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THE NONLINEAR ENSO MODE AND ITS INTERDECADAL CHANGES
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1. INTRODUCTION

In the mid 1970s, an abrupt change in SST and large-
scale atmospheric circulation over North Pacific was ob-
served (Trenberth 1990; Trenberth and Hurrell 1994).
Following the climate shift, many aspects of El Nifio no-
tably changed (Wang 1995; Gu and Philander 1995;
Wang and Wang 1996; An and Wang 2000). These
changes were accompanied by a notable modification
in the evolution pattern and spatial structure of the cou-
pled ocean-atmospheric anomalies (Wallace et al. 1998).
ENSO prediction skills of the coupled ocean-atmosphere
models also exhibit some decadal dependence (Bal-
maseda et al. 1995; Kirtman and Schopf 1998).

Despite a number of hypotheses that have been
recently proposed to explain the origin of the decadal
variability in ENSO behavior (Gu and Philander 1997;
Zhang et al. 1998; Kleeman et al. 1999; Barnett et al.
1999; Pierce et al. 2000), what caused the interdecadal
changes of El Nifio manner is a still subject of debate.

So far, linear methods are used to extract the couple
mode from the climate data (Bretherton et al. 1992). A
joint singular value decomposition (JSVD) was used to
extract the dominant patterns derived for the 1961-75 and
1981-95 periods, respectively (Wang and An 2001). The
maximum SST gradient and strongest zonal wind stress
anomalies were all displaced eastward about 15 degrees
longitude during 1981-95; similar result was mentioned
by An and Wang (2000) using the SVD method.

Linear assumption implies that the patterns for the
wind stress anomalies and SST anomalies during the
warm states are strictly symmetric to those during the
cold states and both the westerly and easterly anomalies
will have an eastward displacement after 1980. However,
the atmosphere-ocean coupled mode could be nonlinear.
Recently, nonlinear canonical correlation analysis (NL-
CCA) method was developed via a neural network (NN)
approach (Hsieh 2000). This method has been applied
to study the relation between the tropical Pacific sea level
pressure (SLP) and sea surface temperature (SST) by
Hsieh (2001), where nonlinearity was found in both fields
and the nonlinearity exhibited some interdecadal depen-
dence.

In this work, NLCCA will be used to study the non-
linear air-sea interactions between the wind stress (WS)
and the SST fields over the tropical Pacific at various
lead/lag times. Also NLCCA will be applied to investigate
the interdecadal changes of the ENSO mode by compar-
ing the NLCCA modes before (1961-75) and after (1981-

*Corresponding author address: William W. Hsieh, Dept. of
Earth and Ocean Sciences, University of British Columbia, Van-
couver, BC, Canada, V6T 1Z4; e-mail: whsieh@eos.ubc.ca

99) the Pacific climate shift. This work is organized as
follows: In Section 2, the data and the method of NL-
CCA are briefly introduced. The NLCCA modes (based
on the data for 1961-99) are described in Section 3. The
leading NLCCA modes for the 1961-75 and 1981-99 pe-
riods were presented and compared in Section 4. Hy-
brid coupled models combining the NLCCA (or CCA) at-
mospheric models and an intermediate dynamic ocean
model (Cane-Zebiak ocean model) were designed, with
which the impact of the nonlinearity on ENSO properties
(period) was discussed in Section 5. A summary and dis-
cussion are given in Section 6.

2. Methodology and data
2.1 NLCCA

Given two sets of variables x and y, canonical correlation
analysis (CCA) is used to extract the correlated modes
between x and y by looking for linear combinations

u=a-x and v=b-y (1)

where the canonical variates u and v have maximum cor-
relation, i.e. the weight vectors a and b are chosen such
that the Pearson correlation coefficient between u and v
is maximized (von Storch and Zwiers 1999).

In NLCCA, we follow the same procedure as in CCA,
except that the linear combinations (from x to u, y to
v) are replaced by nonlinear combinations using 2-layer
feed-forward neural networks (NNs), which are repre-
sented by the double-barreled NN on the left hand side
of Fig. 1. By minimizing the cost function J = —cor(u, v),
one finds the parameters which maximize the correla-
tion cor(u,v). After the forward mapping with the double-
barreled NN has been solved, inverse mappings from the
canonical variates u and v to the original variables, as
represented by the two standard feed-forward NNs on the
right side of Fig. 1, are to be solved, where the cost func-
tion J; is the mean square error (MSE) of the output x’
relative to x (MSEx), and the cost function J,, the MSE
of the output y’ relative to y (MSEy) are separately min-
imized to find the optimal parameters for these two NNs.

The nonlinear optimization was carried out with a
quasi-Newton method. To avoid the local minima prob-
lem, an ensemble of 30 NNs with random initial weights
and bias parameters was run. Also, 20% of the data was
randomly selected as testing data and withheld from the
training of the NNs. Runs where -cor(u,v), the MSEx or
the MSEy for the testing dataset were 10% larger than
those for the training dataset were rejected. The NNs
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FiG. 1: A schematic diagram illustrating the three feed-
forward neural networks (NN) used to perform the NL-
CCA model of Hsieh (2001). The double-barreled NN on
the left maps from the inputs x and y to the canonical
variates u and v. Starting from the left, there are |; input
X va riables (‘neurons’ in NN jargon), denoted by circles.
The information is then mapped to the next layer (to the
right)— a *hidden’ layer h® (with I, neurons). For input y,
there are m; neurons, followed by a hidden layer h® (with
my neurons). The mappings continue onto u and v. The
cost function J forces the correlation between u and v to
be maximized, and by optimizing J, the weights (i.e. pa-
rameters) of the NN are solved. On the right side, the top
NN maps from u to a hidden layer h® (with I, neurons),
followed by the output layer x’ (with |; neurons). The cost
function J; minimizes the MSE(x), the mean square error
of x’ relative to x. The third NN maps from v to a hidden
layer h™ (with m, neurons), followed by the output layer
y’ (with m; neurons). The cost function J, minimizes the
MSE(y), the MSE of y’ relative to y. When applied to the
tropical Pacific, the x inputs were the first 5 PCs of the
SST field, the y inputs, the first 5 PCs of the wind stress,
and the number of hidden neurons were I, = m; = 3. An
ensemble of 30 trials with random initial weights were run.

with the highest cor(u,v), and smallest MSEx and MSEy
was selected as the desired solution.

2.2 Data

The monthly pseudo wind stress (WS) from the Florida
State University (FSU) stress analyses (Shriver and
O’Brien 1995) was used in this study. The data period
is January 1961 through December 1999 covering the
tropical Pacific from 124°E to 70°W, 29°S to 29°N with
a grid of 2° by 2°. The monthly SST came from the
reconstructed historical SST data sets by Smith et al.
(1996) covering the period of January 1950 to Decem-
ber 2000 with a resolution of 2° by 2° over the global
oceans. Monthly WS and SST anomalies were calculated
by subtracting the climatological monthly means, which
were based on 1961-99 period. The WS anomalies (for
both zonal and meridional components) were smoothed
by a 3-month running average. A linear detrending was
then performed on both data.

Prior to NLCCA, traditional principal component
analysis (PCA), also called empirical orthogonal func-

tion (EOF) analysis, was conducted on the WS and SST
anomalies over the tropical Pacific (124°E-70°W, 21°S-
21°N) to compress the data into manageable dimensions
(Barnett and Preisendorfer 1987). For the WS, a com-
bined EOF was applied to the zonal and meridional com-
ponents of the WS anomalies (7x ). Variance contri-
butions from the 5 leading modes of WS are 15.4%, 9.8%,
6.0%, 5.2% and 3.7%, respectively, and for SST, 60.5%,
13.0%, 5.2%, 3.3% and 3.2%, respectively. The 5 lead-
ing principal components (PCs, i.e. the EOF time series)
of WS and SST were used as the inputs to the NLCCA
model.

3. The nonlinear ENSO mode extracted by NLCCA
(based on 1961-99 period)

3.1 NLCCA mode 1 with WS lagging SST

Fig. 2 shows the NLCCA mode 1 solutions with WS lag-
ging SST by 0, 3, 6, 9 and 12 months. Unlike the 5
curves for the SST modes (Fig. 2b), the 5 curves for
the WS modes are dispersed (Fig. 2a), as are the CCA
WS modes (Fig. 2c). Compared to the CCA modes,
the curvature of the NLCCA modes varies with the lag
time. The nonlinearity (i.e. curvature) is moderate at O
month, very weak at 3 and 6 months, but increases at 9
and 12 months lag. Both the NLCCA and CCA modes
rotate about 90° anticlockwise as lag varies from 0 to
12 months, indicating that the oscillations have changed
from PC; dominated, to ones where PC; has an increas-
ing role.

As the 5 curves for the SST modes are close to each
other (Fig. 2b), the curvature of the NLCCA modes for the
SST does not change much as the lag time varies, indi-
cating that the nonlinearity in the SST is not dependent
on the lag. The curves in Fig. 2b link the cool La Nifia
states on the left to the warm El Nifio states in the lower
right corner.

3.2 NLCCA mode 1 with WS leading SST

We interchange the roles of the predictor field and the
response field between WS and SST by changing from
WS lagging SST to WS leading the SST. Fig. 3 shows the
first NLCCA modes with WS leading SST by 0O, 3, 6, 9
and 12 months, as projected onto the PC;-PC; planes.
The curves of the WS modes at 0, 3 and 6-month lead
are close to each other, but different from those for 9 and
12-month lead (Fig. 3a), which can also been seen in the
corresponding CCA modes (Fig. 3c). The curves of the
SST modes maintain a hump shape, getting increasingly
curved as the lead increases from 0 to 12 months (Fig.
3b). The CCA SST modes also slightly rotate anticlock-
wise with lead time (Fig. 3d).

Therefore, at different lag/lead times, the correlated
modes of both WS and SST are different, as manifested
by the varying orientation of the CCA solutions (Figs. 2c,d
and Figs. 3c,d), as well as the changing orientation and
curvature of the NLCCA solutions. Generally, the NLCCA
modes possess rotations similar to the CCA modes as
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FIG. 2: The first NLCCA mode of the wind stress (WS)
and SST anomalies projected onto the PC;-PC; planes,
as shown in panels (a) and (b), respectively. The data
are denoted by dots, and the projected NLCCA solutions
with WS lagging SST by 0, 3, 6, 9 and 12 months are
denoted by the circle, cross, diamond, triangle and star,
respectively. The corresponding CCA modes are shown
in panels (c) and (d) for the WS and SST, respectively.

the lag/lead time varies. The curvature and its variations
in the NLCCA solutions indicates that the NLCCA modes
for both WS and SST are generally nonlinear, with the
degree of nonlinearity changing with the lag/lead time be-
tween the two variables.

3.3 Spatial patterns of the NLCCA mode 1

For a given value of the canonical variate u, one can map
from u to the 5 PCs of the WS at the output layer (of
the network in the top right corner of Fig. 1). Each of
the PCs can be multiplied by its associated eigenvector
(i.e. the EOF spatial pattern), and the 5 modes added to-
gether gives the spatial anomaly pattern for that value of
u. The zonal WS anomalies corresponding to minimum
u and maximum u for the NLCCA modes are shown in
Fig. 4. Corresponding to minimum u, negative (easterly)
anomalies appears over the central-western equatorial
Pacific (Fig. 4a), slightly slanted towards the northwest-
southeast direction, resembling the EOF1 pattern (not
shown). Corresponding to maximum u, positive (west-
erly) anomalies dominates over the central-western equa-
torial Pacific (Fig. 4b). At lead times of 3-12 months (WS
leading SST), the spatial patterns are similar to the EOF1,
while at leads of 0 to —12 months, the westerly anomalies
shift eastward, with easterly anomalies appearing over
the northwestern equatorial Pacific, resembling the pat-
tern of EOF3 (not shown), or more precisely, a combi-
nation of EOF1 and EOF3. As a result, the spatial pat-
terns of WS anomalies are quite asymmetric on the op-
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FiG. 3: Similar to Fig. 2 but with WS leading SST by 0,
3, 6,9, and 12 months

posite extremes of u, as the equatorial westerly anoma-
lies (Fig. 4b) are further east than the equatorial east-
erly anomalies (Fig. 4a). The asymmetry is much more
apparent when WS lags SST (the top 4 rows in Fig. 4),
i.e., when WS is the response field. The zonal displace-
ment between the positive center and the negative center
reaches nearly 30° longitude. The magnitude of the west-
erly/easterly anomalies decreases rapidly with increasing
lag time, but relatively slowly with increasing lead time—
probably indicative of the relatively short ‘memory’ of the
wind stress response to SST anomalies.

The WS spatial patterns for the CCA modes (not
shown) shows some features similar to the NLCCA
modes, e.g., the eastward shift of the equatorial anoma-
lies as the lead time decreases. All anomaly patterns of
the CCA modes for lead time from -6 to 12 months re-
semble the EOF1 pattern, despite the zonal shifts as the
lead time varies. Furthermore, the spatial patterns on op-
posite extremes of u are completely symmetric, i.e. mirror
images, though the amplitudes may differ by a constant
at each lead time. Compared to the corresponding CCA
modes, the westerly anomalies for the NLCCA modes are
relatively stronger with their center located further east
(Fig. 4b).

Similarly, anomaly patterns of SST associated with
some specific values of v are calculated. Here the val-
ues of v are chosen at the time when u takes its mini-
mum value or maximum value, For leads not exceeding
9 months, as WS shifts from extreme easterly anoma-
lies to extreme westerly anomalies, the SST field varies
from strong La Nifia states to strong El Nifio states. For
the NLCCA modes (Fig. 5), the positive SST anomalies
are basically distributed over the eastern equatorial Pa-
cific, especially off the west coast of Southern America,
while negative SST anomalies has various locations de-
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FiG. 4: The zonal WS anomaly patterns from the
NLCCA mode 1 with the canonical variate u taking its
minimum (left column) and maximum values (right col-
umn). From top to bottom, we have WS leading SST by
—-12,-9,-6,-3,0,3,6,9 and 12 months, with a nega-
tive lead time denoting a positive lag time. The contour
interval is 10 m?/s2. Areas with positive values (westerly
anomalies) are shaded.

pending on the lead/lag times. When SST is a forcing
field, i.e. WS lags SST in time, the negative SST anoma-
lies appear over the eastern Pacific. As the lag time de-
creases and lead time increases (SST becomes the re-
sponse field), the negative SST anomalies move to the
central Pacific, illustrating the asymmetry between the La
Nifia states and the El Nifio states. In Fig. 5b, at lead
times of 9 and 12 months, the SST anomalies can no
longer be accounted for mainly by EOF1, so higher EOF
modes are needed. In general, Fig. 5 reveals that the
spatial asymmetry between the two extremes of the os-
cillation is greater when SST is a response field (WS lead-
ing SST) than when SST is a predictor field (WS lagging
SST).

In Figs. 2b and 3b, the large positive PC; values
are accompanied by large negative values of PC,, which
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FiG. 5: Similar to Fig. 4, but for the spatial patterns
of SST anomalies at the time when u takes its minimum
and maximum values. Areas with positive anomalies are
shaded. The contour interval is 0.5°C.

gives stronger positive SST anomalies off Peru (Fig. 5b)
than the CCA modes (not shown). Meanwhile, the large
negative PC; values are accompanied by negative values
of PC; inthe NLCCA modes, resulting in weakened nega-
tive SST anomalies over the eastern Pacific and strength-
ened negative SST anomalies over the central Pacific
(Fig. 5a), relative to the CCA modes. The CCA modes
(not shown) give symmetric SST anomaly patterns for the
La Nifia and EI Nifio phases.

The mean square error (MSE) of the first NLCCA
mode is less than that of the first CCA mode at all lead
times from —12 to 12 months, for both WS and SST. Sim-
ilarly, the explained variance by the first NLCCA mode
is higher than that by the CCA mode at all lead times
for WS and SST. The canonical correlation (i.e. the cor-
relation between the canonical variates u and v) of the
NLCCA mode is higher than that of the CCA mode, es-
pecially at longer lead/lag times. The ratio between the
MSE of the NLCCA mode and that of the corresponding



CCA mode indicates how far the nonlinear mode deviates
from the linear mode — the greater the nonlinearity, the
smaller the ratio. This ratio varies with the lead time, and
is generally smaller for the SST than for the WS, indicat-
ing greater nonlinearity in the SST.

4. Interdecadal changes of the nonlinear ENSO mode
4.1 NLCCA mode 1

The 5 leading PCs of the WS and SST were divided into
2 subsets: 1961-75 and 1981-99, upon which NLCCA
was conducted separately. The solutions were projected
onto the PC;-PC, and PC;-PC; planes (Fig. 6), where
we can see that two curves representing the 1961-75 and
1981-99 epochs are similar to each other in the PC;-PC,
planes except that the SST curve for 1981-99 is slightly
more curved (Fig. 6a) and that the WS curve extends
further to the lower-right corner (Fig. 6b) relative to the
curves for 1961-75. However, the two curves in the PC;-
PC; plane are quite different for both SST (Fig. 6¢) and
WS (Fig. 6d), with one approximately flipped to another
along the PCj;, suggesting opposite contribution of EOF
mode 3 to the NLCCA mode 1 during the 1961-75 and
1981-99 periods.
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FiG. 6: The first NLCCA mode of the tropical Pacific
SST (left column) and wind stress (WS) anomalies (right
column) projected onto the PC;-PC, planes shown in
panels (a) and (b), and onto the PC;-PC3; planes shown
in panels (c) and (d), respectively. The data for the period
1961-75 are denoted by dots, for the period 1981-99, by
the symbol ‘+'. The projected NLCCA solutions for 1961-
75 and 1981-99 are denoted by the circles and squares.
respectively. The corresponding CCA mode 1 shown by
the dashed line and solid line for the 1961-75 period and
1981-99 period, respectively.

By comparing with the corresponding CCA mode

(shown by the dotted and solid lines in Fig. 6), the degree
of the nonlinearity of the NLCCA mode was measured.
The ratio of MSE between the NLCCA mode and the cor-
responding CCA mode is much smaller during 1981-99
than during 1961-75 for both SST and WS fields, and
the increases of the canonical correlation and explained
variance by the NLCCA mode relative to CCA mode are
larger during 1981-99 than during 1961-75, indicating
that the ENSO mode is more nonlinear after 1980.

4.2 Spatial patterns of NLCCA mode 1

For 1961-75, corresponding to maximum u, the SST field
presents a fairly strong El Nifio with positive anomalies
(+2.0-2.5°C) over the central-eastern Pacific (Fig. 7c).
Corresponding to minimum u, the SST field displays a
La Nifia with negative anomalies (about -2.0°C) over the
central-western equatorial Pacific. The WS anomaly pat-
terns corresponding to the same time as the SST anoma-
lies in Fig. 7a and 7c occur present easterly and westerly
anomalies over the central-western Pacific, respectively
(see Fig. 7b and 7d), resembling the pattern of EOFL1.
Unlike the SST, the WS field does not exhibit apparent
asymmetry, implying the WS during 1961-75 was nearly
linear, though the SST displayed moderate nonlinearity.

For 1981-99, the SST anomaly patterns correspond-
ing to minimum u and maximum u (shown in Fig. 7e and
79) are similar to those for 1961-75 except that the asym-
metry between El Nifio and La Nifia is enhanced. The
positive anomalies exist further east off the South Amer-
ican coast, while negative anomalies extend further west
over the central-western Pacific. Also the magnitude of
the SST anomalies, particularly, the positive anomalies
is increased (+3.0-3.5°C). Corresponding to minimum u,
the WS field presents easterly anomalies over central-
western equatorial Pacific resembling that for 1961-75
(Fig. 7b) with the amplitude somewhat strengthened. The
WS field corresponding to maximum u displays further in-
tensified westerly anomalies over the central Pacific (Fig.
7h), which exhibit an eastward shift about 30° longitude
and a southward shift about 5° latitude relative to the
easterly anomalies in Fig. 7f. Noting the easterly anoma-
lies over the western equatorial Pacific, we can see that
the pattern in Fig. 7h is actually a combination of patterns
of WS EOF1, -EOF2 and EOF3. The asymmetry of the
zonal WS structure between Fig. 7f and 7h indicates that
the WS field is quite nonlinear during the 1981-99 pe-
riod. Our results agree with Wang and An (2001), where
a 15° longitude eastward displacement of WS anomalies
was mentioned, which is exact an average of the patterns
shown in Fig. 7f and 7h.

In Fig. 6a, on either curve, both large positive and
negative SST PC; concurs with positive SST PC,. In
Fig. 6b, both large positive and negative WS PC; con-
curs with large negative WS PC,. Considering the EOF1
and EOF2 of SST and WS (not shown), we can see this
PC,-PC, combination facilitates the asymmetry of SST
and WS anomaly pattern illustrated in Fig. 7. Then why
the WS had very weak nonlinearity during 1960-75 but
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FIG. 7: The SST anomaly patterns (left column) and
WS anomaly patterns (right column) from the NLCCA
mode 1 when the canonical variate u taking its minimum
(panels a, b, e and f) and maximum values (panels c, d,
g, and h). The upper 4 panels represent the period 1961-
75, and lower 4 panels, the period 1981-99. The contour
interval is 0.5°C for the SST anomalies, and 5 m?/s2, for
the WS anomalies. Areas where the SST anomalies are
larger than +1°C or less than -1°C, or the WS anoma-
lies are larger than +20m?/s? or less than -20m?/s? are
shaded.

had considerable nonlinearity during 1981-99? The NL-
CCA curve for the 1981-99 WS (shown as squares in Fig.
6b) extends to larger negative PC; is one explanation. In
addition, note that, in Fig. 6d, the two curves are flipped
along the PC3. For 1981-99, large positive WS PC; con-
curs with large positive PC3 (upper-right corner), which
facilitates eastward and southward shift of the westerly
anomalies further intensifying the asymmetry generated
by the nonlinear PC;-PC, combination. However, for
1961-75, large positive WS PC; concurs with negative
PC; (lower-right corner), which is unfavourable to the
generation and enhancement of westerly anomalies over
the eastern Pacific, i.e. prevents the nonlinearity occur-
ring. The two curves are close to each other with small
PC; values when PC; is negative (Fig. 6d), suggesting
that the WS patterns (easterly anomalies) during La Nifia
states should be similar during 1961-75 and 1981-99, as
can be seen in Fig. 7b and 7f.

In Fig. 6¢, on the curve for 1981-99, large negative
SST PC; concurs with large positive SST PCg, which in-
tensifies the negative anomalies over the central equato-
rial Pacific as over there is a negative anomaly in the SST
EOF3, thus enhances the asymmetry of SST between El
Nifio and La Nifla. In contrast, on the curve for 1961-
75, large negative SST PC; concurs with large negative

SST PCs;, which weakens the negative anomalies over
the central equatorial Pacific, thus reduces the nonlinear-
ity of SST.

Therefore, the difference of the nonlinear combina-
tion between PC; and PCj; results in the interdecadal
changes of the ENSO mode. Because the WS PC3 has
equivalent amplitude to the WS PC,, while the PC3 of
SST is much weaker than the SST PC,, the interdecadal
changes in the WS are more significant than in the SST.

For the CCA mode 1 for either 1961-75 or 1981-99,
the SST and WS anomaly patterns corresponding to min-
imum u and maximum u are completely symmetric (not
shown). While the SST and WS anomaly patterns for
CCA mode 1 during the 1961-75 period are similar to
those during the 1981-99 roughly resembling to the pat-
terns of EOF1, we still can see an eastward displacement
of the anomaly patterns for 1981-99 relative to those for
1961-75, although the displacement is not as significant
as that shown in Fig. 7. Also the SST or WS anomalies for
1981-99 are somewhat stronger than those for 1961-75.

5. Effects of the nonlinearity on ENSO period
5.1 Delayed oscillator theory

The dominant period of ENSO was increased from 2-3
years during the 1960s and 1970s to 4-5 years during the
1980s and 1990s (Wang and Wang 1996). One possible
explanation for this is the eastward shift of the westerly
anomalies after 1980 (An and Wang 2000; Wang and An
2001). Let us examine the consequences based on the
delayed oscillator theory (Suarez and Schopf 1988): Let
L be the width of the equatorial Pacific Ocean, and x the
distance between the center of the westerly wind anomaly
and the eastern boundary. If the wind anomaly appears
at time t = 0, then warm SST appears at the eastern
boundary at time t; = x/ck, with ck the eastward Kelvin
wave speed. A cool Rossy wave also propagates west-
ward at speed cg for a distance of L — x until it reflects
at the western boundary as a cool eastward propagat-
ing Kelvin wave. The warming at the eastern boundary
stops when the cool Kevin wave finally arrives at time
t2 = (L — x)/cg + L/ck. Hence the duration of warming
at the eastern boundary is

T:tz—tlz(L—X)(i‘Fi). (2)

Cr Ck
This implies that an eastward shift in the wind anomaly,
i.e. a decrease in x, leads to an increase in T.
If xa and xg denote respectively the values of x be-
fore and after the climate shift, and T, and Tg denote the
corresponding durations of warming, then

AT B— TA _ Xa—Xs
— = = . 3
Ta Ta L — Xa ©)

If we assume the western boundary is at 124°E, and X, is
at the dateline, and xa — Xg to be 25°, then AT/T, is 45%.
Since the 25° shift in the westerly anomaly is based on
the extreme of the NLCCA mode, while the average warm



event may not reach the extreme, so an average shift may
only be about 20°, which would still give a AT/T, of 36%.
We shall later see that these rough estimates for the frac-
tional lengthening of the warm events as derived from the
simple delayed oscillator theory actually agree quite well
with the estimates from our hybrid coupled model and
from observations.

For the linear JSVD, SVD or CCA results, the pat-
tern of the easterly anomalies during the La Nifia states
is strictly symmetric to that of westerly anomalies during
the El Nifio states, i.e. the easterly anomaly fetch will oc-
cur over the same location where the westerly anomaly
fetch takes place. Hence, the durations for both warm
and cool events will be prolonged by the same amount,
as can be seen in the wavelet diagram (An and Wang
2000, Fig. 1), where both positive and negative centers
shift towards lower frequency after 1980.

However, our NLCCA results indicate that the cou-
pled mode in the tropical Pacific could be nonlinear. The
patterns for WS or SST anomalies could be very asym-
metric, e.g. during the period 1981-99, only the westerly
anomalies shifted eastward, while the easterly anomalies
basically remained over the dateline. Thus, we argue that
only the duration of warm events is prolonged, while that
of cool events is unchanged.

Considering the Nifio3.4 index calculated from the
observed SST with the linear trend removed, we found
that, during 1961-75, there were 76 warm months and
104 cool months, while during 1981-95, there were 105
warm months and 75 cool months. Here a warm (cool)
month means the Nifio3.4 index has a positive (negative)
value at that time. Since there were 4 El Nifio events
during both periods (1963, 1966, 1969 and 1973; 1983,
1987, 1992 and 1995), this implies an increase in the av-
erage duration of warm events by 38% after 1980. For
the Nifio3 index, there were 62 warm months and 118
cool months during 1961-75, and 83 warm months and 97
cool months during 1981-99, with the average duration of
warm events increased by 34% after 1980, approximately
consistent with the estimates from the delayed oscillator
theory.

5.2 Hybrid coupled model experiments

Because of the limited sample size of the observed SST
data, we will use a hybrid coupled model (HCM) to verify
our results. The statistical atmospheric model is based
on the first mode of the NLCCA or the CCA, which es-
timates the WS anomalies using the SST anomalies as
predictors. The ocean model is basically that used in the
Lamont model (Zebiak and Cane 1987). It is an anomaly
model with the climatology of SST, currents, thermocline
depth and background wind prescribed. The coupling
procedure is as following: The SST anomalies from the
ocean model are projected onto the eigenvectors of the
observed SST anomalies yielding the 5 leading PCs of
SST, which are served as the inputs to the NLCCA or
CCA model. The outputs of the NLCCA or CCA model
are the 5 PCs of the WS, which are multiplied by the

corresponding eigenvectors to generate the WS anoma-
lies. The WS anomalies are then used to force the ocean
model to predict new SST anomalies. The above proce-
dure is repeated until a desired integration is completed.
Before running the couple model, the ocean model has
been spun up with westerly anomalies for a certain time.
It is worth pointing out that the FSU pseudo wind stress
7 = V - |V] (with a unit of m%/s%) must be converted
to real stress (with unit dyne) for coupling by multiplying
it by a coefficient u = pCp , where p is the air density
and Cp, is the drag coefficient. In the following coupled
model experiments, p may be considered as a coupling
coefficient.

Based on the data for 1961-75 and 1981-99, 2 NL-
CCA models and 2 corresponding CCA models were
built. Having the 4 statistical atmospheric models cou-
pled with the ocean model, we consequently have 4
HCMs, named as HCMys175, HCMnLg1909, HCM 6175 and
HCM\_s199, respectively. Each HCM was run 250 years
and the simulations for the last 150 years were used for
analysis. Fig. 8 presents the Nifio3 indices obtained from
the last 50-year integrations by the 4 HCMs with a cou-
pling coefficient = 0.05. The power spectrum anal-
ysis shows that the dominant periods for the simulated
SST oscillations by HCML5175, HCMNL5175, HCMLglgg and
HCMnis199 are 27.3, 24.0, 28.6 and 37.8 months, respec-
tively. It is notable that the period is significantly increased
by using HCMy_s199 (Fig. 8d), confirming that nonlinearity
may prolong the ENSO period. In fact, because of the
weak nonlinearity during 1961-75, the oscillation period
from the HCMyL6175 has not increased relative to that of
HCML6175-
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FiG. 8: Time series of the Niflo3 SST anomalies simu-
lated by 4 hybrid coupled models — HCM 175, HCMy6175,
HCM\_g199 and HCMys199, &S shown in panels a, b, ¢ and
d, respectively.



Contrast to the regular SST oscillations simulated by
the other 3 HCMs, the HCMys199 presents an oscillation
with considerable irregularity and somewhat enhanced
amplitudes (up to +4°C) (Fig. 8d). The duration of the
warm phases is apparently increased in Fig. 8d relative
to other 3 panels, while the duration of cool phases re-
mains basically unchanged. Therefore, the prolongation
of the model ENSO period is mainly due to the increased
duration of its warm phase.

6. Summary and discussions

The NLCCA model of Hsieh (2000, 2001) was applied
to the surface wind stress and the sea surface temper-
ature over the tropical Pacific. Nonlinearity can gener-
ally be detected in the NLCCA modes for both WS and
SST, with the SST tending to be more nonlinear than the
WS. The asymmetry between the warm El Nifio states
and cool La Nifia states was well modelled by the first
NLCCA mode, where westerly anomalies and positive
SST anomalies are located further east than the easterly
anomalies and negative SST anomalies, while the first
CCA mode is incapable of modelling the spatial asym-
metry. With the WS lagging and then leading the SST,
we interchanged the roles of the predictor field and the
response field between WS and SST. The spatial asym-
metry is much more apparent in the response field than
in the predictor field. Compared to the CCA modes, the
NLCCA modes explain more variance of the two sets of
variables and have higher canonical correlations, partic-
ularly at longer lead/lag time. The degree of nonlinearity
varies with the lead/lag time between WS and SST.

Comparison of the nonlinearity of the coupled mode
was made between the 1961-75 period and the 1981-99
period. From the leading NLCCA mode, we found notable
interdecadal dependence in the nonlinearity of the cou-
pled mode. During 1961-75, the WS showed no nonlin-
earity, while the SST revealed some nonlinearity. During
1981-99, the WS displayed fairly strong nonlinearity, and
the nonlinearity in the SST was further enhanced. While
nonlinearity can be detected between the EOF PC; and
PC, as well as PC; and PCgs, the nonlinearity between
PC; and PC; counteracts the nonlinearity between PC;
and PC; in 1961-75, but reinforces the nonlinearity be-
tween PC; and PC; in 1981-99, resulting in greater non-
linearity during the 1981-99 period.

An advantage of the NLCCA over the CCA is that
NLCCA is capable of presenting the asymmetry between
the El Nifio states and La Nifia states. For the SST of both
periods, negative anomalies during La Nifia are centered
further west of the positive anomalies during El Nifio. The
displacement is enhanced during 1981-99 as the main
warming occurred even further east (off the South Amer-
ican coast). For the WS of the period 1961-75, the east-
erly anomaly patch during La Nifia is basically symmetric
to the westerly anomaly patch during El Nifio with both
centers located over the dateline. For the WS of the
period 1981-99, the easterly anomalies during La Nifia
are intensified but unmoved, while the westerly anoma-

lies during EI Nifio are shifted eastward by about 25° with
increased amplitude. That the asymmetry between El
Nifio and La Nifia was enhanced after 1980 (especially
in the WS) suggests an increase in the nonlinearity of the
ENSO mode.

The linearity of traditional CCA (or SVD) forces both
westerly and easterly anomalies to shift eastward after
1980. According to the delayed oscillator theory, the
ENSO period will increase as the duration for both the
warm phase and that for the cool phase are prolonged.
However, the NLCCA mode demonstrates that only the
westerly anomalies shifted eastward after 1980. Thus we
argue that the increase of the ENSO period after 1980 is
mainly due to the prolongation of the warm phase. This
was verified from the SST data, and further supported
by numerical experiments with a hybrid coupled model
(HCM), which combines the statistical atmospheric model
(based on the NLCCA or CCA mode 1) and an interme-
diate dynamic ocean model (the Lamont ocean model).

In our HCMs for different decades, the annual cli-
matological fields for the ocean model (e.g. the mean
currents and upwelling) and the wind fields were kept
unchanged, allowing us to focus on the changes of the
anomaly mode. However, the changes in the climatolog-
ical states may also lead to the changes in the ENSO
propagation (Wang and An 2002). This explains why
we did not see apparent interdecadal changes of ENSO
propagation in our numerical experiments. In addition,
only the first NLCCA mode was used in this study. More
modes will be used for real-time prediction purposes.
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