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Abstract.
The vertical flux of the horizontal momentum associated
with the equatorial Kelvin and Rossby-gravity waves are es-
timated from the winds measured by the Indian MST radar
located at Gadanki (13.5◦ N, 79.2◦ E) during September 1995
to August 1996 in the tropospheric and lower stratospheric
regions for all four seasons. The present study shows that
momentum flux values are greater during equinox seasons
than solstices, with values near the tropopause level being
16× 10−3, 7.4× 10−3, 27× 10−3 and 5.5× 10−3m2s−2 for
Kelvin waves and 5.5 × 10−3, 3.5 × 10−3, 6.7 × 10−3 and
2.1 × 10−3m2s−2 for RG waves during autumnal equinox,
winter, vernal equinox and summer seasons, respectively.
Using these momentum flux values near the tropopause level,
acceleration of the mean flow in the stratosphere up to a
29 km height were computed following Plumb (1984), by
considering the wave-meanflow interaction and the deposi-
tion of the momentum through the radiative dissipation of
the waves. A comparison of the estimated mean-flow accel-
eration in the stratosphere compares well, except at a few
height levels, with the observed mean-flow accelerations in
the stratosphere derived from the radiosonde data from a
nearby station.

Key words. Meteorology and atmosphenic dynamics (trop-
ical meteorology; waves and tides)

1 Introduction

The quasi-biennial oscillations (QBO) dominate the dynam-
ics of the equatorial lower stratosphere. The basic mecha-
nism responsible for the QBO is the wave-meanflow inter-
action, wherein upward propagating equatorial waves, i.e.
Kelvin and Rossby-gravity (RG) waves interact with the
stratospheric meanflow and deposit their momentum produc-
ing alternating westerly and easterly regimes, respectively.
An important parameter used in the simulation of the QBO
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is the prescription of the meridionally averaged vertical flux
of the horizontal momentum,u′w′ (u′ andw′ are perturba-
tions in the zonal and vertical velocity) of the Kelvin and RG
waves at the lower boundary (at a height of∼ 17 km) of the
model (e.g. Holton and Lindzen, 1972). The QBO is sensi-
tive to any change in the wave momentum flux. The QBO pe-
riod decreases with an increase in wave momentum fluxes at
the lower boundary (Plumb, 1977). In a numerical simulation
of QBO, Dunkerton (1981) has shown that the period of the
QBO increased by 22% when the RG wave flux was reduced
by a factor of 2. Geller et al. (1997) have shown that the QBO
period changed from∼ 25 months to∼ 45 months when the
Kelvin and RG wave momentum fluxes were changed from
±8×10−3m2s−2 to ±2×10−3m2s−2; the QBO period of∼
33 months corresponds to a flux value of±4 × 10−3m2s−2.
These studies show the importance of an observational study
of the momentum fluxes of equatorial waves, which are driv-
ing the QBO oscillations in the equatorial lower stratospheric
zonal winds. The variations in the flux values of the equato-
rial waves change the forcing of the stratospheric mean zonal
wind, which ultimately changes the QBO period. Thus, the
study of the variation of flux values is important for the sim-
ulation of QBO. One of the earliest estimates of momentum
fluxes associated with the equatorial waves was done using
radiosonde temperature and zonal wind data by Wallace and
Kousky (1968). Since then many more similar studies have
been made by others using radiosonde data. Recently, using
radiosonde data, Sato and Dunkerton (1997) have estimated
the momentum fluxes associated with the equatorial waves.
With the advent of MST radar, which can measure wind com-
ponents with fine vertical resolution, the momentum fluxes
can be estimated directly from the vertical and zonal compo-
nents of the wind (Sasi et al., 1999).

Equatorial wave momentum fluxes during different sea-
sons in the lower atmosphere over the tropical station
Gadanki are estimated, using a method developed by Sasi
et al. (1999) from winds measured by the Indian MST radar
and the results are presented in this paper. These flux val-
ues are used to simulate the meanflow acceleration in the



986 M. N. Sasi and V. Deepa: Seasonal variation of equatorial wave momentum fluxes at Gadanki

Fig. 1. Height profile of the vertical flux of the zonal momentum,
u′w′ over Gadanki during the different seasons(a) Kelvin wave(b)
RG wave. Filled circles, continuous line, triangles and squares rep-
resent momentum fluxes for the autumnal equinox, winter, vernal
equinox and summer seasons, respectively. Horizontal bars show
dispersion ofu′w′ for the autumn equinox season.

stratosphere up to a 30 km height level. For this purpose,
the method outlined by Plumb (1984) is used. The meanflow
accelerations are also calculated using monthly mean winds
obtained from balloon data from a nearby station and are then
compared with the simulated ones during different seasons.
Section 2 briefly describes the data used for the present study
and the method used to derive the momentum fluxes from the
radar wind data. Seasonal variation of observed momentum
fluxes are described in Sect. 3. The mean-flow accelerations
in the stratosphere produced by the radiative dissipation of
equatorial Kelvin and RG waves are simulated using the ob-
served momentum fluxes near the tropopause level and these
are presented in Sect. 4. Summary and conclusions are in-
cluded in Sect. 5.

2 Data and method of analysis

For the present study, daily wind data collected from the In-
dian MST radar located at Gadanki (13.5◦ N, 79.2◦ E) are
used. The data were collected for the period September 1995
to August 1996, covering four seasons. Daily Doppler spec-
tra corresponding to the six beams (two zenith beams and
four oblique beams in the north, south, east and west direc-
tions) with a vertical resolution of 150 m were first converted
to line-of-sight (LOS) wind profiles. From these daily ver-
tical profiles of LOS winds corresponding to the six beams,
the zonal (u), meridional (v) and vertical (w) components of
the daily winds were derived using a least-squares technique,
assuming a vertical wind contribution to the LOS winds ob-

tained for the oblique beams (Sato, 1989). Once the vertical
profiles (resolution of 150 m) ofu, v, andw are obtained,
they are subjected to a 5-point running mean in height with
weights 0.125, 0.125, 0.5, 0.125 and 0.125. This smoothing
procedure will reduce the small scale wind fluctuations with
height, which may be due to random fluctuations or real at-
mospheric phenomena. However, wave components for this
study are the equatorial waves whose vertical wavelengths
lie in the range of 4–12 km. The time series ofu andw are
obtained from height-smoothed wind profiles. There exists
a few gaps in the time series which are filled by linear in-
terpolation. The length of the time series in each season is
48 days. This data length is sufficient for the study of slow
Kelvin (10–20 day period) and RG waves (3–5 day period).

For this study, the time series of zonal windu and verti-
cal wind w are used for identifying various equatorial wave
modes and for computing the associated momentum fluxes.
The method employed for this purpose is the same one used
by Sasi et al. (1999), and is briefly described as follows. For
Kelvin and RG waves, the perturbationsu′ and w′ are in
phase (time) at a particular height (Holton, 1980) and this
property is reflected in the cross spectrum ofu andw. First,
the cross-spectra ofu andw at suitable height intervals are
found. Sinceu andw vary in a non-random manner for the
equatorial waves, a high coherence value indicates the pres-
ence of wave motion corresponding to that frequency. The
prominent periods with high coherence values correspond-
ing to different wave modes present in the cross spectrum are
delineated. Then the vertical coherence of the zonal wind
is calculated to see whether these identified periods belong
to any vertically propagating wave modes. For calculating
vertical coherence, a reference height is chosen in the upper
troposphere and the selection of the height is based on the
high coherence (betweenu andw) values. Then the cross
spectrum of the zonal winds (u) and the vertical coherence
at all other heights relative to these heights were found. If
the vertical coherence is also high for the prominent periods
obtained in the cross spectrum, one can reasonably conclude
that a high coherence betweenu andw is probably due to
the propagation of atmospheric waves in the vertical direc-
tion. Once these periods are identified, the vertical propaga-
tion characteristics of the waves are estimated from the phase
(time of maximum) profile ofu corresponding to that partic-
ular period of the wave mode by Fourier analysis of the time
series ofu at different altitudes. Thus, the prominent pe-
riods and the corresponding vertical wavelengths determine
the presence of different wave modes. The Kelvin and RG
wave modes cannot be identified based on the periods and
vertical wavelengths alone. Relatively small amplitude val-
ues ofv, when compared to that ofu, may indicate that they
are perturbations produced by Kelvin waves and similarly
oscillations produced by RG wavesu andv will have com-
parable amplitudes. In this manner, 8–12 day oscillations
were identified as Kelvin waves and 3–4 day oscillations as
RG waves. Following this, the momentum fluxesu′w′ corre-
sponding to these wave modes are calculated from the recon-
structed time series ofu andw for the particular periods from
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the amplitudes and phases obtained from their Fourier spec-
tra. The Kelvin wave periods for autumnal equinox, winter,
vernal equinox and summer seasons are 12, 9.6, 8 and 9.6
days, respectively. For RG waves, the corresponding periods
are 3.4, 4, 3.6 and 3.2 days, respectively

3 Seasonal variation of momentum flux values

The vertical profiles of the momentum fluxu′w′ obtained for
all four seasons for Kelvin waves and RG waves are shown
in Fig. 1a and Fig. 1b, respectively. The variability ofu′w′

over the 48-day duration is computed from the deviations of
u′w′ from u′w′ and is represented by the r.m.s. deviation
(σ ) and shown by horizontal bars at every 1.8 km height for
the autumn equinox season. Similarσ values were estimated
for other seasons as well, but are not shown. The estimated
r.m.s. errors inu′w′ derived from the MST radar measuredu

andw components of the wind are 1.2 × 10−3m2s−2 (Sasi
et al., 1999) and at most of the altitudes, the r.m.s. deviations
shown in Figs. 1a and b are also of the same order. It may be
mentioned here that Sasi et al. (1999) estimated errors inu′w′

based on the measurement errors inu andw. In addition to
these errors, geophysical noise present in the radar wind data
produces statistical uncertainty in the estimated momentum
flux values depending on the magnitude of the atmospheric
momentum flux〈u(t)w(t)〉 relative to the geometric mean
energy

√
〈u2(t)〉〈w2(t)〉 (Kudeki and Franke, 1998). Ac-

cordingly, Kudeki and Franke suggest long integration times
for statistically significant estimates of the momentum flux.
Though the concept developed by them is primarily appli-
cable to gravity wave momentum flux estimates (based on a
particular spectral distribution of energy), the idea of using
a long integration time is equally applicable for other wave
motions, such as equatorial waves. A calculation of the ratio
of momentum to the geometric mean energy in our case gives
a value of∼ 10% and we have used an integration time of 48
days, which may be sufficient for a statistically reliable esti-
mate of the momentum flux. However, the estimated r.m.s.
error in the momentum fluxu′w′ given by Sasi et al. (1999)
could be a lower limit in the context of possible errors intro-
duced by geophysical noise.

A close examination of Figs. 1a and b shows that momen-
tum flux values have both positive and negative signs. Both
coherence (betweenu′ andw′) and vertical coherence ofu′

show large values (above 0.9) in certain height ranges (es-
pecially above 10 km) and at these heights, theu′w′ are also
positive. This is true for the autumn equinox, winter and
vernal equinox seasons. But for the summer season at some
of the heights where coherence is high, the momentum flux
values are negative. The reason for this distinctly different
behaviour during the summer season is not clear, although
it is possible that this may be linked to a tropical easterly
jet (TEJ) which is strongly present just below the tropopause
height during this season.

From these figures, it is seen that the flux values for both
Kelvin and RG waves obtained during the equinox seasons

Fig. 2. Height-time structure of the zonal wind (u) obtained from
balloon data from Trivandrum (8.5◦ N, 77◦ E) during 1992–1999.
The westerly winds are shaded.

(especially during vernal equinox) are larger than those ob-
tained during the solstice seasons. It may be mentioned here
that a recent study by Wikle et al. (1997) shows that the equa-
torial wave activity in the upper troposphere and lower strato-
sphere over the tropical Pacific has a semiannual variation
with peaks occurring in late winter-spring and late summer-
fall. The equatorial waves are forced in the tropical tropo-
sphere as a response to the heating due to a large-scale cu-
mulus convection. It is possible that the latent heat released
within the Inter Tropical Convergence Zone (ITCZ) could
act as a prominent source for equatorial waves. The large-
scale convection and cyclonic vorticity associated with the
ITCZ are, in general, favourable for the intensification of the
waves. In its semiannual oscillation the ITCZ migrates far-
thest away from the equator into summer continental regions.
During northern summer, the ITCZ is entirely in the northern
hemisphere while during southern summer (northern winter)
the ITCZ is located south of the equator. At the latitude of
the Indian subcontinent (80◦ E–82.5◦ E), the seasonal migra-
tion of the ITCZ occurs between∼ 5◦ S and∼ 20◦ N (Srini-
vasan and Smith, 1996). The position of the ITCZ during
the equinox seasons, on average, is centred approx. at 10◦ N
latitude over the Indian subcontinent. One may reasonably
expect during the equinox seasons that the equatorial wave
excitation will be more efficient when the source is closer
to the equator, especially over land and these waves may
transfer more momentum during this time. Therefore, the
momentum fluxes may be expected to be greater during the
equinoxes than during the solstices. The present observation
is consistent with this argument.
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Fig. 3. Height profile of the zonal mean-flow acceleration in the
stratosphere. Continuous line represents simulated profile (simu-
lated using equatorial wave momentum fluxes near the tropopause
level over Gadanki) and filled circles represent the observed pro-
file (from balloon data over Trivandrum). Horizontal bars show
r.m.s. variation of the observed zonal wind acceleration,(a) au-
tumnal equinox(b) vernal equinox.

The average observed momentum flux values near the
tropopause height for Kelvin waves are 16×10−3, 7.4×10−3,
27×10−3 and 5.5×10−3m2s−2 during the autumn equinox,
winter, vernal equinox and summer seasons, respectively.
The corresponding values for RG waves are 5.5×10−3, 3.5×

10−3, 6.7× 10−3 and 2.1× 10−3m2s−2, respectively. It may
be interesting to compare these values with those obtained
from rawinsonde data at Singapore by Sato and Dunkerton
(1997). They obtained a value of 2− 9 × 10−3m2s−2 for
Kelvin wave momentum fluxes and 0.4×10−3m2s−2 for RG
waves using a direct method (from the quadrature spectra of
temperature and zonal components of the winds).

4 Simulation of mean-flow acceleration

With the observed momentum flux values of the Kelvin and
RG waves near the tropopause level, it is possible to estimate
the acceleration of the mean-flow in the stratosphere, which
is induced by the radiative dissipation of these waves. For
this purpose, the method outlined by Plumb (1984) is used.
The momentum flux associated with each wave mode can be
expressed as

ρ(z)u′w′(z) = ρ(z0)u′w′ exp

−

z∫
z0

gi(z)dz

 (1)

whereρ(z0)u′w′ is the momentum flux at the tropopause
height,z0 = 17 km andgis are given by

gk(z) =
Nα

kK(U − cK)2
(2)

Fig. 4. Same as Fig. 3 but for(a) winter (b) summer

for Kelvin waves and

gRG(z) =
Nα

kRG(U − cRG)2

(
2β

k2
RG(U − cRG)

− 1

)
(3)

for RG waves.
The notations used are:N = Brunt-Vaisala frequency,

α = Newtonian cooling coefficient,β = 2�/a0 � = an-
gular velocity of earth’s rotation,a0 = radius of the earth,
kK = zonal wavenumber of the Kelvin wave,kRG = zonal
wavenumber of the RG wave,cK = zonal phase speed of
the Kelvin wave,cRG = zonal phase speed of the RG waves,
z = altitude,z0 = reference altitude (17 km). The values of
these parameters are taken from Plumb (1984). The values
of atmospheric densityρ were taken from the reference at-
mospheric model by Sasi and Sengupta (1979). The Brunt
Vaisala frequency is calculated using the formula

N2
=

g

T

(
dT

dz
+

g

cp

)
(4)

whereg is the acceleration due to gravity,T is the temper-
ature andcp is the specific heat of air at constant pressure.
For calculatingN2, the temperature profile obtained from
high altitude balloon data from a nearby station at Trivan-
drum (8.5◦ N, 77◦ E) are used. These high altitude balloons
are flown every Wednesday to measure the temperature and
the winds up to approx. a 35 km height. The mean zonal
windsU were also obtained from the same balloon data and
were used in Eqs. (2) and (3). BothU andN2 correspond to
the same period as the radar observations covering the differ-
ent seasons.

Equation (1) gives the vertical profile of the momentum
flux values above 17 km. The flux convergence produced by
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the damping of the waves is

∂

∂z
ρ(z)u′w′(z) = −ρ(z0)u

′w′(z0)gi(z)

× exp

−

z∫
z0

gi(z)dz

 (5)

and the mean-flow acceleration∂U
∂t

caused by the above con-
vergence is calculated from

∂U

∂t
=

1

ρ(z)

∂ρ(z)u′w′(z)

∂z
. (6)

The mean-flow acceleration as obtained from equation (6) is
calculated for all four seasons during the year 1995–1996.

Figure 2 gives the time-height cross section of the monthly
mean zonal winds in the 15–31 km height over the Trivan-
drum region for the 1992–1999 period. The QBO can be
clearly seen for∼3 cycles in this figure. During the period
of the MST radar observation (September 1995 to August
1996), the stratospheric zonal winds are in the process of
changing from a westerly to easterly regime at lower altitudes
and they are easterly at higher altitudes. The zonal wind ac-
celerations in the different seasons during 1995–1996 in the
18–29 km height range were calculated from the observed
zonal winds over Trivandrum. These mean-flow accelera-
tions (both observed from the balloon data and simulated
using equatorial wave momentum fluxes at the tropopause
level) during the equinoxes and the solstices are shown in
Fig. 3 and Fig. 4, respectively. The continuous curve repre-
sents the simulated value and the filled circles represent the
observed value. The r.m.s. variations (σa) of the observed
zonal wind acceleration at different levels are estimated and
shown as horizontal bars at every 1 km height in the observed
profile. It is seen from Fig. 3a that the observed and sim-
ulated accelerations during the autumn equinox season are
agreeing with each other above 25 km, as the simulated ac-
celerations are lying within±σa of the observed ones.Yet
for the vernal equinox season, there is good agreement be-
tween the two below the 25 km height level (Fig. 3b). There
is disagreement between the simulated and observed accel-
erations below 24 km during the autumn equinox. Above
25 km, during the vernal equinox seasons, the disagreement
is stronger. During the winter season, there is hardly any
agreement between the two (Fig. 4a). Probably among the
four seasons, the simulated and observed accelerations dur-
ing the summer show agreement in a larger height region, as
can be seen in Fig. 4b; the disagreement is seen only between
the 20 and 24 km heights. The differences seen between the
observed and simulated zonal wind accelerations during the
different seasons may be due to the role played by grav-
ity waves in producing the meanflow acceleration. Recent
studies show that gravity waves also play an important role
in producing meanflow acceleration in the equatorial strato-
sphere (Dunkerton, 1997; Mayr et al., 1997) and inclusion
of gravity waves along with the equatorial waves may pro-
duce more realistic simulated zonal wind accelerations in the
low-latitude stratosphere.

5 Summary and conclusions

The seasonal variation of equatorial wave momentum fluxes
in the troposphere and lower stratosphere over Gadanki
(13.5◦ N, 79.2◦ E) is studied using MST radar wind data for
one year from September 1995 to August 1996. It is observed
that the momentum flux values in the upper troposphere are
at a maximum during both the autumnal and vernal equinox
periods and at a minimum during both the summer and win-
ter solstices. This is true for both Kelvin and RG waves. One
of the sources that forces the equatorial waves could be the
ITCZ. The observed seasonal variation of the equatorial wave
momentum fluxes may be related to the semiannual merid-
ional migration of the ITCZ.

Mean-flow accelerations at every 1 km are calculated for
the 17–29 km region using balloon data (zonal wind ) over
Trivandrum (8.5◦ N, 77◦ E), a station lying close to Gadanki,
for the 1995–1996 period and are compared with simulated
ones obtained using the observed (from the MST radar) mo-
mentum flux values at the tropopause level for the different
seasons. Though the simulated and observed mean-flow ac-
celeration at the stratospheric levels, in general, agree with
each other, in certain height regions, significant differences
between the two are seen. These differences may be due to
the role played by gravity waves in producing the mean-flow
acceleration in the low-latitude stratosphere.
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