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ABSTRACT

In the late 1970s, the ENSO cycle exhibited frequency change. The oscillation period increased from 2—4 yr
(high frequency) during 1962—75 to 46 yr (low frequency) during 1980-93. Observations suggest that this
frequency change was accompanied by a significant change in the structure of the coupled ENSO mode. In
comparison with the high-frequency regime, the structure of the coupled mode in the low-frequency regime
shows three distinctive features during the warm phase of ENSO: the eastward shift of the westerly anomalies,
the meridional expansion of the westerly anomalies, and the weaker intensity of the easterly anomalies in the
eastern Pacific.

To test the robustness of the relationship between the oscillation period and the structure of the coupled mode,
the authors designed empirical atmospheric models based on observations and coupled them with the ocean
model of Zebiak and Cane. Numerical experiments demonstrate that the ENSO period is sensitive to changes
in the wind anomaly pattern in a way much like the observed ENSO frequency—structure relation. The increase
of the ENSO period after 1980 is mainly due to the eastward shift of the zonal wind stress with respect to the
SST anomalies. Physical explanations of the dependence of ENSO frequency on the structure of the coupled
mode are provided by diagnosing the relative contributions of the thermocline feedback and zonal advection
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Interdecadal Change of the Structure of the ENSO Mode and Its Impact on the

feedback on ENSO evolution.

1. Introduction

In recent years understanding of the physics of the
El Nifio—Southern Oscillation (ENSO) has rapidly im-
proved as a result of great efforts by many researchers
and owing to an accumulation of and improvement in
observations. Relatively reliable Comprehensive
Ocean—-Atmosphere Data Set surface winds and sea sur-
face temperature (SST) data extend back to the 1960s.
They are useful for detecting decadal variations of
ENSO cycles.

The interdecadal climate shift in the late 1970s ex-
hibits global-scale variations in sea surface temperature,
upper-ocean heat content, and winds in the Pacific and
Atlantic oceans (Nittaand Yamada 1989; Kushnir 1994;
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Trenberth and Hurrel 1994; Latif and Barnett 1994,
Zhang and Levitus 1997). Moreover, the climate shift
had a significant impact on ENSO onset (Wang 1995)
and prediction skills of the coupled ocean—atmosphere
models (Balmaseda et al. 1995; Kirtman and Schopf
1998). A number of hypotheses have been recently pro-
posed to explain the origin of the decadal variability in
ENSO behavior (Gu and Philander 1997; Zhang et al.
1998; Wang et al. 1999a; Barnett et al. 1999). The pre-
cise processes determining the interdecadal variations
of ENSO behavior remains controversial.

In comparison with the ENSO timescale, the inter-
decadal variation may be considered as a slowly evolv-
ing mean state upon which ENSO evolves. Previous
ENSO studies (e.g., Battisti and Hirst 1989; Wakata and
Sarachik 1991; Wang and Fang 1996; Kirtman and
Schopf 1998) have recognized that the mean state tends
to influence ENSO characteristics including the period,
amplitude, and phase locking to the annual cycle. Such
changes in ENSO characteristics may result not only
from a direct impact by the mean state change but also
from indirect influences of the changesin coupling pro-
cesses, including the degrees of the coupling and chang-
es in anomalous atmospheric or oceanic responses. Al-
though the dependence of the frequency and growth rate
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Fic. 1. The real part of the wavelet analysis of the Nifio-3.4 SST anomaly, which shows the variance as a function of oscillation period
and time.

of the coupled mode on coupling coefficients has been
well known (Hirst 1986, 1988; Wakata and Sarachik
1991; Jin and Neelin 1993), the relationship between
the structure of the dominant ENSO mode and the fre-
guency and amplitude of ENSO has not been investi-
gated.

In the present study, we will first document, using
observed data, distinctive patterns of the wind and SST
anomalies that appeared during periods with different
dominant ENSO frequencies (section 2). We will then
use intermediate coupled models to show that the struc-
ture of the ENSO mode determinesits oscillation period
(section 3). In section 4, we further explore the fre-
guency changes due to changes in the horizonta struc-
ture of the coupled mode using idealized intermediate
coupled models. A dynamical interpretation of the re-
sults is provided in section 5. The last section presents
a summary and a discussion.

2. Distinct structures of the coupled mode in
low- and high-frequency ENSO regimes

In order to reveal changes of ENSO frequency, we
apply a wavelet analysis to a representative ENSO in-

dex, that is, the time series of the Nifio-3.4 SST anomaly
(the SST anomalies averaged over the area 5°S-5°N,
170°-120°W), which is obtained from the National Cen-
ter for Environmental Prediction (NCEP) (Ji et al. 1995).
The wavelet analysis has been applied to the climate
data (e.g., Meyers et al. 1993; Lau and Weng 1995;
Wang and Wang 1996) and provides a useful tool to
reveal frequency localizationin climatesignals. Thereal
part of the wavelet transform of the ENSO index is
shown in Fig. 1. The frequency of ENSO changes with
time. For instance, a period of 20—30 months dominates
during 1962—-67 while a period of 30-50 months dom-
inates during 1967—73. From 1980 to the early 1990s
an even longer period of 40-60 months is dominant.
An evident change of frequency of ENSO cycle (from
a relatively high to a relatively low frequency) occurs
in the late 1970s, which concurs with the prominent
climate shift in the North Pacific (Nitta and Yamada
1989; Trenberth 1990). It appears that the interdecadal
change of Pacific climate not only affected the onset
process of the ENSO (Wang 1995), but also affected
the frequency of ENSO events. In the following we
compare the two frequency regimes by focusing on the
structure of the coupled ENSO mode.
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Fic. 2. First SVD mode between the tropical zonal wind stress
anomaly (heavy line) and SST anomaly (thin line) calculated for the
two periods Jan 1962-Dec 1973, and Jan 1981-Dec 1992, which are
associated with different oscillation frequency regimes. The SVD
modes for the former and latter periods are indicated by solid and
dotted lines, respectively.
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To explore possible change in the horizontal structure
of the coupled mode, we compare the structure of the
zonal wind stress and SST anomalies during the two
decades of 1962—73 and 1981-92 using the method of
singular value decomposition (SVD) (Bretherton et al.
1992). The SST (T) and zonal wind stress(7,) anomalies
are decomposed in terms of their eigenvectors, e, (X, )
and f (), that is,

T ¥ 0 =2 aex y) )

n

T Y ) = 2 Bu®fn(X V), 2

where «, and B,, denote the time coefficient associated
with SST and wind stress anomalies, respectively. They
are calculated by projecting SST and wind stress anom-
aly fields at a given time on each eigenvector. The SVD
helps to identify coupled modes by maximizing the cor-
relation between «,(t) and B,,,(t) (Bretherton et al. 1992).
Before applying the SVD method, each variable is av-
eraged over the latitude band between 5°S and 5°N,
because the strongest interannual variation in the Pacific
is confined to this region. Data used here are the Florida
State University (FSU) wind stress data (Goldenberg
and O’Brien 1981) and the NCEP reconstructed SST
data (Reynolds and Smith 1994). It might be considered
that those two datasets are qualified for the interdecadal
variability study, becausetheir relative homogeneity and
objectivity resulted from the application of the optimal
reanalysis method (Kubota and O’ Brien 1988; Smith et
al. 1994; Reynoldsand Smith 1995; Shriver and O’ Brien
1995; Wang 1995; S. R. Smith et a. 1996; T. M. Smith
et a. 1996b).

The first SVD mode is shown in Fig. 2, which ex-
plains 99% (for thefirst decade) and 98% (for the second
decade) of the total covariance between wind stress and
SST anomalies. The SST patterns that appeared during
the two decades are very similar. However, the maxi-
mum zonal wind stress during 1962—73 is located about
10° longitude westward compared to that derived for
the period of 1981-92. Note that this first SYD mode
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is not very sensitive to the choice of the decadal data
if both decades are separated by late 1970s. Note also
that the relatively high and low frequencies are alter-
natively dominant during the former and latter periods.
Thus, Fig. 2 suggests that the frequency change may be
accompanied by achange of the phase structure between
zonal wind stress and SST anomalies. When the zonal
wind stress shifts westward (eastward) with respect to
the SST anomalies, the corresponding ENSO cyclestend
to be of high (low) frequency. This will be examined
further in the next section.

To make sure whether the difference shown in Fig.
2 is genuine, an F test is performed. Here, rather than
the EOF mode, we compare the composite maps that
represent the spatial distribution during the mature phase
of each EOF mode. To composite, the magnitudes of
the EOF time series that exceeded 1.6 timesthe standard
deviation are selected. Each composite map is almost
the same as the original EOF modes shown in Fig. 2
(not shown here). The decadal changes in the dominant
wind stress pattern over 170°-130°W are statistically
significant at the 95% confidence level. On the other
hand, the differences in the SST are not significant.

Although the equatorial zonal distribution of SST
anomalies remains almost unchanged during the two
different frequency regimes, the subsurface temperature
variation has a different story. Figure 3 shows the time—
longitude diagram of the equatoria thermocline depth
(5°S-5°N) reconstructed using the leading modes ob-
tained from the multichannel singular spectrum analysis
(MSSA; Plaut and Vautard 1994; Kim 1996). The ther-
mocline depth is defined by the depth of the 20°C iso-
therm, which is derived from the NCEP ocean assimi-
lation data from 1980 to 1995 (Ji et al. 1995). Figure
3a shows the sum of the first and second modes, which
makes up 64.2% of total variance and is referred to as
the low-frequency mode. This mode reflects the major
warm and cold events reasonably well. Figure 3b shows
the sum of the third and fourth modes, which makes up
12.2% of thetotal variance and shows adominant quasi-
biannual timescale. This will be referred to as a high-
frequency mode. The spatial structures of the low- and
high-frequency mode resemble each other in many as-
pects, such as the standing oscillation pattern between
the western and eastern Pacific basins and the propa-
gating feature in the central Pacific. A careful compar-
ison reveals that the positions of the node points of the
two modes, which indicate the regions of minimum var-
iability, are quite different. For instance, the node point
in the low-frequency mode (Fig. 3a) appears at 165°—
145°W, while the node of the high-frequency mode is
located between 180° and 160°W. In other words, the
zonal position of the nodes of the low-frequency mode
is located farther eastward compared to the high-fre-
quency mode. If we calculate the root-mean-square of
the thermocline depth anomalies of the low- and high-
frequency modes, the zonal shift of the node point can
be clearly seen, as shown in Fig. 4. In particular, the
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Fic. 3. (a) Low-frequency mode of thermocline depth anomaly (m) averaged over the equatorial region (5°S-5°N). The low-frequency
mode is reconstructed by the sum of the first and second MSSA eigenvectors. (b) Same as in (&) but for the high-frequency mode, which
is reconstructed by the sum of the third and fourth MSSA eigenvectors.
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Fic. 4. Longitudinal distribution of the root-mean-square of the
equatorial thermocline depth anomaly calculated for the low-fre-
quency (solid) (scale of m on the left side) and high-frequency (dot-
ted) (scale of m on the right side) modes defined in Fig. 3.

difference appeared over 165°-140°W is statistically
significant at the 95% confidence level, which is per-
formed by an F test. This difference is consistent with
the differencein thelongitudinal structure of zonal wind
stress for different frequency regimes. This point will
be clarified in the next section.

3. Dependence of ENSO frequency on the wind
structure: Results of numerical experiments

In the previous section, our data analysis indicates
that ENSO frequency varies on an interdecadal time-
scale. Our analysis al so suggeststhat the zonal structures
of the wind stress and thermocline depth vary with
ENSO freguency, whereas the zonal structure of SST
does not. In this section, we investigate the dynamical
connection in the changes between the wind-thermo-
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Fic. 5. The first SVD vector of (a) zonal wind stress and (b) SST anomalies derived using the 20—40-month filtered data. (c) and (d) As
in (a) and (b) except for the low-frequency mode derived using the 50—70-month filtered data. Units are nondimensional.

cline structure and ENSO frequency. An intermediate
coupled ocean—atmosphere model is used to identify the
consequences resulting from changes of the spatial
structure of ENSO mode. The results demonstrate the
importance of the wind stress pattern in determining the
ENSO frequency.

The ocean model is basically the same as that used in
the Cane-Zehiak (CZ) model (Zebiak and Cane 1987).
The atmospheric model is an empirical model describing
the linear relationship between observed SST and wind
stress anomalies. The empirical atmosphere model is de-
rived using monthly mean SST and wind stressanomalies
over the tropical Pacific from January 1963 to December
1993. The SST and wind stress data are obtained from
NCEP and FSU, respectively. Using the SVD method,
we decompose the monthly mean SST and zonal wind
stress anomalies in the forms of Egs. (1) and (2). We
further define a matrix of regression coefficients,

" {ad)

where ( ) denotes the time average over the entirelength
of the sample. Using Egs. (1)—(3), we can estimate the
zonal wind stress anomaly from the SST anomaly. That
is,

X ¥, 1) = % Comah (O fin(X, Y). 4

Here, the value of o at a given time is calculated by
projecting SST anomalies onto the SST eigenvectorse,.
The wind stress field at the given time is calculated by
Eq. (4). In the present study, we use only the first SVD
mode, which explains over 90% of the total covariance
between the SST and zonal wind stressanomalies. Before
the decomposition, both the SST and wind stress data
are bandpass filtered on two bands of 20—40 and 50—70
months. Consequently, we have two empirical atmo-
sphere models: one is constructed by the high-frequency
filtered data (hereafter the HF model) and the other by
the low-frequency filtered data (hereafter the LF model).

Figures 5a and 5c show the spatial patterns of the
zonal wind stress calculated from the two filtered da-
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Fic. 6. Time series of Nifio-3 SST anomaly calculated by hybrid
(empirical atmosphere + Cane—Zebiak ocean) coupled models. The
empirical atmosphere is developed by applying the SVD method to
20-40- and 50—70-month filtered data. Units are °C.

tasets. Important differences between the two zonal
wind stress patterns associated with the warm phase
(shown in Figs. 5a and 5c¢) are the longitudinal location
and meridional extent of the westerly wind anomalies
and the strength of the easterly wind stressin the eastern
Pacific. The difference between the two filtered anom-
alous SST fields (Figs. 5b and 5d) are not significant
except for the amplitude. The results here thus are con-
sistent with those shown in Fig. 2. Figures 5a and 5b
represent the reconstructed HF model and Figs. 5¢c and
5d the LF model. The two empirical atmosphere models
are then coupled with the CZ ocean model. For con-
venience we simply refer to the two coupled models as
the HF and LF models, respectively. In the following
experiments, the same annual mean basic states for the
ocean and atmosphere are used.

The time series of Nifio-3 SST anomaly calculated
from the HF model is shown in Fig. 6a. The SST var-
iation in Fig. 6ashowsaregular oscillation with aperiod
of 24 months. The Nifio-3 SST anomaly obtained from
the LF model (Fig. 6b) is a regular oscillation with a
period of about 44 months. Both results are qualitatively
consistent with their corresponding filtered timescales
of the empirical atmospheric models. This suggests that
the spatial pattern of the zonal wind stressisresponsible
for the different oscillation timescales, even though the
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Fic. 7. Longitudinal distribution of the root-mean-square of the
MSSA leading eigenvector of oceanic height calculated by the hybrid
coupled model. The solid and dashed linesindicate the results derived
from the high-frequency (20—40 months) and the low-frequency (50—
70 months) models, respectively.

empirical models carry no information about the time
evolution of the coupled mode. That means the spatial
pattern of the wind stress is indeed critical to the os-
cillation period of the coupled system.

Considering the fact that there exist some subtle dif-
ferences in the SST anomalies between the HF and LF
models. One may ask whether thisis partially the cause
for the different oscillation period. In order to check
which pattern (SST or wind stress) is important for the
modulation of the frequency, we performed two addi-
tional experiments. In the first experiment, we construct
an artificial empirical atmospheric model, in which the
wind stress pattern of the HF model (Fig. 5a) and the
SST pattern of the LF model (Fig. 5d) are adopted. In
the second experiment, an empirical atmospheric model
is formed by using the wind stress pattern of the LF
model (Fig. 5¢) and the SST pattern of the HF model
(Fig. 5b). Asshown in Figs. 6¢ (for the first experiment)
and 6d (for the second experiment), the frequency is
obviously dependent on the change in the wind stress
pattern, not the SST pattern.

To further demonstrate the robustness of the results
obtained from the HF and LF models, we examine the
subsurface variations in the two models. Figure 7 dis-
plays the longitudina distribution of a root-mean-
squar e thermocline depth anomaly derived from the HF
and LF models using the first two leading MSSA ei-
genvectors. The minimum shows the node point in this
field. Obviously the zonal distribution of the thermo-
cline depth anomaly in the HF model shifts westward
by about 10° longitude compared to that in the LF mod-
el. Thus, this zonal phase lag between the thermocline
depth simulated by the HF and LF models is also con-
sistent with the observation shown in Fig. 4.

4. Sensitivity of the ENSO frequency to the
structure of coupled mode

In the previous section, by using two empirical at-
mosphere models that are derived from the high- and
low-frequency wind-SST anomalies, we showed that
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TABLE 1. Period (in units of months) and amplitude (in units of
°C) of Nifio-3 SST anomaly in the sensitivity experiments where the
longitudinal position (x,) of the maximal zonal wind stress shiftsfrom
west to east and the meridional e-folding scale of wind stress L,
increases.

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

150E 180 150W 120W 9OW
FiG. 8. Spatial pattern of the zonal wind anomalies in the idealized
atmospheric model.

the oscillation period of ENSO is highly dependent upon
the spatial pattern of the zonal wind stress. For instance,
the spatial patterns of the coupled modes associated with
the low- (high-) frequency oscillation during the warm
phase of ENSO exhibit an eastward (westward) shift
and meridional expansion (compression) of westerly
anomalies in the western—central Pacific. In order to
show the sensitivity of the ENSO frequency to the spa-
tial structure of the coupled mode, in this section we
design an ideal atmosphere model whose spatial struc-
ture with respect to a given SST anomaly can be easily
changed. The model results may provide information
about how the period and amplitude of ENSO cycle
respond to the change of structure in wind stress anom-
alies.

Here, we define an anomalous wind stress pattern
whose strength is proportional to the Nifio-3 SST anom-
aly SSTAnos- That is,

X Y, 1) = SSTANINO3(I)[\I}O(y/Ly) - qu(y/Ly)]

x {exp —(%)2 - 0.2}, 5)

where the horizontal structure is specified on the basis
of the empirical wind—SST relationship shown in Figs.
5a and 5c. The functions, s, and i, are the zeroth and
the second-order Hermite function, respectively; X,
specifies the longitudinal position of the maximum wind
stress; L, and L, are the zonal and meridional e-folding
scales, respectively. Figure 8 shows a spatial pattern of
the wind stress calculated using Eqg. (5) for the control
case where the structure parameters x, = 180°, L, =
35° and L, = 9°. Those values are selected so that the
resulting wind stress anomaly resembles the spatial pat-
tern derived from observed data shownin Fig. 5a. Thus,
in some sense this pattern may be thought of as the
leading pattern of the wind stress shown in Fig. 5a.
Using Eq. (5), we can also obtain a pattern similar to
that in Fig. 5b simply by changing the parameters X,,
L,, L,. Moreover, by varying values of x, and L,, we

Xo
L, 160°E 170°E 180° 170°W
7° 11 months 14 months 17 months 25 months
3.5°C 4.2°C 4.8°C 5.3°C
9° 14 months 17 months 24 months 37 months
2.8°C 4.2°C 4.9°C 5.7°C
11° 17 months 20 months 31 months —
1.8°C 4.3°C 5.1°C 3.2°C
13° 22 months 25 months — —
1.2°C 4.2°C 3.1°C 3.2°C

can examine frequency response to changes of the
anomalous wind structure in a systematic manner.

Thebasic statesin thefollowing experimentsarefixed
at the climatological annual mean state. We then shift
the zonal wind stress westward or eastward at a 10°
interval by changing x, and varying the meridional scale
L, from 7° to 13° at a 2° interval. In each case, the
coupled model is run for 100 yr. The resulting fluctu-
ations, for example, the time series of Nifio-3 SST
anomaly, show regular oscillations. The regularity of
oscillation is mainly due to the absence of the annual
cycle in the basic state, lack of transient (stochastic)
forcing, and atmospheric linear response to SST anom-
alies. However, the frequency and amplitude vary from
experiment to experiment. These results are summarized
in Table 1.

As shown in Table 1, the control run (with the pa-
rameters x, = 180° and L, = 9°) produces a 24-month
oscillation with an amplitude of 4.9°C. When the max-
imum westerlies shifts eastward by 10° longitude, the
oscillation period increases to 37 months and the am-
plitude to 5.7°C. On the other hand, when the maximum
westerlies shifts 10° westward, the resulting period re-
duces to 17 months and the amplitude to 4.2°C. In gen-
eral, the period and amplitude gradually increase when
the wind patch shifts eastward. That is consistent with
the previous results shown in section 3. Further shifting
westward by 30° longitude damps the coupled oscilla-
tion, while shifting eastward by 20° longitude brings the
coupled system to a permanent warm state. Based on
the delayed oscillator paradigm (Suarez and Schopf
1988; Schopf and Suarez 1988; Battisti and Hirst 1989;
Cane et a. 1990), we suggest that when the zonal wind
anomalies shift far into the eastern Pacific, the negative
feedback mechanism is too weak to overcome the pos-
itive feedback arising from the coupled instability, lead-
ing to a permanent warm state. On the other hand, when
the zonal wind anomalies locate too far west, the neg-
ative feedback mechanism (e.g., the Ekman upwelling
dueto the easterly wind anomaly that occupiesthewider
region including the eastern Pacific) is much stronger
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TABLE 2. Period and amplitude of the Nifio-3 SST anomaly sim-
ulated by the idealized coupled model as a function of the different
ratio of the eastern Pacific wind stress. Parameters X, = 180°, L, =
.

0% 100% 150% 200%
Period (months) 34 24 18 15
Amplitude (°C) 5.8 4.9 4.7 3.9

than the positive feedback due to the coupled instability,
thus the oscillation is damped.

Table 1 also indicates that compared to the control
run (L, = 9°), when the meridional scale of the westerly
anomaliesincreases by 2° |atitude, the oscillation period
increases from 24 to 31 months, whereas when L, re-
duces by 2° |atitude, the period decreases to 17 months.
A similar sensitivity test of a CZ-type model to the
meridional broadening of the wind stress has been also
performed by Kirtman (1997), in which the results are
similar to those shown here. This relationship between
the period and the meridional scale of the wind stress
shown in Table 1 isrobust, becauseit isvalid regardless
of the position of the zonal wind stress patch. On the
other hand, the relationship between the amplitude and
the meridional scale of the wind stress depends on the
longitudinal location of the maximum westerlies. When
the maximum westerlies are located at 170°E, the am-
plitude does not change appreciably with the meridional
scale. If the maximum position moves to 160°E, the
amplitude decreases with increasing meridional scales.
On the other hand, an eastward shift reverses that re-
lationship. Note al so that the amplitude of the permanent
warm state is insensitive to the meridional scale and the
zonal phase of the zonal wind stress.

As mentioned previously, another difference in the
leading SVD modes between the low- and high-fre-
guency regimes (Figs. 5a and 5c) isits amplitude in the
tropical eastern Pacific. In order to test the model sen-
sitivities to the wind stress intensity in the eastern Pa-
cific, we vary the strength of the wind stress in the
eastern Pacific using Eq. (5). The resulting period and
amplitude of the Nifio-3 SST anomalies indicate that
the period and amplitude almost linearly decrease with
increasing intensity of the easterly wind stress during
the eastern Pacific warming (Table 2). The effects of
the eastern Pacific wind stress in modulation of the am-
plitude and period of ENSO may be attributed to the
changes in local upwelling and the upwelling Kelvin
waves generated during the warm event. The latter in-
terfere with the downwelling Kelvin waves generated
by the westerly wind stress in the central Pacific. Asa
result, both effects enhance the negative feedbacks, re-
sulting in a shorter period and a reduced amplitude of
ENSO.

As mentioned above, three distinctive differences in
the eigenmodes of the zonal wind stress anomaly be-
tween the two decades are attributed to the change of
ENSO freguency. Among them, the major contributor
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for change of the period is the zonal shift of the wind
fetch, while the change of the meridional scale of the
wind stressis a secondary contributor. This can be seen
from Table 1. The typical values for x, and L, in Eq.
(5), which are associated with the high-frequency epoch,
are 180° and 9°, respectively. Those associated with the
low-frequency epoch are 170°W and 11°, respectively.
The period change due to the zonal shift of wind fetch
between the two decades (from 24 to 37 months) is
considerably larger than that due to the change of the
meridional scale of the wind stress (from 24 to 31
months).

5. Discussion

In the previous sections, we have shown from ob-
servation and coupled models that the ENSO period is
highly dependent on the zonal phase lag between the
wind stress and SST and the meridional scale of wind
stress. In this section, we discuss the physical processes
that are responsible for the rel ationships between ENSO
frequency and the structure of the coupled mode.

Based on equatorial wave dynamics, the dependence
of the period and amplitude of ENSO on the meridional
scale of the wind stress anomaly is due to the different
adjustment timescales of the thermocline in response to
various spatial patterns of the wind stress. For instance,
alarger meridional scale of the wind stress favors gen-
eration of the higher meridional modes of the ocean
Rossby waves, which propagate westward at slower
speeds and prolong the timescal e of the basinwide ther-
mocline adjustment. As a result, the period is longer.
This had been shown by observation (Wang et al.
1999Db), a hybrid coupled model (Kirtman and Zebiak
1997), and a theoretical model (Wang and Fang 1996).
These also support the delayed oscillator theory, be-
cause the higher modes of off-equatorial Rossby waves
reduce the negative feedback effects of the equatorial
Rosshy waves reflected at the western boundary (Kirt-
man 1997).

Explanation of the dependence of ENSO period on
the zonal phase of the wind stressis more complex. One
may think a similar argument based on the delayed os-
cillator theory may work. For instance, if the westerly
fetch shifts westward (eastward), the basinwide ther-
mocline adjustment times would be shorter (longer),
because the time for Rossby waves reaching western
boundary is considerably reduced, although the reflected
Kelvin waves may take a slightly longer time to reach
the eastern Pacific. The above argument is based only
on the effects of thermocline adjustment on ENSO evo-
lution. It is plausible in a qualitative sense but rather
ambiguous in a quantitative sense. This is because it
does not explain why the adjustment time is so sensitive
to a moderate shift in the zonal phase lag between wind
stress and SST.

In an effort to provide a quantitative explanation, we
analyze the budget for SST tendency. A budget analysis
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can reveal important processes responsible for the tran-
sition and growth (instability) of ENSO anomalies (e.g.,
An et a. 1999; Jin and An 1999; Kang et al. 1999,
manuscript submitted to Climate Dyn.). Among various
thermal advection terms that change SST, the vertical
advection of subsurface temperature by mean upwelling
(referred to as thermocline feedback hereafter) and the
zonal advection of the mean SST by anomalous zonal
currents (referred to as zonal advection feedback here-
after) have been suggested as major contributorsto tran-
sition and growth of ENSO (Jin and An 1999; An et al.
1999). Usually, the two feedback mechanisms work to-
gether as a result of the quasigeostrophic balance be-
tween the zonal currents and the meridiona gradients
of the thermocline depth. But the relative importance
of the two feedback processes to various wind stress
patterns may be different. Note that although the ad-
vective thermal processes in the CZ model are slightly
different from that in the observation (in particular, the
vertical heat flux due to the anomalous upwelling), be-
cause of the model’s simplicity, two important SST bud-
get terms in the coupled model regarded as thermocline
and zonal advection feedbacks are consistent with the
observation (An et a. 1999; Kang et al. 1999, manu-
script submitted to Climate Dyn.).

Figure 9 shows the lag covariance between the local
SST tendency and the normalized Nifio-3 SST anomaly
as a function of longitude and the time lag. A positive
lag means that the local SST tendency lags Nifio-3 SST
anomalies. The SST tendency was averaged over 5°S—
5°N and the contributions from the thermocline feed-
back and the zonal advection feedback are presented in
the top and bottom panels, respectively. The data used
are derived from the numerical experiments performed
in section 4 for the different longitudinal locations of
the westerly anomalies. Three experiments are com-
pared, in which the positions of maximum westerly, x,,
arelocated at 170°E, 180°, and 170°W, respectively. The
SST tendency in Nifio-3 region being in phase with
Nifio-3 SST anomaly implies an amplification of ENSO
anomalies while that being in a quadrature leading
Nifio-3 SST anomaly indicates a tendency of the tran-
sition of ENSO.

In Figs. 9a—c, the positive SST tendencies east of
140°W lead slightly the Nifio-3 SST anomaly. Thisim-
plies that the thermocline feedback favors the transition
and growth of ENSO. Interestingly, comparison of Figs.
9a—c indicates that the contribution of the thermocline
feedback does not significantly depend on the zonal
phase shift of the westerly patch.

In contrast, comparison of Figs. 9d—f indicates that
the contribution from zonal advection feedback depends
upon the position of the maximum wind stress. The
longitudinal areas where SST tendency are in phase (or
out of phase) with Nifio-3 SST anomaly are very dif-
ferent. For example, when the maximum position of
wind stress is at 180° (Fig. 9¢), the SST tendency west
of 140°W is nearly in phase with the Nifio-3 SST anom-
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aly and that east of 140°W leads the Nifio-3 SST anom-
aly with a quarter-cycle. The in phase aspect of SST
tendency implies that the zonal advection feedback con-
tributes to growth ENSO, while the leading of SST ten-
dency implies that the zona advection feedback con-
tributes to transition of ENSO. If the zonal wind stress
movesto the west (Fig. 9d), the contribution of the zonal
advection feedback to the growth decreases while the
contribution to the transition increases. Similarly, when
the zonal wind stress shifts eastward (Fig. 9f), the con-
tribution to the growth increases while that to the tran-
sition decreases. Therefore, the effects of the zonal ad-
vection feedback on ENSO evolution change with the
phase shift of the zonal wind stress. In other word, if
the zonal wind stress shifts westward, the zonal advec-
tion feedback favors transition of ENSO cycle rather
than instability (growth); consequently the amplitude
decreases and the period becomes shorter as shown in
Table 1. Conversely, when the zonal wind stress shifts
eastward, the zonal advection feedback favors a longer
period and a larger amplitude.

Based on the present results, we can establish a dy-
namical linkage between the surface response (wind
stress and SST anomalies) and the subsurface response
(thermocline depth anomaly) associated with the low-
and high-frequency regimes. The wind stress during the
warm event associated with the low- and high-frequency
regimes would be located at the central—eastern Pacific
and central-western Pacific, respectively. The responses
of thermocline depth to this forcing may resemble those
in Figs. 4 or 7. The node point of the thermocline tends
to match the longitude separating the region of occu-
pation mostly by Rossby waves and the region of oc-
cupation by Kelvin waves, because the zonal pattern of
the thermocline on the interannual timescale is char-
acterized by a standing oscillation (Li 1997; An and
Kang 2000; Wang et al. 1999b).

In the equatorial region, the anomalous zonal cur-
rents, which are maximum in the central Pecific, are
generated by the Rossby waves and thelocal wind stress.
Therefore, the zonal currents are very sensitive to the
zonal distribution of the wind stress. On the other hand,
the thermocline depth in the eastern Pacific is sensitive
to the intensity of the local zonal wind. Moreover, the
zonal gradients of the mean SST and the mean upwelling
are prominent, respectively, in the central Pacific and
the eastern Pacific. As a result, the zonal migration of
the zonal currents in the central Pacific results in large
changes of SST tendency due to the zonal advection of
the mean SST by anomal ous zonal currents. On the other
hand, the small change of the thermocline depth in the
eastern Pacific is expected when the zonal wind stress
shifts in the central Pacific.

6. Summary and concluding remarks

The period of the ENSO cycle displays an increase
in the late 1970s, concurrent with the interdecadal cli-
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Anomalous vertical advection by mean upwelling

170°E b) 180° 17
9 °) PRC) 18L2L170W
6 8 124
:
€ 3 4 6
o
£
© 0 0 0
3
'-'g-' =31 -4 -6
'_.
-6 -8 1 -12
_ £ ] il 18- B
160E 160W 120W 160E 160W 120W 160E 160W 120W
Zonal advection of mean SST by anomalous zonal current
d) 170°E * 7
9() - 12 (e) 180 18 (f) 170w
6
o
£ 3
o
£
o 0
3
g -3
-
-6
_ e ;—-"-5//‘1\,\ - P O 1 S Vit e FoFs R sk ENS
160E 160W 120W 160E 160W 120W 160E 160W 120W

Fic. 9. (8)—(c) Time-ongitude section of the lag covariance between the normalized Nifio-3
SST anomaly and the local SST tendency due to the advection of subsurface temperature by the
mean upwelling. (a), (b), (¢) The results derived from the model with maximum westerly located
at 170°E, 180°, and 170°W, respectively. (d), (e), (f) The counterparts of (a), (b), and (c), showing
the effects of the advection of SST by anomalous zonal currents. Units are 0.1°C month=.

mate shift in the North Pacific. A high-frequency (period
of 20-50 months) and a low-frequency (period of 50—
70 months) were dominant for the decade of 196273
and the decade of 1981-92, respectively. Observational
evidence is presented that suggests that the interdecadal
modul ation of the ENSO period is closely related to the
interdecadal change in the anomalous wind stress dis-
tribution in the Tropics, including its zonal phase lag
with SST anomalies, the meridional scale, and the in-
tensity in the equatorial eastern Pacific. The equatorial
zonal wind stress for the high-frequency decade tends

to shift westward compared to that of the low-frequency
decade, while SST anomalies for the two decades are
essentially the same in terms of the zonal structure. In
addition, the equatorial thermocline depth anomaly pat-
tern associated with the high-frequency regime aso
shifts westward in accord with the westward shift in the
zonal wind stress.

In order to confirm the observed linkage between the
interdecadal change in the ENSO period and the change
in wind stress anomalies, two empirical atmosphere
models are developed by applying the SVD method to
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the zonal wind stress and SST anomalies filtered for the
high- (20-40 months) and low- (50—70 months) fre-
quency bands. These two atmospheric models are then
coupled with the same ocean model of Zebiak and Cane
(1987). The ENSO period simulated in the coupled mod-
el derived from the high-frequency wind-SST relation
is much shorter than that derived from the low-fre-
quency counterpart. The zonal phase difference between
the thermocline depths simulated by two coupled mod-
elsis aso consistent with observations. The results of
these numerical experiments confirm the observed re-
lationship between ENSO frequency and structure.

In comparison with the high-frequency regime, the
structure of the coupled mode in the low-frequency re-
gime shows three distinctive features in the zonal wind
stress pattern during the warm phase of ENSO: the east-
ward shift of the westerly anomalies, the meridional
expansion of the westerly anomalies in the western—
central Pacific, and the weaker intensity of the easterly
anomalies in the eastern Pacific. The coupled model
experiments using an idealized atmospheric model dem-
onstrate the dependence of the period and amplitude of
ENSO on these three factors. For instance, an eastward
shift of the maximum westerlies results in alonger pe-
riod and larger amplitude of ENSO; an expanding me-
ridional scale of wind stressanomaliesresultsinalonger
period; an increase of the eastern Pacific wind stress
results in a shorter period and a smaller amplitude.
Among them, the zonal shift of the wind stress anomaly
turned out to be the primary factor contributing to the
change of ENSO frequency.

The ENSO period change due to the broadening of
the meridional scale in the zonal wind stress anomalies
is argued to be related to the change of the thermocline
adjustment time. The broadening of the meridional scale
in the wind stress anomalies favors generation of the
higher meridional modes of Rossby waves and leads to
aslower basinwide thermocline adjustment and alonger
oscillation period. The dramatic increase of period due
to a moderate eastward shift of wind stress, however,
cannot be quantitatively explained by the time delay for
Rossby waves reaching the western boundary. Our tem-
perature tendency diagnostics suggest that the zonal
shift of the wind stress anomalies affects ENSO evo-
|ution through advection of the mean SST by anomalous
zonal currents. Through this zonal advection feedback,
the eastward shift of the wind stress anomalies enhances
the growth of coupled mode and delays the transition
of the ENSO cycles, thus resulting in alarger amplitude
and alonger period. The SST tendency analysisclarifies
not only the mechanism related to the period change
but also that of the amplitude change.

The conventional wisdom suggests that the intensity
of the ocean—atmosphere coupling is important to de-
termine not only the amplitude but also the frequency
of ENSO. To acertain degree, the frequency of thelinear
coupled system depends on coupling coefficients (Hirst
1986, 1988; Wakata and Sarachik 1991; Jin and Neelin
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TABLE 3. Period simulated by the CZ model with various coupling
coefficients. Basic states include annual cycles.

Coupling
coefficient 0.8 1.0 12 14 18

Period (months) ~48 ~48 ~45 ~43 ~43

1993). Then, how sensitive is the ENSO frequency to
the coupling coefficient in the nonlinear CZ model? We
found that the dominant period of oscillation only weak-
ly depends on the coupling coefficient (Table 3). The
period for the original coupling coefficient is about 48
months. When the coupling coefficient is either in-
creased or decreased by 20% of the origina value, the
period does not change much (from 45 to 48 months).
On the other hand, the hybrid model used in section 4
for the basic state including annual cycle displays a
dramatic change of the ENSO period in responseto even
a moderate zonal shift of the wind stress. For example,
an eastward shift of the westerly wind anomalies by 20°
resultsin an increase in oscillation period by 1 yr, while
a 10° shift westward makes the ENSO period one year
shorter. These experiments seem to indicate that the
ENSO period in the CZ model is much more sensitive
to the spatial structure of wind stressthan to the coupling
coefficient.

In the contrast to our mechanism, Kirtman and Schopf
(1998) found that the change of ENSO frequency could
be related to whether the delayed oscillator mechanism
is controlling the variability or not, without a change in
the structure of the ENSO mode. However, the obser-
vation strongly suggests the significant change in the
structure of the coupled ENSO mode between the two
decades. Although we found that the change of ENSO
frequency is accompanied by the change of the structure
of ENSO mode and demonstrated that the change of
structure can affect the frequency, we did not address
the important question of what actually causes the
change in the spatial pattern of wind anomalies during
the two decades. Here, we speculate that the change of
basic state on the interdecadal timescale may have con-
tributed to the changes in the spatial structure of ENSO
modes. Our current research is exploring this possibility
and the results will be reported.
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