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Abstract

Temperature and horizontal wind fluctuations with periods shorter than 3 days in the equatorial lower
stratosphere are examined by using data from routine rawinsonde observations at Singapore (1N, 104E)
during 1978-1993. Internal wave-like structures having a period of about 2 days and a short vertical
wavelength of 5 km are occasionally observed both in temperature and wind fluctuations. The result of
power spectral analysis indicates that short-period fluctuations have significant energy, separated from
Kelvin waves and mixed Rossby-gravity waves.

Long-term variations of the spectral characteristics are investigated in relation to the quasi-biennial
oscillation (QBO). Zonal wind and temperature variances due to the short-period fluctuations are generally
large and particularly enhanced in the QBO phase when the direction of mean wind changes from easterly
to westerly. Co-spectra of temperature and zonal wind fluctuations at short periods are significantly larger
than the quadrature spectra, and the sign of co-spectra changes according to the phases of the QBO. These

results indicate strong connection of the short-period disturbances with the QBO.

1. Introduction

It is well known that there are dominant
planetary-scale waves trapped in the equatorial
regions. Mixed Rossby-gravity waves, which were
firstly documented by Yanai and Maruyama (1966),
propagate westward with a period of about 4-5 days
and a zonal wavelength of about 10,000 km. An-
other well-known planetary-scale wave, named the
Kelvin wave, which was reported first by Wallace
and Kousky (1968a), migrates in the opposite direc-
tion, eastward. A typical period and zonal wave-
length are about 15 days and 20,000-40,000 km, re-
spectively. Kelvin waves and mixed Rossby-gravity
waves are identified on an equatorial beta plane
derived by Matsuno (1966) as an n = —1 mode
and an » = 0 mode of oscillation, respectively.
Since upward transport of zonal momentum of these
waves is considered to be essential to the mecha-
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nism of the QBO, a lot of effort was devoted to
studies of the wave characteristics and generation
mechanism. Statistical studies showed that ampli-
tude variations of Kelvin waves and mixed Rossby-
gravity waves in the lower stratosphere are synchro-
nized with the QBO (Wallace and Kousky, 1986b;
Maruyama, 1969; Maruyama, 1991; Shiotani and
Horinouchi, 1993; Dunkerton, 1993). Such stud-
ies should be extended to other wave modes having
shorter periods in the equatorial region, since the
importance of gravity waves for the mechanism of
the QBO is suggested by the numerical models of
Takahashi and Holton (1991).

Gravity waves in the extra-tropical latitudes have
been vigorously examined for the last decade in
terms of structure, propagation direction, sources,
and seasonal variation, with the aid of recently-
developed observation tools such as VHF/UHF
Doppler radars, lidars, radiosondes, and rockets
(e.g., Hirota, 1984; Kitamura and Hirota, 1989;
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Sato, 1994) providing data with fine resolution and
excellent accuracy. Through these observational
studies, it is strongly confirmed that the gravity
waves play an important role in global-scale atmo-
spheric circulations (Tsuda et al., 1990; Sato, 1994).
In the equatorial region we can also expect intensive
short-period disturbances which are mainly gener-
ated by vigorous convections over the ocean.

Cadet and Teitelbaum (1979) made a pioneering
study of inertia-gravity waves in the tropical strato-
sphere using radiosondes launched at an interval of
3 h on a stationary-positioned satellite tracking ship
for four days of the GARP Atlantic Tropical Experi-

ment (GATE). They reported wavelike disturbances
having a period of 35 h and a vertical wavelength of
about 5 km. Their argument that the propagation of
waves is westward, judged from the rotation of wind
vector with time is wrong, however. It is shown
theoretically that the wind vector rotates clockwise
(anti-clockwise) in the northern (southern) hemi-
sphere, regardless of the propagation direction (Gill,
1982). In order to estimate the horizontal propaga-
tion direction from data at one location, we need
other information on the vertical wind or tempera-
ture component of the waves (Kitamura and Hirota,
1989; Sato, 1994). Another campaign observation
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Fig. 2. A time-height section of monthly-averaged zonal wind. The contour intervals are 10 m s~ .
Westerly wind regions are darkly hatched. Contours of negative values are dotted.
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Fig. 3. A time-height section of monthly-averaged meridional wind. The contour intervals are 3 m s™*.
Northward wind regions are darkly hatched. Contours of negative values are dotted.

using radiosondes was made in East Java Indone- inferred from the phase relations among horizontal
sia by Tsuda et al. (1994) for 24 days during a  wind and temperature components that most of the
QBO phase when the mean zonal wind changed from inertia-gravity waves propagate eastward. Very re-
easterly to westerly. Dominant vertical wavelengths cently, Maruyama (1994) made a statistical study on
were 2-2.5 km in the lower stratosphere. It was short-period waves using Singapore rawinsonde data
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obtained over ten years. It was shown that vertical
flux of zonal momentum associated with the waves
was enhanced in the lower stratosphere when the
mean zonal wind changes from easterly to westerly.
In the present study, we use Singapore data ob-
tained over a ten-year period to make an analysis
from a viewpoint different from Maruyama (1994).
First we show an internal wave-like structure ob-
served in short-period fluctuations in the lower
stratosphere. Through a power spectral analysis,
the dominance of short-period disturbances is ex-
amined over a wide spectral range including Kelvin
waves and mixed Rossby-gravity wave components.
Long-term variation of power and cross spectra of
wind and temperature fluctuations related to the
QBO is also described, to enable discussion of the
characteristics of short-period disturbances.

2. Data description

We used horizontal wind and temperature data
from rawinsondes launched at Singapore (1N, 104E)
from December 1978 to August 1993. The observa-
tions were routinely made twice daily after Novem-
ber 1983 (00Z and 11Z before 1984, and 00Z and
10Z after 1985), while the frequency of observation
was once a day before. Since short-period fluctu-
ations may have short vertical wavelengths, data
at significant levels as well as at standard pressure
levels are examined. A geopotential height (here-
after simply referred to as height) h; at a signifi-
cant level p; is estimated using heights h; and hg at
two standard pressure levels of p; and py nearest p,

(p1 > ps > p2):

_ 111171 - lnps

s = hs — h hi. 1
lnpl—lnpz( 2 1)+ ! ( )

After doubtful data are removed, we obtained data
with the same height intervals of 500 m, roughly
corresponding to the original vertical resolution, af-
ter a linear interpolation. Further, the time series
with a fixed interval of 12 h are made, ignoring the
difference of 1-2 h of observation time from 12Z.

The percentage of available data with respect to
twice-daily sampling for each month and height is
shown in Fig. 1 as a contour map. More than 50 %
data are available for the height region up to 30 km
for most periods after 1984. Thus the spectral anal-
ysis is made only for 1984-1993.

3. Background wind fields

Figure 2 presents the monthly average of zonal
winds in a time-height section. The QBO is clearly
observed above the tropopause height (~17 km).
The vertical transition near the tropopause from
an easterly wind region in the troposphere to the
QBO region in the stratosphere is very sharp. It
is noted that there are four cycles of the QBO in
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the period from 1984 to 1993 for which the spec-
tral analysis is made. A time-height section for the
monthly-mean meridional wind is shown in Fig. 3.
An annual cycle in the meridional wind is clear in the
troposphere, reflecting the north-south shift of the
Hadley cell with season, while no significant vari-
ation is observed in the stratosphere. The upper
and lower meridional flows are centered at a height
of 14 km and near the ground, respectively, having
peak values of about 10 m s™!.

4. The presence of short-period disturbances

First we made a time-height section of temper-
ature (T') and horizontal wind (u, v) fluctuations
having periods shorter than 3 days using a high-pass
filter. We removed tidal components by processing
the time filter separately for two time series of data
at 00Z and 12Z.

Internal wave-like structures are occasionally ob-
served in a time-height section of the short-period
fluctuations. Figure 4 shows a typical example of the
wave-like fluctuations observed in February 1985.
Clear downward propagation of phases is observed
in all of the zonal (u) and meridional (v) wind, and
temperature (T') components in the stratosphere.
The wave period is about 2-3 days and the verti-
cal wavelength is about 5 km. Note that the wave
structure in the T' component is contaminated by
fluctuations having shorter wavelengths, which may
due to different vertical resolution between temper-
ature and wind measurements by radiosondes. The
downward phase propagation implies that the waves
propagate energy upward. This is true, of course,
only when the Doppler effect of the background wind
is not strong enough to make the direction of intrin-
sic phase speed opposite to the ground-based phase
speed.

Next we examine frequency power spectra as a
function of height so as to compare the intensity
of the short-period fluctuations with those of Kelvin
waves and mixed Rossby-gravity waves. Power spec-
tra are calculated with a Blackman-Tukey method
for data series of three months around each month
at each height in 1984-1993, only when more than
50 % data are available. Note that available data
are more than 70 % for almost half of the period of
1984-1993 and that 50 % does not imply once-daily
coverage. Missing data are distributed at random
in time, so that we can obtain meaningful spectra
at periods below 2 days. Figure 5 shows the ten-
year average of the spectra for each component in
an energy content form.

In the troposphere, spectral amplitudes of u com-
ponents are dominant at periods longer than 10
days, which may be due to Kelvin waves, because
the period is about the same as that of stratospheric
Kelvin waves and there is no corresponding peak
in the v spectra. A peak is observed in v spectra
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Fig. 4. Time-height sections of short-period fluctuations for (a) u, (b) v, and (¢) T components for
February 1985. The contour interval is 2 m s~ for (a) and (b) and 1 K for (c). Positive regions are

hatched.

around a period of 5 days, which may be due to
mixed-Rossby gravity waves, since the period corre-
spons to that of stratospheric mixed-Rossby gravity
waves and there is no corresponding peak in the u
spectra. The spectral amplitudes at the peaks of the
u and v components are large around the tropopause
(=17 km). Dominance of about 10-day period com-
ponents is also observed in the T spectra around
or just above the tropopause, though there are no
significant peaks at long periods in the troposphere.

In the stratosphere, peaks of u and T spectra are
shifted to shorter periods. The peaks for v and T
components are located at 9 days at 20 km and
6 days at 30 km, corresponding to Kelvin waves.
Peaks around 5 days in the v spectra observed in
the troposphere disappear in the stratosphere and

components of 3-4 days are dominant, correspond-
ing to mixed Rossby-gravity waves. The period of
the mixed Rossby-gravity waves seems to decrease
with height. This feature is consistent with the re-
sult by Dunkerton (1993) based on rawinsonde data
at several locations over the tropical pacific. Note-
worthy is that spectral amplitudes at periods shorter
than 2-3 days are as large as those of the long-period
components due to Kelvin waves and mixed Rossby-
gravity waves. Therefore, the short-period distur-
bances may play an important role in momentum
transport in the stratosphere.
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Fig. 5. Power spectra of (a) T, (b) u, and (c) v fluctuations as a function of height in an energy content
form averaged for the whole period of 1984-1993. Units of the contours are K? for (a) and m?s™? for

(b) and (c).

5. Spectral characteristics synchronized with
the QBO

5.1 Power spectra

Power spectra in an energy content form averaged
for a height region of 20-24.5 km in the lower strato-
sphere for T, u, and v fluctuations are shown as
a function of time in Fig. 6. To make it easy to
look at the relation with the QBO, we smoothed the
dynamic power spectra using a low-pass filter with
a cutoff length of 15 months. A thick curve indi-
cates the mean zonal wind for the same height region
whose scale is denoted by the right axis. Peaks in the
T and u spectra appear regularly around a period
of 10 days, corresponding to Kelvin waves, when

the direction of zonal wind changes from easterly to
westerly (hereafter we refer to this time period as the
EW time period). Enhancement of 7' and u spec-
tral amplitudes in EW time periods is also observed
at periods shorter than 2.5 days. There are dips
in the spectra between the long- and short-period
ranges, indicating that large variances at short pe-
riods are not due to contamination of the peaks of
long-period Kelvin waves. On the other hand, v
spectra have peaks at periods of 4 days at the be-
ginning of the time period when the direction of
zonal wind changes from westerly to easterly (WE
time period). Spectral enhancement is observed for
a shorter-period region of around 3 days, although
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Fig. 6. Power spectra of (a) T, (b) u, and (c) v fluctuations averaged for a height region of 20-24.5 km
as a function of time. Units of the contours are K? for (a) and m?s™2 for (b) and (c). Thick curves
show monthly-mean zonal winds averaged for the same height region.

the occurrence precedes slightly that of the 4-day
period component. The QBO modulation is not ob-
served at periods shorter than 2 days in the v spec-
tra. Those features in power spectra for a height
region of 20-24.5 km are also observed for an upper
height region of 256-30 km (now shown).

As found from Fig. 2, phases of the QBO propa-
gate downward. Variances of T and u components
having periods of 8-20 days (Kelvin waves), are plot-
ted in the time-height sections of Figs. 7a and 7b,
respectively. Enhancement of variances in EW time
periods is clearly observed at each height, which
is examined by Shiotani and Horinouchi (1993) in
terms of the damping of Kelvin waves modulated by
the mean wind. This feature is consistent with the
acceleration of the westerly mean wind of the QBO
due to the convergence of Eliassen-Palm (E-P) flux
associated with Kelvin waves (Holton and Lindzen,

1972). Time-height sections for the short-period dis-
turbances are shown in Figs. 7c and 7d. Enhance-
ment in EW time periods is also clear, suggesting
connection between the QBO and short-period dis-
turbances. It is worth noting that the variances of
short-period T and u fluctuations are of the same
order of those for Kelvin waves. The T variance for
the short-period range is maximized around 30 km,
while the Kelvin wave variance is large at lower
stratospheric levels, suggesting different character-
istics of vertical propagation.

Figure 8a is a time-height section of variances of
a v component with periods of 3.3-5 days, which
are considered to be due to mixed Rossby-gravity
waves. Enhancement synchronized with the QBO
is observed in WE time periods, in contrast to the
case of Kelvin waves. This is again consistent with
Holton and Lindzen’s QBO theory in the sense that
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Fig. 7. Time-height sections of variance due to (a) T and (b) u fluctuations with periods of 8-20 days,
and (c) T and (d) u fluctuations with periods of 1-3 days. Units of contours are K? for (a) and (c)
and m?s™? for (b) and (d). Note that scales are taken to be the same for the same quantities. Thick
curves trace zero values of monthly mean zonal wind.

easterly wind acceleration is due to the convergence
of EP flux associated with mixed Rossby-gravity
waves. It is clear that the region of large vari-
ance lowers following downward QBO phase motion.
Since v disturbances have shorter periods at upper
levels (Fig. 5), the precedence of shorter-period com-

ponents observed in the dynamic power spectra of
Fig. 6 corresponds to the precedence of the upper-
level disturbances. On the other hand, v compo-
nents with periods of 1-3 days have no significant
variation associated with the QBO (Fig. 8b).

Next we examine the difference in disturbance in-
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Fig. 8. Time-height sections of variance due to v fluctuations with periods of (a) 3.3-5 days and (b) 1-3

days. Units of contours are m?

tensity over a wide range of frequencies between EW
and WE time periods. We obtained power spectra
for EW (WE) time periods as a function of height
by averaging spectra for periods between negative
(positive) and positive (negative) peaks of the QBO
of the mean zonal wind at each height. Figure 9
is a plot of the mean spectra for 7' fluctuations in
an energy content form as a function of height. For
EW time periods spectral densities are maximized in
two regions of periods around 4-10 days and shorter
than 3 days. For WE time periods the variance of
longer-period components is very small, and large
spectral densities are observed only at shorter pe-
riods. Although the variance of short-period com-
ponents is smaller in WE time periods than in EW
time periods, the variance in WE time periods is
still large and the difference from the variance in
EW time period is only about 30 %. Therefore, the
short-period disturbances cannot be ignored even in
WE time periods.

5.2 Cross spectra

Next we make an analysis of cross spectra to
see the structure of the disturbances. Maruyama
(1994) estimated the vertical flux of zonal mo-
mentum (u’w’) associated with 2-day-period distur-
bances from the covariance of u and dT'/dt in the
sense that dT'/dt is proportional to —w, where ¢
is time and w is the vertical component of winds.
Assuming that the 2-day-period disturbances are

s~2. Thick curves trace zero values of monthly mean zonal wind.

due to short-period Kelvin waves, and ignoring the
Doppler effect of the mean wind, almost the same
magnitude of momentum flux was obtained as that
of long-period Kelvin waves in EW time periods.
We examined quadrature spectra Qr.,(w) of T and
u, which can be regarded as the covariance of u and
dT'/dt for fluctuations having an observed frequency
of w. The Qr,(w) values are related to u/w’ accord-
ing to

ww’ = —(Ro/HN?)Qry(w), (2)

where primes indicate the fluctuation components,
R the gas constant for dry air, H the scale height,
N the Brunt-Viisild frequency, and @ the intrinsic
frequency (Maruyama, 1968). We also examined co-
spectra Cry,(w) of T and u components, which have
not been examined in the previous studies even for
the long-period range of Kelvin waves.

The cross spectra averaged for a height region of
20-24.5 km are presented as a function of time in
Fig. 10. The same smoothing as for the dynamic
power spectra was made for the dynamic cross spec-
tra. The values of Qr,(w) are generally negative at
periods longer than 2 days (Fig. 10a). In particular,
clear negative peaks in EW time periods are domi-
nant around a period of 10 days, which corresponds
to positive u/w’ associated with Kelvin waves prop-
agating energy upward. Large magnitude of Q7 (w)
values is confined in a period region longer than 3
days. The negative weak peaks in EW time peri-
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Fig. 9. Power spectra of T fluctuations in an energy content form averaged for (a) EW and (b) WE time

periods. Units of contours are K2.

ods are also observed around a period of 2 days, in
agreement with the analysis of Maruyama (1994).
The synchronization with the QBO is hardly recog-
nizable in Q7 (w) values for periods shorter than 2
days.

On the other hand, Cr, (w) values are significantly
synchronized with the QBO in the whole period re-
gion (Fig. 10b). In the Kelvin wave region, positive
peaks are observed in EW time periods, while the
values in WE time periods are negative and weak.
At periods shorter than 3 days, positive and nega-
tive peaks having almost the same magnitudes al-
ternately appear in EW and WE time periods, re-
spectively. This suggests that the short-period dis-
turbances have different characteristics between EW
and WE time periods, while the variances are large
both in EW and WE time periods (Fig. 9).

Integrations of Cry(w) and Qry(w) for a short-
period region of 1-3 days, which are hereafter re-
spectively referred to as C(Tu) and Q(T'u), are plot-
ted in time-height sections in Fig. 11. It is clear that
positive and negative C(Tu) peaks propagate down-
ward synchronized with the QBO, while no distinct
QBO signal is observed in the Q(Tu) profile. The
magnitude of C(Tu) is significantly larger than that
of Q(Tu).

Cross spectral analysis was also made for pairs of
T and v components and of u and v components.
However, there are not such notable features as ob-
served in cross spectra of T' and u components.

6. Discussion

6.1 Non-zero correlation between u and T fluctua-
tions

It is difficult to explain the results of cross spec-
tral analysis, even for the frequency region of well-
known Kelvin waves, by only the simple theory of
neutral equatorial waves in a constant background
wind field as described in several standard textbooks
(e.g., Andrews et al., 1987). Kelvin waves in a con-
stant background wind have T and u components
which are connected through a polarization relation:

Ho (1
T === | == +1 ! 3
Tk ( 5H + zm) u (3)
where k and m is the zonal and vertical wavenum-
bers, respectively, and primes indicate fluctuation
components. Equation (3) implies the relation be-
tween Cr,(w) and Qry(w):

Cru(w) = L2, (@
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Fig. 10. (a) Quadrature spectra Qr,(w) and (b) co-spectra Cr,(w) in a flux content form averaged for a
height region of 20-24.5 km of T and u fluctuations. Contour intervals are 2.5 K m s~!. Thick curves
show monthly-mean zonal wind averaged for the same height region. Areas with positive values are

shaded.

Since Kelvin waves propagate eastward, Qr,(w)
should be negative so that Cr,(w) must be posi-
tive, which is consistent with the sign observed in
EW time periods (Fig. 10). Here we assumed up-
ward energy propagation (m < 0). Using (4) we
can estimate the vertical wavelength A\, (= 27 /|m|).
Since the ratio of |Qry (w)| to |Cry(w)| around a 10-
day period is always about 2.5 for EW time periods
(Fig. 10), (4) indicates that the vertical wavelength
should be 40 km for a scale height H of 8 km. This
estimate is much larger than a typical observed ver-
tical wavelength of 10 km. Therefore the magnitude
of the observed Cr,(w) is too large to be explained
by the simple equatorial Kelvin wave theory.

The zonal wind QBO in the equatorial strato-
sphere has been considered to be caused by accel-
eration due to EP flux convergence associated with
equatorial wave damping. The damping of wave am-
plitude can produce a correlation between T and
u fluctuations, which is equivalent to the effect of
making H larger in (4) and gives a more unrealistic
estimation of vertical wavelength. If the damping
is large enough to make the imaginary part of m
greater than 1/2H, the sign of Cry(w) is changed
to be negative (see Eq. (3)), which is inconsistent
with observation. Thus, the damping effect cannot
explain the observed Cr,(w).

As for the disturbance having periods shorter than
3 days, synchronization with the QBOQO is observed
only in C(Tu) and is not clear in Q(Tw) (Fig. 11).
The values of Q(Tu) are negligibly small compared
with C(Tu) values. If the short-period disturbances
are due to short-period Kelvin waves, (4) implies
that the vertical wavelength must be infinitely large,
which is in contradict with the assumption of inter-
nal waves. Thus the cross spectra for short-period
disturbances cannot be explained, at least by the
simple Kelvin wave theory, either. A similar argu-
ment can be made for other possibilities of zonally
propagating planetary-scale internal waves such as
inertia-gravity waves.

Next we consider the possibility of small-scale in-
ternal inertia-gravity waves propagating meridion-
ally, which obey polarization relations:

T/ — i(d)2 _R]:l)Hmvl? (5)
/ QDZ _'f2)]¥7n /
T = S (6)

where [ is the meridional wavenumber and f is the
inertial frequency (Andrews et al., 1987). Since
gravity waves propagating upward have negative m,
positive (negative) C(Tu) values mean southward
(northward) propagation. If the QBO feature in the
C(T'v) variation is due to such meridionally prop-
agating inertia-gravity waves, long-term variations
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Fig. 11. Time-height sections of (a) integration of quadrature spectra Q(Tu) and (b) co-spectra C(Tu)
for a period range shorter than 3 days. Units of contours are K m s~*. Thick curves trace zero values

of monthly mean zonal wind.

of Qr,(w) at short periods synchrenized with the
QBO must be observed simultaneously, correspond-
ing to the momentum flux of v/w’ that the waves
should have. However, as mentioned in the previ-
ous section, such variation is not observed in the
Qrv(w) profile. Therefore the characteristic varia-
tion of C(T'u) cannot be attributed to meridionally-
propagating inertia-gravity waves.

To explain the synchronization of Cr,(w) with
the QBO over the whole frequency range shown in
Fig. 10, we need rather to consider other effects
which are not included in the simple equatorial wave
theory and/or unstable motions. One possible ex-
planation is the effect of large vertical shear of the
mean zonal wind associated with the QBO (Dunker-
ton, 1994). Variation of the sign of Cr,(w) pro-
duced by the effect is consistent with observations:
i.e., positive (negative) Cr,{(w) values in a positive
(negative) shear of mean zonal wind. Another pos-
sibility is convective and/or turbulent motions asso-
ciated with the breaking of large-scale waves, such
as Kelvin waves and mixed-Rossby gravity waves.
Positive (negative) values of C(Tw) in EW (WE)
time periods indicate that the vortex tilted east-
ward (westward) with height. The QBO observed
in C(Tu) may be a reflection of unstable motions
associated with the breaking of large-scale waves

whose propagation direction is selected by the QBO
of mean zonal winds. The phase tilt with height of
breaking waves which depends on the propagation
direction would affect the shape of associated con-
vective unstable motions. It is necessary to examine
the detailed structure of short-period disturbances
related to the large positive and negative C(7'u) val-
ues.

6.2 Short-period internal waves

As shown in Fig. 4, a clear internal wave-like
structure having a typical vertical wavelength of
about 5 km and a period of a few days is occasionally
observed in the time-height section of short-period
fluctuations of all T, u, and v components. Similar
disturbances have been reported also by Maruyama
(1994), although the structure was not so clear in v
profiles. Since the wave-like structure is observed,
at least in 7' and u components, this disturbance
cannot be due to mixed Rossby-gravity waves. Al-
though Maruyama analyzed the disturbances only
in terms of short-period Kelvin waves, a planetary-
scale internal inertia-gravity wave is also a possible
candidate. It is found from the dispersion relation
curves of equatorially trapped waves (e.g., Fig. 11.1
in Gill, 1982) that the waves can be an n = 1 mode,
though both eastward and westward propagation di-

NII-Electronic Library Service



December 1994

rections are possible. The existence of the wave
structure observed in v fluctuations in Fig. 4, which
should not associated with the n = 1 mode, may
be explained by the effective 8 (e.g., Andrews, et
al., 1982) coming from meridional shear of the mean
wind.

Another likely candidate for the internal waves
having the period of 2 days is small-scale inertia-
gravity plane waves crossing the equator. These
waves have large v components which may explain
almost the same magnitude of v variances as that
of u variances for the shorter periods observed in
Fig. 5. It is important to examine the horizontal
structure of the short-period internal waves using
data distributed over a wide horizontal area.

7. Summary

Using rawinsonde observation data at Singapore
for the ten years of 1984-1993, characteristics of
short-period disturbances in the equatorial lower
stratosphere were examined. The results are sum-
marized as follows:

1. An internal wave structure whose phases propa-
gate downward is occasionally observed in all of
the T, u and v components in the lower strato-
sphere. The wave period is about 2 days and
the vertical wavelength is about 5 km.

2. A power spectral analysis shows that short-
period fluctuations have large energy compara-
ble to long-period Kelvin waves.

3. The variances of v and T components due to the
short-period fluctuations are maximized in EW
time periods. Even in WE time periods, the
variances of short-period fluctuations are still
significantly large.

4. A QBO signal is clearly observed in the co-
spectra of T" and u components at short periods,
while the QBO synchronization is not found in
the quadrature spectra. The sign of co-spectra
changes according to the QBO phase, namely,
it is positive (negative) in EW (WE) time peri-
ods.

Quite recently Takayabu (1994) detected westward-
propagating internal inertia-gravity waves with a pe-
riod of about 2 days in a large-scale cloud struc-
ture observed by the GMS (Geostationary Meteoro-
logical Satellite). A recent study by Bergman and
Salby (1994) using Synoptic Global Cloud Imagery
based on six satellite observation suggests that the
spectrum of the vertical component of EP (Eliassen-
Palm) flux is dominated by gravity waves of period
shorter than 2 days. It is important to examine
the short-period disturbances in the equatorial lower
stratosphere observed in radiosonde data in terms of
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connection with convective motions and waves in the
troposphere.
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