Journal of Atmospheric and Solar-Terrestrial Physics 89 (2012) 27-32

journal homepage: www.elsevier.com/locate/jastp

Contents lists available at SciVerse ScienceDirect

Journal of Atmospheric and Solar-Terrestrial Physics

Journal of
ATMOSPHERIC and
SOLAR-TERRESTRIAE

Short Communication

An unusual reduction in the mesospheric semi-diurnal tidal amplitude
over Tirunelveli (8.7°N, 77.8°E) prior to the 2011 minor warming
and its relationship with stratospheric ozone

S. Sridharan®*, S. Sathishkumar?®, S. Gurubaran®

2 National Atmospheric Research Laboratory, Gadanki 517112, India

b Equatorial Geophysical Research Laboratory, Indian Institute of Geomagnetism, Krishnapuram, Tirunelveli 627011, India

ARTICLE INFO ABSTRACT

Article history:

Received 10 May 2012
Received in revised form

17 July 2012

Accepted 25 July 2012
Available online 8 August 2012

Keywords:

Stratospheric sudden warming
Ozone

Mesospheric tides
Brewer-Dobson circulation

There is an unusual decrease of semi-diurnal tidal amplitude in zonal wind at 88 km over Tirunelveli
(8.7°N, 77.8°E) prior to the onset of a minor warming event of 2011. During that time, there is a sudden
decrease of TIMED-SABER observed ozone volume mixing ratio (VMR) at equator and 60°N. It is
suggested that the enhanced planetary wave activity prior to the occurrence of SSW increases the
strength of the Brewer-Dobson circulation, which transports stratospheric ozone, the solar insolation
absorption of which mainly generates semi-diurnal tide, to high-latitude lower stratosphere and as
expected, ozone VMR at 70°N increases in the lower stratosphere.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

In the winter polar stratosphere, stratospheric sudden warm-
ing (SSW) occurs as a result of the interactions between vertically
propagating planetary waves and the zonal winds (Mclntyre,
1982). The tidal variabilities at high-latitudes have been reported
in the past in a few studies in relation with the SSW events
(Bhattacharya et al., 2004; Hoffmann et al., 2007; Jacobi et al.,
1999). At equatorial and low-latitudes also, recent studies have
shown enhanced semi-diurnal variations in mesospheric winds
(Sridharan et al., 2009), vertical plasma drifts (Chau et al., 2009),
total electron content (TEC) (Goncharenko et al., 2010) and N,,,F»
and h,,F, (Yue et al., 2010). It is found that the ozone mixing ratio
increases at low-latitudes during the SSW due to reduced plane-
tary wave activity during the SSW event, which may prevent the
transport of ozone from low to high latitudes (Sridharan et al.,
2012). As semi-diurnal tide is produced due to solar insolation
absorption of ozone, the increase in the ozone mixing ratio could
be a reason for the increase in the semi-diurnal tidal amplitude.

Fejer et al. (2011) observed the time of maximum downward
perturbation in the vertical plasma drifts over Jicamarca becomes
later on succeeding days and indicated the influence of lunar
tides. Recently Stening (2011) suggested that the changes
observed at low-latitudes are mostly due to lunar tides and the
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circulation changes due to SSW favors the vertical propagation of
lunar tides to reach ionospheric heights. Pedatella and Forbes
(2010) showed that migrating semidiurnal tide of zonal wave-
number 2 in Global Ionospheric Maps (GIMs) of GPS TEC has a 14
day periodicity in its amplitude at the anomaly crests, which
suggests a lunar effect persisting from January to March 2009.
However, it may be noted that ~16-day planetary wave was
dominant during that period (Sridharan et al., 2009) and ~ 14-day
periodicity may be due to the modulation of the tide by the
planetary wave. Stening et al. (1996) suggested the possibility
that counter-electrojets (CEJs) might be due to a lunar atmo-
spheric semidiurnal tide since the vertical propagation of such a
tide may be enhanced during the atmospheric conditions asso-
ciated with an SSW. They found that 15 out of the 23 events
occurred near to full moon or new moon.

It is important to investigate with more cases whether the
relationship between SSW and low-latitude tidal variabilities is
just coincident or not. Recent minor warming of 2011 has given
an opportunity to study the relationship between variabilities of
tides at low-latitudes and the SSW.

2. Data analysis
2.1. MF radar at Tirunelveli
The MF radar at Tirunelveli (8.7°N, 77.8°E) is operating at

1.98 MHz and it has been giving horizontal wind information in
the upper mesospheric region (78-98 km) with 2-min time
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resolution since November 1992 (Rajaram and Gurubaran, 1998).
The 2 min sampled wind measurements are averaged for each
hour and used for tidal analysis. The rate of data acceptance,
which is based on several data rejection criteria (Briggs, 1984), is
higher only above 84 km altitude. Besides, radar tends to measure
electron drift motion rather than neutral winds at altitudes above
92 km (Gurubaran and Rajaram, 2000). Hence, for the present
study, the tidal amplitudes are computed for zonal winds at
88 km using a least squares harmonic fit with mean and tidal
components of periods 24h, 12h and 8h over a five-day
composite window of hourly wind values, which is successively
forwarded every day to obtain the daily variation of tidal
components. The five-day window is chosen so that it will
average out all incoherent wind variations mostly due to
gravity waves.

2.2. ERA-interim data

In this paper, we use a few ERA-interim zonal wind and
temperature available for the 37 pressure levels from the surface
to 1hPa at the ECMWF (European Center for Medium Range
Weather Forecasting) website (www.ecmwf.int/research/era/do/
get/index). These data were prepared by ECMWF using their
variational data assimilation system (Berrisford et al., 2009). The
ERA-interim data set consists of results from analysis conducted
at 6-h intervals available for a 1.5° latitude-longitude grid.

2.3. TIMED-SABER ozone observations

The SABER instrument is basically a multi-channel radiometer,
which views limb of Earth atmosphere’s and measures near to
mid-infrared emissions over the range 1.27-17 um (7865-
650 cm ') corresponding to the line-of-sight tangent point, which
are used to retrieve the kinetic temperature and mixing ratios of
several minor constituents. Measurements are made over the globe
from about 100 hPa to altitudes higher than 0.001 hPa (~16 to
96 km), over 24 h in local solar time, since the beginning of 2002.

a

The present study utilizes version 1.07 of processed level 2 ozone
volume mixing ratio (VMR) data available in the website http://
saber.gats-inc.com/. The SABER uses 1.27 um emissions from
molecular oxygen and the strong 9.6 pum emission from ozone
itself, to obtain ozone profiles (Smith et al., 2009). As the origin of
9.6 um emission is thermal in nature, observations are made
during both day and night using this emission. The zonal mean
ozone measurements at 9.6 um are used in the present study.

3. Results

Fig. 1 shows daily variation of amplitude of planetary wave
(PW) of zonal wave number (k) 1 and 2 in temperature at 10 hPa
and temperature difference between 90°N and 60°N at 10 hPa for
the day numbers 1-59 starting from January 01, 2011. It may be
noted that the amplitude of PW of k=1 is generally larger than
that of k=2 during January-February 2011, and it undergoes large
variabilities with maximum amplitude around the day numbers
4, 15 and 28. The temperature difference between the latitudes
90°N and 60°N also shows similar variabilities. However, only the
third larger maximum in the PW amplitude and its subsequent
decrease are accompanied by positive polar temperature differ-
ence between the latitudes 90°N and 60°N during the day
numbers 31-35. The maximum polar temperature difference
between the latitudes 90°N and 60°N is observed to be 15K.
Though the decrease of PW is noted from day number 30, it
drastically decreases on day number 34. Due to transient nature
of the wave, it interacts with the mean flow and provides
westward acceleration. As a result, the mean zonal wind at
60°N at 10 hPa shows deceleration and attains the eastward wind
speed of ~25 m/s on day number 34. The deceleration does not
give rise to reversal of zonal wind, as the polar vortex is too strong
during this winter leading to unprecedented ozone loss (Manney
etal, 2011). As the mean zonal mean wind at 60°N does not show
any reversal to westward wind, it is considered only as a minor
warming. Recent major warming event occurred in the year 2009
with the maximum polar temperature difference of ~25K
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Fig. 1. (a) Daily variation of planetary wave amplitude of zonal wavenumbers 1 and 2 at 10 hPa, (b) zonal mean temperature difference at 10 hPa between the latitudes

90°N and 60°N, and (c) zonal mean zonal wind at 60°N and at 10 hPa.


www.ecmwf.int/research/era/do/get/index
www.ecmwf.int/research/era/do/get/index
www.ecmwf.int/research/era/do/get/index
www.ecmwf.int/research/era/do/get/index
www.ecmwf.int/research/era/do/get/index
http://saber.gats-inc.com/
http://saber.gats-inc.com/

S. Sridharan et al. / Journal of Atmospheric and Solar-Terrestrial Physics 89 (2012) 27-32

associated with the unprecedented reversal of eastward wind to
westward wind of magnitude ~50 m/s.

Sridharan et al. (2009) found enhanced mesospheric semi-
diurnal tidal amplitude over a low-latitude site, Tirunelveli
(8.7°N, 77.8°E) during the major SSW of 2009. It is interesting to
see the tidal variabilities during the minor SSW of 2011. The
diurnal (24 h), semi-diurnal (12 h) and ter-diurnal (8 h) tidal
amplitudes and phases at 88 km are shown in Fig. 2. It may be
noted that there is an unusual reduction in the semi-diurnal tidal
amplitude during day numbers 26-33, when the amplitude is less
than 6 m/s. On days 30-32, the amplitude is around and even less
than 2 m/s, just before the onset of minor warming. After the
minor warming, there is a large enhancement in the diurnal tidal
amplitude on day number 37. The diurnal tidal amplitudes are
greater than 10 m/s on most of the days. The phase of the semi-
diurnal tide does not show any remarkable day-to-day variation.
However, the diurnal tide shows that its phase advances slowly to
early hours, as day progresses during day numbers 20-35. The
ter-diurnal tidal amplitude does not show any remarkable varia-
tion in relation with the SSW event. This is in contrast to the
recent numerical simulations (Fuller-Rowell et al., 2011; Wang
et al,, 2011) which predict an increase in the ter-diurnal tide due
to SSW event and a decrease in the amplitude of the semi-
diurnal tide.

Recently, Sridharan et al. (2012) observed an ozone enhance-
ment in the tropics during the major SSW event of 2009 and
suggested that it could be a reason for the enhancement in the
amplitude of semi-diurnal tide, which is mainly generated due to
absorption of solar radiation by ozone. The height-time cross
section of ozone volume mixing ratio is shown in Fig. 3 for day
numbers 1-59, 2011 and for the heights 20-45 km over the
equator and 60°N. It is clear that the ozone mixing ratio is less
in a narrow height region 32-35 km during the day numbers
23-34 over the equator and at a relatively broader height region
32-42 km during day numbers 25-34 at 60°N. However, there is
an enhancement in ozone VMR at high latitude stratosphere. The
time-height cross section ozone VMR for the heights 20-30 km
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shows that the ozone mixing ratio is larger during day numbers
23-32 km (greater than 3.5 VMR) in the height region 20-25 km.
During day numbers 25-30, the ozone VMR is greater than
4 VMR. The variations in ozone VMR at high latitudes may be
due to different processes, namely, development of the polar
vortex, advection of ozone, or catalytic ozone destruction
(Scheiben et al., 2011). As there is an increase of ozone in the
lower stratosphere, more probably the ozone is transported by
meridional circulation from low to high latitudes.

As the ozone heating is in the extended altitude region
30-50 km and it is maximizing around 48 km (Xu et al., 2012),
it would be of interest to see closely the latitude variation of
ozone mixing ratio at different heights. As shown in Fig. 4a—c, the
ozone mixing ratio is in general low at mesospheric heights
(above 50 km) and at stratospheric heights, it is less for a few
days around day number 60 at all latitudes. In particular, at
48 km, where ozone heating is larger, the ozone VMR is greater
than 4 ppm during day numbers 16-28, whereas it is less than
4 ppm during day numbers 29-34 at 40°N. At equator, ozone VMR
is around 3 ppm during day numbers 25-35 and around 40. At
44 km, a decrease of ozone VMR is noticed at 20°N for the day
numbers 20-30. At 40 km, decrease of ozone VMR is clearly
observed during day numbers 20-30. Fig. 4d-f shows ozone VMR
at 20°N, 10°N and equator averaged for the heights 30-60 km.
It clearly shows the presence of less 0ozone VMR during day numbers
20 and 30 at equator and 10°N. Though semi-diurnal tidal heating
due to solar insolation absorption by ozone is larger at 48 km
(Groves, 1982), heating rate at 35 km is around 4-5 °C/day, which is
nearly 40-50% of maximum heating rate at equator.

The distribution of stratospheric minor constituents, like
ozone, is modified by the large-scale circulation, known as the
Brewer-Dobson (BD) circulation, consisting of tropical upwelling
and high latitude downwelling. Rossby waves are important for
the existence of BD circulation (Scott and Polvani, 2004). The
intense northern hemisphere waves produce a stronger BD
circulation, a weaker polar vortex, and a warmer polar tempera-
ture of the polar vortex. Because of the stronger BD circulation,
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Fig. 2. Daily variation of diurnal, semi-diurnal and ter-diurnal tidal amplitudes (a) and phases (b) in zonal winds at 88 km over Tirunelveli.
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Fig. 3. Time-height cross section of ozone volume mixing ratio (SABER) for (a) 60°N, (b) equator and (c) 70°N.
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Fig. 4. (a-c) Latitude-time cross section of ozone VMR for the heights 48 km, 44 km and 40 km respectively and (d-f) daily variation of ozone VMR averaged for the
altitudes 30-60 km at 20N, 10N and equator respectively.

more ozone is transported to the northern polar lower strato- force induced mainly by the breaking and/or dissipation of the
sphere. The BD circulation is approximately represented by the Rossby waves. The residual meridional and vertical velocities are
residual circulation (RC) and considered to be driven by the body calculated from the following relations using ERA interim
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meridional and vertical velocities (Andrews et al., 1987):
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The resultant vectors of residual meridional and vertical
velocities averaged for the day numbers 10-15, 15-20 and 20-25
are shown as a function of latitude and pressure levels in Fig. 5.
It can be seen that the residual circulation (RC) is strongly
poleward during day numbers 20-35 at all latitudes above
7 hPa. In particular, during day numbers 20-35, when decrease
of ozone mixing ratio is observed at equator, the RC is poleward
even from low-latitudes at pressure levels 3-7 hPa. During this
period, the diurnal tidal phase shows slow transition toward
earlier hours. During day numbers 15-20, the RC is largely
poleward above 10 hPa, but it is confined to poleward of 40°N.
During day numbers 40-45, the RC becomes equatorward below
5 hPa and continues to be poleward at 3 hPa. It suggests that BD
circulation gets weakened due to the decrease of planetary wave
activity as a consequence of onset of SSW.

4. Discussion and conclusion

The present study shows an unusual decrease in the semi-
diurnal tidal amplitude in zonal wind at 88 km over Tirunelveli

just prior to the onset of a minor warming event of 2011. During
that time, there is a sudden decrease in the ozone VMR at equator
and also at 60°N observed by SABER instrument onboard TIMED
satellite. This result is important to demonstrate the relationship
between the high latitude northern hemispheric SSW event and
low-latitude mesospheric tidal variability through variability in
the ozone, as semi-diurnal tide is produced due to solar insolation
absorption of ozone and the decrease in the ozone mixing ratio
could be a reason for the decrease in the semi-diurnal tidal
amplitude.

As the E-region current system is driven by tidal winds, the
tidal variabilities during SSW events show remarkable changes in
the low-latitude electrodynamics. Occurrence of afternoon
counter-electrojet (CEJ) (Sridharan et al, 2009), large semi-
diurnal tidal variation in vertical plasma drifts during daytime
(Chau et al., 2009), and semi-diurnal variation and large values of
total electron content (TEC) (Goncharenko et al., 2010) have
recently been reported. Recently, Stening (2011) stressed the
importance of lunar tides for the occurrence of CEJ. Fejer et al.
(2011) observed the time of maximum downward perturbation in
the vertical plasma drifts over Jicamarca becomes later on
succeeding days and attributed it as due to the influence of lunar
tides. However, the semi-diurnal tidal phases in zonal winds over
Tirunelveli do not show any shift to later hours on succeeding
days during January-February 2011, shown in Fig. 2 and also
during January-February 2009 (not shown), when a major warm-
ing event occurred.
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Non-linear interaction between tides and planetary waves has
been suggested as a potential mechanism for the enhancement of
semi-diurnal tide during the warming events (Liu et al., 2010).
It can be considered as a potential mechanism, as SSW events are
primarily caused by the anomalous growth of planetary waves in
the troposphere, their vertical propagation into the stratosphere
and their critical level interaction with the background flow.
Pancheva et al. (2009) observed enhanced nonmigrating tides
associated with nonlinear interaction between migrating tides
and stationary planetary waves in the SABER temperatures during
the major SSW of 2003/2004. Recently, Pedatella and Forbes
(2010) found an increase in both migrating and non-migrating
semi-diurnal tidal amplitudes in GPS TEC during SSW events.
Different model simulations of non-linear interaction between
tides and planetary waves give different results. Decrease of semi-
diurnal tide and increase of ter-diurnal tide are noted in the
Whole Atmosphere Model (WAM) (Fuller-Rowell et al., 2011),
whereas increase of diurnal and semi-diurnal tides are noted in
the TIME-GCM model and the maximum increase in the semi-
diurnal tide is noted 1 day after the peak in planetary wave
activity (Liu et al., 2010). However, our observations show that
semi-diurnal tidal amplitudes are enhanced, after the planetary
wave activity is decreased (Sathishkumar and Sridharan, 2009;
Sridharan et al., 2009, 2012). These results suggest that non-linear
interaction may not be a key mechanism for the enhancement of
semi-diurnal tidal amplitudes and associated ionospheric distur-
bances. The enhanced semi-diurnal tidal amplitude, after the
decrease of planetary wave activity suggests the weakening of
BD circulation, which transport minor constituents like ozone
from tropical atmosphere, where it is produced, to high latitudes.
This causes accumulation of ozone at low-latitudes. Sridharan
et al. (2012) and Goncharenko et al. (2012) found an ozone
enhancement in the tropics during the major SSW event of
2009 and suggested that it could be a reason for the amplitude
enhancement of semi-diurnal tides, which is mainly generated
due to absorption of solar radiation by ozone.

The results of the present study suggest that the enhanced
planetary wave activity just prior to the occurrence of SSW
increases the strength of BD circulation, which transports ozone
produced in the tropics to high latitude lower stratosphere. As
expected, the latitude-time cross section of ozone VMR increases
in the high latitude lower stratosphere (70°N) during the same
period, when the VMR is reduced in the tropical stratosphere. The
loss of ozone at low-latitude stratosphere at heights 30-60 km,
where the ozone heating is larger, is responsible for the large
decrease of semi-diurnal tidal amplitude.
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