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[11 Mesospheric wind observations by the medium frequency radar and geomagnetic field
observations at Tirunelveli (8.7°N, 77.8°E, 1.75°N dip angle) are used to study the relative
importance of solar and lunar influences in the variabilities of mesospheric tides and
equatorial electrojet (EEJ) strength during the unprecedented major stratospheric sudden
warming (SSW) of 2009. It is observed that the afternoon reversal in the EEJ, popularly
known as counter electrojet, occurs consecutively for several days during the SSW event,
when there is an enhancement of solar semidiurnal tide in both zonal wind at 90 km and
EEJ strength over Tirunelveli. Although the amplitude of lunar tides also shows
enhancement, it is much less than that of solar. The diurnal tidal amplitude in zonal wind
and EEJ strength also shows large enhancement just before the onset of SSW. However,
solar semidiurnal tide dominates diurnal tide during the SSW. The diurnal tidal phase in
zonal wind shifts to a few hours earlier during the SSW. The lunar semidiurnal tidal phase
shifts to later hours in both zonal wind and EEJ strength. The main observation of the
present study is that the large semidiurnal tide observed during the SSW 2009 is mostly
solar driven and only partly lunar driven, although tidal planetary wave interaction also
may play a vital role. Although a similar behavior is noticed during the SSW 2006 also, the

large lunar semidiurnal tide observed in the EEJ strength without having large lunar
semidiurnal tide in the underlying mesospheric winds needs further investigation.
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1. Introduction

[2] Atmospheric tides can be both solar and lunar driven.
Solar tides are generated due to solar insolation by water vapor
in the troposphere, ozone in the stratosphere and N, and O, in
the mesosphere. Lunar tides are generated in the lower atmo-
sphere due to gravitational attraction on the atmosphere and
forcing due to vertical movement of ocean and of the Earth’s
land surface at the lower boundary [Chapman and Lindzen,
1970]. The influence of tides on low-latitude ionospheric elec-
trodynamics has been recognized, although the knowledge
about the relative importance of solar and lunar tides is lack-
ing, as lunar tides traditionally were considered to be smaller
than solar tides. Unlike solar tides, lunar tides show preferen-
tial activity during northern hemispheric winter [Sandford
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et al., 2006; Paulino et al., 2012]. Stening et al. [1996]
suggested that the vertical propagation of lunar tides could
be favored by the atmospheric conditions associated with
the stratospheric sudden warming (SSW), which is an event
characterized by a sudden temperature increase in the winter
polar stratosphere and deceleration and sometimes reversal
in stratospheric zonal winds [Matsuno, 1971] due to rapid
growth of quasi-stationary planetary waves.

[3] The effect of solar and lunar tides are observed in the
equatorial electrojet (EEJ) current [Stening, 1991; Eccles et al.,
2011], which is an intense current system flowing normally
eastward during the daytime at an altitude of 105 km in a nar-
row latitudinal band of 4+3° around the dip equator. Sudden
changes in the tidal components of the EEJ current, vertical
plasma drift and total electron content are suggested to be
related to SSW events in the polar atmosphere [Chau et al.,
2009; Sridharan et al., 2009; Goncharenko et al., 2010a,
2010b; Anderson and Araujo-Pradere, 2010]. The enhance-
ment of semidiurnal tidal amplitude has been suggested to
be a reason for the occurrence of counter electrojet (CEJ),
which is the reversal of the eastward current system to west-
ward occurring sometimes in the afternoon hours. As the EEJ
current system is mainly driven by tidal winds, enhancement
semidiurnal tide on some days has been considered as a
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(a) 24h tidal amp. in zonal wind at 90 km over Tirunelveli
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Figure 1.

(b) 24h tidal amp. in meridional wind at 90 km over Tirunelveli
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Daily variation of (a,b) diurnal, (c,d) solar semidiurnal, (e,f) lunar semidiurnal, and (g,h) terdiurnal

tidal variabilities in zonal and meridional winds at 90 km over Tirunelveli for the winter months (November—
February) of nonmajor stratospheric warming years 1994—1995, 1995-1996, 1997—1998 and 1998—1999.

potential reason for the occurrence of CEJ on those days
[Hanuise et al., 1983, and references therein]. However, it
still remains uncertain whether the enhanced semidiurnal tide
during SSW events is of solar or lunar origin. Several recent
studies have reported that the enhancement of semidiurnal
tide during SSWs is solar driven and suggested that these
may be related to changes in the ozone [Sridharan et al.,
2012; Goncharenko et al., 2012]. However, Fejer et al.
[2010] noted a semidiurnal character in vertical plasma
drifts at Jicamarca with large downward drifts in the after-
noon accompanied by increased upward drifts in the morning
close to new or full moon. Besides, the time of maximum
downward perturbation becomes later on succeeding days,
indicating a possible lunar influence. Similar changes were
observed in the ground-based geomagnetic variations AH,
which occurred earlier and stronger at American longitudes
and later and weaker in the Pacific Ocean region [Stening, 2011].
However, Anderson and Araujo-Pradere [2010] examined
F region drifts, derived from ground-based magnetometers
in Peru and in the Philippines during 2003 and 2004 SSWs
and found notable correlation with lunar phase. Recently,
Paulino et al. [2012] showed enhanced lunar semidiurnal
tide over the Brazilian sector during the major SSW of
2006. Recently, Forbes and Zhang [2012] noted nearly
three times enhanced lunar M2 tide of period 12.43h in
Sounding of Atmosphere by Broadband Emission Radi-
ometry temperature measurements at 110 km height over

climatogical values during SSW 2009 and attributed it to
change in the zonal mean wind distribution in connection
with the SSW.

[4] In the present study, both lunar and solar tidal variabil-
ities are presented during the winter of 2008-2009, when
major stratospheric warming events occurred. The tidal vari-
abilities are compared with EEJ strength over the Indian
sector and discussed.

2. Data Analysis

2.1. Tidal Analysis of MF Radar Winds Over
Tirunelveli

[s] The MF radar at Tirunelveli (8.7°N, 77.8°E) operates
at 1.98 MHz and it has been providing nearly continuous
wind observations in the altitude region 80-98 km with good
data acceptance rate. However, the radar winds at higher
heights are partly contaminated by the presence of electro-
jet-driven drift motions. Hence, for the present study, the ra-
dar data at 90 km, where the data acceptance rate is larger
and influence of drift motions is less, are utilized

[6] Dominant solar tides are diurnal (24 h), semidiurnal
(12h), and terdiurnal (8 h). The migrating lunar semidiurnal
tide of period 12.416 to 12.424h is the largest amplitude
mode. Furthermore, the frequencies of the lunar and solar
tides are very close. Extended data sets are thus required to
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Figure 2. (a) Daily variation of zonal mean temperature

difference between the latitudes 90°N and 60°N and zonal
mean zonal wind at 60°N; (b) hourly EEJ strength over
Tirunelveli; (c) daily afternoon CEJ strength computed by
taking average of EEJ strength for 0830-1130 UT (1400-
1700 LST, which is five and a half hours ahead of UT); and
(d) daily Ap index for the time interval of 1-120d starting
from 1 November 2008.

provide the spectral resolution necessary to resolve the
lunar and solar components. Hence, a 16 d window of hourly
winds at each height is assumed to consist of a mean
wind, sinusoidal planetary wave components, solar (diurnal,
semidiurnal, and terdiurnal components) and lunar tidal
(semidiurnal component) oscillations, as can be seen from
the following equation:

/
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where U, is the mean wind, L is the total data length (here
16d), / is the number of harmonics required to include all
planetary wave periods (here /=8 so that waves with periods
from 16 to 2 d are included in the fit), ¢ is the solar time and ©
is the lunar time. The lunar time given by #-v, where v is the

lunar age, which is equal to 0 at the new moon and the tidal
amplitudes and phases are computed using least squares
method [Stening et al., 1994; Paulino et al., 2012]. For
checking, we made calculations with different data lengths.
However, this method gives unreasonably large amplitudes
for lunar tides, when components with periods closer to
and greater than 16 d are included in the fit. Hence, the last
term of the above equation is replaced by A4p cos
2n LB i 2n

12.42 t) LS (12.42t
(12.42h) is used. As this method of computation gives rea-
sonable amplitudes for lunar tides and the lunar tidal phases
computed shows shift toward later hours on successive days,
which is a typical behavior of lunar tides, this method is used
in the present study. Then the data window is shifted by 24 h
successively to compute daily variation of solar and lunar
tidal amplitudes and phases. In the present work, the solar
and lunar tidal variabilities during the major warming event
in 2009 are examined. In order to understand the normal be-
havior of tidal variabilities over Tirunelveli, tidal variabil-
ities during undisturbed winters are worth to be presented.
As no major SSW event occurred during 1993-1998
[Manney et al., 2005; Sridharan and Sathishkumar, 2008],
the daily tidal variabilities over Tirunelveli at 90 km during
these winters are presented in Figure 1. From the figure, it
can be observed that the diurnal tidal amplitudes are in gen-
eral larger than semidiurnal and terdiurnal tidal amplitudes.
The solar semidiurnal tidal amplitudes in both zonal and me-
ridional winds are below 10 m/s and lunar semidiurnal tidal
amplitudes are below 5 m/s during most of the winter period.

), where the lunar time period

2.2. Geomagnetic Data Over Tirunelveli

[7] The variations in the three components of the geomag-
netic field have been recorded by a network of magnetic ob-
servatories of the Indian Institute of Geomagnetism located
from the magnetic equator to the northernmost Indian lati-
tudes. The EEJ strength is derived from the differences be-
tween the magnetic field variations in the horizontal field
obtained from Tirunelveli (TIR) (8.7°N, 77.8°E, geographic,
1.75°N dip angle) and Alibag (18.6°N, 72.9°E, geographic,
24°N, dip angle). Tirunelveli is located close to the center
of the EEJ and is also under the influence of the Sg current
system, whereas Alibag is a station under the influence of
Sq current system only [Kane, 1973]. To extract tidal com-
ponents in EEJ strength, the same method described in the
last section is used.

2.3. ERA-Interim Data

[8] To present the state of winter stratosphere during the
winters of 2008-2009 and 2005-2006 of major warming
events, ERA-interim temperature and winds are used. The in-
terim data are obtained by the European Center for Medium
Range Weather Forecasting through their variational data as-
similation scheme and are available at six hourly intervals for
37 pressure levels from 1000 hPa to 1 hPa, and for the lati-
tude-longitude grid of 1.5°x1.5° [Berrisford et al., 2009].

3. Results

[0] The occurrence of SSW is inferred from the positive
zonal mean temperature difference between the latitudes
90°N and 60°N shown in Figure 2a. As can be seen from
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(a) 24h, 8h tidal amp. in zonal wind at 90 km over Tirunelveli
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(c) 24h tidal phase in zonal wind at 90 km over Tirunelveli
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(a) Diurnal and terdiurnal tidal amplitude, (b) solar and lunar semidiurnal tidal amplitude,

(c) diurnal tidal phase, (d) terdiurnal phase, (¢) solar semidiurnal tidal phase, and (f) lunar semidiurnal
phase in zonal wind at 90 km over Tirunelveli. The lunar age is plotted in Figure 3¢ for reference (v=0
refers to new moon day) for the time interval of 1-120d starting from 1 November 2008. The errors in
the computation of tidal amplitudes and phases are also shown.

the figure, there is a sudden increase in the temperature dif-
ference from —13 K on day number 81 to 26 K on day num-
ber 82. The positive temperature difference persists during
day numbers 82—-87 (21-26 January 2009) and again during
day numbers 102—-107. Large deceleration of zonal mean
zonal wind occurs in association with the SSW and it begins
from day number 70 from 68 m/s to —34 m/s on day number
89 (Figure 2a). As this SSW is associated with the reversal
of winds from eastward to westward, this event is a major
SSW. It is an unprecedented event, as described by Manney
et al. [2009] with the westward winds persisted for a long
time during the day numbers 85—114. The EEJ strength over
Tirunelveli shows negative depression indicating counter
electrojet events during day numbers 83-90 (Figures 2b
and 2c). During this period, the 4p value is less than 12
(Figure 2d) indicating that it is a geomagnetically quiet pe-
riod. Large CEJ occurs on day numbers 88 and 89 with the
maximum depression of about 53 nT, with a delay of only a
few days after the large polar stratospheric temperature dif-
ference (Figure 2a). Besides, a few CEJ events occur around
the day number 100 also. However, the events are preceded
by geomagnetically disturbed day (day number 96) as the
Ap value is greater than 12 (Figure 2d).

[10] As EEJ current system is driven by tidal winds, the
daily variation of tidal amplitudes and phases over Tirunelveli

are shown in Figure 3. The solar diurnal tide gets significantly
enhanced from 5 m/s on day number 73 to 21 m/s on day num-
ber 88 followed by a sudden decrease to 7 m/s on day number
100 and increase to 17m/s on day number 110. The solar
semidiurnal tide also shows large enhancement from 1m/s
on day number 76 to 24 m/s on day number 96. Note that the
solar semidiurnal tidal amplitude is less than 5 m/s before the
onset of the SSW event. The terdiurnal tidal amplitude does
not show any significant enhancement. The lunar tidal ampli-
tudes are slightly larger than solar semidiurnal tidal amplitudes
before the onset of the SSW. After the onset, lunar tidal ampli-
tudes are larger than their pre-SSW onset values, but they are
less than solar tidal amplitudes. A ~20 d oscillation can be ob-
served in lunar tidal amplitudes during 61-120 with larger
amplitudes on day numbers 86 and 106 with amplitudes 10
and 9, respectively, and smaller amplitude (4 m/s) on day num-
ber 92. Note that 1400-1700 h averaged EEJ closely resem-
bles the variation of lunar tidal amplitudes than solar tidal
amplitudes. Also note that there are moderately disturbed days
during this period.

[11] The diurnal tidal phase in zonal wind shows distinct
character during the SSW event. The phase shifts to local
midnight during the SSW event from morning hours before
and after the SSW event. The solar semidiurnal tidal phase
remains at 0000-0100 UT during the SSW event and it shifts
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(a) 24h, 8h tidal amp. in meridional wind at 90 km over Tirunelveli
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Figure 4. Same as Figure 3, but in meridional wind at 90 km over Tirunelveli.

to 0200-0300 UT for a few days just before onset of the
SSW event. The lunar tidal phase shows progressive shift
to later hours. The lunar semidiurnal tidal phase does not
show any variation with altitude on day numbers 86 and
106, when the amplitude of lunar tide is larger (not shown).
Paulino et al. [2012] also observed constant phase variation
with altitude for lunar tides.

[12] The diurnal tidal amplitude in meridional winds also
shows enhancement after the day number 80 and it remains
with larger amplitudes of 20-25 m/s after the day numbers
89 until the end of observation period shown in Figure 4.
Although the amplitude of solar and lunar tidal amplitudes
in meridional winds is smaller than those in zonal winds,
they also show larger amplitudes after the day number
80. The peak amplitudes of solar semi and lunar tidal
amplitudes are about 12m/s and 7m/s on days 105 and
99, respectively. The diurnal tidal phase shifts slightly to
earlier morning local time hours (2000-2400 UT) during
day numbers 60 and 100. Both lunar and solar semidiurnal
tidal phases do not show any marked change in association
with the SSW.

[13] As can be observed in Figure 5, the amplitude of solar
semidiurnal tide in EEJ strength over Tirunelveli is less than
that of diurnal tide before the onset of SSW events, although
both are increasing a few days before the onset. However,
during the SSW, the semidiurnal tidal amplitude becomes
comparable and even larger than diurnal tidal amplitude.
Unlike in zonal and meridional winds at 90 km, the ampli-
tude of terdiurnal tide in EEJ strength is comparable to that

of diurnal tide. It is consistent with the World Atmosphere
Model simulations by Fuller-Rowell et al. [2010, 2011],
who suggested that an increase in the terdiurnal tidal ampli-
tude in the lower thermosphere would change the local time
variation of the electrodynamic response with the dayside
vertical drift to be larger and occur earlier and for the after-
noon minimum to be smaller. As the terdiurnal tide is not
observed prominently in local mesospheric winds but ob-
served in EEJ, it appears that it could be due to the influence
of midlatitude tidal winds with strong terdiurnal compo-
nent. The lunar semidiurnal tidal amplitudes in EEJ
strength are nearly two times less than that of their solar
counterpart during the SSW event, although both the so-
lar and the lunar tidal amplitudes show large values after
the day number 80. Yamazaki et al. [2012] suggested
that variability of the geomagnetic lunar tide during the
northern winter is closely linked with dynamical changes
in the lower stratospheric parameters associated with
SSWs. The diurnal tidal phase in EEJ strength prevails
around 6-9 UT and it shifts to early hours (3—6 UT).
The terdiurnal tidal phase advances to early hours, as
day progresses. Both diurnal and solar semidiurnal tidal
phases are around 5 UT. The lunar semidiurnal tidal
phases shift to later hours.

[14] Fejer et al. [2010] observed large semidiurnal perturba-
tions in electrojet intensity close to new and full moons and the
perturbation shifts to later local times with the lunar age indicat-
ing the enhancement of lunar tidal effects during the SSW
events. In the present study, the minimum EEJ strength over
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Figure 5. Same as Figure 3, but in equatorial electrojet strength over Tirunelveli.

Tirunelveli on a given day and the corresponding time is
shown in Figure 6 for the day numbers 61-101. The minimum
EEJ indicates that the largest depression in the horizontal com-
ponent of geomagnetic field, which indirectly indicates the
strength of CEJ and corresponding time denotes the time when
the largest depression occurs. From the figure, it is clearly ob-
served that there is no significant phase advancement of the
time of the occurrence of minimum EEJ to later hours during
the SSW (day numbers 80-90). Although after the SSW event,
the time of minimum EEJ strength advances to later hours with
8.5 UT, 9.5 UT, 10.5 UT, and 11.5 UT on day number 101,
102, 104, and 113, respectively, these days are preceded by
geomagnetic disturbance. Hence, the lunar tidal influence can-
not be solely responsible for the advancement of the phase
to later hours. This suggests that lunar tidal influence in EEJ
strength appears to be less than solar influence during the
SSW event.

4. Discussion and Conclusion

[15] The present study shows enhancement of solar semidi-
urnal tide in both zonal wind at 90 km and EEJ strength over
Tirunelveli. Although there is an enhancement in the lunar
tidal amplitude also during SSW 2009, it is much less than
that of solar semidiurnal tide. This amplification is not a re-
sult of spectral leakage of the solar semidiurnal tide, because
its variability is completely different from the lunar tide var-
iability. The diurnal tidal amplitudes in zonal wind and EEJ
strength also show large enhancement just before the onset

of SSW. However, solar semidiurnal tide dominates diurnal
tide during the SSW. There is a distinct behavior in diurnal
tidal phase in zonal wind during SSW and it shifts to a few
hours earlier. The lunar semidiurnal tide in zonal wind shows
advancement in phase to later hours in both zonal wind and
EEJ strength.

[16] The main observation of the present study is that the
large semidiurnal tide observed during the SSW 2009 is
mostly solar driven and partly lunar driven. Many observa-
tional and theoretical studies on the lunar signature in meso-
sphere winds and ionospheric parameters have been reported.
Recently, Fejer et al. [2010] showed enhanced semidiurnal
variations in vertical plasma drifts over Jicamarca associated
with an SSW and the time of maximum downward perturba-
tion becomes later on succeeding days and indicated that it
could be due to the influence of lunar tide. More recently,
Paulino et al. [2012] reported enhancement of the meso-
spheric lunar tide in the Brazilian sector during 2006 SSW.
Earlier, Stening [1977] suggested that CEJ during SSW
may be due to enhanced lunar tide and the SSW might
change background conditions, which favor vertical propa-
gation of the lunar tides. The numerical simulations of
Stening et al. [1997] showed a large change of lunar tides
during SSW. There could be a difference in the lunar and
solar influences on tides from one warming event to the
other. During the 2006 SSW case presented in Figure 7, it
may be noted that the minor warming occurred during
day numbers 65-67 and 71-80 and a major warming event
occurred during day numbers 83-99, which can be inferred

538



SATHISHKUMAR AND SRIDHARAN: SOLAR AND LUNAR TIDES DURING SSW 2009

(a) Daily minimum EEJ strength

o 0 e sl T
3 V‘ TV V7
£ : :
k) : ; ,
§ B0 ........... e MR 4
@ :
=2 H N M
w H H : :
1w -100 i i i i i
60 70 80 20 100 110 120
(b) Time of minimum EEJ strength
12 T T T T
B ] : : o
£ ; 5 f %
2 ; o | oo o 0 0coioo®oO
T 40k USRS ST FOURURTOT T e
3 : i oo o i ooi0
I : : : : :
H ‘o 0 o :
860 70 80 20 100 110 120
Day number (1=01 Nov 2008)
Figure 6. (a) Daily minimum EEJ strength and (b) the

corresponding time.

from the positive temperature difference between the latitudes
90°N and 60°N and variations of zonal mean zonal winds at
60°N at 10 hPa (Figure 7a). In this case, the solar tide in zonal
wind enhances significantly around day number 80 associated
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with the major SSW and there is no significant enhancement in
lunar tidal amplitude. No significant change is noticed in the
solar and lunar tidal variabilities in meridional winds. It may
be noted that Paulino et al. [2012] observed a large increase
in the lunar semidiurnal tide during the SSW in meteor wind
observations over Cariri (7.4°S 36.5°W), Cachoeira Paulista
(23°8S, 45°W), and Santa Maria (29.7°S, 53.7°W). At 96 km,
they also reported enhancement of lunar tide at 96 km over
Cariri during the first week of December 2005, which is a
non-SSW period. However, in the present study, lunar tidal
amplitude in EEJ strength is larger than that of solar during
day numbers 70-90, as observed by Paulino et al. [2012] in
the winds over Cariri (7.4°S, 36.5°W). It is not clear how lunar
tidal signature in EEJ strength is stronger, when the same is
less in the underlying mesospheric tidal winds and is similar
in the tidal winds over the Brazilian sector. Stening [2011]
catalogued the coincidences of SSW events with full/new
moons (or not) and the occurrence of CEJ. The table seems
to indicate a relationship of SSW occurrence with lunar phase.
There seems to be strong correlations of SSW’s, lunar phase,
and CEJ’s but the causal physics connections are not clear.
There are also SSW events that are not associated with lunar

(d) 12h tidal amp. in zonal wind at 90 km over Tirunelveli
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(a) Daily variation of zonal mean temperature difference between the latitudes 90°N and

60°N and zonal mean zonal wind at 60°N; (b) daily afternoon CEJ strength computed by taking average
of EEJ strength for 1400-1700 IST (Indian Standard Time, which is 05:30 h ahead of UT; (c) daily Ap
index; (d) solar and lunar semidiurnal tidal amplitude in zonal wind at 90 km over Tirunelveli; () same
as Figure 7d, but in meridional wind at 90 km over Tirunelveli; (f) same as Figure 7d, but in EEJ strength
over Tirunelveli and the lunar age is also plotted for reference for the time interval of 1-120 d starting from

1 November 2005.
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phase. Stening [2011] pointed out that the enhancement in
the lunar tide during SSW may be coincidental, as the climato-
logical behavior of lunar tide is to enhance during winter. Our
observations also show that semidiurnal tide is largely solar
driven during the SSW events.

[17] Park et al. [2012] noted amplified 13 d modulation in
EEJ strength during SSW and the absence of this modulation
during non-SSW years and attributed this due to the effect of
lunar tides. It may be noted that 16 d wave is quite dominant
during the SSW events [Vineeth et al., 2010; Sripathi and
Bhattacharyya, 2012]. As the period of quasi 16d wave
may vary between 12 and 20d, the 13 d modulation may
also be due to modulation by quasi 16d wave. Recently,
Pedatella et al. [2012] showed from their simulations using
the Whole Atmosphere Community Model that the lunar
tidal influences are larger only above 120 km. The enhance-
ment of semidiurnal tide may also be due to planetary wave
tidal interaction [Pedatella and Forbes, 2010] or accumula-
tion of ozone at low-latitudes and hence variations in the
ozone heating [Sridharan et al., 2012; Goncharenko et al.,
2012] or zonal mean zonal winds or combination of all these
[Pedatella et al., 2012].

[18] Although the present study indicates that the low-
latitude mesospheric semidiurnal tide over Tirunelveli during
SSW 2009 is largely solar and it is consistently observed
during the SSW 2006 also, the large lunar semidiurnal tide
observed in the EEJ strength during the SSW 2006 without
having large lunar semidiurnal tide in the underlying meso-
spheric winds is puzzling. More observational and theoretical
works are necessary to understand the relative importance of
solar and lunar tides on the occurrence of CEJ and its relation-
ship with SSW.
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