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ABSTRACT

The cause of the tropospheric biennial oscillation (TBO) in a simple coupled ocean—atmosphere model is
examined. The model is first reduced to a pair of coupled linear first-order differential equations, piecewise in
time, for analysis. It is found that two ingredients are essential for the biennial oscillation in the model. The
first ingredient is the amplification of SST perturbations in both the Indian Ocean and western Pacific in opposite
directions during the northern autumn, winter, and spring seasons, reflecting a positive feedback process. The
second ingredient is the decay and change of signs of the SST anomaly in the western Pacific during the northern
summer, representing a negative feedback process. Under such a scenario, the simple model exhibits a regular
biennial oscillation.

Diagnosis of the model TBO reveals that the western Pacific SST and zonal wind anomalies have a lagged
correlation at a timescale of 2-3 months, similar to observations. Such a phase lag results from both remote
and local ocean—atmosphere—land interaction processes. The remote processes involve the large-scale east—west
circulation associated with anomal ous monsoon heating, whereas the local processes include the ocean horizontal
and vertical advection and surface wind—evaporation—SST feedback. It is concluded that the phase lag between
the SST and wind is a result rather than a cause of the TBO.

Oscillatory and nonoscillatory regimes of the model’s solutions are obtained with the tuning of key parameters
within realistic ranges. It is found that the model TBO is sensitive to both internal air—sea coupling coefficients
and external basic-state parameters. With the slight change of these parameters, the model may undergo a
bifurcation from a TBO regime to a chaotic regime or an annual oscillation regime—a possible scenario for the
TBO irregularity. In particular, with a specification of interdecadal change of the basic-state wind, the model
may undergo a continuous warming pattern in the eastern Pacific, resembling the prolonged El Nifio condition
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A Coupled Air—Sea—Monsoon Oscillator for the Tropospheric Biennial Oscillation

in the early 1990s.

1. Introduction

Long-term observational data analysesreveal that the
interannual rainfall variability over the Asian and Aus-
tralian monsoon regions has aremarkabl e biennial spec-
trum peak (e.g., Lau and Shen 1988). Thesetropospheric
biennial oscillation (TBO) signals have been detected
intherainfall of Indonesia (Yasunari and Suppiah 1988),
India (Mooley and Parthasarathy 1984; Lau and Yang
1996), and East Asia (Tian and Yasunari 1992; Shen
and Lau 1995; Chang et al. 2001). As a part of the
coupled system, the rainfall TBO is associated with the
variations in large-scale tropospheric circulation and
tropical sea surface temperature (SST) patterns (Ras-

Corresponding author address: Prof. Tim Li, Department of Me-
teorology/IPRC, University of Hawaii, 2525 Correa Rd., Honolulu,
HI 96822.

E-mail: li@soest.hawaii.edu

© 2001 American Meteorological Society

musson and Carpenter 1982; Meehl 1987; Yasunari
1990; Ropelewski et al. 1992).

The observational discoveries have led to further the-
oretical understanding in terms of what causesthe TBO.
Air—sea interaction over the equatorial basins has been
thought to be a key ingredient for the TBO. So far there
have been various attempts to model the biennial os-
cillation by considering atmosphere—ocean feedbacks
within the Tropics. First, Brier (1978) used state dia-
grams to demonstrate that a biennial oscillation can be
achieved when a negative feedback between the at-
mosphere and the ocean is considered. Next, Nicholls
(1978, 1979, 1984) simulated a TBO with a pair of first-
order linear differential equations (one for the atmo-
sphere and the other for ocean) in which the atmospheric
pressure (wind) anomaly has an opposite impact on the
SST anomaly (SSTA) during winter and summer, owing
to the seasonal cycle of the basic-state wind. Based on
schematic arguments (with addition of the long-lasted
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tions between more than one region, an idea initially
explored by M87.

One important observational characteristic of atmo-
spheric convection associated with the TBO over the
Asian—Australian monsoon region is that it exhibits a
distinctive spatial structure and seasonality (Meehl
1987, 1994). Anomalies in convection represented by
outgoing longwave radiation start over the Indian mon-
soon region during the northern summer and propagate
southeastward and reach to the Australian monsoon re-
gion in the subsequent northern winter. That is, the phase
of TBO persists, and a strong Australian monsoon fre-
quently follows a strong Indian monsoon. Such spatial
and seasonal characteristics of TBO are not addressed
by the local air—sea feedback mechanisms proposed by
M87 and C98. It may require remote air—sea—land in-
teraction processes, processes that involve the Asian—
Australian monsoon, large-scale east—west circulation,
and tropical Pacific and Indian Oceans. M87 aso pro-
posed a remote forcing mechanism. The key ingredient
isthat the SSTA in the eastern Pacific induces an anom-
alous east—west circulation that further changes the
strength of the South Asian monsoon. From a different
perspective, Chang and Li (2000, hereafter CL0O0) em-
phasized the role of the monsoon in changing the east—
west circulation and eastern Pacific SST, not the other
way around. They argued that a small cold SSTA (order
of —1 K; Ropelewski et al. 1992) in the eastern Pacific
cold tongue is much less likely to play arolein pulling
air mass out of the Asian monsoon region through the
east—-west circulation. To demonstrate the active role of
the Asian—Australian monsoon on a TBO cycle, they
developed a 5-box coupled ocean—atmosphere model
that allowsinteractions among the South Asian and Aus-
tralian monsoon regions and the equatorial Indian, west-
ern and eastern Pacific Oceans. The essential physical
processes in the CLOO model include the monsoon-in-
duced large-scale east—west circulation, SST—-monsoon
feedback, Walker cells over the equatorial Indian and
Pacific Oceans, wind—evaporation—SST feedback, and
ocean thermocline variation in the Pacific. The model
is capable, without a priori specification of time delays,
of simulating not only abiennial oscillation but also the
phase relation between South Asian and Australian
monsoons.

The objective of this study istwofold. First we pursue
the analytical solution of the CL0OO model by simplifying
the model into a pair of homogeneous first-order dif-
ferential equations, which are piecewise in time. The
simplified model is then analyzed using linear differ-
ential calculusto explain the fundamental cause of TBO,
from both mathematical and physical points of view.
Second, we examine the sensitivity of the model solu-
tion to both internal coupling coefficients and external
basic-state parameters in an attempt to understand the
possible mechanisms that cause the irregularity of TBO.
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FiG. 2. Schematic diagram of the 5-box model of CLOO.

2. Analysis of the 5-box model

The dynamic framework of the current model is in-
tended to be similar to the CLOO model. Along the equa-
tor the ocean is divided into three regions (see Fig. 2),
representing the equatorial Indian Ocean, western Pa-
cific, and eastern Pacific, respectively. The rates of time
change of the Indian Ocean and western Pacific SST
anomalies are given by

dT, Ul —x « —@(H — h)Ba
=|-ag > - T, — + T —Eu

dt Oy, " o T T e |

= (/\VOK + %)TI, (2.19)
dT,, —w a =—=@p2h(H—-"h) WwyaLEW.I
—Q =|"Tc—=—Tyw - c
dt phr Lew 2pg'Hh J

U, =woH — hBa
+ |-AAG, =Y + T ———|U
qw V, w pHr2 w
- (/\VOK + WFW>TW, (2.1b)

where U and w denote the surface zonal wind and ocean
vertical velocity at the base of the mixed layer, respec-
tively; Aq denotes air—sea specific humidity difference;
T® and T® represent zonal and vertical ocean temper-
ature gradients; and subscripts I, W, and C stand for the
equatorial Indian Ocean, western, and central Pacific,
respectively. An overbar denotesthe annual-mean basic-
state variable. In this simple dynamic system, the time
tendency of SSTA in the equatorial Indian Ocean and
western Pacific depends on various dynamic and ther-
modynamic processes including horizontal and vertical
temperature advection and surface wind—evaporation
feedback. Table 1 lists the meaning and vaue of the
model key parameters.

Following CLOO, the surface zona winds over the
equatorial Indian and Pacific oceans are determined by
convective heating anomalies over the Indian and Aus-
tralian monsoon regions (which in turn depends on
anomalous low-level moisture convergence) and SST-
dependent eastern and western Walker cells. Thus the
surface zonal winds, U, are given by
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TABLE 2. The coefficients for the simplified TBO model for
different seasons.

Seasons a b c d

Winter -3.15 —4.06 0 12.87
Spring —-3.15 —4.06 0 0.27
Summer —13.04 —4.06 13.34 0.27
Autumn —-3.15 —4.06 0 0.27
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Fic. 3. (&) The smulated TBO in the simplified dynamic model
[Eq. (2.5)]; (b) the lagged correlation between the western Pacific
SST and zonal wind anomalies.

(because spring and autumn have the same coefficients),
in the following form:

ngzale' 26)
ot| T, c d||T,

The solution of (2.5) can be obtained from the solutions
of (2.6) for each season, joined in time, where theinitial
values of each seasonal equations are equal to the final
values of the previous season solutions. A complete
analytical treatment of linear system of first-order dif-
ferential equation (2.6) can be found in mathematical
texts (e.g., see Grossman and Derrick 1988), and a sum-
mary, relevant to this work, is given in the appendix.
In this section, we will make use of the results in the
appendix. [where T, corresponds to x(t) and T,, to y(t)]
to analyze the simple dynamic system (2.5), whose sea-
sonal coefficients are given in Table 2.

The seasonal values of the coefficients of the sim-

plified coupled model are plotted on the regime diagram
in Fig. 4. (A complete description of the regimes of the
linear system can be found in the appendix.) The model
is in the saddle point regime (the middle graph of Fig.
A1) during spring, autumn, and winter, and in the stable
focus regime (the left graph of Fig. A2) during summer.
To explain the biennial oscillation observed in the nu-
merical evolution of the simple dynamic system (2.5),
it is necessary to examine analytically the behavior of
the model in each season, particularly in the winter and
summer periods.

During winter, we observe afew relationships among
the coefficients in Table 2: coefficient b is negative,
coefficient ¢ is zero, and coefficient d is greater than
coefficient a. The reason that coefficient cis null isthat
in this simplified coupled model, the Indian Ocean SST
does not affect that of the western Pacific during spring,
autumn, and in particular winter. From Eqgs. (A.7a) and
(A.99), theasymptote G, and G_ must take on thevalues
of the second pair in Eqg. (A.10) because A, = d and
A_ = a. Hence, asymptote G_ has a zero gradient while
asymptote G, has a negative gradient. The implication
of this result is that when T,, is negative (positive), it
will continue to be more negative (positive) while T,
will either be flipped over from negative (positive) to
positive (negative) or continue to be positive (negative)
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FiG. 4. The regime diagram for the simple coupled model and the
standard parameter regime for the northern spring, summer, autumn,
and winter.
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Fic. 7. Dependence of the model oscillation regime on the air—sea
coupling coefficient, «, and the SST-thermocline feedback coeffi-
cient, v.

coupling coefficient, «, and the SST—thermocline feed-
back coefficient, y. The former links the surface wind
stress with the oceanic current, while the latter connects
the thermocline displacement with the change of sub-
surface ocean temperature (which may further feed back
to SSTA through anomalous vertical temperature ad-
vection).

The model (2.5) is rewritten to explicitly include the
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air—sea coupling coefficient, «, and the SST—thermo-
cline coefficient, vy, as parameters. An ensemble of so-
lutions is obtained by varying, in steps, « from 6 X
102t0 13 X 103 kg m2s*and y from 0.12 to 0.22
K m~t. The frequency and growth rate of each time
series solution are then calculated based on a least
squares method, with the specification of the following
mathematical formula: Y(t) = Y, cos(wt — §,)
exp(—ot), where w denotes the frequency, o the growth
rate, Y, the amplitude, and §, the initial phase.

Figure 7 clearly demonstrates that with the changes
of internal coupling coefficients, the simple dynamic
system undertakes different regimes, for instance, from
an unstable to a stable TBO regime or from a TBO
regime to a chaotic regime or a non-TBO (annual os-
cillation) regime. Thus this sensitivity experiment dem-
onstrates that both processes are critical for obtaining
the TBO. In the lower left-hand corner, where air—sea
coupling is relatively weak, the model exhibits a non-
biennial oscillatory behavior, with aperiod of 1 yr (Fig.
8a). In the middle, solutions are much more irregular,
exhibiting a chaotic oscillation regime (Fig. 8b). The
stable and growing biennial oscillatory behavior is in
the upper right-hand corner where both the air—sea cou-
pling and the SST-thermocline feedback coefficientsare
sufficiently high (Fig. 8c).

A lower bound (i.e., a necessary condition) for the
biennial oscillatory behavior can be derived analytically
by considering the model’s summer regime in Fig. 4.

SSTA ( K)

_5 1 1 1 I

20 22 24 26 28 30 32 34 36 38 40

Time (years)

Fic. 8. Time series of the model SSTA (solid line: western Pacific, dashed line: Indian Ocean)
in (@) anon-TBO (annual oscillation) regime (e« = 13.4 X 10-*kgm-—2stand y = 0.12K m1),
(b) achaotic regime (« = 9.1 X 103kgm—=2stand y = 0.1785 K m~1), and (c) a TBO regime
(¢ =8x103kgm2stand y = 02075 K m1).
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As stated previously, one of the criteria for oscillation
is that during summer, the model must be in the stable
focus regime. This means that the summer parameter
point must be beneath the focus regime boundary curve
(see Fig. 4). Therefore characteristic equation (A.7) in
the appendix must have imaginary roots:

(a + d)? — 4(ad — bc) < 0. (3.1)

Substituting (3.1) with the standard parameters in
summer, we have a quadratic equation for vy as the left-
hand side of the condition:

443 X 10* a?y? + (=127 X 103 a + 149 X 10* a?)y
+ 127 + 206 X 102 @ — 450 X 10222 < 0. (3.2

Since « is of the order of 10-2 kg m=2 s%, we can
expand « into a power series and retain the first two
terms without any loss of significant digits:

0.0277

0.00103
y -

+ 0.0304><‘y - + 0.367)

<o (3.3)

Thus the necessary condition for the biennial oscil-
lation would be

0.00103
Yy >

+ 0.030 and

0.0277

v < + 0.367. (3.4)

Since the second condition in (3.4) isaways satisfied
in the real world, the first condition represents a lower
limit for the biennial oscillation. In other words, it is a
necessary (but not sufficient) condition for the TBO to
occur. This condition is demarcated by a thick dashed
line in Fig. 7. It implies that the TBO regime must
appear above the line.

In addition to « and vy, the model is also sensitive to
other internal parameters such as the atmospheric Ray-
leigh friction coefficient, e, and the depth of the ocean
mixed layer, h, asshown in Fig. 9. With the slight change
of these parameters, the model solution can shift from
a TBO to a non-TBO regime or from an oscillation to
a chaotic regime, leading to theirregularity of the TBO.
It is also noted that a common feature from those sen-
sitivity experiments is that the model always undergoes
arapid decay during the chaotic transition from aregular
TBO mode to a non-TBO mode or vice versa.

b. Sensitivity to basic-state changes

In the above section, we have shown that the model
may switch from an oscillatory to anonoscillatory mode
or from a TBO mode to annual oscillation mode with
the change of internal parameters. Specifically, when
the summer parameter point in Fig. 4 shiftsfrom astable
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Fic. 9. Dependence of the growth rate and oscillation period on
(a) atmospheric Rayleigh friction coefficient and (b) the ocean mixed

layer depth.






1 MARcH 2001

magnitude and change in sign in the northern summer.
Under such a scenario, the model TBO exhibits a char-
acteristic spatial pattern and seasonal progression, with
a strong Australian monsoon following a strong South
Asian monsoon.

Analogous to the El Nifio delayed action oscillator
that depends on equatorial oceanic wave propagation,
the current TBO monsoon oscillator depends on remote
and local ocean—atmosphere interactions in the Asian—
Australian monsoon region and the equatorial Indian
Ocean and western Pacific. On one hand, the annual
cycle of the Asian—Australian monsoon, as a pacemaker,
strongly regulates the TBO mode, so that the biennial
oscillation locks its phase into the seasonal cycle. On
the other hand, the feedbacks between the Indian Ocean
SSTA and the monsoon, between the surface wind and
evaporation, and between the wind stress and ocean
thermocline contribute to the year-to-year variation of
the coupled air—sea modes. Among various air—sea in-
teraction processes, the impact of the Asian monsoon
on the Pacific SSTA through large-scale east—west cir-
culation and the influence of the western Pacific/mari-
time continent SSTA on the strength of the western
branch of the Walker cell over the Indian Ocean are
most critical. It is suggested that the origin of the TBO
may arise from ocean—atmosphere interactions within
the monsoon sector in the Tropics.

The possible influence of midlatitude circulation on
the tropical biennial oscillation has been proposed by
Meehl (1997) based on the diagnosis of output of a
coupled ocean—atmosphere model. The key element of
this proposed mechanism is the linkage between anom-
alous tropical heating and midlatitude circulation pat-
terns. However, such a linkage is beyond the scope of
the current study. It deserves further observational anal-
ySes.

An essential difference between the current 5-box
model and previous conceptual TBO models such as
those discussed in the first section is that the current
model considersthe interactions among multipleregions
whereas the previous models considered only local air—
sea interaction processes. Because of locality, some
forms of time delay between atmosphere (such as sur-
face wind) and ocean (SST) are required (see discus-
sions in section 1), in order to obtain an oscillatory
solution. As shown by this study, such a constraint is
neither dynamically consistent nor necessary. The time
delay between the surface wind and SST in the western
Pacific as observed by C98 isaresult rather than a cause
of TBO. It results from both remote and local ocean—
atmosphere interactions, interactions that involve the
Asian-Australian monsoon and associated large-scale
east—west circulation, evaporation—wind—-SST feedback,
and subsurface ocean temperature changes.

The sensitivity analysis of the current model reveals
that the model solution is sensitive to changes in both
internal parameters such as air—sea coupling and at-
mospheric friction coefficients and external parameters
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such as the basic-state zonal wind and upper-ocean ver-
tical temperature gradient. It is found that a necessary
condition for the model to be in the TBO regime is that
two crucial air—sea coupling coefficients, reflecting the
surface wind—ocean current and the subsurface temper-
ature—ocean thermocline relations, must be sufficiently
large and within reasonable ranges. With the small
change of both the internal and external parameters, the
model may undergo a bifurcation from a regular TBO
regime to a non-TBO (either chaotic or annual oscil-
lation) regime. When the basic state varies slowly on
the interdecadal timescale, the model SST experiences
a continuous warming pattern, similar to the prolonged
warm episode in the equatorial Pacific during the early
1990s. However, it isimportant to note that the observed
behavior in the early 1990sis unique for the last century
whereas the low-frequency fluctuation of thewind might
be ubiquitous throughout the record. This implies that
there are likely other factors that may contribute to this
unique feature. It is anticipated that the complex be-
havior of the observed TBO may arise from its inter-
actions with motions at other scales such as Madden—
Julian oscillation, ENSO, or synoptic-scale disturbanc-
es. These interactions may alter the model oscillation
regimes and give rise to the irregular oscillation behav-
ior of the TBO.
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APPENDIX

Analytical Solution for Linear Homogeneous
First-Order Differential Equations

In its most general form, a linear system of homo-
geneous first-order differential equations represented by

d
ST = T, (A.2)

where T (t) is the vector of variables of concern and M
is the matrix of constant coefficients, has a solution

T(t) = exp(tM)T(t,), (A.2)
where t, is the time of the initial conditions and exp()
is the matrix exponential function

t2 t3
exp(tM) = | + tM + EMZ + §M3 + (A.3)

It is ageneral property that for real t and n-by-n square
matrix M, the series (A.3) is convergent.



762

y(t) ¥(t)

/
/ - /
/

JOURNAL OF CLIMATE

VoLuME 14

y(t)

«(t)

/
/
/
/
/ L

stable node
0>4.>A

O EREN
'
. / ~.
/ /6\
/ /é_\
/
7 4

saddle point
Ae>0> A

unstable node
A>A>0

Fic. Al. The phase diagrams for real eigenvalue cases (long dashed line: asymptote G, ; short dashed line: asymptote G_).

In the following discussion, we consider the solution
of two independent variablesinitial value problems and
its orbits in phase space. Equation (A.1) is then

X ay

—=ax+0b — = cx + dy.

ot & y ot o y
The linear systems of differential equations with initial
values lend themselves particularly well to Laplace
transform techniques. The Laplace transformation of
(A.4)is

sX — X, = aX + by sY —y,=cX +dy, (A5

where s, X, and Y are the Laplace transform of t, x, and
Y; X, and y, are the initial values of x and y at time t,.
The solution of (A.5) is

(A.4)

y(t) y(t)

X = (S — d)xo + byo
s? — (a + d)s + (ad — bc)
X, + (s — a)y,
2 — (a+ d)s+ (ad — bo)’

Y =

(A.6)

If we define A, A_ [incidentally, they are also the ei-
genvalues of M in (A.1)] to be the roots of the char-
acteristic equations
A2 —(a+d)A + (ad — bc) = 0, (A.7)
or equivalently,
(A — & — d) = bc, (A.79)

then it plainly appears that (A.6) can be written as

y(t)
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Fic. A2. The phase diagrams for complex eigenvalue cases.
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_ (S - d)xo + byo
S (s—A)E— )

X, + (s — a)y,

ATt

(A.8)

Considering only the solution of the general nondegen-
erate linear system (i.e,, A, # A_), the inverse Laplace
transform of (A.8) is

()\+ — d)Xo + t)yoeMt _
(/\+ - A—)

()‘— B d)Xo + bYO At
(A+ - /\7)

X(t) =

CXo + (/\+ — a)yo
()Lr - A—)

o o T (A — a)yoeM.
(A+ - )\7)

y() =
(A.9)

This is the general nondegenerate solution for (A.4). It
is illuminating to examine solutions (A.9) in the phase

g0 ¢ A —

Dm—d' b
G,,G_. =10

D)‘*_a c

o b Ao —d

If both A,, A_ are negative, then from (A.9), it is
plain that both y(t) and x(t) will tend to infinity with
time and to zero with reverse time (i.e,, t - —), re-
sulting in a stable node (Fig. Al). On the other hand,
if both A, A_ are positive, then the solutions tend to
zero with time and to infinity with reverse time, forming
an unstable node. If the eigenvalues are of opposite
signs, then the solutions tend to infinity with both time
and its reversal, having a saddle point for the origin.

-(a+4d)
20T stable
node
saddle point -
10+ - stable focus
entre point
" ; it " a-d-b-c
-60 -30 'o 30 60
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10 T
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Fic. A3. The regime diagram for the linear differential equation
system.
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space and we shall consider separately the cases where
the roots of (A.7) are real and complex.

a. Case of real roots, (a + d)2 = 4(ad — hc)

The phase space diagram of (A.9) can be obtained by
first looking at the asymptotes as time tends to infinity
and as time originates from minus infinity. Assume,
without a loss of generality,

A, > A (A.93)

From (A.9), we see that the asymptote gradients, G,
and G_,
y(t) X+ (A — A

G, =lim =
e X() (A = d)X + by,

y(t) _ CXy + ()\— - a)yo

= lim = .
e X(t) (A — d)X + by,

Using (A.7a), (A.10) can be reduced, respectively, to

(A.10)

if(A\, #d) and (A_ # a), or
(A1)
if (A, #a) and (A_ # d).

b. Case of complex roots, (a + d)? < 4(ad — bc)

If the eigenvalues are complex, then we can substitute
A, = a x£ipinto (A.9) giving

(a — d)x, + by,

X(t) = ev|x, cos(Bt) + sin(Bt)

Xy + (a —

B

Do gineat)|.

(A.12)

y(t) = ey, cos(Bt) +

If « is negative, then from (A.11) the solution tends
to zero, and its origin is a stable focus (Fig. A2). If,
however, « is greater than zero, the solutions tend to
infinity, forming an unstable focus. For « = 0, the so-
lutions are periodic and the origin is a center point.

The dependence of the solution type on the roots of
the characteristic equation (A.9), and hence on the co-
efficientsa, b, ¢, and d, isgivenin Fig. A3. Thedividing
curve between the foci and the nodes are given by the
equation (a + d)? — 4(ad — bc) = 0, while the regime
for the center point solutions is the positive horizontal
axis.
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