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Abstract. Diurnal tidal components in horizontal winds marised the salient features of the classical theory of tides
measured by MST radar in the troposphere and lower stratounder various simplifying assumptions, such as motionless
sphere over a tropical station Gadanki (5 79.2 E) are  atmosphere, zonal symmetry of the heat sources, etc. and
presented for the autumn equinox, winter, vernal equinox andhis classical theory is successful in explaining the major
summer seasons. For this purpose radar data obtained ovératures of tidal oscillations in the upper atmosphere. How-
many diurnal cycles from September 1995 to August 1996ever, if the water vapour and ozone distribution have zonal
are used. The results obtained show that although the seasymmetry, solar thermal excitation of these constituents will
sonal variation of the diurnal tidal amplitudes in zonal and generate tidal modes with zonal wave humbers not equal to
meridional winds is not strong, vertical phase propagationl. This means that solar thermal excitation will not be able
characteristics show significant seasonal variation. An atto follow the apparent westward motion of the Sun. These
tempt is made to simulate the diurnal tidal amplitudes andSun-asynchronous tidal modes are known as nonmigrating
phases in the lower atmosphere over Gadanki using classicahodes. Non-migrating tides may also be generated by any
tidal theory by incorporating diurnal heat sources, namely,other zonally asymmetric diurnally varying heat sources such
solar radiation absorption by water vapour, planetary boundas planetary boundary layer heat flux (Mckenzie, 1968; Kato
ary layer (PBL) heat flux, latent heat release in deep con-et al., 1982; Tsuda and Kato, 1989), solar radiation absorp-
vective clouds and short wave solar radiation absorptiontion by zonally varying water vapour (Forbes and Groves,
by clouds. A comparison of the simulated amplitudes and1987), latent heat release in deep convective clouds and
phases with the observed ones shows that agreement betwesolar radiation absorption by zonally varying water vapour
the two is quite good for the equinox seasons, especially théWilliams and Avery, 1996; Hagan et al., 1997). Recently,
vertical structure of the phases of the meridional wind com-Lieberman and Leovy (1995) and Ekanayake et al. (1997),

ponents. have done numerical studies of non-migrating tides by in-
Key words. Meteorology and atmospheric dynamics (tropi- gg[ﬁgztmg a combination of these different diurnal heat

cal meteorology; waves and tides) o .
The non-migrating diurnal tidal components were detected

in different atmospheric parameters by several researchers.
Haurwitz (1965) reported the dominance of non-migrating
diurnal surface pressure oscillations over the land. Non-
migrating diurnal tides in radiosonde winds reported by Wal-

Atmospheric solar diurnal tides are global-scale 24 hour (on(-:I-ace and Tadd (1974) had a short vertical wavelengtht
solar day) oscillations, which are primarily produced by so-

lar th | itati fwat inthe t h J<m and those reported by Tsuda et al. (1994) over Indone-
arthermal excitation otwater vapourin the ropospnere, anty;, 14 an even shorter vertical wavelengtt2 (km). Sim-

. . .S
ozone in the stratosphere and mesosphere. The diumal t'dﬂL\r short vertical wavelength diurnal oscillations were de-

c:csclzllllat]ons{hpnmanly c;nnsst of 3 Su?-syn?r:rr]ongus rr;IOdetected in the tropical lower stratosphere in rocket measured
(following the apparent westward motion of the Sun) hav- winds (e.g. Groves, 1980; Sasi and Krishna Murthy, 1990,

Ingt:; zon_al w?ve nurgber Or:_lr']-lr-]h's E]Ode '? (af_teg refterre_d t?1993). VHF radar measurements of lower atmospheric winds
as the migrating mode, which has been studied extensively, .o tropical region also showed similar non-migrating di-

and is generated as a result of zonal symmetry of the diur- . . .
. urnal winds with short vertical wavelength (e.g. Fukao et al.,
nal heat sources. Chapman and Lindzen (1970) had su gth (e.9

m1'980; Maekawa et al., 1986; Sasi et al., 1998). However,
Correspondence ta¥l. N. Sasi (mnsasi@md4.vsnl.net.in)  many of the observed features of non-migrating diurnal tides
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in the tropical lower atmosphere cannot be fully accountedand summer seasons, respectively. The hourly wind compo-
for by the numerical models (e.g. Lieberman and Leovy,nents, namely, westerly (u), southerly (v), and vertical (w)
1995; Ekanayake et al., 1997), though these models incorwere obtained in each range bin from the line-of-sight (LOS)
porate significant tidal heat sources, such as solar heatingjelocities derived from the Doppler spectra corresponding to
sensible heating in the PBL and tropospheric latent heat rethe six beams following the same method used by Sasi et
lease. The reasons for this disagreement between observatiah (1998). Briefly, the method consists of deriving the LOS
and model calculations could be either due to the neglectvelocities from the incoherently averaged Doppler spectra for
ing of higher order modes or the non-inclusion of other heateach beam and deriving the wind components from the LOS
sources, such as solar short wave absorption by clouds, arelocities using a least-square method. Thus, the time series
due to both. of u, v andw were obtained for each diurnal cycle with a
In this paper, we report the observed features of diurnatime resolution of 1 hour and a height resolution of 150 m.
tidal oscillations in the tropospheric and lower stratospheric  Only the horizontal components of the wind, namely, the
horizontal winds measured by MST radar at Gadanki (13.5 zonal (u) and meridional (v) components were used for the
N, 79.2 E) in four seasons, namely, the autumn equinox,present study. The vertical profiles of the hourly winds (u
winter, vernal equinox and summer seasons. For this purand v) were subjected to a 5 point running mean in order
pose, radar wind measurements over 18 diurnal cycles fronto limit very large short-scale fluctuations sfand v with
September 1995 to August 1996 are utilised, with the num-height, which may be partly random and partly due to real
ber of diurnal cycles covered being 3, 7, 3 and 5 in the fourwind shear with short vertical scales. Then the time series
seasons, respectively. An attempt is made to model the norfor a diurnal cycle in each range bin was examined for the
migrating tidal components for Gadanki using classical tidalpresence of any wild point, which may be a true outlier or
theory by incorporating migrating modes due to water vapourproduced by short period large amplitude gravity waves. This
heating by solar radiation, and non-migrating modes due tonvas achieved by calculating the mean and the standard devi-
PBL heat flux, latent heat and solar short wave absorption byation () in each range bin and the wind value was consid-
clouds. Section 2 describes the details of the MST radar datared an outlier if it exceededt1.70 from the mean. These
used and the method of analysis for extracting tidal compo-outliers were replaced by interpolated values from adjacent
nents from the radar data. A brief account of the compu-hourly bins. In practice, occurrence of such outliers were ab-
tation of the tidal fields using classical tidal theory is given sent below about the 14 km height and were 1 or 2 at higher
in Sect. 3. The observed tidal characteristics during differ-heights. The time series data for all the available diurnal cy-
ent seasons in the troposphere and lower stratosphere oveles in each season were averaged on an hour-by-hour basis
Gadanki are presented and discussed in Sect. 4. In this seto obtain the composite cycles ofand v. This averaging
tion, the simulated diurnal tidal characteristics are comparedas the twin advantage of smoothing out any random varia-
with the observed ones. A summary and conclusions are pretions in the radar winds produced by the short-period gravity
sented in Sect. 5. waves and building up the coherent tidal oscillations for each
season. Since the time separations between the diurnal cycles
are~15 days, any inertia gravity wave with a period near 24
2 Data and method of analysis hours, if present, will also be smoothed out. The hourly wind
values in the composite diurnal cycle in each season were
The Indian MST radar located at Gadanki (3§ 79.2 E) subjected to harmonic analysis to extract the diurnal ampli-
is a high power VHF radar operating-ab3 MHz in coher-  tudes and phases in the troposphere and lower stratosphere.
ent backscatter mode with an average power aperture prodAs discussed in Sasi et al. (1998), root mean square (rms)
uct of 7 x 108 W m?. The transmitted peak power is 2.5 errors in the hourly wind values at all heights were calcu-
MW and it is fed to the 32« 32 Yagi antenna array, gener- lated for all seasons and the corresponding rms errors in the
ating a radiation pattern with a one way beam width @f 3 diurnal amplitudes and phases were also computed.
The radar beam can be positioned at any zenith angle and
for the radar observations a beam angle of t@m zenith
was used for the oblique beams in addition to the vertical di-3 Simulation of tidal fields using classical tidal theory
rection. The diurnal observations using the MST radar were
conducted during the autumn equinox (September-Octobein order to obtain model vertical profiles of amplitudes and
1995), winter (December 1995; January—February 1996)phases of diurnal tidal winds in the lower atmosphere over
Vernal equinox (March 1996 and April 1997) and summer Gadanki, a simplified simulation of the diurnal tidal fields us-
(June—-July 1996) seasons, yielding Doppler spectra in théng classical tidal theory was done. The heat sources consid-
height range of 3—20 km with a vertical resolution of 150 m ered for the simulation were primarily solar radiation absorp-
for six beams (two vertical beams and four obligue beamstion by water vapour in the troposphere, planetary bound-
in the north, south, east and west directions). The measureary layer heat flux, and latent heat release in deep convec-
ments were made every 1 hour for 24 hours, with each meative clouds. Recent observational studies (Cess et al., 1995;
surement lasting for-10 minutes during the 3, 7, 3 and 5 Ramanathan et al., 1995; Pilewskie and Valero, 1995) sug-
diurnal cycles in the autumn equinox, winter, vernal equinoxgest that more enhanced heating of the clouds by solar short
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wave radiation takes place in the troposphere than previouslyell, which are weak when compared to the non-migrating
thought. This enhanced absorption by clouds amounts to anodes (Williams and Avery, 1996). A similar argument is
globally averaged value 6¢25 W ni-2. In view of this fact,  also valid for PBL (e.g. Tsuda and Kato, 1989). In the
the cloud heating assumes significance for the generation gbresent work, it is assumed that for diurnal solar short wave
tidal oscillations (Sasi et al., 1998; Braswell and Lindzen, heating of clouds, a dominance of non-migrating modes also
1998). In a numerical study, Braswell and Lindzen (1998) exists. Similarly, water vapour drives non-migrating modes
showed that inclusion of anomalous absorption of solar radi-as well. It is known that diurnal non-migrating modes gen-
ation by clouds could remove the long-standing discrepancyerated by water vapour heating is very weak when compared
of diurnal migrating surface pressure amplitudes predictedwith the (1, 1, 1) migrating mode, which is stronger by an
by classical tidal theory. It is possible that this excess cloudorder of magnitude (e.g. Groves, 1982). As far as ozone
heating could generate non-migrating tidal modes, as welldiurnal heating is concerned, the large vertical extent of the
For the present simulation, cloud heating is also includedheating region (20—-80 km) causes destructive interference of
along with the other three sources. the short-wavelength diurnal modes and is practically inef-
The notations used to denote different tidal modes are thdective in contributing to the diurnal tidal fields in the lower
three-index notationsi, s, n), wherem is the frequency of atmosphere. One of the early studies, using classical theory,
the tidal oscillationy is the zonal wave number, ands the by Lindzen (1967) shows that the contribution from ozone
meridional index angh| > |s|; m = 1 for diurnal andn = 2 (including propagating (1, 1, 1), (1, 1, 3) and (1, 1, 5) modes)
for semidiurnal oscillations. The zonal wave number definesto the diurnal tidal winds is less than 0.3 m'sbelow 20
the longitudinal structure of the tidal oscillation. Positive km in the low latitude region. This amplitude is definitely
(negative)s describes the longitudinal structures with phasean order of magnitude less than the contribution from the
progressing westward (eastward) with timex O indicates  non-migrating diurnal modes. We have incorporated (1, 1, 1)
a standing oscillation. The= 1 diurnal mode is a westward o0zone heating rates taken from Groves (1982b) in our present
propagating mode with a single sinusoidal longitudinal struc-model and the result of the simulation shows that there is
ture and it is called the migrating mode because the phasbhardly any impact on the total tidal field in the altitude region
structure is constant with the phase of the Sun progressingelow 20 km. However, in the present simulation of diurnal
westward around the Earth. All other zonal wave numberstides, we have included only migrating modes due to water
(s # 1) for the diurnal tide are called non-migrating modes. vapour heating, non-migrating modes due to PBL heating,
The meridional index: defines the latitudinal structure of latent heat and solar short wave heating of clouds. For the
the tidal oscillation. Positivee means gravitational mode present simulation, only zonal wave numbeis and 3 were
and negative: means rotational mode. The larger value of used for both latent heat release and PBL heating. Further-
n indicates a more complex latitudinal structure and smallemmore, for planetary boundary layer heat flux, one westward
vertical scale of the mode. propagating non-migrating mode (1, 5, 16) with a short ver-
The observational study by Sasi et al. (1998) suggests thaical wavelength of-3 km was included, thus taking into ac-
diurnal tides in the lower atmosphere over Gadanki are dome€ount the narrow vertical extent of the diurnal heating region.
inated by non-migrating components. Furthermore, migrat-For similar reasons, this mode was included for diurnal cloud
ing diurnal tides are primarily generated by solar radiationheating, which is expected to have a very narrow heating re-
absorption by water vapour (Chapman and Lindzen, 1970gion in the vertical direction. However, although we have
and non-migrating tides are primarily generated by other di-neglected the non-migrating modes of water vapour heating,
urnal sources, such as planetary boundary layer heat flux anthey could become important in the mesospheric-lower ther-
latent heat release in clouds. A recent study by Willams andnospheric region (Forbes and Groves, 1987). For all the sea-
Avery (1996) of the diurnal deep convective activity (DCA) sons, only one simulation was done using an average diurnal
based on infrared radiance measured by four geostationargeating rate for different heat sources.
and two polar orbiting satellites shows that westward prop- As discussed above for the present simplified simulation,
agating nonmigrating modes with zonal wave number of 5only migrating modes (1, 1, 1), (1, 2), (1,1,-4), (1, 1,
and eastward propagating non-migrating modes with a zonal-6), (1, 1,—-1), (1, 1,—-3), (1, 1, 3) and (1, 1, 2) were used
wave number of 3 are dominantly present (in addition tofor water vapour heating rates taken from Groves (1982a).
the zonal wave number 0) in the two equinox seasons andror planetary boundary layer (PBL) heating, westward and
the winter seasons. For the summer season, the zonal wawastward travelling non-migrating modes (1, 5, 5), (1, 5, 6),
number distribution of the diurnal DCA is distinctly different (1, 5, 7), (1, 5, 8), (1, 5, 10), (1, 5, 16), (£3, 3) (1,-3,
from the other 3 seasons. Tsuda and Kato (1989) has shown4) and (1,—3, 5) were used. The vertical structure of the
similar zonal wave number distribution with the dominance heating rates of all these modes corresponding to the diurnal
of +5 and 3 zonal wave numbers for the diurnal PBL heatPBL heating had an e-folding depth 6f1.5 km with the
flux. Thus, it appears that diurnal heating due to both latentmaximum occurring at the surface. The heating rate values
heat release in deep convective clouds and planetary bouna the surface varied from 125 mW kfto 10 mW kg 1
ary layer heat flux are strongly linked to the land-sea distri-for the different modes. For heating rates due to latent heat
bution, as noted by Williams and Avery (1996). release, nonmigrating modes (1, 5, 5), (1, 5, 6), (1, 5, 7), (1,
The latent heat source drives migrating diurnal modes a$, 8), (1, 5, 10), (13, 3), (1,—3, 4) and (1,—3, 5) were
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meridional wind zonal wind lower atmosphere are primarily confined to the tropical re-
20 — gion (e.g. Ekanayake et al., 1997). Hence, it is reasonable
to assume that propagation of the diurnal tides in the tropical
lower atmosphere is essentially affected by the mean zonal
winds in the tropics, which generally very weak in the trop-

16 — —
ical lower atmosphere and can attain magnitudes as large as
- - 25-30 m st only (CIRA86, 1990). For the migrating and
12 i non-migrating modes which we have included in the present

simulation of diurnal tides, the propagation of the tidal oscil-
lations are not significantly affected by the mean winds, due
to the large phase speed of these oscillations, which range
from ~500 to~100 m s1. Therefore, simulation of diur-
nal tidal fields including the above mentioned modes using
classical theory will yield reasonable results in the tropical
lower atmosphere. However, if larger zonal wave number
modes are included, then the effects of mean winds on the
T T 1 T T 1 tidal fields have to be considered. Another assumption is
0 1 2 3 0 1 2 3 the independence of different Hough modes. In a real atmo-
r.m.s. errors (m/s) sphere, mode-coupling is observed, in which case the modes
not present in the excitation sources are generated. But the
classical theory cannot take into account this mode-coupling.
However, this process may be neglected in the lower atmo-
spheric region.

Height (km)

Fig. 1. Vertical profiles of rms deviations (errors) in hourly averaged
meridional (left panel) and zonal winds (right panel) for the autumn
equinox (thin line), winter (thick dashed line), vernal equinox (thin
dashed line) and summer (thick line) seasons.

used. The vertical extent of the heating region extended from4 Results and discussion

~1 km to ~14 km with a broad maximum at9 km. The
maximum heating rate values varied fronY mW kg! to

0.7 mW kg! for different modes. For the cloud heating,
only two non-migrating modes were considered, namely, (1
-3, 5) and (1, 5, 16) with a narrow peak centered~&
km. The e-folding depth of the heating region wa& km

The number of diurnal cycles of wind data used during the
vernal equinox, winter, spring equinox and summer are 3, 7,
3 and 5, respectively. First, the rms deviation in every hourly
‘mean wind value (which is the mean of the hourly values in
different diurnal cycles) at each height is computed under the
ith . | ing f koL assumption that the differences between the mean and the in-
Vr;’]'\tN iin?l(lmum values varying from-80 mW kg~ t0 10 gyiqal diurnal cycle values arise due to random variations
g (instrumental as well as natural atmospheric variability due
These above Hough modes, each of which has its owRg high frequency motions such as gravity waves). Even if
characteristic vertical structure and the corresponding latthe deviations occur due to the actual atmospheric motions
itudinal structure, corresponding to different diurnal heatgjone, such as gravity waves, for diurnal tidal oscillations
sources were used for computing the tidal response of theney will appear as random errors due to the lack of gravity
lower atmosphere up to a 20 km altitude using classical tidalyave coherence for an interval of nearly two weeks (which
theory. These simulated amplitudes and phases of the diuis the period between the individual diurnal cycles). So the
nal tidal wind components correspond to a single season, agns values of these differences are taken as rms errors in the
seasonal variation of the diurnal heat sources are not takeﬁou”y mean wind values, which are shown in Fig. 1 for the
into account. different seasons. It is easily seen that the rms deviations
The classical theory of tides, which is used for the sim- (errors) are less than 2 nt5in all the height regions, with
ulation of diurnal tides, has many limitations. One major smaller <1 m s1) values occurring in the lower troposphere
limitation of the theory is the assumption of a motionless at-and higher values in the upper troposphere and lower strato-
mosphere. But the zonal mean winds present in the atmosphere. For the summer season, the meridional wind shows
sphere can affect the propagation of the diurnal tidal oscil-larger &2 m s71) values in the height region above 14 km. It
lations through it, by changing the intrinsic phase speed ofmay be noted that during the summer season a tropical east-
the waves and Doppler shifting the intrinsic frequency of theerly jetis presentin this height region with its core around the
diurnal tidal oscillations. Strong zonal winds can Doppler 15 km height. The enhanced rms errors seen during this sea-
shift the frequency to such an extent that the latitudinally son may be due to large amplitude gravity waves generated
confined (within+30°) tidal modes in a motionless atmo- in the jet region, which propagate upwards and downwards.
sphere can undergo vertical propagation beyond° al&6 The rms deviations shown in Fig. 1, considered as rms errors
tude. However, recent studies (including the effects of back-in the hourly mean wind values, are used to compute the rms
ground winds) show that non-migrating diurnal tides in the errors in the zonal and meridional wind tidal amplitudes and
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Fig. 2. Vertical profiles of amplitude (left panel) and phase (right Fig. 3. Vertical profiles of amplitude (left panel) and phase (right
panel) of diurnal tides in meridional winds observed over Gadankipanel) of diurnal tides in zonal winds observed over Gadanki
(open triangles) during the autumn equinox season. Amplitudegopen triangles) during the autumn equinox season. Amplitudes
and phases simulated by classical tidal theory for the location ofand phases simulated by classical tidal theory for the location of
Gadanki (same simulation for all seasons) are also shown (filled cirGadanki (same simulation for all seasons) are also shown (filled cir-
cles). The rms errors in amplitudes and phaseslakm intervals  cles). The rms errors in amplitudes and phaseslakm intervals

are shown by horizontal bars. are shown by horizontal bars.

phases, making use of the error propagation formulae follow-served and simulated profiles. But the amplitude peak seen
ing Whittaker and Robinson (1965). in the observed profile near 16 km height is not satisfacto-
Figures 2 and 3 show the vertical structure of the observedily reproduced in the simulated profile, in which the peak
amplitudes and phases of the diurnal oscillation in meridionalhas a much larger amplitude and is shifted in height-dy
and zonal winds, respectively, during the autumn equinoxkm. The phase structure in the entire height region is al-
season. The rms errors in the amplitudes and phases at emost reproduced in the simulated profiles. Above the 8 km
ery ~1 km interval are shown by horizontal bars. The am- height, observed phase values closely follow the simulated
plitudes are, in general, smaller below th® km height  ones. For the zonal component (Fig. 3), the amplitude max-
with values less than 1 nT$ for both the meridional and ima near 5 and 8 km and minimum near 16 km are repro-
zonal components. Both observed amplitudes and phaseduced in the simulated profile as well. The observed and
show vertical structures indicating interference of different simulated phase profiles differ very much, unlike the phase
tidal modes. Furthermore, the vertical structure of the phaserofile of the meridional component, though in a limited alti-
shows the presence of a short vertical wavelengtd km tude region (above 14 km), the two profiles show downward
in the lower stratosphere-upper troposphere &3dkm in phase propagation with similar vertical wavelengths.
the lower troposphere) with a negative slope, indicating up- In order to assess the relative contributions of different
ward propagation of tidal energy. There are height regiongidal excitation sources, we have done simulations using dif-
(~3 km, ~9 km) where very little phase propagation exists, ferent heat sources separately. We have used the combina-
as can be seen in the observed vertical phase profiles of th#ons of water vapour (which produces the migrating tides)
meridional wind components (Fig. 2). The simulated ampli- and cloud, water vapour and PBL, and water vapour and la-
tudes and phases of the diurnal oscillation in the meridionakent heat for the simulations. The simulated amplitudes and
and zonal components of the wind are also shown in Figs. Zhases are compared with the observed ones during the au-
and 3. It is seen that for the meridional component (Fig. 2)tumn equinox season. The results of the comparison show
both the observed and simulated amplitudes and phases shawat tidal fields simulated by including water vapour and
vertical structures, which are very similar. Although the ab- clouds reproduce many observed features of both meridional
solute values of the observed and simulated amplitudes difand zonal wind amplitudes. In limited height regions (15—
fer, some of the maxima and minima in amplitude structure18 km for meridional winds and 14-18 km for zonal winds),
are reproduced. For example, amplitude minima near 6 andboth the simulated and observed phase structures also show
12 km and maximum near 16 km are present in both the obquite good agreement. The combination of water vapour and
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pared to the observed ones, are not as good as in the Cage o me as Fia. 3. but for the winter season

of the combination of water vapour and cloud. Neverthe- 9. g-2 ’

less, the simulated phase of the meridional diurnal compo-

nent shows quite good agreement with the observed phase in

the 12—18 km height region. Although diurnal amplitudes of the autumn equinox and winter. It may be noted that we have

the meridional wind simulated using water vapour and latentused only one set of heat sources and as such, same simulated

heat show good agreement with the observed ones in limitegrofiles are shown for all the seasons; the difference between

height regions (3—7 km and 14-19 km), in general, there exthe observed and simulated phase profiles (Fig. 4) may be

ist large discrepancies between the simulated and observeaiftributed to an expected seasonal variation of the distribu-

diurnal phases when compared to the other two cases. It waéon of the heat sources. The zonal component in the winter

already seen that the simulated tidal fields agree better witlseason (Fig. 5) shows large differences between the observed

the observed ones when all the heat sources were includeand simulated amplitude and phase structures. In the case of

in the simulation. This shows the importance of including zonal winds, the simulated amplitudes are, in general, larger

all possible heat sources in the simulation of the diurnal tidalthan the observed ones. The observed phase structure in the

fields using classical tidal theory. 7-12 km height region shows a clear downward propagation
The diurnal amplitudes and phases of the meridional ang¥ith @ vertical wavelength of-6 km, whereas the simulated

zonal components of the winds in the winter season are givePNase profile shows a much larger vertical wavelength.

in Figs. 4 and 5, respectively. For the meridional compo- The observed vertical amplitude structures in the autumn
nent in winter season (Fig. 4) the observed amplitudes showFig. 2) and vernal equinox (Fig. 6) seasons show quite simi-
3 maxima near the 7, 11 and 16 km altitudes and the simiar features with the amplitudes in the vernal equinox season
ulated profile is able to reproduce only 2 maxima near the 7being larger. The amplitude maxima near 5 and 10 km are
and 16 km altitudes. (though with larger amplitudes). In win- present during both the seasons, with the amplitude signifi-
ter, in addition, the values of the observed and simulated ameantly larger during the vernal equinox season. The observed
plitudes differ greatly with the simulated ones being greater,phase structures during the two seasons (Fig. 2 and Fig. 6)
except in the 10 to 13 km height region. The phase struc-are similar except for a phase difference between the two. In
tures in the 12—20 km region in both the observed and simuboth the equinox seasons, the general shape of the observed
lated profiles lie close to each other, indicating a downwardvertical structures is very similar to the simulated ones. Two
phase propagation with a vertical wavelength~@& km. Be- phase reversal regions, one near 13 km and the second one
tween 8 and 12 km the discrepancies between the two araear 8 km, can be clearly seen during the two equinox sea-
large. A close examination of Fig. 4 shows that both ob-sons, both in the observed and the simulated profiles. But in
served and simulated phase structures show two regions dhe case of vernal equinox season, there is a large phase dif-
very little phase propagation, but with a mismatch in height.ference between the observed and the simulated ones in the
Apparently these observed height region®(km and~6 phase reversal region. Another interesting feature during the
km) have a relative shift with respect to the simulated onesvernal equinox season is the downward phase propagation
(~13 km and 9 km). This relative shift may be occurring due with a vertical wavelength of3 km in the 17-20 km height

to the different height distribution of diurnal heat sources in region and~6 km in the 14-17 km height region (Fig. 6).
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Fig. 6. Same as Fig. 2, but for the vernal equinox season. Fig. 7. Same as Fig. 3, but for the vernal equinox season.

, _of the diurnal zonal wind component. The exact reason for
But for the zonal components (Figs. 3 and 7), both the ampliviq giscrepancy is not clearly identified. However, the dom-

tudes and phases s_how Iarg_e d|ﬁerenges between the tW_O S&fance of different heat sources during the different seasons
sons. The zonal wind amplitudes during the vernal equinox, 14 pe a plausible reason. For example, an observed zonal
season are, in general, Iarger than those during the autumgy g phase structure during the vernal equinox season could
equinox season, but the amplitude peaks are smaller. During, reproduced reasonably well (not shown) when only water
the vernal equinox:season the 10-17 km shows nearly a Co_rvapour and latent heat were included in the simulation. The
stant phase region and a clear downward phase propagatiQfyy, jated phase profile could reproduce the almost constant
with a vertical wavelength of4 km below the 8 km height phase region above 10 km and downward phase propaga-

region. tion region below the~7 km heights.
Although the observed diurnal amplitudes and phases of

both meridional and zonal components in summer (Figs. 8

and 9) are significantly different from those during the other5 Summary

three seasons, the observed and simulated profiles agree with

each other for a large altitude region. The observed meridAnalysis of the MST radar winds obtained over several di-
ional amplitudes in the 9-16 km height region and zonal am-urnal cycles at Gadanki in the equinox and solstice seasons
plitudes in the region below 16 km closely follow the sim- during 1995-96 shows some interesting features. The verti-
ulated amplitude profiles. For the meridional diurnal wind cal profile of the observed diurnal amplitude shows maxima
phase (Fig. 8), there is a significant difference between theand minima in the 3—20 km altitude region in all seasons.
observed and simulated profiles in the 11-20 km height re-These amplitude maxima and minima at different heights,
gion. The diurnal meridional component shows a prominentin general, show close similarities with simulated amplitude
amplitude maximum near the 16 km height during both theprofiles, which suggests that these are produced as a result of
winter (Fig. 4) and summer (Fig. 8) seasons, whereas durthe interference of many Hough modes generated by diurnal
ing the equinox (Figs. 2 and 6) seasons, this peak is someheat sources, such as solar heating of water vapour, planetary
what suppressed. The observed diurnal phase profile for thboundary layer heat flux, latent heat release in deep convec-
meridional wind (Fig. 8) does not show the two phase rever-tive clouds, and solar short wave absorption by clouds in the
sal regions which are clearly seen during both the equinoxroposphere. Similarly, there appears to be a large agreement
seasons, one near 13 km and another near the 9 km heightetween the vertical profile of the observed and simulated
Also during winter, these phase reversals can be seen, but ghases of the diurnal component in meridional winds during
lower altitudes €9 and~6 km). In general, the observed di- the autumn equinox and to a lesser extent during the ver-
urnal tidal components in winds are distinctly different from nal equinox season, which is again suggestive of the interfer-
those during the other three seasons. One common charaence of different Hough modes in the troposphere and lower
teristic observed during all four seasons is the large discrepstratosphere. The difference between the simulated and ob-
ancy between the simulated and observed phase structuregrved diurnal tidal components of the meridional winds dur-
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Fig. 8. Same as Fig. 2, but for the summer season. Fig. 9. Same as Fig. 3, but for the summer season.

ing the other two seasons may be attributed to the season#} generating the non-migrating diurnal tidal oscillations in

variation of the observed tidal fields, as the simulation is onlythe lower atmosphere, similar to the findings of Braswell and
lation.

season.

There exists a large disagreement between the observed Although the_simulation Is dOT‘e using classical tidal the-
and simulated phases of the zonal wind components durin ry and takes into account all important heat sources, the
all the seasons. Although we could not establish a definit ctual seasonal variation of the tidal oscillation can only be
reason for this large discrepancy, there is an indication tha imulated by taking into account the seasonal variation of the
this discrepancy could arise due to the dominance of differen e_fll_t sourceds,Asuch alsggéat L(\)/r I;\tent heat releasedrﬁported by
heat sources and/or the combination of different heat source/1ams an very ( ). We have not attempted here.
during the different seasons, as mentioned in Sect. 4. How- _ _
ever, for this purpose a very realistic seasonal variation ofA*cknowledgementsThe authors acknowledge with gratitude the
different heat source characteristics (vertical distribution andc0-OPeration extended by the Scientific and Technical staff of Na-
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