in the deep westerly along the equator as seen in Fig. 3.8a,
consistent with Seiki and Takayabu (2007b). This process causes the rapid growth of the
WWE shown in Fig. 3.9a. In contrast, the structureutfassociated with the EWE is
unfavorable to generate the EKE near the central longitude whgmmntributes to the

EKE generation, causing the EKE of EWEs smaller than that of WWEs.

This result indicates that the anomalous surface easterly is not detectable frequently
as an epoch of EWESs, resulting in less frequent occurrence of EWEs. Therefore, the
asymmetry in the intraseasonal zonal wind embedded in WWEs and EWESs contributes
nonlinearly to the asymmetry in the frequency of occurrence. In other words, the local
development process that is crucial for WWEs (Seiki and Takayabu 2007b) ifinere
to produce EWEs. This implies the importance of other processes to enhance the surface

easterly (see the next subsection).

3.4.2 Remote process

In the composite structures (Figs. 3.7 and 3.9), the WWE and EWE are involved with

the suppressed and active convective region extending in the upstream region, respec-
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tively. However, it is unclear whether such remote anomalous convection induces the
in-situ zonal wind with considerable magnitude. To estimate the relative importance of
the remote convective anomaly, a dynamical analysis was conducted using the LBM (see
subsection 3.2.3). To separate the contributions of heating and cooling to the response,
we conducted three kinds of experiments for each event: “CTL" experiment with both
the heating and cooling (Fig. 3.11a, e), “Cooling” experiment with the cooling only (Fig.
3.11b, f), and “Heating” experiment with the heating only (Fig. 3.11c, g). The responses
to the remote (i.e., around6( in RL) convective anomalies of the WWE and EWE are
corresponding to WWE Cooling (Fig. 3.11b) and EWE Heating (Fig. 3.119) experi-
ments, respectively, and those to the local (i.e., aroind BL) convective anomalies of

the WWE and EWE are corresponding to WWE Heating (Fig. 3.11c) and EWE Cooling
(Fig. 3.11f) experiments, respectively.

The steady responses of the atmospheric circulation to the prescribed heating scenar-
ios are shown in Fig. 3.11. In CTL experiments, the structures of the horizontal flow are
similar to the composite WWE and EWE. The responses in Heating and Cooling exper-
iments shown in Fig. 3.11 (b, ¢, f, g) indicate that both the local and remote convective
anomalies induce the zonal winds with the same sign at lower levels. Figure 3.11d (3.11h)
shows that the response to the remote cooling (heating) has magnitude comparable to that
to the local heating (cooling) for the WWE (EWE). The responses to both the remote and
local convective anomalies have their peak néan@RL since the background structure
prescribed in the model is favorable to amplify the response there (cf. Fig. 3.10c, d). The
above results indicate that the westerly (easterly) wind is intensified not only by the local
active (suppressed) convection but also by the remote suppressed (active) convection in
terms of the linear response to the prescribed heating scenarios. Therefore, both the local

and remote anomalous convections are crucial to excite WWEs and EWEs.

78



Chapter3: Asymmetry of westerly and easterly wind events: Observational evidence

3.4.3 Implications for development of WWEs and EWESs

The temporal evolution of WWEs and EWESs was examined in subsection 3.3.4 based on
the composite analysis (Fig. 3.9). To further discuss the development of these events, the
preceding structures of the atmospheric circulation and specific humidity at@laye
shown in Figs. 3.12 and 3.13. The vertical structures of the zonal-vertical flow and the
equatorial-symmetric part of the meridional velocity in Fig. 3.12 indicate that the remote
convective anomalies of both the WWE and EWE ne@®’ in RL are accompanied by
disturbances having baroclinic structures, which propagates eastward-@@nto O in
RL with a phase speed of about 5 nt §Fig. 3.9). The eastward-propagating disturbance
Is involved with the drier (wetter) humidity at lower levels for the WWE (EWE) (Figs.
3.12 and 3.13). Such remote suppressed (active) convective anomaly of the WWE (EWE)
may be associated with the MJO because of their slow eastward propagation (Fig. 3.9) and
a baroclinic structure (Fig. 3.12). The cyclonic and convective signal prior to the WWE
also seems to propagate eastward slowly freBf° to O° in RL (Fig. 3.9a) accompanied
by a baroclinic structure near 2h RL at day-9 (Fig. 3.12a), although the eastward
propagation is not robustly seen in Fig. 3.9a as mentioned in previous studies (Seiki and
Takayabu 2007a; Chiodi et al. 2014). This implies the importance of local development
processes for WWEs. Nevertheless, the MJO, accompanied by large-scale circulation
from the Indian to western Pacific Oceans, robustly influences the occurrences of both
WWEs and EWEs (Fig. 3.6).

The westward propagation of cyclonic vorticity lagging the WWE from day 850
near the central longitude (Fig. 3.9a) is probably related to a single cyclone or a se-
ries of cyclones in one or both hemisphere (Hartten 1996; Harrison and Vecchi 1997).
A westward-propagating disturbance with anticyclonic vorticity, leading the EWE from
day-10 to O (Fig. 3.9b), has the equivalent barotropic structure néam2RL at day
-9 (Fig. 3.12b). Its anticyclonic structure is confirmed not only at the lower level (Fig.

3.9b) but also at the upper level near 30 RL prior to the EWE (Fig. 3.13b). This
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westward-propagating disturbance associated with the EWE could be convectively cou-
pled equatorial Rossby waves (Kiladis and Wheeler 1995; Yang et al. 2007; Puy et al.
2015). This accompanies a negative specific humidity anomaly in the mid-troposphere
and subsidence through the troposphere neairB&L (Figs. 3.12b and 3.13b), con-
tributing to suppress the convection associated with the EWE. The suppressed convection

can enhance the surface easterly (cf. Fig. 3.11f), generating detectable epochs as EWEs.
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Figure 3.10: Composite structures of (a, b) the EKE with coloré $m] and (c-f) its
tendencies due to the zonal gradients of the background and intraseasonal zonal winds at
850 hPa with colors and contours [2n? s3] for (left) WWEs and (right) EWESs at the

peak day. Vectors indicate the 3-day running means of the (a, b) eddy, (c, d) background,
and (e, f) intraseasonal components of the horizontal winds at 850 hPalmGray

shade in (c-f) indicates the value does not exceed 95% statistical confidence.

81



Chapter3: Asymmetry of westerly and easterly wind events: Observational evidence

LBM Experiment (Temperature Forcing & Wind Response)

(a) WWE CTL (e) EWE CTL
0 * B ::[K/day] 30 ¥ . > A : Y5 5 2 |[K/day]
()] 15“'-:4- 4 4 ()] 15':-5 R ¥ % 4
3 = e ., 2 3 Fadniad® L b . 2
?ﬂ; 0-‘:‘:‘:‘::1 '?1/'1.._,..::, O ?ﬂ; 0‘»—»-;—7:‘:*‘:‘7—:1:4—1—:' O
— —-15 v‘:::: > > > -2 — —-15 n.,:‘, 41-:: -2
B T e v — T — ———— -4 b=y g e -4
-120 -90 -60 -30 O 30 60 90 -120 -90 -60 -30 O 30 60 90
— —
(b) WWE Cooling 5 [m/s] (f) EWE Cooling 5 [m/s]
30 - \ 30 - Y T
rem « 2237377 Ylocal EN g
§ 5] e ] =
£ o{Th i oy, 2 0p3o. ::':%
o 4 & ¢ ¢ © & % > > > > o &« «
= -151 .- = -151 .
=30 T T T T T v =30 T T — T r
-120 -90 -60 -30 O 30 60 90 -120 -90 -60 -30 O 30 60 90
(c) WWE Heating (g) EWE Heating
30 ~—r 77 30 - -
e e v remot
g 5] 3%F (local) o 15f EMIe) ..
2 o09° ;233 2 ORI
3_15- 3_15_.-..:»:.::‘.a..k4—:::
-30 T T T T — -30 +— — i —
-120 -90 -60 -30 O 30 60 90 -120 -90 -60 -30 O 30 60 90
(d) WWE (Equator) (h) EWE (Equator)
—U CTL == T CTL
5 F0.5 = 54 —U Heating x- T-Heating- 0.5 =
1 «—= U Cooling x T Cooling <
> () -Fooaoeesg0000000000 I 00055036000000000300 0 g > (0 20 R IRRe0000 B8 Si0000000000000000 » Y -0 g
) ) @ a
-51 —U Heating x- T-Heating| —-0.5 -5 - -0.5
—U Cooling x T Cooling
-120 -90 -60 -30 O 30 60 90 -120 -90 -60 -30 O 30 60 90
Relative Longitude Relative Longitude

Figure 3.11: Results of the LBM experiments for WWE (left column) and EWE (right
column). (a-c and e-g) Horizontal structures of horizontal wind response}jnats850

hPa larger than the magnitude of 2 m évector) and prescribed heating [K dajat 400

hPa (shade) for CTL, Heating, and Cooling experiments. (d and h) Longitudinal structures
of the prescribed heating [K daj} at 400 hPa (dotted line and rédlie marks indicate

CTL and HeatingCooling experiments, respectively) and the corresponding zonal wind
response [m38] at 850 hPa (solid black, red, and blue lines, respectively) averaged be-
tween 5°S and 5°N.
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Figure 3.12: Composite vertical structures of the HF anomaly of (a) WWEs and (b) EWEs
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aged between 1% and 15N [m s!]. Shade and streamline indicate the specific humid-
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Figure 3.13: Composite horizontal structures of the HF anomaly of (&) WWEs and (b)
EWEs at day-9. Contour and shade indicate the OLR [W2and specific humidity at

700 hPa [kg kg'], respectively. Vector indicates the horizontal flow at 200 hPa greater
than 1 m st.
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3.5 Concluding discussion

Here, we have shown observational structures of WWEs and EWEs and their relation-
ship with the interannual SST variability and background states in the equatorial Pacific
based on reanalysis data. The analysis of HF surface wind anomalies indicates that (i) the
frequency of occurrence of EWEs is less than that of WWESs regardless of the threshold
for wind magnitude to detect events, (ii) background states of SST greater thatC28.5
and OLR less than 230 W Th geographically corresponding to the Pacific warm pool,
are favorable for development of both WWEs and EWESs, and thereby they occur more
frequently with increasing Nio4 SST, (iii) the occurrence of both WWEs and EWES is
highly related with the phase of the MJO, and (vi) the composite structure of WWEs
(EWESs) is accompanied not only by the active (suppressed) convection locally but also
by the broadly suppressed (active) convection at the far western side of the events. The
asymmetry in the frequency of occurrence of detectable WWEs and EWEs is caused by
the asymmetry in the local EKE generation associated with intraseasonal disturbances
embedded in them.

The asymmetry in the frequency of occurrence might also originate from other rea-
sons. The PDF of convective activity is nonlinear as the suppression of deep convection is
bounded by clear skies (Zhang 1993). The easterly associated with suppressed convection
might be weaker than the westerly associated with the active deep convection. However,
well-suppressed convective anomalies are rarely related to the detectable EWESs in our
analysis; therefore, it is inflicient to explain the asymmetry only by the nonlinearity in
deep convection. There is also a possibility that interaction with the ocean brings asym-
metry between WWEs and EWESs (Lengaigne et al. 2003; Eisenman et al. 2005; Vecchi
et al. 2006). While EWEs may act to shrink the warm pool and result in unfavorable con-
dition for subsequent EWEs, WWESs tend to result in subsequent WWEs by expanding the
warm pool (e.g., Lengaigne et al. 2002, 2003, 2004; Miyama and Hasegawa 2014) since

both events preferentially occur over the warm pool and the positiieANSST anomaly.
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Further study is needed to estimate the impact of this coupled process on the asymmetry.
The diference in the frequency of occurrence and the similarity in the dependence on
background states are important aspects of WWEs and EWESs. For instance, more fre-
guent occurrence of WWEs than EWEs with the similar state dependence may contribute
to net warming at the equatorial Pacific probabilistically. The impact of state-dependent
stochastic forcing on ENSO asymmetry was shown in a conceptual model (Jin et al. 2007);
therefore, our observational analysis indicating probabilistic state dependence of both
WWESs and EWEs suggests that the relationship between WEVHSS and interannual
SST variability in the central equatorial Pacific can be partly responsible for the irregular

behavior of ENSO (cf. Chapter 4; Chen et al. 2015).
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Appendix B: Using surface winds or wind stresses

Many previous studies have used the surface zonal wind to examine the observational
characteristics of WWEs (Hartten 1996; Harrison and Vecchi 1997; Vecchi and Harrison
2000; Seiki and Takayabu 2007a; Chiodi et al. 2014). However, some recent studies have
used the zonal wind stress to examine WWEs and EWESs with a focus on their possible
impacts on the ocean (Chiodi and Harrison 2015; Puy et al. 2015).

The zonal wind stress anomaty, nonlinearly depends on the surface wind. Accord-

ing to Trenberth et al. (1989),
7 = poCp {JU|(U+ U) + [TlU}, (B1)

whereu andu’ are the background and HF components of the surface zonal wind, re-
spectively,oo (= 1.2 kg nT3) is the reference density, a2} (= 1.2 x 10°3) is the drag
codficient. Here, no meridional wind is assumed. Figure B2 (left) shows the value of
7 in Eq. (B1) with respect t@ andu’, superposed on the observational value (see the
caption of Fig. B2). As suggested by Chiodi and Harrison (2015), the magnitude of the
negativer’ increases sharply when the climatological easterly wind is intensified (Fig. B2
left); for instance’ associated withr' of -4 m s monotonically declines from about
-0.01 to-0.1 N m2 ast changes from 2 te-6 m s1. Accordingly,u’ with a Gaussian
probability density function (PDF) is transformed intchaving negatively skewed PDFs

for the easterly backgrounds (Fig. B2 right). This leads to the drastic increase in the
occurrence of strong easterly wind stresses outside of the Pacific warm pool, i.e., over the
central and eastern Pacific (Fig. B3): the frequency of occurrence of EWES is exagger-
ated owing to the use of wind stress anomalies. On the other hand, the pgsitbes not
strongly depend om (Fig. B2 left). Therefore, the use of wind stress anomalies makes
the asymmetry in the frequency of occurrence between EWEs and WWESs obscure except

for extremely strong events (Table B1 and Puy et al. 2015).
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The observational characteristics of the EWESs exaggerated by the use of wind stress
anomalies is influenced by the background trade winds. For instance, when using the wind
stress, the number of EWESs is less in boreal spring and early summer (Chiodi and Har-
rison 2015; Puy et al. 2015), corresponding to the season of the weakest trade winds. In
addition, the EWEs mainly appear over the central and eastern Pacific, where the easterly
trade winds are strengthened (Chiodi and Harrison 2015; Puy et al. 2015). When using
the surface winds, however, the seasons and locations favorable for EWES are very similar
to those for WWEs (Fig. 3.3). Furthermore, when using the wind stress, the dependence
of the EWE occurrences on theiidi4 SST anomaly is obscured (Fig. B1); instead, the
EWEs slightly prefer the negative hb3.4 SST anomaly, reflecting the intensified trade
winds during La Nina. As suggested by Puy et al. (2015), the features of both events are
considerably modified by using the anomaly of wind stresses or surface winds relative to
seasonal cycle (Fig. B1 and Table B1).

The use of the surface wind or wind stress should be determined carefully to investi-
gate WWEs and EWEs. In this chapter, we analyzed surface wind anomalies from which
WWESs and EWEs are detected; in this case, the frequency of occurrence of EWEs is less
than that of WWESs, and they appear over the Pacific warm pool and favorably occur with
increasing Nimo4 SST. These can also be seen in wind stress anomalies, albeit obscured

because of the nonlinearity therein.
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Table B1: Numbers of event occurrences by the same method in the paper but using
different magnitude thresholds for the event detectionféergintly filtered data of surface

wind [m s] or wind stress [N m?]. From left to right, data, filtering, threshold, the
occurrence numbers of WWEs and EWEs, and ratio of the number of WWEs to that
of EWEs. In the table, “Intraseasonal” indicates a 3-day running averaged deviation of
anomalies from a 91-day running mean, and “Relative to seasonal cycle” indicates 3-day
running averaged anomalies.

Data Filtering (anomaly) Threshold WWE EWE WWHEEWE

50mst 101 23 4.4

Surface wind Intraseasonal 4.0ms? 228 87 2.6
25mst 680 493 1.4

Surface wind Relative to seasonal cycle 5.0™ms 208 49 4.3
0.06 Nnt?| 60 29 2.1

wind stress Intraseasonal 0.05NnT?2| 103 108 1.0
0.04NnT?2 | 229 297 0.8

Wind stress  Relative to seasonal cycle 0.05Nm 196 252 0.8
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Figure B1: Probability density function of the events with respect to tliwM{left) and
Nino3.4 (right) SST anomalies [K]. (a, b) WWEs (red) and EWEs (blue) are detected
from intraseasonally filtered surface wind anomaly with thresholds of 2.5 (dotted), 4.0
(dashed), and 5.0 (solid) ni'sand from the anomaly relative to seasonal cycle with the
threshold of 5.0 m3 (thin magenta for WWEs and thin cyan for EWES). (c, d) WWESs
(red) and EWEsS (blue) are detected from intraseasonally filtered wind stress anomaly with
thresholds of 0.04 (dotted), 0.05 (solid), and 0.06 (dashed)yNamd from the anomaly
relative to seasonal cycle with the threshold of 0.05 N (thin magenta for WWEs and

thin cyan for EWES).
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Figure B2: (Left) Dependence of in Eq. (B1) (contour) andgg¢ (Shade) oru andu'.
The horizontal and vertical axes indicat@ndu’, respectively.r ¢ is the mean of HF

7' (averaged over 2.55-2.5°N) at grids wherei andu’ correspond to each 0.5 m's
bin over 120°E-80°W for 1982-2013, derived from JRA-55 (Kobayashi et al. 2015).
Note that the assumptions of const@at, climatological wind stress, and no meridional
wind may cause the flerence between’ in Eq. (B1) andrygs. (Right) Probability
density functions of’ for i = -5 m st (black solid) andi = -1 m s (black dotted)
associated with the Gaussianwith the standard deviation of 2 m's(magenta), derived
from 2x 10° random samples using Eq. (B1).
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Figure B3: Same as Fig. 3.5, but for the HF zonal wind stress anomaly in the vertical
axis.
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Appendix C: EKE budget analysis
The EKE tendency terms are calculated by

oK’ T — R _
T = VIV, VWV —Vs - VK —V; VK ——w/ T’ -V - (V30) +D,  (C1)
KmKe AmKe Aeke W GKe

where the prime indicates the eddy component, the overbar indicates an 11-day run-
ning mean (intraseasonal plus background componekts); w2 +v2/2 is the EKE,

V3 = (u,v, w) is the three-dimensional velocity vectdfy, = (u,V) is the horizontal ve-

locity vector,R is the gas constant for dry aiF, is the temperatured is the geopotential
height, andD indicates dissipation or subgrid-scaléeets (Seiki and Takayabu 2007b).
Following Seiki and Takayabu (2007b), the first, second, third, fourth, and fifth terms on
the right-hand side in (C1) are represented by KmKe, AmKe, AeKe, PeKe, and GKe,
respectively.

Figure C1 shows the composite vertical profiles of the EKE tendency terms averaged
around the central locations of WWEs and EWEs along the equator. The KmKe term
mainly generates the EKE for both the WWE and EWE at lower levels although its mag-
nitude is greater for the WWE. The overall result for the WWE is consistent with Seiki
and Takayabu (2007b). The main contributor in the KmKe term is the barotropic EKE
accumulation due to the zonal convergence of the environmental low-level westerly (i.e.,
—wwau/adx). This indicates that the fierence in the environmental low-level westetly,

(U = u” + Ug in section 3.2), may explain the asymmetry in the magnitude of the EKE

generation between the WWE and EWE.
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EKE Budget Analysis
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Figure C1: Composite vertical profiles of the EKE tendency {16? s3] for (a) WWEs

and (b) EWEs averaged betweehSand 5N, —10° and+10° in RL at the central date.
Lines indicate KmKe (black), AmKe (green), AeKe (dark blue), PeKe (light blue), and
GKe (magenta). Red lines indicate the EKE accumulation due to the zonal convergence

of the environmental low-level westerkyr v’ gt/ dx, in KmKe.
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Chapter 4

Coupling between westerly wind events

and ENSO

Abstract

A coupled dynamics between westerly wind events (WWESs) and i iouthern Oscil-

lation (ENSO) is examined using an atmosphere-ocean coupled model with intermediate
complexity. WWEs are short-lived surface westerly wind anomalies over the western-
central equatorial Pacific and observed frequently at the eastern edge of the warm pool
when the sea surface temperature (SST) anomaly at tiedNegion (160E-150°W,

5 °S-5°N) is positively large. These features of WWEs are parameterized as a state-
dependent stochastic noise to wind stresses in the model. Without the noise (experiment
NO), the model produces a periodic ENSO-like oscillation with a period of 6 years and
its variance increases with respect to a parameter that conffigierecy of the positive
thermocline feedback;. When additive (purely stochastic) noise is given to the model
over the western Pacific (experiment AD), oscillations become irregular with the domi-
nant period of about 5 years and the increase of its variance relative to NO depends on

v. When the state-dependent noise is adopted (experiment SD), the oscillatory solution is
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also irregular besides its variance and asymmetry increase irrespective the value of

Both the additive and state-dependent noises help to produce two types of oscillation,
corresponding to the eastern-Pacific (EP) and central-Pacific (CP)fielsNalthough
there is no such diversity in NO. EP EIM is magnified in SD due to the eastward shift of
the noise location caused by the warm pool expansion. CPitel Nieven favored by the
state-dependent stochastic noise, which enhances the zonal advection to warm the central
Pacific, and in turn the warmer b4 SST increases the probability of occurrence of the
noise. This positive feedback ensures the existence of CPitel idgardless of in SD,
while the number of CP El Nio declines with largey in AD. The above results thereby
suggest that the state dependence of WWESs may play a crucial role on the asymmetry and

diversity of ENSO in nature.

4.1 Introduction

The EI Nino-Southern Oscillation (ENSO) phenomenon is the interannual variability in-
trinsic to the atmosphere-ocean coupled system in the equatorial Pacific (Schopf and
Suarez 1988; Battisti and Hirst 1989; Jin 1997a,b). The oscillatory behavior arises from a
delayed feedback in the slow coupled process per se, but a possible interaction of ENSO
with high-frequency atmospheric disturbances has been investigated in recent decades.
Westerly wind events (WWES) or westerly bursts are sporadic surface wind anomalies that
persist for a few days to weeks with large magnitude over the western and central Pacific
(Luther et al. 1983; Hartten 1996; Harrison and Vecchi 1997; Seiki and Takayabu 2007a;
Puy et al. 2015; Chapter 3). The eastward wind stress anomaly associated with WWEs
increases the sea surface temperature (SST) in the eastern equatorial Pacific through the
thermocline deepening and zonal advection (Vecchi and Harrison 2000; Lengaigne et al.
2002; Belamari et al. 2003; Karnauskas 2013; Chiodi et al. 2014; Chapter 2), while the

occurrence of WWEs is more frequent with the SST anomaly associated witlfi&BNd
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corresponding eastward expansion of the western Pacific warm pool (Vecchi and Harrison
2000; Eisenman et al. 2005; Seiki and Takayabu 2007a; Hendon et al. 2007; Tziperman
and Yu 2007; Gushchina and Dewitte 2012; Chapter 3). This indicates that WWEs are not
purely stochastic (additive) but multiplicative (state dependent). Despite a short duration
of each WWE episode, frequent WWESs induce anomalous oceanic variations and cause
discernible warming in the eastern Pacific during the developing phases of extremely large
El Nifios in the boreal winter of 1982, 1997, and 2015 (Wyrtki 1985; McPhaden 1999; Jin
et al. 2003; Lengaigne et al. 2004).

The modulation of ENSO by additii&tate-dependent atmospheric noise that mimics
WWESs has been examined using various atmosphere-ocean couped models (Eisenman
et al. 2005; Zavala-Garay et al. 2005; Perez et al. 2005; Gebbie et al. 2007; Jin et al. 2007;
Levine and Jin 2010; Kapur and Zhang 2012; Lopez et al. 2013). Overall, state depen-
dence of noise robustly increases the ENSO instability, and transfers a damped system to
be oscillatory in intermediate coupled models (Eisenman et al. 2005; Perez et al. 2005),
an ocean general circulation model (OGCM) coupled with a statistical atmosphere model
(Gebbie et al. 2007), coupled general circulation models (CGCMs) (Lopez et al. 2013),
and a simple recharge oscillator model (Jin et al. 2007; Levine and Jin 2010). It has
also been shown that the low-frequency tail (i.e., envelop) of the state-dependent noise
or WWEs plays a crucial role in the ENSO modification (Eisenman et al. 2005; Zavala-
Garay et al. 2005; Gebbie et al. 2007; Levine and Jin 2010; Kapur and Zhang 2012;
Lopez et al. 2013). Some studies also demonstrated that the state dependence increased
the positive skewness of the SST anomaly (Perez et al. 2005; Gebbie et al. 2007; Jin et al.
2007; Levine and Jin 2010) or reduced a negative bias of the ENSO skewness ina CGCM
(Lopez et al. 2013).

However, contribution of additiystate-dependent noise may depend on inherent ENSO
stability and imposed state dependence. For instance, additive noise worked to reduce the

variance of ENSO in Lopez et al. (2013), but amplified in Perez et al. (2005) and Geb-

97



Chapter4: Coupling between westerly wind events and ENSO

bie et al. (2007) or did not influence in Eisenman et al. (2005), Jin et al. (2007), and
Levine and Jin (2010). Kapur and Zhang (2012) noted that the ENSO modulation by the
noise can be diierent between stable and unstable regimestefint state dependence
parameterizing WWEs may cause théelient conclusions on the noise-induced ENSO
asymmetry. While noise variance synchronized with the developing phase ofi&l Ni
may increase the El Nbo amplitude (Perez et al. 2005; Jin et al. 2007; Gebbie et al. 2007;
Levine and Jin 2010; Lopez et al. 2013), Gebbie et al. (2007) implied that the eastward
shift of WWEs may also contribute to amplifying El i through the zonal advection at

the edge of the warm pool, as indicated by Lengaigne et al. (2004). The irregularity of
ENSO can be introduced by noise, but the modulation of periodicity due to noise has not
been investigated quantitatively.

Recently, two types of El Nio have been distinguished based on their structural dif-
ference in the SST anomaly, called the ERbliflavor or diversity (e.g., Yeh et al. 2014,
Capotondi et al. 2015). One has the maximum of SST anomaly in the eastern Pacific
similar to the convectional El Ko (EP El Niho), and another has the peak in the central
Pacific, which is named dateline Eli (Larkin and Harrison 2005), EI N0 Modoki
(Ashok et al. 2007), warm-pool El No (Kug et al. 2009), or central-Pacific (CP) Efgi
(Kao and Yu 2009). The thermocline feedback is dominant in the development of EP El
Nifo, while CP El Niio is mainly driven by the zonal advection of mean SST by anoma-
lous zonal currents (Kug et al. 2009; Kao and Yu 2009; Yeh et al. 2014). The impact of
WWES on the EI Nio flavor was investigated using CGCMs. Lopez and Kirtman (2013)
showed the contribution of state-dependent WWEs to EP and CPfigksNm long-term
integrations of two CGCMs with a WWE parameterization by Gebbie and Tziperman
(2009). While WWEs fiected both types of El Kb in one CGCM, they modified only
EP El Nifo in another model. The flierent results in the two CGCMs indicate that the
influence of WWEs depends on the inherent ENSO stability of CGCMs. Fedorov et al.
(2015) and Hu et al. (2014) imposed a WWE in a CGCM, and indicated that whether
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the WWE induces EP or CP El A is controlled by the initial state of the ocean. The

El Nifo flavor was also examined by Lian et al. (2014) and Chen et al. (2015) using a
modified version of Zebiak-Cane (ZC) model (Zebiak and Cane 1987) with a parame-
terization of WWEs. They suggested that CP Ehdland extremely strong EP El o

can be produced by the state-dependent WWEs. However, the contribution of the state
dependence to CP El A is still unclear since they did not conduct experiments with ad-
ditive WWEs. Using a linearized ZC model, Bejarano and Jin (2008) suggested that EP
and CP EIl Ninos resemble “quasi-quadrennial (QQ)” and “quasi-biennial (QB)” modes,
respectively, which were their theoretical solutions. Although both modes exist inherently
in their model, the coexistence is sensitive to a small change in the basic state and model
parameter. Thus, the ENSO flavor in ZC model with state-dependent WWES is possibly
dependent on the model’s stability.

In this chapter, an intermediate coupled model is constructed to examine a coupling
between WWEs and ENSO. We coupled the ocean component of ZC model and a lin-
earized steady atmospheric global model, which can present a realistic atmospheric re-
sponse to SST anomalies. The annual cycles of both atmosphere and ocean are prescribed
in the model given its importance on the ENSO cycle (Chapter 2). The WWEs are pa-
rameterized based on an observational analysis for the relationship between WWEs and
SST (Chapter 3). By perturbing a parameter controlling the model's ENSO stability, we
qualify the ENSO modulation due to additive and state-dependent WWESs in stable and
unstable regimes.

The rest of this chapter is structured as follows. An intermediate atmosphere-ocean
coupled model and WWE parameterization are explained in section 4.2. In section 4.3,
the overview of ENSO in the model is described. The statistics of the model's ENSO is
examined in section 4.4, and the impact of WWEs on the EBloNlavor is focused in

Section 4.5. Summary and discussion are given in section 4.6.
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4.2 Method

4.2.1 Model

An intermediate atmosphere-ocean coupled model is used in this chapter. The atmo-
spheric component consists of a moist linear baroclinic model (mLBM), which is based
on primitive equations linearized about a basic state (Watanabe and Jin 2003). The model
variables consist of the perturbations of vorticity, divergence, temperature, logarithm of
surface pressure, and specific humidity. The mLBM calculates the atmospheric steady re-
sponse to SST anomaly under the seasonally varying basic state. A steady linear response

in the mLBM is symbolically written as

X = L7'F, (4.1)

whereX is a state vector containing atmospheric variallles,a linear dynamical opera-

tor associated with the basic state, &g a forcing vector containing the SST anomaly.
The mLBM has been used to examine the linear dynamical response of the atmospheric
general circulation to observed or idealized SST anomalies. Here, we use a low resolution
version of T21 and vertical 11 levels, and climatology derived from the National Centers
for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR)
reanalysis as a basic state that varies monthly (Kalnay et al. 1996).

The ocean component is a prognostic anomaly model for the equatorial Pacific (124
°E-80°W, 29°S-29°N), comprised of a shallow-water equation and a thermodynamic
model for the temperature of the surface layer. This model was adopted from the ZC
coupled atmosphere-ocean model (Zebiak and Cane 1987). The zonal and meridional
resolutions are 5.62%nd 2, respectively, and the time step is 10 days. The basic states,

including monthly varying SST and currents, are prescribed from observations. In the
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thermodynamic equation, the SST anomdaly i formulated as follows.

T - T T

ot = —Up-Vo(T+T)=Up- Vo T = {M(W + W) — M(W)} o _ M(v_v+w)6——aT+Q, (4.2)

ot 0z 0z

whereu;, andw are the anomalies of the horizontal surface currents and upwelling, re-
spectively, overbars indicate the basic staie(s; 1/125 day?) is the codicient for linear

damping,Q is the surface heat flux calculated in the mLBM, and

0 for x<0
x for x>0

so that the SST isfected by vertical advection only in the presence of upwelling.

The anomalous vertical temperature gradient is defined by

- : (4.4)

whereH; is the surface layer depth (50 m), anglis the temperature anomaly entrained

into the surface layer having the form

Te=7yTsup+ (1 - V)T- (4-5)

The ratio between the subsurface temperature anomaly &@ndT in T is defined byy,
andTgyis prescribed as a function bf
T.ftanhpy(h + h)] — tanhp;h)} for h>0
Tsup= _ _ (46)
T,{tanhp,(h — h)] — tanhfp,h)} for h <O,
whereh andh are the anomaly and prescribed mean of the thermocline depth, respectively.
Parameter valuesT{, T,, by, b)) = (28°C, —-40°C, 0.0125 nt!, 0.0303 n1?) as the

same with values in Zebiak and Cane (1987), were estimated from observations. The
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ocean model can reproduce observed interannual SST anomalies in the equatorial Pacific
when forced by observational wind stress anomalies (e.g., Kang and Kug 2000), and has
been used to predict EI No events (e.g., Chen et al. 1995) and to examine the ENSO
dynamics (e.g., Zebiak and Cane 1987).

The atmospheric response to the SST anomaly is calculated at each time step. The
ocean component model is forced by the wind stress anomalies using a linearized standard
bulk formula,

T = paCy([Ualua + |ualUy), (4.7)

wherer is wind stress anomaly, is the air densityCq is a bulk transfer cd@cient, and

U, andu, are anomalous and climatological surface winds, respectively. The magnitude
of T is reduced to 70% assuming larger dampifiga in the planetary boundary layer of
the mLBM, by referring to previous studies for stabilizing a coupled model (e.g., Perez

et al. 2005; Eisenman et al. 2005; Kapur et al. 2012).

4.2.2 Observational data

The long-term SST data (COBE-SST, Ishii et al. 2005) for 1850-2014 is used. The
monthly SST anomaly is defined as deviations from the 1981-2010 average.

We also use daily-averaged surface wind data derived from the Japanese Re-Analysis
55 Years (JRA-55) project (Kobayashi et al. 2015) from 1 January 1982 to 31 December
2013. WWEs are extracted following Seiki and Takayabu (2007a) by using the surface
wind anomaly averaged between 2%and 2.5 N after subtracting its interannual com-
ponent. The thresholds of the magnitude, duration, and zonal extent are'5 2rdgys,
and 10 in longitude. An event is required to satisfy the three thresholds at each grid over
the equatorial Pacific (12GE-80°W). See Chapter 3 for the detail and the statistics of
WWEs.
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4.2.3 WWE parameterization

In Chapter 3, we have shown that the occurrence of WWEs depends onitbé SI6T
anomaly. There are other conditions th&eat the occurrence of WWEs: edge of the
warm pool (Eisenman et al. 2005), low-level background westerly (Seiki and Takayabu
2007b; Sooraj et al. 2009), and zonal SST gradient in the western Pacific (Lengaigne
et al. 2003; Miyama and Hasegawa 2014). Note that tHe@MNISST anomaly is highly
correlated with the other three indicators for occurrence of WWEs.

The parameterization of WWE in this chapter is as follows. We fix the spatial pattern

of zonal wind stress anomalies("5).

(X—X)? VY
TYWE — Toexp{— B _L_§

for —-15L,<x<15L, and -15L,<y<15L,, (4.8)

where x andy indicate longitude and latitude, respectivety, = 0.15 [N m?] is the
amplitude of the WWESsY, is the central longitude of the WWESs, ahgandL, are 20

and 6, respectively. In some experiments described below, wr,setxy.,— 10°, where

Xpool IS the longitude of the eastern edge of the western Pacific warm pool defined by the
longitude of 28.5C SST isotherm along the equator. The aba{f¢Eis imposed to the

model with the probability at each time step)(
P="Py-(1+GTy), (4.9)

wherePq (= 0.2 [1/10 day?)) is the basic probability of WWE occurrencg, [K] is the
Nifio4 SST anomaly, an@ [K ] is a constant to assume the state dependence of WWE
occurrence. That is, the probability of WWE occurrence becomes higher (lower) for
positively (negatively) largefs. A WWE occurs centered ay when a random number

from O to 1, generated at each time step, is less ®yaand persists for 20 days. The
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minimum recurrence interval between WWEs is 30 days.

4.2.4 Numerical experiments

A reference case (referred to as NO) is conducted without external forcingPi.e.,

0, which produces ENSO-like interannual oscillations (see section 4.3). In the purely
additive or stochastic case (referred to as AD), weset 0 andxy = 16875 °E so that

the WWEs are added at the western Pacific independenily.diin the state-dependent

or multiplicative case (referred to as SD), weGet 1.5 andXy = Xp00i— 10°. In addition

to AD and SD, theT,-dependent and,,o-dependent cases are considered (referred to
as N4 and WP, respectively). In N&, = 1.5 is used but the WWESs occur centered at

Xo = 16875°E. In WP, the WWESs occur centered@t= Xyo0—10° butG = 0. Assuming

the association of WWEs with deep cumulus convection, the WWEs appear only when
the SST at, along the equator is greater than 28%in SD, N4, and WP.

The parameterization produces WWEs at the timings and locations similar to the ob-
servations. Figure 4.1 shows examples of parameterized WWEs calculated with the ob-
served SST anomaly from 1996 to 2005. The timings and locations of WWESs are compa-
rable to those in the observations. For instance, WWESs frequently occur prior to 1997 El
Nifio and migrate eastward associated with the warm pool expansion, while they are less
frequent during La Nia from the mid-1998 to late-2000. In addition, frequent occurrence
of WWEs for 2002—-2005 is modeled well. The probability density function (PDF) of the
occurrence of WWES has its peak at the posifiyesimilar to the observations (Fig. 4.2,
see also, Fig. 3.1b in Chapter 3).

The coupled model, ZC-mLBM, is initially kicked by the westerly wind stress patch
along the equator (Zebiak and Cane 1987). The WWE parameterization is switched on
after 10-year integrations. To calculafg in Eq. (4.9), we removed the climatology
defined by 10-daily average for 30 years before each time step. We analyze the model

output after the 51st year in model integrations, where the climatology during the data
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period (300 years in NO, and 1000 years in the others) is removed. Therefore, anomalies
indicate the departure from the climatology of each variable. Hereafter, Waadicates

the Nth year of the model integration.
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Table 4.1: List of the names of experiments, experimental designs, and values of the
dependence on the b4 SST anomalyQ®), and central longitude of WWEx{). The
eastern edge of the western Pacific warm pool is indicated,&y

Exp. Design G x
NO NoWWE
AD  Additive 0.0 168.78E

SD  State-dependent 1.5¢poo — 10°
N4  T4-dependent 1.5 168.7R
WP Xpoordependent 0.0 Xpoo — 10°
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Figure 4.1: Examples of the WWE parameterization applied on the observed SST
anomaly in (a) the observation, (a) SD, and (c) AD watk= 1.0 andP, = 0.2. Black bars
indicate the timing and location of WWESs. Shade and green contour indicate the monthly
SST anomaly and 3-month running mean of the 2&%ST isotherm, respectively, av-
eraged between S and 2N. The dateline is represented by black dashed line.

107



Chapter4: Coupling between westerly wind events and ENSO
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Figure 4.2: Probability density function of the occurrence of WWESs with respect to the

Nifio4 SST anomaly [K] in AD (green solid), SD (red solid), and the observation (black

dotted) (see Fig. 3.1b in Chapter 3), calculated using Epanechnikov kernel (Kimoto and
Ghil 1993).
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4.3 ENSO-like oscillations in NO and SD

Mechanism of the oscillatory solutions in NO and SD are examined in this section. Fig-
ures 4.3a and 4.3b show the anomalies in SST, zonal wind stress, thermocline depth, and
zonal surface current along the equator in NO with 0.45. The edge of the warm pool
as determined by the 28°®€ SST isotherm is imposed in Fig. 4.3a. The ENSO-like os-
cillation has a period of 6 years, having peaks of the SST anomaly in the eastern Pacific.
The anomalies of westerly (easterly) wind stress and eastward (westward) current have
their peaks to the west of the positive (negative) SST anomaly. The thermocline depth
anomaly is out of phase with the wind stress anomaly and slightly leads the SST anomaly.
The SST tendency is determined by zonal, meridional, and vertical advective terms
in the surface layer and a damping term including heat flux from the ocean to the atmo-
sphere in Eq. (4.2). Time evolution of these budget terms in the eastern equatorial Pacific
are shown in Fig. 4.4. All advective terms contribute to the growth of the ENSO-like
oscillation (e.g., from year 4 to 5). Prior to El M, the deepened thermocline induces
the positive subsurface temperature anomaly, which is entrained into the surface by the
mean upwelling. Associated with the wind response to the SST anomaly, the thermocline
is deepened further (thermocline feedback) and the eastward surface current anomaly ad-
vects the warm water to the east (zonal advective feedback). The equatorial upwelling
is reduced by the weakening of the easterly trade winds, causing the eastern Pacific to
warm. The anomalous equatorial downwelling is mainly balanced with the equatorward
surface current anomaly, contributing to the equatorial warming through the meridional
advection. During EI Nio, the zonal mean of the thermocline depth is shoaling associ-
ated with the poleward mass transport in the subsurface, leading to the termination of El
Nifio. The development process of Lafldiis vice versa. This is a typical ENSO cycle
described by classical theories (e.g., Jin 1997a), except thatigl INis a slightly larger
magnitude than La Nia (Fig. 4.3a). The asymmetry of ENSO in NO can be caused in

the subsurface temperature equation (4.6) determined by the thermocline depth anomaly
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and the nonlinear advection (Jin et al. 2003; An and Jin 2004; Duan et al. 2008).
State-dependent WWEs modify the ENSO-like oscillation of the model dramatically.
Figure 4.5 shows the anomalies in SST, zonal wind stress, thermocline depth, and zonal

surface current along the equator during a 10-year period in SDywith 0.45. The
zonal wind stress anomalies are separated into the slow component as calculated with Eq.
(4.7) (denoted asEN9 and the parameterized component using Egs. (4.8) and (4.9).
Unlike the solution in NO, the SST anomaly evolves irregularly in time and has various
structures, and the magnitude of Elffdiis much larger than that of La fa. El Niho
events, having its peak greater than 2 K in the eastern Pacific, emerge for years 187—
188 and 191-192, while the positive anomalous SST appears near the dateline from year
183 to 184 (Fig. 4.5a). As expected, WWEs occur frequently (rarely) for the positive
(negative) Nilo4 SST anomaly (Fig. 4.5c). They excite the oceanic Kelvin waves as
indicated by the eastward-propagating signals of the deepened thermocline and eastward
surface current (Fig. 4.5d, e). The central longitude of WWEs shifts eastward when the
warm pool expands to the east during ERBi The development process of the SST
variability in SD will be quantitatively discussed in section 4.5.

The comparison between NO and SD indicates that the state-dependent WWESs induce
the structural diversity of the model's ENSO and enhance its asymmetry and irregularity.
The statistics and diversity of the model's ENSO will be further discussed in sections 4.4

and 4.5, including their dependenceyan
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Figure 4.3: Time-longitudinal plots averaged betweefSland 1°N for 10 years in
NO with y = 0.45. (a) 3-month running averaged SST anomaly [K], (b) zonal wind
stress anomaly associated with ENSO [N?pshade], (c) thermocline depth anomaly
[m], and (d) zonal surface current anomaly [cm]s Green contour in (a) indicates 3-
month running mean of 28 % SST isotherm.
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Nino3 SST and tendency terms in NO (y=0.45)
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Figure 4.4: Temporal evolutions of the SST anomaly [orange thick, K] and its tendency
[gray thick, K month'] in NO with y = 0.45. The values are averaged at th&®8 region

but 1°S—1°N. Thin red, green, blue, and cyan lines show the zonal, meridional, and

vertical adective terms and a damping term including the surface heat flux, respectively,
in Eg. (4.2). The left and right vertical axes indicate the SST anomaly and its tendency
terms, respectively.
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Model’s ENSO in SD (7=0.45)
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Figure 4.5: Same as Fig. 4.3, except for in SD and a panel (c) of the zonal wind stress
associated with WWEs [N m] and 28.5°C isotherm. Scales in shadings ar&efient

from Fig. 4.3.

113



Chapter4: Coupling between westerly wind events and ENSO

4.4 EIl Nino indices

The statistics of ElI Nio indices is examined in this section. Figure 4.6 shows the time
series of the monthly SST anomalies in thé&dB region (150-90°W, 5°S—5°N) derived

from the COBE SST data for 1850-2014 (Fig. 4.6a) and the model experiments with
v = 0.45 for 300 years (NO, AD, SD, N4, and WP, Fig. 4.6b—f). The observed ENSO is
irregular and positively skewed, and extremely strong BEld\8vents appeared in 1982

and 199798. The model's ENSO in NO is periodic with small amplitude. In AD, WWEs
make ENSO-like oscillation irregular but the variance is similar to or smaller than that in
NO. The model's ENSO in SD is also irregular, and has a large variance due to extreme
El Nifios during some epochs. Larger variance is also observed in N4. In WP, stronger El

Nifio events, reaching 2 K, appear more frequently than in AD.

4.4.1 Variance

The PDFs of the Nio3 SST anomalies are compared between the observation and the
model experiments witly = 0.45 (Fig. 4.7a). Their standard deviations) are shown
in Table 4.2. The PDF in NO is bimodal, as was shown by Perez et al. (2005), while
the PDFs are close to the Gaussian shape in the other experiments and observation. In
SD and N4 3 is larger than the others, indicating that the dependence of occurrence of
WWEs onT, increases the variance of ENSO in the model. The standard deviations of
the Nino4 SST anomaliegr,) are increased in SD, N4 and WP (Table 4.2), although they
are much smaller than the observed value due to limitation in the ocean model (Kang and
Kug 2000).

Values ofo; ando, depend ory (Fig. 4.8a and 4.8b). By dividing each 1000-year
run into ten 100-year segments, the meansrofand o, and their standard deviation
(uncertainty) are obtained in AD and SD. Because of the regularity, only the means are

plotted for the 300-year NO run. In all experimentg,ando,4 increase withy except for
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o4 fory > 0.45 in AD. Comparing between NO and AD, the additive WWEs are found
to increaser; ando, for v < 0.45, while suppress foy > 0.45. This indicates that the
additive WWEs damp the model's ENSO cycle for unstable oscillatory regime (Fedorov
2002; Lopez et al. 2013), but magnify it for stable system (Perez et al. 2005; Gebbie et al.
2007) and weakly oscillatory system. In stable and weakly oscillatory systems, WWEs
may trigger El Nilo and increase the model’s ENSO variance. It is also seeorthatd

o4 In SD are greater than those in NO and AD for the entire rangg although the
difference ofo3 between SD and NO is not significant fpr> 0.55. That is, the state-

dependent WWEs act to destabilize ENSO independent of the inherent model’s stability.

4.4.2 Asymmetry

Figure 4.7b shows the positive and negative tails of the PDF in Fig. 4.7a. Tie3S$iST
anomaly greater than 2 K is more frequent in SD and WP than in AD and N4, and it is not
observed in NO. The numbers of occurrence during 1000 years are 0 in AD, 29in SD, 1
in N4, and 12 in WP. This indicates that the occurrence of WWEs at the warm pool edge
favors to trigger stronger El Nb events. On the other hand, the probability of values less
than—2 K is almost zero in all the model experiments, although it slightly increases in
SD.

Dependency of the ENSO asymmetrypis shown in Fig. 4.8c and 4.8d in the same
manner as Fig. 4.8a and 4.8b. Here, we define an asymmetricity parameteich is

the variance-weighted skewness suggested by An et al. (2005):

ms

P

(4.10)

wherem, is thekth momentm, = N, (x — X)*/N (x is theith data,X is the mean, and
N is the number of data). The asymmetricity is used instead of skewness (the normalized

third statistical momentys/(m,)*?) to avoid causing the larger skewness associated with
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the small standard deviation. Valuedadr the Nino3 and Nilo4 SST anomalied$ and

bs, respectively) are shown in Table 4.2 for the experiments with0.45 and observa-

tion. In the observation for 1850-201l%, = 0.44 andb, = —0.01, although these values
largely change interdecadally and have larger magnitude in the post 1B88'9(78 and

b, = —0.20 for 1981-2014, cf. An 2005). In N@; increases ant, decreases with.

For any value ofy, bs in AD is smaller than NO. This may be caused by the climatology

of the themocline depth induced by the WWE forcing, which is positive in the eastern
Pacific, so that nonlinearity in Eq. (4.6) is reduced. Comparison between AD and SD
shows thabs in SD is larger fory < 0.55, consistent with previous studies using several
models (Perez et al. 2005; Gebbie et al. 2007; Jin et al. 2007; Levine and Jin 2010; Lopez
et al. 2013). This indicates that the state dependence of WWESs, especially the depen-
dence on the warm pool expansion (Fig. 4.7b), is responsible for the ENSO asymmetry
in the model. Values ob, in AD and SD also decrease but are largely negative than
NO, andb, in SD is negatively larger than AD. Thus, state dependence also enhance the
negative asymmetricity in the western-central Pacific. The above results suggest that the
state-dependent WWEs help to produce the asymmetry in SST as in observations (cf. An

and Jin 2004).

4.4.3 Periodicity

Figure 4.9 shows the power spectrum of the monthiigd8i SST anomalies in the experi-
ments withy = 0.45 and observation. Owing to the regular oscillation in NO, the power

is concentrated in the period of 6 years and there is a secondary peak in the period of 3
years. In the other experiments forced, the spectra are widened and have broad peaks in
the period of 4-5 years. The powers in SD and N4 are larger than that in AD in all periods
(cf. Table 4.2). The dierence between WP and AD is not clear. On the other hand, the
power in the dominant period is magnified in SD relative to N4, although fffierehce

of SD from N4 is only the dependence a&p,,. This indicates that the dependences of
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WWEs onT, andXy.0 are nonlinearly related in the parameterization, and both of them
play the crucial role to modulate the model's ENSO cycle.

Dependence of the model's ENSO periodicityyis shown in Fig. 4.10a—c for NO,
AD, and SD. The result in Fig. 4.9 is robust for a wide range.ofin NO, the power has
dominant and weak peaks in the periods of 6 and 3 years, respectively. These two peaks
may correspond to two inherent modes, QQ and QB modes, in the linearized ZC model
(see the introduction), although the two frequencies in ZC-mLBM are slightly lower than
those in Bejarano and Jin (2008). The dominant peaks in AD and SD shift toward higher
frequency than that in NO regardlessyofThe diference of the powers between SD and
AD is largely positive in the period of 3-5 years (Fig. 4.10d), indicating that the state
dependence of WWEs enriches the power in the higher frequency. This frequency shift is
also observed in CGCMs with additive WWESs (Lopez et al. 2013).

The dominant period of ENSO-like oscillations shifts from 6 years in NO to 4-5 years
in the other experiments (Fig. 4.9). From the composites of BbNind La Nina events
using the 3-month running averagedid8 SST anomaly (Fig. 4.11), the rapid termina-
tion of La Nina in AD and SD is mainly responsible for the frequency shift. If the system
were linear, additive WWEs would shorten Lafidiand lengthen El Kb, and the dom-
inant period would not change. The asymmetrical influence of WWEs on the solutions
can be caused by nonlinearity in the subsurface temperature Eq. (4.6). The thermocline
depth anomaly induced by WWEs further increases the subsurface temperature during La
Nifia (Fig. 4.12), and mean upwelling entrains the subsurface warm water into the sur-
face dficiently. Therefore, WWEs work to terminate Lafidi rapidly but not to lengthen
El Nifio. This can be interpreted that the shallower (deeper) thermocline associated with
ENSO is more (less) sensitive to the thermocline deepening by WWEs in terms of the
subsurface temperature anomaly. Enrichment of the power in higher frequency due to the
state dependence in SD may be related with the modulation in the model’s ENSO flavor,

described in the next section.
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Table 4.2: Standard deviations of thefidB and Niio4 SST anomaliesr¢ and oy, re-
spectively) and asymmetricities (4.10) of théiNB8 and Nilo4 SST anomalie®f andb,,

respectively) in the experiments with= 0.45 and observations for 1850-2014 (denoted
as OBS) and 1981-2014 (denoted as OBS81).

NO AD SD N4 WP OBS 0OBS81

os[K] 045 041 063 056 047 079 0091
os[K] 016 0.17 025 023 020 058  0.67
bs[K?] 0.05 0.01 0.13 002 0.07 044 078
b,s[K?] 0.00 -0.02 -0.03 -0.04 -0.02 -0.01 -0.20
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Figure 4.7: (a) PDFs of the R0o3 SST anomalies [K] in NO (dark-gray solid), AD (green
solid), SD (red solid), N4 (orange dotted), WP (blue dotted), and the observation (black
dotted). (b) The negative and positive tails of the PDFs. The PDFs are calculated using
Epanechnikov kernel (Kimoto and Ghil 1993).
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Figure 4.8: Dependence of standard deviations [K] and asymmetriciti¢sfkhe Nifio3

and Nio4 SST anomalies onin NO (black), AD (green), and SD (red). Solid line and
shade indicate the mean and uncertainty, respectively, where the uncertainty is defined as
the standard deviation of ten-time series separated from a single 1000-year time series.
The uncertainty in NO is not depicted due to its rigid periodicity. The value fer0.3

is not depicted in NO since ENSO-like oscillations are damped. Vertical dashed lines
denotey = 0.45.

121



Chapter4: Coupling between westerly wind events and ENSO
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Figure 4.9: Power spectral densities [year?] of the Nifio3 SST anomalies in NO (black
solid), AD (green solid), SD (red solid), N4 (orange dotted), WP (blue dotted), and the
observation (black dotted), calculated by Welch'’s overlapped segment averaging with 50-
year windows using Hamming taper and zero padding.
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, (b) AD

N
1

Period [year]

oo~y O . N

0.05
0.02
0.01

oY O N

0.3

7
6
5
3
"9 2
2 2
e 1
3 31 0
3 -1
= 4 4 - -2
(]
a 5 5 -3
] 4
6 6 -5
7 7 i
§ § -7

0.3 04 05 0.6 0.7 0.3

Figure 4.10: Dependency of the power spectral density on(a) NO, (b) AD, and (c)
SD, and (d) diterence of SD from AD. In (a), the value fer= 0.3 is not depicted since
the model’s ENSO cycle is damped in NO. Vertical dashed lines denst6.45.
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Figure 4.11: Composite of the b3 SST anomalies for (a) El R and (b) La Nia

in AD (green), SD (red), and NO (black). Solid line and shade indicate the mean and
standard deviation, respectively. Each Ehbl{La Nina) event is detected when thedB

SST anomaly is greater (less) than its standard deviation (minus its standard deviation)
for, at least, consecutive 3 months.
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(a) Subsurface Temperature [K] (shade:WWE & contour:ENSO)
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Figure 4.12: (a) Theoretical relationship between the thermocline depth andmfdy] (
associated with ENSQY(ENS Q, and subsurface temperatuigs ) [K] induced by a
WWE. Here, the thermocline deepening due to the W\IMEYWB), is assumed to be

30 m. The vertical axis indicate a typical rangeldENS Q and the horizontal axis
indicate the longitude. In (a)lsy, due toh(ENS Q [contour] is calculated providing

h = h(ENS Q, and that due tb(WWE) [shade] is the dference ofTg,, calculated from

h = h(ENSQ + h(WWE andh = h(ENSQ in Eq. (4.6). (b) Longitudinal profile of

the thermocline depth [m] in the basic state, which is deeper in the western Pacific and
shallower in the eastern Pacific.
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4.5 Roles of state-dependent noise in the El Ro flavor

The EI Nifo flavor, i.e., coexistence of EP and CP ERbS, is examined in the model.
According to Kug et al. (2009), the two types of Elifidi events can be separated based on
the relationship between magnitudes of the standardized3Nand Niio4 SST anomalies

(T; andT,) averaged for the boreal winter (December—January—February). To clearly
divide these two types, EP (CP) Elidi is detected when two conditions are satisfied:
T3(T;) = L0 andT3(T;) > T,;(T;) + 0.5. Using these criteria, 10 EP and 14 CP Ehdli
events are detected in the COBE SST data for 165 years (red and blue circles in Fig.
4.13a); they include typical EP El Nos in 197273, 198283, and 199/88 and CP El
Niflos in 199495, 200203, 200405, and 2004.0. The composite horizontal structures

of the winter SST anomalies are shown in Fig. 4.14a and 4.14b for EP and CRds.Ni
The SST maximum of the EP (CP) El i is located in the eastern (central) Pacific,
consistent with Kug et al. (2009).

Figure 4.13b—d shows the scatter diagraniTpfand T, in NO, AD, and SD with
y = 0.45. Wheread; and T, are highly correlated and quasi-periodic in NO (plots for
300 years are overlapped in Fig. 4.13b), their relationship is scattered in AD and SD and
indicates that the El Nio flavor appears in these experiments. The numbers of EP and
CP EIl Ninos for 1000 years are 92 and 49 in AD, and 76 and 26 in SD, respectively. The
composite winter SST anomalies of EP and CP Hidsdiin AD and SD show similar
patterns to the observations (Fig. 4.14c—f), albeit the magnitudes of CPfik Nire
considerably smaller.

Temporal evolutions of EP and CP Eliidis are obtained from the lagged composites
of SST and other anomaly fields in AD and SD. In AD, EP Ehdldevelops after boreal
summer and matures in winter, accompanied by the atmospheric resppt38 (o the
SST anomaly (Fig. 4.15a). Although the occurrence of WWEs is independent of SST in
AD due to the formulation (4.9), the compositerf’Eindicates that EP El Niio tends to

be triggered by WWEs in early summer through the oceanic response. CRA&INNAD
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is accompanied by several peaks of WWEs, which induce the eastward surface current,
while ENSCis weak (Fig. 4.15b). That is, WWESs stochastically push the warm water
eastward and increase the SST in the central Pacific, generating CRdzl Te zonal
advection due taENS°may also contribute to persisting CP Elfigi

In SD, WWEs frequently occur during the developing phase of EP BbNduring
Jul(-1) and Jan(0)) and migrate eastward associated with the warm pool expansion (Fig.
4.16a). Correspondingly, the thermocline is deepened and the eastward surface current
Is enhanced, causing El i to amplify compared with AD. During CP El Ro in SD
(Fig. 4.16b), successive WWEs #{'WE facilitate the eastward current persisting in the
central Pacific. The Nio4 warming due ta¥'"Eincreases the probability of occurrence
of WWEs, resulting in further warming. This positive feedback between the SST anomaly
andrWE acts to generate CP El i in SD. The relationship between WWEs and SST
during EP and CP El Nios in SD is similar to typical events in 1998 and 20003 (Fig.

4.1, see also, Figs. 1.3 and 1.4), and it ensures reality of simulated events in SD.

The development process of Elidis is quantitatively discussed based on the budget
analysis of the SST tendency. The tendency terms were directly dumped from the model
following Eq. (4.2). Similar to the prototype oscillation in NO (Fig. 4.4), all the advective
terms act to increase thea3 SST for EP El Nio in AD and SD (Fig. 4.17a, c). While
the zonal advective term has only a weak peak at Jun(-1) in AD, it greatly contributes to
the warming after the boreal spring in SD, corresponding to the occurrences of WWESs.
The vertical and meridional advective terms are also enhanced in SD as compared with
AD. Since the state-dependent WWEs force the eastward currents at the warm pool edge,
the zonal advection of warm water further strengthens EP BbNIThis is consistent
with the increase of the standard deviation and asymmetricity @dBISST in SD (Fig.
4.8a and 4.8c). In the development of CP Ehdli(Fig. 4.17b, d), the zonal advective
term dominates in AD and SD, but it is larger and persists for a longer period in SD. This

indicates that the frequent occurrence of WWESsTpr- 0 enhances the zonal advective
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warming and induces CP El Rib with larger magnitude.

Interestingly, both EP and CP El b tend to have their peaks in boreal winter, even
though CP EI Nio is generated by stochastic additive WWEs in AD. WWESs in winter
tend to warm the Nio4 region due to seasonally large zonal SST gradient in the basic
state, while WWEs in late-spring to fall are favorable to trigger and intensify EP i, Ni
consistent with Chapter 2, owing to the annual cycle of the atmosphere-ocean coupled
system.

The flavor of EI Nilo depends on. The number of occurrence of EP Eliidiis almost
the same between AD and SD, and increases wiflhig. 4.18a and 4.18b). Therefore,
the occurrence frequency of EP Elidiis independent of the state dependence of WWEs.
On the other hand, whenincreases, CP El b becomes less frequent in AD but more
frequent in SD (Fig. 4.18a and 4.18b). Consequently, the ratio of CP to EPfigENi
declines withy in AD (Fig. 4.18c), whereas it is roughly independentyoin SD and
is about 0.4 (Fig. 4.18d). In other words, the state dependence of WWEs ensures the
existence of CP El Nio, or the El Nio flavor in the model. Since the period of CP El
Nifio is shorter than that of EP El i\, the ensured existence of CP ERNican enrich

the model's ENSO power in higher frequency in SD (Figs. 4.9 and 4.10).
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Figure 4.13: Scatter plot (gray dots) of the December-January-February (DJF) averaged
Nifio3 and Nilo4 SST anomalies standardize by their standard deviations in (a) the ob-
servation, (b) NO, (c) AD, and (d) SD with = 0.45. Note that the plots for 300 years

are overlapped in NO. Red and blue dots correspond to CP and ER&3,Mespectively.

Thin lines in each panel are related to the conditions to determine CP and ERdSl. Ni

The numbers of CP and EP Elis for the period of each time series are shown at the
bottom of each panels.
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Figure 4.14: Composite of DJF averaged SST anomalies [contour intervals are 0.1 K] for

EP and CP EIl Nios in (a, b) the observation, (c, d) AD, and (e, f) SD witlx= 0.45.

Shaded areas indicate value exceeding 95% statistical confidence calculated by a two-

tailed Student’s t-test.
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Figure 4.15: Lag composite of (a) EP Elitéiand (b) CP EIl Nio for 3 years in AD with

v = 0.45, centered at the central day in January. From left to right, the SST anomaly [K],
zonal wind stress anomaly associated with model’s ENSOSO [N m-2], zonal wind
stress of WWEs{"'YE) [N m~?], anomalies of the thermocline depth [m] and surface
zonal current [cm$] averaged for £S—1°N. Contoured areas indicate value exceeding
95% statistical confidence calculated by a two-tailed Student’s t-test.
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Figure 4.16: Same as Fig. 4.15, except for SD with 0.45.
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Composite of SST anomaly and tendency terms (1S-1N)
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Figure 4.17: Lag composite of the SST anomalies [orange thick, K] and its tendency
[gray thick, K month?] on (left column) EP El Niio and (right column) CP EI Mo for

18 monthsin (a, b) AD and (c, d) SD. For EP (CP) Efibli the values are averaged at the
Nifio3 (Nifno4) region but S—-1°N in the meridional direction. Thin red, green, blue,
and cyan lines show the zonal, meridional, and vertical adective terms and a damping
term including the surface heat flux, respectively, in Eq. (4.2). The left and right vertical
axes indicate the SST anomaly and its tendency terms, respectively.
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Figure 4.18: Dependency of the Elidi flavor ony in (left) AD and (right) SD. Top
panels show the numbers of (blue) EP and (red) CP Ebslfor 100 years, and bottom
panels show the ratio of the numbers of CP Ehidlto that of EP EI Nio. The mean and
uncertainty (standard deviation) are calculated by dividing each 1000-year time series into

ten 100-year periods. Vertical dashed lines denot€0.45.
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4.6 Summary and discussion

A coupled system between WWEs and ENSO and its dependence on the inherent ENSO
stability were examined using an intermediate atmosphere-ocean coupled model, ZC-
mLBM (Zebiak and Cane 1987; Watanabe and Jin 2003), which induces a periodic ENSO-
like oscillation without external forcing. The annual cycles of both atmosphere and ocean
are prescribed in the model given its importance on the ENSO cycle (Chapter 2). Ad-
ditive and state-dependent WWESs, having a Gaussian shape centered at the equator, are
probabilistically parameterized in the model. For the state-dependent case, likelihood
of occurrence of WWEs increases for positivdibd SST anomaly and the location of
WWESs depends of the eastern edge of the warm pool based on observations (Chapter 3).

Roles of the state dependent WWESs on the model’s ENSO are summarized as follows.

e Frequent occurrence of WWEs for the positiveibd SST anomaly increases the

variance.
e The occurrence of WWEs at the warm pool edge increases the asymmetry.

¢ State dependence of WWESs ensures the existence of two types diicl Ni

The relationship between additive and state-dependent WWEs and the model's ENSO
Is schematically presented in Fig. 4.19. Without WWEs (Fig. 4.19a), the thermocline
and zonal advective feedbacks drive an ENSO-like oscillation, and3Nand Niio4 SST
anomalies are highly correlated, making iffidiult to distinguish two types of El K.
When additive WWEs are incorporated (Fig. 4.19b), the zonal advection due to WWEs
(thick dashed arrow) simultaneously excites the central Pacific warming accompanied by
the atmospheric response to the SST; then, the zonal advective feedback between the SST
and atmospheric circulation induces CP Eibli The additive WWESs also act to trigger
EP El Nino through the downwelling Kelvin waves (thick bold arrow), which travel to
the eastern Pacific in a few months. Since the thermocline feedbadiecsie in the

eastern Pacific and increases wjththe system favors EP El Ro for largery. When

135



Chapter4: Coupling between westerly wind events and ENSO

the WWEs are state dependent (Fig. 4.19c), the positi@NEST anomaly increases

the probability of occurrence of WWEsSs (thick gray arrow), enhancing the zonal advective
feedback to generate CP Elidi. Since the variance of thei4 SST anomaly increases

with v, the number of CP EI Nio also increases owing to this feedback. Since tlioMi

region is located to the west of theii3 region, feedback between these regions is re-
quired to influence EP EIl Wo. First, WWESs induce the oceanic Kelvin waves associated
with the deepening of the thermocline, resulting in the subsurface warming in the eastern
Pacific where the mean thermocline depth is shallow. Then, the warm water is entrained
into the surface layer due to the mean upwelling, and SST increases. The atmospheric
response to the SST anomaly causes zonal advection to warmitbd Migion, which

is favorable for the subsequent occurrence of WWEs. In addition, WWES rarely emerge
during La Niia not to suppress the oscillatory system (Fedorov 2002). Therefore, the
state-dependent WWEs increase the variance of the model’s ENSO. The state-dependent
WWESs also strengthen EP El i since they migrate to the east associated with the
warm pool expansion, where zonal SST contrast is large, so that zonal advective warm-
ing is dfective (cf. Gebbie et al. 2007). Thus, the ENSO-like oscillation becomes more
asymmetric due to the state dependence of WWEs.

The ZC model has been used for ERdiforecasts (e.g., Chen et al. 1995), although it
has several limitations in both the atmospheric and ocean components. For instance, Xie
et al. (2015) applied thermal and dynamical modifications in the atmospheric component
to reduce spurious convective heating anomalies and anomalous easterly bias over the
eastern Pacific. In a similar spirit, Kirtman and Zebiak (1997) replaced the atmospheric
model to an atmosphere general circulation model to improve the ENSO prediction. Since
we coupled the mLBM (Watanabe and Jin 2003) to the ocean component, the atmospheric
circulation driven by SST anomaly can be more realistic than the original one. Some pre-
vious studies also attempted to modify the ocean component of the ZC model. Kang and

Kug (2000) parametrized the subsurface temperature based on the singular value decom-
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position (SVD) of the thermocline depth and subsurface temperature based on observa-
tions, besides the use of an empirical atmospheric model. Then, the model resulted in the
better performance in SST anomalies at the central Pacific due to the representation of
subsurface temperature. In addition, Kug et al. (2005) introduced surface heat flux and
vertical mixing into the SST equation to capture SST thermodynamics more realistically,
especially at the western Pacific. These modifications provided better forecast skill not
only at the western Pacific but also at the eastern and central Pacific. The modifications
in the subsurface temperature and SST equation might present better performance in the
ZC-mLBM.

Next, the WWE parameterization in this chapter is compared with previous studies.
Perez et al. (2005) provided the dependence of noise variance orfib@ SI5T anomaly.
However, the occurrence of WWEs does not depend on the SST anomaly in the eastern
Pacific (Fig. B1b in Chapter 3). To assume relationship of occurrence of WWEs with
the warm pool extent (Eisenman et al. 2005; Gebbie et al. 2007; Kapur and Zhang 2012;
Lian et al. 2014; Chen et al. 2015) may be unrealistic since it greatly increases the noise
variance (or likelihood of occurrence of WWES) still after the mature phase of EP El
Nifio. Instead, the occurrence of WWEs is robustly dependent on e ST anomaly
(Chapter 3), consistent with dynamical amplification of high-frequency surface westerlies
by low-level westerly (Seiki and Takayabu 2007b; Sooraj et al. 2009) and anomalous
zonal contrast of SST and sea level pressure (Lengaigne et al. 2003; Yu et al. 2003).

Coupling between WWEs and ENSO is an aspect of multi-scale interaction in the
equatorial Pacific. Since a seminal work by Eisenman et al. (2005), previous studies have
confirmed the importance of the slow component (i.e., envelop) of atmospheric noise and
WWEs on ENSO. Atmospheric noise is linearly uncorrelated with ENSO, but it is also
partly deterministic due to the nonlinear interaction between high-frequency and interan-
nual variability (e.g., Levine and Jin 2015). The modulation in the likelihood of occur-

rence of WWESs can be responsible for the deterministic and slow component. The pro-
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cess to generate the slow component has also been investigated in Chapter 3, Lengaigne
et al. (2003), Seiki and Takayabu (2007b), and many others. In this chapter, we compared
the impacts of the additive and state-dependent components of WWEs on ENSO-like os-
cillations comprehensively, and showed significant roles of the state dependence in the
statistics and flavor of the model’s ENSO. Although, in nature, there are the other factors
for modulating the ENSO cycle (e.g., An 2009), the state dependence of WWEs should

be considered in ENSO dynamics to present its diverse behavior.
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Figure 4.19: The main ENSO feedbacks in (a) NO, (b) AD and (c) SD, updated from
Zelle et al. (2004). Herery, h, andT indicate the zonal wind stress associated with
ENSO, thermocline depth, and SST anomaliesandT, are the SST anomalies in the

Nifio3 and Nio4 region, respectivelyrVWE indicates the wind stress associated with

additive and state-dependent WWEs in (b) and (c). Circles with blue and red shadings

represent the feedbacks to produce EP and CP Bbd\irespectively. All the dashed

arrows indicate the zonal advection. Thick black solid and dashed arrows in (b) and (c)

indicate the roles of YWE and a thick gray arrow in (c) represent the state dependence.
See the text in the figure for the other arrows.
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General conclusions

The coupled system between westerly wind events (WWES) and theiigtSbuthern
Oscillation (ENSO) phenomenon has been examined in the present study using a hierar-
chy of coupled atmosphere-ocean models and observational data to clarify (i) processes
responsible for the response of the atmosphere and ocean to WWEs in the presence of an-
nual cycle, (ii) state dependence and asymmetry of WWESs and their easterly counterpart
called easterly wind events (EWES), and (iii) role of the state dependence of WWESs in
generating the complexity of ENSO. Results in Chapters 2, 3, and 4 are summarized as

follows.

¢ In Chapter 2, a coupled atmosphere-ocean response to WWEs was investigated
using a coupled general circulation model (CGCM) with particular attention paid
to the dependence on the seasonal timing of WWEs. Twelve sets of 20-member
ensembles were made with an idealized WWE pattern imposedfareht months
from January to July and in fierent longitudes from 16{E to 160°W. The initial
ocean states were set to be near neutral so that the lagged response to WWEs can

be isolated.

The results show that SST at thef§B.4 region (170-120°W, 5 °S-5°N) in-

creases largely and persistently when a WWE was imposed in May, which is fa-
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vorable to EI Nito growth. In contrast, a WWE imposed in March induces an SST
increase only in the easternmost equatorial Pacific. In both cases, oceanic signal
generated by the WWE in the subsurface propagates eastward and warms the sur-
face in the eastern equatorial Pacific. When forced by the WWE in May, a positive
SST anomaly appears in boreal summer when it can strongly interact with the atmo-
spheric circulation and convective activity, which amplify the SST anomaly spread-
ing toward the central equatorial Pacific. The above mechanism works conditioned
by the seasonal march of both the atmosphere and ocean background states, and
therefore the coupled response is sensitive to the timing of the WWEs. The above
model experiments enable us to identify a favorable set of combinations of timing
and location that maximize the role of WWESs in triggering ERbdE in the sub-
sequent winter. Other experiment sets with ocean initial states infigl &d La

Nifia years showed that WWEs in May af@@ent to amplify EI Nfo similar to

the neutral case, while they are ndli@ent to suppress La Na.

In Chapter 3, the characteristics of WWEs and EWEs were examined. Their
state dependence and asymmetry are analyzed by using observational daily data
of atmosphere and ocean fields. We analyzed daily surface winds for 1982-2013
from which WWEs and EWEs were detected. Both types of events appear over
the western Pacific warm pool, where SST iffisiently high for active deep con-
vection, with a similar seasonality, and they favorably occur with increasing4Ni
(160°E-150°W, 5°S-5°N) SST, indicating their state dependences. In addition,
the occurrence of both WWEs and EWEs are highly related with the phase of the
Madden-Julian oscillation (MJO). However, the occurrence frequency of EWEs is
much less than that of WWEs, resulting in asymmetry in wind amplitude. This is
confirmed from a comparison of their characteristics based féereint criteria for

the event detection. A high-frequency energy budget analysis indicated that, al-

though the background low-level zonal winds similarly amplify WWEs and EWEs
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locally, different local development processes caused by intraseasonal winds result
in the asymmetry in the occurrence frequency between them. A linear model exper-

iments showed that local and remote anomalous convections are equally important
in exciting these events. These results can also be seen in wind stress anomalies,

albeit obscured due to nonlinearity therein.

In Chapter 4, a coupled dynamics between WWEs and ENSO was examined using
an atmosphere-ocean coupled model with intermediate complexity that produces
ENSO-like oscillations. WWESs are parameterized based on the results in Chapter
3 as a state-dependent stochastic noise to wind stresses in the model. Without the
noise (experiment NO), the model produces an ENSO-like oscillation with a period
of 6 years and its variance increased with respect to a parameter controlling the
model's ENSO stabilityy. When additive (purely stochastic) noise are given to
the model over the western Pacific (experiment AD), oscillations become irregular
with the dominant period of about 5 years and the increase of its variance relative
to NO depends on. When the state-dependent noise is incorporated (experiment
SD), the oscillatory solution is also irregular besides its variance and asymmetry

increase irrespective the valueyof

Both the additive and state-dependent noises produce two types of ENSO-like oscil-
lation, corresponding to the eastern-Pacific (EP) and central-Pacific (CPH&$Ni
although there is no such diversity in NO. EP ERNiis magnified in SD due to the
eastward shift of the noise location caused by the warm pool expansion. CR&EI Ni

Is even favored by the state-dependent stochastic noise, which enhances the zonal
advection to warm the central Pacific, and in turn the warm@oMIiSST increases

the probability of occurrence of the noise. This positive feedback ensures the exis-
tence of CP El Nio regardless of in SD, while the number of CP El No declines

with largery in AD. The above results thereby suggest that the state dependence of

WWESs may play a crucial role in the asymmetry and diversity of ENSO in nature.
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This study showed crucial roles of the state dependence of WWESs and the interaction
of response to WWEs with annual cycle of both atmosphere and ocean in the rich behav-
ior of ENSO. Chapter 3 showed the observational characteristics of WWEs and EWES,
and the uneven occurrence probability of WWEs and EWES, although they both have a
similar state dependence, emphasizes the relative importance of WWESs ondzl A
seen in Chapters 2 and 4, the atmosphere-ocean coupled response to W\fiittad a
strongly by annual cycle. Chapter 4 showed that the state-dependent WWESs, based on
the observational statistics in Chapter 3 as the basis, ensure the coexistence of CP and EP
El Nifios via the WWE-SST feedback. It is also found that the occurrence of the state-
dependent WWEs at the warm pool edge plays a role to amplify EPitel &ld to cause
the ENSO asymmetry.

Previous studies showed that the response to WWEs caffdieal by the annual
means of trade wind and thermocline depth (Fedorov 2002), annual cycle of the zonal
SST gradient (Harrison and Schopf 1984), modulation of the tropical instability waves
(Harrison and Giese 1988), and upper ocean heat content anomalies associated with the
phase of ENSO (Fedorov 2002; Hu et al. 2014; Fedorov et al. 2015). Latif et al. (1988)
implied the annual cycle in the background precipitation midjieici the oceanic response
to WWEs, although dierence between responses to WWEs in January and July was
not observed in their CGCM due to the unrealistic atmospheric seasonality. Chapter 2
showed that the atmospheric annual cycle also influences the response to WWEs in the
atmosphere-ocean coupled system, and that WWESs in May are indeed favorable to trigger
El Nifio, as observed in extremely large ERS in 198283, 199798, and 2015. This is
consistent with the triggering role of the stochastic noise during early boreal summer in
Chapter 4, where the annual cycles in both atmosphere and ocean were prescribed.

The state dependence of atmospheric noise has been considered in relation with the
SST anomaly at the eastern Pacific in some previous studies (e.g., Vecchi and Harrison

2000; Perez et al. 2005; Levine and Jin 2015). However, as shown in appendix B of Chap-
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ter 3, the noise robustly depends on thé&d SST instead of the Ro3.4 SST. This is
reasonable since the4 SST anomaly is highly correlated with the other indicators for
occurrence of WWEs: warm pool expansion (Eisenman et al. 2005), the zonal gradients
of background SST and sea level pressure (Lengaigne et al. 2003; Yu et al. 2003), and
low-level westerly (Seiki and Takayabu 2007b; Sooraj et al. 2009; Chapter 3) at the west-
ern Pacific. Chapter 3 also clarified the asymmetry and state dependence of WWEs and
EWESs, which has been debated in recent studies (Chiodi and Harrison 2015; Puy et al.
2015). Although both types of events have similar state dependence, their asymmetry in
development process emphasizes the relative importance of WWEs ondel Ni

Chapter 4 showed that the state dependence of WWESs ensures thad=tlavor
regardless of the inherent model stability, and the time evolutions of CP and ERdzirNi
the model resemble typical events in observations. Although Lian et al. (2014) and Chen
et al. (2015) also showed the appearance of CP &b an intermediate coupled model
with a WWE parameterization, the necessity of the state dependence has not been clarified
since they did not compare with experiments with stochastic additive noise. Besides,
observational evidence lacks in their assumption that the occurrence location of WWEs
propagates eastward with a constant speed. The impact of the state dependence of WWEs
on EP and CP EI Nios was examined by Lopez and Kirtman (2013) using CGCMs
by parameterizing additive and state-dependent WWEs. Although they concluded that
CP EIl Nino is not greatly enhanced by additive and state-dependent WWEs, their Fig.
4 indicates that the state dependence of WWEs magnifies CPfB| Nonsistent with
Chapter 4. Since low-order conceptual ENSO models generally have one variable of
SST (e.g., Jin et al. 2007), the inclusion of a variable diddi SST to assume the state-
dependent noise may help to advance theoretical studies on coupling between the noise
and ENSO.

CP EI Nino events have been frequently observed since the late 1990’s. From an anal-

ysis on the Coupled Model Intercomparison Project phase 3 (CMIP3) multi-model data
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set (Meehl et al. 2007), Yeh et al. (2009) indicated that the increased frequency of CP El
Nifio in a changing climate was related to a shoaling of the thermocline depth to warm
the central Pacific by enhancing the thermocline feedback. In contrast, an observational
analysis by McPhaden et al. (2011) showed that the thermocline was on average deeper in
the western and central Pacific during 2000-2010 compared to 1980-2000, implying that
natural variations of ENSO might cause the decadal change in the background state. Al-
though the mechanism responsible for such natural variations is still unclear, it is possible
that the La Niha-like background state (e.g., Watanabe et al. 2014) reduces the warming
response to WWEs in the eastern Pacific (cf. Chapter 2), resulting in frequent occurrences
of CP El Nifios during 2000-2010 via the state dependence of WWEs (Chapter 4). The
cause for the change in the Elidi flavor requires further investigation.

The interaction between WWEs and ENSO was focused in Chapter 4. In previous
studies, however, other processes responsible for the instability and asymmetry of ENSO
have been examined, as reviewed by An (2009). For instance, Jin et al. (2003) and An
and Jin (2004) showed that the nonlinear dynamic thermal advections (or the nonlinear
dynamical heating, NDH) amplify (suppress) strong Efidl(La Nina) events through
the vertical advective heating, suggesting that the eastward-propagating ENSO tends to
be accompanied by large NDH (see also, Timmermann and Jin 2002; Timmermann et al.
2003; Duan et al. 2008). Although NDH igfieient for prescribed eastward-propagating
wind stresses theoretically (An and Jin 2004), it is still unclear what causes the eastward
propagation of ENSO. In observations, frequent WWES resulted in eastward-propagating
thermocline anomalies consecutively (e.g., McPhaden 1999), implying a possible role of
WWEs for large NDH during El Nio. Although tropical instability waves (TIWsjfact
the ENSO asymmetry (An 2008), the ocean response to WWESs is also influenced by the
modulation of TIWs (Harrison and Giese 1988). The stability of ENSO carfibetad by
change in the mean state of the thermocline depth and zonal wind stress (e.g., Fedorov and

Philandar 2001; Bejarano and Jin 2008), indicating the dependence of ENSO on Pacific
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decadal variability and climate change (Fedorov and Philandar 2000; Collins et al. 2010).
On the other hand, the impact of WWEs also depends on the mean state (Fedorov 2002),
and the state-dependent noise itself shows a significant interdecadal change (Kug et al.
2008). A unified work for these possibilities can be a challenging future objective.

Some limitations in this study are discussed below. Although the CGCM used in
Chapter 2 well reproduced the background annual cycle at the eastern Pacific, it still has
the model bias (systematic model error) of SST in the western Pacific. Therefore, further
studies by CGCMs having more realistic background state are needed to examine the
dependence of atmosphere-ocean coupled responses to WWEs in the western Pacific on
the annual cycle. The ocean component of the ZC model was used in Chapter 4. Kang and
Kug (2000) suggested a modification in subsurface temperature of the ZC model based
on statistical analysis to improve the skill of Eliidi prediction. The Modification might
influence the ENSO cycle in Chapter 4, although the observation-based parameterization
will make the coupled system complex to interpret physically.

This study suggests that the background annual cycle, state-dependent high-frequency
atmospheric disturbances, and interaction among them greatly influence the ENSO cycle
in the coupled atmosphere-ocean system. It is also advocated that the WWE-SST feed-
back ensures the ENSO asymmetry and the existence of CHiglifNNnature. Although
the operational El Nio prediction and future projection of ENSO are based on CGCMs
(e.g., Hendon et al. 2009; Collins et al. 2010; Barnston et al. 2012; Taschetto et al. 2014;
Imada et al. 2015), ENSO may béected by the model bias not only in the mean state
but also in the annual cycle through interacting with the atmospheric noise (Chapter 2;
Harrison and Schopf 1984; Levine and McPhaden 2015) and ENSO itself (Stuecker et al.
2013, 2015a,b; Stein et al. 2014; Ren et al. 2015). Besides, the intraseasonal atmospheric
variability like the MJO is not well simulated in CGCMs yet (Hung et al. 2013). Since
the WWE activity is greatly controlled by tropical intraseasonal phenomena (Chapter 3;

Hendon et al. 2007; Seiki and Takayabu 2007b; Puy et al. 2015), the better representation
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of the intraseasonal and annual frequencies and the state dependence of atmospheric noise
will increase the El Nio prediction skills and the reliability of future projection of ENSO

in CGCMs.
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