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Abstract. The first CAWSES-India Tidal Campaign was ionospheric heights (e.g. Hagan, 1996), respectively, longi-

conducted by the Indian scientific community during March—tudinal inhomogeneities in the absorbing gases (e.g. Lieber-
April 2006. The objectives of this campaign were: (1) man et al., 2003), release of latent heat in deep convective
To determine the characteristics of tides in the troposphere&louds (e.g. Hamilton, 1981; Hagan and Forbes, 2002), land-
and lower stratosphere (0—20 km) and mesosphere and lowesea distribution (e.g. Tsuda and Kato, 1989) and non-linear
thermosphere (MLT) region (80-100km), (2) to explore interaction of planetary waves and tides leading to genera-
and identify what lower atmospheric processes drive mid-tion of tides of higher zonal wavenumbers (e.g. Hagan and
dle atmospheric tides in the Indian continental region andRoble, 2001). They are the dominant dynamical features
(3) to provide information on those short-term variabili- of the mesosphere-lower thermosphere (MLT) region (80—

ties of MLT tides that are likely to have an impact on the 100 km), especially in the tropical region. At these heights,

ionospheric variabilities and contribute to the upper atmo-the tides may be transient, or dissipate energy and momen-
spheric weather. Data sets from experiments conducted at theim, as damping processes like viscosity, thermal conduc-
three low latitude radar sites, namely, Trivandrum {85 tion or ion drag become important (e.g. Lindzen and Blake,

76.9 E), Tirunelveli (8.7 N, 77.8 E) and Gadanki (13, 1971). All these effects have profound influences on the en-
79.2 E) and fortnightly rocket launches from Thumba were ergy and momentum budgets of this important transition re-

made use of in this study. An important observational find-gion (e.g. Lindzen, 1981).

ing reported in this work is that the radar observations at In recent years significant attention is being paid to un-

Tirunelveli/Trivandrum indicate the presence of 15-20 dayderstanding the spatial and temporal variabilities of the di-

modulation of diurnal tide activity at MLT heights during urnal tide in the MLT region revealed by ground-based and

the February—March period. A similar variation in the OLR satellite-borne investigations pursued over the tropical region
fields in the western Pacific (120-180ngitude region) sug-  (Burrage et al., 1995; Chang and Avery, 1997; Khattatov et

gests a possible link between the observed tidal variabilitiesl., 1997; Vincent et al., 1998; Tsuda et al., 1999; Gurubaran
and the variations in the deep tropical convection through theand Rajaram, 1999; Talaat and Lieberman, 1999; Oberheide
nonmigrating tides it generates. and Gusev, 2002; Forbes et al., 2003; Lieberman et al., 2004;

Keywords. Meteorology and atmospheric dynamics (Mid- Gurubaran et al., 2005; Oberheide et al., 2006). The mod-

e ; e lling efforts in the past varied from linear mechanistic tidal
dle atmosphere dynamics; Thermospheric dynamics; Wave§ .
and tides)p y P y models (Forbes, 1982; Hagan et al., 1995) to complex middle

atmospheric general circulation models (e.g. McLandress et
al., 1997; Miyahara et al., 1999; Hagan and Roble, 2001) and
) have contributed to our understanding of the processes that
1 Introduction participate in the generation of tides and those that influence
L ) i their propagation. However, direct observation of tides in
Atmospherlc tides are global-sc_gle perturbatlons_ n te_mperafhe MLT region and those carried out in the troposphere and
tures, winds and species densities _that have origin in manyq, e stratosphere are yet to provide any evidence for their
sources: solar UV and IR abs.orptlon by ozone and \{vater ssociation with the generating mechanisms in the lower at-
vapour and molecular and atomic oxygen at stratospheric anawosphere or propagation conditions existing in the middle
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Amplitude spectra for Trivandrum/Tirunelveli during February-March 2006 Atmospheric DynamiCS (M'DAS) programme of the Indian
* R ' T Space Research Organization were scheduled over a period
of three months with observations separated by four hours
in local time. This schedule was aimed to enable estimates
of average diurnal tide characteristics representing the three-
month period, February—April 2006.

The present work, the first of its kind from India, com-
bines data sets from the three radars and the rocket-borne ex-
periment in an attempt to delineate the diurnal tide variabil-
ities during this period and identify the underlying forcing
mechanisms. The first results from this campaign being pre-
sented in this work examine the differences in the tidal char-
acteristics revealed by the MF and MW radars. It would be
) shown in Sect. 3.1 that though the tidal phases in both zonal
— T T 71— and meridional components and the tidal amplitudes for the
0.00 0.02 0.04 0.06 0.08 0.10 0.12 . .

zonal component agree quite well between the two sites, the

MF radar amplitude estimates for the meridional component

Fig. 1. Comparison of the amplitude spectra for the zonal (bottom &€ S|gn|flcantl_y smaller than the _MW radar est!mates. S_ec-
panel) and meridional (top panel) winds at 88 km during February-tion 3.2 examines the average tidal characteristics derived
March 2006 between the MW radar (continuous curves) and MFfrom the rocket observations and the tidal amplitudes and
radar (dashed curves) observations at Trivandrum and Tirunelveliphases in the troposphere-lower stratosphere region. Simi-
respectively. lar to a study pursued earlier (Gurubaran et al., 2005), a cor-
relative analysis was performed with the radar observations

and the satellite-derived daily Outgoing Longwave Radiance

An Indian Climate and Weather of Sun-Earth System (OLR) fields and 3-hourly rainfall data from TRMM in or-
(CAWSES) programme is being pursued in India with a der to explain the presence of 15-20 day variations in the
number of research institutions hosting a variety of ground-observed tidal parameters over Tirunelveli/Trivandrum. Re-
based instruments at several sites. The first CAWSES-Indigults from this analysis are presented in Sect. 3.3.

Tidal Campaign was held during February—April 2006 by the

members of the Working Group 3 (Atmospheric Coupling

Processes) of CAWSES-India programme with the principal2 Observations and data analysis

objective of determining the characteristics of tides in the tro-

posphere and lower stratosphere (0—20 km) and mesospheréhe MF radar at Tirunelveli uses the spaced antenna tech-
lower thermosphere (80-100 km) regions. Holding a cam-nique to determine winds in the MLT region (Vincent, 1984;
paign of this kind during a specific period would lead to an Vincent and Lesicar, 1991; Rajaram and Gurubaran, 1998)
assessment of atmospheric conditions which favour propaand has been operating at Tirunelveli since 1992. Utilizing a
gation of certain tidal modes that make significant impactsbroad beam and adopting the full correlation analysis devel-
on the middle atmospheric momentum and energy budgetsaped by Briggs (1984), the MF radar measures the horizontal
It was envisaged that this campaign would have relevanceelocities of the irregularities that are presumed to move with
to the activities of Working Group 2 (Space Weather: Sci- the background neutral wind. The meteor wind radar operat-
ence and Applications) of CAWSES-India because the quieting at Trivandrum is the commercially available SKiYMET
time upper atmospheric weather has an important source ofystem and utilizes echoes arising from meteor trails for wind
variability in atmospheric perturbations or waves propagat-detection. The data analysis and the method of wind retrieval
ing upwards from the lower and middle atmosphere. for the SKiYMET system are described in Hocking (2001).

As part of this tidal campaign, experiments were con- Both MF and MW radar observations grouped into 5-day
ducted at the low latitude radar sites, namely, Trivandrumsegments were subjected to harmonic analysis and the am-
(8.5° N, 76.9 E), Tirunelveli (8.7 N, 77.8 E) and Gadanki  plitudes and phases of the diurnal components of the zonal
(13.5° N, 79.2 E) during March—April 2006. Though the and meridional winds were retrieved in a least squares sense.
MF radar at Tirunelveli and the SKiYMET meteor wind Though both the instruments were being routinely operated,
(MW) radar at Trivandrum were on routine operation yield- a one-month data gap was present at Tirunelveli between 22
ing useful data on tidal winds in the MLT region, the March and 23 April 2006 and therefore the tidal analysis was
MST radar at Gadanki was operated in the diurnal cycleperformed for the period 1 February—22 March 2006.
mode yielding information on tidal parameters in the tropo- The Indian MST radar located at Gadanki is a high-
sphere and lower stratosphere (3—25 km). Fortnightly rockepower VHF phased array operating-a53 MHz in coherent
launches from Thumba carried out as part of the Middlebackscatter mode. The system details are described in Rao et

Meridional wind
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Fig. 2. Comparison of hourly wind estimates made with MW radar at Trivandrum and MF radar at Tirunelveli during the 4-day intervals,
7-10 March 2006 and 18-21 March 2006. The top panels are for the daytime measurements (07:00-10:00 UT) and the bottom panels are fo
nighttime measurements (14:00-23:00 UT).

al. (1995). During the tidal campaign, the MST radar was op- The fortnightly RH-200 rocket launches at Thumba
erated in the diurnal cycle mode wherein the Doppler spectrgielded wind velocity profiles in the height region 20—65 km
were obtained in the height range 3—20 km at 150-m intervalsising the chaff releases (Ramkumar et al., 2006). The launch
using successive beams pointed towards vertical ah@ff0  schedule during February—April 2006 was designed in order
zenith in the east, west, north and south directions. Everyto have composite 24-h local time coverage at a time resolu-
wind measurement was obtained from a sequence of Doppleron of four hours. This had enabled the retrieval of ampli-
spectra accumulated for 10 min every hour. The time seriesudes and phases of the diurnal tide in the middle atmospheric
for the zonal, meridional and vertical winds thus obtainedregion over Thumba representing the 3-month campaign du-
were for the 24-h period with a time resolution of 1 h and ration.

height resolution of 150 m. Further details of such an exper-

iment can be found in Sasi et al. (1998). There were 4-5

diurnal cycles of operation conducted during alternate weeks

corresponding to the following windows: 7-11 March, 18—

22 March, 3-6 April and 17-22 April. Composite hourly

values from these 4-5 day segments were used to derive the

amplitudes and phases of diurnal tide in the troposphere and

lower stratosphere probed by the MST radar.
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Fig. 3. Comparison for the amplitudes (top panels) and phases (bottom panels) of the diurnal tide at 88 km.

3 Results servations. As per the convention adopted by the MLT radar
community, eastward (westward) zonal wind is assigned a

3.1 Comparison of hourly wind and tidal estimates with positive (negative) direction whereas northward (southward)
MW and MF radar measurements meridional motions are assigned positive (negative) values.

As can be seen in Fig. 2, the hourly zonal winds over the

We begin this section by showing in Fig. 1 the amplitude two sites during daytime compare quite well in both direc-
spectra of the zonal and meridional winds at 88 km derivedtion and magnitude. During nighttime, though several points
from the 1024-point data sets obtained with the MW radartend to lie along the dashed curve representing good agree-
at Trivandrum and MF radar at Tirunelveli during February— ment, there are few points that differ considerably. Regarding
March 2006. It may be noted that the two MLT radar sites the comparison for meridional winds, the MW radar tends to
were separated by less than 100 km. Both the radar measuréetect a larger northward motion during daytime when com-
ments reveal the large diurnal component that dominates thared to what the MF radar detects. Significant differences
hourly wind spectra during this period. A significant differ- are noticed for the nighttime measurements as well.
ence between the two measurement sets is that the merid- \We extend the above comparison to the amplitudes and
ional component of the diurnal tide estimated with the MF phases of the diurnal tide estimated with the two radar data
radar data is considerably smaller than that estimated witisets. The results are shown in Fig. 3. Five-day data segments
the MW radar. The amplitudes of the zonal component areyere used to derive the tidal parameters at one-day time in-
nearly the same over the two sites. vervals. The chosen period was from 1 February to 22 March
In order to examine these differences closely, we plot in2006. Like with the hourly wind comparison, the amplitudes
Fig. 2 the scatter plots for the individual hourly winds mea- for the zonal component agree quite well during most of this
sured at the two radar sites. The top panels depict the comperiod and the phases differ up to 2 h. On the other hand, the
parison for the daytime (03:00-12:00 UT) measurements and/F radar has yielded smaller amplitude for the meridional
the bottom panels are for the nighttime (14:00-23:00 UT) ob-component. The phases in the meridional direction agree

Ann. Geophys., 26, 2322331, 2008 www.ann-geophys.net/26/2323/2008/
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Diurnal Tide parameters (zonal wind) from RH200 rocket / MSTR data
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Diurnal Tide parameters (meridional wind) from RH200 rocket / MSTR data
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Fig. 4. Altitude profiles of amplitude and phase of the diurnal tide in Fi9- 5. Same as Fig. 4 but for meridional wind.

zonal wind representing the average characteristics derived from the

fortnightly rocket launches during February—April 2006 and MST

radar derived parameters for the four cycles (refer to text for the24-48 h so that the continuity in phase between the two re-
dates). gions (3—25 km and 25-65 km) can be examined.

The seasonal and long-term (SAO and QBO) wind con-
ributions derived using the long-term observations (2002—
a-005) were removed before subjecting the rocket derived

data sets to the time series analysis. The profiles shown in
Figs. 5 and 6 for the rocket probing region therefore repre-
sent the average tidal characteristics over the 3-month dura-

reasonably well. We attribute the differences in the estimate
tidal parameters at the two sites to the differences in the me
surement techniques.

A noticeable feature in the comparative plots shown in
Fig. 3 is that though_ the _absolute rn_agnltud_es differ (thetion (February—April 2006).
largest is for the amplitude in the meridional wind), the vari- . ) i . )
ations in the tidal parameters estimated over the two sites are 1h€ diumal tide in zonal wind has large amplitude
remarkably similar. A gradual increase in the amplitude of (~351M/S) at a height of 45km. The amplitude of the merid-

the zonal component from10 m/s around day number 38to 0Nal component at that height is15m/s. The amplitude

~40m/s on day 70 could be seen in both the wind measurel the zonal direction tends to increase above 60 km where

ments. A 46 h transition in phase in the zonal wind aroundtN€ @mplitude of the meridional component s in the range 5-

day number 50 is also noticed in both the data sets. BothtO m/s. A remarkable feature noticed in the phase profiles is

radars detected smallest amplitude in the meridional compol' cléar downward progression in both zonal and meridional

nent around day number 55 though the amplitudes differe?®MPONeNts in the lower altitude region (25-40km) yielding
(~25 m/s with MFR and-40 m/s with MWR). a vertical wavelength of~15km. The phase in the merid-

ional direction continues to advance to earlier hours above
3.2 Diurnal tide parameters in the lower and middle at-45km butwithless clarity. The diurnal tide in the zonal wind
mosphere derived from RH-200 rocket and MST radar"eveals an oscillating phase behaviour above 40km. Phases
data varying in opposite directions between 35 and 50 km accom-
panied by an amplitude maximum at 45 km provides indica-
The amplitudes and phases of the diurnal tide in zonal andions for interference effects between two or more modes.
meridional winds estimated from the rocket observations for Figures 4 and 5 also show the altitude profiles of the am-
the height region 25-65 km representing the 3-month duraplitudes and phases of the diurnal tide in zonal and merid-
tion (February—April) are shown in Figs. 4 and 5. The tidal ional winds in the altitude region 3—25 km as estimated from
parameters retrieved from the MST radar data obtained durthe data obtained by the MST radar at Gadanki during the
ing the four 4-5 day diurnal cycles for the lower altitude four diurnal cycles of operation. The amplitudes and phases
region 3-25km are also depicted in these figures. Becauswere smoothed in altitude with a running mean. The ampli-
the MST radar derived amplitudes are an order of magnitudaude profiles of the zonal component revealed in Fig. 4 dur-
smaller than the rocket derived values, the amplitudes on théng cycles 1 and 4 are nearly similar, whereas during cycle 2
left panels are plotted in logarithmic scale. The phases fora significant enhancement in tidal amplitudes above 20 km is
the lower altitude region are scaled to read values in the rangaoticed. The amplitude profiles of the meridional component

www.ann-geophys.net/26/2323/2008/ Ann. Geophys., 26, 232382008
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OLR (averaged between 7.5 N and 7.5 S) during February—March 2006
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Fig. 6. Daily OLR averaged between 7.8l and 7.8 S plotted versus longitude.

shown in Fig. 5 exhibit greater variability between the four relationship with the short-term variations in convective ac-
cycles. The phases in the zonal direction reveal descendivity.

ing trends on the whole with vertical wavelength estimates gqy this analysis, we used two types of data sets: (1) the
(~15km) similar to those derived for the rocket probing re- qajly OLR provided by the NOAA-NCEP Climate Prediction
gion (25-40km). The phases in the meridional componentgcenter and (2) the 3-hourly rainfall rates available from the
are very irregular and no consistent trend in altitude could beTropicaI Rainfall Measuring Mission (TRMM) satellite data
deciphered in this direction. This irregular behaviour could 5;chives. Both the daily OLR and the 3-hourly rainfall rates
be due to random variations induced by short-period gravyyere first averaged over the latitude region°N57.5 S at
ity waves. It may be noted that MST radar measurement,ery |ongitude yielding a data set that represents variations
used for this analysis were made for only 10 min during ev-j, |ongitude (with a resolution of 2°5for OLR and 0.25
ery hour of each of the diurnal cycles from which composite oy rajnfall rate) as well as over time (at a resolution of one
24-hourly means were derived. The MST radar observationgyay for OLR and 3 h for rainfall rate). The three-hourly rain-
of diurnal tide parameters need to be interpreted with caution| rates for every longitude bin were further subjected to
with this limitation in mind. harmonic analysis to yield diurnal amplitudes. Because the
diurnal latent heat release drives the diurnal precipitation, the
3.3 Relationship between deep tropical convection anddiurnal amplitudes derived from the TRMM rainfall rates are
tidal variabilities in the MLT region expected to represent the strength of the nonmigrating tide
that could be generated by the deep convective forcing.

The emphasis in this section is to explore a possible link be- We first show the spatial and temporal variabilities of the
tween the deep tropical convection and the diurnal tide varidow latitude daily OLR for the period February—March 2006
abilities observed in the MLT region. Earlier work by Gu- in Fig. 6. Regions with low OLR are anticipated to be con-
rubaran et al. (2005) that made use of simultaneous MLTvectively active. During this period of the tidal campaign,
radar observations from Jakarta and Tirunelveli indicatedthe longitude region between 120 and 1&0is seen to be

a possible role of the deep tropical convection in causingcharacterized by deep convective activity. The convection
the diurnal tide variabilities over Jakarta over seasonal timeappears first in the longitude region around 1E0during
scales. We extend that idea to the present analysis and exhe first week of February and migrates gradually towards
plore whether the observed tidal variabilities will have any the west. Between day numbers 50 and 60, an eastward

Ann. Geophys., 26, 2322331, 2008 www.ann-geophys.net/26/2323/2008/
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OLR (+ 7.5°) and diurnal tide in meridional wind at MLT heights
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Fig. 7. Daily OLR averaged over 7°IN-7.5 S shown longitude versus day number (left panel) and the same shown for the longitude
138.75 E (shown as red-coloured curve) along with the diurnal amplitude at 90 km over Tirunelveli and the diurnal amplitude of rainfall rate
derived for 140 E longitude (right panel). The thick curve on the right panel was obtained by smoothing the diurnal rainfall rate (shown as
thin curve).

movement can be seen and by day humber 65, the convectibat the nonmigrating tides were probably generated around
clouds have moved to their earlier position of 1&0lon- those two periods when the diurnal harmonic of latent heat
gitude. In the diurnal tide activity in meridional wind, we release in the western Pacific region was strongest.
observed two maxima in amplitudes, one occurring around

day number 40 and the other around day number 65. We per- , )
formed a correlation analysis for the diurnal tide amplitude4 Discussion

and_dally OLR a_nd found the largest negative correlation OCCoordinated efforts from a team of scientists in India had re-
curring at a longitude around 148 (results not shown here).

sulted in the successful conduct of the first tidal campaign
In Fig. 7, we show the amplitude of the diurnal tide in under the CAWSES-India umbrella. Three ground-based
meridional wind at 90 km estimated from the MF radar dataradar experiments and the fortnightly rocket soundings con-
set along with the diurnal amplitude of the rainfall rates ducted during the period February—April 2006 contributed
computed for 149E longitude and the daily OLR aver- to this study. Because the MLT radars were each of differ-
aged over 7.5N-7.5 S shown both for the longitude region ent kind, the first exercise carried out was to compare the
100-155 E and the single longitude 1387Bk. As can be  hourly mean winds observed by them. Only the zonal com-
seen in this figure, the temporal variation of the diurnal tide ponent during daytime agreed reasonably well whereas the
amplitude at 90 km closely resembles the OLR variation atmeridional wind detected by the SKiYMET system appears
138.7% E longitude in the low latitude region. Analysis of to be stronger than what the MF radar detects during day-
the diurnal amplitude in the rainfall rate estimated using thetime. There were some differences in both the wind com-
TRMM data sets confirms the presence of significant diurnalponents during nighttime. In spite of such differences in the
precipitation rates associated with diurnal variations in latentmean wind components, the temporal variations in the tidal
heat release centred around two periods, hamely, day numamplitudes observed over the two sites are quite similar and
ber 45 and day number 65. A good correlation between thehe phases agree quite well in absolute magnitude.
short-period (in a time scale of less than a month) diurnal tide Earlier comparisons with meteor radar systems showed
activity at MLT height and the diurnal rainfall rate suggests that the MF radar systems detected smaller wind speeds (e.g.

www.ann-geophys.net/26/2323/2008/ Ann. Geophys., 26, 232382008
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