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ABSTRACT

The vertical and horizontal propagation of internal gravity waves forced by a local thermal source at the lower
boundary is examined using the irrolational two—dimensional model developed by Zhang et al. (1995). The source
penerates waves with the same absolate frequency 1./ 15 4! but differsnt wavenumber. Internal gravity waves with
wide spreading froquencics and wavenumbers appear due to wave—wave interactions. The foreced waves 1W (west-
ward—propagating with wavenumber 1) and 1E (eastward—propagating with wavenumber ), whose absolute phase
speeds are 31 m 57!, are predominant. Other forced waves with smaller phase speeds are relatively weaker. These
waves interact with the zonal mean flow, causing the flow to alternate with easterly and westerly with a 32—month pe-
riod. The absolute maximum wind speeds of easterly and westerly are 35 m s~ which is larger than the largest phase
speed of forced waves. The forced waves 1E and IW may accelerate casterly and westerly up to + 31 m st
respectively. The excessive acoelerations are due to the sclf—acceleration of waves 1E and W or newly generated high
frequency waves 1 E and 1W.

The horizontal propagation of the waves are mainly affected by the forcing and wave—flow interactions which
lead to fast—slow variations of wave phasc speed and amplitude.
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L INTRODUCTION

On the basis of wave—flow interaction theory, many numerical models have been devel-
oped to study the long period oscillations (QBO) of zonal mean flow occurring in the lower
equatorial stratosphere. The key factors in the theory are the two equatorial waves, Kelvin
wave and mixed Rossby—gravity wave, and their interaction with zonal mean flow (Holton
and Lindzen, 1972). However, most of the previous numerical models have only focused on
the characteristics of the two waves by use of WKB approximation to estimate the mean flow
acceleration and wave phase speeds (Plumb, 1977; Plumb and Bell, 1982; Dunkerton, 1981a,
1981b, 1985; Tanaka and Yoshizawa, 1985, 1987) or the assumption that the two waves were
steadily excited at the bottom boundary (Takahashi, 1987; Takahashi and Boville, 1992).

In fact, most of the waves found in the equatorial stratosphere must be generated by lo-
cal sources because steady global—scale sources have not been found so far in the tropical
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stratosphere and troposphere. The tropopause temperature over Indonesia shows an
approximately 15-20 day periodical variation (Tsuda et al.,, [993) and the possibility that
QBO is induced by local thermal activities has been proved by Zhang et al. (1995).
Simulations with WKB assumption proposed that waves would be self—accelerated during
their vertical propagation if they interacted with zonal mean flow (Tanaka and Yoshizawa,
1987). But there is no elucidation of such features when WKB approximation is not included.

In the present study, time—longitude Fourier transform is applied to analyze the devia-
tions of zonal wind in order to clarify the behaviors of internal gravity waves during QBO's
generation. The numerical model, including boundary and initial conditions, is the same as
that described by Zhang et al. (1995). And the simulation case with 15K forcing amplitude,
5000 km forcing scale and 15 d forcing period is employed.

II. FEATURES OF ZONAL MEAN FLOW

The simulation is carried out for 2160 days. Fig. | shows the time—height cross section of
15—d averaged zonal mean flow after 360—d adjustment calculation. The main feature is that
easterly and westerly wind regimes alternate regularly with a constant sieady period of about
960 d {32 months). The successive regimes first appear from top boundary and descend at a
rate of 1 km per month. The absolute maximum of wind speeds, 35 m s ~!, appears at 24 km
whatever in easterly and westerly. These features are similar to QBQ occurring in the lower
equatorial stratosphere. From the analysis of wave source, the forced waves 1W and LE have
the largest phase speeds and the absolute values are 31 m s”' (Zhang et al. 1995). Therefore,
the maximum of zonal mean flow is 4 m s ' larger than the largest phase speed of forced
waves. Such features suggest that waves with larger phase speeds appear (Dunkerton, 1981a).

III. WAVE PROPERTIES

Applying Fourier transform, it is found that the forcing generates only the waves with
frequencies of —1 /15 d” and 1./15 d”' and the forced waves with the same wavenumbers
propagate eastward and westward symmetrically, The power of the forced waves, line C
shown in Fig. 2 of Zhang et al. {1995), indicated that longer waves with wavenumbers smaller
than 4 dominated wave properties. But the latter seems to be much more complicated than
that described by WKB theory during the generation of easterly and westerly. In this section,
we detect the properties of waves 1W, 2W, 1E and 2E, Because the forcing is symmetric to the
forcing center and the patterns of easterly and westerly regimes of the zonal mean flow are
almost the same (Fig. 1), we examine the wave properties only during the peried from day 630
to day 720 when the zonal mean flow is dominated by easterly. The wave properties during
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Fig. |. Time—height cross section of 15—d averaged zonal mean flow after 360—d adjustment calcu-

lation. Contour intervals are 5 m s™'. Regimes of westerly (W) and easterly (E) arc drawn by thin

solid curves and dashed curves, respectively.
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the opposite episode when the zonal mean flow is dominated by westerly can be imagined up-
on the features from day 630 to day 720. The analysis data are sampled once a day. The 1-d
time increment of the data results in a Nyquist frequency of 0.5 d™' which is precise encugh to
determine the wave features in the present study.

1. Power Spectrum Analysis

Here, the wave properties are examined through frequency—wavenumber power specira
of the internal gravity waves. The power spectra are calculated at four levels of 18, 22, 26 and
30 km, respectively, and shown in Fig. 2.

The power specira at 18 km show that waves with forcing frequency are predominant.
Both eastward— and westward—propagating waves, even the waves with large wavenumbers,
are aclive and approximately symmetrical. New waves with their frequencies rather than
1/ 15 or —1 /15 d™" appear at this level, proving that wave—wave interactions occur. With
the vertical propagation, westward—propagaling waves are severely damped, which can be
found from the spectra at 22 km. Almost all the westward—propagating waves disappear at 22
km except for wave | W, suggesting that the critical levels for these waves exist between 18 and
22 km. The eastward—propagating waves do not have obvious variations below 26 km. Force
waves propagale through the easterly regime and generate new waves. However, they are
damped rapidly due to flow absorption after entering into the westerly regime.

It must be noted that newly generated high frequency waves with wavenumber 1 are
found in both propagating directions at all levels. These waves pass through easterly or west-
erly regime because of their large phase speeds and probably contribute to the acceleration of
zonal mean flow at middle levels.
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Fig. 2. Frequency—wavenumber power spectra of the zonal wind deviations for the time period
from day 630 to day 720. Contours are spaced logarithmically from 001 to 10 with four contours
per dekad.
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2. Zonal Wind Perturbation

A great deal of information about wave behaviors are obtained by analyzing the zonal
wind deviations caused by individual waves, Fig. 3 shows zonal—vertical cross sections of the
components of waves 1W, 1E and 2E on day 675, when the zonal mean flow is easterly below
28 km and westerly above 28 km, and the maximum wind velocity of easterly is —35 m s~ at
24 km (Fig. 1).

The component of wave 1W is considerably trapped below 20 km but its amplitude in-
creases slightly being accompanied by the expansion of vertical wavelength between 20 and 24
km. Tis critical level is at 28 km, above which its residual part propagates up to the top level.
The damping of the waves suggests that wave—flow interactions occur. But the behaviors of
wave 1W near 24 km seem to conflict with the wave—flow interaction theory that
westward—propagaling waves should be damped in easterly regime (Holton and Lindzen,
1972). In fact, between 22 and 26 km as shown in Fig. 2, the component of wave 1W forced
by the source is weaker than that caused by newly generated wave 1W with the phase speed
about —62 m s~". Because the magimum of easterly —35 m s~ the newly generated wave 1W is
not effectively damped by zonal mean flow. In other words, the component of wave |W near
24 km is probably dominated by the newly generated wave I'W of higher frequencies.

Wave 2W is originally weak and damped severely below 20 km because of its small phase
speed. [ts critical level appears at 21.5 km. On the contrary, waves 1E and 2E easily pass
through the easterly regime propagating upward, accompanied by amplitude growth. As they
approach to the transition level of zonal mean flow from easterly to westerly, their amplitudes
increase and vertical wavelengths decrease rapidly. After they enter into the westerly regime,
their amplitudes decrease rapidly due to the absorption of zonal mean flow.
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Fig. 3. Zonal—vertical cross sections of the zonal wind deviations from zonal mean wind cause by
waves 1W, 2W. 1E and 2E on day 675. Positive values are drawn by thin solid curves and negative
values are drawn by dashed curves. Contour intervals are 1 m s™' for waves IW and 2W and
2m s~ for waves 1E and 2E.
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3. Phase Speed. Amplitude and Group Velocity

In order to detect precisely the vertical propagation features, the phase speeds amplitudes
and group velocities of waves 1E, 2E, 1W and 2W are calculated using the method suggested
by Takahashi (1987). Fig. 4 shows the vertical profiles of the phase speeds and amplitudes of
the four waves on day 675 together with the vertical distribution of the zonal mean flow. It is
assumed that the wave disappears if its apmlitude is smaller than 0.1 ms™".

The two eastward waves 1E and 2E, do not change very much under 25 km. Above 25
km they are accelerated, especially in the westerly regime. However, waves 1W and 2W
interact with the zonal mean flow mainly in the easterly regime, leading to the acceleration of
themselves. Between 20 and 24 km, the phase speed of wave 1W, averaged —60 m s, is con-
siderably different from its initial values of —31 m s™'. Wave 2W is completely trapped below
21 km. Therefore, the maximum wind speed of easterly, —35 m 57", must be due to the appear-
ance of wave 1W with larger phase speed. Unfortunately, it is impossible to divide wave 1W
into self—accelerated part and newly generated part. Nevertheless, it is reasonable to conclude
that the maximum wind velecities of easterly are determined by wave LW and the values of
-35m s are due to the larger phase speeds of the self-accelerated or newly generated wave
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Fig. 4. Vertical profiles of the phase speeds {thin solid carves), and amplitudes (dashed curves) of
waves 1E(a), 2E{b), IW(c) and 2W{(d) on day &75. The zonal mean flow on the day is illustrated in
the four panels by dots {westeard) and cross (castward) with the scale from —50 to 50 m 5™,
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Fig. 5. Vertical profiles of the group velocity of wave 1W (thin solid curve) and the zopal mean
flow on day 675 (dashed curve),

1W. Further evidence is given by the vertical profile of the group velocity of wave 1W on day
675, shown in Fig. 5 together with the zonal mean flow. Small group velocity corresponds to
the strong easterly. Similarly, the self—accelerated or newly generated wave 1E is the reason
why the maximum wind velocity of westerly is 35 m s™".

4. Horizonal Propagation

The horizontal propagation features are examined at 18 km level where the four waves
are strong enough to be calculated. Time variations of the phase, phase speed and amplitude
of waves 1W and 2W from day 660 to day 750 are shown in Fig. 6. The reference point of
Fourier transform is chosen at the center of the forcing.

The variation of the phase speed indicates that wave 1W is accelerated or decelerated
around —30 m s~! with a period of 15 d during its horizontal propagation. Its amplitude also
has a 15—d period variation. The variations of phase speed, amplitude and phase of wave 2W
at 18 km are different from wave | W. Wave 2W has a noticeable second amplitude peak every
15 days, proving that the horizontal propagation is affected by wave—flow interactions. Its
phase speed oscillation has two main peaks and a third peak every 15 days, represented by 1,
2 and 3 in the figure, respectively. Peak 1 is likely to be associated with the forcing because it
coincides with the positive amplitude increase of the forcing. Peak 2 scems to be controlied by
wave—flow interaction because it is inversely proportional io the second peak of the
amplitude. Peak 3 might be the residual part of the wave which has propagated more than one
circle of the domain. Direct evidence can be got by comparing the behaviors of wave 2W with
wave 2E which does not have peak 2 during this period (figure omitted).

IV DISCUSSION

As reported above, because of wave—wave interactions, new waves with different fre-
quencies from the forced waves appear. These waves interact with zonal flow, causing it to os-
cillate like QBO and the waves are accelerated through the interaction.
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Fig. 6. Time variation of phase speeds {thin solid curves), amplitudes (dashed curves) and phase
(dots, representing the phase change from 0 to 2n) of waves 1W and 2W at 18 km from day 660 1o
day 750.

1. Wave—wave Interaction

If there are two waves which are sin{k, x — w; ¢) and sin(k, x — w, ¢), their interaction
means (Craik, 1984),

sin(k | x — w, t)sin(k; x — w4 ). (1
As a result, this interaction generates two new waves:

cos[(k, +kydx —(w, + oy )] 2)
and

cos[{k; —ky)x —{o; —wy H] 3

If the two interacting waves have different amplitudes, the two newly generated waves have
different phases in () and (3) but the same wavenumbers and frequencies. The two new waves
(2) and (3), once formed, will interact with each other and the pre—existing waves. From the
analysis of Zhang et al. (1995), initially there are no other waves besides the forced waves
which have the same frequencies and different wavenumbers, Therefore, the frequencies and
wavenumbers of newly generated waves must be the sum or subtraction of the forced waves.
It is impossible to divide the forced waves and newly generated waves in terms of wavenumb-
er. Because the forcing has an unique frequency, 1/ 15 d”', the newly generated waves must
have the frequencies which are integer times of the forcing frequency. Fig. 2 shows clearly that
the frequencies of the newly generated waves are £/ 15d7(n=0,1,2,3,4,+*).
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2. Wave—-self Acceleration

Based on wave dynamics under a slowly varying assumption, the phase velocity obeys
the following equation (Tanaka and Yoshizawa, 1985):

Z 4w L =2 )

where ¢ is the phase velocity, W, is the vertical component of the group velocity, u is the zon-
al mean flow, and the horizontal wavenumber &k is assumed to be constant. Therefore,
wave—self acceleration has close relations with the variation of zonal mean flow and should
be never ignored as a basic mechanical process in wave—flow interaction. As reported by
Tanaka and Yoshizawa (1985), due to such acceleration, easterly wind speeds would exceed
the initial values of westward—propagating wave phase velocity and westerly wind speeds
would exceed the initial values of eastward—propagating wave phase velocity, which is consis-
tent with the present simulation results. The forced waves 1W and 1E have the largest phase
velocities and the absolute values are 31 m s~* but the absolute maximum wind speeds of zon-
al mean flow are 35m s~

In Fig. 4, there is another phenomenon. Waves 1E and 2E are considerably accelerated
between 25 km and 28 km where is easterly region, which is inconsistent with WKB theory. It
seems that such vertical distributions of the phase velocities are related to the decrease of zon-
al mean flow because the accelerations of waves 1E and 2E occcur mainly in the
easterly—~to—westerly transition region. When « approaches the phase speed ¢, the vertical
component of group velocity can be demonstrated by (Dunkerton, 1981a)

k
W, =5 e—, @)
where N is the buoyancy frequency. Substituting {5) into (4), we get

éc _N& )
=k 51‘((;—17)' . (®)

Above 25 km, easterly flow rapidly decreases, which leads to
c—u " +0 0

for eastward—propagating waves. Therefore, phase velocities of eastward—propagating waves
begin to increase with height above 25 km, even in the easterly region.

V. SUMMARY

The two—dimensional model successfully reproduces the long period oscillation of zonal
mean flow as expected by WKB theory. However, the present studies reveal that the wave
properlies are much more complicated than that described by WKB theory. The maximum of
zonal mean wind velocity is 35 m s, larger than the largest phase speed of the forced waves,
N ms™

Wave analysis shows that the internal gravity waves interact with not only zonal mean
flow but also themselves to produce a great deal of new waves. Wave—flow interactions lead
to wave self—-acceleration. The forced waves 1E and 1'W may accelerate westerly and easterly
o 31 ms™!, respectively. The self—accelerated or newly generated waves 1E and 1'W further
accelerate the zonal mean flow up to £33 ms™". Roles of other waves can be omitted.
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The internal gravity waves propagate horizontally with oscillations of phase speed and
amplitude. It is convinced that such oscillations are mainly affected by wave—fiow
interactions and the wave source. But the mechanism is still unclear.

Many results reported here have never been mentioned by previous works. The wave
properties and their mechanisms cannot be demonstrated simply by WKB theory. It is not
sure that the nonlinear wave—wave interactions and wave self—accelerations would occur in
the real equatorial stratosphere. However, if the internal gravity waves are important for
QBO, the present results prove that roles of wave—wave interactions and wave
self-accelerations cannot be omitted in either theoretical or numerical studies.
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