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ABSTRACT

A zomal-vertical two—dimensional equatorial model is used to study the possibility that the lomg period
ascillation of the zonal mean flow occorring in the lower equatorial phere (QBO) is d by local thormai ac-
tivities at the tropical tropopruse. The model successfully reproduces QBO—like oscillations of the zonal mean flow,
suggesting that the local heating or cooling at the tropical tropopause is probably the main reason of QBO's gouera-
tion. The analyxis of the dependence of the oscillation on the wave forcing indicates that the oscillation is not sensible
to the forcing scale. The model can reproduce BO—like oscillations with any forcing scale if the forcing period and
amplitode take appropriate values, proving that the internal gravity waves gemerated by local thermai source take
much important roles in QBO. '
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I INTRODUCTION

The quasi—biennial oscillation{(QBO) is a phenomenon that the zonal mean flow alter-
nates with easterlies and westerlies in the lower equatorial stratosphere at the averaged period
of about 30'months (Reed et al., 1961; Veryard and Ebdon, 1961). Holton and Lindzen (1972)
successfully simulated it by a one—dimensional model and explained its generation through
wave—flow interaction mechanisms, On this basis, Dunkerton(1981a,b) and Tanaka et al.
(1985, 1987) analyzed QBO further under the assumptions of wave saturation and
self—acceleration. Two—dimensional models in the meridional plane were performed by
Plumb and Bell (1982) and Dunkerton (1985). Later on Takahashi (1987), Takahashi and
Boville (1992) applied two— and three—dimensional general circulation models to give more
realistic elucidation of QBO, respectively. However, these models have only focused on the
characteristics of Kelvin and mixed Rossby—gravity waves by using WKB approximation to
estimate the mean flow acceleration and the phase speed of the two waves or assuming that
they were steadily excited at the bottom boundary of the models.

In fact, most of the waves found in the tropical area are generated by local sources be-
cause global—scale sources of steady waves have not been found so far in the tropical strato-
sphere and troposphere. The equatorial troposphere is characterized by active cuzaulus con-
vection, especially the area of Indonesia Archipiclago where tall cloud clusters frequently ap-
pear, sometimes penetrate the tropopause transporting tropospheric air into stratosphere and
affect the stratospheric flow(Newell and Gould-Stewart, 1981; Hess et al., 1993). The
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equatorial Kelvin and mixed Rossby—gravity waves must be originated by such activities
(Holton, 1972). Although the waves generated in the tropical troposphere do not contain
much energy compared with the tropical weather disturbances, they dominate the wave activi-
ties in the equatorial stratosphere through their vertical energy and momentum transport.

The motivation of this study comes from the fact that the tropopause temperature over
Indonesia shows approximately 15—20 day periodical variation (Tsuda et al., 1993). Holton
(1972) suggested that oscillations of narrow longitudinal diabatic heat source could generate
the global-scale waves observed in the equatorial stratosphere. Takahashi (1993) proved the
possibility that internal gravity waves in the lower stratosphere are generated initially by
convective activities in the troposphere. Therefore, we set up a zonal—vertical
two—dimensional model to study the features of the zonal mean flow if there is a local thermal
wave source at the bottom boundary of the model.

1II. MODEL DESCRIPTION

In the log—pressure coordinate for vertical direction defined as z = — Hln(p / p,), where
H(=17 km) is the constant mean scale height and p, is the surface pressure, if the latitude is
assumed to be zero, the horizontal momentum equation, the thermodynamic equation, the
continuity equation, and the hydrostatic approximation can be expressed, respectively, as fol-
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where u(x, z, £) and w(x, z, 1) are the total zonal velocity and vertical “velocity” (=dz / dr),
T(x, z, t) is the temperature deviation from the basic state temperature T, (z), ®{x, z, 1) is the
geopotential deviation from the basic state geopotential ®,(z), v, and v, are the horizontal
and vertical eddy viscosity coefficients and take 300 m’s™ and 0.3 m’s™", X, and K, arc the
horizontal and vertical eddy thermal conductivity coefficients and take 300 m’s' and 0.3

%5™, respectively, R is the gas constant for dry air, x is the ratio of gas constant to specific
heat at constant pressure (=R /¢, ), N is the bucyancy frequency, and « is the Newtonian
cooling coefficient which takes the same value as Holton and Lindzen (1972).

With respect to the zonat—vertical plane along the equator in the lower equatorial strato-
sphere, the simulation region is from 16 km to 35 km vertically with the increments of 500 m.
The horizontal scale is 40000 km with the increments of 500 km. And the lateral boundary
conditions are cyclic in zonal direction. The top boundary conditions are

du 0B _
E—E—w—o. (5)

The bottom boundary conditions for geopotential, zonal and vertical velocities are
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The local teraperature oscillation at the bottom boundary is the source of the internal gravity
waves and is formulated as
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where 7, L, and P, are the forcing amplitude, scale and period, respectively, and x, is the
center of the forcing region and equals 20000 km. This Jocal temperature oscillation at the
bottom excites eastward— and westward—propagating internal gravity waves with the same
frequencies but different wavenumbers, Such a mechanism is similar to-the experiment per-
formed by Plumb and McEwan (1978) but it has only one *segment” rather than 16 segments
at the bottom.

Because the problem is completely symmetric about the forcing center x,, the zonal
mean flow will not be generated unless there is some initial bias. We apply

2= {30(: 16 km)/ 14 km ms~' 16 km<z<30 km

(8a)
W km<z<35 km

and

w=T=0=0 : (8b)
as the initial conditions.

The numetical model is based on the staggered scheme described by Pielke (1974). Equa-
tions (1) and (2) are integrated simultaneously by Runge—Kutta method, and then w and
@ are calculated from (3) and (4), respectively. The time step of the integration is 15 minutes.

Ii. FUNDAMENTAL FEATURES GF THE ZONAL MEAN FLOW

Changing the forcing amplitude T, scale L, and period P, we may obtain quite differ-
ent results of zonal flow oscillations, or even fail to get periodical variations of the zonal flow.

TIME(days)
Fig. 1. Time—height cross section of 15—day sveraged zoaal meas flow from Day 360 to Day
2160. Contour intervals are 10 ms™. Regions of westerly (W) and essterly {E) are drawn by thin
solid curves and dash curves, rexpectively.
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In order to detect the possibility that the long period oscillation occurring in the low equator-
ial stratosphere is caused by local thermal activities at the tropical tropopause, first of all we
use 15 K, 10000 km and 15 days for the forcing amplitude, scale and period in the present
case. The dependence of the zonal mean flow oscillation on the forcing will be discussed in
Section V.
The simulation is carried out for 2160 days. Fig. | shows the time—height cross section of .
~ the 15—day averaged zonal mean flow after 360—day adjustment calculation. The main fea-
ture of the mean flow is that easterly and westerly wind regimes alternate regularly with a
constant steady period of about 900 days (30 moenths). The successive regimes first appear
from the top boundary and descend at the speed of 1 km per month. The maximum of the
wind speeds, 35 ms™', appears at 23 km whatever in easterly and westerly regions. All of these
features relate to the wave activities. However in this paper, we focus on discussing the rela-
tionship between the zonal mean flow oscillation and the forcing. The wave properties will be
examined precisely in another paper. This result proves that the zonal mean flow has periodi-
cal variations of westerly and easterly if there is a proper local thermal oscillation at the bot-
tom.

IV. INTERNAL GRAVITY WAVES INDUCED BY THE FORCING

The dependence of the zonal mean flow oscillation on the forcing is explained on the ba-
sis of forcing waves, which can be examined from (7). Through Fourier transform, (7) is
changed to another form as
. 1 f 2mt c . 2me 2k(x — x,)
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n=L/L,is the total horizontal scale of the domain (=40000 km) and kis the
non—dimensional zonal wavenumber. From (9), the generated internal gravity waves are
symmetric about the forcing center (x, = 20000 km) and propagate eastward and westward at
the same phase speed if the waves have the same wavenumbers. And also the phase speeds of
the forced waves whose zonal wavenumber are 1, 2, 3 and 4 are approximately 31, 15, 10 and
7.5 ms™', respectively, if we assume the periods to be 15 days which, at least, is reasonable
immediately after the waves are excited by the forcing, For the convenience of following dis-
cussion, the wave power corresponding to wavenumbers is shown in Fig. 2 for different forc-
ing scales. The waves which have the main power are those whose zonal wavenumbers are less
than 5. Short waves are relatively weaker. As a result, the vertical momentum flux is likely to
- be controlled by longer waves.

V. DEPENDENCE OF THE OSCILLATION ON THE FORCING

1. On the forcing period

. In order to detect the sensibility of the oscillation of the zonal mean flow to the forcing
period, the forcing amplitude and scale are fixed at 15 K and 5000 km, mespectively, and the
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Fig. 2. Wave powet (weighted by k) of the forced waves for different scales when the forcing
amplitude and period are [5 K and 15 days.

period takes 3.75, 7.5, 10, 15, 17.5 and 20 days to make six experiments. When the forcing pe-
riod is 20 days, the mode] failed to get a GBO—like oscillation of the zonal mean flow. The re-
sults of the other five experiments are shown in Fig.3. The oscillation periods are between 30
and 40 months except the case whose forcing period is 3.75 days.

The zonal wavenumber of the predominant internal gravity waves generated by the forc-
ing are 1, 2, 3 and 4. The shorter scale forced waves can be ignored in momentum transport.
The phase speeds of the forced waves are illustrated in Fig.4 for different forcing periods. The
waves can easily deposit their momentum into the zonal mean flow if their Doppler—shifted
speeds are small (Dunkerton, 1981a). When the forcing period is 3.75 days, the maximum
wind speed of the zonal mean flow is about 22 ms™". The phase speeds of the four predomi-
nant waves are larger than 31 ms™ so that the waves hardly transfer their momentum into the
zonal mean flow. On the other hand, the waves with zonal wavenumbers 2 and 3 play impor-
tant roles in the wave—flow interaction when the forcing period is 7.5 days. Therefore,
7.5—day forcing is more effective to produce faster zonal mean flow oscillation than 3.75—day
forcing. The oscillation features of 10—, 15— and 17.5-day forcing cases are not difficult to be
explained in the same way. The reason that 20—day—forcing—period case failed to get a
QBO-like oscillation seems to be the phase speeds of the forced waves are too small to
interact with the zonal flow at appropriate levels to deposit sufficient momentum into the
zonal flow if the periods of the forced waves are too long. It is not difficult to prove the largest
phase speed of the forced waves is about 21 ms™ if the forcing period is larger than 20 days.

2. On the forcing scale

Seven experiments in which the forcing scales are 1000, 3000, 5000, 10000, 20000 and
40000 km, respectively, with the forcing periods and amplitudes equal to 15 days and 15 K,
have been employed to examine the dependence of the zonal mean flow oscillation on the
forcing scale. The periods and amplitudes of zonal mean flow oscillations of the simulation
results are illustrated in Fig.5. '
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Fig. 4. Phase speods of the forced waves for different forcing scale.

The figure shows a very peculiar but interesting feature. The zona! mean flow has a very
slow oscillation when the forcing scale is 1000 km. When the scale is in the range from 3000 to
20000 km, all periods of the zonal mean flow oscillation are near 30 months. When the forc-
ing scale is larger than 30000 ki, the oscillation again becomes slow. Such a feature can be al-
so explained through the interactions between the forced waves and zonal mean flow. We
chose two cases, whose forcing scales are 1000 km and 3000 km as examples to explain this
feature. The amplitudes of the zonal mean flow oscillations of the two cases are 15 ms™' and
31 ms ™', As a result, the most available forced waves which can interact with the zonal mean
flow in the two cases are those whose zonal wavenumbers are between 2 and 5 and between 1
and 4, respectively(refer to Fig.4). The wave power shown in Fig.2 reveals that the waves
whose zonal wavenumbers are between 2 and 5 in the first case are much weaker than the
waves whose zonal wavenumbers are between 1 and 4 in the second case. Hence the
acceleration of casterlies or westerlies caused by the wave—flow interactions in the first case is




No.2 Zhang Daizhou and Qin Yu 251

OSCILLATION PERIOD {moaths)
=

1 1 L 1.
1000 3000 5000 10000 20000 30000 40000

29l - I 1

FORCING SCALE {kw)

Fig. 5. Oxcillation periods and amplitudes of the zonal mean flow for different forcing scales when
the forcing period and amplitude are 15 days and 15 K, respectively,

smaller than that in the second case. Therefore, the oscillation of the second case is faster than
the first case. It is noticed that the scale of 1000 kun is the smallest forcing scale because the
horizontal grid increment of this model is 500 km. We have ever conducted some other exper-
iments with different forcing periods and amplitudes when the forcing scale is fixed at 1000
km and found that, with appropriate forcing amplitude, the model could reproduce
QBO-like oscillations if the forcing period lain between 3 and 17.5 days. Upon this result, it
may be concluded that, with appropriate forcing amplitude and period, any scale forcing at
the equatorial tropopause can cause QBO—like oscillation of the zonal flow in the lower strat-
osphere. 1t is very important because there are a lot of local sources of internal gravity waves
in the equatorial tropopause but their scales are different.(Tsuda et al., 1993).

3. On the forcing amplitude

In order to detect the sensitivity of the zonal mean flow oscillation to the forcing
amplitude, we apply 10, 12.5, 15 and 20 K as T and keep the forcing period and scale as 15
days and 5000 km, respectively, to make four experiments. The periods and amplitudes of the
zonal mean flow oscillations of the four experiments are illustrated in Fig.6.

Corresponding to the four forcing amplitudes, the periods of the zonal mean flow
oscillations are about 76, 45, 30 and 17 months with their amplitudes equal to 20, 29, 35 and
43 ms™', respectively. The oscillation becomes faster and more intensive as the forcing
amplitude increases. It is reasonable. One—dimensional mode! has proved that the osciflation
becomes faster and intensive if the vertical momentum flux becomes larger (Dunkerton,
1981a). In this mods!, the vertical momentum flux is dominated by the amplitade of thefore-
ing, The zonal and time averaged vertical momentum fluxes in some periods are calevlated
and shown in Fig. 7. 1t is clear that the vertical momentum flux is larger if the forcing
amplitude is larger.

¥I. CONCLUDING REMARKS

In this paper, a zonal—vertical two—dimensional model is used to study the possibility
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Fig. 6. Oscillation periods and amplitedes of the zonal mean flow for different forcing amplitudes
when the forcing period and scale are 15 days and 5000 km, respectively.
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Fig. 7. Vertical profiles of zonal- amd time—averaged vertical momentum fuxes during the
one—fourth of one period of the zonal mean flow oscillation when the zonal mean flow changes
from easterly to westerly. Air density takes the values of standard stmosphore from Roy (1965).

that QBO is caused by local thermal activities at the equatorial tropopause. Although the
‘waves source, which is a narrow longitudinal tempesrature oscillation, only generates internal
gravity waves, the model successfully reproduces QBO—like oscillations of the zonal mean
flow if the forcing period, scale and amplitude take appropriate values, This result also proves
that the Rossby waves are not important in the QBQ’s generation, which is consistent with
the results of Takahashi and Holton (1991).

The dependence of the oxcillation on the forcing period shows that the periods of the
forced waves must be less than 17.5 days. Otherwise the forced waves can not excite
QBO-like oscillations of the zonal mean flow. The analysis of the sensibility of the oscillation
to the forcing scale proves that, with appropriate forcing amplitude and period, the model al-
ways reproduces QBO-like oscillations with any forcing scale. This result suggests that the
local thermal activities at the tropical tropopause can imduce the long period zonal flow




B ettt At bt S . X RN

No.2 Zhang Daizhou and Qin Yu 253

oscillations occurring in the lower equatorial stratosphere.

This paper attempts to explote the possibility that QBO is induced by local thetmal activ-
ities at the tropical tropopause. The whole work has been centered on the premise that both
the zonal flow and wave propertics must be coherently elucidated. Although the results are
very encouraging, we can not give the conclusion that QBO is generated directly by local
thermal activities, One reason is that the model is a zonal—vertical model and does not include
wave energy dispersion in Jatitudinal directions. Another reason is that there is not only one
thermal local wave source, but also many other local thermal sources, which depends on the
weather, and terrain wave sources in the tropical troposphere. Although Takahashi (1993)
used a zonal—vertical two—dimensional primitive model including tropical stratosphere and
troposphere, made some simulations, the zonal flow features in the stratosphere are far from
the observational results. Three—dimensional models including both tropical troposphere and
stratosphere, and especially the detail works on wave propagation and wave—flow
interactions are needed.
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