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ABSTRACT
A simple model of interannual SST oscillation is developed using the two wave components of Kelvin and
lowest symmetric Rossby waves. The model dynamics is similar to that of A. C. Hirst except the wind stress
is simply parameterized in terms of SST. The model is used to investigate the standing oscillation character of
SST variation and the transition mechanism by wave reflection at the western and eastern boundaries.
The standing oscillation of SST in the central and eastern Pacific and a weak SST variation in the western
Pacific are examined in terms of the SST tendencies by oceanic Kelvin and Rossby waves. The Kelvin and
Rossby wave contributions to SST are almost completely canceled by each other in the western Pacific. But in
the eastern Pacific, the SST variation is determined mainly by the Kelvin wave, and the Rossby wave contribution
plays a minor role.
The wave reflections at the eastern and western boundaries play a negative feedback mechanism to an ENSOlike oscillation. The variation of zonal-mean thermocline depth associated with the reflected free waves has a
phase difference of about 1508 from that of zonal-mean SST. The quadrature phase lead of the zonal-mean depth
(ocean memory)—resulting from a large cancellation between the zonal means of forced and reflected free
waves—to the zonal-mean SST (forcing) produces the ENSO-like oscillation. The western boundary reflection
plays a more important role in the oscillation than the eastern boundary does. The dependency of the oscillation
period and instability of the model system on the reflection coefficients is also studied in the present study.

1. Introduction
The interannual variation of tropical Pacific SST
known as El Niño has a profound impact on global
climate (Horel and Wallace 1981; Kang and Lau 1986;
Ropelewski and Halpert 1987). The spatial pattern of
the interannual SST variation has a more or less standing
oscillation pattern in the central and eastern Pacific. Recent simulations with a coupled ocean–atmosphere
GCM and intermediate models nicely reproduced the
standing oscillation characteristics of SST oscillation
(Zebiak and Cane 1987; Wang et al. 1995; Philander et
al. 1992). However, most simple theoretical models
show a propagating mode more distinctively than the
stationary component (Gill 1985; Hirst 1986, 1988;
Wang and Weisberg 1994). An exception is the study
by Wakata and Sarachik (1991), in which the standing
oscillation of SST is reproduced by considering a more
realistic basic state. Jin and Neelin (1993) investigated
the propagating and stationary characters of SST in
terms of different flow regimes. However, the dynamics
underlining the stationary characteristics of observed
SST oscillation is not yet fully understood.
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The oscillatory behavior and ocean–atmosphere instability associated with ENSO are known to strongly
depend on the thermodynamics determining SST anomalies in the Tropics (Hirst 1986; Wakata and Sarachik
1991). Among them, the zonal advection and upwelling
play the most important roles (Hirst 1986). The zonal
advection excites the unstable mode propagating westward (Gill 1985), on the other hand, the upwelling
mechanism produces an eastward propagating unstable
mode (Philander et al. 1984), which has a speed and
structure in the ocean similar to a free oceanic Kelvin
wave. Hirst (1986, 1988) examined the coupled mode
with both dynamics and found a slow eastward propagating unstable mode. In his model, all atmospheric
and oceanic variables are strongly coupled, and thus the
SST, thermocline depth, and wind anomalies are all
propagating to the east at the same speed. This mode
was also simulated by all sorts of numerical models
(Anderson and McCreary 1985; Neelin 1991; Lau et al.
1992). The thermocline propagation characteristics appear to be similar to the observed counterpart. But, there
is little evidence of eastward propagation in observed
SST variations.
The observed SST variation is very weak in the western Pacific and thus is characterized by a more or less
standing oscillation confined in the central and eastern
equatorial Pacific. More recently, Wakata and Sarachik
(1991) simulated a SST oscillation similar to the ob-
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served using a linear version of the Zebiak and Cane
(1987) model. Their model is basically the same as that
of Hirst (1988) but considered a more realistic ocean
basic state, particularly the climatological upwelling
trapped near the equator. On the basis of the results,
they pointed out the importance of meridional structure
of mean upwelling to the SST oscillatory behavior. In
the present study, the impact of equatorial trapped mean
upwelling to the SST variation is investigated in more
detail, and the SST oscillation is understood in terms
of cancellation and superposition of the SST anomalies
generated by oceanic Rossby and Kelvin waves.
The roles of Kelvin and Rossby waves in ENSO have
been studied by many authors (Suarez and Schopf 1988;
Battisti 1988, 1989; Schneider et al. 1995). Recently,
ENSO has been viewed as a continuing cycle whose
origin is a coupled instability and whose oscillatory
properties are determined by the retarded wave forcing
in the presence of the western boundary. The mechanism
is referred to as the ‘‘delayed oscillator’’ (Suarez and
Schopf 1988; Schopf and Suarez 1988; Battisti 1988;
Battisti and Hirst 1989; Schneider et al. 1995). In the
delayed oscillator, the western boundary reflection of
the Rossby waves excited by the wind stress associated
with interannual SST anomalies produces the eastward
propagating Kelvin waves, which eventually initiate a
coupled instability in the eastern Pacific. Among the
many meridional Rossby modes, the most important
mode is known to be the lowest-order symmetric Rossby
mode (Battisti 1988; Wakata and Sarachik 1991). In this
study, to simplify the model formulation and understand
the dynamics more easily, we developed a simple coupled model highly truncated with only two wave components: Kelvin wave and the gravest Rossby wave. One
of the objectives of the present study is thus to examine
the extent to which the highly truncated system produces
a coupled unstable mode similar to that obtained with
a more complicated system used by Hirst (1988) and
others. Having confirmed the capability of the simple
truncated model, we examine the SST oscillation mechanism and the role of wave reflections at the western
and eastern boundaries in an ENSO-like oscillation using the model.
Section 2 introduces the formulation of the present
model with two wave components: Kelvin and lowest
symmetric Rossby waves. In section 3, the most unstable
modes obtained by Hirst (1988) and Wakata and Sarachik (1991) are reproduced, and the differences between the modes are understood using the present model. The standing oscillation character of SST oscillation
similar to that of Wakata and Sarachik is understood in
terms of a cancellation of SST tendencies by the Kelvin
and Rossby waves. Also investigated are the role of free
reflected waves at the western and eastern boundaries
in an ENSO-like oscillation and the dependence of the
most unstable mode on the reflection coefficient. A summary and concluding remarks are given in section 4.

VOLUME 11

2. Model
A simple coupled system is developed in a similar
manner to that of Hirst (1988). In this paper, however,
a highly truncated system with only two wave components, the Kelvin wave and the gravest symmetric
Rossby wave, is developed to simplify the system. The
simplification is based on previous studies (e.g., Battisti
1989) that pointed out that ENSO wave dynamics is
governed mostly by these two wave components.
As in Hirst (1988), a linear shallow water equation
is used for the ocean model with a long-wave approximation in an equatorial b plane, and the thermodynamic
equation for SST has the linearized zonal advection and
upwelling terms. After introducing a wave solution in
time (e2ivt ), the nondimensional equations can be written as
2ivu 2 yy 5 2
yu 5 2
2ivh 1

]h
1 t 2 ku,
]x

(1)

]h
,
]y

(2)

]u
]y
1
5 2kh,
]x
]y

2ivT 1 uT x 2 K T h 5 2dT,

and

(3)
(4)

where h is the thermocline depth; u and y are the zonal
and meridional currents of upper ocean, respectively;
and T the SST. Here v is the frequency and k and d are
the Rayleigh friction and Newtonian cooling coefficients, respectively. The variables are the nondimensional quantities with respect to a length scale of (co /
b)1/2 5 3.6 3 10 5 m and a timescale of (co b)21/2 5 1.2
3 10 5 s. In the SST equation of Eq. (4), T x is the
background zonal SST gradient, K T the entrainment
thermal coefficient, and t is the wind stress. In the present study, the wind stress is simply parameterized in
terms of SST. This kind of parameterization was used
by Wang and Weisberg (1994) and Wang and Fang
(1996). In particular, Wang and Weisberg determined
the wind stress as t 5 mT(x 1 u), where m is the wind
stress coupling coefficient and u (50.3p) the phase difference between the surface wind and SST. The phase
difference is indicated by several authors such as Hoskins and Karoly (1981) and Rasmusson and Carpenter
(1982). We thus adapt the Wang and Weisberg’s parameterization.
Now as in Gill (1980) and Hirst (1988), new variables
s 5 h 1 u and r 5 h 2 u are introduced in Eqs. (1)–
(4), and then s, r, and T are expressed as sums of symmetric Hermit functions, for example,

O
N

s(y) 5

s nc n (y),

(5)

n50,2, . . .

and the meridional current y as a sum of antisymmetric
Hermit functions. Upon using the recurrence formula of
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TABLE 1. Basic parameters and their values used in the present
model.
Parameters

Symbol and values

Friction coefficient
Cooling coefficient
Wind stress coefficient
Background zonal SST gradient
Entrainment thermal coefficient
Model A:
Model B:

k 5 (2.5 yr)21
d 5 (125 days)21
m 5 2.4 3 1027 m s22 K21
Tx 5 25.0 3 1027 oC m21
KT 5 1.7 3 1028 (K m21s21)
KT(y) 5 KT exp[2(y/146km)2]

Hermit functions and the orthogonal relationship between the functions, the y n and r n can be eliminated.
Then Eqs. (1)–(4) can be expressed in terms of s n and
T n . Details of the procedure mentioned above can be
found in Hirst (1988). Now truncating the system with
only two wave components, the Kelvin wave (n 5 0)
and the lowest symmetric Rossby wave (n 5 2), we can
obtain the following set of equations:
2ivso 5 2
2ivs2 5

]s o
1 mT o (x 1 u) 2 ks o
]x

Ï2
1 ]s2
2
mT o (x 1 u) 2 ks2 ,
3 ]x
3

2ivT o 5 as o 1 bs2 2 dT o ,

(6)
(7)
(8)

where a 5 (1/2)[2T x 1 ∫ K T (y)c oc o dy] and b 5
(Ï2/2)[T x 1 ∫ K T (y)c o(c 2 /Ï 2 1 c o ) dy]. For K T constant in the domain, as Hirst (1986, 1988) used, a 5
(1/2)(2T x 1 K T ) and b 5 (Ï2/2)(T x 1 K T ). On the
other hand, Wakata and Sarachik (1991) used K T as a
function of y by considering a climatological mean upwelling distribution confining near the equator. In this
study, we will consider both cases for K T . The values
of the coefficients used in the present study are summarized in Table 1.
For an unbounded ocean case, the x dependence can
be expanded in terms of sinusoidal wave solutions (e ikx ).
Then, Eqs. (6)–(8) provided three kinds of wave mode.
Without the damping k 5 0 and wind forcing m 5 0,
Eqs. (6) and (7) provide the dispersion relationships for
a free Kelvin wave (v 5 k) and a free Rossby wave (v
5 2k/3) for a zonal wavenumber k. When the wind
forcing and damping are introduced, the Kelvin and
Rossby waves become damping modes and a coupled
mode is generated. The behavior of the coupled mode
depends on the values of a and b. With a choice of the
values used by Hirst (1986), the coupled mode is unstable and moves to the east with a slow wave speed
for long waves. The coupled mode with a short zonal
scale is damping. It is noted that the wave solutions of
the present model (not shown) are very similar to those
obtained by Hirst (1986), indicating that the unstable
coupled mode is reasonably well represented by the two
wave-component model.
For a bounded ocean, the finite-difference method is
applied to x dependence of the variables in Eqs. (6)–
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(8). The spatial scale of the ocean basin chosen is
16 200 km and the ocean basin is divided by the equally
spaced 100 grids. The boundary conditions at the western and eastern boundaries used are the same as those
of Hirst (1988). Thus, s o (x W ) 5 (Ï 2/2)s 2 (x W ) and s 2 (x E )
5 (Ï2/2)s o (x E ), where x W and x E are the western and
eastern boundaries, respectively. The phase difference
(u) between the surface wind and SST is treated to locate
the wind forcing at 2700 km west of SST. The eigenmodes of Eqs. (6)–(8) are obtained in the grid system,
and the most unstable modes are discussed in the next
section.
3. Results
The most unstable modes in a closed ocean basin
obtained by Hirst (1988) and Wakata and Sarachik
(1991) are reproduced using the present two wave-component model. As noted in the previous section, the main
difference between the two studies is due to different
meridional distributions of the upwelling coefficient K T
and thus the different values of a and b. Two sets of
a and b are computed using the values of T x and K T
used by Hirst (1988) and Wakata and Sarachik (1991).
Here a and b are in a nondimensional unit, respectively,
1.65 3 1023 and 0.64 3 1023 for the Hirst case and 1.0
3 1023 and 20.52 3 1023 for the Wakata and Sarachik
case. For convenience, the model using Hirst’s values
is referred to as model A, and the model using Wakata
and Sarachik’s values as model B.
Time variations of the most unstable mode of model
A are shown in Fig. 1 for thermocline depth and SST.
In this paper, the time variation of the spatial structure
of unstable mode will be examined by the real part and
e-folding time of the mode. The e-folding timescale of
the unstable mode shown in Fig. 1 is about two years.
Consistent with the Hirst model, both thermocline depth
and SST are propagating to the east at the same speed.
On the other hand, the unstable mode of model B shown
in Fig. 2 is characterized more or less by a standing
oscillation. In particular, SST variations are confined in
the central and eastern Pacific, and those in the western
Pacific are very weak although the thermocline variations are relatively large. Also note that in addition to
the dominant standing oscillation, some eastward propagation signal is also seen in the central Pacific. The
difference between model A and B is simply due to the
different meridional profiles of K T . As noted previously,
the upwelling mechanism excites an eastward propagating unstable mode. In model A, K T is constant over
the domain, whereas it is near zero off the equator in
model B. Thus, the eastward propagating mode is suppressed in model B. Both model A and B results are
very similar to those of Hirst (1988) and Wakata and
Sarachik (1991), respectively, indicating that the essential structure of the coupled unstable mode is determined
by the two wave components.
The difference between the two model results can be
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FIG. 1. Phase–longitude cross section of the real part of the most
unstable mode along the equator. (a) Thermocline depth and (b) SST
obtained with a constant upwelling coefficient over the model domain,
respectively. Here 3608 in y axes corresponds to one period, and time
progresses in the direction of increasing phase angle.

interpreted using Eq. (8). The equation can be expressed
as
d(SST)
; a 3 (Kelvin wave) 1 b
dt
3 (lowest symmetric Rossby wave).

(9)
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FIG. 2. As in Fig. 1 except for the case of the meridional distribution of upwelling coefficient confined near the equator.

For the Hirst (model A) case, both a and b are positive
values and a is much bigger than b. Therefore, SST
tendency is mainly controlled by the Kelvin wave of
thermocline depth, which propagates to the east. On the
other hand, for the case of model B, a and b have
different signs. Therefore, Kelvin and Rossby contributions cancel each other over the region where both
waves have the same sign. Since the spatial and temporal
variations shown in Fig. 2 are similar to those of ob-
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FIG. 3. Time evolution of the real part of the unstable mode obtained with model B. The
thermocline depths associated with Kelvin and Rossby waves and SST are plotted with a phase
interval of 308. The units of depth and SST are meters and degrees Celsius, respectively.

served ENSO, we will focus on the unstable mode of
model B in the rest of this paper. It is noted that model
B contains a single unstable mode, which is shown in
Fig. 2, and other modes are all damped in time. The efolding time of the unstable mode is about two years.
Figure 3 shows a half-cycle of variations of SST,
Kelvin, and lowest symmetric Rossby waves of the unstable mode produced by model B. The variations are
plotted with a 308 phase interval. As seen in the previous
figure, large SST variations are confined in the central
and eastern equatorial Pacific, and the variations are
mainly characterized by a standing oscillation. But some
eastward propagation is also seen in the central part of

the domain. The eastward propagation is more clear in
the variations of the Kelvin part of thermocline depth.
When the signal arrives in the eastern Pacific, it becomes
amplified (Figs. 3j–l). On the other hand, the Rossby
part of thermocline depth is characterized by a standing
oscillation that has large amplitude in the western Pacific. The Rossby wave is excited mainly by the wind
stress associated with SST. The variations shown in Fig.
3 can be interpreted in terms of the delayed oscillator
mechanism, as discussed by Wakata and Sarachik
(1991). The SST and thus wind stress excite Rossby
wave in the western Pacific, which in turn provides
Kelvin wave signal over the western Pacific by the
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boundary reflection (Figs. 3a, 3g, and 3m). The Kelvin
wave signal propagates to the east and reduces the thermocline depth anomalies preexisting in the central and
eastern Pacific, which have a sign negative to that propagated from the west (Figs. 3a–c, 3g–i, and 3m–o). The
Kelvin wave signal eventually changes the sign of thermocline depth and SST over the central and eastern
Pacific (Figs. 3d and 3j), and thereafter a negative phase
becomes amplified there by a coupled instability (Battisti 1988). The next phase of the oscillation operates
as mentioned above except with a reversed sign (Figs.
3f, 3l, and 3r). It is also noted that there exists the
reflection from Kelvin to Rossby waves in the eastern
boundary. But, since the Rossby waves forced by SST
dominate in the western and central Pacific, the reflected
Rossby wave signal appears to have little effect on the
wave amplitudes to the west.
Overall, the variations of SST and gravest Rossby
wave are characterized by standing oscillations. On the
other hand, the Kelvin wave has a propagation component, which is generated by the reflection of the Rossby wave. This Kelvin wave propagation has a negative
feedback to the forced waves in the eastern Pacific and
thus plays as a transition mechanism of the oscillation.
It is also noted that the Rossby wave generated by the
eastern boundary reflection has an opposite sign to that
of the forced Rossby wave in the western Pacific. Thus,
the most important characteristics of the model are the
standing oscillation of SST (wind forcing) and the wave
reflections at the boundaries, particularly the eastward
propagation of Kelvin wave reflected at the western
boundary. We investigate the SST variation and the role
of wave reflections in the oscillation separately below.
The SST variations expressed by Eq. (9) are generated
by the Kelvin and Rossby waves. Each wave contribution to the SST tendency of model B along the equator
is computed and plotted in Fig. 4 for one oscillation
cycle. The SST tendency induced by the Kelvin wave
shown in Fig. 4a has a relatively large eastward propagation component, although large amplitudes appear
in the western and eastern Pacific. On the other hand,
the Rossby wave contribution (Fig. 4b) is characterized
by more or less a standing oscillation with a large amplitude in the western Pacific. The westward propagation in the eastern Pacific is related to the Rossby waves
reflected at the eastern boundary. Very interestingly,
there is a cancellation between the Kelvin and Rossby
wave contributions in the western and eastern Pacific.
In particular, almost complete cancellation happens in
the western Pacific. This cancellation can be understood
using Eq. (9). As noted previously, a and b in Eq. (9)
have different signs and the absolute magnitude of a is
almost twice that of b. As shown in Fig. 3, the Kelvin
wave in the western Pacific has the same sign as that
of the Rossby wave, but its amplitude is half of the
Rossby wave amplitude. Thus the SST variation in the
western Pacific should be very weak by almost complete
cancellation of the two wave contributions. In the east-
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FIG. 4. (a) Phase–longitude cross section of the SST tendency along
the equator induced by the Kelvin wave. (b) As in (a) except by the
lowest symmetric Rossby wave. Units are 8C month21 .

ern Pacific, on the other hand, the Kelvin wave amplitude is bigger than that of the Rossby wave. Thus, the
Rossby wave contribution is a minor part in the SST
tendency in the eastern Pacific. In summary, the weak
SST variation in the western Pacific and thus the standing oscillation character of basin-scale SST are mainly
due to the cancellation of SST tendencies induced by
Kelvin and Rossby waves.
We now examine the transition mechanism of the
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FIG. 5. Variations of the zonal means along the equator for one
cycle. Solid, dashed, dotted, and dot–dashed lines indicate SST, thermocline depth, and the forced and reflected parts of thermocline
depth, respectively. The scales of thermocline depth and SST are
indicated in the right- and left-hand sides of the figure, respectively.

oscillation, which is the wave reflections at the boundaries. To examine the forced and reflected wave activities along the equator, the zonal means of the thermocline depths associated with forced and reflected free
waves are obtained and plotted in Fig. 5. The reflected
free wave components are computed based on the following wave equations with a damping:
sof (x, t) 5 0.7s2 (xW , t 2 Dt)e2kDt ,

Dt 5 (x 2 xW )/co

s2f (x, t) 5 0.7so (xE , t 2 Dt)e 2kDt ,

Dt 5 (xE 2 x)/3co ,
(10)

where sof and s 2f are the reflected free Kelvin and Rossby
waves, respectively. Here xW and xE are the western and
eastern boundaries, respectively, co is the Kelvin wave
speed of 2.9 m s21 , and k is the damping coefficient.
The above equations are formulated based on the fact
that the reflection coefficient at both boundaries used in
the present model is 0.7 and the reflected waves propagate with free wave speeds. The forced wave component is obtained by subtracting the free wave components from the total.
As shown in the figure, the zonal-mean depth associated with reflected free waves has a large phase lag
with the zonal-mean SST. The minimum (largest negative) value of the zonal-mean depth appears at about
408 phase after the maximum SST. On the other hand,
the zonal-mean depth associated with forced wave components has little phase difference with the zonal mean
SST. It is very interesting that the amplitude of zonalmean depth associated with the reflected waves has
slightly larger amplitude than that of forced waves. This
is because the forced waves have large amplitudes in
the Rossby component and the reflected Kelvin wave
spreads along the equator with a relatively fast free wave
speed. The difference between the forced and reflected
free waves makes the zonal means of thermocline depth
and SST have a phase lag of about 908. Thus, the ocean
memory indicated by the thermocline depth leads the
SST and wind forcing by a quadrature cycle.
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As shown above, the wave reflection at the boundaries
play a critical role for the oscillation. Now a question
can arise for the reflection coefficients at both western
and eastern boundaries. In the present model so far, both
coefficients used are set to be a theoretical value of 0.7.
But, in reality, the boundaries have complex geometrical
shapes and, in particular, the Kelvin wave in the western
boundary results from superposition of reflections of
many Rossby modes (Chao and Philander 1993). Thus,
it is difficult to determine the reflection coefficients, if
the reality is considered. For this reason, we examine
the dependency of the oscillation frequency and growth
rate of the unstable mode of the present system on the
reflection coefficients at the western and eastern boundaries.
In Fig. 6a, the frequency and growth rate are plotted
for different values of reflection coefficient at the western boundary. In this case, the coefficient at the eastern
boundary is fixed with a value of 0.7. The figure indicates that no oscillation occurs for coefficients less
than 0.54. A very low-frequency oscillation starts at the
coefficient 0.54 with a minimum growth rate. As the
coefficient increases from 0.54 to 1.0, both oscillation
frequency and growth rate increase. The critical value
of the coefficient 0.54 for starting the oscillation indicates that a sufficient negative feedback by the reflection
is a necessary condition for the oscillation. It is understandable that the growth rate decreases as the coefficient increases from 0 to 0.54. But what is an interesting
point here is that the growth rate increases as the coefficient increases from the critical value of 0.54. This
is related to the decrease of oscillation period, because
the accumulation of negative feedback by the reflection
decreases as the period of oscillation decreases. Figure
6b is for the case of different values of eastern boundary
but with a fixed coefficient 0.7 at the western boundary.
The figure indicates that the growth rate does not much
depend on the reflection coefficient at the eastern boundary, but the coefficient appears to affect the oscillation
period. It is interesting to note that low values of the
reflection coefficient are more favorable to a low-frequency oscillation.
Figure 6 indicates that the oscillation character of the
present model is sensitive to western boundary reflection, and the eastern boundary reflection modifies the
oscillation period. Now an interesting question immediately raised is a realistic regime of the western boundary reflection. Two factors should be considered in reality: the open channel in the western Pacific, particularly Indonesian Throughflow, and the superposition of
many meridional Rossby waves. The throughflow effect
will certainly reduce the reflection coefficient. The interference of many meridional Rossby waves also reduces the coefficient (Battisti 1989). A realistic reflection coefficient at the western boundary is hardly determined by observations, but its value appears to be
smaller than the theoretical value.
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FIG. 6. (a) Frequency and growth rate of the unstable mode as a
function of reflection coefficient at the western boundary. The reflection coefficient at the eastern boundary is set to 0.7. (b) As in (a)
except as a function of reflection coefficient at the eastern boundary
and the coefficient at the western boundary set to 0.7. Solid and dotted
lines indicate frequency and growth rate, respectively.

4. Summary and concluding remarks
A simple model of ENSO-like oscillation is developed using the two wave components: Kelvin wave and
lowest symmetric Rossby wave. The oscillation is best
described by the forced waves associated with a standing
oscillation of SST and the reflected free waves generated
at the western and eastern boundaries. The standing oscillation character of basin-scale SST in the central and
eastern Pacific and the weak SST variation in the western Pacific are explained by cancellation of SST tendencies induced by Kelvin and Rossby waves. The reflected waves play a negative feedback mechanism to
the oscillation system. The oscillation period and insta-
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bility depend on the reflectivity of western and eastern
boundaries.
The contributions of wave components to SST tendency can be explained as follows. In the presence of
zonal temperature gradient of basic state, a positive Kelvin wave produces positive SST tendency by zonal advection, but a positive Rossby wave produces a negative
tendency. In the presence of background upwelling, the
positive depth associated with both waves produces a
positive tendency of SST by upwelling effect. Therefore, Kelvin wave contribution to SST tendency is reinforced by both effects. For the Rossby wave, on the
other hand, the temperature advection and upwelling
effects have different signs. For the basic states used by
Hirst (1988) and others, the upwelling effect is bigger
than that of zonal temperature advection. In this case,
the Kelvin and Rossby wave contributions to SST tendency have the same sign. However, for the equatorially
trapped upwelling (Wakata and Sarachik 1991; the present study), the narrow upwelling has to change a broadscale SST, and therefore its effect is less than that of
zonal advection. In fact, the meridional scale of upwelling coefficient K T is much smaller than that of SST
in the present model. In this case, the Kelvin and Rossby
wave contributions have different signs. For a realistic
parameter range, the absolute value of the coefficient
for the Kelvin wave contribution, a in Eqs. (8) and (9),
is about twice as large as that of the coefficient b for
the Rossby wave contribution. In the western Pacific,
the amplitude of the Kelvin wave is about half of the
Rossby wave, since the Kelvin waves are produced
mainly by the reflection of Rossby waves. As a result,
the SST induced by the Kelvin wave is almost completely canceled by the Rossby wave contribution in the
western Pacific. However, in the eastern Pacific, the Kelvin wave contributes a major part of wave amplitude.
In this region, therefore, SST is mainly determined by
Kelvin wave activity and the Rossby wave contribution
plays a minor role in the SST variation.
The Rossby waves indirectly affect the SST in the
eastern Pacific by generating Kelvin waves at the western boundary. The reflected Kelvin wave plays a negative feedback mechanism to the oscillation. The zonalmean depth associated with reflected free waves is almost out of phase with the SST, whereas the zonal mean
associated with the forced wave component is almost
in phase with the SST. By a large cancellation between
the zonal means of forced and free waves, the zonal
means of thermocline depth and SST have a phase lag
of about 908. The quadrature phase lead of ocean memory (thermocline depth) to the SST produces an ENSOlike oscillation. Several studies already indicated that
the zonal-mean thermocline depth plays as a ocean
memory of ENSO (Zebiak and Cane 1987; Schneider
et al. 1995; Jin 1997). But in order to understand the
oscillation mechanisms in more detail, a separate examination of zonal mean and deviation may be needed
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by using the model containing both components separated. This study is the subject of our ongoing work.
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