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ABSTRACT

The delayed oscillator, the western Pacific oscillator, the recharge—discharge oscillator, and the advective—
reflective oscillator have been proposed to interpret the oscillatory nature of the El Nifio—Southern Oscillation
(ENSO). All of these oscillator models assume a positive ocean—atmosphere feedback in the equatorial eastern
and central Pacific. The delayed oscillator assumes that the western Pacific is an inactive region and wave
reflection at the western boundary provides a negative feedback for the coupled system to oscillate. The western
Pacific oscillator emphasizes an active role of the western Pacific in ENSO. The recharge—discharge oscillator
argues that discharge and recharge of equatorial heat content cause the coupled system to oscillate. The advective—
reflective oscillator emphasizes the importance of zonal advection associated with wave reflection at both the
western and eastern boundaries. Motivated by the existence of these different oscillator models, aunified oscillator
model is formulated and derived from the dynamics and thermodynamics of the coupled ocean—atmosphere
system. Consistent with ENSO anomaly patterns observed in the tropical Pacific, this oscillator model considers
sea surface temperature anomalies in the equatorial eastern Pacific, zonal wind stress anomalies in both the
equatorial central Pacific and the equatorial western Pacific, and thermocline depth anomaliesin the off-equatorial
western Pacific. If the western Pacific wind-forced response is neglected, thermocline and zonal wind stress
anomalies in the western Pacific are decoupled from the coupled system, and the unified oscillator reduces to
the delayed oscillator. If wave reflection at the western boundary is neglected, the unified oscillator reduces to
the western Pacific oscillator. The mathematical form of the recharge—discharge oscillator can also be derived
from this unified oscillator. Most of the physics of the advective—reflective oscillator are implicitly included in
the unified oscillator, and the negative feedback of wave reflection at the eastern boundary is added to the unified
oscillator. With appropriate model parameters chosen to be consistent with those of previous oscillator models,
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the unified oscillator model oscillates on interannual timescales.

1. Introduction

During the last decade, many studies have focused
on interannual climate variability associated with the El
Nifio—Southern Oscillation (ENSO). Progress has been
made in understanding and simulating the coupled trop-
ical ocean—atmosphere system by using models of vary-
ing complexity (e.g., Philander 1990; McCreary and
Anderson 1991; Neelin et al. 1998). Four conceptual
oscillator models have been proposed to interpret
ENSO-like oscillations: 1) the delayed oscillator (Suar-
ez and Schopf 1988; Graham and White 1988; Battisti
and Hirst 1989; Cane et al. 1990); 2) the western Pacific
oscillator (Weisberg and Wang 1997b; Wang et al.
1999b); 3) the recharge—discharge oscillator (Jin
1997a,b); 4) the advective—reflective oscillator (Picaut
et al. 1997).
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A mechanism for the oscillatory nature of ENSO was
originally proposed by McCreary (1983), based on the
reflection of subtropical oceanic upwelling Rossby
waves at the western boundary. Suarez and Schopf
(1988) introduced the conceptual delayed oscillator
(with an ordinary differential delay equation) as a can-
didate mechanism for ENSO, by considering the effects
of equatorially trapped oceanic waves propagating in a
closed basin through a delay term. Based on the coupled
ocean—atmosphere model of Zebiak and Cane (1987),
Battisti and Hirst (1989) formulated and derived a ver-
sion of the Suarez and Schopf (1988) conceptual de-
layed oscillator model and argued that this delayed os-
cillator model could account for important aspects of
the numerical model of Zebiak and Cane (1987). Gra-
ham and White (1988) presented observational evidence
of off-equatorial Rossby waves and their reflection at
the western boundary and then empirically constructed
a conceptual oscillator model for ENSO. As shown in
McCreary and Anderson (1991), the conceptual equa-
tions of the Graham and White model can be reduced
to asingle equation that has similar form to the delayed
oscillator [also see the comments of Neelin et al.
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(1998)]. The conceptual delayed oscillator model isrep-
resented by asingle ordinary differential delay equation
with both positive and negative feedbacks. The positive
feedback isrepresented by local ocean—atmosphere cou-
pling in the equatorial eastern Pacific. The delayed neg-
ative feedback is represented by free Rossby waves gen-
erated in the eastern Pacific coupling region that prop-
agate to and reflect from the western boundary, return-
ing as Kelvin waves to reverse the anomalies in the
eastern Pacific coupling region. Thus, the coupled
ocean—atmosphere system oscillates on interannual
timescales.

Consistent with observations (e.g., Weisberg and
Wang 1997a; Mayer and Weisberg 1998; Wang et al.
1999b), Weisherg and Wang (1997b) developed a con-
ceptual western Pacific oscillator model for ENSO. This
model emphasizes the role of the western Pacific in
ENSO, which has been overlooked in the delayed os-
cillator. In particular, off-equatorial sea surface temper-
ature (SST) and sea level pressure (SLP) anomaliesin
the western Pacific induce equatorial western Pacific
wind anomalies that affect the evolution of ENSO. The
western Pacific oscillator model considers the thermo-
cline depth anomalies in the equatorial eastern Pacific,
the equatorial zonal wind stress anomalies in both the
central Pacific and the western Pacific, and the off-equa-
torial thermocline depth anomalies in the western Pa-
cific. Arguing from the vantage point of a Gill (1980)
atmosphere, condensation heating due to convection in
the equatorial central Pacific (Deser and Wallace 1990;
Zebiak 1990) induces a pair of off-equatorial cyclones
with westerly wind anomalies on the equator. These
equatorial westerly wind anomalies act to deepen the
thermocline and increase SST in the equatorial eastern
Pacific, thereby providing a positive feedback for anom-
aly growth. On the other hand, the off-equatorial cy-
clones raise the thermocline there via Ekman pumping.
Thus, a shallow off-equatorial thermocline anomaly ex-
pands over the western Pacific leading to a decrease in
SST and anincreasein SLP in the off-equatorial western
Pacific (e.g., Wang et al. 1999b). During the mature
phase of El Nifo, this off-equatorial high SLP initiates
equatorial easterly wind anomalies in the western Pa-
cific. These equatorial easterly wind anomalies cause
upwelling and cooling that proceed eastward as aforced
ocean response providing a negative feedback for the
coupled ocean—atmosphere system to oscillate.

Jin (1997a,b) proposed a recharge—discharge oscil-
lator model for ENSO. Thismodel considers SST anom-
alies in the equatorial eastern Pacific and thermocline
depth anomalies in the equatorial western Pacific. Al-
though the physics of this oscillator seems to not be so
obvious from its mathematical form, he claimed that it
represents the discharge and recharge of equatorial heat
content. He argued that, during the warm phase of
ENSO, the divergence of Sverdrup transport associated
with equatorial central Pacific westerly wind anomalies
and equatorial eastern Pacific warm SST anomalies re-
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sults in the discharge of equatorial heat content. The
discharge of equatorial heat content leads to atransition
phase in which the entire equatorial Pacific thermocline
depth is anomalously shallow due to the discharge of
equatorial heat content. This anomalous shallow ther-
mocline at the transition phase allows anomalous cold
waters to be pumped into the surface layer by clima-
tological upwelling and then leads to the cold phase.
The converse occurs during the cold phase of ENSO.
It is the recharge—discharge process that makes the cou-
pled ocean—atmosphere system oscillate on interannual
timescales.

All of the above oscillator models are represented by
simple and heuristic ordinary differential equations. Pi-
caut et al. (1997) also proposed a conceptual model for
ENSO by emphasizing the importance of zonal dis-
placements of the western Pacific warm pool and wave
reflection at both western and eastern boundaries, with-
out aset of simple and heuristic equations. Using alinear
wind-forced ocean numerical model that was restricted
to the zonal current of the first baroclinic Kelvin and
first meridional Rossby waves, they showed an inter-
annual oscillation with specified model parameters.
They argued that anomalous zonal currents associated
with equatorial wave reflection at both the western and
eastern boundaries and mean zonal currents provide
negative feedbacks for their model to oscillate.

With the different conceptual oscillator models capable
of producing ENSO-like oscillations, more than one may
operate in nature. However, a conceptual oscillator model
including the different oscillator physics discussed above
does not exist. The purpose of this paper is to formulate
and derive a unified conceptual oscillator model from
which the different oscillator models can be extracted as
special cases. The paper is organized as follows. In sec-
tion 2, observations of eastern and western Pacific in-
terannual anomaly patterns are reviewed to better un-
derstand conceptual oscillator models. In section 3, a
unified conceptual oscillator model is formulated and de-
rived, and its relationships to other oscillators are dis-
cussed. Analyses of linear instability for the unified os-
cillator are performed in section 4. Summary and dis-
cussion are given in section 5.

2. Observations of ENSO eastern and western
Pacific anomaly patterns

To help us better understand the different conceptual
oscillator models for ENSO, we first review observa-
tions showing eastern and western Pacific interannual
anomaly patterns and their relationships. Rasmusson
and Carpenter (1982) gave a comprehensive description
of acomposite El Nifio using the surface wind and SST
data from 1949 to 1976, and Rasmusson and Wallace
(1983) presented outgoing longwave radiation (OLR)
anomalies during the 1982-83 El Nifio. These studies
focused on ENSO eastern Pacific anomaly patternssince
interannual anomalies in the eastern Pacific are large.
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During the warm phase of ENSO, warm SST and low
SLP anomalies are found in the equatorial eastern Pa-
cific, and low OLR anomalies are in the equatorial cen-
tral Pacific. Associated with the distributions of SST,
SLR and OLR anomalies, zonal wind anomalies are
westerly in the equatorial central Pacific.

Recently, Wang et al. (1999b) emphasized ENSO
western Pacific patterns in addition to eastern Pacific
patterns, using the Comprehensive Ocean—-Atmosphere
Dataset (COADS) data from January 1950 to December
1992 (Woodruff et al. 1987) and the OLR data from
January 1974 to December 1992 (obtained from the
NOAA-NCEP). Based on these data, the horizontal
structures of the tropical Pacific SST, OLR, SLP, and
surface wind anomalies for a composite El Nifio were
calculated as shown in Fig. 1. The El Nifio composite
was formed by taking the average December anomalies
for 1957, 1965, 1972, 1982, 1986, and 1991. During
the peak of El Nifio, when the warmest SST anomalies
are in the equatorial eastern Pacific, the coldest SST
anomalies are located to the north and south of the equa-
tor in the western Pacific, instead of on the equator.
Since atmospheric convection over the western Pacific
warm pool shifts into the equatorial central Pacific dur-
ing the warm phase of ENSO, the region of the lowest
OLR anomalies is located to the west of the warmest
SST anomalies. Like the relative position between the
SST and OLR anomalies in the equatorial eastern and
central Pacific, in the western Pacific the off-equatorial
region of highest OLR anomalies is positioned west of
the off-equatorial region of coldest SST anomalies. The
off-equatorial western Pacific cold SST anomalies are
also accompanied by off-equatorial western Pacific high
SLP anomalies. As a result of off-equatorial high SLP
anomalies, equatorially convergent winds are generated
that turn anticyclonically to equatoria easterly wind
anomalies over the western Pacific, as observed in Fig.
1d. Thus, during the mature phase of El Nifio, the equa-
torial eastern Pacific shows warm SST and low SLP
anomalies, and the equatorial central Pacific shows low
OLR anomalies, while the of f-equatorial western Pacific
shows cold SST and high SLP anomalies, and the off-
equatorial far western Pacific shows high OLR anom-
alies. Associated with these SST, SLP, and OLR anom-
aly patterns are equatorial westerly wind anomalies in
the central Pacific and equatorial easterly wind anom-
alies in the western Pacific. The nearly out-of-phase
behavior between the eastern and western tropical Pa-
cific is also observed during the cold phase of ENSO,
but with anomalies of opposite sign.

For the purpose of comparison between eastern and
western Pacific interannual variability, Wang et al.
(1999b) defined two new regional ENSO indices in ad-
dition to the conventional ENSO indices, consistent with
observations in Fig. 1. The conventional eastern and
central Pacific ENSO indices are: Nifio-1 over 10°-5°S,
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90°-80°W; Nifio-2 over 5°S-0°, 90°-80°W; Nifio-3 over
5°S-5°N, 150°-90°W; and Nifio-4 over 5°S-5°N, 160°E~
150°W. The new western Pacific ENSO indices are:
Nifio-5 over 5°S-5°N, 120°-140°E and Nifio-6 over 8°—
16°N, 140°-160°E. Comparisons of the SST anomalies
between the Nifio-3 and Nifio-6 regions, and the zonal
wind anomalies between the Nifio-4 and Nifio-5 regions
are shown in Figs. 2a and 2b, respectively. The SST
anomalies in the Nifio-3 region are out-of-phase with
those in the Nifio-6 region. That is, the warm (cold) SST
anomalies in the equatorial eastern Pacific during El
Nifio (La Nifia) are accompanied by the cold (warm)
SST anomalies in the off-equatorial western Pacific.
Similarly, zonal wind anomalies in the central Pacific
tend to be out-of-phase with those in the western Pacific.
During the mature warm (cold) phase of ENSO, equa-
torial westerly (easterly) wind anomalies in the central
Pacific are accompanied by equatorial easterly (west-
erly) wind anomalies in the western Pacific.

The 1997-98 El Nifio is no exception, also showing
the western Pacific anomaly patterns. Wang and Weis-
berg (2000) described how off-equatorial western Pa-
cific SLP anomalies evolve and how they produce equa-
torial wind anomalies in the western Pacific. Time-lon-
gitude plots of SST and zonal wind anomalies along the
equator during the 1997-98 El Nifio are show in Fig.
3. Equatorial westerly wind anomalies appear over the
far western Pacific in November/December 1996. The
continuous westerly anomalies and their eastward pen-
etration are associated with an initial warming in Jan-
uary/February 1997 in the central Pacific. The warming
also appears in March 1997 along the South American
coast. Thewarm SST anomaliesin the equatorial central
Pacific propagate eastward, whereas the warm SST
anomalies in the far eastern Pacific grow and spread
westward. In June 1997, the eastward propagating and
westward spreading SST anomalies merge together,
forming a large-scale warming in the equatorial central
and eastern Pecific. Then, the warm SST anomalies
grow but do not propagate. Equatorial easterly wind
anomalies over the far western Pacific also lead the
decay phase of the 199798 El Nifio. Like the equatorial
westerly wind anomalies that initiate the early warming
(e.g., Wyrtki 1975; McCreary 1976; Busalacchi and
O'Brien 1981; Philander 1981), the equatorial easterly
wind anomalies in the western Pacific may force up-
welling Kelvin wavesthat propagate eastward (Tang and
Weisberg 1984; Philander 1985) and help facilitate the
1997-98 EI Nifio decay. Both the onset and decay phas-
es of the 199798 El Nifio seem to relate to wind anom-
alies in the western Pacific.

The western Pacific anomaly patterns are robust fea-
tures of ENSO, independent of datasets. The western
Pacific anomaly patterns also appear in other datasets
and in other studies (e.g., Rasmusson and Carpenter
1982; Rasmusson and Wallace 1983; Graham and White
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Fig. 2. Three-month running means of the observed (a) Nifio-3 and Nifio-6 SST anomalies, and (b) Nifio-4 and Nifio-5 zonal wind anom-
alies. The data are COADS data from Jan 1950 to Dec 1992.

1988, 1991; Whiteet al. 1987, 1989; Kessler 1990; Chao
and Philander 1993; Delcroix et al. 1994; Mestas-Nufiez
and Enfield 2001), but these patterns were not empha-
sized, probably due to the relatively small magnitude
of SST anomalies when compared with those from the
eastern Pacific patterns. However, the small SST anom-
alies in the off-equatorial western Pacific are sufficient
to produce atmospheric responses of comparable am-
plitude to those in the equatorial eastern Pacific, due to
the mean state of atmospheric convergence there as-
sociated with the western Pacific warm pool (Wang et
al. 1999b; Wang 2000).

3. A unified oscillator model

In this section we first formulate and derive a unified
oscillator model. We then discuss the relationships of
this unified oscillator with the delayed oscillator, the
western Pacific oscillator, the recharge—discharge oscil-
lator, and the advective—reflective oscillator, and show
how the different oscillators can be extracted as special
cases of this unified oscillator model. The behavior of
the unified oscillator model is also discussed.

a. Formulation and derivation of unified oscillator
model

Observations (e.g., section 2) show that, during the
warm phase of ENSO, warm SST anomalies in the
Nifio-3 region (5°S-5°N, 150°-90°W) are accompanied
by cold SST/shallow thermocline anomalies in the
Nifio-6 region (8°-16°N, 140°-160°E). Also, while the
zonal wind anomalies over the Nifio-4 region (5°S-5°N,
160°E-150°W) are westerly, those over the Nifio-5 re-
gion (5°S-5°N, 120°-140°E) are easterly. We thus at-
tempt to formulate and derive a set of equations that
control the variations of these anomaly patterns. Wefirst
see the variations of SST anomalies in the equatorial
eastern Pacific (or the Nifio-3 region). From the SST
equation of the Lamont coupled ocean—atmosphere
model (Zebiak and Cane 1987), Battisti and Hirst (1989)
formulated and derived the delayed oscillator model of
Suarez and Schopf (1988). The change of SST anom-
alies in the Lamont model is described by the ther-
modynamics of a constant depth mixed surface layer
embedded in the upper-layer ocean. The linearized ther-
modynamical eguation of the Lamont model that con-
trols the variations of SST anomalies is
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T is SST anomaly; u, v, and w are the anomalous ve-
locity components in the zonal (x), meridional (y), and
vertical (z) directions, respectively; o, is a thermal
damping coefficient; t is time; y is a mixing efficiency
coefficient; overbars denote time-mean basic states; H,
is the thickness of the ocean mixed layer; h is the ther-
mocline depth anomaly; a(h) is afunction of mean ther-
mocline depth h (Zebiak and Cane 1987; Battisti and
Hirst 1989).

Based on the coupled model results, Battisti and Hirst
(1989) assumed that SST, vertical velocity, and zonal
current velocity anomalies are linearly related to zonal
wind stress anomalies in the equatorial eastern Pacific.
Using these assumptions, they considered the evolution
of SST anomalies averaged over an equatorial box. For
example, the evolution of SST anomalies averaged over

a box in the equatorial eastern Pacific can be obtained
by taking an areal average of Eq. (1):
HTe)
at

= K1) + Ki(h), 2
where (T,), (r.), and (h,) denote an areal average of
SST, zonal wind stress, and thermocline depth anomalies
in the equatorial eastern Pacific, respectively; K_and K,
are the two coefficients that depend on the mean states
averaged over the box [see Battisti and Hirst (1989) for
details]. Assuming that (h.) isin terms of the local wind
contribution and the remote wave refl ection contribution
from the western boundary and that (7.) is related to
(T.), Eq. (2) becomes the linear form of the delayed
oscillator model of Suarez and Schopf (1988) and Bat-
tisti and Hirst (1989). However, this formulation over-
looks the wind-forced wave contribution in the equa-
torial western Pacific. During the onset and mature phas-
es of El Nifio, the western Pacific is observed to have
equatorial westerly and easterly wind anomalies, re-
spectively (e.g., Rasmusson and Carpenter 1982; Deser
and Wallace 1990; Zebiak 1990; Chao and Philander
1993; Wang et al. 1999b; Wang and Weisberg 2000).
These wind anomalies are robust features of ENSO, as
seen in Figs. 1-3.

Starting also from Eg. (2) and considering additional
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wind anomalies in the equatorial western Pacific, we
next formulate and derive aunified oscillator model. On
ENSO timescales, the zonal pressure gradient is ap-
proximately balanced by a zonal wind stress term along
the equator. In the reduced gravity model, the balance
near the equator is between the oceanic zonal thermo-
cline tilt (oh/0x) and zonal wind stress (7%):

oh T

g&:poH' 3

where ¢’ is reduced gravity, H is thermocline depth, p,
is density of seawater. Integrating Eg. (3) from the west
to the east, we obtain

1 L east
- (J ™ dx + j T dx), 4
ng H west L

where L is a point between the equatorial western and
eastern Pacific, h, and h,, are the thermocline depth
anomalies in the east and west, respectively.

Observations (e.g., Figs. 1-3) show that during the
mature phase of El Nifio, equatorial westerly and east-
erly wind anomalies are located in the central Pacific
and the western Pacific (i.e., in the Nifio-4 and Nifio-5
regions), respectively. Letting 7, and 7, denote the in-
tegrated westerly and easterly wind stress anomaliesin
the Nifio-4 and Nifo-5 regions, respectively, then Eq.
(4) can be written as

h, = h, + Ar, + Br,,

h. = h, +

e w

©®)

where A and B are two constants that relate the Nifio-5
and Nifio-4 zona wind stress anomalies to the Nifio-3
thermocline anomalies. The delayed oscillator assumes
that the first term h,, in the right-hand side of Eqg. (5)
is due to equatorial wave dynamics. Rosshy waves gen-
erated in the region of the eastern Pacific propagate
westward and reflect at the western boundary, returning
as Kelvin waves that affect the equatorial thermocline
in the eastern Pacific. Thus, h,, is proportional to —7,(t
— m), where nisatimefor wavesto travel to thewestern
boundary and return to the eastern Pacific. The second
term in the right-hand side of Eq. (5) is the effect of
equatorial easterly wind anomaliesin the western Pacific
on the thermocline in the eastern Pacific. The equatorial
easterly wind anomalies in the western Pacific force
upwelling Kelvin waves that propagate eastward to af-
fect anomalies in the east. Since it aso takes time for
an ocean upwelling response induced by equatorial east-
erly wind anomalies in the western Pacific to affect
anomalies in the eastern Pacific, a delay parameter §is
needed. Therefore, Eq. (5) can be rewritten as

h,= —Cr,(t — m) + Ar,(t — 8) + Br,.  (6)

Note that if A = 0 (neglecting the effect of western
Pacific wind-forced Kelvin waves), Eg. (6) reduces to
the assumption of Battisti and Hirst (1989) [their Eqg.
(2.4)] on which they derived the delayed oscillator. Sub-
stituting Eq. (6) into Eqg. (2) and introducing a cubic
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damping term for limiting the anomaly growth, we ob-
tain the variations of SST anomalies in the Nifio-3 re-
gion:

dT

G an - byri(t — m) + br(t — 8) — €T3,

)

where T = (T,) is the Nifio-3 SST anomaly, a is a
coefficient representing the positive feedback between
T and 7,, b, is a coefficient representing the negative
feedback dueto wavereflection at the western boundary,
b, is a coefficient representing the negative feedback
due to the wind-forced wave contribution in the equa-
torial western Pacific, and ¢ is a cubic damping coef-
ficient.

Next, we consider the variations of thermocline
anomalies in the off-equatorial western Pacific. During
the mature phase of El Nifio, the maximum of the at-
mospheric heating is located in the Nifio-4 region (e.g.,
Deser and Wallace 1990; Zebiak 1990). The heating
resultsin apair of off-equatorial cyclonesthat drivethe
equatorial westerly wind anomaliesin the central Pacific
(Gill 1980). The off-equatorial cyclones are also asso-
ciated with positive off-equatorial wind stress curl that
forces Rossby waves to propagate westward and raise
the western Pacific off-equatorial thermocline. The vor-
ticity equation governing the forced low-frequency off-
equatorial Rossby waves is (e.g., Meyers 1979; Mc-
Creary 1980; Kessler 1990)

@—q@+m=—w%i> ©)
at X Pof

where ¢, = Bc3/f2 is the long Rossby wave speed, ¢,
is the oceanic Kelvin wave speed, f is the Coriolis pa-
rameter, B is the planetary vorticity gradient, and R is
a damping coefficient. Equation (8) has eliminated the
short Rossby waves and excluded the equatorial Kelvin
wave andisonly valid in the of f-equatorial region. Thus,
it is atropical or midlatitudinal (instead of equatorial)
approximation. The physics of Eq. (8) is much clearer
if it iswritten as

dh T
a = —Curl(pof> — Rh

ax

- = —C
dt '

©)

| S — |

The off-equatorial thermocline depth anomalies are
forced by the wind stress curl and propagate westward
as a Rosshy wave form at speed of c¢,, damping by a
rate of R. It takes time for the off-equatorial Rossby
waves to propagate to the off-equatorial western Pacific.
Considering a delay time A, the variations of the ther-
mocline anomalies in the Nifio-6 region can be ex-
pressed as
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dh h where e is a positive coefficient that relates the Nifo-6
ot —cn(t—A) - Rh, (10)  thermocline anomalies to the Nifio-5 zonal wind siress

where ¢ is a positive constant that relates the Nifio-4
zonal wind stress anomalies to the Nifio-6 thermocline
anomalies, and R, is a damping coefficient. Equation
(10) also can alternatively be obtained by taking a box
average of Eq. (8), similar to the derivation of Eq. (2).

Equations (7) and (10) show that the Nifio-3 SST
anomalies and the Nifio-6 thermocline anomalies are
dependent on the Nifio-4 and Nifio-5 zonal wind stress
anomalies. For aclosed system, we need two more equa-
tions controlling the variations of the Nifio-4 and Nifio-5
zonal wind stress anomalies. A reduced gravity atmo-
spheric model forced by the heating anomaly Q is con-
sidered:

oU P 0
S _pwv=-" U
i P ox e
P
ByU = —— 0 (11)

ay
P U v H
g+ |=-Q-¢gP
ot ax - ay 0

where U and V are the wind anomaly components of
zonal and meridional directions, respectively, P is the
atmospheric pressure anomaly, c, is the atmospheric
Kelvin wave speed, and ¢, is the atmospheric damping
coefficient. Equation (11) can be combined into one
single equation governing the zonal wind anomalies:

y d cz 9%\oU
1+=— - ——|—
49y 4By ay3) ot

_ 839 1#Q &Yyl
4gy oy | 4B ayz o 4 oy
2 3 2 2
s U | & U (12)
4B%y ay* 4By oxy

Taking an areal average of Eq. (12) over a box from
the equatorial eastern to central Pacific and assuming
that the atmospheric heating anomalies Q are linearly
related to SST anomalies (e.g., Philander et al. 1984;
Hirst 1986), we can obtain the equation controlling the
variations of the Nifio-4 zonal wind stress anomalies:

dr,

dt

where d is a positive coefficient that relates the Nifio-3
SST anomalies to the Nifio-4 zonal wind stress anom-
aliesand R, is adamping coefficient. Similarly, we can
obtain the equation controlling the variations of the
Nifio-5 zonal wind stress anomalies:

dr,

E =¢eh - R,

=dT - (13)

R.7,

(14)

anomalies, and R, is a damping coefficient. Equations
(7), (10), (13), and (14) form a unified oscillator model
of the coupled ocean—atmosphere system.

b. Relations to previous oscillator models

In this section, we will show that the ENSO concep-
tual models of the delayed oscillator, the western Pacific
oscillator, and the recharge—discharge oscillator can be
extracted as special cases of the unified oscillator model
of Egs. (7), (10), (13), and (14) by further simplifications
and assumptions. The relationships between the unified
oscillator and the advective—reflective oscillator are also
discussed.

1) THE DELAYED OSCILLATOR

The delayed oscillator model does not consider the
effect of the western Pacific on ENSO. It is assumed
that winds in the western Pacific do not affect the SST
anomalies in the eastern Pacific. If we neglect the con-
tribution of the wind-forced wave in the western Pacific,
the unified oscillator of Egs. (7), (10), (13), and (14)
will exclude the role of the western Pacific in ENSO.
By setting b, = 0 in Eq. (7), the western Pacific vari-
ables 7, and h are decoupled from the coupled system.
The closed form of the coupled system requires only
two equations:

ar 0

p =ar, — bnt—m — 8T3D

g E (15)
g7, _ _

at daT - R,7; -

The physics of Eg. (15) is the delayed oscillator, but
the mathematical form is different from the original de-
layed oscillator. There are two equations and two var-
iables in the coupled system of Eq. (15). This system
considers the variations of the Nifio-3 SST anomalies
and the variations of the Nifio-4 zonal wind stressanom-
alies. The atmospheric zonal wind stress anomalies in-
duce the variations of the SST anomalies that in turn
affect the zonal wind stress anomalies. It is the inter-
actions between the oceanic and atmospheric variables
associated with equatorial wave dynamics that form the
coupled system.

Further assumption or simplification can reduce Eq.
(15) into one equation of the original delayed oscillator.
If we drop the time derivative of Eq. (15b) (equivalent
to assuming that the atmosphere is in a steady state or
assuming that the Nifio-4 zonal wind stress anomalies
are linearly proportional to the Nifio-3 SST anomalies),
we obtain
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d

T, = R—ﬂT. (16)
Substituting Eq. (16) into Eq. (15a) results in
dT ad b,d
—=—T— =Tt — n) — eT=. 17
& R, R, t—m —e¢ (€

Equation (17) is the form of the delayed oscillator of
Suarez and Schopf (1988) and Battisti and Hirst (1989).
This conceptual oscillator model emphasizes the ocean
and atmosphere interactions in the equatorial eastern
Pacific and considers anomaly variations only in this
coupling region. There are positive and negative feed-
backs in the delayed oscillator model of Eg. (17). Both
the positive feedback and the delayed negative feedback
result from the equatorial eastern Pacific. Free Rosshy
waves generated there propagate westward and reflect
from the western boundary as Kelvin waves, providing
a negative feedback for the coupled ocean—atmosphere
system to oscillate. The nonlinear term on the right side
of Eq. (17) isadamping term that [imitsanomaly growth
and does not affect the behavior of the model oscilla-
tions (as shown later in Fig. 9).

2) THE WESTERN PACIFIC OSCILLATOR

The western Pacific oscillator of Weisberg and Wang
(1997b) and Wang et al. (1999b) emphasizes the role
of the western Pacific anomaly patterns in ENSO. Off-
equatorial SST and SLP variations west of the date line
initiate equatorial wind anomaliesin the western Pacific.
These wind anomalies force ocean responses that pro-
ceed eastward to affect anomalies in the equatorial east-
ern Pacific. This oscillator model does not necessarily
require wave reflections at the western boundary. Ne-
glecting the feedback due to equatorial Rossby wave
reflection at the western boundary of the unified oscil-
lator by setting b, = 0, Egs. (7), (10), (13), and (14)
reduce to

T
i =ar + b(t — 8) — 8T3D
dt =
dh
a = —cr(t — A) — Rh U
q m (18)
r
d—tl =dT - R,m, M
dr,
dt - d1 RTZTZ 0

This is the western Pacific oscillator of Weisberg and
Wang (1997b) except that the variations of the Nifio-3
thermocline anomalies are now replaced by the varia-
tions of the Nifio-3 SST anomaliesin Eqg. (18a) and that
the cubic damping terms in the equations controlling
thevariations of h, 7, and 7, are now replaced by linear
damping.

JOURNAL OF CLIMATE

VoLuME 14

During the warm phase of ENSO, with atmospheric
convection extending eastward into the Nifio-4 region,
westerly wind anomalies are maximum there, and which
increase the Nifio-3 SST anomalies as represented by
the first term in Eq. (18a). During the mature phase of
El Nifio, equatorial easterly wind anomalies are pro-
duced in the western Pacific. Easterly wind anomalies
force eastward propagating upwelling Kelvin waves to
affect the Nifio-3 SST anomalies. The contribution of
the wind-forced Kelvin waves is represented by the sec-
ond term in Eq. (18a). The corollary off-equatorial re-
sponse to the same process that causes central Pacific
equatorial westerly wind anomalies is off-equatorial
Rossby waves induced by off-equatorial wind stress
curl. Westward propagating Rossby wavesraise the ther-
mocline in the Nifio-6 region, as represented by Eqg.
(18b). The coupled system does not necessarily involve
off-equatorial Rosshy wave reflection at the western
boundary. This is consistent with the conclusions of
Battisti (1989), who argued that reflection of off-equa-
torial Rossby waves (outside of 8° lat) at the western
boundary does not contribute to ENSO. Equation (18c)
parameterizesthe linear relationship between the Nifio-4
zonal wind stress anomalies and the Nifio-3 SST anom-
alies. Equation (18d) relates the initiation of the Nifio-5
easterly wind anomaliesto the Nifio-6 thermoclinedepth
variations.

3) THE RECHARGE—DISCHARGE OSCILLATOR

The recharge—discharge oscillator of Jin (1997a,b)
has two equations that control the variations of two
variablesin the equatorial Pacific. The unified oscillator
model of Egs. (7), (10), (13), and (14) hasfour equations
and four variables. To reduce the unified oscillator to
the recharge—discharge oscillator, wefirst need to reduce
the equations and variables by further assumptions and
simplifications. If we drop the time derivative termsin
Egs. (13) and (14) (equivalent to assuming that the at-
mosphereisin asteady state or assuming that the Nifio-4
and Nifio-5 wind stress anomalies are directly related
to the Nifio-3 SST and Nifio-6 thermocline anomalies,
respectively), we obtain

d_no

T = FTTD
; il (19)

——

T, szhD

Substituting Egs. (19a) and (19b) into Egs. (7) and (10),
respectively, we can obtain

dT ad b,d b,e 0

D ety g _ 4 2= _ _ 3

p RﬂT erT(t n) RTzh(t 8)—&T i

dh o ﬁ (20)
a:_RiflT(t—)\)_th -
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Equation (20) is the delayed version of the recharge-
discharge oscillator. If all delay parameters are set to
zero, that is, » = 0, 6 = 0, and A = 0 [Jin (19973)
argued that the slow ocean dynamical adjustment due
to the recharge—discharge process does not necessarily
need the explicit role of wave propagation], Eq. (20) is
reduced to

dar _ad—bd_  be .0

dt R, R, 0

dh o a @
2o =T _Rh

dt R, " 0

which is the recharge—discharge oscillator model of Jin
(19974).

The mathematical form of Eqg. (21) is the same as the
recharge—discharge oscillator of Jin (1997a), but itsin-
terpretation may be different. Herein, h represents west-
ern Pacific off-equatorial thermocline depth anomalies,
whereas Jin interpreted it as western Pacific equatorial
thermocline depth anomalies. In the formulation of the
recharge—discharge oscillator model, Jin (1997b) used
atwo-strip (one for equatorial strip and another for off-
equatorial strip) approximation to the ocean dynamics.
The equation controlling thermocline depth variations
in the off-equtorial strip [his Eq. (2.5)] isthe same equa-
tion as our Eq. (8). [Note that Eqg. (8) is not valid in
the equatorial regions.] The finite difference form of
this equation also represents off-equatorial thermocline
depth variations [see his Eq. (3.2b)]. He further assumed
that off-equatorial thermocline depth anomalies are lin-
early related to equatorial thermocline depth anomalies
by wave reflection at the western boundary [note that,
like the delayed oscillator, the effect of equatorial wave
reflection at the western boundary has already been con-
sidered in the unified oscillator model as in the second
term of Eq. (7)]. Therefore, the equation that controls
thermocline depth variations in his recharge—discharge
oscillator model becomes one associated with equatorial
western Pacific thermocline depth anomalies rather than
off-equatorial western Pacific thermocline depth anom-
alies. However, observations show that maximum in-
terannual SST (e.g., Figs. 1 and 2), thermocline depth
(White et al. 1987, 1989; Kessler 1990), and sea level
(Delcroix et al. 1994; Busalacchi 1996, personal com-
munication) variations are in the western Pacific off-
equatorial region. Therefore, this raises a question how
to interpret the mathematical form of the recharge—dis-
charge oscillator. If we consider thermocline depth var-
iations as being in the off-equatorial western Pacific
region, the recharge—discharge oscillator can be exactly
reduced from the unified oscillator.

4) THE ADVECTIVE—REFLECTIVE OSCILLATOR

Picaut et al. (1996) found that zonal displacement of
the oceanic convergence zone at the eastern edge of the
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western Pacific warm pool isin phase with the Southern
Oscillation index. Based on this finding and the study
of Picaut and Delcroix (1995) regarding wave reflection,
Picaut et al. (1997) proposed a conceptual advective—
reflective oscillator model for ENSO. In this conceptual
model, they emphasize a positive feedback of zonal cur-
rents that advect the western Pacific warm pool toward
the east. Three negative feedbacks tending to push the
warm pool back to its original position of the western
Pacific are anomalous zonal current associated with
wave reflection at the western boundary, anomalous
zonal current associated with wave reflection at the east-
ern boundary, and mean zonal current converging at the
eastern edge of the warm pool. Using a linear wind-
forced ocean numerical model (instead of simple and
heuristic equations like the other oscillators) that em-
phasizes the above physics, they showed an interannual
oscillation. We herein discuss how the physics of the
advective—reflective oscillator can be summarized into
the unified oscillator and its possible relationships with
the unified oscillator.

Picaut et al. (1997) argued that equatorial westerly
wind anomalies in the central Pacific induce eastward
anomalous zonal currentsthat advect the western Pacific
warm pool eastward. The eastward warm pool displace-
ment decreases the east—west SST gradient that further
strengthens the equatorial westerly wind anomalies.
This positive feedback leads El Nifio to a growth phase.
In terms of the unified oscillator model, the positive
feedback of zonal advection isincluded in thefirst term
of Eq. (7) (i.e,, inar,). Inthe SST equation of Eq. (1),
zonal advection of the mean zonal SST gradient by the
anomalous zonal current is ugT/ox. If equatorial west-
erly wind anomalies produce eastward anomal ous zonal
current as argued by Picaut et al. (1997), then u is pro-
portional to 7, [Battisti and Hirst (1989) made a similar
assumpation in deriving the delayed oscillator]. Zonal
advection is proportional to 7,. Thus, the positive feed-
back of zonal advection is already in the unified oscil-
lator model of Eq. (7).

At the same time, equatorial westerly wind anomalies
in the central Pacific produce upwelling Rosshy waves
and downwelling Kelvin wavesthat propagate westward
and eastward, respectively. The upwelling Rossby
waves reflect to upwelling Kelvin waves after they reach
the western boundary. Since the upwelling Kelvin
waves have westward zonal currents, they tend to push
the warm pool back toitsoriginal position of thewestern
Pacific. Although the physics of this negative feedback
is not exactly the same as that of the delayed oscillator,
it may be included in the term of —b,7,(t — n) in Eq.
(7).

The second negative feedback of the advective—re-
flective oscillator is wave reflection at the eastern
boundary. The downwelling Kelvin waves, which are
produced by the equatorial westerly wind anomaliesin
the central Pacific, propagate eastward and are reflected
as downwelling Rossby waves at the eastern boundary.
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Fic. 4. Solution of the delayed oscillator (one variable) model of
Eq. (17). The model parameters are a = 1.5 X 102 °C m2 N-tyr—1,
b, =25xX102°Cm2N-tyrid=36X102°C*Nm2yrt
e =12°C2yr!, R, =20yr % and n = 150 days.

Associated with the downwelling Rossby waves are
westward zonal currents that also tend to stop growth
of El Nifio. This negative feedback due to wave reflec-
tion at the eastern boundary is not considered in other
conceptual oscillator models, but it can be added to the
unified oscillator of Eg. (7):

dT

o = an  bin(t = m) + bt - 9)

ar, —

— bor(t — u) — €T3, (22

where b, 7, (t — w) represents the effect of wave reflec-
tion at the eastern boundary.

Picaut et al. (1997) also argued that the mean zonal
current plays a negative feedback since it may help to
push the warm pool in the central Pacific during the
warm phase of ENSO back to the western Pacific. For
their model to oscillate, they had to use the mean zonal
current stronger than observed mean zonal current. This
may be because other negative feedbacks are also op-
erating in the coupled ocean—-atmosphere system. For
example, the negative feedback of easterly wind-forced
ocean responses in the western Pacific cannot be ig-
nored. In nature, the combination of different negative
feedbacks makes the coupled system switch from a
warm (cold) phase to a cold (warm) phase. Notice that
zonal advection of the anomalous zonal SST gradient
by the mean zonal current is also in Eq. (1) from which
the unified oscillator is formulated and derived.

c. Numerical solutions

The unified oscillator model can be solved numeri-
cally by using the predictor-corrector method of the Ad-
ams-Bashforth-Moulton scheme (e.g., Press et al.
1990). Since the unified oscillator model can be reduced
to different oscillator models, the model parameters are
chosen to be consistent with those in the delayed os-
cillator model of Battisti and Hirst (1989) and in the
western Pacific oscillator of Weisberg and Wang
(1997b). Neglecting the role of the western Pacific (b,
= 0), the unified oscillator model reduces to delayed
oscillator models. Choosing the model parameters of a
= 15X 102°Cm2N-1tyr?i b =25 X 10%2°C m?
N-tyrt d=36 X 102°C*Nmz2yrte=12
°C2yrt R, =20yr % and n = 150 days, Eq. (17)
shows that this set of parametersisin the range of the

JOURNAL OF CLIMATE

VoLuME 14

3.0

-3.0 T T T T

T (°C)

0.04

-0.04 T T T T
0 10 20 30 40 50

T, (N/m)

Time (year)

FiG. 5. Solution of the delayed oscillator (two variables) model of
Eq. (15). The model parameters are a = 1.5 X 102 °C m2 N-tyr—1,
b, =25X 102°Cm2N-tyrt d=36X102°C*Nm2yrt
g =12°C2yr1, R, =20yr? and n = 150 days.

delayed oscillator of Battisti and Hirst (1989). They
argued that it represents the coupled ocean—atmosphere
system in the equatorial Pacific. With these model pa-
rameters, the solutions of the one and two variable de-
layed oscillators [Egs. (17) and (15)] are shown in Figs.
4 and 5, respectively. Both of the solutions oscillate on
interannual timescales. The one variable delayed oscil-
lator shows a shorter oscillatory period and a larger
oscillatory amplitude.

The solution of the western Pacific oscillator (b, =
0) of Eg. (18) is shown in Fig. 6, with the model pa-
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FiG. 6. Solution of the western Pacific oscillator model of Eqg. (18).
The model parametersarea = 1.5 X 102°Cm2N-tyr%, b, =75
X 102°Cm2N-tyrt c=15X10m3*N-1tyri d= 36X 10?2
CCINm2yrte=30X103Nm3yrte=12°C2yr,R,
=50yr{,R, =R,=20yea* 6§ = 30days, and A = 180 days.
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Fic. 7. Solution of the unified oscillator model of Egs. (7), (10),
(13), and (14). The model parameters are a = 1.5 X 102°C m2 N-*
yr-t, b, =25 %X 102°C m2 Nt yrt b, = 7.5 X 102 °C m? Nt
yri,c=15xX10m*N-tyrid=36X102°C*Nm2yrt
e=30X103NmM3yrte=12°C2%2yrt, R, =50yr R,
=R, = 20yr % n =150 days, § = 30 days, and A = 180 days.

rameters: a = 1.5 X 102°Cm2N-tyrt b, = 75 X
102°Cm2N-tyrt c=15X103m3N-tyrid=
36 X 102°C*Nm=2yrte=30X 10N m=:3
yrte=12°C2yrt, R, =50yr*, R, =R, =
2.0yr=%, 6 = 30 days, and A = 180 days. These values
of the model parameters are chosen to be close to those
in Weisberg and Wang (1997b). Since it takes approx-
imately a month for a Kelvin wave to propagate from
the western Pacific to the east-central Pacific, & is set
to 30 days. The off-equatorial Rossby wave speed ¢, =
Bci/ 2 depends upon latitude, and is about 0.3 m s* at
10°N or 10°S. The value of A = 180 days is consistent
with the time for off-equatorial Rossby wave to prop-
agate from the west-central Pacific to the western Pa-
cific. These parameters give the western Pacific oscil-
lator model an interannual oscillation. The model
Nifio-3 SST anomalies and Nifio-6 thermocline depth
anomalies are approximately in phase with the model
Nifio-4 zonal wind stress anomalies and Nifio-5 zonal
wind stress anomalies, respectively. The model Nifio-3
SST anomalies tend to be out-of-phase with the model
Nifio-6 thermocline depth anomalies. During the warm
(cold) phase of the model ENSO, equatorial westerly
(easterly) wind anomalies in the Nifio-4 region are ac-
companied by equatorial easterly (westerly) wind anom-
alies in the Nifio-5 region. All of these behaviors are
consistent with observations.

Next, we see the model solution of the unified os-
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Fic. 8. Solution of the unified oscillator model including the neg-
ative feedback of wave reflection at the eastern boundary. The model
parametersarea = 1.5 X 102°C m2N-tyr-1, b, = b, = 2.5 X 102
°Cm2N-tyri b,=75x102°Cm2N-tyrt c= 15X 103 m?
N-tyrt d=36X102°C*Nm2yrte=30X103Nm=3
yrie=12°C2yr{, R, =50yr{,R,=R,=20yr?t n=
150 days, 6 = 30 days, A = 180 days, and u = 90 days.

cillator (b, # 0 and b, # 0). With the parameters of
Figs. 5 and 6, in which both the delayed and western
Pacific oscillator models can oscillate, Fig. 7 shows the
solution of the unified oscillator model of Egs. (7), (10),
(13), and (14). The model also oscillates on interannual
timescales. Comparisons of Fig. 7 with Figs. 5 and 6
show that, for the model parameters used, oscillatory
amplitude of the unified oscillator is larger than that for
the delayed oscillator, and oscillatory period is shorter
than that for the western Pecific oscillator. Note that the
delayed version of the recharge—discharge oscillator
model of Eqg. (20) also can oscillate by using the model
parameters above (not shown).

The effect of wave reflection at the eastern boundary
of the advective—reflective oscillator in the unified os-
cillator can be seen by solving Egs. (22), (10), (13), and
(14). Since it takes about three months for a Kelvin
wave in the equatorial central Pacific to propagate to
the eastern boundary and then to reflect back to the
equatorial eastern Pacific, we choose n. = 90 days. With
= 90 daysand b, = b, (assume the same contribution
from the western and eastern boundaries), Fig. 8 shows
the solution of Egs. (22), (10), (13), and (14). Com-
parisons with Fig. 7 show that the inclusion of the neg-
ative feedback of wave reflection at the eastern bound-
ary decreases the oscillatory period. It also reduces the
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(a): Period of model oscillation
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Fic. 9. Dependence of period and amplitude of the unified oscilla-
tor model on the cubic damping coefficient .

oscillatory amplitudes (notice a scale difference be-
tween Figs. 7 and 8).

The cubic damping term is added to Eq. (7) for lim-
iting anomaly growth. To assessits effects on oscillatory
behavior of the coupled system, Fig. 9 shows the de-
pendence of both period and amplitude of the unified
oscillator model upon the damping coefficient . The
period of the oscillations is independent of e, whereas
the amplitude of the oscillations is increased with de-
creasing . The cubic damping does not affect oscilla-
tory behavior, but it limits anomaly growth.

I's the result of the unified oscillator model consistent
with more complicated ocean models? To address this
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guestion, the oceanic component of the Lamont coupled
ocean—atmosphere model is used. Since the Lamont cou-
pled model cannot simulate equatorial wind anomalies
in the western Pacific very well, we use the Florida State
University (FSU) pseudo wind stress to force the ocean
model. Two experiments have been performed: one is
with full wind forcing in the tropical Pacific and the
other iswith western Pacific winds removed. Theresults
of model Nifio-3 thermocline anomalies for the 1982—
83 and 1997-98 El Nifios are shown in Figs. 10a and
10b, respectively. The Nifio-3 thermocline anomaliesfor
the experiment with full wind forcing in the tropical
Pacific are larger than those for the experiment without
western Pacific winds. Thisis consistent with the result
of the unified oscillator model in that considering the
wind-forced wave contribution in the western Pacific
the oscillatory amplitude is larger than that for the de-
layed oscillator. The experiment without western Pacific
winds also shows a delay for the onset of the 198283
and 1997-98 El Nifios (with an approximate 3-month
delay).

4. Analyses of linear instability

As shown in Fig. 9, the cubic damping term in Eq.
(7) does not affect the period of the unified oscillator
model. Therefore, we can examine linear properties of
the unified oscillator model by dropping the cubic damp-
ing term. We assume solutions of the linear system in
the form of

(b)

50

-50 T T

96 97 98 99

Time (year)

Fic. 10. Nifio-3 thermocline anomalies from the ocean model of Zebiak and Cane (1987) forced
by the FSU wind during (a) the 1982-83 El Nifio and (b) the 1997-98 EI Nifio. The solid line
represents the model forced with the full FSU winds and the dashed line represents the model

forced with western Pacific winds removed.
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D] t D &D - Growth Rate ———— Frequency
0 ® 0= 0 oexp(at), (23) T 209l
700 A N
(0 AD ® 07
where A, A,, A;, and A, are amplitudes of T, h, 7, S 00 AV —
. . . b
and 7., respectively; o isacomplex frequency with real
-1.0

part (o,) representing the growth rate and imaginary
part (o;) representing the frequency. Substituting Eq.
(23) into the linear form of Egs. (7), (10), (13), and (14)
yields

oA, + [b, exp(—om) — alA; — b, exp(—od)A, = 0O
(A + R)A, + cexp(—agA)A; = 0

—dA, + (o + ROA, = oﬁ'

—eA;, + (o + R A, = 0o

(24)

The algebraic Eq. (24) has solutions for A, A,, A;, and
A, only when

o+ (R, + R, + R,
+{R.R,+R,R,+RR,, +d[b, exp(—omn) — a]} o
+ {R.R.R,, + d[b, exp(—om) — a(R, + R,,)} o

+ d[b, exp(—om) — aRR,
+ b,cde exp[—a(6 + A)] = 0, (25)

which isthe dispersion relationship for the linear unified
oscillator model. The fourth-order Eq. (25) has four
roots, with two roots being always damping modes.
Henceforth, we discuss only modes that are unstable.

The dispersion relationship of Eq. (25) has many pa-
rameters, so linear instability exists in a multidimen-
sional parameter space. The parameters a, d, and e are
related to positive feedbacks. With other parameters as
in Fig. 7, growth rate o, and frequency o, dependences
on these three parameters are shown in Fig. 11. There
is one unstable oscillatory mode for values of a smaller
than 340.0°C m? N—t yr=1. The frequency is decreased
with increasing a, whereas the growth rate is increased
with a. As a isincreased to values larger than 340.0°C
m? N-* yr=1, one oscillatory mode splits into two non-
oscillatory modes (o, = 0). The growth rateisincreased
with a for one mode and is decreased for another one.
This behavior is similar to findings of Wakata and Sar-
achik (1991) and Jin (19974). These results suggest that
sufficiently strong positive ocean—atmosphere interac-
tions may not allow the coupled ocean—atmosphere sys-
tem to oscillate. The parameter d shows a similar result.
Asd is sufficiently large, the unstable oscillatory mode
splits into two nonoscillatory modes. The dependence
of frequency and growth rate on the positive feedback
parameter e is relatively simple. Both frequency and
growth rate are increased with increasing e.

The parameters b,, b,, and c are related to negative
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Fic. 11. Growth rate and frequency dependence on the positive
feedback model parameters (a) a, (b) d, and (c) e.

feedbacks of the coupled system. These parameters are
associated with the effect of equatorial wave reflection
at the western boundary on the Nifio-3 SST anomalies,
the effect of equatorial western Pacific wind-forced
wave on the Nifio-3 SST anomalies, and the effect of
off-equatorial wind stress curl-induced Rossby waves
on the Nifio-6 thermocline depth anomalies, respective-
ly. Increasing these processes makes coupled systems
easily switch from awarm (cold) phaseto acold (warm)
phase. Therefore, the period of oscillation is expected
to be decreased with an increase in the strength of these
processes. Frequency and growth rate dependence on
these parameters are shown Fig. 12. Both frequency and
growth rate are increased with increasing b,, b,, and c.
However, frequency is more sensitive to b, than to b,
and c. Figures 12b and 12c show that the period of the
unified oscillator model does not change much with the
variations of b, and c. This explains why adding the
negative feedback of the equatorial wind-forced re-
sponse in the western Pacific has little effect on the
period of the oscillations in section 3c. Figure 12 also
shows that when b, is decreased from the standard value
of 2.5 X 102 °C m? N-* yr~* to zero, the growth rate
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Fic. 12. Growth rate and frequency dependence on the negative
feedback model parameters (a) b,, (b) b,, and (c) c.

does not change much. However, when b, is decreased
from the standard value of 7.5 X 102 °C m? N-* yr—t
to zero, the growth rate is reduced to half. Thisis also
consistent with the result in section 3c in that the am-
plitudes of the unified oscillator remain as those of the
western Pacific oscillator (since removing the negative
feedback of b, does not change the growth rate of the
system).

The parameters R,,, R,;, and R, are related to linear
damping terms in the equations controlling variations
of h, r,, and 7,, respectively. Figure 13 shows growth
rate and frequency dependence on these parameters. The
growth rate is decreased with increasing R, R.,, and
R,, since their effects on the coupled system are damp-
ing. The frequency is not so sensitive to R,, R_;, and
R.,. Like the nonlinear damping coefficient & shown in
Fig. 9, the linear damping coefficients R, R,;, and R,
do not have a large effect on the period of oscillations
for the unified oscillator model.

There are three delay parameters 7, 8, and A, which
are related to three negative feedbacks in the coupled
system. Increasing these parameters increases the time
for negative feedbacks to switch the coupled system
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Fic. 13. Growth rate and frequency dependence on the linear
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from the warm (cold) phase to the cold (warm) phase,
and therefore increases the period of the model oscil-
lations. Growth rate and frequency dependence on these
parameters are shown in Fig. 14. The frequency is de-
creased with 7, §, and A. The growth rate is increased
with n for small values of 1 and it then remains almost
constant, whereas the growth rate is decreased with in-
creasing 6 and A.

5. Summary and discussion

A unified conceptual oscillator model for ENSO is
formulated and derived from the dynamics and ther-
modynamics of the coupled ocean—atmosphere system.
Since ENSO is observed to show both eastern and west-
ern Pacific anomaly patterns, this oscillator model is
constructed to consider SST anomalies in the Nifo-3
region, equatorial zonal wind stress anomalies in the
Nifio-4 region, thermocline depth anomalies in the
Nifio-6 region, and equatorial zonal wind stress anom-
aliesin the Nifio-5 region. If the role of western Pacific
wind-forced response in eastern Pacific SST anomalies
is neglected, the Nifio-6 thermocline and Nifio-5 wind
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stress anomalies are decoupled from the coupled system,
and the unified oscillator reduces to the delayed oscil-
lator. Neglecting equatorial wave reflection at the west-
ern boundary reduces the unified oscillator to the west-
ern Pacific oscillator. If we assume that the Nifio-4 and
Nifio-5 zonal wind stress anomalies are directly pro-
portional to the Nifio-3 SST and Nifio-6 thermocline
anomalies, respectively, the unified oscillator mathe-
matically reduces to the recharge—discharge oscillator.
Most of the physics of the advective—reflectiveoscillator
are implicitly included in the unified oscillator, and the
negative feedback of wave reflection at the eastern
boundary is added to the unified oscillator. With the
model parameters chosen to be consistent with those of
previous oscillator models, the unified oscillator model
oscillates on interannual timescales. For the model pa-
rameters used, the western Pacific wind-forced response
makes the coupled system oscillate with a larger am-
plitude, consistent with results from an intermediate
ocean model.

All of the conceptual oscillator modelshave apositive
ocean—atmosphere feedback that occursin the equatorial
eastern and central Pacific. Each, however, has different
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negative feedbacks that turn the warm (cold) phase into
the cold (warm) phase. In the delayed oscillator, free
Rossby waves generated in the equatorial eastern Pacific
propagate westward and reflect from the western bound-
ary as Kelvin waves. Since thermocline depth anomalies
for the returning Kelvin waves have signs opposite to
those in the equatorial eastern Pacific, these provide a
negative feedback for the coupled ocean—atmosphere
system to oscillate. In the western Pacific oscillator,
equatorial easterly wind anomalies in the western Pa-
cific, which are produced by western Pacific off-equa-
toria cold SST and high SLP anomalies, induce an
ocean upwelling response that evolves eastward along
the equator to provide a negative feedback. In the re-
charge—discharge oscillator, equatorial wind anomalies
in the central Pacific induce the Sverdrup transport that
recharges (or discharges) equatorial heat content. It is
the recharge—discharge process that leaves an anoma-
lously deep (or shallow) equatorial thermocline that
serves as the phase transition for the coupled ocean—
atmosphere system. The advective—reflective oscillator
assumes that anomalous zonal currents associated with
wave reflection at the ocean boundaries and mean zonal
current tend to stop growth of El Nifio. In nature, all of
these mechanisms may be operating.

The 198283 and 1997-98 El Nifios are two the stron-
gest warm events (with large anomaly amplitudes) on
record. Both of these events show western Pacific anom-
aly patterns in addition to eastern Pacific anomaly pat-
terns (Wang and Weisberg 2000). For example, in the
onset and development phases of the 1997-98 El Nifo,
two off-equatorial anomalous SLP cyclones exhibit in
the western Pacific. These off-equatorial low SLP anom-
alies produce equatorial westerly wind anomaliesin the
western Pacific. The equatorial westerly wind anomalies
in the western Pacific cause the warming in the equa-
torial central and eastern Pecific. As the 1997-98 El
Nifio continues toward maturity, SST anomalies in the
off-equatorial western Pacific reverse sign from warm
to cold. These off-equatorial cold SST anomalies are
accompanied by the sign reverse of off-equatorial SLP
anomalies from low to high. The off-equatorial high
SLP anomalies then initiate equatorial easterly wind
anomalies in the western Pacific that force eastward
propagating upwelling Kelvin waves and hence affect
the anomalies in the equatorial eastern Pacific. Consis-
tent with the results of the unified oscillator model, a
combination of western Pacific wind-forced response
and wave reflection at the western boundary may have
been contributing factors in such a strong event as the
1997-98 El Nifio.

In the formulation of the unified oscillator of Eg. (10),
we used the dynamics of off-equatorial wind stress curl-
induced Rossby waves [also in Jin (1997d)]. This is
consistent with observational results of White et al.
(1987 and 1989) and Kessler (1990). However, the role
of off-equatorial Rossby wave reflection at the western
boundary in ENSO has been controversial (Battisti
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1989; Graham and White 1991). Battisti (1989) inves-
tigated the role of off-equatorial Rossby waves observed
in the western Pacific during ENSO. He found that off-
equatorial Rossby waves are formed through both wind
stress curl and eastern boundary reflection of the equa-
torial Kelvin wave signal generated in a warm event.
His coupled model further suggested that the Rossby
wave signalsoutside of 8° latitude of the equator provide
virtually no contribution to the reflected Kelvin wave,
thus they probably should not be thought of as the trig-
gering mechanism for an ENSO event. In contrast, Gra-
ham and White (1991), using the coupled model of Ze-
biak and Cane (1987) very similar to that of Battisti
(1989), showed that the behavior of the model is greatly
altered when effects from poleward of 7° latitude are
neglected. They thus concluded that off-equatorial Ross-
by wavesin the western Pacific are important for ENSO.
Both of these studies show the existence of off-equa-
torial Rosshy waves, consistent with the western Pacific
oscillator. In the western Pacific oscillator, off-equatorial
Rossby waves propagate from the east to affect Nifio-6
thermocline depth and then SST and SLP over there.
The off-equatorial SST and SLP anomaliesthere change
the equatorial wind anomaliesin the western Pacific that
provide a remote response for the equatorial eastern
Pacific. This mechanism does not require the reflection
of off-equatorial Rossby waves at the western boundary.

The delay times associated with negative feedbacks
of wave propagation are not constant. The ocean—at-
mosphere coupling gives rise to slow modes and mod-
ifies the equatorial wave modes (Hirst 1986; Neelin
1991; Wang and Weisberg 1994, 1996). As shown an-
alytically by Wang and Weisberg, the modifications de-
pend on frequency and air—sea coupling. The primary
modifications are in low-frequency bands, with a de-
crease in phase speeds of Kelvin and Rossby waves.
The slow mode and the phase speed decrease of equa-
torial waves are observed in previous studies (e.g.,
White and Tai 1992; Chao and Philander 1993). Thus,
the ocean—atmosphere coupling changes negative feed-
backs associated with wave propagation and reflection.
In reality, different negative feedbacks may also interact
with one another.

All the conceptual oscillator models for ENSO pro-
duce periodic solutions, whereas ENSO variability in
nature is known to be irregular. Introduction of sto-
chastic atmospheric forcing of weather noise to an oth-
erwise perfectly periodic oscillatory system can lead to
irregular or chaotic oscillations (e.g., Graham and White
1988; Penland and Sardeshmukh 1995; Moore and Klee-
man 1999). Interactions between annual and interannual
cycles (Jin et al. 1994; Tziperman et a. 1994; Chang
et al. 1995; Wang et al. 1999a) can also produceirregular
and chaotic oscillations. There may be many reasons
for ENSO irregularity, but even for a simple system of
linear equations the recognition that nature does not
provide a constant parameter medium leads to irregu-
larity. The temporal variations of parameters in nature
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may also determine the relative role of different ENSO
mechanisms where the parameters may be more or less
important for each evolving ENSO. For example, the
western Pacific may have relatively more influence on
strong El Nifio eventsthan weak El Nifio events because
the western Pacific shows strong equatorial wind anom-
alies for strong El Nifio events. In terms of the unified
oscillator, temporal variations of the parameters b, and
b, may determine the relative importance between the
delayed oscillator and the western Pacific oscillator.
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