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Theeffect of aperiodicforcing on theintensity of El Nifio-Souther n Oscillation (ENSO)
is studied using the Cane-Zebiak model. With a basic seasonal climate close to the
present, ENSO can besuppressed by a substantially enhanced seasonal exter nal equa-
torial wind, which could be induced by monsoon forcing. ENSO suppression is usu-
ally more effective for an unstable self-exciting ENSO than for a stable stochastic-
exciting ENSO. In addition, ENSO also tends to be suppressed by sufficiently strong
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periodic forcings of longer periods. The suppression of ENSO seemsto berelated to
the nonlinear mechanism of frequency entrainment. These conclusions are in quali-
tative agreement with previous studies of conceptual ENSO models, although the Cane-
Zebiak model shows a much more complicated dependence of the amplitude of ENSO

on periodic forcing.

1. Introduction

ENSO (El Nifno and Southern Oscillation), known
as the most significant interannual oscillation signal in
the tropical Pacific for its great impacts on global cli-
mate variability, has been most intensively researched by
scientists during the past few decades (Bjerkness, 1969;
Wytki, 1975; Lau, 1981; Philander et al., 1984; Zebiak
and Cane, 1987; Suarez and Schopf, 1988; Neelin, 1991;
McCreary and Anderson, 1991; Battisti and Sarachik,
1995). Although we have come to know much about why
it oscillates on the interannual time scale and why it tends
to peak at the end of the calendar year (Battisti and Hirst,
1989; Jin, 1997; Tziperman et al., 1997), we still cannot
tell what the ENSO intensity will be in the future, which
is known to be very important for human society and the
natural environment.

Recent paleo proxy records in South America
(Sandweiss et al., 1996; Rodbell et al., 1999) seem to
suggest that ENSO intensity reduced before the mid-
Holocene (about 6000 yr ago), for which, until now, three
explanations have been offered. One is from Clement et
al. (1999, 2000) who, using an intermediate coupled
model, suggested that the ENSO event is suppressed by
solar radiation forcing in the tropical Pacific coupled
ocean-atmosphere system. Another explanation is attrib-
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uted to Fedorov and Philander (2000). Using linear sta-
bility analysis, they showed that the coupled instability
induces the ENSO reduction. Recently, it has been pro-
posed that the Asian monsoon may affect ENSO through
the atmospheric teleconnection (Barnett et al., 1989;
Chung and Nigam, 1999). Wang (2000) proposed a uni-
fied oscillator model in which some ENSO events depend
more on equatorial wave dynamics, some on off-equato-
rial wind anomalies in the far western Pacific, and others
are best characterized by meridional exchanges of heat
between the tropics and the subtropics. One hypothesis
(Liu et al., 1999, 2000) on ENSO evolution during the
Holocene suggests that the weaker ENSO before the mid-
Holocene was induced by an enhanced northern hemi-
sphere monsoon. Using an idealized delayed oscillator
model (Schopf and Suarez, 1988, 1990), Liu (2002) fur-
ther showed that ENSO suppression appears to be a gen-
eral feature of the ENSO system under external periodic
forcing, including seasonal forcing, and ENSO weakens
when the forcing increases. This ENSO suppression can
be attributed to the mechanism of “frequency entrain-
ment”, which was first proposed by Chang et al. (1994)
in their study of the seasonal cycle-ENSO interaction.
Here, the effect of the periodic forcing on ENSO
suppression is further studied using a coupled model of
intermediate complexity—the Cane-Zebiak (CZ) model
(Zebiak and Cane, 1987). This model has been used by
Clement et al. (1999, 2000) in their study of ENSO sup-
pression in the Holocene using realistic insolation forc-
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Fig. 1. Analysis of a NINO3 time series from a 500-yr stand-
ard model run (o = 1.54, as the standard case for self-excit-
ing unstable ENSO): (a) portion of the NINO3 time series,
(b) global wavelet spectrum, dashed line is the 95% sig-
nificance level, (c) a histogram of the number of ENSO
events (vertical axis) per month of the calendar year, which
provides a measure of the “phase locking” of ENSO, and
(d) a histogram of the distribution of separation between
ENSO events. Horizontal axis: separation between events
in years (in a 3-month resolution); vertical axis: number of
times a given separation is seen in the time series. In the
histogram, an ENSO “event” is defined as a local maxi-
mum in the time series over a period of 3 years (i.e., 1.5
years before and 1.5 years after the event) with amplitude
larger than the standard deviation (STD) of the NINO3
SSTA.

ing. Our contribution here is a systematic study of ENSO
suppression using idealized periodic wind forcing, with
an emphasis on the mechanism of ENSO suppression. In
general, our study with the CZ model appears to support
the simple model study of Liu (2002): the main effect of
an enhanced external seasonal forcing is to reduce the
amplitude of ENSO, if the forcing is realistically strong.

2. The Model

The CZ model is a perturbation model on a
climatological annual cycle (Zebiak and Cane, 1987).
There are five background seasonal cycle fields repre-
senting the climatologic state of the tropical Pacific ocean-
atmosphere: the SST, upwelling velocity, surface winds,
ocean surface currents and surface wind divergence. As
the ENSO index, we here use the model’s NINO3 index
(averaged sea surface temperature anomaly (SSTA) in the
east Pacific 150°W-90°W, 5°S—-5°N).

Each experiment is run for 600 yr with the last 500
yr being used for analysis. The amplitude of ENSO is
defined as the standard deviations of the 12-month run-
ning mean NINO3 SSTA. The coupling parameter O rep-
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Fig. 2. Dependence of ENSO amplitude on the magnitude of
anomalous monsoon wind (M, = 0.2, 0.3, 0.4, 0.6, 0.8) for
both of the standard self-exciting unstable (a = 1.54) ENSO
(circle) and stochastic-exciting stable (a = 1.35) ENSO
(pentagram). The phase ¢ of the monsoon wind is specified
to peak in July with M > 0O corresponding to an easterly
anomaly and a forcing amplitude of My = 0.2 is equivalent
to a surface wind stress anomaly of 0.14 dyn cm™2. Vertical
axis: ENSO amplitude, Horizontal axis: amplitude of
monsoon (M).

resents the strength of the SST-induced atmospheric heat-
ing

Q. = (aT) exp[(T—W) / 16.7°C]. (1)

With the parameter set at 1.54 (Fig. 1), the model ENSO
has an amplitude of 0.62°C and a dominant period of 4-
yr, (Figs. 1(b) and (d)), with the maximum SSTA peaking
around the end of the calendar year (Fig. 1(c)). These fea-
tures are similar to observations. This case is the stand-
ard case for a self-exciting unstable ENSO.

We also study the case of a stable ENSO, that is, the
ENSO can only sustain its interannual oscillation with a
little stochastic forcing provided (Penland and
Sardeshmukh, 1995). For the standard case of stable
ENSO, «a is chosen as 1.35, at which value the model
ENSO is damped and is sustained at finite amplitude
(0.62°C) with only a stochastic forcing. The characteris-
tics of this stable ENSO are similar to the standard unsta-
ble case in Fig. 1, although the SST evolution tends to be
somewhat irregular (not shown).

3. Effect of Monsoon and Other Periodic Forcing
With a stronger Asian summer monsoon, the trade
winds over the eastern and central Pacific tend to be
strengthened due to the anomalous Walker circulation
(Barnett, 1989; Chang and L1i, 2000). As a crude approxi-
mation, the monsoon effect on ENSO is simulated by
imposing an annual cycle of anomalous trade winds over
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Fig. 3. Similar to Fig. 2, but as functions of the phase ¢ of the
anomalous monsoon wind, which is specified to peak in
January (plus), March (triangle right), June (triangle up),
July (diamond), September (circle) and November (penta-
gram) for both the standard unstable (a = 1.54) ENSO (a)
and stable (a = 1.35) ENSO (b), respectively.

the entire tropic Pacific Ocean. The anomalous zonal wind
takes the form

M(t) = M, sin(a) xt - ¢) (2)

where wis the annual frequency, M, and ¢ are the ampli-
tude and phase of the anomalous monsoon wind, respec-
tively. The phase ¢ is specified to peak in July with M >
0 corresponding to an easterly anomaly. A forcing ampli-
tude of My = 0.2 is equivalent to a surface wind stress
anomaly of 0.14 dyn cm™2. The imposed anomalous trade
wind is zonally uniform, and meridionally confined be-
tween 5°S and 5°N with a Gaussian distribution. Admit-
tedly, this is an overly simplified picture of the monsoon
effect on ENSO.

This monsoon wind can also suppress ENSO for both
unstable self-exciting ENSO and stable stochastic-excit-
ing ENSO. Figure 2 shows the dependence of the ENSO
amplitude on the magnitude of anomalous monsoon wind
for both the standard unstable and stable ENSOs. For both
ENSOs, with the strengthening of anomalous annual wind,
ENSO first intensifies (until My = 0.3) and then weakens.
Therefore, qualitatively, ENSO suppression in the CZ
model is similar to the delayed oscillator model (Schopf
and Suarez, 1988, 1990).

The general feature of ENSO suppression of equato-
rial wind seems not to be very sensitive to the phase of
this external wind. Figure 3 further shows the depend-
ence of the amplitude of ENSO on the wind anomalies
that peak in different months. Both an unstable ENSO
(Fig. 3(a)) and a stable ENSO (Fig. 3(b)) are shown. It is
seen that ENSO suppression is rather insensitive to the
peak month, if the peak month in spring to fall. The in-
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Fig. 4. Amplitude of (a) ENSO and (b) total variability as a
function of the forcing period for the case of a self-exciting
unstable ENSO (a = 1.54). Five anomalous periodic winds
are used: 2 yr (triangle right), 4 yr (triangle up), 6 yr (pen-
tagram), 8 yr (star) and 10 yr (circle). (c)—(d) is the same as
(a)—(b), except for the case of a stochastic-exciting stable
ENSO (a = 1.35).

sensitivity suggests that ENSO suppression is largely due
to frequency entrainment, which in principle is independ-
ent of the phase of the forcing. However, if the peak month
lies in winter to spring (especially March), ENSO sup-
pression becomes stronger. This dependence of ENSO
suppression on the phase of forcing is somewhat differ-
ent from the simple model study (Liu, 2002), which shows
little sensitivity of ENSO suppression to the peak month
of the external wind. This difference is partly due to dif-
ferences in the expressed form of the background sea-
sonal cycle. In the delayed oscillator model the periodic
forcing wind can only change the nonlinear term and con-
stant term in model equation (see equation (4) in Liu
(2002)), while the coefficient of the main term is not
changed when the phase of this external wind forcing is
changed. But, in the CZ model, the phase of periodic ex-
ternal wind can control the background surface wind,
current and upwelling, which can in turn affect the phase
of ENSO.

More quantitatively, however, ENSO suppression
starts when the anomalous wind is stronger than about
M, = 0.3 for anomalous wind peaking in summer, corre-
sponding to an anomalous wind (0.2 dyn cm™2), which is
about 40% of the mean trade wind stress.
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Finally, as in Liu (2002), we also studied the effect
of external wind forcing with different periods. Figure 4
shows the dependence of ENSO amplitude on the exter-
nal wind with periods of 2 yr, 4 yr, 6 yr, 8 yr and 10 yr,
for the unstable (Fig. 4(a)) and stable (Fig. 4(c)) ENSO.
In Figs. 4(a) and (c) the amplitude of ENSO is now cal-
culated using the residual SST, in which the variation of
the SST with forcing periods is subtracted (total varia-
tion of SST anomaly minus SST variability with the forc-
ing periods). Overall, although the total variability (Figs.
4(b) and (d)) increases with the external forcing, ENSO
variability shows a similar suppression to the annual wind
(Fig. 2). Certainly, the suppression is the strongest for
the 4-year periodic forcing, because when we calculate
the residual SST, all variation with 4-year period was
subtracted. The 4-year period is closest to the period of
ENSO (Figs. 1(b) and (d)). Therefore, as in Liu’s (2002)
study, ENSO suppression is a general feature under a pe-
riodic forcing. The total variability (Figs. 4(b) and (d))
increases with the external forcing; most efficient sup-
pression occurs when the forcing period (4-years) is close
to natural variability, due to nonlinear resonance. This
again is a confirmation that ENSO suppression occurs in
the CZ model due to frequency entrainment.

4. Summary

The CZ model has been used to study the potential
impact of seasonal forcing on ENSO intensity. For a ba-
sic climate comparable with the present, it is found that
ENSO tends to be suppressed by a sufficiently strong
monsoon. ENSO suppression seems to be caused by fre-
quency entrainment and is robust for both of the unstable
and stable ENSO. In addition, ENSO is also suppressed
by an enhanced periodic forcing of interannual to decadal
periods. Therefore, the response of ENSO to periodic forc-
ing in the CZ model is qualitatively similar to the de-
layed oscillator model (Schopf and Suarez, 1988, 1990)
and in the recharge model of Jin (1997). We do not dis-
cuss the response of ENSO to periodic forcing in the West
Pacific oscillator model (Wang and Weisberg, 1998) and
the unified oscillator model (Wang, 2000). Similar fea-
tures may exist, because the main physical processes are
same in the conceptually different models.

The CZ model overcomes one of the most serious
problems of the idealized delayed oscillator model: the
uncertainty of the parameter regime associated with the
realistic mean climatology. Our study with the CZ model
represents a major step forward from the delayed oscilla-
tor model, because the former has a much more realistic
mean climate as well as variability. Our results using the
CZ model therefore suggest that the effect of the seasonal
forcing on ENSO could occur in a realistic climate state
and therefore is of practical importance for the interpre-
tation of observations. For an anomalous trade wind,
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which is likely to be induced by an anomalous monsoon
wind, ENSO suppression does not occur until the anoma-
lous wind is stronger than about 0.2 dyn cm™. This is a
dramatic change of the trade wind, although not impossi-
ble in the real world. This quantitative conclusion, how-
ever, remains to be further clarified. First of all, our
anomalous trade wind is extremely idealized. Second, part
of the monsoon effect is already built into the background
seasonal cycle. It is unclear yet how the external monsoon
effect can be combined with the prescribed annual cycle
field to represent the increased monsoon effect.

Since the CZ model demonstrates the possibility of
ENSO intensity changes due to the change of the peri-
odic forcing for realistic climates, the concept of ENSO
suppression could potentially be useful for the interpre-
tation of the observed variation of ENSO in the real world.
One important potential application is the interaction be-
tween monsoon and ENSO. Previous studies showed com-
plex and inconclusive two-way interactions between the
Asian monsoon and ENSO in the CZ model (Chung and
Nigma, 1999). Here, our study shows that, even with the
one-way seasonal forcing of ENSO, the intensity of ENSO
shows complex changes, much more complicated than in
an idealized delayed oscillator model. Therefore, further
studies are much needed for a better understanding of the
impact of seasonal forcing on ENSO, as well as the feed-
back of ENSO on seasonal variability, such as the Asian
monsoon.
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