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[11 Optically measured daylight mean mesopause temperatures over a dip equatorial
station, Trivandrum (8.5°N; 77°E; dip lat. 0.5°N), have been analyzed in conjunction
with simultaneously measured equatorial electrojet (EEJ)—produced magnetic field at the
surface. The signature of planetary wave-tidal interactions in the mesosphere—lower
thermosphere (MLT) region has been observed for the first time in the day-to-day
variability in the EEJ, i.e., the time of its peaking and the duration, as inferred from the
EEJ-produced magnetic field on the ground. The present study shows that the planetary
wave of quasi 16 day periodicity plays an important role in causing these variabilities,
especially during the winter months. The quasi 16 day wave is found to be modulating the
mesopause temperature (MT), duration, and time of the maximum EEJ intensity (Dggy and
T&g;). During positive excursions of the planetary wave, Tggy showed a shift toward
evening, while the MT showed an increase and Dggjy showed a broadening. Similarly, all

these parameters exhibited an opposite trend during negative excursions. The planetary
wave-tidal interactions and subsequent modification of the tidal components have been
shown to be responsible for the observed variations. This study presents a new perspective

addressing the day-to-day variability of the EEJ.
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1. Introduction

[2] The mesosphere—lower thermosphere (MLT) region,
especially over the equatorial latitudes, is primarily driven
by dynamical forcings. In the MLT region the mesosphere
deserves special attention since it couples the lower atmo-
sphere to the ionosphere above. The day-to-day variability
in the temperature and wind fields in the mesosphere is
thought to be governed primarily by dynamical forcings like
the tides, planetary waves and gravity waves, which have
sources mainly in the troposphere-stratosphere, and they
grow in amplitude as they propagate upward. In the upper
mesospheric region the impact of these dynamical forcings
on the temperature, winds, and density structure is especially
[Smith, 2004]. At equatorial latitudes atmospheric tides play
a significant role in controlling both the neutral dynamics and
the electrodynamics of the MLT region. The equatorial
electrojet (EEJ), a unique geophysical phenomenon over
the magnetic equator, is an outcome of the tidal diurnal
wind-driven dynamo on a global scale [Fambitakoye and
Mauyaud, 1976; Forbes, 1981].
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[3] The observed variability in the EEJ current has been
attributed to the electron density, conductivity and the tidal
variabilities at EEJ heights [Richmond, 1973; Forbes, 1981,
Reddy, 1981; Stening, 1985]. Among these, the upward
propagating tides play a significant role in shaping the major
phenomenology of the equatorial dynamo region on a day-
to-day basis [4bdu et al., 2006]. The strength of the EEJ
exhibits great seasonal variability, being 1.7—1.8 times greater
at equinoxes than at solstices [Reddy, 1989]. However, the
day-to-day variability is mainly because of the variability in
the tidal structure, which also exhibits large seasonal vari-
ability [Deepa et al., 2006]. Tides have horizontal wind
amplitudes that can exceed 50 m/s and temperature ampli-
tudes of as much as 20 K at upper mesospheric altitudes
[Hagan et al., 1999]. Tidal amplitudes increase with altitude
up to the lower thermosphere and vary somewhat regularly
with season. The temperature perturbations associated with
the tides are observed to be maximizing over the equator.
Owing to the dominant tidal structures, the local time of
maximum temperature varies with altitude, latitude, and
season [Hagan et al., 1999].

[4] Further, the tides may interact with planetary waves
(PWs), which are also of lower atmospheric origin, causing
variations in their amplitude and phase. These interactions
are expected to be more effective in the mesosphere, as both
PWs and tidal amplitudes are typically high in this region. In
addition to this, the processes involving the PWs and their
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Figure 1. Time variation of daytime mesopause tempera-
ture (MT), time of the maximum equatorial electroject
(EEJ; Tggj), and duration of the EEJ (Dggj) over Trivandrum.

interaction with tides also are known to have a bearing on
the day-to-day variabilities of the daytime equatorial elec-
trodynamics, especially of the EEJ [4bdu et al., 2006;
Vineeth et al., 2007]. The most prominent manifestations of
this day-to-day variability of EEJ are the time at which the EEJ
peaks: its strength and the duration. However, to understand
and explain this variability, one needs to simultaneously
investigate the daytime dynamics and energetics in the
equatorial mesosphere and ionosphere regions.

[5] In this context, in recent years a unique dayglow pho-
tometer, along with a collocated meteor wind radar, has been
providing systematic estimates of the daytime mesopause
temperature and neutral wind, respectively, over Trivan-
drum (8.5°N, 77°E; dip latitude, 0.5°N), a dip equatorial
station. These measurements, used in conjunction with col-
located surface magnetic field measurements using a proton
precession magnetometer (PPM), provide an insight into the
effect of modified tidal components over the equatorial
MLT region. In the present study the observed variability in
the EEJ, as seen in the EEJ-produced magnetic field at the
surface in the form of its “time of peak intensity” and
“duration” vis-a-vis the mesopause temperature variation
during January—May 2005 is investigated. It is found that a
significant part of this variability is a consequence of the
presence of a PW of quasi 16 day period and its interactions
with the tidal (diurnal and semidiurnal) components.

2. Experiments

[6] The unique Multiwavelength Dayglow Photometer
[Sridharan et al., 1998] is being operated from Trivandrum
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(8.5°N, 77°E; dip latitude, 0.5°N) and can measure intensities
of three dayglow emissions (630.0, 731.6, and 740.2 nm)
nearly simultaneously [Vineeth et al., 2005, and references
therein]. As in the past the daytime OH emission intensity
measurements thus obtained were used to estimate the
daytime mesopause temperature following the method of
Meriwether [1975, 1984]. The measurements at every 10 s
interval typically span ~8—10 h during daytime between
0800 and 1800 h for the zenith sky everyday. The temper-
ature data are then averaged for the whole day, and these
daylight mean values for the period January—May 2005 are
presented in this study. It must be mentioned that the height of
the daytime OH layer was inferred to be located at about
90 km over Trivandrum [Kumar et al., 2008] and the tem-
perature measured can be considered to be of that height.
The EEJ strength and other parameters are estimated by
subtracting the magnetic field measurements of an off-
equatorial station (Alibag) from that of the equatorial station
(Trivandrum). Hence, the duration of the EEJ (the full width
at half-maximum of the daytime EEJ-produced surface
magnetic field temporal profile; hereafter, Dggj) and the
time of maximum EEJ intensity (7ggj) were estimated. Since
the site of the measurements is located right over the
magnetic dip equator, the variation in the ground magnetic
field essentially represents the horizontal component and is
a measure of the EEJ. Days that are geomagnetically
severely disturbed (4p > 30), which do not exhibit the
typical EEJ-associated daytime AH variation, are excluded
from the analysis. A total of 16 days (days 2, 7, 8, 17, 18,
19, 20, 21, 39, 65, 66, 50, 128, 135, 136 and 150) have been
excluded from the analysis because of geomagnetic dis-
turbances. The zonal wind (ZW) and the amplitude and
phase of the tidal components at mesospheric altitudes are
obtained from collocated SKiYMET (all SKy interferomet-
ric METeor) meteor wind radar. The details of this radar
have been described elsewhere [Hocking et al., 2004].

3. Observations

[7] Figure la depicts the day-to-day variation of the
mesopause temperature (MT), time of the maximum EEJ
(Tggy), and duration of the EEJ (Dggy), over Trivandrum
(8.5°N, 76.5°E, 0.5°N dip latitude) for the period January—
May 2005. To represent the geomagnetic activity during this
period, Ap indexes are also shown in Figure 1b. During this
period significant day-to-day variability is observed in Tggy
and Dggj. On the whole, the mesopause temperature varied
between 180 and 215 K during this period. There were
prominent increases by ~20 and ~15 K, respectively, around
days 40 and 60 and a broad minimum around the spring
equinox, i.e., 21 March (day 80). In addition, the tempera-
ture exhibited large oscillations up to day 80. Further, it is
clear that the Tggj;, Dggj, and MT appear to be better cor-
related up to day 80. The time of the Tggy showed a shift
toward evening, with the Dggj becoming large when the MT
increased. The observed Tggy and Dggy trends were opposite
when the MT decreased. Apart from this, all the parameters
exhibited large-scale oscillations (>10 days) more promi-
nently up to day 80. Apart from the aforementioned para-
meters, Figure 1b shows one more plot, indicated by quasi
16 day. The origin and relevance of this plot are described in
the following paragraph.
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Figure 2. Wavelet periodogram for MT, Dggj, and Tgg;.

[8] To determine the nature of the oscillations, a Morlet
wavelet analysis [Torrence and Compo, 1998] was per-
formed for each time series, and the results are depicted in
Figure 2 as a periodogram. It is clear from Figure 2 that all
the parameters show a dominant quasi 16 day periodicity
and high wave amplitudes up to day 80. After that, a sig-
nificant damping of the amplitudes is observed. It must be
mentioned that the presence of high wave amplitudes seems
to be nearly simultaneous in all the discussed parameters, i.e.,
MT, Tggj, and Dggy. The normalized amplitude of the
dominant period, i.e., quasi 16 days, is obtained from the
wavelet power spectrum of the MT and, as mentioned ear-
lier, is shown in Figure 1 (dashed line) to highlight the
possible role of this wave in causing the observed variability
in the MT and EEJ parameters. As shown in Figure 1, when
the wave executed its positive excursion, the MT exhibited
an increase, Tggy showed a shift toward evening, and Dgg;
displayed an increase. This correlation between the MT,
Tggy, and Dggy variability continues up to day 80, i.e.,
during the period when the wave exhibited high amplitudes.

[9] The correlation between the MT and the Tggy up to
day 80 is found to be ~0.74 (correlation coefficient) as
shown in Figure 3a, while the overall correlation coefficient
(i.e., up to day 151) is only 0.59. In this context the observed
correlation coefficient of 0.74 is remarkable, especially
since the parameters discussed are totally independent, with
the MT being neutral and the others are electrodynamic in
nature and represent different altitudinal regions. It must
be mentioned here that a similar correlation (correlation
coefficient=0.70) is also seen between the MT and the Dgg;
as shown in Figure 3b. In contrast, no significant correla-
tions (correlation coefficients = 0.15 and 0.19; <30% sig-
nificance) are found among MT, Tgg), and Dgg; after day 80.

[10] Figure 4 depicts the temporal variation of the ampli-
tude and time of maximum of the diurnal (Figure 4a) and
semidiurnal tides (Figure 4b) in the ZW at an altitude of
88 km. To obtain the day-to-day variation of the tidal
amplitudes and phases at mesopause altitudes, hourly ZW
data at 88 km measured using the collocated meteor wind
radar were used. A 4 day moving template was used for this
purpose. The first 4 days of observations was used to con-
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struct the composite diurnal variation of the ZW. This
composite diurnal variation was then subjected to Fourier
analysis to obtain the amplitudes and phases of the diurnal
and semidiurnal tidal components. These amplitudes and
phases were attributed to the first day, and the 4 day template
was advanced by 1 day. Perhaps this is the usual procedure
followed by many researchers to obtain the day-to-day
variations of diurnal and semidiurnal tides [Malinga and
Poole, 2002].

[11] It is clear from Figure 4 that both the amplitude and
the time of maximum of the diurnal tide exhibited a vari-
ability similar to that in MT, Tggj, and Dggy. The semidi-
urnal tide also showed large variations in its amplitude and
time of maximum, although they were not as prominent as
those in the diurnal tide (the amplitude of the diurnal tide is
almost two times that of the semidiurnal tide). In addition to
these, the amplitude and the time of maximum of both the
tidal components showed oscillations of large periodicity
(>10 days). The wavelet periodogram as depicted in Figures Sa
and 5b reveals the presence of quasi 16 day periodicity up to
day 80, corroborating what is shown in Figures 2a—2c.
Further, it is clear from Figure 5 that the power of the quasi
16 day wave in the amplitude of the diurnal tide is almost
2 times higher than that for the semidiurnal tide before day 80.
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Figure 3. Correlation (a) between MT and Tgg; up to day
80 and (b) between MT and Dggj up to day 80. Correlation
coefficients shown are above the 95% significance level.

30f6



A01314

(a) Diurnal Tide

— Amplitude
—O=Phase

Phase (hours)

16

—O=Phase

Amplitude (m/s)

— 3
140

0O 20 40 60 80 100 120
Day Number (January 01-May 31, 2005)
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(a) diurnal and (b) semidiurnal tides in the zonal wind at
88 km.

[12] Figure 6 depicts the daylight mean ZW at 88 km,
measured using the meteor wind radar. The neutral wind
showed great variability during this period. The wind
remained more or less eastward up to day 50. Later it
gradually turned westward around day 70. Further, it
underwent large oscillations during the early phase of the
study, i.e., up to day 70. It is clear from Figure 6 that all the
parameters, i.e., Tggj, Dggj, and the tidal components, show
large-scale oscillations during the period when the ZW
executes its eastward phase. It must be mentioned that after
day 140, when the wind turns eastward, the positive corre-
lations exhibited between the discussed parameters become
significant once again. Overall, these observations indicate
the role that background wind plays in causing changes in
the propagation of PWs into the MLT region, which in turn
can modulate the mesopause energetics and -electrojet
parameters over the dip equator.

4. Results and Discussion

[13] It is known that upward-propagating tides play a
major role in the energetics and dynamics of the equatorial
MLT region [Hagan et al., 1999]. The migrating diurnal
tide is an important oscillation in the equatorial region that
is generated predominantly in the troposphere and propa-
gates vertically to the lower thermosphere, where it grows in
amplitude and starts dominating the large-scale wind and
temperature fields. Observations have revealed that the
amplitude of the tides in the MLT region does not remain

VINEETH ET AL.: WAVE-TIDAL INTERACTIONS OVER MLT REGION

A01314

constant over the course of a year but, rather, exhibits a
strong semiannual variation, characterized by equinoctial
maxima and solsticial minima [Vincent et al., 1998]. Many
ground- and satellite-based studies in the past have indi-
cated that the tidal components in the equatorial and low-
latitude MLT region undergo large variations as a function
of time, height, latitude, and longitude [McLandress et al.,
1996; Vincent et al., 1998, and references therein].

[14] Over the dip equator, upward-propagating tides lead
to the generation of a global electric field and also the EEJ
through the E-region dynamo. Recent studies have shown
that upward-propagating tides modulate the £-region dynamo
electric field and hence the equatorial plasma fountain
over the dip equator [Abdu et al., 2006; Immel et al., 2006].
Therefore it can be conjectured that the day-to-day variability
in unique equatorial phenomena such as the EEJ is directly
connected with the variability in upward-propagating tides.

[15] In contrast, the tides themselves are also known to be
modulated by different kinds of waves. It has been shown
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Figure 5. Wavelet periodogram for the amplitude and
phase of (a) diurnal and (b) semidiurnal tides depicted in
Figure 4.

4 of 6



A01314

60

Zonal wind

'S
')
.

N
o
]

™

-20 4

Zonal wind (m/s)
o

.40 -

-60

T T T T T T T T T T T T T
0 20 40 60 80 100 120
Day Number (January 01-May 31,2005)

T
140

Figure 6. Day-to-day variation of daylight mean zonal
wind at 88 km.

that the interaction of tides with these waves modifies the
amplitude of the tides significantly and also advances their
phase [Hagan, 2000]. Some earlier studies have shown that
the background wind reveals periodicities of 2-20 days in
the 80-100 km regime [Manson and Meek, 1990; Williams
and Avery, 1992; Miyoshi, 1999]. Recent studies have
revealed that PWs at mesospheric heights are capable of
interacting nonlinearly with the tides, modifying the tidal
components significantly [ Teitelbaum and Vial, 1991; Beard
et al., 1999; Mitchell et al., 1999, and references therein]. As
mentioned earlier the temperature variability due to the
modified tides at upper mesospheric altitude over the equator
can be as great as ~20 K [Hagan et al., 1999]. In this context
the observed oscillations of ~18 K in the MT during the
period considered in the present study could be easily
accounted for.

[16] When it comes to the strong influence of PWs
extending up to ionospheric heights, there are two possible
mechanisms: (1) PWs originating lower below influencing
the generation of electric fields via the modulation of tidal
fluxes and (2) a similar influence arising from PWs excited
in situ at E-region heights by the deposition of gravity wave
momentum flux, which itself is modulated by PW interaction
at lower heights [Forbes et al., 1995]. The first mechanism
seems promising, in view of the fact that the upward-
propagating diurnal components are basically responsible
for the unique processes in the quiet-time ionosphere, espe-
cially over equatorial latitudes. In fact, analysis of iono-
spheric data in the past has revealed the presence of a quasi
16 day oscillation consistent with the 16 day modulation of
E-region dynamo winds of the order of 10 ms™' [Forbes and
Leveroni, 1992].

[17] An explanation for the presence of PWs in the EEJ
was given by Abdu et al. [2006] in a recent study. The EEJ-
produced magnetic field represents the diurnal variation in
the EEJ, which is a direct measure of the product of dynamo
electric field intensity, electron density and conductivity at
E-region heights. Since there is no direct evidence for PW
oscillation in E-region electron density, which is dependent
solely on the solar zenith angle on a given day, the variation
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in EEJ intensity could be attributed to the oscillation in the
dynamo electric field produced by the tidal winds. Further,
since it is the product of the conductivity, electron density
and the strength of the tidal wind that determines the EEJ
structure on a given day, the phase change in the tides
would significantly affect the duration, strength, and time
of maximum of the EEJ. So the observed changes in EEJ
parameters could be attributed to changes in the tidal
structure. It is evident from Figures 5 and 6 that the tidal
components are indeed modulated by the quasi 16 day
wave, which is more prominent up to day 80, accounting for
the variability seen in the EEJ parameters in the present
study. In fact it is seen that when the quasi 16 day wave
executes its positive excursion, the diurnal tide appears to
advance toward afternoon, and during the wave’s negative
excursion, the tide undergoes a phase shift toward morning
(Figures 4a and 4b). After day 80 the quasi 16 day wave
shows significant damping, as discussed, and its correlations
with other parameters become poor. As mentioned earlier,
a similar relationship is seen among MT, Tggj, and Dggj,
clearly indicating the role of tides modulated by the PWs
therein.

[18] The electron density and conductivity, which are
solely dependent on solar zenith angle, are not expected to
change from one day to another during quiet solar condi-
tions. In a given epoch the time of the peak EEJ will be
directly tied to the phase of the diurnal tide. When the time
of maximum production of electron density and the positive
phase of the diurnal tide coincide, the EEJ will become more
intense, with an increased half-intensity duration. The shift
toward afternoon of the time of the peak EEJ observed
on days 40 and 60 and the subsequent broadening in the
duration of the EEJ confirm this aspect. Although the
amplitude of the diurnal tide is found to be almost 2 times
higher than that of the semidiurnal tide, it is not possible to
exclude the role of the semidiurnal tide in modulating the
parameters discussed. Similarly, the periodicity seen in the
diurnal tide is ~13 days and the semidiurnal component is
~20 days. This disparity is believed to be due to the dif-
ferences in interaction between the PW and the tidal com-
ponents. The nature of interaction might be totally different
for diurnal and semidiurnal tidal components. However, the
exact reason for this difference is not known at the moment.
Nevertheless, both of these components play a combined
role in modulating the EEJ components, and at present it is
difficult to delineate their contribution. Further, the observed
time shift between these parameters on some of the days,
like days 50 and 65, cannot be explained by PW-tidal
interactions alone. However, as explained by Ortland [2005],
the presence of gravity waves can also change the vertical
wavelength and shift the phase of the tides. It is known that
gravity waves may exhibit significant day-to-day variability.
In this context, the observed time shifts on days 50 and 65
could be ascribed to the change in the upward-propagating
gravity wave fluxes. However, the present database is not
sufficient to address and quantify this aspect.

[19] Nonetheless, the long-period PWs are shown to be
incapable of penetrating to mesopause heights from their
lower-atmosphere source regions through the westward winds
of the summer stratosphere and mesosphere [Charney and
Drazin, 1961]. For long-period PWs (>10 days) with low
westward phase velocities, propagation into the westward
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regime is precluded. Espy et al. [1997] attributed this
observation to the blocking of the wave’s propagation from
the winter hemisphere during the westward phase of the
equatorial quasi-biennial oscillation in the upper strato-
sphere. This explains the damping observed in the quasi
16 day wave after day 70, where the ZW shows a sharp
westward excursion. However, it must be mentioned that the
tides would contribute to the daylight mean ZW, and this
would indeed have an effect on the propagation or blocking
of the PWs mentioned. Overall, in the low-latitude MLT
region the effects of PW-tidal interactions are expected to be
maximum at an altitude of between 70 and 120 km, i.e.,
where the amplitude of the diurnal tide is maximum. Further,
the effect would be nearly simultaneous in the mesopause
(~90 km) and the EEJ (~105 km) region because of the large
vertical wavelength of the diurnal tide (~35 km).

5. Conclusion

[20] The implications of wave-tidal interactions for the
equatorial MLT region are discussed. The PW is found to
modulate the daytime MT and the duration and time of
maximum of the EEJ. The wave-tidal interaction and the
subsequent modification of the tidal components are found
to be the reason for this nearly simultaneous wave amplifi-
cation. Although many MLT parameters are known to show
PW amplification during winter months over other latitudes,
the present findings, showing the effect of a quasi 16 day
wave on “dip equatorial” energetics, dynamics, and electro-
dynamics simultaneously, are new and have great implica-
tions for the MLT coupling.

[21] Acknowledgments. This work was supported by the Depart-
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