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ABSTRACT

The ionosphere, which is strongly influenced by the Sun, is known to be
also affected by meteorological processes. These processes, despite having
their origin in the troposphere and stratosphere, interact with the upper
atmosphere. Such an interaction between atmospheric layers is known as
vertical coupling. During geomagnetically quiet times, when near-Earth
space is not under the influence of solar storms, these processes become
important drivers for ionospheric variability. Studying the link between
these processes in the lower atmosphere and the ionospheric variability
is important for our understanding of fundamental mechanisms in iono-
spheric and meteorological research.

A prominent example of vertical coupling between the stratosphere and
the ionosphere are the so-called stratospheric sudden warming (SSW) even-
ts that occur usually during northern winters and result in an increase
in the polar stratospheric temperature and a reversal of the circumpolar
winds. While the phenomenon of SSW is confined to the northern po-
lar stratosphere, its influence on the ionosphere can be observed even at
equatorial latitudes. During SSW events, the connection between the polar
stratosphere and the equatorial ionosphere is believed to be through the
modulation of global atmospheric tides. These tides are fundamental for
the ionospheric E-region wind dynamo that generates electric fields and
currents in the ionosphere. Observations of ionospheric currents indicate
a large enhancement of the semidiurnal lunar tide in response to SSW
events. Thus, the semidiurnal lunar tide becomes an important driver of
ionospheric variability during SSW events

In this thesis, the ionospheric effect of SSW events is investigated in the
equatorial region, where a narrow but an intense E-region current known
as the equatorial electrojet (EE]) flows above the dip equator during the
daytime. The day-to-day variability of the EE] can be determined from
magnetic field records at geomagnetic observatories close to the dip equa-
tor. Such magnetic data are available for several decades and allows to
investigate the impact of SSW events on the EE] and, even more impor-
tantly, helps in understanding the effects of SSW events on the equatorial
ionosphere. An excellent long-term record of the geomagnetic field at the
equator from 1922 onwards is available for the observatory Huancayo in
Peru and is extensively utilized in this study.

The central subject of this thesis is the investigation of lunar tides in
the EE] during SSW events by analyzing long time series. This is done
by estimating the lunar tidal amplitude in the EEJ from the magnetic
records at Huancayo and by comparing them to measurements of the po-



lar stratospheric wind and temperature, which led to the identification
of the known SSW events from 1952 onwards. One goal of this thesis is
to identify SSW events that predate 1952. To this end, superposed epoch
analysis (SEA) is employed to establish a relationship between the lunar
tidal power and the wind and temperature conditions in the lower atmo-
sphere. A threshold value for the lunar tidal power is identified that is
discriminative for the known SSW events. This threshold is then used to
identify lunar tidal enhancements, which are indicative for any historic
SSW events prior to 1952. It can be shown, that the number of lunar tidal
enhancements and thus the occurrence frequency of historic SSW events
between 1926 and 1952 is similar to the occurrence frequency of the known
SSW events from 1952 onwards.

Next to the classic SSW definition, the concept of polar vortex weaken-
ing (PVW) is utilized in this thesis. PVW is defined for higher latitudes and
altitudes (=~ 40km) than the classical SSW definition (=~ 32km). The correla-
tion between the timing and magnitude of lunar tidal enhancements in the
EE] and the timing and magnitude of PVW is found to be better than for
the classic SSW definition. This suggests that the lunar tidal enhancements
in the EE] are closely linked to the state of the middle atmosphere.

Geomagnetic observatories located in different longitudes at the dip
equator allow investigating the longitudinally dependent variability of the
EE] during SSW events. For this purpose, the lunar tidal enhancements
in the EE] are determined for the Peruvian and Indian sectors during the
major SSW events of the years 2006 and 2009. It is found that the lunar
tidal amplitude shows similar enhancements in the Peruvian sector dur-
ing both SSW events, while the enhancements are notably different for the
two events in the Indian sector.

In summary, this thesis shows that lunar tidal enhancements in the EE]
are indeed correlated to the occurrence of SSW events and they should
be considered a prominent driver of low latitude ionospheric variability.
Secondly, lunar tidal enhancements are found to be longitudinally variable.
This suggests that regional effects, such as ionospheric conductivity and
the geometry and strength of the geomagnetic field, also play an important
role and have to be considered when investigating the mechanisms behind
vertical coupling.
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ZUSAMMENFASSUNG

Die Ionosphére, die hauptsachlich durch Prozesse solaren Ursprungs be-
einflusst wird, wird auch durch meteorologische Prozesse beeinflusst. Ob-
wohl diese Prozesse ihren Ursprung in der Troposphére und Stratosphére
haben, wechselwirken sie mit der oberen Atmosphire. Eine solche Wech-
selwirkung zwischen atmosphérischen Schichten wird als vertikale Kopp-
lung bezeichnet. Bei magnetisch ruhigen Bedingungen, wenn der erdna-
he Weltraum nicht durch solare Stiirme beeinflusst wird, werden diese
Prozesse zu wichtigen Einflussfaktoren fiir die ionosphérische Variabilitat.
Fiir unser Verstandnis von fundamentalen Mechanismen im Forschungs-
feld der Ionosphére und der Meteorologie ist es wichtig, die Verbindung
zwischen diesen Prozessen in der unteren Atmosphdre und der ionospha-
rischen Variabilitdt zu ermitteln.

Ein wichtiges Beispiel fiir die vertikale Kopplung zwischen Stratosphére
und Ionosphére sind die sogenannten plotzlichen stratosphérischen Erwar-
mungsereignisse (sudden stratospheric warming, SSW), die iiblicherweise
im Winter stattfinden und zu einer Erhohung der stratosphédrischen Tem-
peratur und einer Umkehrung der zirkumpolaren Winde fithren. Wahrend
das Phanomen des SSW auf die nordliche polare Stratosphére beschrankt
ist, kann sein Einfluss auf die Ionosphére sogar in dquatorialen Breiten
beobachtet werden. Bei SSW - Ereignissen wird vermutet, dass die Verbin-
dung zwischen der polaren Stratosphére und der dquatorialen Ionosphére
durch die Modulation globaler atmosphérischer Gezeiten erfolgt. Diese
Gezeiten sind grundlegend fiir den Wind-Dynamo in der ionosphérischen
E-Region, der dort elektrische Felder und Strome erzeugt. Beobachtungen
ionosphérischer Strome zeigen, dass die semidiurnalen lunaren Gezeiten
als Reaktion auf ein SSW - Ereignis eine starke Erhohung erfahren. Damit
werden die semidiurnalen lunaren Gezeiten zu einem wichtigen Faktor
tiir die ionosphérische Variabilitdt wahrend eines SSW - Ereignis.

In dieser Dissertation wird der dquatoriale ionosphérische Effekt von
SSW-Ereignissen untersucht. In der E-Region tiber dem magnetischen Aqua-
tor flief3t tagstiber ein schmaler aber intensiver Strom, der als dquatorialer
Strahlstrom oder Elektrojet (EE]) bekannt ist. Der von Tag zu Tag unter-
schiedlich ausgeprégte EE] kann aus Magnetfeldregistrierungen von geo-
magnetischen Observatorien nahe dem magnetischen Aquator abgeschitzt
werden. Solche Magnetfeldregistrierungen stehen tiber mehrere Jahrzehn-
te zur Verfligung und erlauben es, den Einfluss der SSW-Ereignisse auf
den EEJ zu untersuchen, und, noch wesentlicher, helfen sie, den Einfluss
von SSW-Ereignissen auf die dquatoriale Ionosphdre zu verstehen. Eine
ausgezeichnete, im Jahre 1922 beginnende Langzeit-Registrierung des Ma-
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gnetfeldes am Aquator gibt es fiir das Observatorium Huancayo in Peru.
Sie wird in der vorliegenden Arbeit intensiv genutzt.

Das zentrale Thema der Dissertation ist die Analyse von Langzeit - Re-
gistrierungen zur Untersuchung der lunaren Gezeiten des EEJ bei SSW -
Ereignissen. Dazu wird die Amplitude der lunaren Gezeiten des EEJ aus
den Magnetfeldregistrierungen des Observatoriums Huancayo bestimmt
und mit den Messungen des polaren stratosphérischen Windes und der
Temperatur verglichen, die zur Identifizierung der bekannten SSW - Er-
eignisse seit 1952 gefiihrt haben. Ein Ziel der vorliegenden Arbeit ist es,
auch SSW - Ereignisse vor 1952 zu identifizieren. Dahingehend wird eine
Superposed Epoch Analysis (SEA) benutzt, und damit wird eine Bezie-
hung zwischen die Leistung der lunaren Gezeiten und den Wind- und
Temperaturbedingungen in der unteren Atmosphére hergestellt. So wird
ein Grenzwert fiir die Leistung der lunaren Gezeiten fiir die bekannten
SSW - Ereignisse ermittelt. Dieser Grenzwert wird dann benutzt, um eine
Verstarkung der lunaren Gezeiten zu identifizieren, die historische SSW-
Ereignisse vor 1952 anzeigt. Es zeigt sich, dass die Haufigkeit der Ver-
starkung der lunaren Gezeiten, und damit die Haufigkeit der historischen
SSW-Ereignisse zwischen 1926 und 1952, dhnlich ist zu der Haufigkeit der
bekannten SSW-Ereignisse seit 1952 ist.

Neben der klassischen SSW - Definition wird in dieser Dissertation das
Konzept des Polar Vortex Weakening (PVW) genutzt. Das PVW ist fiir ho-
here Breiten und Hohenlagen (40 km) festgelegt als die klassische SSW
- Definition (32 km). Die Korrelation zwischen dem Zeitpunkt und der
Stiarke der Verstarkung der lunaren Gezeiten des EE] einerseits und dem
Zeitpunkt und der Stdarke des PVW andererseits ist besser als die entspre-
chende Korrelation bei Anwendung der klassischen SSW - Definition. Dies
lasst darauf schliefien, dass die Verstarkung der lunaren Gezeiten des EE]
eng mit dem Zustand der mittleren Atmosphére verkniipft ist.

Geomagnetische Observatorien, die bei verschiedenen Lingengraden
am magnetischen Aquator liegen, erlauben es, die lingengradabhingige
Variabilitdt des EE]J bei SSW - Ereignissen zu untersuchen. Zu diesem
Zweck wird die Verstirkung der lunaren Gezeiten fir zwei ausgepragte
SSW - Ereignisse in den Jahren 2006 und 2009 im peruanischen und im
indischen Sektor bestimmt. Es zeigt sich, dass die Amplitude der lunaren
Gezeiten im peruanischen Sektor bei beiden Ereignissen eine dhnliche Ver-
stairkung aufweist, wahrend die Verstarkung im indischen Sektor fiir die
zwei Ereignisse deutliche Unterschiede aufweist.

Zusammenfassend kann gesagt werden, dass die Verstarkung der luna-
ren Gezeiten des EE] in der Tat mit dem Auftreten von SSW - Ereignissen
korreliert ist und dass sie als wichtiger Einflussfaktor auf die Variabilitit
der Ionosphére der niederen Breiten beriicksichtigt werden muss. Aufser-
dem konnte gezeigt werden, dass die Verstirkung der lunaren Gezeiten
eine langengradabhéngige Variabilitdt aufweist. Dies legt nahe, dass regio-
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nale Gegebenheiten, wie die Leitfdhigkeit der Ionosphére und die Geome-
trie und Stdrke des Erdmagnetfeldes, bei der vertikalen Kopplung auch
eine wichtige Rolle spielen und bei der Untersuchung der dabei zugrun-
deliegenden Mechanismen berticksichtigt werden miissen.
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INTRODUCTION

1.1 THE EARTH’'S IONOSPHERE

The ionosphere is the part of the Earth’s atmosphere that extends from
about 60 to 1,000 km in altitude and contains a relatively large number
of ions and electrons. The ionization of atmosphere at these altitudes is
largely due to collisions between the incoming solar photons and neutral
gaseous molecules or atoms that result in the removal of electrons from
these atmospheric constituents. Although less than 1% of the upper at-
mosphere becomes ionized, the generation of charged particles make the
gas electrically conducting, which completely changes its characteristics.
The ionosphere can be basically seen as a by-product of the interaction
between the Sun and the Earth’s atmosphere. Closer to the surface of the
Earth, the incoming solar photons have insufficient energy for ionizing the
neutral gases and away from the Earth’s surface there are fewer neutral
components for collision, due to a decrease in the atmospheric density
with increasing altitude. The combination of these two factors result in
the creation of the Earth’s ionosphere within a limited region of the atmo-
sphere.
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Figure 1.1: Vertical temperature profile of the atmosphere from ground to space
(left) and the vertical profile of electron density in the day and night
time ionosphere (right) (courtesy of NICT-Japan, Figure 1).
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INTRODUCTION

The sources of ionization in the atmosphere include photons and ener-
getic particle precipitation. Ionizing photons primarily come from the Sun
while precipitating energetic electrons can also produce additional ioniz-
ing photons in the atmosphere through a process called as bremstrahlung,
or braking radiation (e.g., Kivelson and Russell, 1995). Ionization takes
place in the neutral atmosphere if the energies of photons and precipitat-
ing particles exceed the binding energy of electrons in the gaseous con-
stituents. The solar photons in the extreme ultraviolet (EUV) and ultravi-
olet (UV) range constitute the dominant source of daytime atmospheric
ionization.

The ionosphere is historically classified as the region of the atmosphere
that can affect the propagation of radio waves. The existence of highly
electrically conducting ionosphere was independently postulated in 1902
by Heaveside and Kennelly to explain Marconi’s transatlantic radio trans-
missions. Appleton used the letter E to denote the first ionospheric layer
that was observed by experimental measurements and subsequently he
used the letter F and D when the reflections from higher and lower layers,
respectively, were observed. Based on the peak electron density profile the
ionosphere can be divided into three regions: the D-region (between 60 -
90 km), the E-region (between 9o - 140 km), and the F-region (above 140
km). The F-region is usually further divided into F1- and F2-regions. More
than one maximum region of electron density is found because the upper
neutral atmosphere is composed of different gaseous constituents and they
interact differently with the UV and EUV radiation. Figure 1.1 shows the
vertical neutral temperature profile in the layers of the atmosphere along
with the vertical profile of electron density in the ionosphere. The variation
of day and night time electron densities with altitude in the ionospheric
regions can be seen in this figure.

The major source of ionization in the atmosphere is the solar EUV pho-
toionization and photoelectron impact ionization of O, O,, and N;. Pho-
toionization of an atom or molecule (X) can be represented as

X+hv — X" +¢f (1.1)

where e* is a photoelectron. For molecules XY, photoionization can be
represented as

XY +hy — XYT 4 ¢* (1.2)

Photoelectrons produced from these reactions can acquire sufficient energy
to carry out further ionization through photoelectron impact ionization

X++e* — Xt +e+e (1.3)

where e represents the electron with reduced energy and e’ is a sec-
ondary electron.



1.1 THE EARTH’'S IONOSPHERE

Photoelectron impact ionization constitutes 25-30% of the total source of
ionization above 200 km but becomes the dominant source below 150 km
(e.g., Richards and Voglozin, 2011). The major ions produced in the iono-
sphere between 60-600 km as a result of photoionization of major neutral
constituents are N7, Ozr and O™. Below 200 km, the ionosphere is domi-
nated by ionized components of heavier gases such as N, and O,. NJ is
the major source of NO* below 200 km and is produced in large quanti-
ties throughout most of the ionosphere, but it is a minor species as it reacts
very quickly with electrons and atomic oxygen through charge-transfer re-
actions as seen in the following example:

N}L—i—O — NO" +N (1.4)

Between 200 km and 600 km, the atomic ions such as O™ become the
dominating species and above this altitude, the ions of lighter atoms such
as H and He start dominating. The daytime composition of ion species
below 1000 km during solar minimum conditions is presented in Figure
1.2 that has been adapted from Johnson (1966).
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Figure 1.2: Ionic composition of solar minimum daytime ionosphere (adapted
from Johnson, 1966, Figure 1).

The D-region of the ionosphere lies approximately between 60-go km
altitude and consists mostly of NO* and O3 ions. Only the most energetic
ionization sources can penetrate to D-region altitudes and the X-rays and
Lyman o emission line are mainly responsible for ionization in this region.
The electron concentration in this region remains at low values (below 10%
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cm™3) and the dynamics is controlled by the neutral atmosphere. The D-
region is also important for its role in commercial radio communication.
Due to relatively higher atmospheric density as compared to E- and F-
regions, the radio signals get more attenuated due to increased collision
between the electrons and the neutrals. It is found that the low frequency
signals are unable to reach the higher ionized regions within the iono-
sphere due to attenuation, except at night when the D-region disappears.

The E-region of the ionosphere is considered to be located between go-
140 km altitude. Ionization in this region is mainly due to X-rays and UV
radiation. The dominating ions in this region also consists of NO* and O3
The production of these molecular ions is essentially balanced by recom-
bination reactions with electrons. The E-layer in this region fairly approxi-
mate the behaviour of a Chapman layer with daily maximum at local noon,
seasonal maximum in summer, and solar cycle dependence. The maximum
free electron density in the E-region occurs at an altitude of about 110 km
and is between 100 - 1000 times larger than the D-region densities, which
leads to the E-region becoming much more important than the D-region
as a reflector of radio waves. Unlike the D-region, the E-region does not
disappear completely at night and remains weakly ionized.

The F-region constitutes a major segment of the ionosphere and extends
above 140 km altitude. During daytime, it contains two separate layers
called F1 and F2 while during night time, the F1 layer usually vanishes
and only the F2-region is present. The average electron density in the F-
region is about 10 times greater than the E-region. The Fi-layer lies at an
altitude of approximately 140-210 km with the maximum electron density
in this layer occurring near 170 km. Ionization in this region is mainly due
to EUV radiation. The Fi-region is dominated by NO* and O and O*
ions. Above 200 km, the atomic ions start becoming dominant species in
the ionosphere and the F2-region is dominated by O™ ions. The F2-layer
achieves its maximum electron density at altitudes between 250-400 km.
The origin of the F2-layer is not a result of chemical balance as seen in
the case of D- and E- layers but in this layer, the O" ion production is
balanced by diffusion of this ion through the neutral atmosphere as the
recombination rate in this layer is significantly reduced due to extremely
low atmospheric air density. The F2-layer peak arises due to a faster de-
crease in the recombination reaction rates with height as compared to the
ion production rates. The F2-region above the maximum electron density
peak is called the topside F2-layer of the ionosphere. The F-region is very
important for High Frequency (HF) radio wave propagation.

The Earth’s ionosphere is a weakly ionized plasma in which the motion
of electrons and ions is determined by the combined effects of collisions
and magnetization. Below 9o km in the D-region, the ionosphere can be
considered to be unmagnetized and the motions of ions and electrons are
dominated by collisions with neutrals. In this region, the collision frequen-
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cies of ions and electrons with neutrals are much greater than their respec-
tive gyrofrequencies, which means the magnetic field doesn’t influence the
motion of electrons and ions, resulting in their flow being in the direction
of neutral wind.

In the E-region, the electrons are trapped in the magnetic field lines
while the motion of ions are still dominated by collisions with neutrals.
The gyrofrequencies of electrons are much greater than their collision fre-
quencies while ions still collide with neutrals at a rate greater than their
gyrofrequencies at these altitudes. Thus, the electrons predominantly drift
across both the geomagmagnetic and electric fields and the ions primarily
move with the neutral wind. This differential motion between the ions and
the electrons produces currents and electric fields in the ionosphere.

Above 150 km, both the electrons and ions are magnetized as their re-
spective collision frequencies with neutrals become much smaller due to
decreasing atmospheric density and the geomagnetic field controls the mo-
tion of the electrons and ions. In the presence of an electric field, the elec-
trons and ions move together in the direction perpendicular to both electric
(E) and magnetic (B) fields at a velocity,

ExB
BZ

Vi =V = (1.5)
and the lack of differential motion between the ions and electrons prevents
the generation of currents at these altitudes.

Between go and 150 km altitude, the currents are produced by the wind
dynamo mechanism. Analogous to a mechanical dynamo in which the ro-
tation of a conducting coil normal to the magnetic field induces electric
tield and leads to the flow of current, in the ionospheric dynamo, tidal
winds move the conducting ionosphere across the Earth’s magnetic field
and generate currents. The neutral wind motions in the low and middle
latitude ionosphere are driven by tidal oscillations that are generated by
in situ heating and also by waves that propagate from below (e.g., Forbes,
1995). The upper propagating waves are greatly affected by the state of
background atmosphere and contribute to the day-to-day variability of
the ionosphere. This lower atmospheric influence on the ionosphere is dis-
cussed in greater detail in the next section.

1.2 LOWER ATMOSPHERIC FORCING INTO THE IONOSPHERE

The ionosphere displays a significant day-to-day variability. Knowledge
about the phenomena that are responsible for ionospheric variabilities
and their understanding is important in today’s modern age, as much
of our communication and navigation capabilities rely on satellite signals
that penetrate these regions. Ionospheric monitoring and development of
forecasting capabilities will be of crucial importance in the coming future.

7
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Therefore it becomes imperative to continue our experimental and theoret-
ical investigations of the ionosphere.

Coupling from Above:

Solar, Magnetospheric and Geomagnetic Processes

¢

State and Evolution of the
Atmosphere - Ionosphere

T

Coupling from Below:

Internal Waves
(Gravity Waves, Tides, Rossby Waves, Kelvin Waves)

Figure 1.3: Vertical coupling: the atmosphere-ionosphere system is under the in-
fluence of lower atmospheric forces (internal waves) from below and
external forcings (solar, magnetospheric, and geomagnetic) from above
(adapted from Yigit et al. (2016), Figure 1, reprinted with kind permis-
sion from publisher Elsevier.).

The major drivers responsible for ionospheric variability include solar
ionizing flux, geomagnetic activity and lower atmosphere meteorological
processes. The first two factors are solar controlled and are associated with
ionospheric forcing from above. The ionosphere is, however, also forced
from below through different meteorological processes that also contribute
to its variability (e.g., Forbes et al., 2000; Rishbeth and Mendillo, 2001).
The meteorological influence on the ionosphere is realized through atmo-
spheric waves which include tides, planetary waves and gravity waves
(e.g., Kazimirovsky et al., 2003). The atmosphere-ionosphere coupling is
illustrated in Figure 1.3 taken from Yigit et al. (2016).

Atmospheric tides refer to those large-scale oscillations of the atmo-
sphere whose periods are integral fractions of a lunar or solar day (e.g.,
Chapman and Lindzen, 1970). Atmospheric tides are primarily forced by
periodic absorption of solar radiation in the atmosphere and to a lesser
degree by the lunar gravitational force. Dominant solar tidal components
occur at 24-hour (diurnal) and 12-hour (semidiurnal) periods. The lunar
tide is also composed of different modes, but the lunar semidiurnal tide
(12.420 solar or 12 lunar hours) is the most important, because it reaches
the largest amplitudes.

The term planetary waves is often used as a synonym of Rossby waves,
which appear in the atmosphere due to the latitudinal gradient of the
Coriolis force that balances variations of the pressure gradient force (e.g.,
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Holton and Hakim, 2012). Gravity waves refers to disturbances in which
the restoring force is buoyancy which acts to restore the fluid parcels dis-
placed from hydrostatic equilibrium (e.g., Andrews et al., 1987).

The atmospheric waves can be classified according to their temporal and
spatial scales. Planetary waves and tides have horizontal scales compara-
ble to the Earth’s radius while the horizontal wavelengths of gravity waves
can easily extend up to several hundred km. In terms of temporal scales,
gravity waves can vary between a few minutes to several hours whereas
the tidal periods are subharmonics of a solar or a lunar day. The time pe-
riods of planetary waves can vary between 2-30 days. Atmospheric waves
are excited through meteorological processes and propagate upward while
growing in amplitude due to the decreasing background air density. There-
fore the amplitudes of even small wave disturbances can reach significant
values at higher altitudes. The upward propagating atmospheric waves
from the lower atmosphere deposit energy and momentum at ionospheric
altitudes thus modulating the temperature and wind fields and driving
polarization electric fields and currents in the ionosphere.

Vertical coupling between the troposphere and ionosphere has been
explored for a long time (e.g., Beynon and Brown, 1951; Martyn, 1952).
One of the earliest evidence for tropospheric-ionospheric coupling was
shown by Schodel et al. (1973) using total electron content data which
showed variations with the same period as ground pressure recordings.
This coupling is also seen during severe tropospheric phenomenon such
as thunderstorms and tornadoes during which the excited gravity waves
are seen to propagate up to the ionospheric F-region heights (e.g., Hung
and Smith, 1979). Ionospheric effects have also been related to tropical tro-
pospheric disturbances such as typhoons and thunderclouds (e.g., Maeda
and Badillo, 1966; Raju et al., 1981). These examples of coupling and the
mechanisms behind them have been further investigated extensively in
the past few decades. Vertical propagation of atmospheric waves has been
the general line of thought to explain the meteorological effects in the
ionosphere. In particular the knowledge about the propagation of tides,
gravity and planetary waves which have mainly relied on modeling and
observational studies have been very important. The next paragraph men-
tions some of these studies which have contributed to our understanding
of the atmospheric waves in the ionosphere.

Tides have been measured in the ionospheric E-region through incoher-
ent scatter radar measurements (e.g., Monro et al., 1976; Hocke, 1996) and
in the F-region through ionosonde measurements (e.g., Canziani, 1994).
Tides are also known to play an important role in the formation of sporadic-
E layer in the ionosphere (e.g., Haldoupis et al., 2004) and introducing sig-
nificant variability in the foF2 (critical frequency of the maximum electron
density in the ionosphere) (e.g., Fesen, 1997). Modeling studies by Fesen
(1997) have reported significant variability due to tides in the F2-region
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during both day and night time. Gravity waves have been identified in the
rocket density profiles in the lower ionosphere (e.g., Mechtly and Smith,
1970), in echoes of the sporadic-E layer (e.g., Kazimirovsky et al., 2003) and
through radar and ionosonde measurements in the F-region (e.g., Oliver
et al., 1997). Unlike tides and gravity waves, planetary waves cannot prop-
agate directly to F-region heights but their signatures have been observed
in all the ionospheric regions. Planetary waves are only capable of directly
penetrating up to about 110 km (e.g., Vincent, 1990) but their effects at
higher altitudes have been explained through indirect propagation meth-
ods such as the planetary wave modulation of tides (e.g., Pancheva et al,,
2002; Pancheva et al., 1994) and gravity waves (e.g., Meyer, 1999). Typical
planetary wave periods of 2, 5, 10 and 16 days have been observed in meso-
spheric winds through radars in a number of studies. Planetary waves play
an important role in the sporadic-E layer formation (e.g., Pancheva et al,,
2003) and they also modulate the E-region dynamo significantly as their os-
cillations are observed in geomagnetic field measurements on the ground
(Parish et al., 1994; Kohsiek et al., 1995; Elhawary and Forbes, 2016). Our
present state of knowledge which has relied on observational and mod-
eling studies acknowledges the role of atmospheric waves in the lower
atmosphere-ionosphere coupling. For a more detailed understanding of
this topic the readers may refer to following reviews by:

¢ Kazimirovsky et al. (2003)

Lastovicka (2006)

Lastovicka (2009)

Forbes (2007)

Yigit and Medvedev (2015)

In this thesis, however, the main focus of study is the case of stratosphere-
ionosphere coupling during a phenomenon known as SSW which is initi-
ated by an anomalous growth of planetary waves that propagate from the
troposphere into the stratosphere. This chapter first provides a summary
of the previous observational and modeling studies that have discussed
the stratospheric - ionospheric coupling during SSW events, which is then
followed by a short background of the phenomena studied in this thesis.
Thereafter the scope and goals of this thesis is presented followed by its
organization and author’s contributions.

1.3 STRATOSPHERIC - IONOSPHERIC COUPLING DURING SSW EVENTS

SSW events are extreme meteorological events usually occurring during
the Northern Hemisphere winters. During this event the polar vortex shows



1.3 STRATOSPHERIC - IONOSPHERIC COUPLING DURING SSW EVENTS

a dramatic breakdown due to planetary wave amplification and breaking
that leads to a sudden increase in the polar temperature and deceleration
or reversal of the zonal mean zonal winds at stratospheric altitudes. The
sudden increase in temperature is the reason for this phenomenon being
coined as "Stratospheric Sudden Warming".

The knowledge about the vertical coupling between stratosphere and
lower ionosphere at middle latitudes dates back to early 1960s. Numer-
ous studies since then have focused on the correlation between the strato-
spheric temperature variations and lower ionosphere plasma density. Fig-
ure 1.4 taken from Shapley and Beynon (1965), provides an example of a
superposed epoch analysis between the temperatures at 10 hPa over Berlin
and radiowave absorption (plasma density) over Lindau/Harz during the
SSWs. In this figure the stratospheric temperature and the plasma density
are observed to be widely correlated with each other.
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Figure 1.4: Superposed epoch analysis comparing 10 mb temperature over Berlin
(Germany) and radiowave absorption over Lindau/Harz (Germany)
(adapted from Shapley and Beynon (1965), Figure 1).

Although the coupling is always present to a certain degree but it be-
comes rather apparent during the SSWs (e.g., Chau et al., 2012). In recent
times, research in this subject has received a sudden resurgence due to the
following reasons correctly pointed out by Chau et al. (2012):

* Extensive atmospheric observations

* Unexpectedly low solar minimum conditions during the solar cycle
24
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The availability of extensive data in the equatorial and low latitude
ionosphere from ground- and satellite-based observations have led to the
understanding of previously unknown connections with the stratosphere
during SSWs. On the other hand, due to low solar minimum conditions
forcing from the sun was substantially reduced which resulted in the ef-
fects due to lower atmospheric forcing being more pronounced in the
ionosphere. Both these factors have been strongly responsible for the in-
creased number of observational and modeling findings in the past few
years. Based on these findings it is now known that the effects of SSW
events are not just confined to the polar stratosphere, rather SSW related
changes are seen across both hemispheres from the ground up to the ther-
mosphere. A lot of our current knowledge in this field developed after the
observations reported by:

* Goncharenko and Zhang (2008) - in which they identified the correla-
tion between the polar stratospheric wind and temperature measure-
ments and the ion temperature at mid-latitudes during the 2008 SSW
event.

* Chau et al. (2009) - in which they showed the variations of vertical
E x B plasma drifts correlating with the stratospheric wind and tem-
perature during the 2008 SSW event.

Chau et al. (2009) noted a semidiurnal pattern in the equatorial plasma
drifts velocity during the 2008 SSW event, where a large increase in the
plasma drifts velocity was seen during the morning hours along with a de-
crease in the afternoon hours. This observation was also seen in the GPS
(Global Positioning System) TEC (Total Electron Content) data during the
2009 SSW event (Goncharenko et al., 2010b), where a strong increase in
TEC was seen in the morning hours in response to the large upward drift
and a large decrease in TEC in the afternoon hours when the drift was
downward. SSW related effects have been demonstrated in TEC (e.g., Gon-
charenko et al., 2010a; Goncharenko et al., 2010b), peak electron density
(e.g., Pancheva and Mukhtarov, 2011) and geomagnetic observations (e.g.,
Fejer et al., 2010; Yamazaki et al., 2012b; Park et al., 2012).

The connection between the polar stratospheric variability during SSWs
with the low latitude ionosphere is puzzling. It is generally believed that
the ionospheric perturbations during SSWs take place through the modu-
lation of atmospheric tides which impact the E-region dynamo (e.g., Chau
et al., 2012). A number of studies have focused on the SSW related changes
in the migrating solar tides (e.g., Fuller-Rowell et al., 2011), migrating lu-
nar tide (e.g., Fejer et al., 2010) and non-migrating tides (e.g., Pedatella
and Forbes, 2010). Simulation studies by Liu et al. (2010) have shown that
the quasi-stationary planetary waves which remain confined to the high
latitude stratosphere and mesosphere can affect the migrating and non-
migrating solar tides globally. Some of the mechanisms that have been
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proposed to explain the tidal changes during SSWs can be summarized as
following:

¢ Migrating solar semidiurnal tide (SW2)

— change in the ozone distribution due to SSW which effects the
generation mechanism of SW2 (Goncharenko et al., 2012)

— change in the tidal propagation conditions due to SSW (Jin et al.,
2012)

- tides-planetary wave interaction (Liu et al., 2010)

¢ Non migrating tides

- non-linear planetary wave-tide interactions during SSWs (Liu et
al., 2010)

¢ Migrating lunar semidiurnal tide (M2)

- change in the tidal propagation conditions due to SSW (Forbes
and Zhang, 2012)

In combination with observations, numerical studies have also contribut-
ed much to our understanding about the global view of tidal variability by
reproducing the general ionospheric features during the SSWs (e.g., Fuller-
Rowell et al., 2011; Jin et al., 2012; Pedatella et al., 2012). Changes in the
solar tidal variability during the 2009 SSW event have been reported using
the Whole Atmosphere Model (WAM) (Fuller-Rowell et al., 2010). The in-
vestigations of the lunar tidal influence on the ionospheric variability dur-
ing SSWs have been reported by Pedatella et al. (2012) by using the Whole
Atmosphere Climate Community Model - eXtended version (WACCM-X)
in combination with an ionosphere-electrodynamics model. They found
that the changes in the equatorial vertical plasma drift velocity were sim-
ilar to observations when the lunar tide was included in the simulations
and in the absence of lunar tide the ionospheric changes were minor. Pe-
datella and Liu (2013) also investigated the relative contributions of the
different tides in the MLT (mesosphere-lower thermosphere) that produces
the observed ionospheric perturbations during SSWs. They concluded that
the semidiurnal solar (SW2) and lunar (M2) tides and the non-migrating
solar tide with zonal wave number 1 (SW1) are significantly responsible for
driving the ionospheric variability in response to SSWs. They also found
out that the contribution of M2 tide is dependent on the phase of the moon
relative to the timing of SSW.

The ionospheric perturbations due to SSWs are complex and may be
driven by a combination of the above mentioned mechanisms that lead to
tidal changes (Pedatella and Liu, 2013). Observations and modeling efforts
have been integral towards our understanding of the mechanisms behind
this coupling that nonetheless still remains a topic under investigation.

13
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1.4 BACKGROUND

The previous sections presented a short summary on the variability of
the ionosphere due to lower atmospheric forcing in general and due to
SSWs in particular. In this thesis, the broad goal is to study the effects
of stratosphere-ionosphere coupling during SSWs on an intense equato-
rial ionospheric current flow known as the equatorial electrojet. For this
purpose, in this section, a brief background of the physical processes in-
volved in this coupling are first mentioned. The coupling is understood
to be through atmospheric waves and in particular through tides. During
SSW, large changes are seen in atmospheric tides and particularly in the
amplitude of lunar tides that shows large enhancement in the MLT and at
ionospheric heights.

In this section a concise description about the SSW, the equatorial elec-
trojet and the lunar tide are presented. The purpose of this section is to
briefly, albeit sufficiently describe the observed phenomena in order to fa-
cilitate a better understanding about the results and goals achieved in this
thesis.

1.4.1 The Stratospheric Sudden Warming

Stratospheric sudden warming (SSW) is an extreme meteorological event
that usually takes place in the northern wintertime polar stratosphere. Dur-
ing this event the westerly winds in the polar vortex is seen to slow down
or even reverse their direction within a few days. This is also accompanied
by a sudden rise in stratospheric temperature by several tens of degrees.
SSW was first discovered by Scherhag (1952) when he observed a sudden
increase in the 10 mbar temperature during a radiosonde experiment over
Berlin on January 30, 1952. An example of the changes in the stratospheric
mean zonal wind and temperature during an SSW event can be seen in
Figure 1.5 taken from Goncharenko et al. (2010a), which includes the ob-
servation of stratospheric conditions at 10 hPa during the major SSW that
took place in the winter of 2008-2009. The stratospheric data from the Na-
tional Center for Environmental Predictions (NCEP) is used to illustrate
conditions at 10 hPa (~ 32km) in this figure. Data for the winter of 2008-
2009 are shown with solid circles, and multi-year means (averaged from
1978 to 2008) are shown with solid lines. During the stratospheric sud-
den warming event of 2009, stratospheric temperatures at 90°N sharply
increased by more than 70 K, while the zonal mean zonal wind at 60°N
reversed from westerly (wintertime) to easterly (summertime). The peak
warming at the 10 hPa level is reached on 23-24 January 2009 with temper-
ature in the 60°N-90°N latitude band increasing by 30 K. The circulation
is dominated by a planetary wave 2, which exceeds the long-term mean
level by a factor of almost 3, while the activity of planetary wave 1 remains
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relatively low. The extremely low solar and geomagnetic activity, indicated
by the F10.7 and Kp indexes shows that ionospheric effects are related to
the stratospheric warming event.
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Figure 1.5: Summary of stratospheric and geomagnetic conditions for the winter
of 2008—2009. (top to bottom) Stratospheric temperature at 20°N and
10 hPa (=~ 32km), zonal mean stratospheric temperature at 60°N-20°N,
zonal mean zonal wind at 60°N, planetary wave 1 activity at 60°N and
10 hPa, planetary wave 2 activity at 60°N and 10 hPa, F10.7 index, and
Kp index. Lines indicate 30 year means of stratospheric parameters,
and solid circles indicate data for the winter of 2008-2009 (from Gon-
charenko et al. (2010a), Figure 1, reprinted with kind permission from

publisher John Wiley & Sons Ltd.).

The wintertime stratospheric polar circulation is characterized by strong
westerly winds that constitute the polar vortex. Because there is an ap-
proximate geostrophic balance between the horizontal pressure gradient
and Coriolis acceleration, the wind flows parallel to isobars. This mean
circulation is occasionally disrupted by planetary waves that propagate
from the troposphere and dissipate their energy and momentum in the
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stratosphere (e.g., Andrews et al., 1987). Breaking of these waves causes
poleward meridional circulation in the extratropical stratosphere, with up-
ward motion in the tropics and downward motion in polar latitudes (e.g.,
Holton et al., 1995). The downward motion results in adiabatic heating as
the air parcels get compressed with increasing pressure and this leads to
a warming in the polar stratosphere. Matsuno (1971) originally proposed
this mechanism of SSW by suggesting the extreme case of the wave-mean
flow interaction which has been widely accepted. Through the amplifi-
cation of planetary waves in the troposphere his numerical model was
successful in reproducing many features of an SSW.

The World Meteorological Organization (WMO) classifies SSWs (e.g.,
Andrews et al., 1987) into two broad categories namely

* minor warming events
* major warming events

According to the WMO definition, an SSW is classified as major if a
complete reversal of the zonal mean zonal wind is seen at 60°N & 10
hPa pressure level. If there is only a reversal of meridional temperature
gradient poleward of 60°N & 10 hPa and an absence of the reversal of
mean zonal wind then an SSW is usually classified as a minor warming
event.

SSWs can be further classified into vortex displacement and vortex split-
ting events (e.g., Charlton and Polvani, 2007). Vortex displacement type
SSWs are associated with large amplitudes of longitudinal wave number 1
planetary waves whereas vortex splitting SSWs are typically caused by am-
plification of wave number 2 planetary waves. Figure 1.6 presents a com-
posite of geopotential height at 10hPa corresponding to a vortex displace-
ment (left) type SSW during January 2012 and a vortex splitting (right)
type SSW during January 2013. These two types of vortex breakups are
associated with large amplitudes of planetary wave number 1 and 2, re-
spectively.

1.4.2 The Equatorial Electrojet

The equatorial electrojet (EE]) is a narrow ribbon of intense current flow-
ing during the daytime above the dip equator in the E-region of the iono-
sphere. It is confined to a latitudinal extent of £3° on either side of the dip
equator. The EE] was discovered when the geomagnetic variations at the
Huancayo observatory in Peru were found to be unusually large in com-
parison to those at other latitudes away from the equator and it has since
been extensively studied (e.g., Bartels and Johnston, 1940; Chapman, 1948).
Figure 1.7 from Onwumechilli (1967) shows the variation of daily range of
horizontal component (H) of the Earth’s magnetic field with latitude. The
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Figure 1.6: Composite of Geopotential height at 10 hPa corresponding to (left) a
vortex displacement type SSW during January 2012 and (b) a vortex
splitting type SSW during January 2013. The plots are downloaded
from the website of PSD-ESRL, NOAA.

large magnitude of the daily range of H at the dip equator is due to the
EE]. The presence of an overhead current over the dip equator was sug-
gested by Egedal (1947) as the reason for these abnormal variations and
this phenomenon was later termed the "equatorial electrojet" by Chapman
(1951). The major features of EEJ has been investigated extensively from
ground observations (e.g., Forbes, 1981), from sounding rockets (e.g., On-
wumechilli, 1998 and references therein) and from low-Earth orbiting satel-
lites (e.g., Cain and Sweeney, 1973; Jadhav et al., 2002; Liihr et al., 2004).
The locally excited diurnal tide in the thermosphere is considered to be
the prime driver of ionospheric wind dynamo currents and it accounts for
about half of the EE] current (Yamazaki et al., 2014). In addition to in situ
generated tides, the other half of the EE]J current flow is accounted by the
upward propagating tides of lower atmospheric origin (Yamazaki et al.,
2014).

The unique geometry of the magnetic field at the dip equator along
with the relatively low conductivity (in comparison to the E-region) at the
lower and upper boundaries are the factors largely responsible for the ex-
istence of equatorial electrojet. The phenomenon of EEJ can be explained
through a schematic plot as shown in Figure 1.8. At low latitudes, the
wind-dynamo mechanism sets up an eastward polarization electric field
(E; in Fig. 1.8) due to accumulation of charges at dawn and dusk termina-
tors. Due to anisotropic conductivity in the ionosphere, the eastward po-
larization electric field drives an eastward flowing Pedersen current (opEy)
and a downward flowing Hall current (o Eq) that is perpendicular to both
the direction of electric and magnetic fields. The flow of the vertical Hall
current is inhibited at the boundaries due to regions of lower conductivity
leads to a creation of a vertical polarization field (E; in Fig. 1.8) to negate
the accumulation of charges (Baker and Martyn, 1953). This vertical po-
larization field not only drives an upward Pedersen current (opE;) that
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Figure 1.7: Variation of the daily range of horizontal component of magnetic field
with latitude on international quiet days between September and Oc-
tober, 1958. Figure taken from Onwumechilli (1967).

balances the downward Hall current (o E1), but also an eastward Hall
current (o E;) in the direction of the original electric field thus reinforcing
it. The balance of vertical currents gives the relation,

onEr = opky (1.6)

and the net eastward current can be written as,

2
(0}
opk1 +opky = <O‘p + 0‘_:[> E;. (1.7)

The effective conductivity in the eastward direction op + % is called the
Cowling conductivity. The physics of this process was already in place
much before the actual discovery of this phenomenon. Cowling (1932)
theoretically discovered that when a Hall current flowing normal to the
boundaries is restricted then the effective conductivity parallel to the bound-
aries becomes greater than the Pedersen conductivity. This physical mecha-
nism has been used to explain the phenomenon of the equatorial electrojet.

1.4.3 The Lunar Tide

1.4.3.1 The Atmospheric Lunar Tide

The lunar influence on the tides in the ocean has been known much before
the modern scientific age. Pytheas of Marseilles (around 320 B.C) is cred-
ited to have been the first to recognize the relation between coastal tides
and lunar transit times during his extensive voyages. The occurrence of
the high tide and moon’s crossing across the meridian became an accepted
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Figure 1.8: A schematic illustrating the Cowling effect in the equatorial electrojet.
From Yamazaki et al. (2011).

idea much before the issue of second high tide was resolved by Newton
(1687). Atmospheric tides, though they existed, were not observed until
the invention of barometer by Torricelli in 1643. Newton recognized that
tidal forces must affect the atmosphere in a similar way as the oceans but
he thought that the atmospheric tides would be difficult to detect due to
their smaller amplitudes. In the 19th century, Laplace attempted to detect
the lunar tide through barometric observations in Paris but his attempts
were unsuccessful. It was Sabine (1847) who first detected the atmospheric
lunar tide from tropical pressure data. The first detection of lunar tide out-
side the tropics was demonstrated by Chapman (1919) when he succeeded
in determining the semi-diurnal lunar tide from the Greenwich barometer
data. The mathematical theory of lunar tide in the atmosphere and the his-
torical descriptions have been elucidated in great detail in Chapman and
Lindzen (1970).

The atmospheric lunar tides are primarily caused by the gravitational
attraction of the moon on the lower and denser regions of Earth’s atmo-
sphere. Other sources of lunar tides include tidally induced movement of
solid Earth and oceans (e.g., Hollingsworth, 1971; Vial and Forbes, 1994).
Atmospheric lunar tides propagate vertically upward and are capable of
penetrating up to the thermosphere. The tidal amplitude grows exponen-
tially with height and reaches its maximum at approximately 120 km be-
fore dissipating (Vial and Forbes, 1994). The atmospheric lunar tides are
dominated by the semi-diurnal (12.42 h) component.

Observational studies on the analysis of the atmospheric lunar tide for
many years were based on the ground pressure data due to the require-
ments of long data records. At the surface, the amplitude of lunar semid-
iurnal tide in barometric pressure is almost ;—Oth of the solar semidiurnal
tide (Chapman and Westfold, 1956). Above it, tidal analysis from ground
up to 10 hPa rely on data from radiosonde stations. From 30 to 60 km the
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vertical structure of lunar tides have been obtained from meteorological
rocket soundings. In the MLT region radar observations have generated
data sets which have greatly advanced our knowledge about the lunar
tidal characteristics. Through radar measurements, the seasonal and an-
nual variation of lunar tides have been determined (e.g., Stening et al.,
1987; Stening and Vincent, 1989; Sandford et al., 2006) at heights between
8o and 105 km. In recent times global structure of the lunar semidiurnal
tide has been obtained by Paulino et al. (2013) by using the continuous
temperature measurements from the SABER (Sounding of the Atmosphere
Using Broadband Emission Radiometry) instrument on board the TIMED
(Thermosphere Ionosphere Mesosphere Energetics and Dynamics) satel-
lite. Modeling studies by Vial and Forbes (1994) and Forbes (1982) have
also been useful in examining various characteristics of the atmospheric
lunar tides. Forbes (1982) used a numerical model to investigate the verti-
cal characteristics of lunar tide from the surface to 400 km. Stening et al.
(1997) used a lunar atmospheric tidal model similar to Forbes (1982) and
investigated the effects of changes in atmospheric propagation conditions
to the structure of lunar tides.

The study of atmospheric lunar tides is of particular interest because
the forcing mechanism in general is precisely known and thus comparison
between numerical simulations and observations provide a diagnostic tool
to verify the atmospheric models. In future we may be able to attain a level
where the state of the lunar tide in the mesosphere or lower thermosphere
could make us deduce the lower atmospheric propagating conditions.

1.4.3.2 The Geomagnetic Lunar Tide

The daily geomagnetic field variation on the ground shows a dependence
on the phase of the moon which is termed as the lunar daily variation
and denoted by L. The cause of this variation lies in the ionospheric dy-
namo region which when driven by lunar tidal winds induce electric fields
through dynamo mechanism that drives the ionospheric electric currents
(e.g., Tarpley, 1970).

The first attempt to recognize L in geomagnetic field variation was un-
dertaken by Kreil of Prague in 1839 but his efforts were not successful
until 1850. Geomagnetic lunar variation was recognized by Van Bemmelen
(1912) as a worldwide phenomenon based on his applications of spheri-
cal harmonic analysis on the geomagnetic data. Early efforts on this sub-
ject also include the work by Chapman (1919), in which detailed studies
of geomagnetic lunar variations at individual magnetic stations was re-
ported. Through the use of ground magnetic recordings Chapman and
Bartels (1940) derived the equivalent external (overhead) lunar current sys-
tem. Later, Matsushita and Maeda (1965) were the first to determine the
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equivalent external (overhead) and internal (induced within the earth) cur-
rent systems responsible for lunar daily variations.

The main component in L, derived from ground based magnetometers
is the semidiurnal lunar variation with a period of 12.42 hours. As men-
tioned earlier, lunar tides are excited near the surface of the Earth mainly
due to the gravitational attraction of the moon and the tidal movements
of oceans and land mass. These waves can propagate vertically upward
into the ionospheric dynamo region where they drive the current system
through the dynamo mechanism. In the dynamo region the semidiurnal
component of the lunar tide in the wind reaches an amplitude of up to 10 -
15 m/s (Zhang and Forbes, 2013). This amplitude is at least 3 times smaller
than the amplitude of solar semidiurnal tide in the winds at dynamo re-
gion heights. The magnitude of the geomagnetic lunar (L) variation is es-
timated to be approximately ]]—Oth of the geomagnetic solar quiet (Sq) vari-
ation (Yamazaki et al., 2011). The global behavior of L on the ground can
reasonably be well explained by the existence of a current system in the
ionosphere which is driven by the atmospheric lunar tides (Maeda and
Fujiwara, 1967).

It is also important to mention here that the characteristics of L near
the equatorial electrojet is quite different from those which are observed
at other latitudes. Near the magnetic equator, L, is amplified to the extent
that on occasions it is comparable or greater than the Sq variation. In the
next section the anomalous behavior of L in EE]J is discussed.

1.4.3.3 Lunar tide in the equatorial electrojet

The lunar tidal modulation of the equatorial electrojet intensity has been
known for a long time (e.g., Bartels and Johnston, 1940; Rastogi and Trivedi,
1970). A large amount of our knowledge about L in the electrojet has been
gained through magnetic observations at Huancayo, Peru. The high in-
tensity of the electrojet over Peru due to the local configuration of the
geomagnetic field (Sugiura and Cain, 1966; Sugiura and Poros, 1969) leads
to anomalously large values of L in the horizontal component of mag-
netic field observations (H) (e.g., Bartels and Johnston, 1940; Forbush and
Casaverde, 1961). The lunar daily variation in the equatorial electrojet also
displays certain anomalous features that differentiates its behavior from
the lunar variations elsewhere. A specific example is the maximum am-
plitude of L in the electrojet which is recorded during December solstice
(e.g., Chapman and Rao, 1965, Rastogi and Trivedi, 1970). At other lati-
tudes, the maximum in L is recorded during local summer. Bartels and
Johnston (1940) pointed out the existence of ‘big-L days’” at Huancayo in
January during which the L in H becomes conspicuously large and even
comparable to solar daily variations. In recent literature the big-L days’
have been linked with the occurrence of SSWs (Fejer et al., 2010; Yamazaki,
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2014). Studies have shown that an amplification of the lunar tidal effects
in the ionosphere is associated with the changed tidal propagation condi-
tions during SSWs (Stening et al., 1997; Forbes and Zhang, 2012). The effect
of the SSWs on the lunar tidal amplification in the equatorial electrojet is
discussed in greater detail in Chapters 2 and 3 of this thesis.

1.4.4 SSW impacts on the equatorial electrojet

In this section the impacts of stratospheric sudden warming on the equato-
rial electrojet is discussed. Stening et al. (1996) first showed an association

between the occurrence of counter-electrojet (reversed equatorial electro-
jet) and SSW events. Their results were confirmed by Vineeth et al. (2009)

when they also found the increased occurrences of counter-electrojets (CEJs)
with a quasi 16-day periodicity during SSW events. A probable explanation

for this stratosphere-low ionosphere connection was made by Sridharan et

al. (2009) and they suggested that the enhanced semi-diurnal tidal ampli-
tudes during SSWs influence the day-to-day variability of CEJ events. The

onset of CEJ events during SSWs was found to occur near the new moon

and full moon phases by (Fejer et al., 2010) and they also pointed out the

semi-diurnal perturbations in the EE] during SSWs that moved to later

hours in succeeding days signified the enhancement of lunar effects in the

EE]J.

Figure 1.9 taken from Fejer et al. (2010), shows the semi-diurnal per-
turbation in the EE]J at the Pacific, Indian and Peruvian sectors during
the 2002-2003 SSW event. In this period, new moon days (solid circles)
occurred on December 4th and January 2nd, and full moon days (open
circles) occurred on December 19 and January 18. After the late December
warming onset, the electrojet intensities (AH) first weakened for about 2
days in all the sectors and then, around new moon, suddenly developed
multi-day perturbation patterns with largely enhanced morning eastward
and afternoon westward currents that systematically shifted to later local
times. Strong morning counter-electrojets were seen around the first and
last quarters (January 10 and 25). The morning and afternoon current per-
turbations occurred first and were strongest in the American sector and
developed last and were weakest (particularly in the afternoon) in the Pa-
cific sector. Similar, but weaker, current perturbations developed near full
moon after the second warming, when the high-latitude wind perturba-
tions were even larger. These perturbation events are about 14 days apart,
as expected for the lunar semimonthly tide.

Ground-based results were further confirmed from satellite measure-
ments by Park et al. (2012) when they found a one-to-one correspondence
between lunar modulation of EE] intensity (from CHAMP magnetic record-
ings) and SSWs between 2001-2009. Figure 1.10 taken from Park et al.
(2012), demonstrates the lunar tidal enhancements of the EE] during De-
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Figure 1.9: Equatorial horizontal magnetic field deflections in three longitudinal
sectors and high-latitude zonally averaged stratospheric temperatures
and zonal winds during December 2002 and January 2003. The days
of new and full moons are indicated by open and solid circles, respec-
tively (from Fejer et al. (2010), Figure 4, reprinted with kind permission
from publisher John Wiley & Sons Ltd.).

cember 2001 to August 2009. The 13 day oscillations (third panel of Fig-
ure 1.10) correspond to lunar semidiurnal periods from the frame of the
CHAMP satellite. From their results, the enhancement of 13 day oscilla-
tions of the EE]J strength in each midwinter with SSW are observed suggest-
ing a one-to-one correspondence between the lunar tidal enhancements
and SSW occurrence. Yamazaki et al. (2012b) later showed the correlation
between amplification of geomagnetic lunar tides in EEJ and the occur-
rences of SSWs using the magnetic recordings at Addis Ababa between
1958-2007. They also found out a correlation between lunar tidal amplifica-
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Figure 1.10: SSW observations from December 2001 to August 2009. From top

to bottom the panels show detrended daily averages of normalized
EE] strength, the wavelet power spectrum, wave power at the 13 day
period, stratospheric temperature difference, and zonal wind. Red
vertical lines correspond to noon LT of the CHAMP orbit. The white
horizontal line in the second panel represents the 13 day period, and
the blue horizontal line in the third panel is intended to guide the
eye (from Park et al. (2012), Figure 3, reprinted with kind permission
from publisher John Wiley & Sons Ltd.).

tion and the occurrence of SSW events but their results showed instances
when there was no lunar amplification despite of an SSW event.

Most of the these observational results have been well supported by
modeling studies. Amplification of solar and lunar tides at dynamo region
heights has been deduced during SSWs from model results (e.g., Pedatella
et al., 2012; Pedatella and Liu, 2013). Lunar tidal amplification has been
explained by Forbes and Zhang (2012) through the shifting of a resonance
peak of the atmosphere to semidiurnal lunar periods. Tidal changes have
been mainly attributed to changed propagation conditions during SSWs
which then could also affect the generation of electric fields and currents
in the ionosphere. The impacts of SSW on the equatorial electrojet has
been specifically explored in this thesis through ground- and space-based
magnetic field observations. The next three chapters in this thesis present
results of published papers, each discussing a detailed analysis of the lunar
tidal modulation of the EEJ during SSWs.
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1.5 SCOPE AND OBJECTIVES OF THE THESIS

The day-to-day variability of the ionosphere due to lower atmospheric pro-
cesses has so far been an outstanding issue that needs to be addressed.
The stratosphere-ionosphere coupling during SSWs provide an opportu-
nity to better understand the processes behind the lower atmospheric forc-
ing of the ionosphere and to improve the capabilities that may lead to
ionospheric weather forecasting in the future. In this thesis, the SSW in-
duced variability in the strongest low latitude ionospheric current, known
as the equatorial electrojet, is particularly studied in detail. One particular
reason for studying the SSW impacts in the EEJ is the availability of sev-
eral decades of observational data. Ground-based magnetic observations
underneath the EE] date back to early 1920s at the Huancayo observatory
in Peru. This extended dataset has been used to analyze the response of
the equatorial electrojet to all the listed major and minor SSWs since they
were first detected in 1952.

The SSW impacts on the EE] result in the enhancement of lunar tidal am-
plitudes, and it has been studied using ground- and satellite-based mea-
surements (e.g., Fejer et al., 2010; Yamazaki et al., 2012b; Park et al., 2012;
Sathishkumar and Sridharan, 2013). Quantitative estimation of global lu-
nar tidal enhancements in the EEJ during SSWs using the CHAMP satellite
measurements has been carried out by Park et al. (2012). Lunar tides in the
EE] have also been quantitatively derived during SSWs using the ground-
based measurements in the Indian (Sathishkumar and Sridharan, 2013)
and African (Yamazaki et al., 2012b) sectors. In the Peruvian sector despite
the availability of Huancayo observatory data, no such studies have been
carried out. As the number of observatories near the magnetic dip equator
that have continuous magnetic field recording capabilities are very limited
it becomes important to study the SSW impacts in the EEJ by making use
of the data from the Huancayo observatory.

The central theme in this work is the long-term investigation of the lunar
tide in the equatorial electrojet during SSWs mainly by using the ground
magnetometer recordings at Huancayo (Chapters 2-4). Additionally, the
EE] data from the CHAMDP satellite, SABER temperature measurements
and ground magnetometer recordings at Tirunelveli, India have also been
used for comparison studies in Chapter 4. The polar stratospheric diag-
nostics for SSWs have been achieved by making use of the NCEP/NCAR
(Chapter 2)and MERRA (Chapters 3 & 4) reanalysis data sets at different
pressure levels.

The general pattern of analysis in this work involves the estimation of
the lunar tidal amplitude in EE] during SSWs from magnetic recordings
followed by a comparison with the polar stratospheric wind and temper-
ature measurements corresponding to the SSW events. The stratospheric
diagnostics for identifying SSWs in the literature have generally relied on
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the wind and temperature measurements poleward of 60°N and 10 hPa
(= 31 kms) pressure level. The state of polar vortex can also be measured
by another criteria proposed by Zhang and Forbes (2014) which quantifies
the concept of Polar Vortex Weakening (PVW) and has been described in
detail in Chapter 3. This criteria has been used in Chapters 3 and 4 for
establishing a relation between the enhancement of lunar tides in the EE]
and the occurrence of the SSW.

In addition to using the magnetic recordings at Huancayo, in Chapter
4, the EE] data from CHAMP and the magnetic recordings at Tirunelveli
have also been utilized to investigate the longitudinal differences in the
lunar tidal modulation of the EE]J in the Peruvian and Indian sectors dur-
ing two major SSWs (2006 and 2009) of the past decade. It is found that
the lunar tidal enhancements in the EE] during SSWs are not globally sim-
ilar suggesting that the local variabilities also play an important role and
should be necessarily considered for an improved understanding of the
mechanisms behind the stratosphere-ionosphere coupling.

Although, the scope of this study is limited to ground- and space-based
magnetic measurements, it is expected that the results from this work
would be particularly helpful in understanding the temporal variations
of lunar tides in EE] during SSWs. The following part of this section sum-
marizes the objectives that have been considered in this thesis:

¢ The magnetic recordings at the Huancayo observatory started much
earlier in time when the first SSW event was not yet detected. The
SSW events have been shown to impact the ionospheric current sys-
tems through the modulation of lunar tides. One primary goal that
has been pursued in this thesis is the possibility of identifying his-
torical SSWs (pre-1952) from magnetic field recordings at Huancayo.
The EE] intensity at Huancayo can be derived as early as 1922 which
is not feasible at any other magnetic observatory under the dip equa-
tor. In Chapter 2, a simple but an intuitive approach is developed
which utilizes this data set to identify historical SSWs from magnetic
records.

¢ The polar stratospheric wind and temperature diagnostics for the
SSW events are abundantly available in the literature. It is therefore
a difficult task to recognize a particular definition of SSW which pro-
vides the best representation of middle atmosphere dynamics that
can be associated with lunar tidal enhancements in the MLT and in
the E-region of the ionosphere. The second objective of this study
deals with identifying one such definition of an SSW that could be
used to compare the correlation in timing and intensities between the
stratospheric conditions and ionospheric response during the SSWs.
In Chapter 3, the definition of Polar Vortex Weakening (PVW) is dis-
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cussed and its timing and amplitude have been compared with the
lunar tidal enhancements in the EE].

¢ The availability of data from magnetic observatories near the dip
equator across different longitudes also present an opportunity to
investigate the longitudinal variation of the lunar tidal effects in the
EE] during SSWs. The third objective carried out in this thesis is to
identify the longitudinal variabilities in the lunar tidal enhancements
in EEJ during SSW events and to explore the mechanisms that could
explain the difference in the lunar tidal response in different longitu-
dinal sectors. In Chapter 4, the lunar related effects in the EEJ during
major SSWs in 2006 and 2009 have been studied from ground and
satellite observations in the Peruvian and Indian sectors.

1.6 ORGANIZATION OF THE THESIS

This thesis is structured in the form of a publication-based cumulative
thesis and is comprised of three published articles. The first chapter in-
troduces the relevant background information and the scope of this thesis.
The next three chapters comprise of the published papers and the last chap-
ter presents the summary from this work and further possible research op-
portunities. The methods of analysis that have been used in this work are
described accordingly in individual chapters. The following subsections
present a brief overview of the three manuscripts that is then followed by
the individual contributions of the authors.

1.6.1  Chapter 2: Relation between stratospheric sudden warming and the lunar
effect on the equatorial electrojet based on Huancayo recordings

This chapter investigates the relationship between the lunar tidal modula-
tion of the equatorial electrojet (EEJ) and the stratospheric sudden warm-
ing (SSW) based on the magnetic field recordings at Huancayo observatory
in Peru. A new method (Sec. 2.4) based on the phase of the semi-monthly
lunar tide is proposed for determining the modulation of the EE]J during
SSWs due to lunar effects. This is followed by a superposed epoch analysis
(Sec. 2.6.2) of the semi-monthly lunar tide and lower stratospheric param-
eters to showcase a relationship between them.

1.6.2 Chapter 3: On the relationship between weakening of the northern polar
vortex and the lunar tidal amplification in the equatorial electrojet

In this chapter magnetic field recordings at Huancayo between 1997 and
2013 are again employed to determine the lunar tidal modulation in the
equatorial electrojet (Sec. 3.4.1). Thereafter, the concept of polar vortex
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weakening (PVW) (Sec. 3.4.2) is utilized to demonstrate that the timing
and magnitude of both the PVW and the lunar tidal enhancements in the
EE]J (Sec. 3.5) show a correlation with each other. It is found that the tim-
ing of lunar tidal peaks and PVW correlate better than their respective
magnitudes.

1.6.3 Chapter 4: Longitude dependent lunar tidal modulation of the equatorial
electrojet during stratospheric sudden warmings

In this chapter the longitudinal dependence of the lunar tidal modula-
tion of the EE] during 2006 and 2009 major SSWs is analyzed using the
ground-based magnetic field recordings (Sec. 4.4.1) at Huancayo, Peru and
Tirunelveli, India and CHAMP derived EE] current densities (Sec. 4.4.2).
The lunar tidal modulation of EE] was found to be significantly stronger
at Huancayo than over at Tirunelveli during both these SSW events from
ground and space measurements (Sec. 4.5). The lunar tidal amplitude also
showed similar enhancements in the Peruvian sector during the two major
SSWs, but the enhancements in the Indian sector were notably different
during these SSW events. It is suggested that the local variabilities such
as ionospheric conductivity, the magnetic field strength and changing at-
mospheric conditions from year to year could be the cause behind the
observed longitudinal variations.

Contributions

The author of this thesis carried out the research and wrote the published
articles. Along with Prof. Dr. Claudia Stolle and Prof. Dr. Hermann Liihr,
the author developed the ideas and theories which led to the final versions
of these articles. As co-authors, Dr. Stolle and Dr. Liithr provided significant
suggestions and instructions during the course of submission and revision
of the articles. Dr. Jaeheung Park and Dr. Jiirgen Matzka also provided
critical comments and valuable scientific inputs in the articles that form
Chapters 2 and 3, respectively, in this thesis.
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2.1 ABSTRACT

It has been known for many decades that the lunar tidal influence in the
equatorial electrojet (EE]) is noticeably enhanced during northern hemi-
sphere winters. Recent literature has discussed the role of stratospheric
sudden warming (SSW) events behind the enhancement of lunar tides and
their findings suggest a positive correlation between the lunar tidal am-
plitude and lower stratospheric parameters (zonal mean air temperature
and zonal mean zonal wind) during SSW events. The positive correlation
raises the question whether an inverse approach could also be developed
which makes it possible to deduce the occurrence of SSW events before
their direct observations (before 1952) from the amplitude of the lunar
tides. This study presents an analysis technique based on the phase of
the semi-monthly lunar tide to determine the lunar tidal modulation of
the equatorial electrojet (EE]). A statistical approach using the superposed
epoch analysis is also carried out to formulate a relation between the EE]
tidal amplitude and lower stratospheric parameters. Using these results,
we have estimated a threshold value for the tidal wave power that could
be used to identify years with SSW events from magnetic field observa-
tions.
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2.2 INTRODUCTION

The equatorial electrojet (EEJ) is a narrow band of intense electric cur-
rent flowing in the east-west direction above the magnetic dip equator in
the daytime E-region of the ionosphere. The electrojet is a Hall current
which is driven by the large vertical electric field set up at the dip equator
(Stening, 1995). The influence of the lunar tides on the Equatorial Elec-
trojet (EE]) has been known for a long time. Bartels and Johnston (1940)
carried out the initial study of the lunar influence on the EE] and they
reported the existence of ‘big L days between the months November to
March at Huancayo in Peru. During these days they observed that the lu-
nar daily variations in the horizontal component of the magnetic field get
considerably enhanced compared to normal days. This similar enhance-
ment was then reported at other equatorial observatories (e.g., Kodaikanal
(Egedal, 1956), Ibadan (Onwumechilli, 1960), Addis Ababa (Gouin, 1960).
Rastogi and Trivedi (1970) discussed the seasonal variation of lunar tides
within the equatorial electrojet at several equatorial observatories. Liihr et
al. (2012) presented a comprehensive overview of lunar tides in the EE]
using the data from the CHAMP satellite. All of these studies confirmed
the enhanced tidal amplitudes around the December solstice.

It has been proposed in recent years that this noticeably enhanced lu-
nar tidal effect in the equatorial electrojet during northern winters coin-
cide with stratospheric sudden warming (SSW) events. The phenomenon
of SSW was first observed by Scherhag (1952) and since then it has been
studied quite extensively. An SSW is a large scale meteorological event
characterized by the weakening of the westerly winds in the northern
stratosphere and a breakdown of the polar vortex which leads to a sud-
den rise in the polar stratospheric temperature by several tens of degrees
(e.g., Andrews et al., 1987). Matsuno (1971) proposed the non-linear inter-
action of the vertically propagating planetary waves with the zonal mean
flow as the key mechanism for generating SSWs. The effects of SSW are
not only restricted to the stratosphere but also extend into the ionosphere.
Therefore, SSW is sometimes regarded as one of the most important large
scale meteorological phenomena (e.g., Chau et al., 2012).

Recent literature has debated whether SSW events facilitate the lunar
tidal propagation which in turn leads to enhanced tidal amplitudes around
the December solstice (e.g., Fejer et al., 2010; Fejer et al., 2011; Stening, 20171;
Park et al., 2012; Yamazaki et al., 2012a; Yamazaki et al., 2012b). Stening
(2011) pointed out that the relation between the large lunar tide in EEJ and
SSW events could be coincidental, while Park et al. (2012) confirmed a one-
to-one correspondence between the lunitidal enhancement at ionospheric
heights and the occurrence of SSW events between 2001-2009. Likewise,
Yamazaki et al. (2012b) investigated the correlation between the amplitude
of the geomagnetic lunar tide at Addis Ababa and lower stratospheric
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parameters and confirmed the occurrence correspondence between SSWs
and the enhancement of the geomagnetic lunar tide for the majority of
years between 1958-2007. However, their report certains counter examples
during January 1983 and January 1985 where the occurrence correspon-
dence breaks down.

The purpose of this paper is an attempt to deduce the occurrence of
SSW for the times before their direct observations (before 1952). For achiev
ing this goal we make use of magnetic field recordings of the Huancayo
observatory, which is located under the magnetic equator. The observatory
started recordings in 1922.

In the following sections we first describe the various data sets used in
this study in Section 2.3. In Section 2.4 we introduce our approach for de-
termining the strength of the lunar tidal modulation of the equatorial elec-
trojet. In Section 2.5 results are presented. We start with the years past 1952
and make direct comparison with stratospheric observations of the SSWs.
Afterwards we also show EE]J lunar modulations from time before SSW ob-
servations. Section 2.6 provides a discussion of our results in comparison
to related studies. Furthermore, we provide a statistical assessment of the
relation between SSW parameters and lunar tidal amplitude and make pre-
dictions of SSW events derived from lunar tides in magnetic data. Results
are summarized in Section 2.7.

2.3 DATASET

The choice of the observatories is based on the fact that we want to mon-
itor the variation of the equatorial electrojet as far back into the past as
possible. In addition, we require that one of the observatories lies within
the electrojet zone and the other lies outside of it. The purpose of this ap-
proach is that a major part of magnetospheric variation at an equatorial
observatory can be removed by considering variations at a non-equatorial
observatory (e.g., Manoj et al., 2006). Thus the observatories Huancayo,
HUA, (-12.05°N, 284.67°E) and San Juan, SJG, (18.11°N, 293.85°E) consti-
tute one such pair. The latitudinal difference between the Huancayo - San
Juan pair is 30.16° while the longitudinal difference between the stations
is 9.18°. San Juan serves as a reference station to the equatorial station at
Huancayo for eliminating the effects of large scale magnetospheric fields.
The San Juan magnetic observatory has a continuous data record of hourly
means of the horizontal component of magnetic field since 1926. On the
other hand, the hourly means recorded at the Huancayo observatory are
available from 1922 onwards; however, there are some lengthy durations
of missing data for the periods 1962-1963, 1970-1978, 1981-1984 and 1991-
1996. Here we use the data available between the years 1926 to 2009 for the
Huancayo and the San Juan observatories to determine the lunar tides.
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We employ the hourly means of the geomagnetic horizontal field com-
ponent from these two magnetic observatories in our study. The data were
downloaded via the website of the World Data Centre (WDC) for Geomag-
netism, Edinburgh.

To consider the effects of solar activity on the EE] strength we use the
solar flux values Fig7 in sfu (10722Wm 2Hz ') which are available since
1947 on the website of the Dominion Radio Astrophysical Observatory in
Penticton, British Columbia, Canada. For earlier years we use the sunspot
numbers which are available since 1818 and can be downloaded from the
website of WDC-SILSO, Royal Observatory of Belgium, Brussels.

For identifying the SSW events, daily mean values of the zonal mean
temperature at 60°N and 9o°N at the 10 hPa level and daily means of the
zonal mean zonal wind at 60°N and at 10 hPa level were obtained from
the reanalysis data of the National Centers for Environmental Prediction/-
National Center for Atmospheric Research (NCEP/NCAR) (Kalnay et al.,
1996) for the years 1948 to 2010.

2.4 METHOD OF ANALYSIS

The total magnetic field variation at the dip equator includes the contribu-
tions from the EE], magnetospheric and Sq current systems and it is pro-
portional to (jy + jp) where jy and jp are the Hall and Pedersen currents,
respectively. In this paper, we follow the assumption that the magnetic
signature of the electrojet on ground, Hggj, is proportional to jy. For the
horizontal magnetic field component, H, we can write

H=Hmr+Hmp + qu + HEE] (2.1)

where Hyr is the main field, Hyp the field of magnetospheric currents
(e.g., ring current), Hsq the field of large-scale ionospheric currents and
Hggj the magnetic effect of the electrojet. To calculate the intensity of the
magnetic field that is only due to the effect of the electrojet, the first three
terms on the right hand side have to be removed. An estimate for the main
field, Hpmr, is obtained from the quiet night-time values. For both stations
we first calculate,

AH=H— HMF (2.2)

For the isolation of the electrojet effect we assume that large-scale fields
of magnetospheric currents are the same at both observatories (e.g., Stolle
et al., 2008). The equatorial electrojet strength is estimated from an obser-
vatory pair by evaluating the difference of the horizontal intensities AH, at
the two locations as,

Hegy = AHpua — AHsjg (2.3)



2.4 METHOD OF ANALYSIS

The strength of the EEJ currents shows a linear relationship with the
solar activity (Alken and Maus, 2007). Stronger EE] currents are recorded
during periods of solar maximum and vice-versa. In order to take into
account also the resulting day-to-day variability caused by EUV radiation,
the effects of solar activity on the EE] are normalized with the help of Fyg 7p
where Fip7p = m (Richards et al., 1994). Fy¢ 7 is the observed value
of solar radio emission at 10.7 cm for each day and Fjp7a is the 81-day
centered mean of Fyjp7. As the Fjo7 readings are available only since 1947,
we make use of the recordings of the sunspot numbers for normalization
before 1947.

For the correction of the solar flux dependence we apply the relation
deduced by Alken and Maus (2007) for their EEJM model. They propose
the linear relation

] =4458 x 10°(A/m)E +0.040(A/m) (2.4)

where ] is the height-integrated peak current density of the EE] in A/m
and E is the EUVAC (Extreme UltraViolet flux model for Aeronomic Cal-
culations) value, which is practically identical with our Fj7p readings. It
was shown by Manoj et al. (2006) that the EE] peak current density esti-
mated from the CHAMP satellite is highly correlated with the EE] intensity
derived from a ground observatory (Hggj). We normalized all our Hggj val-
ues to a solar flux value of Fio7p = 150 sfu. However, since the solar flux
index Fjp7 is available only since 1947, we had to use an alternative for
normalizing the solar activity influence before 1947. Our EUVAC index E
in equation (2.4) is in this case based on the sunspot number. Based on
a correlation analysis using the data from the years 1960-2009 we could
establish a linear relation between the Fjp7 and the sunspot number.

SunspotNumber + 62.58
Fio7 = P 103 (2.5)

The dominant variation of Hggj is the diurnal variation, but we are inter-
ested in the lunar tidal modulation of that signal. In order to suppress the
daily wave, the data are sorted into bins of 1 day by 1 h in Local Time (LT)
for two synodic months (59 days). The effect of solar tides is removed by
subtracting the mean over the 59-day period for each local time hour from
the bin averages. Figure 2.1 shows an example of this processing approach.
The top frame shows the Hggj obtained from the Huancayo - San Juan pair
before removing the dominant diurnal variation and the bottom frame
shows the similar plot after removing the diurnal variation. The local time
sector considered here is from o07:00 to 17:00 LT. Outside of this time in-
terval the EEJ signal is considered to be weak. Each dataset for analysis
starts with the day of the new moon phase and ends on the day before the
new moon. A sliding window of 59 days advanced by one synodic month
is applied for each subsequent dataset, as this overlap ensures improved
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Figure 2.1: The top frame shows Hggj obtained from the Huancayo - San Juan
pair during December 2002 - January 2003 before removing the solar
tidal effects. The bottom frame shows the same plot after the removal
of solar tidal effects.

amplitude resolution. We apply harmonic analysis for each local time hour
over the period of two synodic months (59 days) for a quantitative investi-
gation of the lunar signal. The frequency of interest is the fourth harmonic
signal (semi-monthly wave) for which both the phase (¢,ps) and the am-
plitude (a) are determined for each local time hour. We use the relation
described by Liihr et al. (2012) to predict the phase of the semi-monthly
lunar tide as a function of the lunar age (d) and local time (LT). The lunar
age is taken as the number of days, d, since new moon.

LT =0.98(d—do) +85h (2.6)

where dj is calculated by converting the moon phase of 12 h in terms
of lunar age. As the moon phase of 24 h corresponds to lunar age of 29.53
days, the moon phase of 12 h can be calculated to correspond to lunar age
of 14.76 days.

The lunar tide is an astronomical phenomenon. Therefore its phase is
well known. We take advantage of this a posteriori information for our
analysis. The expected phase, ¢pre, Of the lunar wave can be obtained by
using the relation for each local time hour

y
6h
where ¢y is the angle (in radians) corresponding to the common delay of
4.4 days from the new moon day until the tidal wave crest reaches 12 h

(bpre = (LT —12 h) + d)O (2-7)
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local time, as described by Park et al. (2012). The value of the phase (¢pre)
is used as the expected phase and compared with the value obtained from
the harmonic analysis.

We define a parameter € as

€ = Pobs — dpre (2.8)
The cosine of the difference between the computed and the observed phase
values is used as a weighting function and it has been determined experi-
mentally.

a =acose for e < g (2.9)

We use a filtering condition that if |e| > 7, then the derived amplitude
and the phase for that local time is not considered. A value lower than
7 could also be chosen but then it would result in fewer wave amplitude
values. The wave amplitude (a’) obtained is then divided by the sum of
weights.

We further normalize the amplitude for the expected diurnal variation
of the ionospheric conductivity, C, as described by Liihr et al. (2008). Their
assumption is based on the fact that the electron density of the E-layer
varies proportional to the square root of the cosine of the solar zenith
angle. The diurnal variation of the ionospheric conductivity does not only
influence the Sq currents but also the amplitude of the lunar tidal signal,
as has been shown by Liihr et al. (2012). Without the normalization, the
values around noon would dominate the tidal results.

C— Co\/cos{%t(LT—to)} (2.10)

where Cy is the value of the peak conductivity and t is the local time of
the peak conductivity. A suitable value for ty has been found to be 12:30
LT. For our purpose we chose Cy to be equal to 1.

In the determination of the mean amplitude, A, over the two synodal
months the lunar phase propagation from hour to hour is taken into ac-
count. The semi-monthly lunar tidal amplitude, A, is obtained by compar-
ing the coefficients in equation (2.11) where w is the angular frequency
given by (%—g day_] ), t, denotes time in days and ¢mean, denotes the phase
of the mean lunar tidal wave computed for 07:00 to 17:00 LT.

17 17

A cos (4wt — Pmean) = % Z a %T) Z 3 (2.11)
LT=7 LT=7
where,
B=cos(4dwt— Pops(LT) + €) (2.12)

The amplitude A is given in nT. For every lunar month we compute one
value.
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2.5 OBSERVATION

It has been observed that the influence of the lunar tide on the EE] inten-
sity is generally quite small except during certain ‘big L days” which were
reported by Bartels and Johnston (1940). During these days the lunar tidal
influence is much more prominent. Figure 2.2 shows two examples of the
diurnal magnetic field variations underneath the EE] from the Huancayo
observatory. On the left side (top) we see a two months period from a non-
SSW winter where the tidal effects are weak while the figure on the right
(top) corresponds to the EEJ variation with a prominent lunar tidal mod-
ulation during an SSW winter. The dashed lines mark the expected lunar
tidal wave propagation with local time from day to day, which fits very
well with the observed tidal wave crests. We plot the difference between
the stratospheric temperature at the North Pole (90°N) and the zonal mean
temperature from 60°N, both at 10 hPa in the middle panels and the differ-
ence between the zonal mean zonal wind (Ugy) at 60°N and 10 hPa from
the climatological mean (U¢) in the bottom panels to explain the different
response of the EEJ signal during the two periods.

It can be observed that on the left side the temperature difference be-
tween the two latitudes is quite constant but there is a fairly large varia-
tion on the right side. This variation in temperature difference is due to an
stratospheric sudden warming event. Therefore it can be clearly seen that
SSW events coincide with an amplification of the lunar tidal effect on the
EE]J.

The definition of a major SSW event according to the World Meteoro-
logical Organization (WMO) involves the reversal of the latitudinal tem-
perature gradient poleward of 60°N and the reversal of the zonal mean
zonal wind at 60°N at 10 hPa. The criteria for a minor warming event is
the increase in the stratospheric polar temperature by 25 K or more within
a week and involves no reversal of the zonal mean zonal wind. However,
here we follow the definition adopted by Yamazaki (2013) in which an
SSW winter is identified if the zonal mean zonal wind at 60°N and 10 hPa
shows a significant change from the climatology (Ugy — Uc <-20 m/s), and
there is a significant reversal in the temperature gradient (Top — Tgp >10 K)
during December - February. The readers may refer to Yamazaki (2013) for
more details on the definition. We determine the climatology (Uc) for the
zonal mean zonal wind by calculating the mean value from 1948 to 2010
at each day of the year. We list the dates of all the SSW (peak warming)
events obtained using this definition from 1952-2009 in Table 2.1.

We hereafter refer to the difference between the temperature at the
North Pole (?0°N) and the zonal mean temperature at 60°N, both at 10
hPa as the zonal mean temperature gradient.

In Figure 2.3, the top frame shows the wave power of the lunar tides
obtained according to equation (2.11) from the Huancayo - San Juan pair,
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Figure 2.2: The top panels show the diurnal variation of the EE] intensity (nT)
as observed at Huancayo. The middle panels show the temperature
difference in the stratosphere between the polar region and 60°N lat-
itude at 10 hPa. The bottom panels show the deviation of the zonal
mean zonal wind at 60°N and at 10 hPa from the climatological mean.
The left figure (top) shows the EE] variation on normal days with weak
lunitidal effect while the figure on the right (top) corresponds to the
EE] variation during an SSW event. The lines in the top right panel
mark the expected lunar tidal wave propagation in local time.

the middle frame shows the zonal mean temperature gradient for the pe-
riod 1952-1962 and the bottom frame shows the difference between the
zonal mean zonal wind (Ugp) at 60°N and 10 hPa from the climatological
mean (Uc). The red lines denote the days of SSW (peak warming) events.
Though the SSW events of February 1952 and January 1960 show enhanced
lunar tidal powers, we do not observe a one-to-one correspondence be-
tween the reversal of the temperature gradient and the enhancement of
the lunar tidal power during this period. During November 1952 and De-
cember 1954, there is a significant deviation of Ugy from Uc reaching close
to -20 m/s but Ty — T¢p <10 K during this time. During March 1953, a
significant increase in the temperature gradient can be observed but there
is no prominent deviation in the zonal mean zonal wind from climatol-
ogy. However, the lunar tidal enhancements can be seen during all these
times. Similarly, this behaviour can also be seen during December 1953
and February 1962 when only one of the parameter satisfies the SSW cri-
teria. However, during January 1958 no such enhancements are observed
even though Ug — Uc <-20 m/s. The lunar tides are also enhanced dur-
ing March 1959 and 1961 when both the SSW criteria are satisfied. We also
observe some counter-examples like during December 1955 where the lu-
nar tidal power increases without any of the SSW criterion being satisfied.
These examples suggest there are also other physical processes behind the
enhancement of the lunar tides that are not discussed by this definition

s 28 L H"“;b{' —_‘gd”t’f_-‘*‘# t&i
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Number SSW Events (Peak Warming)

01 23 Feb 1952
02 03 Jan 1960
03 10 Dec 1965
04 07 Jan 1968
05 07 Dec 1968
06 29 Dec 1969
07 10 Jan 1971
08 30 Jan 1973
09 02 Jan 1974
10 15 Dec 1976
11 21 Dec 1978
12 27 Feb 1979
13 o5 Feb 1981
14 28 Jan 1982
15 19 Jan 1987
16 10 Dec 1987
17 12 Feb 1989
18 27 Jan 1991
19 19 Jan 1992
20 02 Jan 1994
21 29 Jan 1995
22 27 Dec 1997
23 19 Dec 1998
24 20 Dec 2000
25 25 Dec 2001
26 17 Jan 2003
27 28 Dec 2003
28 23 Jan 2006
29 23 Feb 2008
30 23 Jan 2009

Table 2.1: SSW events between 1952-2009 identified using NCEP/NCAR reanal-
ysis data. The definition used to identify SSW events is described in
Section 2.4.

of SSW. Yamazaki et al. (2012b) also reported some cases where no such
correspondence was observed. We suggest further clarifications in the def-
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Figure 2.3: The top frame presents the wave power of the lunar tide derived from
the Huancayo-San Juan pair for the years 1952-1962. The middle frame
shows the zonal mean temperature gradient for the same period. The
bottom frame shows the difference between the zonal mean zonal
wind (Uegp) at 60°N and 10 hPa from the climatological mean (Uc).
The red lines mark the days of SSW (peak warming) events and the
black dashed line in the top panel, denotes the threshold level calcu-
lated for classifying SSW and non-SSW years.

inition of an SSW event might improve the correlation between the lunar
tidal enhancements and the lower stratospheric parameters.

The next set of continuous data records available for the Huancayo ob-
servatory and with much improved quality starts from 1997. In Figure 2.4
we show the same parameters as in Figure 2.3 for the period 1997-2009.
A much clearer lunitidal signature is obtained for this duration. Periods
of SSW events are much better confined and the ratio in signal power is
improved between periods of SSW events and other times. All the SSW
events between 1997-2009 except 2001 show enhanced lunar tidal powers.

Since, common datasets for observatories Huancayo and San Juan are
available from 1926 onwards, we computed the lunar tidal wave power in
the same way as before for these earlier years. Figures 2.5 and 2.6 show the
lunar wave power for the years 1926-1938 and 1939-1951, respectively. We
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Figure 2.4: Same as in Figure 2.3 but for the period 1997-2009.

again find clear peaks around the beginning of the years and minimum
values during the middle of the years. The annual variation is partly not
so clear for the early years up to 1932. During that time span repeatedly
data gaps are encountered that may have compromised the results. For the
rest of the time, values consistent with our assumption are derived for the
modulation of the EE] amplitude. For these early years the zonal mean air
temperature values from high latitudes are not available.

2.6 DISCUSSION
2.6.1  Comparison with earlier studies

Another study on the relation between lower stratospheric parameters
(zonal mean air temperature and zonal mean zonal wind) and lunar tidal
modulation of the electrojet was performed by Yamazaki et al. (2012b).
They used EE] recordings of the Addis Ababa observatory for the years
1958-2007. In general they can confirm with their independent dataset the
close correlation between the enhancement of the Northern Polar strato-
spheric temperature and lunar tidal amplitude. They also identify years
when the correlation breaks down, but these are a minority. They confirm
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Figure 2.5: The figure presents the wave power of the lunar tide derived from the
Huancayo - San Juan pair for the years 1926-1938. The black dashed
line shows the threshold level for classifying SSW and non-SSW years.

the correspondence in approximately 70% of the SSW events between 1958-
2007.

When deducing the occurrence of an SSW event from the EE] tidal sig-
nature a clear criterion is needed. For example, Park et al. (2012) defined
a threshold for the level of wave power of the lunar tide. In their pub-
lication they demonstrated a one-to-one correspondence between actual
SSW events and large enough lunar tidal signals for the years 2001-2009.
It would be desirable to also find a threshold value for the wave power
we deduced for Huancayo. A possibility is to estimate the threshold from
the average wave power of the years from 1997-2009 when the lunitidal
signatures are very clear. For this period we obtain an average value of
800 nT2. We define the threshold value to be 75% of the average value,
Atnr= 600 nT2. The black dashed lines in Figures 2.5 and 2.6 mark this
threshold. According to this rather simple classification we predict from
the early EE] recordings several non-SSW years. It is found that the oc-
currence frequency of historic SSWs from ground magnetic recordings is
around 6 events per decade. Since the frequency of major SSW events is
also approximately 6 per decade (Charlton and Polvani, 2007), this ap-
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Figure 2.6: Same as in Figure 2.5 but for the period 1939-1951.

proach seems realistic. Even though there are uncertainties involved these
are the first estimates of SSW events before the direct observations.

2.6.2 A superposed epoch analysis

For a more quantitative assessment of the timing between the enhanced
lunar tide and the SSW event, we use the method of superposed epoch
analysis (SEA). The SEA method is performed on the lunar tides estimated
from the Huancayo - San Juan station pair for the period of the best data
quality 1997-2009. It is then compared with the SEA results obtained from
the zonal mean temperature gradient (Topon - Tgoon both at 10 hPa) and
Ugo — Uc for the same time period. For our study, we define the starting
day of an SSW event as the first maximum of the zonal mean temperature
gradient during the northern winters. This date is taken as the key time
for selecting an interval of 60 days before and 120 days after the starting
day for performing the superposition. From Figure 2.4 it can be seen that
thirteen events are available for the SEA according to our classification
for the period 1997-2009. Since the wave power of the lunar tide is only
sampled once per lunar cycle, we use linearly interpolated values.



BHuancayo B

B

San Juan

(1997-2009)

2.6 DISCUSSION

1500

1000

a
o
o

A ]

|
I | I
-30 0 30 60 90 120
Days after SSW

o

Power of the lunitidal wave (nT)2
|
[o2]
o

stratosphere (K)

AT

I

]

|

I
-20 L | 1 1 1 ]
-60 -30 0 30 60 90 120
Days after SSW

U60 - UC (m/s)

Days after SSW

Figure 2.7: Results of the superposed epoch analysis: Composite of the semi-
monthly lunitidal wave power (top), zonal mean temperature gradient
(middle) and Ugo — Uc (bottom) for the years 1997-2009. The vertical
dashed lines indicate the starting day of SSW events. The error bar
represents the standard deviation in all the three panels. The dotted
green curve in the top frame shows the Gaussian curve fitted for 60
days each on the either side of starting date of SSW events.

Figure 2.7 shows the result of superposed epoch analysis. The top panel
contains the composite of lunitidal wave power with a maximum around
the starting day of SSW events. The second and the third panels show
the composite of the zonal mean temperature gradient and Ug — Uc. As
expected the composite of the temperature gradient shows a sharp peak
at about 1 day after the key time and a width of 5 days around the start
of the SSW events. It can also be seen that the composite of the Ugy — Uc
reaches the value of -20 m/s, which we used to define an SSW event. We
observe there is not much variability between the zonal mean zonal wind
and the climatology before the start of SSW events. After about a month
average wind velocity reaches the normal climatological levels.

Our analysis confirms a close relation between the increase in strato-
spheric temperature difference and enhanced lunitidal signal. For quan-
tifying our SEA result we fitted a Gaussian normal distribution to the
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wave power curve (see green dashed line in Figure 2.7). The fitting results
are listed in Table 2.2. Since an SSW event starts independently from the
moon phase this approach seems justified. From the fit to the composite
wave power curve we obtain the peak of the Gaussian curve (A = 789 nT?)
about 4.3 days before the SSW start date and with a standard deviation of
o = 38 days. The fairly large width of the distribution is partly due to the
random difference between the SSW start and lunar phase, but primarily
due to our long analysis interval of 59 days.

Amplitude (nT)? o (days) p (days before SSW)
800 38 4.3

Table 2.2: Gaussian curve parameters.

It is assumed that the lunar tidal wave originates from the lower atmo-
sphere and propagates upward. According to Forbes and Zhang (2012) a
certain atmospheric resonance peak shifts right onto the quasi-semidiurnal
period (12.42 h) of the moon phase. This strongly supports an efficient up-
ward propagation of the tidal wave. From the results of our superposed
analysis we may conclude that the sudden change in stratospheric temper-
ature at the North Pole immediately triggers the condition that is shifting
the resonance peak. Further investigations including model simulations
are probably needed for fully explaining the observed relation.

2.7 CONCLUSIONS

We have used the magnetic field data of the Huancayo observatory to
determine the modulation of the equatorial electrojet (EE]) by the lunar
tide. The size of tidal amplitude is compared with the occurrence of SSW
events. Major points of our study are:

1. A new analysis technique is used focusing on the harmonic signal
that is strictly in phase with the expected tidal wave. This helps ef-
ficiently to suppress the influence of solar activity dependent EE]
fluctuations and day-to-day variabilities.

2. As expected, large lunar tidal amplitudes are observed during north-
ern winter months. As far as we can suggest from our data analysis,
peak amplitudes occur generally around times of SSW events.

3. We have investigated the relation between tidal amplitude and SSW
event by means of a superposed epoch analysis. From this approach
a clear relation between these two quantities arises. When the refer-
ence day for the analysis is defined by the first peak in high latitude
stratospheric temperature difference then the mean tidal amplitude
peaks on average 4 days earlier. Individual years however, exhibit
tidal peaks depending on the lunar phase within a month before or
after the stratospheric warming peak, which we can’t explain at the
moment.
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3.1 ABSTRACT

Enhanced lunar tidal effects in the equatorial electrojet (EE]) during north-
ern winters in the form of ‘big L' days have been known for a long time.
Recent studies suggest that the changes in the tidal propagation condi-
tions due to stratospheric sudden warmings (SSW) could be responsible
for this phenomenon. In this work we have used the H component of the
magnetic field recorded at Huancayo from 1997-2013 to study the relation
between the timing and magnitude of the semi-monthly lunar tide in the
EE] and the stratospheric polar vortex weakening (PVW). We prefer a def-
inition of PVW by taking into account the atmospheric conditions from
December to February for each winter. Our results indicate that the semi-
monthly lunar tide in the EE] gets enhanced during northern winters when
a significant PVW occurs and its peak timing and magnitude is correlated
with the timing and intensity of PVW. The timing of lunar tidal peaks and
PVW correlate better than their respective magnitudes. Our results suggest
that the initiation of the lunar tidal enhancement in most of the cases is
closely related to a PVW event. Furthermore, we discuss events where the
semi-monthly lunar tidal enhancements are not well timed with respect
to PVW. We also suggest that the amount of tropospheric forcing into the
stratosphere plays a major role in the enhancement of the lunar tides in
the EE].
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3.2 INTRODUCTION

Lunar tidal enhancement in the equatorial electrojet (EE]) in relation to
stratospheric sudden warming (SSW) events have been studied extensively
in recent years (e.g., Stening, 2011; Park et al., 2012; Liihr et al., 2012; Ya-
mazaki et al.,, 2012b; Yamazaki, 2013; Siddiqui et al., 2015b). Large lunar
effects in the EE] between November and March were first reported by
Bartels and Johnston (1940) but the mechanism behind these observations
were not fully understood. Recent publications have tried to explain this
phenomenon through the enhanced planetary wave (PW) activity which
is assumed to be responsible for causing SSW (Matsuno, 1971). Forbes
and Zhang (2012) explained the amplified lunar tidal winds in the iono-
spheric dynamo region during an SSW through the changes in the zonal
mean zonal wind and temperature of the middle atmosphere which shifts
the atmospheric (Pekeris) resonance peak onto the lunar period (12.42 h).
Subsequently, the amplification of the semi-monthly lunar tide in the EE]
during SSW winters were reported by Yamazaki (2013) to be almost three
times larger compared to the non-SSW winters.

SSWs have been studied quite extensively since they were first observed
by Scherhag (1952). SSWs are characterized by the weakening of the west-
erly winds in the northern stratosphere and a breakdown of the polar
vortex which leads to a sudden rise in the polar stratospheric tempera-
ture by several tens of degrees (e.g., Andrews et al., 1987) and are usually
classified into major and minor warming events. According to the World
Meteorological Organization (WMO) definition, an SSW is identified as a
major warming event if there is a reversal of the latitudinal temperature
gradient poleward of 60°N and the reversal of the zonal mean zonal wind
at 60°N /10 hPa and as a minor warming if there is an increase in the strato-
spheric temperature by 25 K or more within a week without the reversal
of the zonal mean zonal wind. Moreover, different authors have also used
modified versions of the WMO definition and other diagnostic variables
to identify SSWs. For e.g., Charlton and Polvani (2007) used solely the
wind reversal criterion to detect major SSWs. Martineau and Son (2013)
identified SSWs based on the NAM (Northern Annular Mode) index at
10 hPa. Empirical orthogonal functions (EOFs) of gridded pressure-level
data of geopotential height anomalies or zonal wind anomalies have been
employed by Baldwin and Dunkerton (2001) and Limpasuvan et al. (2004),
respectively to identify SSWs. The availability of numerous diagnostics has
created a situation where there are at the moment many different ways to
detect SSWs but there is an ambiguity in choosing the most suitable one.
For more extensive information on the various SSW definitions that have
been used in the literature, the readers may refer to Butler et al. (2015).

Recently, Zhang and Forbes (2014) defined the concept of Polar Vortex
Weakening (PVW) by using measurements of the mean zonal wind (U)
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at 70°N/48 km altitude and the zonal mean temperature (T) at 20°N/40
km, which showed good correlation between the timing and magnitude of
PVWs and the M, lunar tide at 110 km altitude. The lunar tide was deter-
mined from the temperature measurements made by the SABER (Sound-
ing of the Atmosphere using Broadband Emission Radiometry) instrument
on board the TIMED (Thermosphere Ionosphere Mesosphere Energetic
Dynamics) satellite between £50° latitude. Chau et al. (2015) used this def-
inition of PVW to demonstrate the correlation between the timing of PVW
and enhancement of lunar tides in the upper mesosphere, lower thermo-
sphere (MLT) by using wind data from mid and high latitude stations.
However, they reported some observations where the correlation failed
when the M, enhancement occurred much earlier than the defined PVW
days for those years.

In this paper we use a PVW definition similar to the one put forward by
Zhang and Forbes (2014) to demonstrate a correlation between the timing
and peak magnitude of PVW and the semi-monthly lunar tidal modula-
tion of the equatorial electrojet (EE]) as estimated from the Huancayo mag-
netic observatory for the years 1997-2013. We also report two observations
where the correlation breaks down and the semi-monthly lunar tide in the
EE] enhances much earlier than the PVW day in these cases.

The structure of this paper is as follows. Section 3.3 describes the vari-
ous data sets used in this study. In Section 3.4, we introduce our approach
for determining the strength of the lunar tidal modulation of the equa-
torial electrojet. In Section 3.5, we present our observations followed by
discussion in Section 3.6. The conclusions from this work is presented at
the end.

3.3 DATASET

Recordings of hourly means of the horizontal component, H of the geo-
magnetic field at Huancayo, HUA, (—12.05°N, 284.67°E; mag lat: —0.6°)
and San Juan, SJG, (18.11°N, 293.85°E; mag lat: 28.31°) are available for the
period 1997-2013 and from 1997-2011 for Fuquene, FUQ, (5.47°N, 286.26°E;
mag lat: 18.12°) at the World Data Centre (WDC) for Geomagnetism, Ed-
inburgh. Our study is limited to the above mentioned time intervals since
the FUQ data is presently not available after 2011 and HUA data is missing
at the WDC for the years 1970-1996.

To consider the dependence of the EE] strength on solar activity we use
the solar flux values Fip7 in sfu (1072Wm 2Hz ') which are available
at the GSFC/SPDF OMNIWeb interface at http://omniweb.gsfc.nasa.gov.
To remove the ring current effect, the Dst index (availabe at the WDC for
Geomagnetism, Kyoto) has been used for the period 1997-2013.
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For quantitatively defining the weakening of the northern polar vortex
we use the MERRA (Modern-Era Retrospective Analysis for Research and
Application) data.

3.4 METHODS OF ANALYSIS
3.4.1 Lunar tide identification in magnetic ground station records

The lunar semi-diurnal component (M;) dominates the lunar tidal effects
in magnetic records. The M, tide shows a semi-monthly variation (14.77
days) at a fixed local time. The lunar tidal modulation of the equatorial
electrojet related to stratospheric sudden warming has been estimated us-
ing the horizontal component of the geomagnetic field, H, e.g., at Huan-
cayo (Siddiqui et al., 2015b) and Addis Ababa (Yamazaki et al., 2012b) in
recent literature.

Both these studies employed different procedures to remove the effects
of large scale magnetospheric currents in H. While the former study used
a reference observatory at some distance away from the dip equator to
remove these effects (e.g., Manoj et al., 2006), the latter one subtracted the
Dst index from H.

The two studies also differed regarding the definition of the EE]J strength.
The method used by Siddiqui et al. (2015b) eliminates some contributions
of the Sq currents from the recordings of the equatorial observatory while
calculating the EE]J strength whereas in the method used by Yamazaki et al.
(2012b) the Sq contributions are retained.

To estimate the EE] strength using a reference station, we first subtract
the quiet night-time values from the recorded H data for both the equato-
rial and the reference station to remove the effects of the main field.

AH = H—HMF (31)

AH reflects the daily variation with respect to the local midnight base-
line. Hyr is computed daily using the mean of the four nighttime values
of H at 23:30, 00:30, 01:30 and 02:30 LT. Then, Hgg; is estimated by comput-
ing the difference between the daily variations at the equatorial and the
reference station.

Hggj = AHggj — AHnonegg (3-2)

The underlying assumption behind the differencing is that the large-
scale fields of magnetospheric currents are expected to be approximately
equal at both observatories (e.g., Manoj et al., 2006). A part of the Sq con-
tributions at the equatorial observatory is also removed by this method.

In the second approach the Hggj which is proportional to the EE]J strength
is estimated by subtracting the disturbance index Dst from the recorded H


ftp://goldsmr3.sci.gsfc.nasa.gov/data/s4pa/MERRA/

3.4 METHODS OF ANALYSIS

data at the equatorial observatory to account for the effects of the ring cur-
rent. Then, Hggj is estimated after subtracting the quiet night-time value.
The Sq contributions at the equatorial observatory are not removed in this
method.

In this paper we attempt to compare the semi-monthly lunar tidal am-
plitudes estimated from the Huancayo data by using both these methods
for the period 1997-2013. San Juan and Fuquene have been chosen as ref-
erence stations for Huancayo. Figure 3.1 shows the geomagnetic field vari-
ation due to the primary ionospheric (excluding induced) currents at the
Earth’s surface as derived from the CM4 model at 16 UT on 1% January
2000. The black dots mark the locations of the three observatories used in
this study. CM4 (Comprehensive Model) is a model of the quiet time, near-
Earth magnetic field which has been derived using the POGO, Magsat,
Orsted and CHAMP satellite data (Sabaka et al., 2004). The significant dif-
ference in latitudinal separation from the magnetic equator also provides
a chance to look at the dependence of the lunar tidal amplitudes on the
spatial distance between the equatorial and the reference stations.

CM4 — H component of the lonospheric Field (Primary) at the Surface of the Earth (UT 16) nT

Figure 3.1: Geomagnetic field variations at the Earth’s surface caused by iono-
spheric current as derived using the CM4 model at 16 UT on the first
day of the year with Fjo.7 = 100 s.f.u. The black dots mark the consid-
ered observatory locations. The blue line represents the dip equator
latitude.

The EE] has a strong dependence on the solar flux level due to varying
ionospheric conductivity (e.g., Alken and Maus, 2007; Stolle et al., 2008;
Yamazaki et al., 2010). To eliminate the effect of the varying conductiv-
ity, the EE]J strength is normalized to a solar flux level of 150 s.f.u. The
data are then arranged into bins of 1 day by 1 h in local time (LT) over
a period of two lunar months (59 days). For each day, a 59-day-centered
sliding window is applied. The local time sector considered here is from
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08:00 to 16:00 LT. Outside of this time interval the EE] signal is consid-
ered to be weak. The daytime variation of the EEJ is dominated by the
solar tidal effects. This dominant variation is estimated by calculating the
means over a 59-day period for each local time hour. The calculated means
are then subtracted from the data to remove the effect of the solar tides.
We are interested in estimating the amplitude of the semi-monthly lunar
wave (14.76 days) for each local time hour over the 59-day period. The fre-
quency of interest is the fourth harmonic signal for which the amplitude
and phase is determined for each local time hour. The amplitude obtained
is then normalized for the expected diurnal variation of the ionospheric
conductivity, C, as described by Liihr et al. (2008).

C= Co\/cos{%(LT—to)} (3-3)

where Cj is the value of the peak conductivity and t is the local time of
the peak conductivity. A suitable value for ty has been found to be 12:30
LT. For our purpose we chose Cy to be equal to 1.

The procedure for normalization is similar to the one explained in Sid-
diqui et al. (2015b). It has been shown by Liihr et al. (2012) that the diur-
nal variation of the ionospheric conductivity also affects the amplitude of
the lunar tidal signal. Without the normalization, the values around noon
would dominate the tidal results.

A reasonable estimate of the average semi-monthly lunar wave over 59
days was obtained by calculating the mean of the normalized amplitudes
for all the considered local times. The mean semi-monthly lunar wave is
thus computed for each 59-day window and is then tied to its central day.
A sliding window of 59 days length advanced by 1 day is applied for each
subsequent dataset.

3.4.2  Quantifying SSW strength based on Polar Vortex Weakening

Lately, various studies on the enhanced lunar response of the ionosphere
during SSWs have used different diagnostics to identify an SSW event. Ya-
mazaki (2013) used the NCEP/NCAR reanalysis data to recognize SSW
events based on significant changes in the climatology of the stratosphere
dynamics whereas Zhang and Forbes (2014) quantified the concept of po-
lar vortex weakening (PVW) to characterize the strength of SSW events
using the MERRA reanalysis data. Based on SABER V2.0 temperature mea-
surements between £50° latitude they demonstrated a correlation between
the timing and peak amplitude of the M, at 110 km altitude and the polar
vortex weakening. Chau et al. (2015) used this definition of PVW to demon-
strate a correlation between the upper mesospheric lunar tides and PVW
characteristics during SSW events. However, they have also reported incon-
sistencies for some years (see Figure 7, Chau et al., 2015) when the meso-
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spheric lunar tides enhanced prior to the PVW day identified by Zhang
and Forbes (2014).

They have used the daily time series of the zonal mean zonal wind (U)
at 70°N and 48 km altitude and zonal mean temperature (T) at North
Pole and 40 km altitude for the first 60 days of each year to describe the
polar vortex weakening (see Figure 3.2, Zhang and Forbes, 2014). In our
study we extend the time series for both parameters from 60 to go days
by including the month of December. Figure 3.2 presents U (red curve)
and T (black curve) as defined above from December onwards to February
for the years 1998-2013. The dotted blue vertical lines denote the days
of peak polar vortex weakening while the dotted black horizontal lines
denote the zero value of mean zonal wind. The dotted vertical green line
in each panel marks the day of peak lunar tidal enhancement estimated
from the magnetometer data. The PVW events are identified according to
the same criteria as used by Zhang and Forbes (2014) by locating the most
significant and/or earliest pair of T and U extremes within these 9o days.
Though, the PVW event of 2000 was not included in their analysis, we have
included the event as it fulfills the criteria used for identifying PVWs. For
the years 2005 and 2007, PVWs are not well defined. It is important to note
that our results for the occurrence of PVW events are only different for
the years 1998, 1999, 2001 and 2002 from the results of Zhang and Forbes
(2014). During these periods the earliest T and U extremes were recorded
during December. For the rest of the years between 1998-2013 we obtain
the same PVW days as reported by them.

The strength of PVW is better represented by the peak magnitude of
the reversed mean zonal wind than the zonal mean of the stratospheric
temperature according to the results of Zhang and Forbes (2014). The mag-
nitude of extreme values of the reversed mean zonal wind is taken as the
measure of PVW strength and is denoted by PVW_mag. The magnitude
and the occurrence date of PVWs for the years 1998-2013 are listed in Table

3.1.

3.5 OBSERVATION

Figure 3.3 shows the lunar tidal power obtained solely from Huancayo ob-
servations for the years 1997-2013. The red lines denote the peak PVW
days as identified in Figure 3.2. The annual amplification of the lunar
tidal power can be seen in all these years during the months of December-
February with an amplitude of at least 600 nT2. The peak amplification
for a majority of the years occurs around the PVW day if a PVW has been
identified. For the four largest events (2003, 2006, 2009, and 2013) with
amplitudes of lunar wave power above 1500 (nT?) we also identified PVW
strengths above 50 ms~! (See Table 3.1).

55



56

PVW AND LUNAR TIDAL MODULATION OF THE EE]J

Zonal Mean T vs U, 1998 Zonal Mean T vs U, 1999
€ a00F T — T T T T o & 5 — T T T T T T
S 2800 7 : ~ J4s
Z 2601 : : ~16
& 240t ; : AV L=
® 220, : : ez
] S S S .
-30 -20 -10 0 10 20 30 40 50 60
DOY
Zonal Mean T vs U, 2000 Zonal Mean T vs U, 2001
53007 T T T T T T T T a0 % £ w0 — T T o T T a0
2 280 PN /‘\//-\/\A/VV\V\ qu— 48 ; N \K\ k,i 48
§ 2601 : : 316 & e <16
& 2401 H H q-16 %5 —1-16
® 2201 H H 1-48 & +-48
< 200t . . . . i . i . 180 £ . 1-80
= 50 60 50 60
g j EEY 5 j EEY
N 148 I 48
z 116 £ 16
S / q-16 %5 +-16
© 1-48 @ --48
< E
= . 1805 . 1-80
50 60 50 60
DOY DOY
Zonal Mean T vs U, 2004 Zonal Mean T vs U, 2005
< 300 . = = 300f REY
o © o ~ .
S 280 g fos0f A e
Z 260 z Z 260} WO 116
8 240 5 8 2401 1-16
T 220 @ T 2201 H-48
Bis g Bis
€ 200 5 oof 0,
-3 -30 -20 -10 10 20 30 40 50 60
DOY
Zonal Mean T vs U, 2007
£ £ € . - - - - - - - -
5 S0or £ = 300f P
< 280/ g F 2800 J\/ \ SN e
Z 260 z = 260} o |1
8 240 = S 240 116
T 220 G T 2201 +-48
his g Bis
€ 200 5 oo . g
-3 -30 -20 -10 0 10 20 30 40 50 60
DOY DOY
Zonal Mean T vs U, 2008 Zonal Mean T vs U, 2009
< 300 B Qeo = < 300f EEY
2 280 qas ¥ 2 280} A~ S e
Z 260 J16 £ Z 260\ — q1e
8 240 1-16 % & 240f 1-16
® 220 1-48 @ ® 2201 +-48
< 200 . . . . . . . . 305 < 200p . . . , . 7-80
= =
-30 -20 -10 10 20 30 40 50 60 -30 -20 -10 0 40 50 60
DOY
Zonal Mean T vs U, 2010 Zonal Mean T vs U, 2011
~< 3001 I q80 =2 ~< 300 H H BEY
o - : n _
g 280 7\/\’,, ~ N : g @ % 2801 \/W’ \//\ : N/,wu\ N\ A8
Z 260 AN 16 £ Z 260[ H ] 116
8 1165 & 240f : : ~-16
® +-48 g ® 220 : H +-48
£ ‘ ‘ 3805 Laoop S ‘ ‘ ‘ ‘ ‘ 3-80
40 50 60 -30 -20 -10 0 10 20 30 40 50 60
DOY DOY
Zonal Mean T vs U, 2012 Zonal Mean T vs U, 2013
53007 - - - - A - - LBO% 53007 - - - — - - - a0
T 20PN ; — ¥ < 280f N s
S o~ . = NS ~ § P
Z 260[ : fﬁ\/ J16 z 260 7 — 116
8 2401 \ 1-16 % S 240 1-16
® 220 \ -48 @ ® 220+ --48
gooof ., i T Jw5 oot — i, T
-30 -20 -10 0 10 20 30 40 50 60 -30 -20 -10 0 10 20 30 40 50 60
DOY DOY

Figure 3.2: Daily time series of the mean zonal wind (U) at 70°N and 48 km al-
titude (red curve) and zonal mean temperature (T) at North Pole and
40 km (black curve) from December onwards to February for the years
1998-2013. The dotted vertical blue line in each panel marks the se-
lected polar vortex weakening day. The dotted vertical green line in
each panel marks the day of peak lunar tidal enhancement.

U(m/s) at 70°N / 48 km U(mis) at 70°N / 48 km U(mis) at 70°N / 48 km U(mis) at 70°N / 48 km U(mis) at 70°N / 48 km U(m/s) at 70°N / 48 km U(mis) at 70°N / 48 km

U(mis) at 70°N / 48 km
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Date of PVWs PVW strength (in ms—)

26-12-1997 17.68
15-12-1998 44.57
08-02-2000 13.45
11-12-2000 16.12
24-12-2001 40.68
17-01-2003 54.21
05-01-2004 47.71
22-01-2006 79.78
24-01-2008 23.75
23-01-2009 52.42
29-01-2010 37.92
31-01-2011 3.78

17-01-2012 54.33
11-01-2013 64.31

Table 3.1: The date and strength of Polar Vortex Weakening (PVW) events derived
from MERRA reanalysis data for the years 1998-2013. The strength of
PVWs is represented by the magnitude of the westward zonal mean
zonal wind at 70°N/48 km altitude.

The next large enhancement, in 2008, shows only a small amplitude
of PVW with 23.75 ms™!, however, it is influenced by multiple warming
events at least up to the end of February. This suggests that the recurrence
could be responsible for the large lunar wave amplitude seen in the semi-
monthly lunar tide. Large M, temperature amplitudes during the years
2006, 2009 and 2013 were also reported by Zhang and Forbes (2014). We
also find cases of lunar tidal enhancements without significant PVW in
the years 2005 and 2007 exhibiting similar amplitudes as in the years 2001,
2002, 2011 and 2012 with significant PVW. This suggests there are other
physical processes responsible for the lunar tidal enhancements in the EE]
that needs to be further investigated. Such counter-examples were earlier
reported by Siddiqui et al. (2015b). We do not find a one-to-one correspon-
dence between the timing of lunar tidal amplification and the PVW. The
breakdown of a one-to-one correspondence between the lunar tidal en-
hancements and the warming events for certain years was also observed
by Stening (2011) and Yamazaki et al. (2012b).

Figures 3.4 and 3.5 show the lunar tidal power obtained by using San
Juan and Fuquene as reference stations, respectively. Similar amplifications
during the major warming events are observed in both these plots. With
Fuquene as the reference station the lunar tidal signature for the years
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Figure 3.3: Daily EEJ lunar tidal wave power for the years 1997-2013. Results are
obtained without a reference station to Huancayo. The red lines denote
the PVW days derived from the reversed zonal wind (see text).

1997-2011 is slightly clearer compared to San Juan. It can be seen in the for-
mer case that the sidebands in general have lower amplitudes compared to
the latter. Also, in case of the 2001 event the lunar enhancement correlates
better with the PVW when Fuquene is the reference station for Huancayo.
This could be due to the larger latitudinal and longitudinal separation be-
tween Huancayo and San Juan compared to Huancayo and Fuquene.

BHuancayo - BSan Juan
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Figure 3.4: Same as Figure 3.3, but with San Juan as the reference station for Huan-
cayo.

The contributions from the Sq current system are better eliminated when
calculating the EE] strength with respect to Fuquene as reference station
than San Juan, since the latter lies close to the Sq focus with the values of
H component recordings being close to zero. However, the overall lunar
tidal pattern obtained from the Huancayo-Fuquene pair, Huancayo-San
Juan pair and solely from Huancayo, suggest that the semi-monthly lunar
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Figure 3.5: Same as Figure 3.3, but with Fuquene as the reference station for Huan-
cayo.

tidal amplitude in the EE] are dominant over the lunar tidal amplitude in
the Sq currents. The H component data from Fuquene are presently only
available till 2011. Moreover, occasional gaps in Figure 3.5 result due to the
data gaps at the Fuquene station.

3.6 DISCUSSION

In order to quantify our observations we now present the correlations be-
tween the timing and amplitude of PVW and the semi-monthly lunar tide
in the EE]. Figure 3.6 presents the scatter plot between the occurrence day
of PVWs and the semi-monthly lunar tidal peaks during 1998-2013 for
Huancayo. The points depicted with the square symbol correspond to the
years when the lunar tidal maximum occurred significantly earlier than
the defined PVW day for that year. The solid red line depicts the linear
least squares fit to the events. The lunar tidal amplification occurs much
earlier than the defined PVW day for the 2000 and 2011 events. The mis-
match between the occurrence of the PVW and the M, lunar tide derived
from MLT winds, was also reported by Chau et al. (2015) in case of the
2011 event. These are the only two years remaining for which the revised
definition of PVW (by including December) could not improve the tem-
poral relation between the PVW and the lunar tidal enhancement in the
magnetic data. The slope of the linear fit is 0.79. It is slightly lower than
0.92, as obtained by Chau et al. (2015) when they estimated the lunar tide
in the upper mesospheric winds from a mid-latitude station while Zhang
and Forbes (2014) reported a unity slope. They showed with the SABER
temperature measurements at 110 km altitude that it took 2.8 days for the
M, tide to respond to PVW. It can be seen in Figure 3.6 that the difference
between the occurrence of lunar tidal peaks and PVWs in January is less
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than 3 days in 6 out of 9 cases. For the 2003 and 2004 events the lunar
peaks occurred even earlier than the identified PVW days. These events
record multiple reversals of the zonal wind prior to the identified PVW
days which might have triggered the early enhancement of the lunar tides.
Delayed response of lunar peaks to PVWs can be found for the December
events of 1998 and 2002. From the linear regression between the occurrence
of the PVW event and the peak of the semi-monthly lunar tidal amplitude
we derive an equation,

M;_peak_timing = 0.79 PVW_timing + 4.6 (days) (3-4)

where, M,_peak_timing is the day of peak semi-monthly lunar tidal
amplitude and PVW_timing is the identified PVW day. The slope of less
than 1 is caused by the delayed response of the tidal enhancement (10-20
days) for PVWs occurring in December. It should be checked which pro-
cesses cause these delays. When ignoring the December events in Figures
3.6-3.8 a unity slope (not shown here) as reported by Zhang and Forbes
(2014), is justified.

Blyancayo (1997-2013)
I I I

e Lunar_peak_timing = 0.79 * PVW_timing + 4.6

! ! ! ! ! ! !
0 20 30 40

1
Day of the year (PVW)

3oLt
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Figure 3.6: The figure presents a scatterplot between the occurrence days of PVW
and EE] semi-monthly lunar tidal peak during 1997-2013 for Huan-
cayo. The filled squares correspond to the years when the lunar tidal
maximum occurred much earlier than the selected PVW day for that
year. The solid red line depicts the linear least squares fit to the events.
The equation for the fit and the correlation coefficient are listed in the
panel. The dotted black line represents the one-to-one correspondence.

The value of the correlation coefficient obtained compares excellently
with the values reported by Zhang and Forbes (2014) and Chau et al.
(2015), even though they derived the lunar tidal enhancements from com-
pletely different quantities. Our results thus support their observations
and further demonstrates that the response of the upper atmosphere to
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PVW events compares well on a global scale, i.e. at low, mid and high
latitudes. Analyses at these three latitudinal regimes have been performed
with ground-based observations of MLT winds at mid and high latitudes
(Chau et al., 2015) and with observations of the E-region dynamo between
+50° latitude (Zhang and Forbes, 2014). It is noteworthy that similar re-
sults have been achieved in these analyses with different parameters of
the upper atmosphere and at different latitudes.

Figures 3.7 and 3.8 present the same scatterplots as Figure 3.6, but for
cases when San Juan or Fuquene have been used as a reference station
for Huancayo. The slopes and the correlation coefficients are similar to the
results obtained from the single station method. The largest correlation
coefficient of 0.92 is obtained when Fuquene is considered as the reference
station for Huancayo. With San Juan as the reference station the correlation
coefficient is 0.8y whereas it is 0.91 when the single station method is
considered.

Huancayo BSan Juan(1 997-2013)

Day of the year (Lunar tidal peak)
|
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ol \ \ \ \ \ \ \
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Day of the year (PVW)

Figure 3.7: Same as Figure 3.6, but with San Juan as the reference station for Huan-
cayo.

Figure 3.9 presents the scatterplot between the PVW strength and peak
of the EEJ lunar tidal amplitude at Huancayo. The lunar tidal amplitude
is considered in Figures 3.9-3.11 instead of the lunar tidal power in order
to maintain consistency with the results of Chau et al. (2015) and Zhang
and Forbes (2014). The solid red line depicts the linear least squares fit to
the events. The dotted black horizontal and vertical lines mark a chosen
threshold level for the lunar amplitude and PVW strength during major
warmings. The 2000 and 2011 events are not included in the analysis due
to the large difference between the occurrence time of PVW and the lunar
tidal peak for these cases. In general larger lunar tidal amplitudes correlate
with stronger PVW strength. During the four major SSW events (2003,
2006, 2009, 2013) the amplitude of the lunar tide is greater than 35nT, and
the PVW strength is greater than 50 ms~ . In case of the 2012 event, a low
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Figure 3.8: Same as Figure 3.6, but with Fuquene as the reference station for Huan-
cayo.

amplitude of the lunar tide is obtained in spite of a similar value of PVW
strength as during major warmings. However, our results are consistent
with the observations of Zhang and Forbes (2014) and Chau et al. (2015)
where they have also reported lower amplitude of the M, lunar tide for
this particular event. This observation is discussed later in more detail in
this section.

By tuancayo (1997-2013)
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Figure 3.9: The figure presents a scatterplot between the strength of PVW and
the peak amplitude of the semi-monthly lunar tidal peak during 1997-
2013 for Huancayo. The filled squares correspond to the years when
the lunar tidal maximum occurred much earlier than the selected PVW
day for that year. The solid red line depicts the linear least squares fit
to the events. The equation for the fit and the correlation coefficient
are listed in the panel. The dotted black horizontal and vertical lines
mark the threshold values for the lunar amplitude and PVW strength
during major warmings.
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3.6 DISCUSSION

Figures 3.10 and 3.11 present the scatterplot between the PVW strength
and the lunar tidal amplitude when San Juan and Fuquene are used as
the reference station for Huancayo. As seen from the earlier plot stronger

PVW strength leads to larger lunar tidal amplitudes in these cases too.

Slightly higher correlation is achieved between the PVW strength and the
peak of the lunar tidal amplitude by using the reference station method in
comparison to the single station method. The largest correlation coefficient
of 0.75 is obtained when Fuquene is considered as the reference station for
Huancayo and it is 0.71 in the case of San Juan. When the single station
method is used the value of the correlation coefficient obtained is 0.60 and
the lowest among the three cases. We expect a better separation of EEJ
from Sq and magnetospheric fields when Fuquene is the reference station
for Huancayo compared to San Juan.

Huancayo BSan Juam(1 997-2013)
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Figure 3.10: Same as Figure 3.9, but with San Juan as the reference station for
Huancayo.

From the linear regression between the reversed zonal wind speed and

the semi-monthly lunar tidal amplitude we derive the equation,

nT
ms—!

M;,_peak_amplitude = 0.25 ( ) PVW_mag+22 (nT) (3.5)
where the peak magnitude of PVW, PVYW_mayg, is given in ms~' and the
peak amplitude of the semi-monthly lunar tide, M,_peak_amplitude, is
given in nT. From Figures 3.9 - 3.11 we see that the 2000 and 2011 events
exhibit the smallest amplitudes. This may correspond to our findings that
they appear as outliers for the timing in Figures 3.6 - 3.8.

The inconsistencies observed during the 2000, 2011 and the 2012 events
could be better explained if the different external factors which influence
the occurrence of the SSWs and the strength of the polar vortex such as
the tropospheric wave activity, the 11 year sunspot cycle, the phase of the
QBO (quasi-biennial oscillation) (e.g., Holton and Tan, 1980; Labitzke and
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Figure 3.11: Same as Figure 3.9, but with Fuquene as the reference station for
Huancayo.

Van Loon, 1988; Van Loon and Labitzke, 2000) and the phase of the El
Nifio-Southern Oscillation (ENSO) (e.g., Butler and Polvani, 2011) are also
taken into account. The SSWs are more likely to occur under the solar
minimum conditions during the east phase of the QBO and under solar
maximum conditions during the west phase of the QBO (Labitzke, 2005).
The SSWs also occur twice as frequently during the El Nifio and La Nifia
winters as compared to ENSO-neutral winters although the probability
of occurrence is almost equal during both El Nifio and La Nifia winters
(Butler and Polvani, 2011). The 2003 SSW event, was characterized by the
west phase of QBO under strong solar flux conditions together with the
El Nifio phase of the ENSO. Under these conditions the Brewer-Dobson
circulation (BDC) is enhanced which leads to a weakened and warm po-
lar vortex (e.g., Labitzke, 2005; Butler and Polvani, 2011). The 2006 SSW
event was characterized by the east phase of the QBO during solar min-
ima and with La Nifia phase of the ENSO. These conditions also enhance
the Brewer-Dobson circulation (BDC) which facilitates the occurrence of
SSWs.

During the 2009 SSW event the conditions were favourable for an undis-
turbed and strong polar vortex (Labitzke and Kunze, 2009) because the
event was characterized by a minima in solar cycle together with the west
phase of the QBO. However, due to the large tropospheric forcing (esti-
mated using the eddy heat flux value at 100 hPa) which was among the
three strongest recorded since 1958 (Ayarzagiiena et al., 2011), the strato-
spheric warming occurred. The eddy heat flux at 100 hPa averaged over
45°N - 75°N is regarded as a measure of the amount of wave activity enter-
ing the stratosphere (e.g., Waugh et al., 1999; Newman et al., 2001; Polvani
and Waugh, 2004). Figure 3.12 presents the 45-day mean of the 45°N-75°N
averaged eddy heat flux at 100 hPa denoted by red lines for the years
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2008/2009 and 2009/2010 in the top panel and for the years 2011/2012
and 2012/2013 in the bottom panel. The bold black line in each panel de-
notes the climatological mean calculated over the period from 1978/1979-
2012/2013. The enhanced eddy flux values during the 2009 SSW event can
be clearly seen in Figure 3.12. The 2013 event was characterized by the
east phase of the QBO under moderate solar flux conditions and the neu-
tral phase of the ENSO. However, the 2013 SSW event also witnessed a
strong tropospheric forcing albeit slightly lesser than the 2009 SSW event
(Coy and Pawson, 2015) which may have led to the splitting of the polar
vortex.
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100 hPa MERRA 100 hPa MERRA
40 r 40 —
Fo 301 F
E T90% ] E
; 70% ] ; 70%
E IMean ; 20 E IMean
L X 1 L
[ o30% ] F ®a0%
E 0% 1 E 10%
E lMin 10 E lMin
01 r 01 r
Jul "Aug ' Sep' Oct "Nov'Dec ' Jan "Feb' Mar " Apr'May ' Jun Jul "Aug 'Sep' Oct "Nov'Dec ' Jan "Feb Mar " Apr 'May 'Jun
1978/1979-2012/2013 2008/2009 1978/1979-2012/2013 2009/2010
P. Newman (NASA), E. Nash (SSAI), S. Pawson (NASA) P. Newman (NASA), E. Nash (SSAI), S. Pawson (NASA)
45- Day Mean 45-75°N Heat Flux 45-| Day Mean 45-75°N Heat Flux
00 hP MERRA hP MERRA
40 . L L T 40 . L L
E Max 30 E
E Tsu% ]
Egro% ]
L ) 1
— fMean £ 20 -
n X 1
r 30% |
E 0% 1
E Lagn 10
0 1 T T T T T T T T T T T L 0 ] T T T T T T T T T T T i
Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun
1978/1979-2012/2013 2011/2012 1978/1979-2013/2014 GEOS5FP 2012/2013
P. Newman (NASA), E. Nash (SSAI), S. Pawson (NASA) P. Newman (NASA), E. Nash (SSAI), S. Pawson (NASA)

Figure 3.12: The 45-day mean of the 45°N-75°N averaged eddy heat flux at
100 hPa denoted by red lines for the years 2008/2009 and 2009/2010
in the top panels and for the years 2011/2012 and 2012/2013 in the
bottom panels. The bold black line in each panel denotes the clima-
tological mean of the eddy heat flux calculated over the period from
1978/1979-2012/2013. Figures downloaded from NASA GSFC.

The lower atmosphere and ionosphere coupling around SSWs is not di-
rectly related to the warming itself but to the Planetary Wave (PW) activity
associated with it (Chau et al., 2012). In case of the 2012 SSW event, the
lunar tidal enhancement was low in comparison to the magnitude of vor-
tex weakening. During this event a weaker level of tropospheric forcing
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Figure 3.13: Same as Figure 3.12, but for the years 1999/2000 and 2010/2011 in

the left and the right panel.

was witnessed (as seen in Figure 3.12 through the averaged eddy heat flux
values) than the 2009 and the 2013 events even though the magnitude of
PVWs were comparable. The 2012 SSW event was characterized by the east
phase of QBO during solar minima with La Nifia phase of the ENSO. Un-
der these conditions a weak polar vortex is expected. The relatively lower
level of tropospheric forcing combined with the weakened polar vortex
could be the reasons for the low values of the semi-monthly lunar tide in
the EE] although the magnitude of PVW during the 2012 minor SSW event

was large.

Figure 3.13 presents the 45-day mean of the 45°N-75°N averaged eddy
heat flux at 100 hPa denoted by red lines for the years 1999/2000 (left
panel) and 2010/2011 (right panel). The averaged eddy heat flux value at
100 hPa recorded during the 2000 and 2011 boreal winters were lower than
the climatological mean (bold black lines) and the lunar tidal enhancement
for these years do not seem to be related to the PVW. The existence of these
cases suggest there are also other physical processes which are responsible
for the lunar tidal enhancements that are not covered in our discussion.

Although the results obtained by Zhang and Forbes (2014) and Chau
et al. (2015) were based on the lunar tidal measurements of different atmo-
spheric quantities and heights, yet our observations are in general agree-
ment with the ones reported by them. We suggest that the M, signatures
identified in mesospheric winds by Chau et al. (2015) should be compared
to the semi-monthly lunar signature in the EE] caused by the E-region

dynamao.

3.7 CONCLUSIONS

Using the H component data from Huancayo, San Juan and Fuquene we

have compared
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(a) the lunar tidal modulation of the EEJ for the years 1997-2013 based
on two different approaches for the elimination of magnetospheric contri-
bution and (b) the lunar tidal modulation of the EE] estimated with and
without the Sq contributions to the EE]. The peak of the derived semi-
monthly lunar tides are then compared with the timing and magnitude
of the stratospheric polar vortex weakening (PVW). Major points of our
study are as follows:

1. We determined correlation coefficients and linear regression func-
tions when comparing timing or amplitude relations between PVW
and peak lunar tidal amplitudes for the following cases: using Huan-
cayo observatory data only, Huancayo data with a reference station
located equatorward of the Sq focus (Fuquene), and with a reference
station located close to the Sq focus (San Juan). These observations
suggest that the variations of the EEJ in response to PVW events to
a large degree determine the observed variations of the total current
(EE]J + Sq), which is the sum of both the EE] and Sq at the magnetic
equator.

2. Our results show a good qualitative agreement with the observations
of Zhang and Forbes (2014) and Chau et al. (2015). We obtain an
improved correlation between the timings of PVW and lunar tidal
peaks when the month of December is also included in the analysis.
Similarly we find a direct relation between the peak amplitude of the
semi-monthly lunar tide and the peak magnitude of the PVW.

3. The timing of the PVW events and the peak timing of the lunar tidal
amplitude seem to be related closer to each other than the amplitudes
of both quantities. This is demonstrated by higher correlation coeffi-
cients of about 0.9 between the two parameters for the timing and
0.75 for the amplitudes. Although many different parameters of the
upper atmosphere system influence the amplitude of the EEJ lunar
tidal modulation, the commencement of a lunar tidal enhancement
in most cases is closely related to a PVW event.

4. The external factors affecting the state of the wintertime northern
polar vortex such as the QBO, solar flux levels, ENSO and the tropo-
spheric forcing levels have also been considered to explain the weak
lunar tidal enhancements in the EE]. However, other parameters that
could not be covered in our work have to be considered in the future
to explain all the observations consistently.
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4.1 ABSTRACT

The effects of coupling between different layers of the atmosphere dur-
ing Stratospheric Sudden Warming (SSW) events have been studied quite
extensively in the past few years and in this context large lunitidal en-
hancements in the equatorial ionosphere have also been widely discussed.
In this study we report about the longitudinal variabilities in lunitidal
enhancement in the EEJ during SSWs through ground and space obser-
vations in the Peruvian and Indian sectors. We observe that the amplifi-
cation of lunitidal oscillations in EE] is significantly larger over the Peru-
vian sector in comparison to the Indian sector. We further compare the
lunitidal oscillations in both the sectors during the 2005-2006 and 2008-
2009 major SSW events and during a non-SSW winter of 2006-2007. It is
found that the lunitidal amplitude in EEJ over the Peruvian sector showed
similar enhancements during both the major SSWs but the enhancements
were notably different in the Indian sector. Independent from SSW events,
we have also performed a climatological analysis of the lunar modula-
tion of the EE] during December solstice over both the sectors by using
10 years of CHAMP magnetic measurements and found larger lunitidal
amplitudes over the Peruvian sector confirming the results from ground-
magnetometer observations. We have also analyzed the semi-diurnal lunar
tidal amplitude in neutral temperature measurements from SABER at 110
km and found lesser longitudinal variability than the lunitidal amplitude
in EEJ. Our results suggest that the longitudinal variabilities in lunitidal
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modulation of the EE] during SSWs could be related to electrodynamics
in the E-region dynamo.

4.2 INTRODUCTION

Stratospheric Sudden Warmings (SSW) are large-scale meteorological events
usually occurring in the winter hemisphere. The phenomenon of SSW was
first observed by Scherhag (1952) and since then it has been studied ex-
tensively. SSWs are characterized by a weakening or sometimes even a
reversal of the westerly winds in the northern stratosphere which leads to
a sudden rise in polar stratospheric temperature by several tens of degrees
(e.g., Andrews et al., 1987). The underlying mechanism behind SSWs is
understood to be the non-linear interaction of the vertically propagating
planetary waves with the zonal mean flow as proposed by Matsuno (1971).
According to the World Meteorological Organization (WMO), SSWs can
be classified into major and minor warming events based on the intensity
of weakening of mean zonal wind at 60°N and 10hPa. An SSW is classified
as a major warming if the zonal wind at 60°N and 10hPa shows a reversal
from westerly to easterly. In case there is deceleration of the zonal wind
but no reversal, then it is classified as a minor warming.

Although SSWs occur at polar stratospheric heights, their impact can be
detected widely across higher altitudes. At high-latitudes, observational
and modeling studies suggest that SSWs result in cooling of the meso-
sphere (e.g., Labitzke, 1972; Liu and Roble, 2002; Cho et al., 2004) and
warming of the lower thermosphere (e.g., Funke et al., 2010). At middle-
latitudes SSWs have been reported to be the cause behind alternating re-
gions of warming and cooling in the ionosphere (Goncharenko and Zhang,
2008). At low-latitudes SSW related perturbations in the ionosphere have
also been seen in different parameters such as vertical plasma drifts (e.g.,
Chau et al., 2009; Chau et al., 2010), the equatorial electrojet (e.g., Yamazaki
et al., 2012b) and total electron content (Goncharenko et al., 2010a). The
longitudinal variabilities in the ionosphere during the 2009 major SSW
in E x B drifts have also been observed through model simulations (e.g.,
Fang et al., 2012). Their results showed that the longitudinal variability of
the neutral winds and the strength of the geomagnetic field could be the
reason behind the longitudinal variation of vertical drifts. At equatorial
and low-latitudinal regions of the ionosphere, one characteristic signature
which has been observed during SSWs is a clear semi-diurnal perturba-
tion pattern which shifts in time at later days. This shifting pattern was
suggested by Fejer et al. (2010) to be due to the enhancement of semi-
diurnal lunar (M;) tide during SSWs. They also observed these temporal
perturbations in the equatorial electrojet in different longitudinal sectors.
Usually, the perturbations were seen to occur at first in the American sec-
tor and lastly in the Pacific sector. The perturbations were also recorded
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to be strongest in the American sector. However, a quantitative compari-
son between the lunitidal enhancements in different longitudinal sectors
during SSWs was not presented. Large lunitidal amplitudes in the EE]J
during SSWs have also been reported from ground-based and satellite ob-
servations (e.g., Park et al., 2012; Yamazaki et al., 2012b; Yamazaki, 2013;
Siddiqui et al., 2015b). The readers may refer to a comprehensive review
by Chau et al. (2012) for more details on impacts of SSW on the equatorial
ionosphere.

The equatorial electrojet (EE]) is a narrow band of an intense electric cur-
rent confined to a latitude band of about +3° and flowing above the mag-
netic dip equator in the daytime E-region of the ionosphere. Numerous
studies have reported about the important characteristics of the EEJ based
on the data from ground observatories and satellites (e.g., Doumouya et
al., 1998; Rigoti et al., 1999; Jadhav et al., 2002; Liihr et al., 2004). The EEJ
current system is primarily driven by the dynamo action of tidal winds
in the E-region of the ionosphere. The atmospheric tides driven by solar
heating constitute the dominant driver of this current system. In compari-
son, the effect of the gravitationally forced lunar tides are rather small. A
comprehensive review on the EEJ can be found in Forbes (1981).

Lunitidal oscillations in horizontal component of magnetic field, H, at
an equatorial station were first derived by Bartels (1936) at Huancayo,
and the amplitudes were found to be significantly greater than at mag-
netic stations in higher latitudes. On certain days, the lunar influence in
the EEJ was seen to become considerably large and even comparable to
the solar effects. The existence of these ‘big L' days was first reported
by Bartels and Johnston (1940) from ground-based magnetic observations
at Huancayo in Peru. Subsequently, large lunitidal amplitudes were also
computed at equatorial stations in Kodaikanal, India (Rao and Sivaraman,
1958) and Ibadan, Nigeria (Onwumechilli and S., 1959). The electrojet was
attributed by Forbush and Casaverde (1961) as the reason for large luniti-
dal variation at Huancayo. Rastogi (1963) also reported that the lunitidal
oscillations in horizontal magnetic component, H, at stations close to the
magnetic equator are greatly affected by the electrojet currents. Using a
chain of magnetic observatories in Peru, he found that the semi-diurnal lu-
nar variations in daily range of H during December solstice at Huancayo
(12.1°S,75.2°W), which is located under the EE], was four times greater
than at Talara (4.6°S,81.3°W), which is located outside the EE]J. Rastogi
and Trivedi (1970) also demonstrated the longitudinal variation of semi-
diurnal lunar tide (M;) in EE]J. Using the horizontal magnetic intensity
data at Huancayo (12.1°S,75.2°W), Addis Ababa (9.0°N,38.7°E), Trivan-
drum (8.5°N,76.9°E), Koror (7.3°N,134.5°E) and Jarvis (0.4°S,160.0°W),
they compared the amplitude of M; at all these stations and found the M,
amplitude during December solstice at Huancayo to be 8.7 nT compared
to 4 nT in Trivandrum. Further, their results also showed an increase in the
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M, amplitudes with an increase in the solar daily range of H. Hence, they
concluded that the lunitidal oscillations in H show a strong longitudinal
variability near the magnetic equator and it is related to the longitudinal
variations of EE]. This variability was not only observed in the EEJ but also
in the mid-day values of critical frequency (foF;). The lunar semi-diurnal
variations in fyF, also showed a maximum in the South American zone
and a minimum over the Indian zone. Rastogi (1962a) suggested based
on these observations that enhancement of the lunitidal variation over the
dip equator in fyF; is closely related to the equatorial electrojet. Stening
et al. (2002) computed the amplitude and phases of lunitidal variations
in H at many observatories in different latitudes and longitudes and deter-
mined the M, amplitude during December at Huancayo (Peru) and Trivan-
drum (India) to be 20.5 nT and 12.1 nT, respectively. They attributed the
large lunitidal amplitude at Huancayo during December to higher Cowl-
ing conductivity over that region which results in the larger intensity of
EE]. However, Rastogi (1962b) have argued that the longitudinal variation
of Cowling conductivity along the dip equator is too small to explain the
difference in EE] intensities and suggested a longitudinal variation in the
tidal velocities to explain the larger lunitidal amplitude in EE] over Peru
as compared to over India.

This study follows the previous work by Siddiqui et al. (2015b) and
Siddiqui et al. (2015a) in which they computed the lunitidal enhancements
in EEJ at Huancayo during SSW and non-SSW winters and also showed
a good correlation between the timing of lunitidal amplifications and the
onset of stratospheric warmings. In this study we investigate the response
of EEJ to SSW events in different longitudinal sectors. By quantitatively
comparing the lunitidal enhancements in the Peruvian and Indian sectors
using ground-based and satellite observations we suggest plausible causes
for the observed longitudinal variabilities.

We describe the various data sets used in this study in Section 4.3. In
Section 4.4 we introduce our approach for determining the strength of the
lunar tidal modulation of the EEJ and in the neutral temperature measure-
ments. In Section 4.5 we present our observations followed by discussion
in Section 4.6. The conclusions from this work are presented in the final
section.

4.3 DATASET

In this study we use multiple data sets to investigate the longitudinal vari-
abilities of the lunitidal oscillations during SSWs. The details regarding
the various sources of data considered in this study are elucidated in the
following paragraphs.

To study the longitudinal characteristics of lunar tides in the EEJ, hor-
izontal (H) component recordings from ground-based magnetometers in
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Figure 4.1: The locations of the observatories in the Peruvian and Indian sectors
are presented in this plot. The black lines represent the quasi-dipole
lines including the dip equator which is marked in bold black colour.
The equatorial observatories are marked with red dots whereas the
non-equatorial observatories are denoted with green dots.

the Indian and Peruvian sectors have been utilized. Hourly means of the
geomagnetic H component at Huancayo, HUA, (-12.05°N, 284.67°E, 0.59°
dip lat.), Fuquene, FUQ, (18.11°N, 293.85°E, 17.06° dip lat.), Tirunelveli,
TIR, (8.7°N, 77.8°E, 0.59° dip lat.) and Alibag, ABG, (18.6°N, 72.9°E, 13.67°
dip lat.) for the following periods were downloaded from the website of
World Data Centre for Geomagnetism, Edinburgh:

(a) Dec 2005 - Feb 2006 , (b) Dec 2006 - Feb 2007 and (c) Dec 2008 - Feb
2009

Figure 4.1 shows the location of the observatories used in this study.
The black lines represent the quasi-dipole lines including the dip equator
which is plotted in bold black colour. The locations of equatorial obser-
vatories are marked with red dots while the location of non-equatorial
observatories are represented with green dots.

The pair of magnetometers in both the sectors have been chosen such
that one of the observatories is situated directly beneath the equatorial elec-
trojet (HUA & TIR) and the other observatories (FUQ & ABG) lie outside
the influence of EE]. The purpose of using this approach is that a major
part of solar quiet (Sq4) daily magnetic variation at an equatorial observa-
tory can be removed by using the S, variation at a non-equatorial obser-
vatory (e.g., Manoj et al., 2006). The enhancement of lunitidal amplitudes
in the EE]J has been compared in Siddiqui et al. (2015a) for both the cases
when an equatorial station makes use of a reference station and when it
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is used alone. The lunitidal enhancements seemed better correlated with
stratospheric observations of SSW when a suitable reference station was
considered. Here, Fuquene and Alibag serve as reference stations to the
equatorial observatories at Huancayo and Tirunelveli, respectively.

For the purpose of direct comparison between ground and satellite ob-
servations, EE] intensities derived from the CHAMP satellite measure-
ments are also used in this study. The CHAMP satellite was launched
into a circular, near-polar (inclination: 87.2°) orbit at 456 km altitude on 15
July 2000 and it provided highly precise gravity and magnetic field mea-
surements over a 10-year period. It circled the Earth about 15.5 times per
day and its orbital plane precessed through local time at a rate of 1 h per
11 days. It required 131 days to cover all local times, considering both as-
cending and descending orbital nodes. The electrojet current strength was
deduced from magnetic field measurements on board CHAMP. The read-
ers may refer to Liihr et al. (2004) for a more detailed description of the
EE]J determination from CHAMP measurements.

The V2.0 temperature measurements from the Sounding of the Atmo-
sphere using Broadband Emission Radiometry (SABER) instrument on the
Thermosphere Ionosphere Mesosphere Energetics and Dynamics (TIMED)
satellite are used to estimate lunar tidal amplitude in neutral temperature
at an altitude of 110 km.

To consider the dependence of the EE] strength on solar activity we ap-
ply the solar flux values Fjo 7 in sfu (1072Wm2Hz ') which are available
at the GSFC/SPDF OMNIWeb interface. The weakening of the northern
polar vortex is quantitatively deduced from the zonal-mean zonal wind
(U) at 70°N and at 48 km altitude and from the temperature (T) at the
North Pole and at 40 km altitude which were obtained from MERRA
(Modern-Era Retrospective Analysis for Research and Application) data.

4.4 METHODS OF ANALYSIS
4.4.1  Estimating lunar tidal amplitude in EE]J from ground magnetic records

Regular daily variations with period and sub-periods of a solar day are
found in ground magnetic records and are termed as geomagnetic solar
(S) daily variations. Besides S there are also smaller periodic variations
depending on lunar time called the geomagnetic lunar (L) daily variations.
The amplitude of L is an order of magnitude smaller than S and its domi-
nant component is the semi-diurnal variation (12.42 hours) which displays
a semi-monthly variation (14.77 days) at a fixed local time. Normally, lu-
nar modulation of the EE] roughly amounts to about 15% of its intensity
(e.g., Onwumechilli, 1963; Liihr et al., 2012) but during certain ‘big L days’
between November and February, lunar effects in the EE] suddenly show
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an increase by 4-5 times (Bartels and Johnston, 1940). One of the causes
for these large lunitidal enhancements in the EE] could be due to modified
tidal propagation conditions during SSWs (Forbes and Zhang, 2012). In
this study we first investigate the lunar modulation of EEJ during SSWs in
the Peruvian and Indian longitudinal sectors by using the ground-based
magnetic recordings in these regions.

We employ the method as explained in Siddiqui et al. (2015a) to deduce
the semi-monthly lunar tidal amplitude from the H component of ground-
based magnetic field recordings. Briefly, the electrojet strength is estimated
by choosing a pair of stations such that one of the stations lies within the
electrojet footprint and the other is located outside of it, thus acting as a
reference station to the former. The nighttime values are used as a reason-
able approximation for removing the effects of the Earth’s core and crustal
tield. The nighttime values, Hpr, are first subtracted individually from the
horizontal component recordings, H, of both the equatorial and the refer-
ence station. Here, Hyr represents the contributions of Earth’s main field
(MF) in the H component of ground-based magnetic field recordings.

AH=H— HMF (41)

AH here reflects the daily variation with respect to the local midnight
values. The electrojet strength, Hggj, is then estimated by computing the
difference between the daily variations at the equatorial and the reference
station.

Hggj = AHggj — AHnonEEg (4.2)

As mentioned in the earlier paragraphs, the stations chosen for the Pe-
ruvian sector are Huancayo and Fuquene and in case of the Indian sector
the stations are Tirunelveli and Alibag. For both these station pairs, the
EE] derived strength is then normalized to a solar flux level of 150 s.f.u
and the data are then arranged into bins of 1 day by 1 h in local time (LT)
from 08:00 to 16:00 hr for an interval of 59 days. The dominant solar tidal
variations are removed by subtracting the means over a 59-day period (two
lunar months) for each local time hour. The amplitude of the semi-monthly
lunar wave (14.77 days) is then obtained by Fast Fourier Transform (FFT)
for each local time hour. The amplitude thus obtained is then normalized
for the expected diurnal variation of the ionospheric conductivity, C, fol-
lowing Liihr et al. (2008).

C= Co\/cos{%t(LT—to)} (4.3)

where Cy = 1, indicates the peak conductivity and ty = 12:30 LT is the
local time of the peak conductivity.

The semi-monthly lunar wave over 59 days is estimated from the mean
of normalized amplitudes for each local time bin. A sliding window of
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59 days length advanced by 1 day is applied to estimate the day by day
lunitidal amplitude.

4.4.2 Estimating lunar tidal amplitude from the CHAMP magnetometer mea-
surements

We further investigate the lunar modulation of EE] during SSWs in the
Peruvian and Indian longitudinal sectors by using the CHAMP magne-
tometer measurements. Since we are investigating the longitudinal vari-
abilities in the lunar tide of the EE], we first sort the EE] values derived
from CHAMP, according to two longitudinal intervals each of 90 degrees
width around the Peruvian and Indian sectors. The Peruvian sector is rep-
resented by the longitudes between 235° — 325°E, while the longitudinal
interval between 45° — 135°E have been selected for the Indian sector. The
EEJ dependence on solar activity is accounted by normalization using the
statistical formula used by Park et al. (2012) (see their Equation 1)

EEJ

EE] =
/11838 x [cos 75 (LT — 12h))

(4-4)

where EEJ and EE]J’ are the original and normalized EE]J peak current
densities (Alken and Maus, 2007), respectively and Fjo7p = m
where Fiy7 is the observed value of solar radio emission at 10.7 cm for
each day and Fjo7a is the 81-day averaged value of Fyp7 index.

Further, following Park et al. (2012), a similar approach for estimating
the semi-diurnal lunar (M;) tidal amplitude from the CHAMP EE] data
is applied in both these sectors. Instead of calculating zonally averaged

EEJ’, which was used by them, we compute EE]’ which is averaged over
each longitudinal sector. The averaged values are then detrended by using
a 39-day 1-D median filter. Since the M, tide appears Doppler-shifted at
a period of approximately 13 days in the moving frame of the CHAMP
satellite (see Park et al., 2012), 3 cycles of the 13-day oscillation corresponds
to the filter length of 39 days. The M, amplitude is then evaluated for a
moving window of 39 days length using the FFT. The window is moved
forward by one day and the same analysis is applied to subsequent days.

4.4.3 Estimating lunar tidal amplitude from the SABER temperature measure-
ments

The SABER neutral temperature measurements within £5° latitude around
Huancayo and Tirunelveli and at 110 km altitude are also analyzed to
study the longitudinal variability of the M, during SSWs. The longitudi-
nal interval corresponding to the Peruvian and Indian sectors, have been
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considered as above and the data are sorted for each day. For the estima-
tion of M;, we employ the method used by Forbes and Zhang (2012). The
Doppler-shifted M; lunar tide in the frame of SABER instrument on board
the TIMED satellite corresponds to 11.85 days (Forbes and Zhang, 2012).
Using this fact, we start the procedure for the lunar tidal analysis by calcu-
lating residuals for each day by using a 12 day running-mean background
temperature centered on that day. The residuals are then fitted within a 12
day moving window using the least-squares method to extract the semi-
diurnal lunar signal. The window is subsequently moved forward by one
day at a time to determine the evolution of the M, tide during SSWs.

In the above analyses, although we have used different window sizes
based on the M; and semi-monthly lunar periods on the ground and on
the two satellite frames, we do not expect a difference due to varying
window lengths when comparing the lunitidal enhancements.

4.4.4 Identification of Sudden Stratospheric Warming events using the concept
of Polar Vortex Weakening

The concept of using polar vortex weakening (PVW) for characterizing the
strength of SSW events was introduced by Zhang and Forbes (2014). They
used the daily time series of the zonal-mean zonal wind (U) at 70°N and
48 km altitude and temperature (T) at North Pole and 40 km altitude from
the MERRA reanalysis dataset to describe the PVW. This same definition
was then also used by Chau et al. (2015) and later by Siddiqui et al. (2015a)
to demonstrate a correlation between the PVW characteristics and lunitidal
enhancements in the upper mesosphere and in the EEJ, respectively.

In this study we also use the same definition of PVW to compare its
timing with the lunitidal enhancements in the EE]J and in the SABER tem-
perature measurements.

4.5 OBSERVATIONS AND RESULTS
4.5.1 Lunar tidal modulation of the EE] during SSW

The top and middle panels in Figures 4.2, 4.3 and 4.4 present the diur-
nal magnetic field variations underneath the EE] at the Huancayo and
Tirunelveli observatories during December 2005 - February 2006, Decem-
ber 2008 - February 2009 and December 2006 - February 2007, respectively.
Figures 4.2 and 4.3 include the SSW events of 2006 and 2009 while no SSW
event (according to the WMO definition) was recorded during Dec 2006
- Feb 2007. The bottom panels in all three figures present the daily time
series of the zonal-mean zonal wind, U (red curve) at 70°N and 48 km
altitude and the temperature, T (black curve) at North Pole and 40 km al-
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Figure 4.2: The top and middle panels present the daily variation of the EE] at
Huancayo, Peru and Tirunelveli, India during December 2005 - Febru-
ary 2006. The bottom panel presents the daily time series of the mean
zonal wind (U) at 70°N and 48 km altitude (red curve) and tempera-
ture (T) at North Pole and 40 km (black curve) during the same period.
The dashed black vertical line in each panel marks the peak polar vor-
tex weakening (PVW) day. The dashed blue vertical lines denote the
multiple episodes of warming prior to PVW during this time interval.

titude for the above mentioned periods. The dashed black vertical lines in
Figures 4.2 and 4.3 mark the days of peak PVW. The dashed blue vertical
lines in Figure 4.2 denote multiple warming events that occurred prior to
the intense event (denoted by dashed black line).

The development of major SSW events in 2006 can be seen in Figure
4.2. During this period multiple episodes of major warming events are
recorded. The zonal mean wind at 70°N and at an altitude of 48 km starts
to decelerate around 31st December, reverses its direction and reaches a
minimum on 3rd January. The temperature starts to increase along with
deceleration of the winds and peaks on the same day when the minimum
in winds are recorded. Later episodes of warming reached their peaks
on 11th, 18th and 22nd January. The fourth warming event is the most
prolonged during this period with the zonal winds reversing and reaching
almost 80 m/s in the westward direction.

The second episode of warming is larger than the first one and starts
around 11th January. During this period, the EE] first weakens for a cou-
ple of days and then develops a semi-diurnal perturbation pattern with
morning enhancement and afternoon weakening which shifts to later lo-
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Figure 4.3: Same as Figure 4.2 but during the period December 2008 - February
2009.

cal times. The perturbation pattern is similar to the one described by Fejer
et al. (2010) in case of the 2003 SSW event. A second perturbation pattern
in EEJ starting around 28th January can also be seen in both these panels.
As it has been reported earlier by Fejer et al. (2010), these perturbations
are also seen first in the Peruvian sector and a few days later in the Indian
sector. Another notable feature is the stronger perturbation patterns over
the Peruvian sector than the Indian sector.

During the 2008-2009 winter, multiple warming events are not witnessed
and can be seen in Figure 4.3. The zonal wind starts to decelerate around
18th January and reaches its minimum on 23rd while the temperature at
the North Pole is also seen to peak during this period. The 2009 SSW
event is one of the strongest and most prolonged SSW ever recorded in
history (Manney et al., 2009). As seen earlier during the 2006 SSW event,
in this case too, the EE] intensity decreases at first and then after the
peak warming around 26th January develops a similar semi-diurnal pat-
tern with morning enhancements and afternoon weakening which shifts to
later times at both longitudes. It can be further seen that the semi-diurnal
pattern is much clearer and stronger in the Peruvian sector than in the
Indian sector during this event.

Figure 4.4 presents the same plot as Figures 4.2 and 4.3 but during Dec
2006 - Feb 2007. According to WMO's definition of stratospheric warm-
ing, no SSW events are recorded during this period, however, we detect
a minor episode of warming around 31st December. The temperature at
the North Pole shows an enhancement and the zonal wind also shows a
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Figure 4.4: Same as Figure 4.2 but during the period December 2006 - February
2007.

deceleration, but it does not get reversed. A slightly weaker semi-diurnal
pattern compared to the one in Figure 4.2 can be seen around 2nd January
in the first two panels. The perturbation is much weaker as compared to
major SSW events in Figures 4.2 and 4.3 in both the sectors. The difference
in the perturbations of EE] intensity during stronger and weaker zonal
wind reversal conditions is evident in these three plots. The observed per-
turbations can be attributed to the amplification of lunitidal oscillations in
the equatorial electrojet during SSWs (Fejer et al., 2010).

4.5.2  Lunar tidal amplitudes in EE] and neutral temperature measurements

The three panels in Figures 4.5, 4.6 and 4.2 present the lunar tidal ampli-
tudes that have been computed from the magnetometer recordings, peak
EE] intensity measurements from CHAMP and SABER temperature data,
respectively, during the SSW winters of 2006 and 2009, and during the
non-SSW winter of 2007. The dashed black vertical lines denote the day
of strongest PVW in Figures 4.5 and 4.6 in all the three panels. The solid
black and red lines in these figures denote the lunitidal amplitudes in the
Peruvian and Indian sectors, respectively.
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Figure 4.5: The top panel presents the semi-monthly lunar tidal amplitude in the
EE] derived from ground magnetometer recordings between Decem-
ber 2005 - February 2006. The black line denotes the lunitidal ampli-
tude in the Peruvian sector and the red line denotes the same in the
Indian sector. The middle panel presents the M, amplitude derived
from CHAMP data during the same period and for the above two sec-
tors. The lower panel presents the M, amplitude derived from SABER
temperature measurements. The black vertical dashed line in all the
panels denote the day of peak PVW.

4.5.2.1 2006 SSW event

The top panel in Figure 4.5 presents the semi-monthly lunar tidal ampli-
tude derived from Hggj which is clearly larger at Huancayo (Peru) than at
Tirunelveli (India) during the 2006 SSW winter. A strong enhancement in
both the sectors starts towards the end of December followed by a peak
in amplitude during the third week of January. The peak PVW also takes
place during this time, and the close correlation between these two phe-
nomena was demonstrated in Siddiqui et al. (2015a). In the Peruvian sector,
the peak amplitude reaches a value of 42.2 nT and it occurs on 22nd Jan-
uary whereas in the Indian sector peak amplitude of 27.3 nT is achieved a
day later on 23rd January. The ratio between peak amplitudes at Huancayo
and Tirunelveli is 1.5. As the days of peak PVW are quite similar for both
the 2006 and 2009 SSW, the percentage changes between the pre-warming
and peak amplitudes are calculated relative to 1st January in both these
cases. The relative changes in semi-monthly lunar tidal amplitude for both
the Peruvian and Indian longitudes are similar, being 131% and 126%, re-
spectively.
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In the middle panel of this figure, the M, amplitude from CHAMP peak
EE] intensity data is presented. The local time coverage of the CHAMP
satellite during the 2006 SSW event was favorable in the sense that CHAMP
recorded the EE] intensity during the daytime between 7 and 17 LT dur-
ing Dec 2005 and January 2006. The enhancement in M, starts similarly
towards the end of December as in the case of ground observations and
then the maximum M, amplitude is recorded during the third week of
January around the time of peak PVW in both sectors. Here, the lunitidal
enhancement in the Peruvian sector is larger than in the Indian sector. The
peak amplitudes however are recorded earlier than the day of PVW and
this is due to decreasing LT in the satellite frame. The local time was 12 LT
on 31st December 2005 and moved to 10 LT on the day of observed PVW
maximum. The M, amplitudes on the day of peak PVW are 74.4 (mA/m)
and 48.3 (mA/m) for the Peruvian and Indian sectors, respectively with
the ratio again being 1.5. However, due to the varying LT in the satellite
frame the relative percentage changes are difficult to compare and there-
fore are not shown. In both the ground-based and space measurements the
lunitidal enhancements start at similar time and the level of enhancements
are also similar in both sectors. Overall, the semi-monthly lunar tidal am-
plitude derived from magnetometer recordings and the M, amplitude de-
rived from CHAMP satellite measurements show a good agreement with
each other.

In the bottom panel the M, amplitude derived from SABER tempera-
ture measurements is shown for both the sectors. The M, amplitude starts
increasing during the last week of December and it reaches the peak value
of 9.4 K (Peruvian sector) and 8.1 K (Indian sector) on 23rd and 22nd
January, respectively, with the ratio between peak M, enhancements be-
ing 1.1. Thereafter it shows a gradual decrease till the end of February in
both the sectors. The M, enhancements in neutral temperature are simi-
lar in both the sectors unlike the lunitidal enhancements in EE]. The day
of peak M, amplification in neutral temperature measurements compares
quite well with the respective lunitidal peaks in EE] derived from ground
observations. The peak lunitidal amplitudes from ground-magnetometer,
CHAMP and SABER measurements are presented in Table 4.1 along with
their respective delays in timing relative to the PVW.

4.5.2.2 2009 SSW event

The top panel in Figure 4.6 shows the semi-monthly lunar tidal amplitude
computed from ground magnetometer recordings during the 2008-2009
SSW winter. The lunitidal amplitude in EEJ at Huancayo shows a similar
enhancement as in the case of 2005-2006 SSW event and reaches its peak
4 days after the day of PVW, whereas the enhancement at Tirunelveli is
much smaller and its peak appears 16 days later than the PVW day. The
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Table 4.1: The peak semi-monthly lunitidal amplitude from ground-
magnetometer recordings, M, amplitudes (on the day of PVW)
from CHAMP data and peak M; amplitudes from SABER measure-
ments in both the Indian and Peruvian sectors are presented here.
The values are followed by their respective delays in timing (wherever
applicable) with respect to the PVW day.

Year | Date of PVWs | Sector | Ground mag. | CHAMP | SABER
(nT) (mA/m) (K)
2006 22nd Jan Peruvian 42.2 (0 d) 74.-4 9.4 (1d)
Indian 27.3 (1 d) 48.3 8.1 (0o d)
2007 Peruvian 28.3 47.3 6.1
Indian 16.0 28.9 4.8
2009 23rd Jan Peruvian 39.4 (4 d) 11.4 (5 d)
Indian 16.5 (16 d) 9.9 (5d)

peak amplitude at Huancayo during this event is 39.4 nT and it is 16.5
nT at Tirunelveli with their ratio being equal to 2.4. The relative changes
in lunitidal amplitude for both the Peruvian and Indian longitudes being
125% and 108%, respectively.

The peak amplitude at Tirunelveli is attained during the post-warming
phase when the wind direction started to change again from easterly to
westerly and the temperature values started to reach pre-SSW levels. The
2006 and 2009 SSWs are both major warming events and the lunar tidal
enhancement at Huancayo is similar during both these major SSWs, as
peak values are alike and the timing of enhancements closely follows the
PVW. However, the timing and amplitude in the Indian sector are different
during both these SSWs. The shifting semi-diurnal perturbation in Figure
4.3 is clearly stronger in the Peruvian sector while in the Indian sector the
perturbation more resembles a solar diurnal variation, which suggests a
weaker lunar influence on the EE]J.

In the middle panel of Figure 4.6, the M, amplitude computed from
CHAMP peak EE] intensity data is presented. However, during December
2008 - January 2009, CHAMP crossed the magnetic equator during night-
time hours (LT) and the local daytime coverage of EEJ resumed only dur-
ing the first week of February 2009. The lunitidal amplitude can therefore
be estimated only during February - March 2009 for this SSW winter and
a direct comparison between the top two panels is not possible likewise as
in Figure 4.5. CHAMP precessed through 17 LT on 19th January 2009 and
then moved to 16 LT on the day of observed PVW maximum. Here, the M,
amplitude in February is probably in the declining phase after a plausible
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Semi-monthly lunar tidal amplitude derived from AHEEJ
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Figure 4.6: Same as in Figure 4.5 but only for the period December 2008 - February
2009.

enhancement during the SSW event. The amplitude is again consistently
larger in the Peruvian sector than in the Indian sector.

The bottom panel of this figure presents the M, amplitude in SABER
temperature data. In both the sectors, the enhancement in M; begins after
10th January and the peak amplitude is achieved on 28th Jan with values
of 10 K and 9.7 K in the Peruvian and Indian sectors, respectively, with
the ratio of peaks being 1.03. The timing of peak PVW is recorded on 23rd
January for this SSW event. Post-SSW, the wind and temperature values
start to reach their pre-SSW levels and the enhancement in M, amplitude
also gradually subsides. The lunitidal amplification levels from SABER
measurements are again similar in both the sectors and closely follow the
semi-monthly lunitidal amplification at Huancayo.

4.5.2.3 2006 - 2007 Northern winter

In Figure 4.7, the lunitidal amplitudes from the three datasets are com-
pared during the winter of 2006-2007 in which no major warming was
recorded. In the top panel, unlike in the previous two figures, no sharp
increase in the semi-monthly lunar tidal amplitude is observed. Although
a gentler enhancement can be seen towards the end of December in the
Peruvian sector and in the first ten days of January in the Indian sector,
which could be either related to the seasonal enhancement of the lunar tide
which happens during December solstice, or to the moderate enhancement
of stratospheric temperatures around 31st December. Also, the amplitude
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in the Peruvian sector is larger than in the Indian sector, as seen in the
earlier two cases. The peak lunitidal amplitude at Huancayo is 28.3 nT on
31st December 2006 and 16 nT at Tirunelveli on 12th January and their
ratio being equal to 1.7.
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Figure 4.7: Same as in Figure 4.5 but only for the period December 2006 - February
2007.

In the middle and bottom panels, the M, amplitude from CHAMP and
SABER measurements doesn’t show a clear enhancement in both the sec-
tors as during the SSW winters. The CHAMP satellite precessed from 15 to
7 LT during this period, making it suitable to derive M, amplitude for this
interval. Although the M, amplitudes remain less than 50 mA/m during
the entire period in both the sectors, larger values are again observed over
the Peruvian sector in this case. The M, amplitudes in the neutral tem-
perature show no major enhancements during this winter and the values
remain less than 5 K over both the sectors during the entire time inter-
val. A major difference in M, amplitudes is thus clearly visible between
SSW and non-SSW winter periods. However, the M; amplitudes in neutral
temperature measurements are similar over both the Peruvian and Indian
sectors in all the three considered time intervals.

4.5.3 Phase propagation of the semi-monthly lunar tide in EE]

The lunar tide is an astronomical phenomenon and therefore, its phase
in general can be precisely determined. For example, Liihr et al. (2012)
used 5 years of CHAMP data to investigate the phase propagation of the



86

LONGITUDE DEPENDENT EEJ LUNAR TIDE DURING SSW

semi-monthly lunar tide as a function of moon phase. They obtained a lin-
ear pattern of phase propagation with aging moon that is consistent with
astronomical predictions (see Liihr et al., 2012, Figure 3). When fitting a
regression line to the phase values of analysed lunitidal waves that were
determined independently for each local time hour, they obtained the fol-
lowing formula for the linear fit which estimates the local time (LT) of the
maximum of the semi-monthly wave for all moon phases (MP).

LT = 1.2(MP — 12h) + 8.5h (4.5)

The above equation when written in terms of days from the new moon
instead of moon phase, comes out to be (see Equation 6, Siddiqui et al.,
2015b):

LT = 0.98(d — do) + 8.5h (4.6)

where, d, is the number of days since new moon, LT, is the local time
and dy, on conversion from moon phase to days approximately equals
14.77 (=~ % x 29.53) days.

As mentioned earlier the moon phase of 24 hours is approximately
equivalent to 29.53 days whereas in our analysis we have used a window of
29.53 x 2 = 59 days. We tested the phase propagation of the semi-monthly
lunar tide during the three periods of analysis to verify if the wave periods
extracted through the method described in Section 4.4.1, can be attributed
to lunar effects. In the following three subsections the phase propagation
of the semi-monthly lunar tide in the EE] at Huancayo and Tirunelveli has
been determined from the H component of ground-based magnetic field
recordings during the periods covering the SSW events of 2006 and 2009
and the 2006-2007 non SSW winter, respectively.

4.5.3.1 2006 SSW event

In Figure 4.8 the phase propagation of the semi-monthly lunar tide at the
Peruvian and Indian sectors for a 59-day window starting from the day of
a new moon during the 2005-2006 SSW event is presented. Here we have
selected the window such that it starts and ends on the days of new moon
and also covers the SSW period. The black dots and the red asterisks mark
the phase propagation in the Peruvian and Indian sectors, respectively. The
blue line is obtained by a linear regression fit made for the semi-monthly
propagating phase in the Peruvian sector (black dots) and is similar to the
one mentioned in Liihr et al. (2012) (see their Figure 3).

In cases of modified tidal propagation conditions such as during SSWs,
the semi-monthly lunar phase could show slight changes but here despite
the enhanced wave activity during the SSW period, the phase of the semi-
monthly lunar tide resembles the expected pattern of phase propagation
derived in Liihr et al. (2012) at both the Peruvian and Indian sectors. The
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Phase propagation of semimonthly lunar tide with moon phase (2005-2006)
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Figure 4.8: Phase propagation of the semi-monthly lunar tide in the EEJ deter-
mined from H component of ground-based magnetic field recordings
is presented as a function of moon phase during the 2005 - 2006 SSW
event. Dots mark for each local time hour the moon phase when the
tidal wave crest is observed. The black dots and red asterisks represent
the phase at Peruvian and Indian sectors, respectively. The blue line
is obtained from least squares fitting to the propagating semi-monthly
lunar phase in the Peruvian sector.

phase propagation of the semi-monthly lunar tide has been determined
during the period when the SSW effects are strongest and here it is likely
that the applied method robustly filters out the effects of other tides and
waves which can impact the results.

Further, the equation of the regression line obtained by least squares
titting is,

LT = 0.94(d — do) + 8.9h (4.7)

The regression parameters are also similar to the ones in Equation 4.6,
which supports the fact that the amplitudes are largely related to lunar
effects.

4.5.3.2 2009 SSW event

We also determine the phase propagation of the semi-monthly lunar tide
during the 2008-2009 SSW event and is shown in Figure 4.9. The black
dots and red asterisks mark the phase propagation in the Peruvian and
Indian sectors, respectively, as seen earlier in Figure 4.8. The blue line is
obtained by a linear regression fit made for the semi-monthly propagating
phase in the Peruvian sector (black dots). The phase propagation follows
the expected pattern to a large extent in the Peruvian sector but it devi-
ates a small amount in the Indian sector during the noon hours before



88

LONGITUDE DEPENDENT EEJ LUNAR TIDE DURING SSW

returning again to the expected values during evening. It seems that the
lunar tidal effects over the Peruvian sector are stronger during this SSW
than over the Indian sector. As the 2009 SSW is one of the strongest SSW
events recorded in recent history (e.g., Manney et al., 2009) and registered
a strong amount of tropospheric forcing (e.g., Ayarzagiiena et al., 2011),
it is possible that the phase of the semi-monthly lunar tide gets slightly
affected due to changed propagation conditions. However, since the semi-
monthly lunar phase still follows the expected values closely it would not
be unreasonable to believe that the results largely pertain to lunar effects.

Phase propagation of semimonthly lunar tide with moon phase (2008-2009)
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Figure 4.9: Same as Figure 4.8 except during 2008-2009 SSW winter.

The equation of the regression line obtained by least squares fitting is
given by,

LT = 0.95(d — do) + 8.3h (4.8)

Here Equation 4.8 again resembles the Equation 4.6 which was derived
from climatological analysis, thus verifying our approach.

4.5.3.3 2006-2007 Northern winter

Figure 4.10 presents the phase propagation of the semi-monthly lunar tide
at Peruvian and Indian sectors similar to Figure 4.8 except during the
non-SSW winter of 2006-2007. A 59-day window is again selected start-
ing from the day of new moon and the phase propagation of the semi-
monthly lunar tide is determined as above. The pattern is again similar
to the expected propagation in the Peruvian sector, whereas it diverges
slightly in the morning hours in the Indian sector but returns back to the
expected phase during later hours. The phase propagation in both the sec-
tors closely resembles the climatology which leads us to believe that the
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results are largely related to lunar tide. We also obtained the equation of
the regression line by least squares fitting that is given by,

LT =1.0(d—dy) +8.1h (4-9)

and here also the regression parameters do not contradict the expected
values from Equation 4.6.

Phase propagation of semimonthly lunar tide with moon phase (2006-2007)
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Figure 4.10: Same as Figure 4.8 except during 2006-2007 non-SSW winter.

4.5.4 Climatological analysis of lunar tidal modulation of EE]

We carry out a statistical study using the CHAMP peak EE] intensity mea-
surements to compare the climatological lunitidal amplitudes in EE]J over
the Peruvian and Indian sector during December solstice. In our analysis
we use the entire peak EE] measurements from 2000 - 2010 during Decem-
ber solstice (Dec - Feb). The procedure for sorting the data and further
steps are explained as follows.

We consider the longitudinal intervals between 235°E - 325°E and 45°E -
135°E to represent the Peruvian and Indian sectors, respectively. The data
are first sorted according to the longitudinal range of both the Peruvian
and Indian sectors and then further sorted into bins of 2 h in moon phase
and 1 h in local time (LT) for both the sectors. The local time interval here
is again considered between 6 and 18 LT, as the EE] signal outside of it is
considered to be too weak. After sorting the data according to the moon
phase and local time, there are on average 40 readings for each bin, from
which a median value is calculated. Figure 4.11 shows the local time ver-
sus the moon phase distribution of the EE] intensity obtained for both the
Peruvian (top panel) and Indian (bottom panel) sectors. It is clear from the
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figure that the EE] intensity in the Peruvian sector is larger than in the In-
dian sector. However, we are interested in quantitatively investigating the
lunar signal in the EE]J in both these plots and a quantitative comparison
is shown in Figure 4.12.

CHAMP, EEJ, December solstice, Peruvian sector mA/m
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Figure 4.11: Local time variation of the electrojet lunar signal obtained using lon-
gitudinal averages of the EE] peak current densities (mA/m) for the
Peruvian and Indian sectors.

Since at a fixed local time, the lunar signal in the EEJ shows a semi-
monthly oscillation, we estimate the amplitude of this tide for local times
between 6 and 18 LT. The local time dependence of this amplitude can
be seen in Figure 4.12 for both the Peruvian (solid black line) and In-
dian (solid red line) sectors. From Figure 4.12 we can deduce that the lunar
tidal amplitude of the EE]J over the Peruvian sector is larger than over the
Indian sector for all local times between 6 and 18 LT. The diurnal varia-
tion of the semi-monthly lunar tidal amplitude in both the sectors is also
compared with the square root of cosine of the solar zenith angle which
represents the electron density variation of a Chapman layer. The climato-
logical lunitidal amplitudes in both the sectors are fitted with the function
\/ A cos(LT — tg) using the least-squares curve fitting method. The dashed
black and the red lines represent the fitted curves in the Peruvian and In-
dian sectors, respectively. For the Peruvian sector the following values of A
and ty were obtained; Apgry, = 25.94 (mA/m) and ty = 12.01 h and in case
of the Indian sector the corresponding values were Arngiq = 19.71 (mA/m)
and typ = 12.00 h. From the curve fitting results, the ratio of peak ampli-
tudes, Apery/Andia €quals 1.31 during the December solstice. These anal-
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Figure 4.12: Comparison of the diurnal variation of the lunar tidal amplitude in
the Peruvian (solid black line) and Indian (solid red line) sectors es-
timated using the CHAMP satellite data from 2000-2010 during De-
cember solstice. The dashed black and red lines represent the curves
obtained after fitting (least-squares) the square root of cosine to the
climatological amplitudes in the Peruvian and Indian sectors, respec-
tively.

yses suggest that climatological lunitidal amplitudes in EE] are larger over
the Peruvian sector than over the Indian sector.

4.6 DISCUSSION

Our results clearly show the difference in lunitidal enhancements in EE]J
and neutral temperature measurements during SSW and non-SSW periods
in the Peruvian and Indian longitudinal sectors. Further, lunitidal enhance-
ments in EE] show a much greater longitudinal difference than in neutral
measurements during SSWs.

Comparing our observations with the results obtained by Sathishkumar
and Sridharan (2013) we find a good similarity. They estimated the M,
amplitude in zonal wind at go km altitude at Tirunelveli for the 2009 SSW
event and their results showed a peak in M, amplitude on the day of peak
PVW. They also determined the M, amplitude in EE]J at Tirunelveli and
found that its peak occurred approximately two weeks after the PVW, as
seen in our results. Further they also found that the enhancement in solar
semi-diurnal tide in EE] was much larger than that in M; and concluded
that the 2009 SSW event over Tirunelveli was mostly solar dominant. They
performed the same analysis for the 2006 SSW event but in this case their
results showed that the M, amplitude in EE] dominated over the solar
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semi-diurnal tidal amplitude. Although we have not determined the solar
tidal amplitudes in our study, we can discern from Figures 4.2 and 4.3, that
the lunar influence during the 2006 SSW was strong over both the Peru-
vian and the Indian sectors while during the 2009 SSW it was rather weak
over the Indian sector. Based on this study we can state that while there
can be a difference in lunar and solar tidal effects of the EE] in different
longitudinal sectors during the same SSW event, these effects can also be
similar during another SSW event.

The connection between ionospheric variability and SSWs is generally
accepted to be through the modulation of solar and lunar atmospheric
tides (Chau et al., 2012; Pedatella et al., 2012; Pedatella and Liu, 2013).
Simulation results by Pedatella and Liu (2013) suggest that the ionospheric
variability during major SSWs is primarily caused due to the combined ef-
fects of the changes in migrating solar (SW2) and lunar semi-diurnal (M;)
tides. The changes in the M, tide occur due to changes in tidal propagation
conditions during SSWs which shift the Pekeris resonance peak closer to
the M, period (Forbes and Zhang, 2012). As the lunar tidal amplification
is evident in SABER temperature measurements during the 2006 and 2009
SSW events, it may refer to the shift in Pekeris peak during both these
events. While there is a clear correlation between the lunitidal enhance-
ments in the EE] and in SABER temperature measurements during the
2006 SSW event in both the sectors, there is a lack of correlation between
them in the Indian sector during the 2009 SSW event. From our observa-
tions and the results of Sathishkumar and Sridharan (2013) we can suggest
that the semi-diurnal enhancements during the 2009 SSW event over the
Indian sector could be due to stronger modulation of EE] by SW2 than by
the M, tides. On the other hand we find that the semi-diurnal perturba-
tions in EE] over the Peruvian sector are strongly influenced by M, tides
during both the 2006 and 2009 SSW events. It has also been suggested by
Pedatella and Liu (2013) that planetary waves tend to damp the effects
of SW2 tide in the Southern Hemisphere. There could also be a possibil-
ity that SW2 tidal effects at Huancayo are comparatively weaker than at
Tirunelveli.

The M, amplitudes in neutral temperature measurements show lesser
longitudinal variability during both the SSWs in the Peruvian and Indian
sectors. Therefore the longitudinal variability in the lunitidal enhance-
ments in EEJ should be related to the electrodynamics in the E-region
dynamo. Maute et al. (2015) studied the longitudinal differences in E x B
drift in the American and African sectors during the 2013 SSW event using
the TIME-GCM simulations. The daytime vertical drift in the American
sector showed an enhancement followed by progression of the daytime
maximum from earlier to later local times but in the African sector the
daytime maximum vertical drift showed no local time progression. Maute
et al. (2015) found that the penetrating electric fields during moderate ge-
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omagnetic activity could have partly caused the longitudinal difference
in the daytime E x B in the two sectors. They conducted numerical experi-
ments by shifting the neutral wind from the American sector to the African
sector and vice-versa and found that the absence of semi-diurnal shift to
later hours in the African sector can be created due to the combination
of neutral wind and the geomagnetic main field configuration. The 2009
and 2013 SSW event were both major warming events and similar in terms
of strength of the polar vortex weakening. The semi-diurnal perturbation
in the EEJ in case of the 2009 SSW event is seen to be much stronger in
the Peruvian/American sector but not so prominently in the Indian sector.
This is similar to the observations of Maute et al. (2015) (see their Figure
5) where the semi-diurnal perturbation in E x B drift is weaker over the
African Sector during the 2013 SSW event. We therefore suggest that the
findings of Maute et al. (2015) also provide one explanation for the longi-
tudinal differences in the diurnal variation of the EE] at Huancayo (Peru)
and Tirunelveli (India) during the 2009 SSW event.

4.7 CONCLUSIONS

In this study we have computed the lunitidal amplitude during major SSW
events of 2006 and 2009 and during the non-SSW winter of 2007 using;:

¢ the H component recordings from Peruvian and Indian magnetic ob-
servatories

¢ the peak EEJ intensity data from the CHAMP satellite
¢ the SABER temperature measurements

The evolution of derived tidal amplitudes from the three datasets are
then compared during these periods in the Peruvian and Indian sectors.
Major points of our study are as follows:

1. Our results show the difference in lunitidal enhancements in both the
sectors during major SSWs and a non-SSW winter. It is observed that
there is a significant lunitidal enhancement in all the three datasets
during a major SSW event in comparison to a winter without an SSW.

2. Our results further show major longitudinal variabilities in lunitidal
enhancements in EE]J in the Peruvian and Indian sectors. The semi-
monthly lunar tidal amplitude in EEJ shows similar enhancements
in the Peruvian and Indian sectors during the 2006 major SSW event
but during the 2009 major SSW event lunar tidal enhancements in
the Indian sector are much smaller and occur later with respect to
the Peruvian sector.
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3. The M, tidal amplitude derived from SABER temperature measure-
ments are similar in both the sectors and show a strong amplifica-
tion during the 2006 and 2009 SSWs. The M, tidal amplitude during
SSWs closely follows the semi-monthly lunar tidal enhancements in
the EE] at Huancayo.

4. Our results suggest that the semi-monthly lunar tidal enhancements
in the EE]J are not uniform across all longitudes and this could be
either related to the local propagation conditions of the lunar tide
or to the processes in the E-region dynamo. Although, the 2006 and
2009 SSW events were similar with respect to their PVW strengths
but the lunitidal enhancements are quite different.
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SUMMARY AND FUTURE WORK

5.1 SUMMARY

The stratosphere-ionosphere coupling during SSWs provide an opportu-
nity to better understand the processes behind the lower atmospheric forc-
ing of the ionosphere and to improve capabilities that may, in future, lead
to ionospheric weather forecasting. Recent modeling and observational
studies present numerous evidences of lunar tidal enhancement in the
ionosphere due to SSWs. It is believed that the change in the middle at-
mosphere due to SSW induced variabilities lead to the lunar tidal am-
plification in the MLT and in the ionosphere. In this thesis, the SSW in-
duced variability in the EE]J has been studied in detail using the long-term
ground-based magnetic observations at Huancayo, Peru that date as far
back as 1922. The EE]J strength has been derived from these recordings
and the investigation of the lunar tidal modulation of EEJ during SSWs
has been carried out.

The results from this thesis aim to answer some of the existing ques-
tions regarding the lunar tidal modulation in the EEJ during SSWs. One
such outstanding question is the existence of ‘big-L’ (lunar) days in the
EE] at Huancayo during northern winters. This observation has remained
a big question for a long time and one of the causes that has been sug-
gested is the enhancement of lunar modulation in the EE] during SSWs.
The results from Chapter 2 suggest that SSWs definitely lead to a major
enhancement of lunar tides in the EE]. Although a one-to-one correspon-
dence between the occurrence of SSWs and the lunar tidal amplification
in the EEJ is not witnessed but in most of the cases a significant correla-
tion is obtained. For estimating the lunar tidal amplitude in EEJ, a new
analysis approach is used that takes the phase of the lunar semi-monthly
tide, which is known a posteriori, into account (Sec. 2.4). It is found that
the method efficiently suppresses the influence of the solar activity depen-
dent perturbations and day-to-day variabilities in the EE]. By making use
of a superposed epoch analysis technique (Sec. 2.6.2), the relationship be-
tween the lunar tidal enhancements in EE] and occurrence of SSWs has
been investigated and composite results showing a clear enhancement of
the lunar tidal power corresponding to SSWs is obtained. From the com-
posite analysis, a threshold value of lunar tidal power is estimated which
physically represents a baseline for estimating SSWs, prior to their direct
observations from magnetic field recordings. On identification of historic
SSWs from magnetic data, it is found that an average of approximately six
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SSW events per decade also took place from 1926-1952 and that does not
differ from the occurring frequency of SSWs after 1952.

The SSWs have been usually identified in literature through numerous
but not so identical definitions that normally take the temperature and
wind conditions of the polar stratosphere into account. Section 3.4.2 of
this thesis makes use of the concept of Polar Vortex Weakening (PVW),
which has been used to quantify the state of the polar vortex during SSWs.
The lunar tidal enhancement in the EE] is then compared with the intensity
and timing of peak PVW days to ascertain whether the lunar tidal enhance-
ments in EEJ are dependent or independent of the polar stratospheric wind
and temperature conditions (Sec. 3.6). The strong correlation between the
timing of both the peak lunar tidal enhancements and peak PVW events
suggest that the commencement of the lunar tidal enhancement in most
cases is closely related to a PVW event. Although the correlation values
between the amplitudes of peak EEJ lunar tidal modulation and PVW in-
tensities is slightly weaker than their respective timings, it can be inferred
that the lunar tidal amplitudes in EE] in most of the cases show a direct
relation with the intensity of polar stratospheric conditions. The correla-
tion results are consistent with the findings of other studies conducted in
the MLT (Chau et al., 2015) and at ionospheric heights (Zhang and Forbes,
2014).

The lunar tidal modulation of the EE] during SSWs shows longitudi-
nal variability with the effects being strongest in the American sector and
weakest in the Pacific (e.g., Fejer et al., 2010). In this context, a quantitative
study (Sec. 4.5) of the longitudinal differences in the lunar tidal enhance-
ment of the EEJ has been performed using satellite and ground-based mea-
surements in the Peruvian and Indian sectors during the two major SSWs
(2006 and 2009) of the last decade and a non-SSW (2007) winter. It is found
that the lunar tidal enhancements in EE] in both the sectors show a signif-
icant difference during an SSW and a non-SSW winter. Additionally, it is
found that major longitudinal variabilities in lunar tidal enhancements in
EE] exist between both the Peruvian and Indian sectors during the 2009
SSW event. It is important to note that the enhancements were similar in
both the sectors during the 2006 SSW event. In contrast, lunar tidal analy-
sis at 110 km from SABER temperature data reveals nominal longitudinal
difference during both the SSW and non-SSW winters. The results suggest
that the longitudinal variabilities in lunar tidal amplitude in EEJ could be
related to electrodynamic processes in the E-region ionosphere.

In summary, the major findings from this work are as follows:

1. Historical SSWs, prior to their direct observations have been identi-
tied from ground-based magnetometer recordings at Huancayo. It is
found an average of six SSW events per decade took place between
1926-1952. This frequency is seen to be equal to the occurrence fre-
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quency of SSWs that have been identified after 1952 from meteoro-
logical observations.

2. High quantitative correlation has been found between the timing and
amplitude of the polar stratospheric observations and the lunitidal
enhancements in the EE] during SSWs. Together with the observa-
tions of Chau et al. (2015) in which they showed similar results for the
mid-latitude mesosphere, this result demonstrates that SSW events,
as an example of strong vertical coupling phenomenon, impact the
global atmosphere system at all latitudes and atmospheric layers.

3. This work discusses the differences in the Peruvian and Indian equa-
torial ionosphere in response to SSW events and shows that the Pe-
ruvian sector is more sensitive to lunitidal variations than the Indian
sector. The longitudinal variabilities in these two sectors are also dif-
ferent for each of the SSW events. It is suggested that the local dif-
ferences in conductivity, the magnetic field and year-to-year winter
atmospheric conditions could be the cause of the observed longitu-
dinal variations. Together with the previous studies by Yamazaki et
al. (2012b) and Sathishkumar and Sridharan (2013) in which they
looked at the lunar modulation in EEJ through ground magnetome-
ter recordings at African and Indian sectors, respectively, this work
largely contributes to the empirical understanding of the longitudi-
nal variability of lunitidal oscillations at low latitudes.

5.2 FUTURE WORK

Stratospheric Sudden Warmings (SSWs) offer a great example of lower and
middle atmospheric processes that can significantly produce variabilities
in the upper atmosphere. SSW related disturbances in the ionosphere can
generate a variability comparable to moderate geomagnetic storms largely
through the changes in atmospheric tides. Modeling and observational re-
sults have shown that an amplification occurs largely in both lunar and so-
lar semi-diurnal tides at dynamo-region heights in response to SSWs (e.g.,
Yamazaki et al., 2012b; Pedatella and Liu, 2013). These tidal changes during
SSWs influence the electric field generation leading to significant changes
in the ionospheric currents such as the equatorial electrojet (EE]). The av-
erage tidal characteristics during SSWs have so far been solely obtained
from simulations without being comprehensively compared with obser-
vations. The magnetic field data provides a likely observational source
to deduce the average characteristics of these waves at different locations
during major and minor warmings. A detailed comparison between the
model results and observations is therefore required to elucidate the com-
plex mechanism through which the stratosphere and ionosphere are cou-
pled. Although, considerable progress has been made in understanding
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the tidal changes in the ionosphere during SSWs, there are also a number
of remaining questions that still need to be addressed. A few of them have
been itemized as following:

* What are the differences in lunar and solar tidal characteristics dur-
ing major and minor stratospheric warmings? Yamazaki (2013) have
carried out a climatological study of lunar tidal amplification in EE]
during SSWs, but the solar tidal characteristics from ground observa-
tions have not been reported so far.

* What are the factors determining the relative contributions of lunar
and solar tides to the observed SSW signatures in the EE]? Pedatella
and Liu (2013) have estimated the percentage contributions of so-
lar and lunar tides responsible for the ionospheric variability dur-
ing SSWs through simulation studies. These results can be validated
from observations through a climatological study of solar and lunar
tides in the EE].

* What are the reasons behind the longitudinal variability in the iono-
sphere during SSWs? This question should be explored through sev-
eral decades of ground-based observations that show similar longi-
tudinal differences in the EEJ response to SSWs. In parallel, whole
atmosphere simulations, such as from WACCM-X are needed to un-
derstand the sources of the observed wave activity since a careful
insight into the mechanisms behind the ionospheric perturbations
during SSWs is needed to explain the longitudinal differences in the
ionospheric variability.

Deciphering the role played by atmospheric tides in the coupling mecha-
nism is an important step in development of prediction capabilities for the
ionosphere and thermosphere. The broader impact of these research top-
ics would also be a greater understanding of the ionospheric effects due
to vertical coupling such as those initiated during stratospheric sudden
warmings. These observations will be helpful in advancing the modeling
of the whole atmosphere, which would then lead to an improvement in the
tools that are urgently needed to explain the connections between global
atmospheric and ionospheric variability.
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