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ARTICLE INFO ABSTRACT

Keywords: We analyzed 17 years (1993—-2009) of horizontal winds measured by the medium frequency (MF) radar located
Quasi-Two Day Wave at Tirunelveli (8.7°N, 77.8°E) and 10 years (2005-2014) of horizontal winds measured by a meteor radar
MF radar located at Thumba (8.5°N, 77°E) to examine the seasonal, inter-annual, and solar cycle variability of the Quasi-
lgggeor radar Two Day Wave (QTDW) in the mesosphere and lower thermosphere region. These two radars are nearly co-

located, but differ in their measurement technique. Comparison of the estimated QTDW amplitudes by the two
radars shows that the amplitudes are larger in the meteor radar than those in the MF radar. The difference
between the amplitudes is larger in May in the zonal component and in April and September in the meridional
one. Furthermore, the differences are larger in the meridional component. The QTDWs in both the radars show
a strong semi-annual oscillation (SAO). In addition, the meridional QTDW amplitudes of both the MF and
meteor radars show a distinct enhancement in the month of October. While the whole spectra of QTDWs
contribute to the SAO amplitudes, only 45-50 h waves contribute to the October enhancement. The amplitudes
of the QTDWs, in general, show large inter-annual variability. The QTDW amplitudes from both the radars
show modulation at period of quasi-biennial oscillation. The QTDWs of the MF radar show a small negative
correlation with solar activity while those of meteor radar do not show any correlation. The above aspects are
discussed in the light of current understanding of the QTDWs.

Solar cycle

1. Introduction 2011; Tunbridge et al., 2011; Pedatella and Forbes, 2012; Huang et al.,

2013; Ern et al., 2013; Moudden and Forbes, 2014; Gu et al., 2013a;

Quasi-Two Day Waves (QTDWs) are ubiquitous and are one of the
largest amplitude planetary wave modes in the mesosphere and lower
thermosphere (MLT) region with periodicity lying anywhere between
40 and 56 h. These waves are particularly important due to their
interaction and thereby energy exchange with means winds, gravity
waves, solar tides, and other planetary waves. Characteristics (such as
short-term, seasonal, and inter-annual variability, sources of genera-
tion, and interaction with solar tides) of these waves have been
extensively studied with ground and satellite based observations
(Muller, 1972; Reddi et al., 1988; Tsuda et al., 1988; Wu et al.,
1996; Gurubaran et al., 2001; Pancheva et al., 2004; Offermann et al.,
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McCormack et al., 2014) and model simulations (e.g., Salby and
Callaghan, 2008; Yue et al., 2012).

The QTDWs are mostly observed to be westward propagating with
zonal wave number 3 (W3) or 4 (W4) (Wu et al., 1996; Gu et al., 2013b;
Huang et al., 2013). W3 is generally much stronger (nearly twice) than
WA4. Sources of QTDW generation include Rossby normal mode (Salby,
1981), baroclinic-barotropic instabilities (Plumb, 1983) or a combined
effect of the both. One of the noticeable characteristics of this wave in
the MLT region that has been consistently observed in all studies is its
larger amplitudes in the meridional wind (monthly mean values
~30 m/s) than in the zonal wind (~20 m/s). Owing to their large phase
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Fig. 1. Monthly mean spectra showing the QTDWs in (a and c) zonal and (b and d) meridional winds observed in January 2006. Top panels correspond to the MF radar and bottom

panels to the meteor radar. The periods shown are for the QTDWs.

speeds (~70 ms! for W3 and 50 ms™! for W4 at 30° latitude), these
waves can propagate to higher altitudes and their effects are observed
up to ionospheric altitudes (Chen, 1992; Forbes and Zhang, 1997;
Pancheva et al., 2006; Yue et al., 2012; Chang et al., 2014).

QTDWs occur in the summer hemisphere shortly after the summer
solstice in short bursts of wave activity, about 20—60 days long (e.g.,
Wu et al., 1996; Tunbridge et al., 2011; Ern et al., 2013). These waves
can penetrate from the summer into the winter hemisphere (e.g.,
Tunbridge et al., 2011; Ern et al., 2013). The QTDWSs show a strong
semiannual variation with maximum amplitudes near solstices and
minimum in equinoxes (Gurubaran et al., 2001; Suresh Babu et al.,
2011; Gu et al., 2013a). Upper mesospheric OH temperature measure-
ments over Wuppertal (51°N, 7°E) and HohenpeiBenberg (48°N,
11°E), on the other hand, showed three maxima in the amplitude of
QTDW that are separated by 45-60 days, called triplet structures
(Offermann et al., 2011). Significant seasonal and inter-annual varia-
tions of both W3 and W4 have been studied with satellite temperature
observations (Wu et al., 1996; Palo et al., 2007; Tunbridge et al., 2011).
The QTDWs are also found to be modulated at periods of stratospheric
quasi-biennial oscillation (Huang et al., 2013; Aratjo et al., 2014).

There exist a few studies dealing with the long-term trends and
solar cycle (SC) variations of the QTDWs (Jacobi et al., 1997; Gu et al.,
2013a; Moudden and Forbes, 2014; Huang et al., 2013; Lilienthal and
Jacobi, 2015). Jacobi et al. (1997) studied the QTDW variability using
D1 LF wind observations over Collm (52°N, 15°E) and found that this
wave has larger amplitudes during solar maximum. Gu et al. (2013a)
reported that the QTDWSs in the MLT region over Hawai (22°N,
160°W) have a strong SC signal with the meridional wave amplitudes
during January and July and zonal amplitudes during January are
lagging the 11 year SC by 1-2 years. The zonal QTDW during July,
however, is out of phase with the SC. In this study, we investigate the
seasonal, inter-annual, and solar cycle variations of the of the QTDWs
in the low-latitude mesosphere and lower thermosphere using long-
term observations of horizontal (zonal and meridional) winds mea-
sured by MF and meteor radars in the low-latitude MLT region.
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2. Data and analysis
2.1. Tirunelveli MF radar

The Tirunelveli (8.7°N, 77.8°E) MF radar (Gurubaran and Rajaram,
1999) measures horizontal winds using spaced antenna technique with
time and height resolutions of 1-2 min and 2 km, respectively. The
system details, mode of operation and the method of wind determina-
tion are the same as described by Vincent and Lesicar (1991). The data
used in the present study span from January 1993 to December 2009
and are nearly continuous except for some intermittent gaps in
between. There are large gaps after 2009 and hence data are limited
to 1993-2009 for the present study. We use winds between 86 and
92 km as the winds above 92 km are possibly contaminated by the
equatorial electrojet (EEJ) currents and below 86 km there are large
data gaps.

2.2. Thumba meteor radar

The Thumba (8.5°N, 77°E) radar is an All-Sky Interferometric
Meteor (SKiYMET) radar (Hocking et al., 2001) operating at
35.23 MHz with a peak power of 40 kW and provides wind measure-
ments between 82 and 98 km (Kumar et al., 2007). Four antennas
(three-element crossed Yagi) at the corners of a square transmit the
circularly polarized beam and five antennas (two-element crossed Yagi)
in the form of an asymmetric cross receive back the signal. In order to
avoid the effect of echoes from the EEJ region, which can interfere with
the neutral wind derivations, one pair of transmitting antennas will be
transmitting out of phase with the other such that a null field is formed
at the overlapping region of the beams, thus avoiding echoes from EEJ
region (Kumar et al., 2007). Despite, there were debates on the meteor
radar observations at EEJ altitudes and hence we have limited the use
of meteor radar observations to 92 km (Dhanya and Gurubaran, 2009;
Kumar et al., 2009; John et al., 2011). The data used in the present
study span from January 2005 to December 2014. Note that the
location of the radar is close to that of Tirunelveli MF radar. The winds
from the two radars are most reliable between 86 and 92 km
(Gurubaran and Rajaram, 1999; Kumar et al., 2009).
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The amplitudes of the QTDWs are obtained from the horizontal
winds measured by the two radars in the following manner. The high
time resolution (1-2 min) winds measured by the MF radar are
averaged to get hourly values. These hourly winds are then binned by
calendar month. The hourly winds in each month are then subjected to
a fast Fourier transform (FFT) technique and amplitudes are extracted
for periods between 40 and 56 h. The analysis is repeated indepen-
dently for each height and for the zonal and meridional components.
The same procedure is adopted for the meteor radar hourly winds to
get monthly QTDW amplitudes.

3. Results

Fig. 1 shows the FFT spectra of the zonal (a and c) and meridional
(b and d) winds between 86 and 98 km measured by the MF (top
panels) and meteor (bottom panels) radars in January 2006. Here we
show the amplitudes for periods between 40 and 56 h only as they
correspond to the QTDWs. As can be seen from Fig. 1, the QTDWs are
present in both the wind components and the largest amplitudes are
associated with periods between 43 and 45 h at altitudes between 86
and 94 km. The amplitudes of the QTDWs are larger in the meridional
wind than in the zonal wind. Moreover, the amplitudes measured by
the meteor radar are larger than those by the MF radar. An examina-
tion of the QTDW spectra in different months suggests that the peak
altitude of the QTDWSs is not constant and varies between 86 and
92 km. Hence, the amplitudes of the QTDWSs between 86 km and
92 km are averaged and these altitude averaged values are used for
further study.

The monthly mean and altitude averaged QTDWs between 40 h and
56 h in each month are further averaged and their temporal variation
between January 1993 and December 2014 are shown in Fig. 2. The
top and middle panels correspond to the zonal and meridional
components, respectively. In each panel, the magenta color represents
the QTDWs of MF radar and the cyan color represents those of meteor
radar. For comparison with solar activity in later sections, the monthly
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Fig. 3. Monthly mean amplitudes of the QTDWs for (a) zonal and (b) meridional
components between January 2005 and December 2009. Magenta (cyan) line corre-
sponds to the MF (meteor) radar. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

mean sunspot numbers (SSN) are also shown at the bottom panels of
Fig. 2. At first glance, we can note that the dominant variability of the
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Fig. 2. Monthly mean and altitude (86—92 km) averaged QTDW amplitudes in (a) zonal, and (b) meridional components. Magenta line represents the QTDWs of the MF radar and cyan
line those of the meteor radar. Bottom panels represent the monthly mean sunspot numbers. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

22



N.V. Rao et al.

(a) Zonal

((QTDW - QTDW, ))/QTDW,, . }*100

Meteor
1 1 1 1

w
(3,

304

N N
o o
1 L
T

151

10 1

o o
1 1

Percentage relative difference (%)

'
L5,

J J A s o N D

[
-
=
>
=

Month
(b) Meridional ~ ((QTDW,, . -QTDW, )/QTDW,, . 100

:\: 55
8 50+ s
o g""
- % s,
O 451 kY A -
£ \ !
o 40 f
2 o, ;
“a 354 ""‘ s "‘- 5
® ; S
° o) Q
> 301 |
8
@ 25- 0 A
5 i
[
o 20 T T T T T T T T T T 1

J F M A M J J A S (o] N D

Month

Fig. 4. Percentage relative differences between the QTDW amplitudes measured by the
meteor and MF radars for (a) zonal and (b) meridional components in different months.
The values are relative to the QTDW amplitudes of the meteor radar.

QTDWs is semi-annual oscillation (SAO). There also exist some higher
period oscillations which will be discussed in detail in subsequent
sections.

3.1. Comparison of the QTDWs observed by the MF and meteor
radars

Before examining the seasonal, inter-annual and solar cycle vari-
abilities of the QTDWs, we first compare their amplitudes measured by
MF and meteor radars using simultaneous observations during
January 2005 - December 2009. Note that these two radars are nearly
co-located and hence any differences in the simultaneous observations
must be due to the difference in their measurement techniques. Fig. 3a
and b show the amplitudes of the altitude averaged QTDWs in the zonal
and meridional components, respectively. As is evident from Fig. 3, the
variability of the QTDWs is nearly the same in both the radars, except
for some difference in their amplitudes. In the zonal component, the
amplitudes of the meteor radar are higher than those of the MF radar
for most of the time, though the reverse is true on some occasions. In
the meridional component, however, the QTDW amplitudes measured
by the meteor radar are always larger than those of the MF radar.

Fig. 4 shows the percentage relative differences in the QTDW
amplitudes between the meteor and MF radars with respect to those of
the meteor radar. Here, relative differences are shown as the amplitude
differences are dependent on the amplitudes themselves. For calculat-
ing the relative differences, we averaged the zonal QTDW amplitudes of
all years (between January 2005 and December 2009) for each month.
This is done separately for the MF and meteor radars and found the
difference between the two radars at each month. These values are then
divided by the meteor radar QTDW amplitudes at each month and the
percentages are calculated. The percentage relative differences are
calculated separately for the zonal and meridional components. The
relative differences are almost always positive indicating that QTDWs
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measured by the meteor radar are larger than those of the MF radar.
The maximum percentage relative difference in the zonal component is
~ 32% in the month of May. In the meridional component, the
differences are maximum in April (53%) and September (51%). Thus,
the difference between the QTDW amplitudes of the meteor and MF
radars is more in the meridional component than the zonal one. An
altitude profile of the percentage relative differences indicate that the
differences are smaller at lower altitudes and increase gradually with
altitude (figure not shown).

3.2. Seasonal variability

In Fig. 5, we show the seasonal variation of QTDW amplitudes
considering all the available data from both the radars (1993-2009 for
the MF radar and 2005-2014 for the meteor radar). The QTDW
amplitudes show a clear SAO with larger values in winter (January/
February) and summer (July/August) in both the zonal and meridional
components. The largest values, in fact, are observed in February and
August in the zonal component and in January and July in the
meridional one. However, note that the QTDW is a global scale wave
with a well reported SAO with larger values in local summer and
winter. Moreover, the amplitude differences are smaller between
January and February and also between July and August (Fig. 5).
Therefore, we can neglect the one month phase difference between the
zonal and meridional SAO and consider the SAO as phase- synchro-
nous between the zonal and meridional components. In addition to the
SAO, the meridional QTDWs of the meteor radar in Fig. 5 show
another enhancement in the month of October. This enhancement can
also be noted from monthly values of Fig. 3b. Such an enhancement in
October, however, is not present in the zonal component. The October
enhancement is not apparent in the MF radar measurements shown in
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Fig. 5. spectra is constructed by considering all the available data in each

The seasonal variation is further examined by considering the month. Nearly all periods between 40 and 56 h contribute to the SAO
composite spectra of the QTDWSs at each month as shown in Fig. 6. variability of the QTDWs. The composite spectra shows that the
Note that here we use the spectral values computed by the FFT October enhancement in the meridional amplitude is also visible in

technique and are averaged between 86 and 92 km. The composite the MF radar observations. For the October enhancement, most of the
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contribution comes from periods between 44 and 50 h. At other
periods, the amplitudes are very small so that when averaged over all
the periods, the October enhancement is not clearly visible in the MF
radar (Fig. 5). Thus, the QTDWs in both the radars show an enhance-
ment in the month of October, but the values are larger for the meteor
radar than for the MF radar.

3.3. Inter-annual variability

From Figs. 5 and 6, we note that larger values of QTDWs are
observed in winter, summer and in October months. In the following,
we will study the inter-annual variability of the QTDWs during these
three periods. Fig. 7 shows the QTDW amplitudes of MF (left panels)
and meteor (right panels) radars in winter (average of January and
February months, blue solid line with closed circle) and summer
(average of July and August months, red solid line with open circle).
The QTDWs of both the MF and meteor radars in both the seasons
show large inter-annual variability. The values of the MF radar are
particularly larger after 2004. The overall variability in each season is
nearly consistent in both the zonal and meridional components of the
MF radar, except after 2006 in the meridional component. In case of
meteor radar, no striking differences or similarities are observed
between the two seasons.

The inter-annual variability of the October enhancement in the
meridional QTDW is shown in Fig. 8. From Fig. 8, it is clear that the
meridional QTDW amplitudes measured by the MF radar in October do
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not show much inter-annual variability before 2005, except larger
values in 1993 and 2001. After 2005, the QTDW amplitudes in both the
radars show large inter-annual variability. During 2005-2009, when
simultaneous observations are available from both the radars, the
amplitudes of the QTDWSs show nearly similar inter-annual variability.
Again the amplitudes are larger in the meteor radar than the MF radar.
The largest values are ~6.2 m s~ for the MF radar (observed in 2007)
and ~13.8 m s~ for the meteor radar (observed in 2010). In the case of
meteor radar, a gradual decrease in amplitude is observed from 2007 to
2009 with a rise in 2010 and then decreasing gradually from 2010 to
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2014.

The QTDW amplitudes of October are further studied through
Fig. 9 wherein we show the spectra of QTDWs measured by the MF and
meteor radars in Fig. 9. During 2006—2008 when the QTDW ampli-
tudes are stronger (see Fig. 8), the QTDWs are also seen in the spectra
(Fig. 9). The QTDWs in this case are confined to 45—50 h. In 2005 and
2009, when the QTDW amplitudes are smaller, their presence can be
seen only in meteor radar spectra. Similarly, the QTDWs are clearly
seen in their spectra in 1993 and 2001. The QTDW periods in these
years also lie between 45h and 50h. Thus, the larger QTDW
amplitudes in October are not spurious and they show noticeable
inter-annual variability.

From Fig. 2, we can note that the QTDWSs have variabilities larger
than the SAO period. To further examine these periodicities, we
subjected the monthly mean QTDW amplitudes of both the radars to
Lomb-Scargle periodgram (Lomb, 1976; Scargle, 1982) and the results
are show in Fig. 10. From Fig. 10, it is again clear that the SAO is the
dominant periodicity of the QTDWs. In addition to this, there exists
24-36 months periodicity which is stronger in the MF radar observa-
tions than the meteor radar. This periodicity is reminiscent of the
quasi-biennial oscillation (QBO) commonly observed in the tropical
stratosphere (Baldwin et al., 2001). The amplitudes of QBO period are
much smaller than those of the SAO, particularly in the meteor radar.

The QBO variability of the QTDWs are further studied by subjecting
the monthly QTDWs to a low pass filter (with periods >1 year). The
filtered QTDWs are shown in Fig. 11. For comparison, we also show the
30 hPa zonal winds from Singapore radiosonde data in the bottom
panels of Fig. 11. A comparison between the top and bottom panels
suggest that the QTDWSs of both the radars, in fact, display a QBO
signature. However, because of longer dataset of the MF radar and
several QBO cycles, the QBO is much clearly noticeable in the
amplitude spectrum of MF radar in Fig. 10.

3.4. Relation between QTDW amplitudes and solar activity

In this section, we will examine the relation between the QTDW

amplitudes and the solar activity. As mentioned before, we use SSN as a
proxy for solar activity and its temporal variation is shown in Fig. 2. In
Fig. 2, the QTDW amplitudes of the MF radar are smaller during solar
maximum and higher during other times. This solar cycle dependence
of QTDWs, however, doesn't seem to be too striking. The QTDWs of
meteor radar, on the other hand, do not show any variation with SSN.
The relation between QTDWs and solar activity is further examined in
Fig. 12 through correlation analysis. Here we use Pearson's rank
correlation (Gibbons, 1985) as a tool to quantify the cross-correlation
between the QTDWs and SSN. Fig. 12 shows the cross-correlation
analysis between the monthly mean QTDW amplitudes of the MF radar
and the monthly mean SSN (left panels) and those of the meteor radar
and SSN (right panels). As shown, the QTDW amplitudes of the MF
radar show a slight negative correlation (the Pearson's coefficient,
R=-0.3 to -0.36) with SSN. For the meteor radar, the Pearson's
coefficients are close to zero in both the zonal and meridional
components, indicating that there is almost no relation between the
QTDW amplitudes and the solar activity.

4. Discussion and conclusions

Seventeen years (1993-2009) of horizontal winds measured by an
MF radar located at Tirunelveli (8.7°N, 77.8°E) and ten years (2005—
2014) of horizontal winds measured by a meteor radar at Thumba
(8.5°N, 77°E) are used to study the seasonal, inter-annual, and SC
variability of the QTDW in the MLT region. The salient features of the
present study are:

Simultaneous observations by both the radars reveal that there is a
systematic bias in QTDW amplitudes with larger values for the meteor
radar than the MF radar. The bias increases with altitude and is more
in the meridional component than the zonal one. The bias has seasonal
dependence with larger values in May (percentage relative difference ~
32%) in the zonal component and in April (53%) and September (51%)
in the meridional component.

The QTDW amplitudes are larger in the meridional component
than in the zonal one. This is true for both the MF and meteor radars.
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Fig. 12. Correlation between (a) monthly mean QTDW amplitudes of the MF radar and SSN, (b) monthly mean QTDW amplitudes of the meteor radar and SSN for the (top panels)
zonal and (bottom panels) meridional. 'R’ represents the Pearson's coefficient of correlation.

The QTDW amplitudes measured by both the radars display a
strong SAO with larger values in solstices. Composite spectra suggests
that full spectrum of QTDWs (40-56 h) contribute to the enhancement
of SAO.

The meridional component of QTDWs in both the radars show an
enhancement in the month of October. The October enhancement,
however, is much clearer in the meteor radar than the MF radar. When
the QTDW amplitudes are larger, the October enhancement in clearly
seen in the spectra of both the MF and meteor radars. 45—50 h period
waves contribute more to QTDW amplitudes in October month.

The October enhancement and the SAO related enhancements in
solstices show large inter-annual variability.

QTDWs of both the MF and meteor radars show a periodicity of
24-36 months, which is related to the QBO in the tropical stratosphere.
Since the MF radar has larger dataset compared to the meteor radar,
the QBO is much more clearly seen in the MF radar.

The QTDWs of the MF radar show a slight negative correlation with
the sunspot number while the QTDWs of meteor radar show almost no
correlation with the sunspot number.

It is well known that the horizontal winds measured by the MF
radars underestimate the actual winds (Hines et al., 1993; Hocking and
Thayaparan, 1997; Manson et al., 2004; Jacobi et al., 2009). The
present study shows that the QTDW amplitudes measured by the MF
radar are also lower than those of the meteor radar. This is a new result
and to our knowledge has not reported earlier. The altitude variation of
the bias and its larger values in meridional compared to zonal are
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similar to the bias in the horizontal winds.

Several studies reported that the QTDW is a summer time
phenomenon (e.g., Wu et al., 1996; Tunbridge et al., 2011; Ern et al.,
2013). However, the QTDWs can penetrate from summer hemisphere
to the winter hemisphere (e.g., Tunbridge et al., 2011; Ern et al., 2013).
As a result, a secondary peak can also be observed in the local winter.
This leads to a SAO of the QTDWs. This variation is nearly consistent
with other previous low-latitude studies from the same locations
(Gurubaran et al., 2001; Suresh Babu et al., 2011) and from a different
location (Gu et al.,, 2013a). At southern hemisphere low latitudes,
however, there was enhancement only during the austral summer
(Aratjo et al., 2014). The enhancement of meridional QTDWs in
October is interesting. Such an enhancement was previously reported
by Suresh Babu et al. (2011) using three years of Thumba meteor radar
observations between March 2006 and March 2009. In the present
study we show this enhancement using both MF and meteor radar
observations which reveal that while the entire spectrum of QTDWs
contribute to the SAO, only 45-50 h periodicity contributes to the
October enhancement. Furthermore, the October enhancement in the
QTDWs is stronger in the meteor radar than the MF radar. Such a
difference from the co-located instruments is intriguing and needs to
be examined further.

The QTDWs in the low-latitude MLT region also show a clear QBO
modulation with periodicity between 24 and 36 months. Such a QBO
modulation of QTDWSs were previously reported from Sdo Jodo do
Cariri (7.4°S, 36.5°W) (Aratjo et al., 2014). This kind of modulation



N.V. Rao et al.

was also observed at mid to high latitudes (Huang et al., 2013). The
horizontal winds in the low-latitude MLT region showed such a QBO
modulation (Ratnam et al., 2008; Sridharan et al., 2010; Venkateswara
Rao et al., 2012). Since, the QTDWs interact with mean winds (Fritts
et al., 1999), it is possible that the QTDWs also display a similar
periodicity. However, a more detailed study is required to understand
the QBO modulation of the QTDWs.

The QTDW amplitudes of the MF radar from 1993 to 2009 show a
small (the Pearson's coefficient, R=~-.0.3) negative correlation with
the solar activity (Fig. 12, left panels). The QTDW amplitudes from
meteor radar, on the other hand, do not show any correlation with the
solar activity (Fig. 12, right panels; the Pearson's coefficients are close
to zero). Recently, Gu et al. (2013a) studied the SC variability of the
QTDW from Hawaii (22°N, 160°W) using MF radar wind measure-
ments. They showed that the amplitudes of the January monthly mean
QTDW in both meridional and zonal winds and the July monthly mean
QTDW in meridional component are nearly in phase with the SC but
with the solar maxima leading the QTDW maxima by 1 - 2 years. The
July monthly mean QTDW in zonal wind, on the other hand, is out of
phase with the SC. Huang et al. (2013) study also indicated a SC
modulation of QTDW strength in the SH with stronger QTDW
amplitudes in the solar maximum than in the solar minimum. In the
NH, on the other hand, larger QTDW amplitudes are observed during
2002, 2006, and 2009 and smaller amplitudes during other years.
Moudden and Forbes (2014) have shown that the QTDWSs have their
lowest amplitudes in the deep solar minimum years of 2008/2009
compared to other years. The present study, on the other hand, shows
that the QTDW amplitudes almost have no relation/slightly negative to
solar activity. It is interesting to note that while Jacobi et al., (1997)
have shown that QTDW s at Collm (52°N, 15°E) are larger during solar
maximum, Lilienthal and Jacobi (2015) from the same location do not
found any clear relation between them. Note that the observations of
Jacobi et al. (1997) span from 1983 to 1995, while that of Lilienthal
and Jacobi (2015) span from 2004 to 2014. Thus, there seems to be a
change in the QTDWs relation to solar activity over the time. The
present results are nearly consistent with those of Lilienthal and Jacobi
(2014). From all these studies, we can clearly see that at present there
is no consistent picture on the relation between QTDWSs and solar
activity.

Thus, the present study points towards further investigations on the
QBO and SC modulation of the QTDWs using long-term observations
and model simulations. The bias between the MF and meteor radar
measurements of QTDWs also needs to be reconfirmed using co-
located measurements elsewhere. The sources of the enhanced QTDWs
in the month of October need to be investigated further.
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