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Abstract. The variability of zonal winds and the horizontal mal structure and general circulation in that region (Fritts and
wind velocity variance of short period (20-120 min) gravity Alexander, 2003). Gravity waves can further propagate into
waves (GWSs) in the equatorial mesopause region are studhe ionosphere and play an important role in the formation
ied using medium frequency (MF) radar observations fromof quasi-periodic echoes in the E region (e.g. Venkateswara
Pameungpeuk (724, 107.4E) during 2004-2010. The Rao etal., 2008) and equatorial plasma irregularities in the F
zonal winds display a distinct semiannual oscillation (calledregion (e.g. Taori etal., 2011). The upward propagating grav-
mesospheric semiannual oscillation, MSAO), with westwardity waves, before reaching the MLT region, undergo critical
winds during equinoxes and eastward winds during solsticeslevel interaction with background winds at various levels of
Furthermore, the westward winds during March equinox arethe atmosphere, depending on the wave phase velocity rela-
larger during 2008 and 2009. The short period GW vari- tive to the background winds, such as the Tropical Easterly
ance also shows a semiannual oscillation with enhanced aclet (TEJ), quasi-biennial oscillation (QBO) and stratopause
tivity during equinoxes. A good correlation is observed be- semiannual oscillation (SSAQ) in the stratosphere.
tween the zonal winds and the short period GW variance
f_rom 2008-2010, with the \.N'.nds being Westwa_rd during thehibit a prominent semiannual oscillation, with westward
times of enhanced GW activity. Such a correlation, however,w. . . ) : .
inds during equinoxes and eastward winds during solstices,

is less obvious during 2004—-2006. The long period (10-20 h) . . - |
GW variance, on the other hand, does not show such a corr called the mesospheric semiannual oscillation (MSAO) (Hi

lation throughout the observation period erbta, 1978). The .MSAO has _been studied through various
' ground and satellite-based wind and temperature measure-
Keywords. Meteorology and atmospheric dynamics (Mid- ments (Burrage et al., 1996; Garcia et al., 1997; Sridharan et
dle atmosphere dynamics; Waves and tides) — Radio sciencal., 2007). These studies have shown that the westward phase
(Remote sensing) of the MSAO is symmetric over the equator and the westward
wind during the March equinox undergoes large inter-annual
variability. The MSAO is considered to be wave-driven by
model studies, including the effects of small-scale gravity
waves, intermediate-scale Kelvin and inertia-gravity waves,

Gravity waves (GWs) generated in the lower atmosphered'umal tide deposition, as well as forcing due to meridional

propagate upward and reach significant amplitudes by th%dve_cnon (Dun.kerton, _1932’ Lleberman_and Hays, 1994,
time they reach the mesosphere and lower thermospher assi and Garcia, 1997; Richter and Garcia, 2006).

(MLT) region. Consequently, they break/dissipate due to Gurubaran and Rajaram (2001) studied the mean winds,
convective and dynamical instabilities, resulting in acceler-tides and GWs over Tirunelveli (8N, 77.8 E) and showed
ation of the background wind and modification of the ther- that short-term tidal variability through GW-tidal interaction

Zonal-mean zonal winds in the tropical mesosphere ex-

1 Introduction
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contributes to the variation of the strength of the time-mean3 Results
westward flow. There also exist some long-term studies on
the relation between the zonal winds and GW activity (Of- Six-year (2004-2006 and 2008-2010) composites (average
fermann et al., 2011; Hoffmann et al., 2011). A study by at each month of all years) of monthly-averaged mean winds
Hoffmann et al. (2011) shows that the trends in zonal wind at(top panel), GW variance in the 20-120 min band (second
75 km correlates with that of GW activity at altitudes above panel), in the 2-10h band (third panel), and in the 10-20h
80 km. band (fourth panel) are shown in Fig. 1a and b for the zonal
Different models consider different sources as drivers andand the meridional components, respectively. The white
tune to reproduce the observed MSAQ; yet, the drivingspace in Fig. 1a and b represents the data gaps due to lack
sources of this oscillation are not well-understood. Currently,of a sufficient number of data points to compute the six-year
there is considerable ambiguity on the driving sources of thecomposite of GW variance. Accordingly, we will not discuss
MSAQ. In this context, the present results will help in better the winds and short period GW variance at higher altitudes
understanding the MSAO and its relation to GWs. and thus confine to altitudes~94 km. The zonal winds in
Fig. 1a display a distinct semiannual oscillation, with west-
ward winds during equinoxes and eastward winds during sol-
2 Data stices. Furthermore, the peak westward winds around March
: . . , equinox are larger than those around September equinox.
The MLT V.de data used in this study were acquired US'T?\e meridional \?vinds in Fig. 1b show a cleapr annual ogcilla-
ing a medium frequency (MF). radar located at Pameung-tion (AO), with southward winds from the middle of March
peuk (7.4 S, 107.4E), Indonesia (Venkateswara Rao et al., to October and northward winds for the rest of the time.

2011a, b). This radar operates at a frequency of 2.008 MHz The 20~120 min GW variance (second panel) in the zonal

with a peak power of 30 kW' The anFenna array, conIS|st|ng c)fwind shows a semiannual oscillation, with primary enhance-
three antennas arranged in an equilateral triangle, is used f

both t o d tion. This rad X c?ﬂent during March equinox and secondary enhancement
olh fransmission and reception. This radar measures win uring September equinox. The 20-120 min GW variance

gglngstl?e spf_at(r:]ed anltetnna te]f:gnquut_a, 'r? Fhﬁt helghzt range Qf the meridional component also shows a similar variabil-
oo Km, ith resoiutions of =km In height and 2min in ity, with the meridional variance being larger than the zonal
time. The data acceptance rate is highest@8 km. In the omponent above-92-93km. The zonal component of
Ipretsznft studAy, Y;’go%zetthg Pamiunggilék -M]F ra(c;ar data co SW variance in 2—10 h band shows some seasonal variation,
ectedirom Apri o Lecember - [heradarwas nOtWith less variance during the middle of March to July, com-

in operation during 10 August 2004 to 6 November 2004, 7— f th L . ; )
28 July 2005, and 13 February 2007 to 2 October 2007, DurPa'ed {0 rest of the year. ‘Largest variance is observed be

; tween January and March. The meridional component also
ing 16 August 2006 to 16 January 2007, the data are SParSgows similar variation except that the enhanced GW ac-
and hence not used for the present study. '

. . tivity between January and March is little larger than that
The method of GW variance calculation is as follows. y y g

. ) . . ; ) in the zonal component. The GW variance is also larger
High resolution (1-2 min) horizontal wind data acquired by between July and December. The GW variance in 10-20 h
the MF radar are averaged to get 10 min interval data. Sho

. e . . . rf)and also shows similar seasonal variation to that of 2-10h
data gaps in the 10 min time series were linearly mterpolatedbanol with enhanced variance during January—February in

From this dataset, contributions from diurnal, semi-, ter-, and,, . -, component and during January—March and July—
quarter-diurnal tides are removed (Venkateswara Rao et al ecember (changes with heiaht) in the meridional compo-
2011b). Then, GW variance is calculated for three bands o ent ( d 9 P

g?/r\;ods_(ZO—l_ZCirr]mn,hZ—th h, ﬁOb—ZOdh).ZOF(:)erc(:)alc_uIatmgl thE The zonal wind shows predominantly the SAO and the
variance in the short period band (20— min), a bloc meridional wind shows the AO. Furthermore, the short pe-

of three hours (which contains 18 data points), sliding for- . i - .
ward by one hOl(JI’ is subiected to Butterw%rth hi) h asg fiIter“Od GW variance also shows the SAQO, similar to zonal wind.
y o ) . . 119"-p Since the zonal wind and short period GW variance have sim-
(of order 5) with a cut off of 120 min. Variance is then calcu- . I . ;
L . . ilar seasonal variation, we will focus on the relation between
lated from this filtered output and attributed to the middle of . . L :
: : he two in the present study, neglecting the meridional wind.
each three-hour interval. In this manner, we calculate shor : ; : i o
urther, since the GW variance in each band is nearly simi-

period GW variance for 24h. Daily variance is calculated lar in both the zonal and the meridional components, we will

by averaging the hourly variances. For calculating the GWcompute a total GW variance in each band, by averaging the

variance in 2-10h and 10_—20h period bands, we use a dat&w variance in the two components{-+ v/z)’/z_

block of two days and subjected to band pass filter. Figure 2a shows the monthly mean prevailing zonal winds
from January 2004 to December 2010 at heights of 88 km
and 92km, while the monthly mean total GW variance
(1'% + v'?)/2 with wave period in the band of 20—120 min, 2—
10h and 10-20 h are shown in Fig. 2b, c and d, respectively.
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Fig. 1. A six-year (2004-2006 and 2008-2010) composite of monthly- averaged mean winds (top panel), GW variance in the 20-120 min
band (second panel), in the 2—10 h band (third panel), and in the 10-20 h band (fourth paf@@lydoral andb) meridional components,
respectively.

Note that, to increase clarity, the values at 92 km are shiftedn February—March than in September—October. In 2010,
forward by 0.5 months. The vertical lines at each data pointhowever, the variance during September—October is slightly
represent standard deviations for the monthly mean valuedarger than during February—March. The large data gaps in
The zonal winds in Fig. 2a display a clear semiannual oscilla-2004, 2006, and 2007 preclude comments about the semian-
tion in all years, with westward winds during equinoxes and nual variability of GW activity in these years. The monthly
eastward winds during solstices. Further, in each year thenean errors are, in general, in the range of 20-866TH.
first westward cycle of the oscillation is generally stronger  Figures 2c and d correspond to GW variance in 2—10 h and
than the second one, except during 2010 where amplitude$g—20 h bands. The GW variance in 2-10 h band shows some
of both the cycles are nearly equal. For eastward winds, botlenhancement in March equinox in 2006, and between 2008
cycles have nearly equal amplitudes throughout the observagnd 2010. In the 2-10h band, however, the seasonal vari-
tion period. While the peak westward winds are stronger tharation is less systematic, compared to the short period GW
the peak eastward winds in 2008 and 2009, they are nearlyariances in Fig. 2b, with no enhancement in September—
equal in 2005 and 2010. In 2004, 2006 and 2007, the dat®dctober. The GW variance in the 10-20 h band shows en-
are not sufficient to bring out this kind of variability. The hancement during January 2006, January and August 2009,
standard deviation in monthly mean zonal winds is generallyand July, February, August and December 2010. Although
4-10ms* and with a maximum of 20 m's. the total variance is shown here, individual variances of zonal
The winds during 2008 show an anomalous behavior, beand meridional components also show nearly similar behav-
ing westward for most of the time. Thus, the annual meanior, as illustrated in Fig. 1.

zonal wind during 20081i3 more negative‘(.25r;n§l) than The most interesting aspect in Fig. 2 is the relation be-
during 2009 -0.79ms™~) and 2010 3.73ms™). "11 2005 tween the zonal winds (Fig. 2a) and the short period GW
also, the annual mean winds are westward.gms ). Al-  yariance (Fig. 2b). During 2004—-2006, the zonal winds

though the semiannual oscillation is clearly observed duringgnd the GW variance do not show any systematic relation.
all three years, in 2008 the winds remain westward, despiteouring 2008—2010, however, there is a systematic relation
the SAO. between the two, with the winds becoming westward dur-
Monthly mean short period (20—120 min) GW variance, ing the times of enhanced GW variance. Between 2008
shown in Fig. 2b, is less during 2004—2005 than in 2006 andand 2010, the short period GW variance (in Fig. 2b) dur-
2008-2010. Further, during the 2008-2010 period, the GWng the March equinox at 88 km decreases, with a variance
variance shows distinct semiannual variation, with enhanceaf 115 n?s~2 in 2008 to 107 s 2 in 2009 and 82 rhs 2
variance during equinoxes. From 2008 to 2009 the GW vari-in 2010. Associated with this decrease, the zonal wind in
ance shows an equinoxial asymmetry, with a larger variancd=ig. 1a (at 88 km) becomes less westward with a peak value
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Fig. 2. Variability of the monthly meaia) zonal wind,(b) 20—-120 min gravity wave variancg) 2—10 h gravity wave variance, agad) 10—
20 h gravity wave variance between 2004 and 2010. The GW variance is a mean of zonal and meridional vavféﬁee?I(Z). The
vertical lines represent the standard deviations of monthly mean values. The values at 92 km are shifted forward by 0.5 of a month.

of —33ms1in 2008 to—28ms!in 2009 and—19ms !  correlative analysis, shown in Fig. 3a and b for 2004—2006
in 2010. The annual mean GW variance at 88 km is largerand 2008-2010, respectively. Here, we used the monthly
in 2008 (71mMs2) than in 2009 (65rhs?) and 2010 mean values of zonal wind and the GW variance for heights
(69mfs~2). Figure 2a shows that the annual mean zonalof 88 km, 90 km, and 92 km. Note that the correlations men-
winds are more westward in 2008 than in 2009 and 2010tioned here are significant with 95 % confidence level. Dur-
Similar variability is observed at other heights also. Thus,ing 2004-2006 (Fig. 3a) the overall correlation coefficient
associated with large GW variance in 2008, the winds arg(R) is —0.3 and thus not much correlation is observed be-
westward throughout the year. In 2010, the GW variance intween the zonal winds and the short period GW variance.
two equinoxes is nearly equal (except at 92 km) and the peaklowever, during 2008—-2010 (Fig. 3b) the zonal winds corre-
westward winds are also nearly equal. Thus, in general, date well with the short period GW variance with a correla-
one-to-one relationship can be noted between the short pdion coefficient R) of —0.7. Furthermore, correlation coef-
riod GW variance and the zonal winds during 2008—-2010ficients ¢) between the two are also calculated for each year
with the winds becoming westward during the times of GW during 2008—-2010 and shown in Fig. 3b. From the straight
enhancement. On the contrary, such a relationship betweelne in Fig. 3b, we can note that 1 mschange in the zonal
the short period GW variance and the zonal winds is not ob-wind corresponds to about 2.1Zs12 change in the GW
served during 2004-2006 period. Further, the zonal windsvariance. In 2004 and 2006 sufficient data points do not ex-
and the GW variance are larger during 2008—2010 than durist to calculate realistic correlation. In 2005 the correlation
ing 2004—-2006. coefficient is—0.25. These figures emphasize the fact that
the westward winds are associated with enhancement in the

The relationship between the zonal winds and the short peGw variance during 2008—-2010. The winds are eastward

riod GW variance can be more clearly quantified through a

Ann. Geophys., 30, 703#10, 2012 www.ann-geophys.net/30/703/2012/
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Fig. 4. Variability of the zonal wind (top panels) and short period (20—120 min) gravity wave varianéeH(( 2)/2) (bottom panels) in
(a) 2008, (b) 2009, andc) 2010 at 88 km. Thick solid lines correspond to the 5-day running mean.

during the times of less GW activity. Further analysis (notis obvious in all three years. Associated with fluctuations
shown here) shows that the zonal winds weakly correlateat a period of a few days in the zonal wind (intra-seasonal
with the 2—-10h GW varianceR(= —0.2 during 2004—2006 oscillations) (e.g. Isoda et al., 2004), the GW variance also
and R = —0.3 during 2008-2010) and they show no sig- shows fluctuations in nearly similar periods. From Fig. 4,
nificant correlation with 10-20 h period GW variance. The we can also study the relation between the GW variance and
meridional winds, on the other hand, do not show any signif-the zonal wind on a day-to-day basis. If we consider that the
icant correlation with GWs in all three bands. wave-mean flow interaction is taking place, then one would
expect the peak in the GW variance to occur before the peak
To demonstrate the relation between the zonal winds ang}, the westward wind (e.g. near day number 75 in 2008, 51
the short period (20—120 min) GW variance on a shorter timegy, 2009, and 66 in 2010). This, however, is not true every
scale, we show smaller segments of the data in Fig. 4. Figtime, as sometimes the most extreme values of GW variance
ures 4a, b and c show the zonal winds (top panels) and thgppear in phase with the zonal wind (e.g. near day number 46
short period GW variance (20—-120 min) (bottom panels) forin 2008) or lag behind the extrema of zonal wind curve (e.g.
the first 1-150 days in 2008, 2009, and 2010, respectively,agr day number 26 in 2008, 95 in 2009, and 94 in 2010).

for 88km. Corresponding months are mentioned in the topThe correlation coefficientR) between the 5-day running
panel. The thick solid line in each panel represents 5'daléveraged zonal winds and that of GW variance-&54 in

running mean. From these figures, the tendency for wind$00g —0.53 in 2009, and-0.51 in 2010. The lower values
being westward during the times of enhanced GW variance

www.ann-geophys.net/30/703/2012/ Ann. Geophys., 30, 7036 2012
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of R are possibly due to the fact that the GW variance showdess during solstices. Thus, more GWs are generated during
many short-term fluctuations or that the zonal wind is af- equinoxes and less during solstices. We also presume that the
fected by forcing due to residual circulation. GWs are always generated in pairs, with eastward and west-
ward propagations. These GWs, while propagating upward,
undergo critical level filtering at various levels of the atmo-
4 Discussion sphere. Due to the weak westward winds throughout the year
in the tropical troposphere over Indonesian sector, only the
Zonal winds in the equatorial mesopause region over Pamewestward propagating GWs that have phase speeds greater
ungpeuk show a marked semiannual oscillation, with westthan the tropospheric winds and all the eastward propagating
ward winds during equinoxes and eastward winds duringGws reach the SSAO heights. The SSAQ is characterized by
solstices. In 2005, 2008, and 2009, it is clearly observedeastward winds during equinoxes and westward winds during
that the first westward cycle is stronger than the secondsolstices (e.g. Dunkerton, 1982; Garcia et al., 1997). Hence,
one. These results are in agreement with previous observaturing equinoxes (solstices) the eastward (westward) prop-
tions (Garcia et al., 1997; Sridharan et al., 2007). In 2010,agating GWs will be filtered by the SSAO and hence more
however, the amplitude of two westward cycles is nearlywestward (eastward) propagating GWs will reach the MLT
equal. The present observations also illustrate that in 2008egion. Since, at the source region, more GWs are gener-
the zonal winds show an anomalous behavior, in the sensgted during equinoxes and less during solstices, the west-
that the winds are westward throughout the year (annualvard propagating GWs that reach the MLT region during
mean—7ms1). the equinoxes dominate over the eastward propagating GWs
Previous studies have shown that the enhanced westwarduring solstices. Considering that these westward propagat-
wind during March equinox was repeated, with an interval of ing GWs contribute westward momentum to the zonal wind,
1-3 years with considerable inter-annual variability. During the correlation between the zonal winds and the GWs and
1993, 1995 and 1997, this interval was found to be similarlarge westward winds during equinoxes (shown in Fig. 2a)
to that of stratospheric QBO (SQBO) and referred to as thecan be understood to some extent. Further, filtering effect by
mesospheric QBO (MQBO) (Burrage et al., 1996; Baldwin the SQBO and altitudinal shift of MSAO may lead to inter-
et al., 2001, Sridharan et al., 2007; Ratnam et al., 2008)annual variability of the westward winds.
However, this so-called MQBO was not observed for sev- There exist some studies on the relation between the zonal
eral years after 2002 (Sridharan et al., 2007). In the presenfiinds at a single location with those at other location of
study also, the large enhancement in the westward winds isimilar latitude or those of zonal mean zonal winds (Isoda
observed only during 2008 and 2009. et al., 2004; Xu et al., 2009). Isoda et al. (2004) studied
The short period (20-120 min) GW variance also showsthe intraseasonal oscillation (ISO) of the zonal wind in the
a clear semiannual variability with peak variance during MLT region with periods of 20—100 days at Pontianak
equinoxes. While the first peak is stronger than the second i1 09 E) and Christmas Island {&, 157 W) and found that
2008 and 2009, the second peak is slightly stronger than théhe phase of the I1SO is nearly similar at the two sites, in
first in 2010. The longer (2-10 h, 10—20 h) period GW vari- spite of 90 separation between them. Xu et al. (2009)
ance, on the other hand, does not show pronounced seasor@mpared the time mean zonal winds observed by a me-
variability. This can be explained considering that the shortteor radar on Maui (20.73, 156.43 W) with the zonal-
period GWs have large phase velocities compared to the longnean zonal winds at 20N observed by the Sounding of the
period ones (Fritts and Alexander, 2003) and hence they arétmosphere satellite using Broadband Emission Radiometry
less susceptible to the critical level filtering by the underlying (SABER) instrument and found good correlation between the
wind systems and can easily reach MLT heights. Previouswo. These studies suggest that the zonal winds observed at a
observations from low-latitudes also showed a SAO of thesingle location are a close approximation of the zonal-mean
GW activity, with enhancements during equinoxes (Antonita zonal winds. GW activity measurements in the stratosphere,
et al., 2008; Clemesha et al., 2009). on the other hand, showed considerable longitudinal variabil-
The most important result in this study is the correlation ity (Tsuda et al., 2000). Accordingly, we anticipate that the
between the zonal winds and the short period GW variancésW activity in the MLT region also shows longitudinal vari-
during 2008-2010, with winds becoming westward during ability. Thus, the GW variance in the present study corre-
the times of enhanced GW variance. Although the GW vari-sponds to a single location, whereas the zonal winds above
ance alone cannot tell whether wave-mean flow interaction is?ameungpeuk are considered to approximate the zonal-mean
taking place or not (which requires divergence of momentumzonal winds. Even so, the close correlation between the zonal
flux), here we try to understand what causes such a good cowinds and the GW variance is striking. Accordingly, the ex-
relation between the two, considering that the GWs are conplanation given in the previous paragraph requires that the
tributing to the MSAQ. Alexander et al. (2008) have shown GW activity in the Indonesian region is the main driver of
that the GW variance in the troposphere has a seasonal varihe (zonal mean) zonal winds. However, it is difficult to
ation, with the variance being more during equinoxes andimagine that the GWs generated in a limited area are driving
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the zonal-mean zonal winds. Interestingly, there is no suclkcontribution from the short period GWs to better reproduce
relationship between the winds and the GW variance durthe observed MSAO.

ing 2004-2006 period. Along with the short period GWs,
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