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ABSTRACT

A conceptual model for the origin of the tropospheric quasi-biennial oscillation (QBO) is presented. It is
argued that the tropospheric QBO may not be a fundamental mode of oscillation of the tropical coupled system.
It is proposed that it may arise due to multiscale interactions between high-frequency synoptic and intraseasonal
oscillations of the atmosphere and a low-frequency oscillation of the coupled system in the presence of the
annual cycle. This is demonstrated using a conceptual low-order system consisting of three variables representing
the nonlinear atmospheric oscillations and a linear oscillator representing the low-frequency coupled mode.
The annual cycle and coupling to the low-frequency linear oscillator provide slowly varying forcings for the

- atmospheric high-frequency oscillations. The atmospheric oscillations go through a chaotic regime during a

certain part of the slowly varying forcing. Such variable forcing introduces a low-frequency tail in the spectrum
of the atmospheric high-frequency oscillations. This low-frequency tail resonantly interacts with the low-frequency
oscillation and produces the QBO in addition to broadening the spectrum of the low-frequency oscillator. The
conceptual model simulates features similar to many observed features of the tropospheric QBO but depends
on the assumption that there is an inherent low-frequency El Nifio-Southern Oscillation oscillation with a four-
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year period that occurs independently of the high-frequency forcing or the QBO.

1. Introduction

Tropospheric quasi-biennial oscillation (QBO) has
been noted in many early studies (Berlage 1955;
Landsberget al. 1963). More recently, the tropospheric
QBO has been documented in many fields (Trenberth
1975, 1976, 1980; Trenberth and Shin 1984; Rasmus-
son et al. 1981, 1990; Barnett 1983, 1991; van Loon
and Shea 1985; Deser and Wallace 1987; Ropelewski
and Halpert 1987a,b; Yasunari 1989; Ropelewski et
al. 1992). The recent studies have brought out some
interesting features of this oscillation. Some of the sa-
lient features brought out by these studies are

1) Apart from the annual cycle, the low-frequency
variability in the Tropics is dominated by a QBO (with
period close to two years) and a low-frequency oscil-
lation (LFO) (with period close to four years). The
variance explained by these two oscillations are com-
parable, with the LFO containing generally more en-
ergy than the QBO (Barnett 1991).

2) Both the QBO and the LFO are integral parts of
the El Nifio and Southern Oscillation (ENSO) cycle
and are strongly linked with the mean annual cycle.
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3) While the QBO in SST has the largest amplitude
in the central and eastern Pacific, the QBO in the sur-
face wind has the largest amplitude in the eastern In-
dian Ocean and western Pacific.

4) While the LFO appears to be a standing wave-
number-1 oscillation, the QBO shows a definite east-
ward propagation of energy from southeast Asia (Ro-
pelewski et al. 1992; Barnett 1991).

5) Although some studies (Yasunari 1989) indicate
a possible link between stratospheric QBO and tro-
pospheric QBO, the evidence that is available is far
from convincing. In fact, other studies (e.g., Barnett
1991) have found no simple relation between classical
measures of the stratospheric QBO and the tropo-
spheric QBO. While the stratospheric QBO has no
zonal structure, the tropospheric QBO has a clear zonal
structure (Rasmusson et al. 1990; Ropelewski et al.
1992).

These recent analyses have put to rest some suspicion
(e.g., Landsberg et al. 1963) whether the tropospheric
QBO is an artifact of filtering and analysis and have
established that it is a clear climatic signal in the Tropics
that is strongly linked with ENSO as well as the annual
cycle. There have been various physical mechanisms
proposed to explain the origin of this biennial vari-
ability. Brier (1978) and Nicholls (1978) proposed that
air-sea interactions, with annual cycle forcing (solar
heating) of opposite polarity associated with winter—
summer states, may give rise to a QBO in the Tropics
as a subharmonic of the annual cycle through nonlinear
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interactions. Several aspects of these models need im-
provement and elucidation. First, since the time of the
Brier and Nicholls papers, a better understanding of
the air-sea interaction processes associated with the
low-frequency variability in the Tropics has evolved.
Second, the strong and clear association of the QBO
with the ENSO cycle, as evidenced by the recent anal-
yses (Rasmusson et al. 1990; Barnett 1991; Ropelewski
et al. 1992), was not addressed directly by Brier and
Nicholls. More recently, based on the analysis of out-
going longwave radiation, clouds, precipitation, and
sea level pressure over the Indian and Pacific sectors,
Meehl (1987, 1993) proposed that the QBO may be a
modulation of the annual cycle achieved through large-
scale air-sea interactions. For example, a year with
warm SST in one season leads to greater convection
and stronger winds (e.g., strong monsoon; a strong an-
nual cycle), which leads to higher evaporation and
colder SST in the following season. If the colder con-
ditions persist till next year, it results in weaker con-
vection and weaker winds (e.g., a weak monsoon; a
weak annual cycle). This may lead to lesser evaporation
and warmer SST in the following year. The crucial
element in this scenario is the persistence of the cold
(warm) SST for the next three seasons. Meehl (1993)
provides some evidence that the upper-ocean heat
content in this region indeed shows similar signatures.
Based on calculation of nonlinear interaction coeffi-
cients from observations, Barnett (1991) argues that
it is unlikely that the QBO is a subharmonic of the
annual cycle arising from nonlinear interactions of the
annual cycle with itself. It appears that the process de-
scribed by Meehl (1993) may work intermittently. In
this article, we present an alternative conceptual model
for the origin of the tropospheric QBO. The conceptual
model combines current understanding of the air-sea
interactions associated with the large-scale low-fre-
quency variability in the Tropics and the new obser-
vational evidences. The additional new element in our
model is the role of the higher-frequency oscillations
in the atmosphere (synoptic and intraseasonal) in
modulating the air-sea interactions. We show that the
tropospheric QBO may arise due to a complex inter-
action between a specified low-frequency ENSO mode,
the annual cycle, and the nonlinear atmospheric high-
frequency oscillations such as the Madden-Julian
oscillations (MJO) and synoptic disturbances. The
conceptual model is described in section 2. Section 3
contains results from the simple low-order model and
discusses the importance of the different physical pro-
cesses. Main results are summarized and some con-
cluding remarks are made in section 4.

2. The conceptual model

Any model of the tropospheric QBO must take into
account (a) the strong air-sea interactions associated
with it, as evidenced by the coherence between at-
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mospheric and oceanic fields, (b) the strong and ap-
parently dominant association with the ENSO, and (¢)
the clear link with the annual cycle. The spectrum of
ENSO indices based on recent data (Rasmusson and
Carpenter 1982; Rasmusson et al. 1990) shows a low-
frequency peak with a period of 3.7 years. However,
this is a broadband spectrum with an interval between
recurrences varying around this mean period. Using
historical data on ENSO collected by Quinn (1992)
between 1525-1988, Diaz and Pulwarty (1992) showed
that the mean recurrence interval may have varied sig-
nificantly in the past. The longest recurrence interval
(approximately 12 years) occurred in the 17th century,
while the 19th century saw the shortest recurrence in-
terval (approximately 2.5 years). From this long time
series it can be seen that the average recurrence period
for moderate or stronger El Nifio events is close to 4.5
years. Autospectrum of this long time series also shows
a significant peak in the interannual timescale with a
period of 3.4 years together with some lower-frequency
oscillations and the quasi-biennial mode. Thus, the
quasi-four-year ENSO signal is a dominant mode of
oscillation in the interannual timescale even though
the exact period of oscillation may have gone through
some changes over the centuries. Many theoretical
studies (Hirst 1986; Wakata and Sarachik 1991; Gos-
wami and Selvarajan 1991; Philander et al. 1984; Bat-
tisti and Hirst 1989; Neelin 1991) have shown that the
tropical coupled ocean-atmosphere system may sustain
a low-frequency unstable mode in addition to a few
weaker intraseasonal unstable modes. Similarly, simple
modeling (Cane and Zebiak 1985; Zebiak and Cane
1987; Anderson and McCreary 1985; Schopf and
Suarez 1988; Yamagata and Masumoto 1989), low-
resolution-coupled general circulation modeling
(Meehl 1990; Sperber and Hameed 1991; Lau et al.
1992; Nagai et al. 1992), and high-resolution coupled
modeling (Philander et al. 1992; Latif et al. 1993)
studies have shown that the ENSO cycle may be a nat-
ural aperiodic oscillation of the tropical coupled ocean—
atmosphere system with a dominant period of about
four years. The physical mechanism responsible for
the dominant four-year periodicity is still a subject of
active debate, although a few plausible scenarios have
emerged in the last few years. The ENSO cycle may
result from a balance between a positive feedback as-
sociated with unstable air-sea interactions, as envi-
sioned by Bjerknes (1969), and a negative feedback
associated with the Rossby wave reflection from the
western boundary. This leads to a delayed oscillation
(Suarez and Schopf 1988). In this delayed oscillator
scenario, the equatorial wave dynamics play an im-
portant role. In another scenario, not the equatorial
waves, but a “slow SST mode” (Neelin 1991) may be
responsible for the low-frequency (LF) ENSO oscil-
lations seen in global coarse-grid coupled models. The
delayed oscillator mechanism and the slow SST mode
may arise in a different parameter regime of the tropical
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coupled system (Neelin 1991; Latif et al. 1993). Thus,
they are probably not independent scenarios. In any
case, we note that these proposed physical processes
leading to the LF oscillation have all emerged mainly
from simple coupled models. The observed coupled
system, as well as the more detailed coupled GCMs,
seem to have interannual variability that is much more
complicated. While there exists these uncertainties
about the physical mechanism responsible for the
ENSQ, it is undoubtedly the dominant LF oscillation
in the Tropics in the interannual timescale. From the
broadband nature of the spectrum, however, it is clear
that in addition to this dominant mode, there may be
a few other weaker modes of the system. We propose
that the QBO is not a primary oscillation of the tropical
coupled ocean-atmosphere system, but arises as a result
of interactions between a specified LF primary ENSO
mode and atmospheric high-frequency synoptic and
intraseasonal disturbances that are modulated by the
annual cycle (solar forcing). Although in reality, the
ENSO mode is more complex, we idealize it to have a
period of four years.

To model the essence of this complex interaction by
a low-order model, we note that the LF ENSO mode
has planetary scales (length scale of about 6000-7000
km similar to the observed ENSO anomaly scales).
For such planetary-scale phenomena the nonlinear ef-
fects are not expected to be strong as the equatorial
Rossby number U/ B, L? (where U is a typical velocity
scale, L is the length scale, and § is equatorial gradient
of the Coriolis parameter) is quite small. Therefore,
we assume that the low-frequency oscillation may be
considered as a linear oscillator. Analog models (Bat-
tisti and Hirst 1989) derived from the basic thermo-
dynamic equation indicate that the nonlinearity may
be important only in limiting the amplitude of these
oscillations. On the other hand, the atmospheric syn-
optic oscillations have much shorter scales and, for
them, the advective nonlinearity is important. Thus,
the evolution of the coupled system may be represented
by an interaction between a low-frequency linear os-
cillator and some high-frequency nonlinear waves.

To represent the nonlinear interactions between the
high-frequency waves, we choose a prototype nonlinear
system used by Lorenz (1984, 1990) to describe some
aspects of the general circulation of the atmosphere.
Coupling these nonlinear equations to a linear oscil-
lator, the equations for the coupled system may be
written as

X=-Y?>-2Z?—aX+aF, (1)
Y=XY—-bXZ—-CY+G+ aP, (2)
Z=bXY+XZ—-CZ+ aQ, (3)
P=-wQ - BY, (4)
Q=wP-pZ, (5)
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where w is the frequency of the low-frequency oscillator
with a period of four years, P and Q are amplitudes of
the sine and cosine phases of the oscillation, and « and
8 are coupling strengths. Equations ( 1)—(3) represent
the high-frequency component, and (4)-(5) represent
the low-frequency component. The typical period of
oscillation of the high-frequency modes is in the syn-
optic range. In order that the nonlinear system (1)-
(3) is flexible to represent other scales of motion such
as the intraseasonal oscillations, we have rescaled Lor-
enz’s (1984) equations by a factor C as (original vari-
ables denoted by prime)

t=t'/C,X=CX",Y=CY',Z=CZ,
a=a’'C,b=b',F=CF',and G = C*G".

As Lorenz (1984) discusses, X may be interpreted as
a zonally averaged field, while Y and Z may be inter-
preted as amplitudes of two wave components. The
linear terms in Egs. (1)-(3), (aX, CY, CZ) represent
mechanical and thermal damping. The nonlinear terms
XY and XZ represent amplification of the eddies
through interaction with the mean zonal flow (X). This
amplification is at the expense of the mean zonal flow
indicated by the terms —Y? and —Z? in Eq. (1). The
terms bXZ and bXY represent displacement of the ed-
dies by the zonal current. The terms F and G are forc-
ings, where F may be interpreted as external zonally
symmetric forcing (e.g., solar forcing), while G is the
zonally asymmetric forcing (e.g., land-ocean contrast).
The annual cycle is introduced in the zonally sym-
metric component of the forcing, and we write F = F
+ F, coswt/ 1y, where 7, is 1 yr. Equations (1)-(3),
represent the atmosphere with its annual cycle and the
high-frequency oscillations, while Egs. (4)-(5), rep-
resent the ocean primarily contain the LF oscillation.
The system (1)-(5) may be considered as a ‘“‘toy
model” for the coupled system to derive insight re-
garding the nonlinear interactions in the system. In
some ways, our conceptual model is similar to studies
of the coupled ocean—atmosphere system (Schopf and
Suarez 1988; Battisti 1988) where a linear model is
forced by a white noise forcing. In our model, the white
noise forcing arises from nonlinear interactions in the
atmosphere.

The coupling of the high-frequency oscillations to
the low-frequency oscillations is assumed to take place
through the nonzonal components (Y, Z). This is
based on the following qualitative arguments. For our
purposes here, we assumed that the low-frequency
component has a prominent wavenumber-1-type zonal
pattern. Such changes in SST give rise to modulation
of the atmospheric convective heating with similar
east—west asymmetry. Thus, the variations associated
with the low-frequency oscillation may be considered
to give rise to zonally asymmetric heating in the at-
mosphere. This is why the coupling is added to the
nonzonal component of the atmospheric component.
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Thus, our toy model contains several important ingre-
dients of the coupled air-sea interactions, namely (a)
recognition of coexistence of a low-frequency-coupled
mode and high-frequency modes (primarily coming
from the atmosphere), (b) inclusion of appropriate
nonlinearity for the high-frequency modes, (¢) mod-
ulation of the climatic attractor for the high frequency
by the annually varying forcing, and (d) a physically
plausible coupling between the low- and the high-fre-
quency oscillations.

In our model, the unscaled values of the coefficients
aand b are a’ = 0.25 and b’ = 4.0. These values are
the same as those used by Lorenz. The Egs. (1)-(5)
are solved numerically using a fourth-order Taylor-
series scheme. Nondimensional value of the time step
i1s Az = 0.025, which corresponds to about three hours
for the case with C = 1.0. Two typical time series of X
for 10 years each are shown in Fig. 1, corresponding
to C = 0.5 and C = 1.0, respectively, without coupling
the nonlinear system with the linear oscillator (a = 0).
This figure shows the characteristic timescales repre-
sented by the low-order nonlinear system correspond-
ing to C = 0.5 and C = 1.0, respectively. We note that
C = 1.0 represents roughly synoptic oscillations with
typical periods between 15-20 days, while C = 0.5 rep-
resents roughly intraseasonal oscillations with typical
periods between three-four months. The nonlinear
high-frequency oscillations have two preferred regimes
of oscillations, one active regime (similar to the boreal
summer in the Tropics) with relatively lower-frequency
oscillations, and another weak regime (similar to the
boreal winter in the Tropics) with relatively higher-
frequency oscillations. This is somewhat similar to
summer to winter flip-flop in Brier’s or Nicholls’ mod-
els. However, the transition here is smooth and more
physical.

3. Results and discussions

Having recognized the primary existence of the LF
ENSO mode, the annual cycle, and the atmospheric
high-frequency oscillations, we demonstrate in this
section that the tropospheric QBO may not be a pri-
mary oscillation of the coupled system, but may arise
as a result of interactions between the LF ENSO mode
and the atmospheric high-frequency oscillations in the
presence of an annual cycle. To derive insight regarding
how this happens, we present a number of sensitivity
experiments with our toy model. For most of the ex-
periments discussed below, our model is integrated for
2'7 days or about 360 years. The data are saved once
a day. Some results were tested with 540-year runs,
and the power spectra presented here were found to be
stable. The power spectra presented for most of the
experiments described below are calculated using the
Blackman and Tukey (1958) method and described in
WMO (1966).

A word of explanation regarding the coupling con-
stants « and 3 used in our experiments is in order here.
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FI1G. 1. The series of uncoupled (o« = 0) X for 10 yr after an initial
period of 40 yr for (a) C = 0.5 and (b) C = 1.0.

As we recall, « may be interpreted as a factor relating
SST to atmospheric heating, while 8 may be thought
of as a factor relating surface wind stresses to SST. It
is well known that the dependence of atmospheric
convective heating on SST is a nonlinear one with a
threshold (about 26.5°C) below which convection
rarely occurs. Above this threshold, convection in-
creases slowly till about 27.5°C, above which it in-
creases dramatically with SST till about 29.5°C (Wal-
iser et al. 1993). Thus, the coupling is strong over the
warm pool region in the Indian Ocean and western
Pacific, while it may be weak over colder waters in the
eastern Pacific. The two values of « (0.1 and 0.125)
taken in some experiments are meant to represent such
strong and weak coupling conditions.

a. The base experiment

The nonlinear system ( 1 )-(3) has a chaotic attractor
for constant forcing F between 7.5 and 8.8. In order
that the annual cycle contain this range of forcing, the
annual cycle has been assumed as F' = F{ + F]
cos2wt/7y with Fy = 7.0 and F| = 2.0. The forcing
associated with the east-west heating contrast has been
taken as G’ = 1.0. In Fig. 2, we show power spectra of
P (one of the LF variables) for two coupling strengths.
In the absence of the coupling to the high-frequency
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FIG. 2. Power spectrum of P for the base experiment with C = 1.0
and with standard annual cycle (Fg = 7.0, Fg = 2.0). (a) « = 0.1 and
8 =0.15,(b) « = 0.125.

component, the LF has a pure four-year cycle. The
interaction with the atmosphere broadens the LF spec-
trum with two clear and significant peaks, one with a
period around four years and another with a period
around two years. Statistical significance tests (not
shown ) show that the peaks with a period around four
years, two years, and one year are significant at the 1%
level. Depending on the coupling strength, the ampli-
tude of the QBO could be comparable or even stronger
than the LFO (Rasmusson et al. 1990; Ropelewski et
al. 1992). This shows that the interaction between the
LF mode and the high-frequency oscillations can in-
deed introduce a QBO in the coupled system. This can
also be seen in the atmospheric variables. As in the
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real atmosphere, the raw spectrum of any variable (e.g.,
Y) is dominated by the annual cycle (Fig. 3a). How-
ever, if we construct monthly mean Y and remove the
annual cycle from it, the spectrum brings out the QBO
as the dominant peak (as is done for a Southern Os-
cillation index in real atmosphere). Figure 3b shows
the power spectrum of monthly mean Y after removing
the annual cycle. We also note from this figure that
the annual signal dominates the atmospheric oscilla-
tions, with the interannual oscillations having a much
smaller amplitude compared to the annual cycle (Fig.
3b), much like the real atmosphere.

The term P is a representative LF variable such as
SST or a five-month running mean of surface winds.
For the purpose of discussion on the origin of the QBO,
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FIG. 3. Power spectrum of (a) raw Y and (b) monthly mean Y after
removing the annual cycle (C = 1.0, @ = 0.125, and a = 0.15) with
standard annual cycle forcing as in Fig. 2.
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FIG. 4. Raw time series of P for 80 years (solid line) together with
biennial-filtered P (dashed line) (@ = 0.1, 8 = 0.15 and standard
annual cycle C = 1.0).

it may be sufficient for us to confine ourselves primarily
to this variable.

To have some idea of the relative importance of the
LF oscillation and the QBO with respect to the raw
time series, we examined the filtered time series for the
LF oscillation as well as for the QBO. For this purpose
we have used a second-order Butterworth filter similar
to the one used by Murakami (1979). For the LF os-
cillation, the filter has peak response at a period of 50
months and half response at periods of 60 and 41.5
months, respectively. For the QBO, the filter has a peak
response at a period of 25 months, while it has hailf
response at periods of 30 and 20 months, respectively.
In Fig. 4, we show the filtered QBO time series along
with the raw time series of P. Similarly in Fig. 5, we
show the filtered time series for the LFO and compare
it with that for the QBO. These two figures contain
many features of the observed QBO as discussed by
Rasmusson et al. (1990) and Ropelewski et al. (1992).
For example, the QBO amplitude is quite comparable
to the amplitude of the LFO. Moreover, many peaks
of the QBO coincide with peaks of the LFO. Also, many
of the peaks of the QBO coincide with peaks of the raw
time series. This illustrates that the QBO and the LFO
are closely linked, as described by Barnett (1991).

b. Role of the annual cycle

As mentioned in the introduction, the observed QBO
is strongly linked with the annual cycle. In our model
too, the annual cycle plays a crucial role in producing
the QBO. To illustrate this, we carried out an integra-
tion of the coupled system without an annual cycle in
the forcing for the high frequency (HF) component.
We fixed the forcing at the central value of the annual
cycle and set Fg = 8.0 and F; = 0.0. For this run, the
power spectrum of P is shown in Fig. 6. Although the
interaction with the HF component results in a weak
broadening of the LFO around the four-year period,
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FI1G. 5. Biennial-filtered P for 80 years (solid line) with LF-filtered
P (dashed line) (« = 0.1, 8 = 0.15, and standard annual cycle
C=1.0).

no response is generated around the two-year period.
Similarly, no two-year period is seen in the monthly
mean X spectrum (not shown). This clearly demon-
strates that the annual cycle plays a crucial role in the
generation of the QBO in the model-coupled system.

¢. Role of the LF oscillation

Does the LFO play an active role or a passive role
in generating the QBO? We show that the LFO indeed
plays an active role in generating the QBO. It does this
by modulating the forcing for the HF at the low fre-
quency. If we insist that the coupling between the LF
and HF is only one way so that the LF gets modified
by the HF (8 # 0), but the HF does not get affected
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FIG. 6. Role of the annual cycle forcing. Spectrum of Pfor C = 1.0,
a = 0.1, and 8 = 0.15, but for a constant forcing F; = 8.0 and F
=0.0.
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by the LF (a = 0), then the HF cannot introduce any
QBO signal in the LF component, even in the presence
of an annual cycle in the HF. This is shown in Fig. 7,
where the spectrum of P is shown for @ = 0 and 8
=0.15and F5= 7.0 and F; = 2.0. Thus, modulation
of the forcing for the HF by the LF seems to be essential
for a significant QBO response in the coupled system.
The annual cycle by itself is not sufficient, and an active
role by the LF in modulating the HF is necessary. This
is consistent with strong interactions between the an-
nual cycle, the QBO, and the LFO as found by Barnett
(1991).

d. Role of synoptic versus intraseasonal oscillations

For all the experiments discussed so far, we have
used C = 1.0. This corresponds to the characteristic
timescale for the HF component in the synoptic range.
We may ask whether the intraseasonal oscillations
could do the same. To answer this question, we carried
out a few experiments with C = 0.5. As mentioned in
the previous section and shown in Fig. 1, the charac-
teristic timescale of the HF oscillation in this case is a
few months (intraseasonal range); Fig. 8 shows the
power spectrum of P for C = 0.5, « = 0.125, and
= (.15, and with the standard annual cycle. It is seen
that although it broadens the LF peak somewhat more
than the case corresponding to C = 1.0, it produces
only a weak biennial component. Thus, it appears that
the intraseasonal oscillations are not efficient in pro-
ducing a QBO in coupled variables through interaction
with the LFO. However, if we examine the atmospheric
variables, there is a significant QBO in the atmospheric
field (Fig. 9). In Fig. 9a, we note that apart from the
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FIG. 7. Role of the LF modulation of the forcing for the atmospheric
oscillations. Spectrum of P for C = 1.0, a = 0.0, § = 0.15, and
standard annual cycle.
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annual peak, the QBO with a peak around 23 months
is the largest low-frequency peak. Figure 9b shows that
this peak is present even if the HF component is not
coupled to the LF component (« = 0). This means
that the nonlinear intraseasonal oscillations, modulated
by the annual cycle, can produce a QBO in a manner
similar to the one envisaged in the Brier and Nicholls
models.

In Fig. 10, we show the raw spectrum of Y in the
absence of either an annual cycle or an LF oscillation
for C = 1.0 and C = 0.5, respectively. It is noted that
the nonlinear interactions between the synoptic scales
or between the interseasonal waves themselves cannot
produce any significant LF response. If the dominant
atmospheric nonlinear oscillations are in the intersea-
sonal range, the annual cycle itself can generate a sig-
nificant QBO in the atmosphere (Fig. 9). On the other
hand, if the dominant atmospheric nonlinear oscilla-
tions are in the synoptic range, a significant QBO could
be obtained only if they have an annual forcing and
are coupled to an LF oscillation (see Fig. 6 and dis-
cussions on the previous subsection.) This and the re-
sults presented in the previous paragraph (Fig. 9) may
explain some observations as noted by Rasmusson et
al. (1990) and Ropelewski et al. (1992). They note
that the QBO in the SST field has the largest amplitude
in the eastern Pacific, while that in the zonal wind has
largest amplitude in the eastern Indian Ocean and
western Pacific (i.e., the warm pool). We recall that
the warm pool is also the region of the largest intra-
seasonal oscillations (ISO). Therefore, in the warm
pool region, the strong ISO in the atmosphere, inter-
acting with the annual cycle, produces a strong QBO
in the atmosphere and the coupling produces a weak
QBO in the ocean. On the other hand, in the eastern
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Pacific, there is hardly any ISO, and, hence, coupling
between the atmosphere and the ocean takes place
mainly through synoptic activity. This produces a weak
QBO in the atmosphere and a strong QBO in the ocean.

4. Conclusions

We propose that the tropospheric QBO is neither a
tropospheric manifestation of the stratospheric QBO,
nor is it a fundamental mode of oscillation of the trop-
ical coupled system. It is possible that it may arise due
to multiscale interaction between nonlinear synoptic
and intraseasonal atmospheric oscillations and a spec-
ified LF coupled mode in the presence of the annual
cycle. We demonstrate this using a conceptual model
of the coupled system. Our conceptual model consists
of a low-order system representing the nonlinear at-
mospheric HF and intraseasonal oscillations modu-
lated by an annual cycle forcing, which is coupled to

GOSWAMI

531

a linear oscillator with a four-year period representing
the coupled LF mode. The LF mode is considered as
a linear oscillator as the horizontal scale of this mode
is very large (6000-7000 km), and, hence, the advective
nonlinearities associated with this mode are weak.
Some important observed characteristics of the QBO,
such as the importance of the annual cycle and inter-
action with the ENSO cycle, are contained in the
model. Both the synoptic and the intraseasonal oscil-
lations of the atmosphere may take part in the inter-
action. If the intraseasonal oscillations are dominating,
the QBO in the atmosphere may be strong, while the
one in the ocean may be weak. On the other hand, if
the synoptic disturbances are dominating, the QBO in
the ocean is expected to be strong, while the one in the
atmosphere is expected to be weak. This seems to agree
well with the observation that the QBO in SST is strong
and that in zonal wind is weak in the eastern Pacific,
while the reverse is true in the eastern Indian Ocean
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FiG. 10. Uncoupled spectrum of Y (« = 0) with constant forcing
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532

and western Pacific where intraseasonal oscillations are
the strongest. It is shown that in the absence of the
annual cycle, QBO cannot be generated either in the
atmospheric fields or in the oceanic fields. Even with
the annual cycle, coupling of the HF to the LF oscil-
lations is essential to generate the QBO in the ocean.

The spectrum of interannual variability in the Trop-
ics (Rasmusson and Carpenter 1982) shows that the
ENSO mode with a period of about four years is the
dominant mode of oscillation. However, it is not a line
spectrum but it has a band of period around the dom-
inant periodicity. This broadband nature of the ENSO
makes it aperiodic and puts a limit on the predictability
of the system. Our simple model shows that the basic
four-year oscillation, generated by the coupled insta-
bility and wave dynamics, is modified through inter-
actions with the nonlinear HF atmospheric component
so that its spectrum is broadened (Fig. 2). Thus, not
only the QBO is generated through the interaction be-
tween the LFO and the HF oscillations, the aperiodicity
in the LFO is also introduced through the same inter-
actions. A detailed discussion on how the aperiodicity
of the ENSO could be generated is provided elsewhere
(Krishnamurthy et al. 1993).

Some insight as to how the coupling between the LF
and the HF nonlinear oscillations work may be ob-
tained from the following considerations. In the ab-
sence of the coupling, the LF is assumed to be a pure
linear oscillation with a period of four years. In the
absence of coupling (a = 0), the nonlinear system,
however, has a broad band of high frequencies but no
appreciable signal in the low frequencies (Fig. 10). To
the zeroeth order, we can imagine the coupling to the
nonlinear system as a time-dependent forcing for the
LF system. Since, the LF system is a [Eqgs. (5)-(6)]
linear-forced system, it can have appreciable response
only near the resonance around the four-year period.
If the nonlinear system does not have appreciable
power around this period (as in the case without annual
cycle, C = 1.0, F = 8.0, Fig. 10a), the coupling to the
nonlinear system does not modify the linear oscillator
(as in Fig. 6). Therefore, to produce the broadening
of the four year spectrum (i.e., aperiodicity in the LF
component) as well as a QB response in the coupled
variables (or the oceanic variables), the atmospheric
component must be capable of producing a low-fre-
quency tail in their spectrum.

How does the atmosphere generate a low-frequency
response? It does it through modulation of its forcing
by the annual cycle or by the LF through coupling.
How does periodic variation of forcing for the atmo-
sphere with a period of 1 yr or 4 yr generate responses
at all low frequencies? This was discussed by Lorenz
(1990) in detail. To understand how the slowly varying
forcing introduces. the low-frequency response, we need
to examine the nature of variations of the nonlinear
system ( 1)~(3) for different values of the steady forcing
(F; = 0). In Fig. 11a, we show some gross character-
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istics of the attractors (long-term mean and standard
deviation) of the system (1)—(3) for a range of values
of F. The two symbols represent attractors attained
from two different initial conditions. The system has
periodic attractors for F between 5.0 and 7.5. For F
between 7.5 and 8.8, the system has a chaotic attractor.
Beyond F = 8.8, again the system goes to a periodic
regime. We note that for F between 5.0 and 7.0, the
system has at least two periodic orbits, one with high
amplitude and low mean, while the other with low am-
plitude and higher mean. Within the chaotic regime
too, the system tends to have two preferred regimes,
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one with large amplitude oscillations (active regime)
and another with small amplitude oscillations (weak
regime). This is seen in Fig. 11b where the frequency
distribution of mean and standard deviation calculated
over three month segments over a period of 184 yr is
shown. The standard deviation shows the tendency for
two preferred locations.

With this background, we may try to understand the
response of the nonlinear system when the forcing
changes periodically. When the forcing varies annually
between two extremes, say between F = 9and F = 5,
the system reaches a chaotic attractor that consists of
a strong and a weak regime. The two regimes resemble
the orbits of the multiple periodic attractors of constant
forcings discussed earlier. Whether the system would
tend to visit the weak or the strong regime depends on
the previous history of states (or initial conditions, in
aloose manner) that may favor one or the other regime.
At many of these values of F, when they are held con-
stant, the system may possess multiple periodic attrac-
tors that depend on the initial conditions. But when
the forcing is varying because of chaos, the system
reaches a different state on the same day (or same value
of T') of every year. This difference determines the dif-
ference in the subsequent behavior of the system-
whether to visit the strong or the weak regime. This
essentially is why the annual cycle itself is capable of
introducing some interannual variability. Thus, the
mechanism of generation of low-frequency signals in
the nonlinear system in our model is similar to the one
discussed by Lorenz (1990).

The coupling of the atmosphere to the LFO may
also be considered as a slowly varying forcing for the
atmosphere. The only difference with the annual cycle
is that this slowly varying forcing, apart from having
a lower frequency, acts on the zonally asymmetric
component. This may be thought of as equivalent to
slowly varying the land-ocean contrast (G). Due to
the intransitivity of the nonlinear atmospheric oscil-
lations, such a slow variation in G also produces a broad
low-frequency response in the atmosphere. The phys-
ical mechanism for generation of such low-frequency
response is exactly similar to the one described above
for the annual variation of the forcing.

Finally, we note that the major contribution of our
work is to illustrate the role of the MJO-type intrasea-
sonal oscillations in generating the QBO through in-
teraction with the seasonal cycle and the LFO. As noted
earlier, both the Meehl mechanism, as well as, to a
lesser extent, the Brier and Nicholls mechanisms, in-
volve strong ocean-atmosphere coupling at one time
of the year to “set” the system for the next year of the
opposite sign. The physical processes involved in this
modulation of the seasonal cycle were not clearly en-
visaged in these studies. Recognizing the fact that the
MJO modulates the seasonal convective activity, we
have involved the intraseasonal oscillations explicitly
in the interactions. Thus, the mechanism proposed here
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is built upon some basic ideas provided in earlier studies
of Brier, Nicholls, and Meehl but provides further in-
sight into how the annual cycle may help produce the
QBO. Moreover, the results of Barnett (1991 ) are con-
sistent with the proposed mechanism, as the nonlinear
interactions of the annual cycle with itself are not es-
sential for producing the QBO in our mechanism. In
this manner, our study also helps tie up these previous
studies.

Thus, an external forcing with a quasi-biennial pe-
riod or an association with the stratospheric QBO may
not be necessary to explain the observed tropospheric
QBO. Generation of low-frequency response due to
the annual cycle and its amplification by the coupling
to the LF oscillation (or the ocean) could explain the
observed tropospheric QBO signal. We would, how-
ever, like to add here that these results from our simple
conceptual model are only suggestive of the physical
processes at work in the observed system. These results
need to be verified with more complex GCMs and with
observations.
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