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[1] Possible causes of the spring persistence barrier in
ENSO sea surface temperature anomalies are examined
using a coupled atmosphere-ocean general circulation model
(CGCM). Our study indicates that the persistence barrier is
significantly enhanced when both Pacific and Indian Ocean
couplings are included in the CGCM, compared to the
simulation that includes only the Pacific Ocean coupling.
ENSO’s variance, phase locking to the annual cycle, and
biennial variability are also increased in the Indo-Pacific
Run. Further analysis reveals that the overall amplitude of
ENSO is not a primary factor in determining the strength of
the persistence barrier, rather, it is the amplitude of the
biennial component of ENSO affecting the barrier the most.
The persistence barrier is consistently strong (weak) when
biennial ENSO variability is large (small). No such a clear
relationship is found between the strength of the barrier and
the amplitude of the low-frequency (3–5 years) component
of ENSO. This modeling study demonstrates that the
biennial component of ENSO is one major mechanism
responsible for the spring persistence barrier and that
interactions between the tropical Pacific Ocean and Indian
Ocean-monsoon could enhance the biennial component of
ENSO. Citation: Yu, J.-Y. (2005), Enhancement of ENSO’s

persistence barrier by biennial variability in a coupled

atmosphere-ocean general circulation model, Geophys. Res.

Lett., 32, L13707, doi:10.1029/2005GL023406.

1. Introduction

[2] The presence of a spring barrier in El Niño Southern
Oscillation (ENSO) is well known. Autocorrelation analy-
ses with various ENSO indices, such as the NINO3 sea
surface temperature (SST) anomalies, Southern Oscillation
pressure differences, and central Pacific rainfall anomalies,
show sharp declines in the correlation coefficients in boreal
spring [Troup, 1965; Wright, 1979; Webster and Yang,
1992; Torrence and Webster, 1998; Clarke and Van Gorder,
1999]. The cause of this persistence barrier has not yet been
fully understood, and various hypotheses have been sug-
gested. Wright [1979] and Nicholls [1979] suggested that it
may be related to the sign change of atmosphere-ocean
feedbacks from one season to another. Webster and Yang
[1992] stated that the weak Walker circulation in spring
produces the barrier by allowing random perturbations to
disrupt the persistence of ENSO anomalies. Lau and Yang
[1996] demonstrated evidence that indicates a close rela-
tionship between the barrier and the intensity of the mon-
soon. Their result suggested that the Asian monsoon is
another important factor to influence the persistence barrier.

Torrence and Webster [1998] proposed the phase locking of
ENSO to the annual cycle as the cause of the barrier. Their
argument is based on the fact that ENSO tends to transit
from one state to another in spring, and ENSO’s variance
and signal-to-noise ratio are the lowest during this season,
thus reducing the ENSO persistence in spring. ENSO is
known to have a low-frequency (3–5 years) and a biennial
(�2 years) component [Rasmusson and Carpenter, 1982;
Rasmusson et al., 1990; Wang and Wang, 1996; Gu and
Philander, 1997]. Clarke and Van Gorder [1999] empha-
sized the importance of the biennial component for produc-
ing the barrier. They argued that the biennial component
always has its phase transitions occurring in the spring, and
hence is responsible for the phase locking and the spring
persistence barrier of ENSO.
[3] In this study, we conducted two experiments with the

University of California Los Angeles (UCLA) CGCM
(coupled atmosphere-ocean general circulation model) to
contrast the relationship among the persistence barrier,
phase locking, and biennial variability of ENSO. These
two experiments differ in their interactive ocean domains in
the CGCM: one includes only the tropical Pacific Ocean in
the OGCM, the other includes both the tropical Pacific and
Indian Oceans in the model domain. As shown later, the
addition of an interactive Indian Ocean affects the CGCM
simulations of ENSO, and therefore offers an opportunity to
gain insight into the cause of the persistence barrier.

2. Model and Experiments

[4] The CGCM used in this study consists of the UCLA
AGCM [Mechoso et al., 2000] and the Geophysical Fluid
Dynamics Laboratory (GFDL) Modular Ocean Model
(MOM) [Bryan, 1969; Cox, 1984] (see Yu and Mechoso
[2001] for a description of the CGCM). The AGCM is global
with a horizontal resolution of 4� latitude by 5� longitude
and 15 levels in the vertical. The oceanic model has a
longitudinal resolution of 1�, a latitudinal resolution varying
gradually from 1/3� between 10�S and 10�N to almost 3� at
50�N and 50�S, and 27 layers in the vertical. In the first
experiment (Pacific Run), the interactive ocean domain of
the CGCM covers the Pacific Ocean from 30�S to 50�N and
from 130�E to 70�W. In the second experiment (Indo-Pacific
Run), the domain is extended westward to cover both the
Indian and Pacific Oceans from 30�E to 70�W. The sea/land
masks of these two experiments can be found in Yu et al.
[2002, Figure 1]. Outside the interactive oceanic domains,
SSTs and sea ice distributions for the AGCM are prescribed
based on monthly climatologies. Inside the ocean model
domains, SSTs poleward of 20�S and 30�N are relaxed
toward their climatological values. Eighty years of simula-
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tions are analyzed in this study. Both runs produce a
reasonable SST climatology in the Pacific and Indian
Oceans, similar to those shown in Yu et al. [2002, Figure 1].

3. Simulated ENSO Variability, Persistence, and
Phase Locking

[5] Figure 1 shows the variations in NINO3 SST anoma-
lies produced by the two experiments. The anomalies are
obtained by removing the respective seasonal cycles from the
NINO3 time series. The Indo-Pacific Run produces larger
ENSO SST anomalies than the Pacific Run. The standard
deviation of NINO3 is 0.74�C for the Indo-Pacific Run and
0.59�C for the Pacific Run. In addition, the ENSO in the
Indo-Pacific Run seems to be more irregular and shows
stronger decadal variations than the Pacific Run. Thus, the
addition of an interactive Indian Ocean in the CGCM tends to
increase the amplitude and decadal variations of ENSO.
These impacts of the Indian Ocean on ENSO simulations
are consistent with those reported by Yu et al. [2002].
[6] Figures 2a and 2b show the simulated ENSO persis-

tence from these two experiments. The lagged autocorrela-
tion coefficients of NINO3 are calculated with the base
month placed in January, February, March, . . ., and Decem-
ber, respectively, for each of the twelve curves shown in

each panel. The correlation curves are shifted to line up their
one-month lag with the calendar month shown on the
abscissa. A persistence barrier is manifested as sharp
declines of the correlation curves in particular calender
months. For the Pacific Run, Figure 2a shows a more
gradual decrease in the correlations and a weaker depen-
dence of the decline on calendar months. This experiment
produces a weaker spring persistence barrier than the
observed (Figure 2c). Correlation coefficients in Figure 2c
are calculated using observed SSTs from 1901 to 2000 based
on the Global Sea-Ice and Sea Surface Temperature Data Set
(GISST) [Rayner et al., 1996]. In the Indo-Pacific Run
(Figure 2b), the spring barrier is stronger and more realistic,
with a rapid decline in the correlations occurring in March–
May for most of the twelve curves. Figure 2 indicates that
the addition of the Indian Ocean coupling can improve the
CGCM simulation of the spring persistence barrier.
[7] According to the hypothesis put forward by Torrence

and Webster [1998] and Clarke and Van Gorder [1999], the
persistence barrier is related to ENSO’s phase locking to the
annual cycle. The stronger the phase locking is, the more
obvious the persistence barrier becomes. To examine the
phase locking, we show in Figure 3 the standard deviation
of NINO3 SST anomalies as a function of the calendar
month calculated from the two experiments. In the Pacific
Run, the ENSO variance is minimum in spring similar to the
observed timing, and maximum in summer earlier than the
observed timing (maximum in winter). In the Indo-Pacific
Run, ENSO variance is increased during fall and winter. As
a result, its ENSO variance reaches a minimum in spring
and a maximum in late fall and early winter, closer to the
observed timing. In addition, the difference between the
maximum and minimum variance is larger in the Indo-
Pacific Run than in the Pacific Run. These comparisons
indicate that an enhanced persistence barrier is accompanied
with a strong phase locking. Furthermore, both the timing
and the amplitude of the standard deviations are important
to determine the phase locking.

4. Relative Importance of ENSO
Low-Frequency and Biennial Components
to the Persistence Barrier

[8] We perform power spectral analysis to examine the
biennial and low-frequency components in the simulated

Figure 1. NINO3 SST anomalies calculated from
(a) Pacific Run and (b) Indo-Pacific Run. Values shown
are monthly departures from their corresponding seasonal
cycles.

Figure 2. Lagged autocorrelation coefficients of NINO3
SST anomalies calculated from (a) Pacific Run, (b) Indo-
Pacific Run, and (c) GISST data. The curves are shift to line
up their one-month lag with the calendar month on the
abscissa.

Figure 3. Standard deviations of NINO3 SST anomalies as
a function of calendar month calculated from Pacific Run
(dashed) and Indo-Pacific Run (solid).
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ENSO. Figure 4 shows the power spectra of the simulated
NINO3 SST anomalies. In the Pacific Run (Figure 4a), the
simulated ENSO is dominated by the low-frequency com-
ponent with a distinct spectral peak near 4 years. The power
near the 2-year period is very small. In the Indo-Pacific Run
(Figure 4b), the simulated ENSO is still dominated by the
near 4-year period, however, the amplitude of the biennial
component has significantly increased and becomes the
second largest peak in the spectrum. This increase suggests
that there indeed exits a positive relationship between
ENSO’s biennial variability and its persistence barrier.
The enhancement of the biennial component in the Indo-
Pacific Run may be associated with the inter-basin inter-
actions between the Pacific and Indian Oceans. The causes
is being investigated and beyond the scope of this paper.
[9] We apply the wavelet analysis of Torrence and

Compo [1998] to the NINO3 SST anomalies of the Indo-
Pacific Run. The wavelet power is then averaged between
15–35 months to represent the amplitude of the biennial
component and between 40–60 months for the low-
frequency component. Figure 5 shows the amplitude varia-
tions of these two components. Based on the amplitudes, we
select three decades (Decade 2, 4, and 5) with strong
biennial ENSO and three decades (Decade 1, 3, and 4) with

strong low-frequency ENSO for analysis. Decade 4 is
overlapped in both selections. Table 1 lists the five decades
selected and the strength of their ENSO components.
[10] Figure 6 shows the persistence of NINO3 SST

anomalies in these five decades. All the three decades with
a large biennial component produce strong persistence
barriers in spring. Decade 2 shows a particularly strong
barrier. All twelve curves of correlations drop sharply in
April–May. Their correlation coefficients have values close
to 1.0 before the drop and close to �0.8 afterwards. This
pattern of persistence is close to the one predicted by Clarke
and Van Gorder [1999] for a purely biennial oscillation with
phase transitions in May. They showed that the correlation
coefficients switch abruptly from 1.0 to �1.0 in May. Our
Decade 2 is a close approximation to their pure biennial
oscillation case.
[11] The comparison of Decade 4 and 5 is interesting

because they both have a similarly large biennial compo-
nent but very different amplitudes in the low-frequency
component. The low-frequency component is small in
Decade 5 but as large as the biennial component in
Decade 4. The similarity in the persistence barriers shown
in these two decades (Figures 6b and 6c) suggests that the
importance of the biennial component to the persistence
barrier is not affected much by the presence of a large low-
frequency component. The weakness of persistence bar-
riers shown in Decade 1 and 3, which are another two
decades with a large low-frequency component, further
demonstrates that the low-frequency component is less
important to the persistence barrier than the biennial
component. It is also interesting to compare Decade 1
and 2. They are the two decades that have the largest

Figure 4. Power spectra of NINO3 SST anomalies
calculated from (a) Pacific Run and (b) Indo-Pacific Run.
Dashed lines indicate the 95% significance level.

Figure 5. Variations of average wavelet power for the low-
frequency (dashed) and biennial (solid) ENSO components
of the Indo-Pacific Run. The decades indicated correspond
to those of Table 1.

Table 1. Decades With Different Strength of Biennial and

Low-Frequency ENSO

Periods
(years)

Decade 1
(60–70)

Decade 2
(71–80)

Decade 3
(96–106)

Decade 4
(110–120)

Decade 5
(121–130)

Biennial weak very strong weak strong strong
Low-
frequency

very strong weak strong strong weak

Figure 6. Sam as Figure 2, but for (a) Decade 2 (years
71–80), (b) Decade 4 (110–120), (c) Decade 5 (121–130),
(d) Decade 1 (60–70), and (e) Decade 3 (96–106) of the
Indo-Pacific Run.
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ENSO variability in the Indo-Pacific Run, but one is
dominated by the low-frequency component and the other
by the biennial component. The strong barrier in Decade 2
and the weak barrier in Decade 1 imply that the overall
amplitude of ENSO is not a primary factor to determine
the persistence barrier. It is the amplitude of the biennial
component of ENSO that matters.

5. Summary and Discussion

[12] We have used two CGCM experiments to examine
the possible causes of the persistence barrier in ENSO’s
SST anomalies. This is accomplished by comparing CGCM
simulations in which SSTs in the Indian Ocean are either
prescribed or determined by coupling with the atmosphere.
Our results show that biennial ENSO variability is signif-
icantly enhanced when both Pacific and Indian Ocean
couplings are included in the CGCM, compared to the
simulation that includes only the Pacific Ocean coupling.
Accompanying this, the spring persistence barrier and
phase locking of ENSO are enhanced and become more
realistic. Wavelet analysis is used to examine the amplitude
variations of the biennial and low-frequency ENSO com-
ponents and their relationships with these enhancements. It
is found that the spring persistence barrier is strong in the
decades with strong biennial ENSO and is weak in the
decades with weak biennial ENSO. No such a clear
relationship is found between the strength of the barrier
and the amplitude of the low-frequency ENSO component.
We emphasize that a large ENSO variance does not
guarantee a strong persistence barrier. It is the amplitude
of biennial component that affects the strength of the
persistence barrier. Our analysis also showed that the
presence of the biennial component produces a more
realistic phase locking of ENSO in the CGCM.
[13] Our modeling results support the hypotheses that the

spring persistence barrier is a result of the phase locking of
ENSO [Torrence and Webster, 1998; Clarke and Van
Gorder, 1999] and that the biennial ENSO component is
crucial to the phase locking [Clarke and Van Gorder, 1999].
This study also suggests that the Indian Ocean coupling
plays a key role in producing the biennial component of
ENSO. The mechanisms for this are not yet understood, but
are being studied. The tropospheric biennial oscillation
(TBO) in the Indian Ocean-monsoon may be involved in
the enhancement of biennial ESNO variability. Our recent
study [Yu et al., 2003] suggested that the TBO is related to
atmosphere-ocean coupling in both Indian and Pacific
Oceans. One possibility is that variations in the strength
of the monsoon system affect Pacific trade winds, and
consequently, the period and magnitude of ENSO [Barnett,
1984; Wainer and Webster, 1996; Clarke et al., 1998;
Chung and Nigam, 1999; Lau and Yang, 1996; Lau and
Wu, 2001; Kim and Lau, 2001]. This modeling study adds
evidence to the notion that the biennial climate variability in
the tropics involves inter-basin interactions between tropical
Pacific and Indian Oceans. It should be noted that the
conclusions reported in this study is based on one model
and can be model dependent.

[14] Acknowledgments. This work was supported by a grant from
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