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Abstract.

A new indirect method is proposed to estimate momentum flux based on the

theory of slowly varying gravity waves and equatorial waves in vertical shear by Dunkerfon
[this issue] which explains the discovery by Sato et al. [1994] that the cospectra of
temperature and zonal wind fluctuations at Singapore (1.4°N, 104.0°E) are synchronized
with the quasi-biennial oscillation (QBO) of mean zonal wind in the stratosphere. The
indirect estimates obtained from cospectra correspond to the summation of absolute
values of momentum flux associated with each wave, whereas direct estimates from
quadrature spectra give the summation of momentum flux. An analysis was made for twice
daily rawinsonde data at Singapore. The direct estimate for Kelvin waves (5-20 day
components) is 2-9 X 107> m? s~ and accords with the indirect estimate to within the
estimation error. This result supports the validity of the indirect method. Although the
indirect estimate depends on an assumed wave structure, large values of momentum flux
are obtained for all possible equatorial modes having short periods (1-3 days). The
indirect estimate for westerly shear is 20-60 X 10~> m? s~ based on the theory of two-
dimensional gravity waves, while the direct estimate is only 0—4 X 107> m? s™2 The
reduction of indirect estimate under the assumption of equatorial waves is about 30-70%.
The discrepancy between direct and indirect estimates indicates a large cancelation of
positive and negative momentum fluxes. This is the case also for easterly shear. The
indirect estimate for westerly shear is almost twice as large as that for easterly shear. The
characteristics of waves near the source in the troposphere are thought to be independent
of the QBO in the stratosphere, so that the difference in wave activity should be
attributed to the differing characteristics of wave propagation under the strong QBO
shear. Several possible explanations are discussed. Parameters such as phase velocity and
zonal wavelength are estimated from the ratio of potential to kinetic energies assuming
that the 1-3 day components are due to equatorial waves. The estimates in this paper
were made assuming that the observed frequencies are actual ground-based wave
frequencies. If there is aliasing from higher frequencies than 1 day, the actual momentum
fluxes can be significantly larger than the estimated values.

1. Introduction

Many theoretical and observational studies show that gravity
waves play an important role in the global atmospheric circu-
lation, redistributing momentum in the atmosphere through
their generation, propagation, and breaking. The majority of
studies have emphasized the role of gravity waves in the global
circulation of middle- and high-latitude regions. However, we
also expect energetic gravity waves associated with vigorous
convection in the equatorial region. Such gravity waves may be
important for the mechanism of the quasi-biennial oscillation
(QBO) of mean zonal wind in the equatorial lower strato-
sphere as suggested by theoretical studies (see Dunkerton [this
issue] for a review).

Observational evidence that gravity waves are important in
the equatorial region, in addition to large-scale Kelvin and
Rossby gravity waves, has been reported in several recent stud-
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ies. Tsuda et al. [1994a, b] conducted a pioneering observa-
tional campaign for 24 days in Watukosek, Indonesia (7.6°S,
112.7°E), using 100 rawinsondes with vertical resolution of
150 m. Gravity waves having a vertical wavelength of 2-2.5 km
and a period of about 2 days were detected in the time se-

.quence of wind and temperature profiles. Wave propagation

was eastward in the westerly shear phase of the QBO. Re-
cently, Takayabu et al. [1996] examined westward propagating
quasi-2-day modes in convective activity using various high-
resolution data such as infrared equivalent black body temper-
ature (Tgg) during the intensive observation period (IOP) of
the Tropical Ocean Global Atmosphere/Coupled Ocean-
Atmosphere Response Experiment (TOGA/COARE) cam-
paign. Clear inertio-gravity wave-like signals propagating up-
ward and downward from a ~175 hPa level were detected in
composite time-height sections of horizontal winds from radio-
sonde observations with a reference of the quasi-2-day mode
observed in Tgg.

The importance of gravity waves in the tropics was also
shown by Allen and Vincent [1995], who examined gravity wave
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activity as a function of latitude for the range of 12°S-68°S,
using rawinsonde data with high vertical resolution of 50 m, at
18 stations in Australia. The gravity wave energy increased
monotonically approaching the equator, which is especially
clear in summer. Such a latitudinal variation is not clear in the
northern hemisphere winter as shown by Kitamura and Hirota
[1989] using operational rawinsonde data over Japan (27°N-
45°N). In their study, gravity wave energy maximized instead
near the subtropical westerly jet. Ogino et al. [1995] examined
radiosondes launched at a research vessel over a period of
about 1 month during the IOP of TOGA/COARE campaign,
covering a latitude range of 14°S-25°N. The energy of wave
components with vertical wavelengths of 2-3 km was estimated
from 112 observations in the equatorial region of 5°N-5°S and
is consistent with an extrapolation of the latitudinal variation
of gravity wave energy shown by Allen and Vincent.

Year-to-year variation of short-period (1-3 day) waves near
the equator was examined using rawinsonde data at Singapore
over the 10 years 1984-1993 by Maruyama [1994] and Sato et
al. [1994] independently. Maruyama estimated momentum flux
from the covariance of zonal wind and temperature tendency.
He found that the momentum flux associated with short-period
waves varies in a synchronized manner with the QBO and the
magnitude of the flux is comparable to that of long-period
(7.4-32 days) Kelvin waves. (Owing to a typographical error,
the momentum fluxes are smaller than that shown in Figures 7
and 8 of Maruyama [1994] by exactly 1 order of magnitude
(T. Maruyama, personal communication, 1996).) On the other
hand, Sato et al. [1994] (hereinafter referred to as $94) showed
year-to-year variations of spectral characteristics of horizontal
wind and temperature fluctuations in the period range 1-20
days. Figure 1 shows power and cross spectra of temperature
(T) and zonal wind () fluctuations averaged over the height
region 20-25 km, in energy or flux content form, as a function
of time as obtained by S94. A low-pass filter with cutoff of 6
months was applied in order to display the relation with the
QBO more clearly. As mentioned in S94, dominant peaks in
the power spectra of T and u are observed in the short-period
range of 1-3 days during both phases of the QBO and around
10-day period in the westerly shear phase of the QBO. The
latter peak corresponds to Kelvin waves, which have been
examined in previous studies. Temperature spectral densities
in the short-period range are large also in the easterly shear
phase compared with those at longer periods, indicating that
the activity of short-period waves is large in both phases of the
QBO.

A mysterious feature, which was emphasized and discussed
in §94, is the clear synchronization of cospectra C,(w) (Fig-
ure 1c) with the QBO observed in the whole range of frequen-
cies. Positive and negative values appear alternately in the
westerly and easterly shear phases, respectively, although the
negative values around 10-day period are weak. Such variation
was not observed in the cross spectra of meridional wind and
temperature fluctuations. The variation of cospectra of T and
u components cannot be explained by the previous theory of
equatorial waves in a uniform background wind [Matsuno,
1966]. According to the theory the cospectra should be almost
zero, and quadrature spectra of T and u components O, ()
should have significant values proportional to —u’w’ as de-
scribed by Maruyama [1991, 1994], where w is the vertical wind
component. In fact, large negative values are observed in
Or,(), as shown in Figure 1d, around 10 days corresponding
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to the positive u'w’ associated with Kelvin waves, consistent
with the result of Maruyama [1994].

Dunkerton [1995] (hereinafter referred to as D95) analyzed
theoretically and numerically the covariance of horizontal wind
and temperature for two-dimensional (plane) gravity waves in
a background wind having vertical shear. The theory has been
extended to three-dimensional equatorial waves (T.J. Dunker-
ton, manuscript in preparation, 1997, hereafter referred to as
D97). For slowly varying, steady, conservative, incompressible
waves, the covariance of zonal wind and temperature is pro-
portional to the vertical shear and vertical flux of horizontal
momentum, or radiation stress. The sign of the covariance is
determined by the vertical shear, independent of the horizon-
tal and vertical direction of gravity wave propagation, which is
qualitatively consistent with the observation shown in Figure 1c.

In this paper, we examine in detail the relation between
cospectra (of 7" and u) and the vertical shear of the mean zonal
wind, using rawinsonde data at Singapore, to evaluate Dunker-
ton’s (D95, D97) theory quantitatively (section 2). In section 3
we introduce a new method of momentum flux estimation from
cross spectra (both cospectra and quadrature spectra) of T and
u components, which provides positive and negative momen-
tum fluxes separately. Such method of estimation is particu-
larly important for short-period gravity waves which can prop-
agate in any direction. Quantitative analysis is made for the
momentum flux using Singapore data, and the results are as-
sured by clarifying the observational error in the estimates.
Further discussion is given in section 4. Summary and conclud-
ing remarks are made in section 5.

2. Comparison of Vertical Shear
and Zonal Heat Flux

According to D95, the covariance of T and u components of
slowly varying two-dimensional gravity waves acquires a signif-
icant value when the background wind U varies rapidly over a
scale height:

For upward energy propagation

uT=+2gWquz, (1)

For downward energy propagation
T = NT 'w'U 2
= T ogke ¥ U )

where N is the Brunt-Viisila frequency, ¢ is the acceleration
of gravity, k is the horizontal wavenumber which is taken to be
positive without loss of generality, 7' is the background tem-
perature, and ¢ is the intrinsic phase velocity. It is convenient
to express (1) and (2) with

T = NT U 3
u - 2gk|é| |u w l 23 ( )
since w'¢’ = ¢u'w’ and the direction of vertical energy

propagation is determined by w' ¢', where ¢’ is the geopoten-
tial perturbation. It is worth noting thatu’T" is proportional to
U,. The sign is determined only by the vertical shear and is

‘independent of the direction of horizontal and vertical propa-

gation. Thus the vertical shear of the mean wind is a key
parameter to explain the covariance of u and T. The extended
theory of slowly varying equatorial waves (D97) shows that the
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Figure 1. Dynamic power spectra of (a) temperature fluctuations 7 and (b) zonal wind fluctuations u in
energy content form for 1984-1993, averaged over the height range 20-25 km at Singapore. (c) Cospectra and
(d) quadrature spectra of T and u are also shown in flux content form. Temporal smoothing was applied using
a lowpass filter with cutoff of 6 months in order to display the relation with the QBO more clearly. Thick solid
curves show the monthly mean zonal wind averaged over the same height range; the scale is shown on the right
axis. Contour intervals are 0.5 K* in Figure 1a, 2 m? s~ in Figure 1b, and 0.5 K m s~ ! in Figures 1c and 1d.
Shading indicates values larger than 1.5 K? in Figure 1a, larger than 6 m* s~2 in Figure 1b, and positive values

in Figures 1c and 1d.
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Figure 2. Time-height sections of (a) monthly mean zonal wind and (b) its vertical shear at Singapore.

Contour intervals are 5 m s~ ! in Figure 2a and 5 X 1073

! in Figure 2b. Temporal and vertical smoothing

was applied with low-pass filters having cutoff lengths of 6 months and 3 km, respectively.

relation of the covariance and vertical shear does not change
significantly except for the numerical factor in the denommator
on the right-hand side of (3).

The time evolution of monthly mean zonal wind over the 10
years 1984-1993 is shown in Figure 2a as a function of height.
Four cycles of the QBO are seen. The vertical shear obtained
from Figure 2a is shown in Figure 2b. The tropopause is usu-
ally located around 17 km, varying annually with an amplitude
of about 1 km (not shown). Large shears are observed in the
lower stratosphere in the QBO transition zones from westerly
wind to easterly and from easterly wind to westerly, i.e., along
zero contours of the mean zonal wind. Another region of large
vertical shear is observed near the tropopause where easterly
winds in the troposphere change to westerly in the strato-
sphere. The easterly phase below 20 km continues for only
one-fourth or one-fifth of the QBO cycles, which is short com-
pared with the duration of the easterly phase above.

Subsequent sections are devoted mainly to the lower strato-
sphere above 20 km where the QBO is clearly seen in the
vertical shear. We define three periods of large westerly (pos-
itive) shear as A (from the beginning of 1984 to the middle of
1985), B (from the beginning to the end of 1987), and C (from
the beginning of 1992 to the beginning of 1993); and three
periods of large easterly (negative) shear as a (from the begin-
ning of 1986 to the middle of 1987), b (from the beginning of
1988 to the beginning of 1990), and ¢ (from the end of 1990 to

the end of 1992). Another period of large westerly shear from
the middle of 1989 to the middle of 1990 is not examined
because of the large percentage of missing data (see S94). The
durations of easterly shear periods are 1.5 to 2 times longer
than those of westerly shear periods, corresponding to the
different descent rates of westerly and easterly phases of the
QBO. An interesting point is that there is not a large difference
in the strength of vertical shear between easterly and westerly
shear periods. It should be noted that the shears in periods B
and c are relatively weak. o

The covariance of T and u components (C, T'u")
having a range of frequencies from w; to w, is obtained by
integrating cospectra over the range

w2

CTuEf

where o is ground-based frequency. Similarly, we can define
O, as an integration of quadrature spectra over the same
frequencies:

Crlow) do, (4)

QTu (5)

o 4 1 oT
Or(w) w~myu ,
w]

where w, is the central (ground-based) frequency of the inte-
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Figure 3. Time height sections of (a) cospectra of temperature and zonal wind components C 5, and (b) that
of quadrature spectra Q,, integrated over the period range of 1-3 days. Thick curves indicate zero contours
of the monthly mean zonal wind shown in Figure 2. Contour intervals are 0.5 K m s~*. Dashed curves in Figure
3b are the contours of 0.25 and —0.25 K m s™". Filters used for smoothing are the same as those for Figure 2.

gration range. From the thermodynamic equation, Q ;,, is re-
lated to total momentum flux:

2
Q. ~ —sgn(w,) g—&) u'w’,

(6)

where @ is the intrinsic frequency of waves having the central
frequency w,,.

2.1.

Figure 3a shows a time-height section of C, for 1-3 day
wave components, which are considered to be due mainly to
gravity waves. Blank regions indicate where an estimate could
not be made due to a large number of missing values. Large
positive and negative values are observed along westerly and
easterly shear zones, respectively, which is qualitatively consis-
tent with the theory of D95. It is interesting that there seems to
be a good quantitative correspondence as well; although the
magnitude of Cr,, should depend onu'w’ as well as U,. Large
(small) values are observed in strong (weak) shear at periods
A, C,aand b (B and ¢).

To see the details of the correlation, a scatter diagram was
made (Figure 4) using data from the cross sections of C,,, and
the vertical shear of mean zonal wind. Clear linear distribution
is seen in regions of positive and negative vertical shear. The

The 1-3 Day Components

number of events having positive (negative) C,, in negative
(positive) shear is small, especially when the shear is strong.
This fact supports the theory of D95.

The gradient of the linear distribution in positive shear
seems larger than that in negative shear. Thin straight lines are
the result of a least squares fit in the respective regions. The
slopes of the lines differ by a factor of about 2.5. If we ignore
the Doppler shift of wave frequency by the mean wind, the
slope is proportional to momentum fluxes according to (3).
Thus the difference suggests that the momentum flux of 1-3
day waves is larger in westerly shear than in easterly shear. The
difference in momentum fluxes between westerly and easterly
shear periods will be quantitatively discussed in section 4.3
showing their vertical profiles.

The time-height section of Q,, for 1-3 day components is
shown in Figure 3b. It is obvious that Q,, values are small
compared with C,, (Figure 3a). However, since the variation
of O, observed in Figure 3 is slightly larger than the error in
O, (and C, also) which is about 0.2 m s™* K as estimated
later, some qualitative discussion of Q 1, is possible.

The Q, observed in Figure 3 is biased toward negative
values over the whole region, indicating the relative dominance
of eastward propagating waves, and is consistent with the re-
sults of Maruyama [1994]. The bias may be due to selective
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Figure 4. Scatter diagram of vertical shear (dU/dz) versus
covariance of temperature and zonal wind (7'u") of 1-3 day
components.

transmission in easterly winds of the upper troposphere, which
inhibit. the vertical propagation of gravity waves having west-
ward phase speed. If the wave sources are below 15 km, this
speculation is consistent with the observation in Figure 3b that
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the percentage of time with positive Q 1, is 45% at 15 km,
decreases with height, and becomes only 2% at 18 km. Another
explanation is that the distribution of phase velocities of gravity
waves generated by convection in the easterly tropospheric
wind may be biased toward eastward waves [Pfister et al., 1993].

It is important that positive values of QO +,, are seen in places
of Figure 3. This feature suggests the existence of at least two
kinds of short-period waves having positive and negative mo-
mentum fluxes. Systematic positive areas above easterly shear
zones may be explained also by the shielding of eastward prop-
agating waves due to westerly winds below the shear zone. A
comprehensive discussion of this point will be made based on
the results of momentum flux estimation in section 3.

2.2. The 5-20 Day Components

An integration over the period range of 5-20 days gives C,
and Q ,, for long-period Kelvin waves. Results are shown in
Figures 5a and 5b for C,, and Q,,, respectively. As reported
by Maruyama [1994], Q 1, values are largely negative along
westerly shear in the lower stratosphere, corresponding to pos-
itive u'w’ due to Kelvin waves. Large values are also observed
in the profile of C,, along westerly shear. The sign is positive,
which is consistent with the theory of D95. On the other hand,
negative C,,, values along easterly shear are very weak com-
pared with positive values along westerly shear, even though
the strength of easterly shear is almost the same as that of
westerly shear, as already mentioned. According to the theory of
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Figure 5.
Contour interval is 1 K m s™%.

Integrated cospectra and quadrature spectra as in Figure 3 but for the period range 5-20 days.
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D95, small values of cospectra mean that amplitudes of individual
wave components in the period range of 5-20 days are very small.

Also interesting is the feature near the tropopause where
large positive values of C,, and negative values of Q,, are
continuously observed. Tsuda et al. [1994a] reported slow
Kelvin waves which are dominant around the tropopause and
modulate the tropopause height. Figure 5 suggests that such
Kelvin waves are common. It is likely that the dominance of
Kelvin waves is related to the long duration of westerly wind
above the tropopause (around 20 km).

Figure 6 shows a scatter diagram for 5-20 day components in
the 20-30 km height region. The values of C, in positive
shear are mostly positive and linearly proportional to the
shear. The correlation, however, is not high compared with
that of 1-3 day components (Figure 4), indicating that the
variation of Kelvin wave activity is larger. A bias of C,, toward
negative values in negative shear is unclear. Solid straight lines
show the result of a least squares fit. The ratio of slopes for
positive versus negative shear is larger than 7. Thus it is sug-
gested that long-period wave activity in easterly shear is less
than in westerly shear by about 1 order of magnitude.

It was found from the analysis in this section that most
features of C,,, are consistent with the theory of gravity or
equatorial waves in vertical shear [D95, D97], and it was sug-
gested that C, includes important information on the wave
characteristics. Therefore, we use this theory to estimate mo-
mentum flux quantitatively in section 3.

3. Estimates of u'w’ Based on Cross Spectra
of T and u
3.1. Methods of Direct and Indirect Estimation

Using (3) and (6), we can make two kinds of estimates of
momentum flux under the assumption of two-dimensional
gravity waves.

The first is a direct method from quadrature spectra of T
and u fluctuations:

ol g

uw = — W QTu(w)w dw,

w1

(M

where w; and w, are lower and upper limits of the frequency
range that we are interested in. The Doppler effect of mean
wind is ignored, since the mean wind around the large shear is
weak. We use 220K for T and 5 min for the Brunt-Viisild
period as typical values in the lower stratosphere. The direct
estimate of u'w’ is composed of positive (u'w’), and nega-
tive (u'w’)_ momentum fluxes:

u'w' =Ww),+ w'w')_. (8)
Observations suggest that the short-period waves propagate
energy predominantly upward in the equatorial lower strato-
sphere [e.g., Tsuda et al., 1994; Maruyama, 1994; S94]. Thus, if
we assume that the waves are mainly propagating upward,
(u'w'), and (u'w')_ are due to eastward and westward
propagating waves, respectively. It is also possible -that the
cancelation is partly due to reflected waves propagating down-
ward [D95].

The second is an indirect method from cospectra of T and u
fluctuations:

- zg w2
lu'w'| = = Crn(o)o do, 9)

wy

26,253

5-20 da

R ./ —

[K(m/s)]

Tlul

| PETEN BRI S ETSSTETES RS R

—1‘5“—I1(')I -5 0 5 10 15
dU/dz [x10-3 1]

Figure 6. As in Figure 4, but for 5-20 day components.

under the assumption that the disturbances are due to two-
dimensional gravity waves. The factor on the right hand side of
(9) must be modified for equatorial waves as noted in section
2. The indirect estimate of |u’w’| is the sum of absolute values
of u'w’ of all waves having a frequency in the particular range
which we considered:

lw'w'| = [(uw'w) |+ [(u'w)_]|. (10)

Therefore, using (8) and (10), we can obtain (u'w'), and
(u'w'") _ separately.

It should be noted that the indirect estimate of momentum
flux from C;, is possible only when the wind shear is large and
when the mean wind is sufficiently weak not to cause severe
Doppler effect. For this paper, we made direct and indirect
estimates when the strength of wind shear |U,| is larger than
5 % 1072 s7* and that of mean zonal wind |U]| is smaller than
5 m s~! for the positive shear periods (A, B, and C) and
negative shear periods (a, b, and ¢). Four frequency bands were
examined, corresponding to 1-3 day, 3-5 day, 5-20 day, and
1-20 day periods.

Ignoring the Doppler effect by the mean wind may cause
uncertainty for the momentum flux estimate, but it is probably
not severe. For example, the most severe error caused by the
mean wind of 5 m s~! for waves with a period of 1.5 day and
a zonal wavelength of 3000 km, which is a typical value as
shown later, is only a few tens percent, so that the uncertainty
in the value averaged over each shear period would be negli-
gible. The validity of the assumption of two-dimensional grav-
ity waves is discussed later.

3.2. Accuracy of Momentum Flux Estimates

Before discussing the estimates of momentum flux, the ob-
servational error is considered. Here we use the notation of
error(A) as the error in a physical quantity 4.

The observational error of temperature and winds depends
on the method and performance of the device used for rawin-
sonde observations at Singapore and is not easy to evaluate.
However, we can estimate the error roughly from the obser-
vational data. As mentioned in S94, clear wave-like structures
observed in a time-height section of high-pass filtered T and u

components have amplitudes of about 1 K and 2 m s™*, re-
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spectively. The error in the original data is considered to be
almost the same as that of the high-pass filtered profiles and is
safely assumed to be no more than 0.5 K for error[7] and 1 m
s~ for error[u] (i.e., one-half of the wave amplitude).

Further, it is safely assumed that the observational errors in
T and u are independent of time, and there is no correlation
between the errors. Since the frequency spectrum of such er-
rors is white, the error in Q,, (and Cp,) is

errorfu] error[T]

: (11)

error[Qr,] = error[Cyp,] = o7

N error[uJerror[ T]
ng

where o, and o, are square roots of the variance of T and u
fluctuations having frequencies in the integrated range; respec-
tively, and n; is the number of integrated spectral points. The
last term on the right-hand side of (11) can be ignored when n,
is sufficiently large.

For 1-3 day (5-20 day) components, o and o, are about
1.5 K (2K) and 2.5 ms™* (5 m s~ 1), respectively, and 7, is 120
(28) for the spectra calculated using a window of 3 months.
Since the average in each of the large shear periods was made
for at least 6 months, n, should be doubled, i.e., 240 for 1-3 day
components-and 56 for 5-20 day components. Using these
values, we obtain error[Q4,] and error[C;,] of 0.2 Km s™!
for 1-3 day components and 0.6 K m s~* for 5-20 day com-
ponents.

The observational errors in momentum flux obtained by the
direct and indirect methods are estimated from the values of
error[Q ;] and error[C,]:

— @o
errorfu’w’] ~ TN error[ Qr,], (12)
errorf|u'w’|] ~ 290 > error[Cr,] (13)
NTU, “r

where w, is the central frequency of the integration range. As
a result, we obtained almost the same values of error for 1-3
day and 5-20 day components:

errorfu’'w’] = 5-8 X 10™* m?*s72, (14)
for direct estimates, and
error[ju'w'|] = 4-8 X 1073 m?s~?
(15)
|U,| =5%10735s7},
error|u'w'|] = 2-4 X 1073 m?s~2
(16)

|U,| =10 x 1073 s,

for indirect estimates. It should be noted again that the esti-
mated errors are the largest (i.e., most pessimistic) estimates
and hence the real accuracy must be better than this at lower
levels where missing data are few. At upper levels, however,
the error may be larger because the percentage of missing data
becomes larger [S94]. The error of indirect estimates assuming
equatorial waves is modified correspondmg to the modification
for (9).

3.3. Results of Direct Estimation

Direct estimates of u'w’ were obtained from quadrature
spectra using (7). Profiles of momentum flux were averaged
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Figure 8. As in Figure 7, but for the indirect estimate of momentum flux |u'w’|.

over each of positive shear periods (A, B, and C) and negative
shear periods (a, b, and c). The mean values of u'w’ are
plotted separately for 1-3 day, 3-5 day, 5-20 day, and 1-20 day
components in Figure 7 as a function of height. Different line
styles show different time periods. The reader is cautioned that
the vertical profiles of u'w’ were obtained for periods of large
shear, and the time of observation depends on altitude (see
Figure 2). Therefore the displayed vertical profiles of momen-
tum flux do not provide the wave drag from its convergence.

For westerly shear (U, > 0), values of u'w’ are biased
toward positive in all frequency ranges. The momentum flux
associated with 1-3 day components is about 0-5 X 1073 m?
s~2, and tends to increase with height from 1 X 107> m?s~2 at
22 km to 3 X 1073 m? s~ at 28 km, on average. The estimate
is meaningful because the average values are larger than the
error estimated in the previous section.

The momentum flux for long-period (5-20 day) Kelvin
waves in westerly shear is 2-9 X 107> m? s~ 2. These values are
a little smaller than the estimate from previous observational
studies of ~6 X 1073 m? s™? [e.g., Andrews et al., 1987]. It
should be noted, however, that the quadrature spectra due to
Kelvin waves in Figure 1 is spread over a wide range of periods
extending from about 20 days to 3 days. It may be better to
examine the sum of 3-5 day and 5-20 day components, which
is 4-12 X 107> m* s~2 and comparable to previous studies.

The total momentum flux in westerly shear associated with
1-20 day components is about 4-15 X 107> m? s~2 The contri-
bution by long-period Kelvin waves is largest, and the momen-
tum flux due to 1-3 day components is about half as large.

On the other hand, the momentum flux in easterly shear is
generally small compared with that in westerly shear. For 5-20
day components, positive bias due to Kelvin waves around the
tropopause is observed at lower levels and the momentum flux
is comparable to the error above 26 km. The momentum flux
associated with 1-3 day components is weakly negative above
26 km, corresponding to systematic positive values of Q,

around easterly shear observed in Figure 3, although the mo-
mentum flux below is distributed around zero. The total mo-
mentum flux in easterly shear for 1-20 day components is
about 2-6 X 107> m? s2 at lower levels, decreasing with
height and almost zero at upper levels.

3.4. Results of Indirect Estimation

The results from indirect estimation of momentum flux us-
ing (9) are summarized in Figure 8 in the same manner as the
direct estimate (Figure 7). The indirect estimates should ac-
cord with those of the direct estimation if momentum fluxes
associated with waves in the period range are of one sign.

First, let us examine the results for 5-20 day components in
westerly shear, in which we expect dominance of long-period
Kelvin waves. The vertical profiles of indirect estimates in
Figure 7 are similar to those of direct estimates, although the
indirect estimates of momentum flux (3-50 X 107> m? s 2) are
larger than the direct estimates (2-9 X 107> m? s™2).

According to the extended theory for equatorial waves
[D97], the factor in (9) is %5 instead of 2 if the disturbances are
due to Kelvin waves. Thus the indirect estimate for 5-20 day
components is likely to be overestimated by a factor of 3/2.
This modification makes the indirect estimates almost consis-
tent with results from the direct method, except for period B
(long-dashed curves) which has significantly larger values com-
pared with the other two periods A and C. The large ampli-
tudes for period B suggest that nonlinear effects such as “sat-
uration” are not negligible [D95]. In such cases, the covariance
of T and u components can be larger than expected from (3).
Figure 9 shows the modified profiles of indirect estimates for
periods A and C (thin curves). Direct estimates for the same
time periods are plotted by thick curves for comparison. The
difference between modified indirect estimates and direct es-
timates for A and C profiles is 0-4 X 1072 m? s~2, which is
within the estimation error of the indirect method. The con-
sistency between the results of direct and indirect estimation
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Figure 9. Vertical profiles of indirect estimates of momen-
tum flux for 5-20 day components in time periods A (solid) and
C (dashed) based on the theory of equatorial Kelvin waves
(thin curves). The direct estimates of momentum flux for the
same time periods and wave components are shown by thick
curves for comparison.

for long-period Kelvin waves supports the validity of the indi-
rect method.

The most important feature in Figure 8 is that the indirect
estimates of the momentum flux associated with short-period
(1-3 day) components are significantly large and occupy the
largest portion of the total (1-20 day) momentum flux in both
westerly and easterly shears. The magnitude of indirect esti-
mates of momentum flux due to 1-3 day components in west-
erly shear is about 20 X 1072 m? s~2 at 21 km, increases with
height, and becomes 50 X 107> m? s~2 at 30 km, which is
almost 10 times larger than the direct estimates of 0-5 X 107>
m? s~2. This fact indicates that 1-3 day components are com-
posed of at least two kinds of waves having positive and neg-
ative momentum fluxes and that large momentum fluxes asso-
ciated with the waves are cancelled in the sum. Assuming that
short-period waves propagate mainly upward, the momentum
flux of waves in one direction (eastward or westward) must be
almost one-half of the indirect estimate, and significantly
larger than the momentum flux due to long-period Kelvin
waves. The difference between the three periods of A, B, and
C is small, reflecting the high correlation of C,,, and vertical
shear observed in Figure 4.

In easterly shear, the 1-3 day components are dominant
again. The momentum fluxes are 7-30 X 107> m? s~ which
are nearly half of those in westerly shears. The difference in
momentum fluxes affects largely the difference in the gradient
of the distribution between westerly and easterly shear periods
in the scatter diagram of Figure 4. The indirect estimates are
much larger than the direct estimates which are smaller than
3 X 107® m? s~ 2, suggesting that the large cancelation between
positive and negative momentum fluxes occurs also in easterly
shear. This is consistent with the O+, profile, in which the sign
changes around the large shear as discussed in section 2.1. On
the other hand, indirect estimates for 3-5 and 5-20 day com-
ponents are small, consistent with the direct estimates. This
fact means that the amplitudes of individual longer-period
waves in easterly shear is small at the equator.
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3.5. Possibility of Equatorially Trapped Waves
for 1-3 Day Components

In section 3.4 we assumed that 1-3 day components are due
to two-dimensional gravity waves. This assumption may be
valid near source regions, i.e., at lower levels in the strato-
sphere, where the horizontal (in particular, the meridional)
expanse of wave packets is too small to feel the beta effect of
the earth rotation. It is likely, however, that as the waves
propagate upward, their localized structure disappears and the
waves acquire the structure of equatorially trapped modes.
Thus, in this section we consider the possibility of equatorial
waves for 1-3 day components and examine the modification
of indirect momentum flux estimate.

An important quantity to examine the structure of equato-
rially trapped waves is the ratio of potential energy (PE) and
kinetic energy (KE), which depends on the mode index n
characterizing the meridional structure, the nondimensional
zonal wavenumber k* (= ky,), and the nondimensional wave
frequency w*(= w/By,), where y, (= VN/|m|B ) is the
latitudinal scale factor and B is 2.283 X 10~ m~* s™* at the
equator. Figure 10a shows the dispersion curves for odd IGW
modes (n = 1, 3, 5, -+ ) and Kelvin modes (n = —1) which
have a nonzero u component at the equator (i.e., at Singa-
pore). The dispersion relation is

k*
%2 __ __ __ Ir%2 —
=k

=2n+1

® (17)
The upper limit of w* ~ 4 in Figure 10a corresponds to a
minimum vertical wavelength of 2 km for the central frequency
(1.5 days) ™! in the period range of 1-3 days, which is detect-
able by routine rawinsonde observations in the lower strato-
sphere with vertical resolution of about 1 km. At the equator,
assuming that latitudinal shear is O(y), the ratio (R) of PE to

zonal KE (i.e., the contribution to KE by u component) is
m 2 wz w* 2

~ N2 = k*2°

PE d)IZ/N?.

R = onalKE ~ ¢'%c?

(18)

where m is vertical wavenumber. Figure 10b shows R, which is
1 for Kelvin waves and larger than 1 for IGWs. It should also
be noted that for two-dimensional hydrostatic gravity waves,

PE/KE ~ 1. (19)

Figure 10c shows the correction factor C which is used to
obtain an indirect estimate of momentum flux for equatorial
waves |u'w’|., from our earlier estimate under the assumption
of two-dimensional gravity waves |u'w’|,_gim:

W eq = Cl W |aim (20)
where
1 2 w*]!
c=3 | (1-smm) & @
and
. w*(w*ztkw + k*/o*) @)
20+ k*/w*

is the nondimensional vertical group velocity [D97]. The cor-
rection factor C is smaller than 1 for all equatorial Kelvin and
inertia-gravity waves. For the equatorial inertia-gravity waves,
the correction factor C decreases as R increases for one mode.
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Thus the momentum flux obtained under the assumption of
two-dimensional gravity waves in the previous section may be
overestimated. However, it is shown in the following that the
modification is too small to affect our conclusion that there is
a large cancelation of positive and negative momentum fluxes
for 1-3 day components. -

Figures 11 and 12 show the zonal KE (u'?) and PE
((T'g/TN)?), respectively (divided by density), in the same
manner as Figures 7 and 8. The contribution of meridional
wind component to KE (v'?; meridional KE divided by den-
sity) is shown in Figure 13.

In westerly shear (U, > 0), PE is larger than zonal KE for
1-3 day components below 25 km, which is consistent with the
characteristics of equatorial inertia-gravity waves with odd n. It
should be noted that meridional KE is as large as zonal KE in
this height region and that total KE (zonal KE plus meridional
KE) is comparable to PE. It is possible that the meridional KE
is due to Rossby gravity waves or other modes with even n.
However, if we take into account that the height region is near
the source of the waves, there is another possibility that the
zonal KE and meridional KE belong to the same disturbances
whose wave vector has both zonal and meridional components.
In fact, wave-like structure is sometimes observed in the me-
ridional wind component in the lower stratosphere below 25
km (see Figure 4b of S94). The equipartition of PE and total
KE in this height region is consistent with the assumption of
two-dimensional gravity waves used in the momentum flux
estimation in section 3.4.

Such waves having a meridional component of the wave
vector would propagate outward from the equator, refract back
and forth in the equatorial waveguide [e.g., Gill, 1982] while
propagating upward, so that zonally oriented equatorial modes
would form in the upper region. This scenario is consistent
with the fact that zonal KE is larger than meridional KE above
25 km. It is important that the zonal KE is almost equal to PE
for 1-3 day components above 25 km. This is again consistent
with the assumption of zonally oriented plane gravity waves
used for momentum flux estimation in the previous section.
However, it is also the case for equatorial Kelvin waves (see
Figure 10b).

Let us consider the hypothesis that the 1-3 day waves are
composed only of equatorial Kelvin waves. In this case, the
momentum flux obtained from two-dimensional gravity wave
theory is overestimated by a factor of 32 as for long-period
Kelvin waves. Using the value of 50 X 107> m? s~ above 25
km in Figure 8, we obtain a (modified) indirect estimate of
33 X 1072 m? s~ However, this value is still much larger than
the direct estimate of ~2 X 107> m? s~2 shown in Figure 7
which is independent of wave characteristics. Thus the indirect
estimate cannot be explained by Kelvin waves alone, and we
need to consider the coexistence of other kinds of waves.

It is worth noting that radiative damping can modify the
ratio of PE and KE of waves. According to equatorial wave
theory, Kelvin waves should have equal PE and zonal KE. This
is the case for long-period Kelvin waves below 24 km (see
Figures 12 and 11). However, KE is larger than PE above 24
km. The reduced PE is likely due to radiative damping. The
maximum reduction seems about 50%. Such damping may
occur also for 1-3 day components but is probably smaller.

Let us consider another hypothesis that the 1-3 day waves
are composed of an equatorial wave having R of 2, assuming
50% reduction of PE by radiative damping so as to obtain the
minimum, i.e., most severe correction factor C. Possible modes

4

Figure 10. (a) Dispersion curves of odd modes of equatorial
inertia-gravity waves (solid curves) and Kelvin wave (dashed
line). Horizontal and vertical axes show nondimensional zonal
wavenumber and frequency. (b) The ratio of potential energy
to kinetic energy (R). (c) Correction factor (C) to obtain
indirect estimates of momentum flux from the estimate based
on two-dimensional gravity wave theory. Open circles and tri-
angles are modes having R of 2 and 4, respectively. Thick
curves show the inertio-gravity modes with R smaller than 4 for
observed 1-3 day components.

are denoted by open circles, and the correction factor C is
about 0.42. Thus the indirect estimate of momentum flux
above 25 km is about 20 X 107> m? s~2 which is still much
larger than the direct estimate of ~2 X 1073 m? s™2,

In easterly shear, zonal KE is relatively large for the period
range of 5-20 days and 1-3 days. The zonal KE for 5-20 days
is slightly larger than PE as seen in westerly shear. Judging by
the dominance of zonal KE at long periods, the 5-20 day
components are likely due to Kelvin waves which leak through
the westerly wind below. The 1-3 day components have PE
about twice as large as zonal KE, independent of height. Con-
sidering the most severe reduction (50%) by radiative damping
again, we can assume that 1-3 day components are due to
inertia-gravity waves at upper levels, R of which is 4. The
corresponding correction factor C is 0.28 (denoted by triangles
in Figure 10). The momentum flux modified under the assump-
tion of equatorial inertia-gravity waves is then 2-8 X 107> m®
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Figure 11. As in Figure 7, but for the kinetic energy (divided by density) due to zonal wind component.

s~2, which is still considerably larger than the direct estimate
(note that the direct estimate is small compared to the error).
It is also worth noting that meridional KE is large even at
upper levels, in particular for 1-3 and 3-5 day components.
This feature corresponds to the dominance of Rossby gravity
waves along easterly shear zones shown by S94.

From the discussion above, it is concluded that we cannot

explain the difference between direct and indirect estimates of
momentum flux for 1-3 day components in both easterly and
westerly shears without taking into consideration the coexist-
ence of multiple waves having positive and negative momen-
tum fluxes. This conclusion is also supported by O, showing
a complicated distribution of positive and negative values in
the time-height section of Figure 3.
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Figure 12. As in Figure 7, but for the potential energy (divided by density).
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Figure 13. As in Figure 7, but the kinetic energy (divided by density) due to meridional wind component.

4. Discussion
4.1.

It was shown in the previous section that there are some
differences in wave characteristics for 1-3 day components
between easterly and westerly shears. The indirect estimate of
momentum flux was larger in westerly shear than in easterly
shear. The ratio of potential energy to kinetic energy is smaller
in westerly shear than in easterly shear. If wave spectra in the
source region (i.e., troposphere) are independent of the QBO
in the lower stratosphere, the differences that depend on the
QBO must be attributed to propagation in the lower strato-
sphere below QBO shear zones, assuming that the waves are
mainly propagating energy upward. Several possible explana-
tions are listed below.

First, there may be asymmetry in the phase velocity spectra
of short-period waves emerging from the troposphere. Since
the easterly (westerly) wind below the westerly (easterly) shear
inhibits upward propagation of westward (eastward) waves, the
dominance of wave activity in westerly shear may be due to
dominance of eastward waves in the source spectra. This is
likely because the mean wind in the upper troposphere is
easterly in convective regions such as the Maritime Continent
(see Figure 2). The “topographic” effect of convection in an
easterly mean wind will generate a phase velocity spectrum
biased toward eastward waves [e.g., Pfister et al., 1993]. Even if
eastward and westward gravity waves are generated equally at
some lower levels in the troposphere, gravity waves with west-
ward phase velocities comparable to the easterly wind in the
upper troposphere cannot propagate to the tropopause.

Second, differences may be due to an asymmetric manifold
of equatorial waves, i.e., the asymmetry of dispersion curves
around k* = 0 (see Figure 10). If 1-3 day components are due
mainly to equatorial waves, the characteristics of propagation
can be asymmetric even if the QBO of mean zonal wind is
symmetric. An extreme case is that of Kelvin waves below

Difference Between Easterly and Westerly Shears

o* ~ 2 (for 5-20 day components): there is no “anti-Kelvin”
wave, or westward mirror image of this mode, on the disper-
sion diagram.

Third, the QBO of mean zonal wind is itself asymmetric as
seen in Figure 2. Even if gravity wave spectra were symmetric
at the tropopause, the characteristics of propagation would be
different below easterly and westerly shears because of the
asymmetry of the QBO. Gravity waves may partly contribute to
the asymmetry of the QBO, but there are other processes, e.g.,
asymmetric acceleration by Kelvin and Rossby gravity waves,
and the induced mean meridional circulation [Dunkerton,
1991].

4.2. Parameters of Possible Equatorial Waves
for 1-3 Day Components

Although it was shown in section 3 that 1-3 day components
are likely composed of a mixture of various waves, it would be
useful to infer wave parameters of possible modes even
roughly. Taking the central frequency of (1.5 days)™' as a
typical frequency for the 1-3 day wave components, the dis-
persion curves are examined. As described in the following,
there are at least three criteria which should be satisfied by the
waves observed around the shear region.

First, from the definition of w* as described in section 3.5, it
is found that the maximum «* is determined by the minimum
observable vertical wavelength. Since the vertical resolution of
rawinsonde observation is about 1 km, the minimum observ-
able vertical wavelength is about 2 km (ignoring the aliasing of
waves with shorter vertical wavelengths). Thus the maximum
o* is about 4 for all equatorial wave modes.

Second, the minimum w* is determined by the maximum R,
i.e., the ratio of PE to zonal KE, since R increases as w*
decreases for each mode (see Figures 10a and 10b). The max-
imum R found from Figures 11 and 12 is 1 and 2 for westerly
and easterly shear, respectively. Assuming 50% reduction due
to radiative damping as discussed in section 3.5, the maximum
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Table 1. Parameters of Possible Equatorial Waves for
Observed 1-3 Day Components in Westerly Shear

¢, )\)n /\z, Yo
Mode ms™! km km  X10° km
n = —1 Kelvin waves >6.7 >870 >2.0 >550
n = 1 eastward IGW 7.7-19.6 1000-2500 2.0-4.2 550-790
n = 3 eastward IGW 9.4 1200 2.0 550
n = 1 westward IGW —25to —31.8 3200-4100 5.7-6.7 920-1010

The zonal phase velocity, zonal wavelength, vertical wavelength,
latitudinal scale factor are denoted by ¢, A, A,, and y,, respectively.
IGW, inertia-gravity waves.

R is taken to be 2 and 4 for respective shears. The minimum o*
for each mode is denoted by open circles for westerly shear and
open triangles for easterly shear in Figure 10. The thick curves
in Figure 10 indicate possible waves satisfying both the first and
second criteria.

Further, we can give the third criterion in terms of the mean
wind. If the waves around the westerly and easterly shear come
from the lower levels, their phase velocities must be out of the
range of the mean wind below the shear; otherwise the waves
would encounter their critical levels before reaching the shear
zones. The underlying wind is about —25 to —5 m s~! for
westerly shear and —5 to +15 m s™* for easterly shear (see
Figure 2a). If we take the damping below the critical levels into
account, the phase velocity range of observable waves may be
more narrowed.

The possible waves satisfying these three criteria are east-
ward n = —1 modes (¢ > 6.7 m s~ '), eastward n = 1 modes
(c =7.7-19.6 m s~ '), eastward n = 3 modes (¢ = 9.4 ms™"),
and westward n = 1 modes (¢ = —31.8 to =25 m s~ ) for
westerly shear. As for the easterly shear, they are eastwardn =
—1modes (¢ > 15ms '), eastwardn = 1 modes (¢ = 15-44.1
ms~'), eastward n = 3 modes (¢ = 15-20.6 m s~ '), westward

n = 1 modes (¢ = —61.8 to —7.2 m s™'), westward n = 3
modes (¢ = —23.8 to —8.6 m s~ ') and westward n = 5 modes
(¢ = —14.7 to —11.7 m s™'). Westward n = 3 modes cannot

propagate through the mean wind below westerly shear, al-
though some waves of n = 3 satisfy the first and second
criteria. This is also the case for eastward n = 5 modes in the
easterly shear. Parameters of the possible equatorial waves are
summarized in Tables 1 and 2 for westerly and easterly shear,
respectively.

The momentum flux estimated in this paper is the value at
the equator. Since the QBO is a phenomena having the lati-
tudinal half width of 25°, the latitudinal scale factor y, listed in
Tables 1 and 2 that corresponds to the e-folding latitude of
wave amplitude is important when we consider the mean wind
acceleration by convergence of momentum fluxes associated
with the waves. The factor y, is proportional to the square root
of the vertical wavelength and independent of the wave fre-
quency. The possible equatorial modes for short-period waves
except for n = —1 modes (short-period Kelvin waves) have
shorter vertical wavelengths and hence smaller meridional ex-
tent than long-period Kelvin waves with typical vertical wave-
lengths of 10-15 km [e.g., Andrews et al., 1987] corresponding
to y, of 940-1210 km. The possible short-period Kelvin waves
have a wide range of vertical wavelengths and meridional ex-
tent which can be either larger or smaller than those of long-
period Kelvin waves.
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4.3. Aliasing of Waves With Periods Shorter Than 1 Day

The direct and indirect estimates of momentum flux were
made under an assumption that the observed frequency is the
actual ground-based frequency of the waves. Since the rawin-
sonde observation is made only twice a day, aliasing of waves
with periods shorter than 1 day is possible. The degree of
aliasing in the spectra depends on the spectral shape; blue
spectra cause significant aliasing, for instance. The spectra at
periods shorter than 1 day may be speculated by extrapolation
of the observed spectra to higher frequencies. The cospectra in
Figure 1c that were used for indirect estimate of momentum
flux have larger values at shorter periods. Taking into consid-
eration that the spectra were plotted in flux content form, the
spectral shape seems nearly white. The power spectra of Fig-
ures 1a and 1b also suggest enhanced activity in 1-2 day range,
which could well be due to wave motions aliased from higher
frequencies. In fact, there is observational evidence of higher-
frequency gravity waves associated with convection [e.g., Sato,
1993; Pfister et al., 1993; Sato et al., 1995; Alexander and Pfister,
1995]. The direct and indirect estimates of momentum flux are
proportional to w. The aliased higher-frequency waves can
have significant momentum fluxes, although they may have
smaller amplitudes than waves with periods longer than 1 day.
Therefore the true values can be significantly larger than the
estimates given here.

5. Summary

A new indirect method was used to estimate momentum flux
from cospectra of temperature and zonal wind fluctuations
based on the theory of two-dimensional (plane) gravity waves
and three-dimensional equatorial waves in vertical shear
[Dunkerton, 1995, manuscript in preparation, 1997]. This
method provides the summation of absolute values of momen-
tum flux associated with each wave. Comparing to direct esti-
mates of total momentum flux from the quadrature spectra, we
can estimate positive and negative momentum fluxes sepa-
rately. An analysis was made of rawinsonde data at Singapore
over 10 years. The validity of this method was reinforced by the
observation of an approximately linear relationship between
the cospectrum and vertical shear, and relatively few events of
positive (negative) covariance of T and u components in neg-
ative (positive) vertical shear. Estimation of observational er-
ror was made to evaluate the derived momentum fluxes quan-
titatively.

The direct and indirect estimates for 5-20 day components
in westerly shear, thought to be attributable to eastward prop-
agating equatorial Kelvin waves, are in accord with one an-
other to within the observational error, except for the 1987
case when Kelvin waves had such a large amplitude that we
could not ignore the nonlinear effect. The direct estimates of

Table 2. Same as Table 1 but for Easterly Shear

3 westward IGW  —8.6 to —23.8 1100-3100 2.0-3.6 550-730
5 westward IGW  —11.7 to —14.7 1500-1900 2.0-2.2 550-570

c, Axr /\z? y 0>

Mode ms~! km km %x10°km
n =—1 Kelvin waves >15 >1900 >2.7 >820
n = 1 eastward IGW 15-44.1 1900-5700 3.4-6.6 710-970
n = 3 eastward IGW 15-20.6 1900-2700 2.6-3.1 630-660
n = 1 westward IGW'~ —7.2to —61.8 930-8000 2.0-9.3 550-1180
n =
n =
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momentum flux, which are more accurate than the indirect
estimates, are 2-9 X 107> m® s™2, consistent with previous
observational studies. Indirect as well as direct estimates in
easterly shear are small, indicating the absence of long-period
waves.

This method is effective in particular for short-period (1-3

nranaca hn~tl
day) disturbances because these waves can propagate both

eastward and westward. The results for short-period waves are
summarized as follows.
1. The indirect estimates of momentum flux under the

mption of two-dimensional gravity waves are 20 60 X

assu
1073 m? s~ for westerly shear and 7-30 X 1073 m? s2 for
easterly shear. The estimated values become smaller by about
30-70% when three-dimensional equatorial modes are as-
sumed.

2. The direct estimates of momentum flux, which are in-
dependent of wave structure, are 0-5 X 1073 m? s~2 for

_ L % 1073 2 2
westerly shear and —1to +2 X 107" m*s

3. The indirect estimates are always much larger than the
direct estimates, indicating that there is a large cancelation of
positive and negative momentum fluxes. If waves are mainly
propagating energy upward, then.eastward and westward
waves must coexist, with approximately equal and opposite
fluxes. It is also possible that the cancelation is partly due to
reflected waves.

4. The momentum flux in one direction (approximately
one-half of the total indirect estimate) is at least 3 times larger
than that of long-period Kelvin waves in westerly shear.

5. There are some diffcrences in wave characteristics be-
tween westerly and easterly shear. The ratio of potential and
kinetic energy is smaller in westerly shear than in easterly
shear. The indirect estimate of momentum flux, indicating
wave activity, is about twice as large in westerly shear as in
easterly shear.

Possible explanations for the difference between easterly
and westerly shear were discussed. Wave parameters were in-
ferred from the ratio of potential and kinetic energies and the
mean wind below the shears, assuming that the short-period
waves are composed of equatorial modes. The effects of alias-
ing, from components with periods shorter than 1 day, on the
momentum flux estimation was also discussed: If there is the
aliasing, the actual momentum fluxes can be significantly larger
than estimated in this paper assuming that the observed fre-
quencies are actual ground-based wave frequencies.

Singapore is located where vigorous convection is observed
[e.g., Bergman and Salby, 1994)]. The characteristics of waves
near their source region may be localized, although waves in
the middle and upper stratosphere possibly attain a modal,
equatorially trapped structure. Further analysis is necessary
using observational data at other locations near and off the
equator to identify the short-period waves more precisely and to
determine whether they display similar characteristics elsewhere.

far anctawnls
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