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As part of the Indian Middle Atmosphere Programme,
three scientific campaigns were conducted to study
equatorial waves in 1984, 1986 and 1988 from Trivan-
drum, SHAR and Balasore involving RH 200 rockets
and balloonsondes for measurement of horizontal wind
components. With the installation of MST radar and
Rayleigh lidar at Gadanki, temperature could be deter-
mined in the middle atmosphere, enabling estimation
of vertical flux of zonal momentum of the equatorial
waves, which is a crucial parameter to understand the
role of the equatorial waves in the generation of quasi
biennial oscillation and semi annual oscillation. Making
use of these facilities, three more campaigns were
conducted to delineate the equatorial wave character-
istics, including the wave momentum flux. The results
of each of these campaigns have already been published.
Here the results from all the six campaigns are reviewed,
consolidated and examined in the light of the current
global scenario of equatorial wave studies.

Keywords: Equatorial waves, Kelvin waves, momentum
flux, momentum flux divergence, semi-annual oscillation.

LARGE-scale equatorially confined wave motions have been
observed to propagate vertically and zonally through the mid-
dle atmosphere. The periods of these waves are in the range
of ~3 to 25 days. These are of planetary scale in the zonal
direction, but are trapped latitudinally within £ 15° of the
equator. These waves are generally referred to as equatorial
waves. Of these, Kelvin and Rossby Gravity (RG) waves are
prominent. Kelvin waves propagate in the eastward direction,
while RG waves propagate in the westward direction. The
wave perturbations manifest themselves in wind and tem-
perature. Among the horizontal wind components, Kelvin
wave disturbances appear only in the zonal wind, whereas RG
wave disturbances appear both in zonal and meridional
components, except at the equator where the zonal compo-
nent, perturbation is zero.

The Kelvin and RG waves are generally thought to be
forced by geographically confined time variations in the
large-scale cumulus convective heating in the equatorial
troposphere. Randomly distributed sources excite the longest
zonal scale Kelvin waves most efficiently and that the
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preferred vertical wavelength of the excited waves is about
twice the vertical scale of the heat source'. It is known that
a localized tropical heat source asymmetric about the equator
with a five-day period can generate an RG wave response
that is dominated by wave number 4 in the lower strato-
sphere””. The relatively slow-moving Kelvin and RG wave
modes observed in the upper troposphere and lower strato-
sphere are effectively damped out by thermal dissipation
(radiative damping) in the upper stratosphere. However, fast-
moving Kelvin waves can penetrate into the mesosphere”.

Decrease in density with altitude results in growth of wave
amplitudes to keep the associated kinetic energy constant, as
the waves propagate vertically in the absence of any damping.
The main damping processes for the equatorial waves are
radiative damping due to Newtonian cooling and critical-
level damping. In critical-level damping, waves lose their
momentum and energy in a vertically sheared mean flow
close to a level where the mean flow velocity is about the
same as the wave phase velocity. Of the two, radiative
damping is the dominating damping process’. When wave
damping takes place, the waves lose their energy and
momenturn to the mean flow, thus accelerating it. This
process is called the wave mean flow interaction and is the
main process for the generation of equatorial stratospheric
quasi biennial oscillation (QBO) and semi annual oscilla-
tion (SAO) in the equatorial stratosphere and mesosphere®. In
fact, much of the early work on equatorial waves was
spurred by their role in the generation of the QBO and SAQO,
which are the dominant long-period oscillations in the equato-
rial middle atmosphere. Besides the planetary-scale equatorial
waves, gravity waves also play a crucial role in providing
input to the generation of QBO and SAO through wave mean
flow interaction. A key parameter in the theoretical under-
standing of the wave mean flow interaction process in the
generation of QBO and SAO is the vertical flux of the hori-
zontal momentum of the causative waves.

There have been a number of investigations on the delinea-
tion of equatorial wave characteristics and a few on the wave
momentum fluxes”®. But almost all these were confined to
data over Pacific and Atlantic zones. At least prior to 1980s
this was the scenario. With the launching of the Indian Middle
Atmosphere Programme in the 1980s, study of the middle
atmospheric dynamics received a great fillip in India.
This was facilitated by the availability of sounding rockets
like RH 200 and high-altitude balloons for the studies on
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middle atmosphere. For the first time, a concerted scientific
campaign was conducted during May-June 1984 using
RH 200 rockets for wind measurement in the altitude
range 25 to 60 km and high-altitude balloonsondes for wind
and temperature measurement in the altitude range 0 to
~28 km from three locations, namely Trivandrum (8.6°N,
77°E), SHAR (13.7°N, 80.2°E) and Balasore (21.5°N,
86.9°E). This was followed by two more campaigns using
RH 200 rockets and balloonsondes in January—February
1986 from SHAR and in June—July 1988 from Trivandrum.
In the 1988 campaign, ballonsondes were also launched from
Minicoy (8.3°N, 73°E) and Port Blair (11.7°N, 92.7°E) to
provide longitudinal coverage.

As stated earlier, the vertical flux of horizontal momentum
of the equatorial waves is a crucial parameter for under-
standing and assessing the role of equatorial waves in the
generation of QBO and SAQO. While the campaigns con-
ducted in 1984, 1986 and 1988 provided valuable data on
winds for the first time in the Indian zone to delineate the
equatorial wave characteristics, information on wave mo-
mentum fluxes could not be obtained from these campaigns.
This was because of non-availability of instruments to meas-
ure the vertical component of wind and/or the temperature
with the required degree of temporal and spatial resolutions.
This vertical component of wind and/or temperature is
essential for the estimation of wave momentum fluxes
besides the horizontal components of the wind. With the
installation of MST radar and Rayleigh lidar in the early
and late 1990s respectively, at Gadanki (13.5°N, 79.2°E),
vertical wind and temperature became accessible parame-
ters for measurement. In 1995, with MST radar alone for
the measurement of all the three components of wind in the
altitude range ~4 to 25 km and in 1999 with MST radar
and lidar for measurement of the three wind components
in the altitude range ~4 to 25 km and temperature in the
altitude range ~4 to 75 km, two experiments were con-
ducted to obtain information on momentum fluxes”'®. In
2000, a comprehensive experimental campaign was con-
ducted using RH 200 rockets and balloonsondes from
SHAR and MST radar and lidar at Gadanki, to delineate
the equatorial wave modes and to estimate the wave mo-
mentum fluxes. This is perhaps the most comprehensive
experimental campaign conducted ever for the study of equa-
torial waves, providing a unique dataset of temperature and
winds from troposphere to mesosphere at nearly the same
locations over a period of 45 days''. The locations of

SHAR and Gadanki are separated by ~ 70 km and in view
of the scales involved in equatorial waves, this separation
is inconsequential for delineating the equatorial wave char-
acteristics.

Here we review, consolidate and sum up the results ob-
tained in all the experiments/campaigns mentioned above
and present them in the overall perspective of current global
scenario of equatorial waves.

Details of equatorial wave campaigns

The schedule and details of the experiments conducted in all
the campaigns are given in Table 1. A brief description of the
experiments is given below. Further details are available
in the references given for each campaign.

(1)) RH 200 rocket experiment: RH 200 rockets are basically
meteorological rockets which attain an apogee in the range
of 60 to 75 km. These rockets carry bundles of copper chaff
of suitable dimensions. The chatf bundles are released close
to the apogee altitude. The copper chaft drifts along with the
ambient wind and is tracked by precision ground-based
radars to give the position coordinates of the chaff as a func-
tion of time, from which the horizontal wind components
are deduced. As the chaff descends with time, it gets diffused.
As a result, the radar return signal becomes weak, rendering
the position coordinate measurement ambiguous. Reliable
track data can be obtained covering the altitude range 60 to
25 km. The horizontal wind component data are available at
1 km intervals. The errors involved in the wind measurement
are given in Krishna Murthy er al.'’.

(i) Balloonsonde: High-altitude balloonsondes reach an
altitude of 30-35 km and are tracked by radars. From the
radar track data, horizontal wind components are deduced at
1 km intervals. The error'” in the deduced wind components is
reported to be <2 m/s. Balloonsondes also carry temperature
sensors to provide temperature data.

(iii) MST radar: The MST radar specifications are given by
Rao er al.”’. The radar operates at 53 MHz with an average
power aperture product of 7 x 10* Wm? and a range reso-
lution of 150 m. The radar provides three-component
wind data in the altitude range ~4 to 25 km and ~ 60 to
85 km. The radar can be operated in the temperature mode.
From observations in this mode of operation'*'” tempera-
tures can be deduced in the altitude range ~4 to 25 km, with a
range resolution of 150 m.

Table 1. Details of experiments conducted in all equatorial wave campaigns
Campaign Duration Experiments Location
First'? 23 May to 12 June 1984; Alternate days RH 200 rockets and balloonsonde Trivandrum, SHAR and Balasore
Second** 15 January to 28 February 1986; Daily =~ RH 200 rockets and balloonsonde SHAR
Third"® 31 May to 12 July 1988; Daily RH 200 rockets and balloonsonde Trivandrum, Minicoy and Port Blair
Fourth™®  September 1995 to August 1996; Daily ~ MST radar Gadanki
Fifth' 18 January to 5 March 1999; Daily MST radar and Rayleigh lidar Gadanki
Sixth"' 21 February to 1 April 2000; Daily MST radar and Rayleigh lidar; Gadanki;

RH 200 rockets and balloonsonde =~ SHAR
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Figure 1.

(iv) Rayleigh lidar: The Rayleigh lidar at Gadanki employs
an Nd: YAG laser operated at its harmonic wavelength of
532 nm as the transmitter. The system details are given
by Parameswaran et al.'®. From the lidar data of backscat-
ter, signal strength temperatures can be deduced with a
resolution of 300 m in the altitude range ~27 to ~75 km.
The errors involved in the temperature estimation are also
dealt with in detail®.

Results of the campaigns

One of the objectives of the 1984 equatorial wave campaign
was to study the latitudinal structure of the equatorial waves
over the Indian subcontinent using wind data over Trivan-
drum (8.5°N, 77°E), SHAR (13.7°N, 80.2°E) and Bala-
sore (21.5°N, 86.9°E). The wave characteristics at these
stations revealed a couple of interesting aspects. An ex-
amination of the vertical structure of the zonal wind and me-
ridional wind variances (a measure of strength of the
temporal variations) shows that, in general, both Balasore
and SHAR show smaller values compared to Trivandrum
in many altitude regions as can be expected from the theoreti-
cal latitudinal variation of the equatorial wave amplitudes.
But in certain altitude regions (troposphere and strato-
sphere), both zonal and meridional wind variances show
greater values at Balasore compared to SHAR, as can be
seen in Figures 1 @ and b. In the upper stratosphere, zonal
wind variance for Balasore is even larger than that for Trivan-
drum. This raises the possibility of penetration of extra
tropical planetary wave activity into the tropical region.
Results from the 1984 campaign data showed a strong
maximum in zonal wind variance in the altitude region 23 to
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35 km over Trivandrum, SHAR and Balasore (Figure 1 a)
and no phase propagation of waves of periodicities in the
range 12-20 days was seen in this altitude region'’. Based
on the observations in this campaign and using the ozone
temporal fluctuations observed by Chandra'’; Krishna Murthy
et al." had indicated the possibility of 25-35 km region
acting as a source region for the generation of equatorial
Kelvin waves with ozone fluctuations as the source, in
addition to the tropical troposphere.

An interesting aspect of the vertical structure of the
equatorial wave that has come out of the 1984, 1986 and
1988 campaigns, is the identification of a region of strong
wave activity in the upper troposphere (between ~ 12 and
~ 16 km). This feature can be seen in Figures 1-3. This
enhancement in wave activity is seen in both zonal and
meridional components. It can be seen from Figures 2a
and b that contribution to this enhancement of wave activity is
from the entire wave period range from ~42 to ~3 days. The
second campaign data revealed presence of long period
waves (>23 days) in the troposphere and is attributed to
Rossby waves of extratropical origin penetrating to tropi-
cal latitudes.

The third campaign data revealed presence of Kelvin waves
with periods in the range 12-16 days in the lower stratosphere,
with a vertical wavelength of 10 km. Kelvin waves with
shorter periods in the range 6-9.6 days are found to be
present in the stratosphere and lower mesosphere, with a
vertical wavelength of 10-15 km. RG waves with a period
of 4-4.4 days and vertical wavelength of 10 km occurring
below 20 km are also identified. Observations at Trivandrum
(8.5°N, 77°E), Minicoy (8.3°N, 73°E) and Port Blair (11.7°N,
92.7°E) during the 1988 campaign period revealed that
Rossby-gravity waves originated from the lower troposphere
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Figure 3. Variation of amplitude of long period (>23 days) waves
with altitude. Dots and adjoining numbers represent amplitude and cor-
responding period as obtained by the ME method. Thin dotted curve
(...) represents mean zonal wind for which the scale is provided at the
top of the panel. Dashed curve (---) represents the amplitude obtained
from harmonic analysis for a fundamental frequency of 45 days*.

(below ~ 8 km), as can be seen from the phase propagation
characteristics over these stations (Figure 4 a and b). One
interesting observation during the 1988 campaign was the
modulation of fast Kelvin wave (6-9.6 days period) amplitude
by the prevailing winds in the troposphere, stratosphere and
mesosphere, as seen in Figure 5. It was reported that zonal
winds reach their maximum amplitudes near the levels where
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a, Amplitude spectrum of zonal wind oscillations in the 1-31 km height range at Trivandrum (8.5°N,77°E); b, Same as (a) but for meri-

prevailing easterlies show a peak. Kelvin waves are east-
ward-propagating and their amplitudes are expected to
grow exponentially with height as for any gravity wave.
At the same time these waves are attenuated by radiative
damping, which depends on their group velocity. The larger
the group velocity, smaller the attenuation rate. The more the
easterly background zonal flow, the more the group velocity
and hence smaller the attenuation rate. Thus, whenever
the easterly flow becomes stronger, the exponential growth
of the Kelvin wave with height becomes stronger and the
amplitude increases with altitude. Similarly, whenever
the flow becomes more westerly, the exponential growth
of the wave with height is inhibited because of the de-
creased group velocity and the consequent increase in radia-
tive damping. Thus the Kelvin wave amplitude can be
expected to be a maximum near the level of easterly maxi-
mum consistent with the observation.

In the 1984, 1986 and 1988 campaigns, the study of
equatorial waves was based on wind data obtained using
balloons in the troposphere and lower stratosphere, and
RH-200 rockets in the stratosphere and lower mesosphere.
Though radiosonde temperature measurements were made
using high-altitude balloons during the 1988 campaign, data
quality of temperatures (height resolution and coverage)
was not satisfactory for a meaningful study of equatorial
wave perturbations. The installation and operationaliza-
tion of two important ground-based instruments, namely
MST radar and Rayleigh lidar at Gadanki (13.5°N, 79.2°E)
was a turning point in the investigation of equatorial
waves over the Indian subcontinent. The MST radar has the
capability of continuously (day and night) measuring tro-
pospheric and lower stratospheric winds with 150 m
height resolution and daytime mesospheric winds with
1.2/2.4 km height resolution (at discrete heights).

Taking advantage of the capability of the MST radar at
Gadanki to provide three-component wind data, a campaign
was conducted during September 1995 to August 1996 to

deduce the wave momentum fluxes of equatorial waves’.
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Figure 5. Amplitude of 6-9.6 days oscillations in zonal wind in the
1-60 km height range at Trivandrum. Heights of relative easterly (west-
ward) peaks in mean zonal winds are indicated by arrows'®.

This was for the first time that the equatorial wave momentum
fluxes were estimated over the Indian zone. Using the three-
component wind data, slow Kelvin waves with 12-day
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period, fast Kelvin waves with 5.33-day period and RG
waves with 3.43-day period were identified in the upper
troposphere and lower stratosphere. The vertical flux of the
zonal momentum was estimated for the four seasons,
namely the two equinoxes and the two solstices, and was
found to be a maximum in equinoxes for both Kelvin and RG
waves. The flux values varied with season in the range 27 to
55%x 107 m*s ™ for 12-8-day period Kelvin waves and
in the range 6.7 to 2.1 x 10~ m*s™* for 3—4-day period RG
waves. These flux values are greater than those reported
for slow Kelvin and RG waves using radiosonde data at
Canton Island (2.8°S, 171.7°W)’.

The operation of MST radar in ‘temperature mode’ pro-
vides temperatures with good height resolution (150 m) in
the troposphere and lower stratosphere'*'"”. The Rayleigh lidar
data could be used to derive temperatures with a 300 m
resolution in the stratosphere and mesosphere'® on a regular
basis. Thus from these two experiments, temperature profile
can be obtained in the entire altitude range from 4 to 75 km.
An experimental campaign had been conducted during
January—March 1999 at Gadanki to delineate equatorial
wave perturbations in temperature using MST radar and
Rayleigh lidar. Significant equatorial wave perturbations
in temperature with periods in the range 23.5-3.6 days in
the 4-70 km altitude region were detected'®'®. Analysis of
the temperature data obtained during the campaign shows that
temperature fluctuations with periodicities in the 23.5-4.3
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days range attain, in general, their maximum in the lower
stratosphere (20-25 km height) followed by a sharp decrease
as shown in Figure 6. It can also be seen that the shorter
periodicities of 3.9 and 3.6 days attain their maximum in
the troposphere. Temperature perturbations in the 15.7-6.7
days in the troposphere and stratosphere are identified as
due to Kelvin waves, with a vertical wavelength of ~ 10 km.
In this band, only the shorter period Kelvin waves of 7.8
and 6.7 days penetrate into the mesosphere (Figure 7). This
observation is consistent with the report by Dhaka er al."
that Kelvin waves with period 6-9.6 days penetrate well
into the mesosphere during summer season. In the tropo-
sphere and lower stratosphere, 15.7-day slow Kelvin wave
has a zonal wavenumber 1, whereas the shorter period 9.4-
and 7.8-day slow Kelvin waves have zonal wavenumber 2
and 6.7-day wave has a zonal wavenumber 3. As the
background winds are found to be weak, the vertical flux
of the zonal momentum could be estimated for the slow
Kelvin waves in the period range 15.7 to 6.7 days. The
reported values range from 2.8 x 10 to 0.18 x 10~ m* s>
corresponding to the period range 15.7 to 6.7 days.

An important result of this campaign is the modulation
of tropopause temperature and altitude by equatorial waves
with periodicities of 15.7, 6.7 (which are due to slow Kelvin

s
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waves) and 4.3 days, with a maximum amplitude of 4 K in
tropopause temperature. The equatorial wave modulation of
tropopause can affect transport of water vapour from the
troposphere to stratosphere and stratosphere—troposphere ex-
change process*’. Waves with periods longer than about a
week can be effective in dehydrating the tropical tro-
popause™. In this context, the observed modulation of tropo-
pause by equatorial waves assumes significance.

As mentioned earlier, an important parameter associa-
ted with the equatorial Kelvin and RG waves is the vertical
flux of horizontal momentum, #'w’, where u” and w” are per-
turbations in zonal and vertical velocity respectively. This
wave parameter is used in the QBO simulation in numerical
models®*'. However, QBO evolution is sensitive to any change
in the wave flux (at ~ 17 km, the lower boundary of the mod-
els). Studies® ™ show that an increase in momentum fluxes
leads to a decrease in the QBO period. The momentum fluxes
of equatorial waves are usually estimated using the zonal wind
and temperature data obtained from radiosonde measure-
ments”**. There are only a few studies which deal with
estimation of momentum fluxes associated with these waves
in limited height ranges”'**>*,

Recently, a coordinated experiment using ground-based
MST radar and Rayleigh lidar, and meteorological rockets
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and balloons, lasting 40 days, has been conducted to charac-
terize equatorial waves and estimate the momentum fluxes
associated with these waves by measuring temperatures
and winds everyday in the troposphere, stratosphere and
mesosphere up to about 80 km at two low-latitude stations,
Gadanki (13.5°N, 79.2°E) and SHAR (13.7°N, 80.2°E). It
is for the first time that such a coordinated experiment
involving measurement of winds and temperatures in the
entire region from troposphere to mesosphere to characterize
equatorial waves has been carried out. During the campaign
period, daily temperatures and winds in the troposphere,
stratosphere and mesosphere were measured for 40 consecu-
tive days using ground-based instruments, rockets and bal-
loons. The campaign, which started on 21 February and
ended on 1 April 2000, was conducted at two closely located
low-latitude stations Gadanki and SHAR. The ground-
based instruments, MST radar and Rayleigh Lidar are located
at Gadanki. The high-altitude balloon and rocket measure-
ments were carried out from SHAR. As far as the planetary
scales of the equatorial waves are concerned, these two sta-
tions can be considered to be co-located.

Analysis of the 2000 campaign data showed that from
3 to 7 March 2000, a cooling anomaly occurred right from
~ 10 to 60 km, with the maximum anomaly magnitude of
~25 K in the 27-36 km height region in the stratosphere,
as can be seen from Figure 8. There appears to be a zonal
wind anomaly (winds becoming more easterly) below the
stratopause at about the same time when anomalous cooling
was observed. There is a long-period (15-20 days) perturba-
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tion in the mesosphere, one cycle of which is discernible
above ~55 km altitude. In the ~30-50 km region, much
shorter period (~ 5 day) oscillation can be seen in zonal wind
as well as in meridional wind with little phase propagation.
This appears to originate after the occurrence of the large
temperature and zonal wind anomalies in the first few days
of the campaign period and lasts for about four cycles (Figure
8 ¢). The maxima associated with each consecutive cycle of
oscillation have hardly any downward descent, which indi-
cates the evanescent nature of these waves. This tendency
is clearer in the meridional wind fluctuations. It is likely that
the temperature anomaly may play a role in the generation
of these waves in the tropical stratosphere. The question
of the source of the cooling anomaly and whether it is
confined to the tropical region or is global, is not addressed
here and is beyond the scope of the present article.

Figures 9 a and b show vertical profiles of amplitudes
and phases of 17-day period oscillations in temperature and
zonal wind (over SHAR). It is seen that in the mesosphere,
17-day oscillations in both temperature and zonal winds show
downward phase propagation with a shorter vertical wave-
length A, (10-15 km) in the 47-57 km height region and a
longer A, (~25km) above. Theoretically expected value
of A, for zonal wavenumber 1 — slow Kelvin wave, for zero
background wind speed is ~ 10 km. The shorter A, may
correspond to a slow Kelvin wave, which is likely to be
dissipated completely below 60 km due to critical level
interaction (in the prevailing westerly winds). The larger A,
may correspond to a 16-day Rossby normal mode, as it can

481



REVIEW ARTICLES

Height (Kmj
-

-

Cay Number

Day Number

Figure 8. Height-time structure of fluctuations'' in (&) temperature (K), (b) zonal winds (ms™") and (¢) meridional winds

(ms™") during 26 February—1 April 2000.

20 T I —
012340 4 8 1216

Amplitude (K) Phase (days)

Iw,
_++
i ”*t
4 o,
J * ol
ZG'I'I'I T T T T
0 5 1015 0 4 8 12 16

Amplitude (m/s) Phase (days)

Figure 9. Height structure of amplitudes and phases of 17-day period Kelvin wave in (a) temperature and (b) zonal wind''.

be expected to be significantly present during winter. In the
stratosphere, downward phase propagation is not observed,
except for zonal wind near 30 km.

Figures 10 a and b shows vertical profiles of amplitudes
and phases of 7.2-day period oscillation in temperature and
zonal wind. It is seen that 7.2-day oscillation in temperature
shows downward phase propagation in the height region of
30-50 km with a A; of ~15km. The 7.2-day oscillation in
zonal wind has downward phase propagation in the height
region of 35-40 km, 50-80 km height region with a A, of
~ 15 km (theoretically expected value for zonal wavenumber
1 — fast Kelvin wave for zero background wind speed is
~20 km). The periods of oscillation, phase relationship
between wind and temperature and observed A, along with
smaller meridional wind fluctuations (from comparison
of spectral powers) suggest that the 17-day (shorter A, of
10-15 km, below about 60 km) and the 7.2-day oscillations
may be attributed to slow and fast Kelvin waves respectively.

An examination of the zonal winds in the 35-60 km during
the first and second halves of the campaign period showed
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that the zonal flow is under westerly acceleration in this
height region (Figure 11a). However, it may be mentioned
that stratospheric winds are likely to be affected by leakage
of northern hemispheric planetary waves. In order to see
whether the observed Kelvin waves are able to provide the
necessary momentum to the mean flow to produce the ob-
served acceleration, momentum fluxes (Figure 115) were
estimated from the cross spectra of temperature and zonal
winds for slow and fast Kelvin waves. The mean flow accele-
ration produced by divergence of the momentum flux in
the 35-60 km height region was compared with the zonal
flow accelerations computed from the observed zonal winds
(Figure 11c¢). It is seen that observed acceleration is much
larger than that produced by the momentum flux divergence
due to the Kelvin waves, indicating a deficit in the momentum
budget in the evolution of the stratopause semi-annual
oscillation (SSAQO) in zonal wind. Contribution by the
slow and fast Kelvin waves together is only ~25% of the
observed acceleration. Notwithstanding the possibility of
contamination by northern hemispheric planetary waves,
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the deficit could perhaps be accounted by other sources such
as inertia gravity waves and gravity waves.

An important result of this campaign is the modulation
of gravity wave activity by the equatorial waves in the
tropical middle atmosphere’’. The observations reveal that
the variability of the gravity wave activity in the tropical mid-
dle atmosphere is modulated by the wind oscillations due
to the equatorial waves. This indicates that the variation
of the gravity wave activity in the middle atmosphere can
be attributed, at least partly, to the filtering process due to the
interaction between the gravity waves and the background
wind. The intrinsic phase speed of the gravity wave is the
modulus of (U-C) where U is the background mean wind
speed and C is the phase speed of the wave. For a gravity
wave spectrum with phase speeds distributed about zero,
variation in U with a period T gives rise to gravity wave
activity at period T/2. On the other hand, if the gravity wave
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spectrum is asymmetric in phase speed, the gravity wave
variance will occur at the same period”™ as U. Campaign
observations showed that zonal wind in the lower strato-
sphere is strongly westward and the magnitude of this
westward wind undergoes periodic fluctuations caused by
gravity waves. The meridional wind in the stratosphere also
undergoes significant fluctuations. The strength of gravity
wave activity being a minimum when the westward and
southward winds are maximum indicates that the gravity
wave spectrum is asymmetric with a mean southwestward/
westward phase speed.

Discussion

The main results of the equatorial wave studies described
above can be summarized as follows.
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1. Variance of zonal wind is greater at Trivandrum compared
to SHAR and Balasore in the troposphere and lower
stratosphere. In the upper stratosphere, the zonal wind
variance is higher at Balasore, indicating the possibility
of penetration of planetary wave disturbances of extra-
tropical origin into the tropical middle atmosphere.

2. Kelvin wave amplitudes reach their maximum at altitudes
near the level of easterly maximum.

3. Shorter period Kelvin waves (periods <9 days) can pene-
trate into the mesosphere whereas the longer period Kel-
vin waves are confined to the stratosphere and below.
This finding has important implications to the generation
of mesosphere SAQ, as earlier observations revealed
penetration of only much shorter period Kelvin waves
(fast Kelvin waves) into the mesosphere4.

4. There is evidence for equatorial wave generation in the
stratosphere.

5. There is evidence that RG waves originate below ~ 8 km.

6. The vertical wavelengths of the Kelvin waves in the
period range 5-17 days are in the range of 10-15 km.

7. Tropopause altitude and temperature are modulated by
equatorial waves in the period range ~ 15-4 days.

8. The mesospheric gravity wave activity is modulated by
equatorial waves with periods of ~ 12 and ~ 4 days.

9. Vertical fluxes of horizontal momentum of Kelvin and
RG waves are estimated.

The estimates of vertical flux of horizontal momentum (F)
by different workers to date, including those from the cam-
paigns presented above are summarized in Table 2. Before
discussing the I values, a brief description of the methods
of estimation of F is in order. Wallace and Kousky’ obtained
F trom the relation

F=W'w)* = rutw*/2,

where " and w” are the fluctuation amplitudes in zonal and
vertical wind respectively; * represents the average; r is the
correlation coefficient between the zonal and vertical
winds and #* and w* are the average amplitudes of zonal and
vertical wind respectively. w* is obtained from temperature
fluctuations (T”) using the standard thermodynamic relation-
ship between the two as vertical wind data were not avail-
able. Sato and Dunkerton24, and Holton?® used essentially
the same method, except that they used the quadrature spectra
between u and T instead of the correlations. Sato and
Dunkerton® found the errors in the estimated F as 0.5 to
0.8 x 10 m* s This error estimate can be taken to apply
for the estimates of F by Holton”, and Wallace and Kousky’.
Krishna Murthy et al.'® estimated F from temperature
fluctuations using the relations between 77 and #” as also
T and w’. They reported the standard deviation in the F
estimates to be +20% of F. Sasi et al.” and Sasi and Deepa®
obtained the flux estimates directly from the quadrature
spectra of # and w in the troposphere and lower strato-
sphere region. They reported an error in F of £1.2X
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107 m*™. For estimates in the upper stratosphere and
mesosphere, Sasi et al.“, however, used quadrature spectra
of u (from rocket sonde data) and T (from lidar data), as w is
not available in this region.

It is seen that except in the estimates of F by Sasi et al.’
and Sasi and Deepa™, in all other estimates the necessary
vertical wind data were obtained from the temperature data.
However, the procedure followed was quite similar in all the
estimates and the reported errors (and standard deviations)
in the F estimates are not high.

Though the F estimates available to date at different
stations (Table 2) correspond to different years (and hence
to different QBO cycles), useful inferences can be drawn from
a comparison of these as discussed below.

Except the estimates at Gadanki, Balboa and Trinidad,
all others belong to locations within 3° of the equator. The
flux estimates at Nauru® corresponding to Kelvin waves in
the period range 8—17 days and 4-6 days, are quite low
compared to the others. However, the Nauru estimates corre-
spond to the westerly phase of the QBO during which the
eastward propagating Kelvin waves are expected to be weak.
Other estimates which are higher than the Nauru estimates
and for which the QBO phase is indicated, belong to the
easterly phase of the QBO, during which the Kelvin waves
are expected to be strong. The estimates at Singapore by Sato
and Dunkerton®, clearly demonstrate the dependence of the
fluxes (of Kelvin waves) on the phase of the QBO, i.e. low
fluxes during westerly phase of the QBO compared to the
easterly phase. The Gadanki estimates (for Kelvin and RG
waves) by Sasi and Deepa et al.”® show a strong seasonal
dependence with equinoctial values much higher compared
to solstice values. This seasonal dependence has been attri-
buted to the seasonal excursion of the Inter Tropical Conver-
gence Zone (ITCZ). The ITCZ, which can be a source of
equatorial waves, lies close to the equator during equi-
noxes and moves north and southwards during the solstices.
Thus, during equinoxes, the ITCZ can be an effective source
for the equatorial waves, which are confined to within 15°
from the equator compared to solstices. It is reported in the
literature that Kelvin wave activity reaches a maximum dur-
ing solstice seasons and almost disappears during equi-
noxes’!, This is in conflict with results from Gadanki30,
which showed an equinoctial maximum. It is well known
that the seasonal excursion of the ITCZ is quite different
at different longitude zones and is highest in the South Asian
sector. The difference in seasonal dependence of Kelvin wave
activity at Gadanki and other locations can be attributed to
the differing seasonal excursions of ITCZ. It may be noted
here that the seasonal dependence of Kelvin wave activity
reported by Sasi and Deepa™ corresponds to tropopause level
and below, whereas that reported by earlier workers™' corre-
sponds to altitudes > 25 km (middle stratosphere and
above). The Kelvin wave activity strongly depends on back-
ground wind condition and altitude-dependent winds could
affect seasonal dependence at different altitude ranges. This
factor also needs to be taken into account while comparing
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Table 2. Vertical fluxes of horizontal momentum of Kelvin and RG waves estimated by different authors

Altitude
Authors Location Data Season Waves region Flux* Comments
Wallace and Kousky7 Balboa: 9°N, 80°W Radiosonde - Slow Kelvin Lower 4
Trinidad, 11°N, 61°W stratosphere 1
Sato and Dunkerton®  Singapore: 1.4°N, 104°E Radiosonde - 20-5d Kelvin ~ Lower 2-9 QBO easterly shear
stratosphere 2 QBO westerly shear
Sasi et al.’ Gadanki: 13.5°N, 79.2°E MST radar Autumnal 12-8 d Kelvin ~ Tropopause 16
Sasi and Deepa® Equinox 3-4dRG region 5.5
Vernal 12-8 d Kelvin 27
Equinox 3-4dRG 6.7
12-8 d Kelvin 7.4
Winter 3-4dRG 3.5
8-12 d Kelvin 5.5
Summer 3-4dRG 2.1
Holton et al.” Nauru: 0.5°S, 166.9°E Radiosonde June—July 8-17 d Kelvin 18-25 km 0.1 QBO westerly shear
4-6 Kelvin
Krishna Murthy ef al.'® Gadanki: 13.5°N, 79.2°F MST radar January—  15.7-6.7 d 4-25 km 2.8—  QBO easterly shear
February 0.18
1999 Kelvin
Sasi et al."! Gadanki: 13.5°N, 79.2°E MST radar, February— 18-12d Kelvin  35-55 km 10
Rocketsonde, March 7.2—6 d Kelvin 20-30
lidar 2000

*In units of 107> m?s72.

the seasonal dependence of Kelvin wave activity at different
altitude regions in addition to the longitudinal dependence.

The Gadanki estimates for Kelvin waves by Krishna
Murthy ez al.'® corresponding to the winter of 1999 are
lower than those by Sasi and Deepa®, corresponding to
winter of 1996 and thus to a different QBO cycle. The flux
contributions by equatorial waves could be different from
cycle to cycle depending on the source and background
atmospheric conditions®*. Sasi ez al.'' reported higher flux
values during winter of 2000 at Gadanki. However, these
values correspond to the altitude region 35-55 km, far
removed from the troposphere source region, unlike all other
estimates which correspond to lower altitude regions. In the
altitude region 35-55 km, the waves can be expected to
undergo growth in their strength and hence, the observed
high flux values can be at least partly attributed to this
factor. Further, these estimates are for a different QBO
cycle (from other estimates). The flux values for RG waves
are reported only by Wallace and Kousky' and Sasi et al."".
It is seen that the flux values are higher at Gadanki compared
to those at Balboa and Trinidad, which are nearly at the same
latitude but at a different longitude zone.

It is expected that the strength of equatorial waves de-
creases with latitude (within the region of 15° from the
equator). However, the fluxes at Gadanki are, in general,
higher than at the lower latitude locations (Table 2). Part
of the reason could be that the estimates belong to different
QBO cycles, as indicated above. The observed differences
in the flux values between Gadanki and other locations could
also be due to longitudinal differences in the strength of gen-
eration of the equatorial waves. This is an important factor
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in the QBO study, as it is known that the latent heat releases
in the troposphere, which is the prime source for the gen-
eration of the equatorial waves, can have large variation with
longitude. Equatorial waves are known to possess hori-
zontal wavelengths of the order of ten thousand kilometres
and more, and thus are global in nature. The contribution
of the latent heat releases at different longitudinal zones
to driving the equatorial waves needs to be quantified. It is
interesting to note here that Riggin et al.® attributed the
observed differences in the Kelvin wave activity in the meso-
sphere at Jakarta (6.4°S, 107.6°E) and Christmas Island
(1.9°N, 157.3°W) to differences in excitation source strength
at the two locations situated at different longitudes.

Sasi et al.'' and Sasi and Deepa’® estimated the mean
flow acceleration due to the vertical flux of the horizontal
momentum of the observed Kelvin and RG waves and
compared it with the observed mean flow acceleration.
While the observed and estimated flow accelerations
showed general agreement at tropospheric levels, the esti-
mated accelerations fell short of the observed accelerations
at stratospheric levels. The differences are reported to be more
pronounced in solstices compared to equinoxes. At upper
stratospheric and mesospheric levels, the fluxes due to
equatorial waves account for only ~30% of the observed
flow accelerations''. This indicates that another source of
momentum flux is necessary to account for the observed flow
accelerations which result in the QBO and SAO. Gravity
waves are the most likely source for this**’",

It is known that gravity waves play an important role in
the generation of QBO, contributing to the required momen-
tum flux**, Gravity wave sources include troposphere convec-
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tive activity, which has a strong seasonal and longitudinal de-
pendence. The Gadanki results demonstrated the modulation
of gravity waves in the middle atmosphere by equatorial
waves. Thus, the effect of equatorial waves on the QBO and
SAQ in the middle atmosphere could also be indirect (in addi-
tion to the direct effect through contribution of momentum
flux) through modulation of gravity wave activity, which con-
tributes to the generation of QBO and SAO.

From the above discussion it is clear that a complete
understanding of the generation of the equatorial middle
atmospheric QBO and SAO requires quantification of equato-
rial wave and gravity wave momentum fluxes at locations
in different longitude zones during a few cycles of QBO and
SAQ. This calls for a coordinated observational programme
of middle atmospheric winds and temperature at locations
in different longitude zones covering a few QBO (and SAO)
cycles.

Conclusion

The main conclusions that emerge out of the results of the
equatorial wave campaigns in the Indian zone are as follows:

(i) The vertical wavelengths and periods of the observed
Kelvin waves are in the ranges 10-15 km and 5-17
days respectively.

(i) Kelvin waves with periods shorter than ~9 days can
penetrate into the mesosphere, whereas the longer period
waves are confined to the stratosphere and below.

(ii1) There is evidence of penetration of extratropical plane-
tary wave activity into the tropical middle atmosphere.

(iv) The tropical tropopause is modulated by equatorial

waves in the period range 4-15 days, with a maximum
amplitude of 4 K in the tropopause temperature.

(v) The gravity wave activity in the mesosphere is modu-

lated by equatorial waves.

The vertical flux of horizontal momentum of the equato-

rial waves reveals equinoctial maximum and solsticial

minima in contrast to the behaviour at other longitude
zones.

(vii) A comparison of the vertical fluxes of horizontal
momentum reported in the literature raises the question
of substantial differences in the equatorial wave strength
at different longitude zones.

(viii) The vertical fluxes of the horizontal momentum of the
equatorial waves are not adequate to account for the
observed mean flow accelerations which result in the
QBO and SAO.
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