Science in China: Series D Earth Sciences 2006 Vol.49 No.8 889—896

DOI: 10.1007/s11430-006-0889-0

889

Conceptual model about the interaction between El Nino/
Southern Oscillation and Quasi-Biennial Oscillation in far

west equatorial Pacific

LIU Qinyu’, LIU Zhengyu®' & PAN Aijun "3

1. Physical Oceanography Lab. & Atmosphere-Ocean Interaction and Climate Lab., Ocean University of China, Qingdao
266003, China;

2. Center for Climate Research, University of Wisconsin-Madison, Madison, WI 53706-1695, USA,

3. Environment and Dynamics Lab., Third Institute of Oceanography, Xiamen 361005, China

Correspondence should be addressed to Liu Qinyu (email: liugy@ouc.edu.cn)

Received February 28, 2005; accepted July 28, 2005

Abstract Interaction between the Quasi-Biennial Oscillation in far west equatorial Pacific (QBOWP)
and the El Nifio/Southern Oscillation (ENSO) is studied using a new conceptual model. In this con-
ceptual model, the QBOWP effects on ENSO are achieved through two ways: (1) the oceanic Kelvin
wave along equatorial Pacific, and (2) the Atmospheric Walker Circulation anomaly, while ENSO ef-
fects on QBOWP can be accomplished by the atmospheric Walker Circulation anomaly. Diagnosis
analysis of the model results shows that the Atmospheric bridge (Walker circulation) plays a more
important role in interaction between the ENSO and QBOWP than the oceanic bridge (oceanic Kelvin
wave along equatorial Pacific); It is found that by the interaction of the ENSO and QBOWP, a free
ENSO oscillation with 3—5 years period could be substituted by a oscillation with the quasi-biennial
period, and the dominant period of SST anomaly and wind anomaly in the far west equatorial Pacific
tends to be prolonged with enhanced ENSO forcing. Generally, the multi-period variability in the cou-
pled Atmosphere-Ocean System in the Tropical Pacific can be achieved through the interaction be-
tween ENSO and QBOWP.

Keywords: El Nifio/Southern Oscillation, Quasi-Biennial Oscillation, interaction, coupled system, Kelvin
wave, Walker Circulation.

In the tropical Pacific region, El Nifio/Southern Os-
cillation (ENSO) and the Quasi-Biennial Oscillation in
far west equatorial Pacific (QBOWP) are two most
prominent interannual variation phenomena. The for-
mer is characterized by coupled SST-wind variability
of 2—7 years in the eastern equatorial Pacific while
the latter by SST-wind variability of quasibiennial
time scale in the far western equatorial Pacific. From
the power spectra analysis of the observed SST
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(COADS SST from 1945 to 1993) in the eastern
(150°W—90°W, 5°S—5°N) and the observed SST
and zonal wind in the far western equatorial Pacific
(120°—140°E, 0°—10°N) (Fig.1), in the eastern Pa-
cific the period of SST interannual variability is 2—5
years, with the dominant peak at 3.6 years. In the
western Pacific, on the other hand, at interannual
time scales, the dominant peaks occur at about 2 and
5 years. The eastern Pacific SST variability is domi-
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Fig. 1. Power spectrum of SST anomaly in east equatorial Pacific
(150°W—90°W, 5°S—5°N) (a), the SST anomaly (b) and the zonal
wind anomaly (c) in far west equatorial Pacific (120—140°E, 0—10°N)
respectively based on COADS data (1945—1993).

nant with 4 years period, but also contains a signifi-
cant 2-year peak, while in the western Pacific the SST
and zonal wind also exhibit power at the dominant
ENSO time scales (3—5 years) (Fig.1).
tions based on the SST along the equatorial Indian and
Pacific ocean suggest significant eastward propagating
wave of 2.3 years period, which is dominant among
the eastward propagating waves at 3.0, 3.6, and 4 to 7

Observa-

years periods, and standing waves of 3.6, 5—7 and 11
years periods'"?. This multi-period variability could
be attributed to the nonlinear chaotic variability of
ENSO itself B* and the stochastic forcing effect!™.
QBOWRP is the result of the local ocean-atmosphere
interaction in far west equatorial Pacific!®, whether the
interaction between QBOWP and ENSO is the main
cause of the multi-period variability in tropical Pa-
cific or not.

Observations have shown that ENSO has a signifi-
cant impact on the interannual variability of the Asian

[7-9

monsoon!’ ). On the other hand, monsoon also seems

Science in China: Series D Earth Sciences

to affect characteristics of the ENSO!'’™'4. Li and
Hu!"" first put forth the possible excitement of EI Nifio
by the anomalous strong winter east Asian monsoon
and the related dynamical processes. Based on the
“Delayed Oscillator” theory, Weisberg and Wangm]
further pointed out that the negative feedback
mechanism of ENSO could be achieved by the local
ocean-atmosphere interaction processes of the west
Pacific without the reflection at the west boundary.
Wang et al. " and Wang et al"! suggested that the
surface wind in the western Pacific plays a critical role
in the phase transition of ENSO cycle, which could
excite eastward Kelvin wave and affect the SST
anomaly in the eastern equatorial Pacific. Chang and
Li® showed that the east-west Walker circulation
anomaly associated with the anomalous monsoon
heating is the dominant reason for the 2—3 months lag
of the western Pacific SST behind the zonal wind
anomalies. Lau and Wu!"! hypothesized that the quasi
two-year variability of ENSO could be induced by the
enhanced mosoon. Numerical experiments showed
that the key mechanism of the quasi-biennial tendency
during El Nifio evolution is found to be the strong
coupling of ENSO to monsoon wind forcing over the
western Pacific!'®.

Most previous studies are focused on the mecha-
nism of ENSO™*!'” and QBOWP[6’8’18] separately, the
mechanism of the interaction between ENSO and
QBOWP has not been fully studied. As a first step
here, a new conceptual model is constructed. This
model consists of the conceptual ENSO model"'” and
the QBOWP model®. The present new study is an
attempt towards the understanding of the interaction
between ENSO and QBOWP in a combined ENSO-
QBOWP system. It is shown that QBOWP can impact
ENSO by generating quasi-biennial variability in the
eastern Pacific while ENSO can affect QBOWP by
generating variability of ENSO period in the western
Pacific SST, ENSO and QBOWP can coexist in the
coupled ocean-atmosphere system in the tropical Pa-
cific.

1 Conceptual model about the interaction be-
tween ENSO and QBOWP

The ENSO model is the delayed oscillator model of
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Battisti and Hirst!"” (hereafter BH), linearized on the
annual mean state, the perturbation SST equation is

or = or
—=—u-VT—u-VT - AW)—
ot (—)82

—5Hﬁv)w£—asT+Q. (D)
oz

Here, O=R/c,ph, R is the surface heat flux. (A(x)=x
(x>0); A(x)=0 (x<0); H(x)=1 (x>0); H(x)=0 (x<0),
other variations are similar with BH).

In the eastern equatorial Pacific, the vertical tem-
perature gradient is given by

aT=(T-Ty)/h, 2
where the subsurface temperature depends on the
anomalous thermocline depth / as

T =a(h)h—e'h’, 3)

with @ and e being positive coefficients!''. The

anomalous upwelling in the eastern equatorial Pacific

depends on the wind stress anomaly over the eastern
equatorial Pacific

W=-¥%,TE. @)

The anomalous eastern Pacific wind consists of two
parts:

Tp = Ple +ptw. (5)

The first part is due to local SST feedback, with Tx
being the eastern Pacific SST anomaly and S being
the coupling coefficient. The second part is related to
the far western Pacific monsoon wind through the
anomalous atmospheric Walker circulation, with p
being an efficiency parameter. Using the sea surface
wind from NCEP (1980—1999), the value of p is
found to be about —0.6(=9.5x10" N m™ ‘C™"), which
means that both the anomalous wind stresses (7' and
7y) are opposite, because they are located on both
sides of the anomalous convection center.

Averaging (1) in the eastern Pacific and using (2)—
(5) lead to the equation for the eastern Pacific SST as

dTy

=(KA _]%J'-KE}/wﬂ_as) TE
dt
+Kh+ Ky, priy —Ke'h?, (6)

where / is the eastern Pacific equatorial thermocline

anomaly; K, K, Kz and K are defined as in BH and
the heat flux Q has been incorporated into the damping
term a,7T.

Eastern equatorial Pacific thermocline anomaly is
determined dynamically by both the local and remote
effects as

h :hLocal +hRem0teo (7 a)
hLocalzaL TXE: hRemote:_aWT)c E(t_r) + aHTxW(t_TK)~ (7b)

The remote response in (7b) has two parts. One is
the response to an earlier eastern Pacific wind which
returns back as a negative feedback to the eastern Pa-
cific SST with a delay time 7 (6—9 months), which is
associated mainly with the equatorial Rossby wave.
The other is the thermocline response to western Pa-
cific zonal wind, which arrives at the eastern Pacific
with a delay of the equatorial Kelvin wave time 7 (2
—3 months). For convenience here, we assume ay=
aw inthis paper, with the thermocline anomaly (7), the
eastern Pacific SST equation (6) can be written as the
delayed oscillator equation:

dTy/dt = cTp —bTg(t—1) —nh’

+p[ceM=bM(t=7)] +b(ar/aw)M(t-1x), (8)
where M=7"y/f8 is proportional to the zonal wind
anomaly in the western Pacific. The parameters, fol-
lowing BH, are: b—KﬂaW, ce= PB(Kay+Kgp,), c=cg +
Ky -K - —a, and n= K e This equation represents the
ENSO forced by the western Pacific monsoon wind
through the oceanic (Kelvin wave) bridge and the
atmospheric (Walker circulation) bridge. Typical pa-
rameter values are set the same standard case as in[11]:
K=27x10°C m™ s, Kz=2.5x102Cm", K =
1.8x107 s, K4=7. 3x10*8 *1, ap =750 m’N", ay =
370 N, 4, =9.1x10° 7!, 7= 180 days, 5= 95><10
N m*z“c*l, % =33x10" m* N's™, ¢'=3x10"° Cm™.
The interaction coefficient 4 represents the QBOWP
effect on the eastern Pacific ENSO through the oce-
anic bridge and u, represents the QBOWP effect
through the atmospheric bridge. Now, (8) is written as

dT, /dt = Ty —bT,(t—7)—nh® + 1, plc,M
—bM (t = 7)1+ mb(ay /ay)M(t =) . (9)

The QBOWP equation for the far western Pacific
follows closely that of Clarke er al. (1998)°.. The far
western Pacific SST (T) equation is forced mainly by
the wind-evaporation feedback as

drly, U

= :_7E“W_VT3 , (10)



892

where U and S are the climatological seasonal cycle of

zonal wind and total wind speed separately. The far

western Pacific wind anomaly is defermined by local

SST anomaly and the Walker circulation anomaly de-
pent on the zonal SST difference (zonal grads):

uy = Ay (1 =74) + Ay (Tp = Ty) - n

The parameters A4 =2.9 ms 'K ', 7 =2.2x10"Km™

and 7,=2 month are from Clarke et al. (1998)°!. The

model (11) recovers the equation for QBOWP of Clarke
etal'if 2, =0. Using

M=a,u,lf, (12)

and introducing a relative interaction parameter z; that

represents the impact of ENSO on QBOWP, (11) can

be written as

y = ATy (1 =74) + i3y (T = Ty) .- (13)

Egs. (9) and (10), (12) and (13) form our coupled

ENSO-QBOWP system. Since previous studies'*'”!

show that the effect of ENSO on sea surface wind in
the far western Pacific is dominated by the local SST

effect, we have the parameter range of 4, <<A1.In
present study, we take Ay, = 0.17 ms™' K" and there-
fore the effect of this term is determined by 5. Its-
standard deviation is estimated at about 0.5 for the
tropical ocean-atmosphere coupled system using CO-
ADS data (recent 50 years). In this paper, 4,, u, and

M5 are non-dimensional paramaters and range from 0

to 1. These three parameters represent the linkness
effect of the two idealized models. If all of them are
set at zero, then the QBOWP of the far west Pacific
and the ENSO of the central and east Pacific are to-
tally decoupled. If all are set at 1, then the two systems
are unseparated. Then we can let 4z, x,and gy, vary

between 0 and 1 to represent the different interactions
between ENSO and QBOWP.

2 Interaction between ENSO and QBOWP

When the interaction coefficients 14 =, = 1, =0
in egs. (9) and (10), ENSO and QBOWP are decoupled
as the standard free ENSO and QBOWP (Fig. 2). The
free ENSO has an amplitude of 3.85°C and a period of
3.2 years'''), while the free QBOWP has an amplitude
0f 0.35°C and a period of about 2 yearslﬁ].
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Fig. 2. Without interaction between ENSO and QBOWP (u;=
1=u3=0). (a) Time series of 7. during first 34 years, (b) power spec-
trum of 7, during 200 years; (c) time series of zonal sea surface wind
stress in the far west equatorial Pacific 7', (solid) during 16.5th—24.5th
year and the U/S (dashed) and (d) power spectrum of 7,, for T, 7", and
T\, are 200-year time series of the conceptual models (9) and (10).

2.1 QBOWP impact on ENSO

The one-way impact of QBOWP on ENSO can be
studied in our conceptual model by shutting off the
feedback of ENSO on QBOWP with u3=0, such that
the QBOWP remains the same as the free QBOWP in
Fig. 2(c),(d). and it shows that QBOWP affects ENSO
significantly in both amplitude and period (Fig. 3).
The left column shows the amplitude of ENSO (cal-
culated as the standard deviation of T;) as a function of

an enhanced oceanic (Kelvin wave) bridge effect ( 2, ),
for several given intensity of the atmospheric (Walker
circulation) bridge ( 4, ). The right column shows the
variation of the frequencies of 7. with g, for dif-
ferent 1, . In the absence of the atmospheric bridge
(4, = 0), an intensification of the QBOWP impact on
the eastern Pacific through the oceanic bridge (increas-
ing g, )suppresses the amplitude of 7. rapidly. This

reminds of the ENSO suppression by a periodic forc-
ing in [11] and [12], except that now the external
forcing is the QBOWP, rather than the annual
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Fig. 3. Dependence of (left) amplitude and (right) frequency of 7. on
1 and 1, when 13=0. T, is 200-year time series of the conceptual models
(9) and (10). The right column shows the power spectrum, now as con-
tours of the standard energy spectral density on the frequency-x plane.
Each panel shows the variation of the amplitude and dominant frequen-
cies of 7. with g, for different u,.

monsoon. For weak QBOWP impact, T, is dominated
by the period of the free ENSO (f=0.32 a ). With fur-
ther enhanced QBOWP impact, QBOWP (= 0.5 a™')
and the subharmonic frequency of QBOWP and ENSO
(f=0.18 a”') emerge, the intensity of 7} first decreases
and then increases with limited amplitude (z4, p<1),
which means that lower frequency signals could be
induced when ENSO is forced by high frequency sig-
nals. Free ENSO frequency f,, forcing QBOWP fre-
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quency f, and the subharmonic QBOWP frequency f3
fulfil the relation below:
Si=(HH)/2. (14)

When the QBOWP effect is strong enough through
the atmospheric bridge (14=1), the original free ENSO
oscillation is completely suppressed and 7, is domi-
nated by the QBOWP.

The message from Fig. 3 is: enhanced QBOWP
forcing tends to change the climate variability from a
free ENSO oscillation to a forced biennial oscillation
in the eastern Pacific, increasing the biennial variabil-
ity significantly at the expense of the variability of 3—
5 years. As a result, both ENSO and biennial oscilla-
tion can occur in the eastern Pacific with other new
oscillation signals. The Walker circulation appears to
play an important role for the monsoon to affect
ENSO.

2.2 ENSO impact on QBOWP

The one-way impact of ENSO on QBOWP can be
studied by setting s = 1, =0 in (9), which suppresses
the feedback of QBOWP on ENSO such that SST
anomaly in the east Pacific remains as the free ENSO
in Fig. 2(a), (b). The ENSO impact on QBOWP thr-
ough an enhanced effect of the atmospheric Walker
circulation can be seen in Fig. 4 by increasing u3 in
(13), the impact of the ENSO is seen in both amplitude
(STD) and period of Ty. For small ENSO impact
(small w3), Ty is dominated by that of the biennial
oscillation and the amplitude weakens from 0.33°C
to 0.23°C with an increase of w3, which reflects a
suppression of QBOWP by the external forcing of

(b)

0 0.2 0.4 0.6 0.8 1
Frequency (a™!)

Dependence of (left) amplitude and (right) frequency of T, on s, when u;= 1,=0, which is 200-year time series of the conceptual models (9)

and (10). The right column shows the power spectrum, now as contours of standard energy spectral density on the frequency-u; plane.
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ENSO. With further enhanced ENSO impact ( 4 >0.6),

the QBOWP vanishes and Ty, variability is dominated
by the variability of ENSO (~3 a). In addition, a super-
harmonic signal (~1.5 years) emerges as the secondary
variability. Generally, enhanced ENSO forcing tends
to change the variability of the SST and wind in the
western Pacific from the dominant QBOWP to a
forced ENSO through the anomalous Walker circula-
tion. Higher frequency oscillation (f3) could be ex-
cited when the QBOWP system (f,) is modulated by
the low frequency ENSO (f;) forcing, three frequen-
cies alse fulfil relation (14).

2.3 Interactive ENSO-QBOWP system

Fig. 5 shows the variation of power spectrum of T,
and Ty, with g, for g, =0.8, and u,= 0, 0.25, 0.5,
0.75 and 1 respectively. The left and right columns
show the power spectra of the western Pacific SST (7,)
and eastern Pacific SST (7¢), and their variability with
15 respectively. For g =0.8 and 45 =0, an increasing
ENSO impact on the western Pacific leads to the
weakening of the QBOWP and as a result, the ENSO
and the superharmonic signal concur after 14 exceeds
0.5 (Fig.5(1)), which is similar to the results in Fig.
4(b), and the frequencies of the forcing wave and
harmonic wave all fulfil eq. (14). Interestingly, by
comparing Fig. 4(b) with Fig. 3(b), because the inter-
action of both sysyerms coexists, the frequency of the
forcing wave is lowered and that of the harmonic wave
becomes higher in the far west Pacific with the incre-
ment of ;. When g, surpasses 0.5, the oscillation

period of the SST in the eastern Pacific is prolonged to
5 years due to the nonlinear interaction between
ENSO and QBOWP. The feedback of zonal wind in
the west equatorial Pacific on the eastern Pacific
through the Walker circulation, however, leads to a
slightly shortened ENSO period with increases of 1,
(Fig.5(G), (h), (f), (d), (b)). These features remain
qualitatively similar with the additional monsoon im-
pact on the eastern Pacific!'""?. If the QBOWP feed-
back by Walker circulation is strong enough
(44,>0.75), the SST anomaly in both western and

eastern Pacific will be dominated by the 2-year vari-
ability (Fig.5(a)—(d)).
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Fig. 5. Dependence of frequency of 7, (left) and 7. (right) on y;and
1, when 1;=0.8, T\, and T, are both 200-year time series of the concep-
tual model, (9) and (10). In each panel the power spectrum, now as
contours of standard energy spectral density on the frequency-u; plane.
Each panel shows the variation of the amplitude and dominant frequen-
cies of T, with u; for different s,

For 15=0.5, QBOWP and ENSO can coexist. Quasi-
2 years and 3—4 years period oscillations concur in
the easern Pacific with £5<0.5 (Fig. 5(f)). When 14>0.7,
now, the dominant variability with 3—4 years period
requires a stronger ENSO impact in the western Pa-
cific, (Fig. 5(e)). A power spectra peak emerges with
about two-year period in the eastern Pacific (Fig. 5(f)).
One example that may be relevant to the present tropi-
cal Pacific climate is shown in Fig. 6, with 2, = 0.8,

M, = 1y =0.5. In the ENSO-QBOWP coupled system,

it is seen that the eastern Pacific is dominated by two
major variability, ENSO (f is about 3.2 a™') and the
biennial oscillation (f is about 0.5 afl); in addition, a
weak subharmonic oscillation with about 5 years pe-
riod (= 0.18 cycle/a) can be detected too (Fig. 6(a),
(d)). These features can also be seen clearly in the time
series of eastern Pacific SST anomaly (dash-dot line in
Fig. 6(a)), which shows a clear signal of biennial os-
cillation in addition to ENSO variability. The western
Pacific SST anomaly is still dominated by the biennial
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(a) Time series of 7. (line with point) and 7\, (solid) during the first year to the 34th year, (b) time series of 7'y during the 16th to the 34th

year, (c) power spectrum of 7\, and (d) power spectrum of 7. The 7. and 7, are the 200-year time series of the conceptual models (9) and (10), in-
cluding the interaction between ENSO and QBOWP (u=1.0, x; =0.8, 1,=113=0.5).

oscillation, with weaker power spectra peaks emerging
at the period with 3.6 a and a superharmonic oscilla-
tion(Fig. 6(c)). This dominant signal with about 0.5 a
in western Pacific SST anomaly (7) is also seen
clearly in the time series in Fig. 6(a) (solid line). The
time series of the far western Pacific wind 7y (Fig. 6
(b)), however, has a much stronger component of
variability with 3-year period. This occurs because, as
shown in (13), the zonal wind depends on SST not
only locally in the western Pacific, but also remotely
in the eastern Pacific. The latter is part of the atmos-
pheric Walker circulation effect that enables ENSO to
affect western Pacific zonal wind.

This example shows that multi-period climate vari-
ability in Pacific Coupled Atmosphere-Ocean System
can be induced by the interaction between ENSO and
monsoon. Although the model is highly idealized, it
still has implications on the present climate variability.
Our study suggests that the interaction between

QBOWP and ENSO may also play a role in generating
this rich spectrum of tropical climate variability.

3  Summary

A conceptual model is constructed by combining
the delayed oscillator ENSO model in the eastern
Pacific!'” with the far western Pacific QBOWP
model®. The QBOWP impact on ENSO is accom-
plished by both the oceanic Kelvin wave effect and the
atmospheric Walker circulation, while ENSO affects
QBOWP through the atmospheric Walker circulation.
An enhanced interaction between QBOWP and ENSO
tends to change the climate variability from a free
ENSO oscillation to a forced biennial oscillation in the
easterm Pacific, with the suppression of variability of
3—5 years periods and the enhancement of the bien-
nial variability in the eastern Pacific; an enhanced
ENSO forcing on the western Pacific also changes the
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QBOWP variability into a forced variability with 3—5
years period in the far west Pacific, suppressing vari-
ability of the 2-year period, while increasing variabil-
ity of ENSO time scales in the west Pacific. In the
fully coupled ENSO-QBOWP system, the ENSO
variability and QBOWP variability can coexist in both
the eastern and western Pacific. Therefore, we suggest
that the interaction between ENSO and QBOWP may
contribute to the observed present climate variability.
Because our model is highly idealized, more realistic
models are needed to further understand the role of
monsoon-ENSO interaction and its impact on tropical
climate variability.
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