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Abstract The atmospheric lunar tide is one known source of ionospheric variability. The subject received
renewed attention as recent studies found a link between stratospheric sudden warmings and amplified
lunar tidal perturbations in the equatorial ionosphere. There is increasing evidence from ground
observations that the lunar tidal influence on the ionosphere depends on longitude. We use magnetic
field measurements from the CHAMP satellite during July 2000 to September 2010 and from the two
Swarm satellites during November 2013 to February 2017 to determine, for the first time, the complete
seasonal-longitudinal climatology of the semidiurnal lunar tidal variation in the equatorial electrojet
intensity. Significant longitudinal variability is found in the amplitude of the lunar tidal variation, while the
longitudinal variability in the phase is small. The amplitude peaks in the Peruvian sector (∼285∘E) during
the Northern Hemisphere winter and equinoxes, and in the Brazilian sector (∼325∘E) during the Northern
Hemisphere summer. There are also local amplitude maxima at ∼55∘E and ∼120∘E. The longitudinal
variation is partly due to the modulation of ionospheric conductivities by the inhomogeneous geomagnetic
field. Another possible cause of the longitudinal variability is neutral wind forcing by nonmigrating lunar
tides. A tidal spectrum analysis of the semidiurnal lunar tidal variation in the equatorial electrojet reveals
the dominance of the westward propagating mode with zonal wave number 2 (SW2), with secondary
contributions by westward propagating modes with zonal wave numbers 3 (SW3) and 4 (SW4). Eastward
propagating waves are largely absent from the tidal spectrum. Further study will be required for the relative
importance of ionospheric conductivities and nonmigrating lunar tides.

1. Introduction

The atmospheric lunar tide is a global-scale oscillation of the Earth’s atmosphere caused by the gravitational
force of the Moon (Lindzen & Chapman, 1969). The dominant component of the lunar tide has a period of
12.421 h and is referred to as the semidiurnal lunar tide or M2 tide. The M2 tide is mostly generated near
Earth’s surface, and it propagates to higher altitude. Like other waves in the Earth’s atmosphere (e.g., Yiǧit
& Medvedev, 2015), the amplitude of the lunar tidal wave increases with height, as the background atmo-
spheric density exponentially decreases. The M2 tidal amplitude peaks around 110 km altitudes, above which
the wave is damped due to molecular dissipation. Ground-based radar observations have revealed that the
M2 tide in wind has an amplitude of several meters per second in the altitude range 80–110 km (Niu et al.,
2005, 2007; Paulino et al., 2012, 2015; Sandford et al., 2006; Sathishkumar et al., 2017; Stening & Jacobi, 2001;
Stening, Schlapp, et al., 1997; Stening & Vincent, 1989; Stening et al., 1987, 1990, 1994, 2003; Tsuda at al., 1981).
More recent studies examined the global climatology of the M2 tide in the upper atmosphere using satellite
measurements (Forbes et al., 2013; Lieberman et al., 2015; Paulino et al., 2013; Zhang & Forbes, 2013).

The M2 tide has also been numerically studied (Aso et al., 1981; Forbes, 1982a; Lindzen & Hong, 1974; Pedatella,
Liu, Richmond, 2012; Stening, Forbes, et al., 1997; Stening et al., 1999; Vial & Forbes, 1994). Since the source
gravitational field is well known, the lunar tidal forcing can be accurately prescribed in atmospheric mod-
els. Models’ ability to predict the lunar tide depends on the accuracy of the background atmosphere used
in the models, because the upward propagation of the lunar tide is largely controlled by the zonal mean
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wind and temperature profiles. For this reason, lunar tidal observations are useful for assessing and improving
atmospheric models.

The wind field in the ionospheric E region, or dynamo region (approximately 90–150 km), plays a crucial
role in the ionospheric electrodynamics during daytime. At dynamo region heights, the ion-neutral collision
frequency is comparable to or larger than the gyrofrequency of ions, while the electron-neutral collision fre-
quency is much lower than the gyrofrequency of electrons. Accordingly, the motion of ions is dominated by
the horizontal neutral wind while electrons are frozen to geomagnetic field lines. Different motions between
ions and electrons give rise to electric currents, which result in a buildup of polarization charges and asso-
ciated electric fields. The mechanism is referred to as the ionosphere wind dynamo (Richmond, 1979, 1989).
The polarization electric fields generated in the E region are transmitted to the equatorial F region (>150 km)
along equipotential magnetic field lines. These electric fields are usually eastward during daytime, and thus,
at the magnetic equator where the geomagnetic field is horizontal, plasmas are transported vertically upward
by the E × B drift (Alken, Chulliat, et al., 2013; Fejer et al., 1979, 2008). The lifted plasmas eventually diffuse
downward and poleward along the geomagnetic field lines and produce the so-called equatorial anomaly
crests at approximately ±15∘ from the magnetic equator (Hanson & Moffett, 1966; Moffett & Hanson, 1965).
A number of observational studies have demonstrated the influence of the E region dynamo on the F region
plasma distribution (Balan & Iyer, 1983; Dunford, 1967; Rastogi & Klobuchar, 1990; Rush & Richmond, 1973;
Stolle et al., 2008). The dynamo process in the daytime E region is therefore important for understanding the
behavior of the day-to-day weather of the whole ionosphere (Stening, 2003).

Under steady state conditions, the dynamo current J relates to the ionospheric conductivity tensor 𝜎̂, electric
field E, neutral wind U, and background geomagnetic field B as follows (Richmond, 1995):

J = 𝜎̂ ⋅ (E + U × U) . (1)

The ionospheric conductivity varies with the plasma density, which causes a solar cycle variation in the cur-
rent (Takeda, 1999, 2013; Takeda et al., 2003). The ionospheric conductivity also tends to vary inversely with
the magnitude of the background geomagnetic field. Numerical studies have shown that an increase in
the magnitude of the background geomagnetic field leads to a reduction of the current, as the decrease
in the conductivity is more significant than the increase in the electromotive force U × B (Cnossen et al.,
2012; Takeda, 1996). E region currents essentially vanish during nighttime because of the small ionospheric
conductivity.

The neutral wind in the dynamo region is usually dominated by atmospheric solar tides (Forbes et al., 2008;
Oberheide et al., 2011), which are thermally excited by solar heating. Model calculations have shown that the
solar tides are primarily responsible for the formation of the global-scale ionospheric current system, com-
monly known as solar quiet (Sq) current system (Forbes & Lindzen, 1976; Matsushita, 1969; Miyahara & Ooishi,
1997; Richmond et al., 1976; Stening, 1969; Takeda & Maeda, 1980, 1981, Tarpley, 1970a). The solar tides at
dynamo region heights are a superposition of the waves that are locally generated in the thermosphere
and those that propagate into the dynamo region from the lower atmosphere (Forbes, 1982b; Hagan et al.,
2001). The tides from the lower atmosphere accounts for up to 50% of the ionospheric wind dynamo currents
(Richmond & Roble, 1987; Yamazaki, Richmond, Maute, Wu, et al., 2014).

The zonal current density is strongly enhanced near the magnetic equator (say, within ±3∘ magnetic lati-
tudes), where the effective zonal conductivity is locally elevated owing to the so-called Cowling effect (Baker
& Martyn, 1953; Hirono, 1950). The enhanced eastward current flow along the magnetic equator is commonly
known as the equatorial electrojet. Spatial and temporal characteristics of the Sq current system and equato-
rial electrojet have been extensively studied on the basis of magnetometer data analysis as well as numerical
models (see a review by Yamazaki & Maute, 2017).

The M2 tide modulates the Sq current system and equatorial electrojet by driving an additional ionospheric
current system, known as the lunar (L) current system (Çelik, 2014; Malin, 1973; Matsushita & Xu, 1984).
Numerical calculations verified that the L current system can result from the dynamo action by lunar tidal
winds (Maeda & Fujiwara, 1967; Tarpley, 1970b). The total current intensity of L is usually about one tenth
of the total Sq current intensity (Yamazaki et al., 2011), but the relative contribution of L may vary signifi-
cantly from day to day. The magnetic effect of the M2 tide is most evident near the magnetic equator, where
horizontal magnetic perturbations are enhanced due to the equatorial electrojet (Bartels & Johnston, 1940;
Onwumechilli & Alexander, 1959; Raja Rao & Sivaraman, 1958). The mechanism by which neutral winds affect
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the equatorial electrojet has been discussed in various articles (e.g., Hysell et al., 2002; Richmond, 1973;
Stening, 1995; Yamazaki, Richmond, Maute, Liu, et al., 2014). The modulation of the E region dynamo due to
the M2 tide also causes similar tidal oscillations in the equatorial vertical E × B plasma drift velocities (Fejer
& Tracy, 2013; Stening & Fejer, 2001; Tarpley & Balsley, 1972) and in the F region plasma densities near the
equatorial anomaly crests (Bhuyan & Tyagi, 1986; Matsushita, 1967; Rastogi et al., 1985; Paulino et al., 2017;
Pedatella, 2014; Pedatella & Forbes, 2010). Eccles et al. (2011) were able to reproduce the day-to-day variability
observed simultaneously in the equatorial electrojet and F region plasma density by including the semidiurnal
lunar tide in an ionospheric wind dynamo model.

It has been suggested in recent studies that the lunar tide plays a significant role in producing large pertur-
bations in the equatorial ionosphere during stratospheric sudden warming events. A stratospheric sudden
warming event is a large-scale meteorological disturbance in the middle atmosphere, which usually takes
place in the arctic region during the winter (Andrews et al., 1987; Labitzke & van Loon, 1999). The lunar tidal
variation in the equatorial electrojet has been observed to amplify during stratospheric sudden warming
events (Fejer et al., 2010; Park et al., 2012; Siddiqui, Lühr, et al., 2015; Siddiqui, Stolle, et al., 2015; Yamazaki,
2013; Yamazaki, Richmond, et al., 2012; Yamazaki, Yumoto, et al., 2012). Numerical studies (Forbes & Zhang,
2012; Stening, Forbes, et al., 1997) clarified the sensitivity of the M2 tide to the zonal mean background atmo-
sphere during stratospheric sudden warmings. They have shown that stratospheric sudden warming events
produce favorable conditions for the vertical propagation of the M2 tide from the lower atmosphere to the
upper atmosphere, which results in an amplification of the M2 tide in the lower thermosphere. Simulations
based on coupled thermosphere-ionosphere models have demonstrated that the enhanced M2 tide during
stratospheric sudden warming events can produce large perturbations in the equatorial electric field (Maute
et al., 2016; Pedatella & Liu, 2013; Pedatella, Liu, Richmond, et al., 2012; Pedatella et al., 2012, 2014).

Recently, Siddiqui et al. (2017) reported that the amplitude of the lunar tidal variation in the equatorial electro-
jet intensity is greater in the Peruvian sector than in the Indian sector during the major stratospheric sudden
warming events of 2006 and 2009. They also found a similar longitudinal dependence in the lunar tidal ampli-
tude during the winter of 2007 when there was no stratospheric sudden warming event. The longitudinally
inhomogeneous lunar tidal effect in the equatorial electrojet has also been reported by Rastogi and Trivedi
(1970) and Gupta (1973), and more recently by Stening (2011) and Yizengaw and Carter (2017). Rastogi and
Trivedi (1970) and Stening (2011) showed that the longitudinal variability could be seasonally dependent.
Despite increasing evidence of the longitudinal variability, its zonal structure and seasonal characteristics are
largely unknown due to limited spatial and temporal coverage of ground measurements used in the previ-
ous studies. The present study, on the basis of global satellite measurements, aims to determine the complete
seasonal-longitudinal climatology of the lunar tide in the equatorial electrojet.

Lühr et al. (2012) examined the dependence of the equatorial electrojet intensity on the lunar phase using
decade-long magnetometer data from the CHAMP satellite. Although they addressed the influence of solar
cycle and season on the lunar tidal variation of the equatorial electrojet, the longitudinal variability was not
examined in detail. The present study is to improve our understanding of the lunar tidal variation in the equa-
torial electrojet by fully addressing its dependence on longitude. To this end, we will explore an extended
data set that combines 10 years of CHAMP measurements with more recent measurements from two Swarm
satellites over a 3 year period.

Alken and Maus (2007) presented empirical models of the equatorial electrojet intensity, EEJM. Version 1.0 of
the EEJM includes the dependence on solar activity, season, local time, and longitude. Later, version 2.0 was
released (Alken, 2009), which incorporates the dependence on lunar time as well. For each version of the EEJM,
there are three independent models based on three different satellite measurements from CHAMP, Ørsted,
and SAC-C. We call them EEJM (CHAMP), EEJM (Ørsted), and EEJM (SAC-C), respectively. Although the lunar
time parameterization used in version 2.0 allows the models to reproduce the semidiurnal lunar variation,
its seasonal-longitudinal climatology has not been studied in detail. We will make comparisons between the
results of our data analysis and model predictions by version 2.0 of the EEJM (CHAMP) and EEJM (Ørsted). The
SAC-C model will not be used in this study, because it does not include the dependence on local time owing
to the Sun-synchronous orbit of the satellite.

The longitudinal variation of the mean equatorial electrojet intensity is well known. Early studies based on
ground measurements suggested that the longitudinal variation of the equatorial electrojet is dominated by
the conductivity effect, so that the intensity varies inversely with the strength of the background geomagnetic
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Figure 1. Longitudinal variations in (a) the location of the magnetic
equator and (b) the background geomagnetic field strength at the magnetic
equator. (c) Seasonal and longitudinal dependence of the noontime
equatorial electrojet intensity, derived from version 2.0 of the EEJM (CHAMP)
for P = 120 sfu for the mean lunation.

field (Doumouya et al., 2003; Rastogi, 1962). Later studies involving satellite
measurements established a more comprehensive longitudinal structure
of the equatorial electrojet (Alken & Maus, 2007; England et al., 2006;
Le Mouël et al., 2006; Lühr & Manoj, 2013; Lühr et al., 2004). Figure 1c
reveals the seasonal-longitudinal climatology of the noontime equato-
rial electrojet intensity derived from version 2.0 of the EEJM (CHAMP).
The model calculations were made for the mean lunation for a moder-
ate solar activity condition with the solar activity index P (Richards et al.,
1994) being 120 solar flux unit (sfu = 10−22 W m−2 Hz−1). The P index
was derived from the observed solar radio noise flux at a wavelength of
10.7 cm (the so-called F10.7) (Tapping, 2013). It is immediately obvious that
the background geomagnetic field strength, shown in Figure 1b, cannot
fully explain the longitudinal variation of the mean equatorial electrojet
intensity. For instance, the strength of the background geomagnetic field
over the magnetic equator peaks around 100∘E, which is expected to result
in a weak equatorial electrojet due to the inverse relationship between
the field strength and ionospheric conductivities. However, the equato-
rial electrojet in this longitude sector is rather strong throughout the year.
It is now widely accepted that the longitudinal variation of the mean
equatorial electrojet intensity is primarily due to longitudinally inhomo-
geneous solar tidal forcing (England et al., 2006; Fang et al., 2009; Jin et al.,
2008; Lühr et al., 2008; Pedatella, Hagan, et al., 2012; Lühr & Manoj, 2013).
Nonmigrating (i.e., not Sun-synchronous) tides are responsible for the
forcing that varies with longitude.

Most previous studies on the atmospheric lunar tide focused on the
migrating (i.e., Moon-synchronous) component (Forbes et al., 2013;
Lieberman et al., 2015; Zhang & Forbes, 2013). An exception is the work
by Paulino et al. (2013), which took into account possible contributions
by nonmigrating (i.e., not Moon-synchronous) tides. They performed a
spectrum analysis of the M2 tide in the temperature data taken from the
Sounding of the Atmosphere using Broadband Emission Radiometry
(SABER) instrument on board the Thermosphere Ionosphere Mesosphere
Energetics Dynamics (TIMED) satellite. The zonal wave number spectrum

they obtained from the composite data (2002–2012) during December at 108 km indicated the dominance
of the migrating component, which is the westward propagating mode with zonal wave number 2 (SW2). The
results by Paulino et al. (2013) also revealed the existence of nonmigrating components; specifically, eastward
propagating modes with zonal wave numbers 1 (SE1) and 2 (SE2), and westward propagating modes with
zonal wave numbers 5 (SW5) and 6 (SW6). These nonmigrating tides can cause longitudinal variability of the
semidiurnal lunar variation in the equatorial electrojet. We will address this possibility by applying the same
tidal spectrum analysis to the lunar tidal variation of the equatorial electrojet.

2. Data, Model, and Method of Analysis
2.1. CHAMP
The German satellite CHAMP was launched in the year 2000 into a near-polar orbit with an initial altitude of
∼450 km (Reigber et al., 2002). CHAMP provided high-precision magnetic field measurements over a 10 year
period until the reentry in 2010. The CHAMP magnetometer data have been used for studying various aspects
of low- and middle-latitude ionospheric currents (e.g., Alken et al., 2011; Lühr & Maus, 2006; Maus & Lühr, 2006;
Manoj et al., 2006; Park et al., 2011; Pedatella et al., 2011).

The satellite completes an orbit every ∼92 min. The orbital plane slowly processes through local time at the
rate of ∼5.44 min/d. It takes 131 days to sample all local times between 0600 and 1800 LT. The equatorial
electrojet intensity was derived for each equatorial crossing basically following the technique detailed in Lühr
et al. (2004). The technique has been revised, following Alken, Maus, et al. (2013), by taking into account the
realistic geometry of the magnetic equator, along which the equatorial electrojet is assumed to flow. The data
were used for the entire duration of the satellite operation, from July 2000 to September 2010.
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2.2. Swarm
European Space Agency (ESA)’s satellite constellation Swarm consists of three satellites, namely, Swarm
A, Swarm B, and Swarm C (Friis-Christensen et al., 2006, 2008). It was launched into a near polar orbit
in November 2013. Each satellite carries a magnetometer. The accuracy of the Swarm magnetometers is com-
parable with that of the CHAMP magnetometer. The Swarm magnetometer data have been used to study low-
and middle-latitude ionospheric currents (Alken, 2016; Alken et al., 2015; Chulliat et al., 2016; Lühr et al., 2015).

The Swarm A and Swarm C satellites fly side by side at an altitude of ∼460 km with inclinations of 87.4∘, while
the Swarm B satellite flies at a higher altitude of ∼530 km with an inclination of 88∘. The equatorial electrojet
intensity was calculated using the technique detailed in Alken, Maus, et al. (2013). We used the data from
Swarm A and Swarm B observed during the period from November 2013 to February 2017.

2.3. Retrieval of Lunar Tidal Variation
The procedure of determining the lunar tidal variation in the equatorial electrojet intensity consists of the
following steps. First, we excluded the data corresponding to the periods of relatively high geomagnetic activ-
ity (Kp > 3+). Our test revealed that the results presented in this paper are not particularly sensitive to the
choice of this Kp criteria. Second, we evaluated the mean equatorial electrojet intensity using version 1.0 of
the EEJM (CHAMP) and subtracted it from the corresponding data. The EEJM considers the (solar) local time
dependence of the equatorial electrojet, and hence solar tidal influences are essentially removed from the
data. Besides, remaining solar tidal signatures will largely cancel out at a later stage when the residual data
(i.e., data minus model) are sorted according to the lunar time. Since version 1.0 of the EEJM does not include
the lunar dependence, the effect of the lunar tide may be found in the residuals.

Next, the residuals were divided into subgroups based on solar activity, season, solar time, and longitude.
Several different ways of data binning were used to illustrate different features of the lunar tidal variation.
Details of our binning procedure will be explained later. Finally, the amplitude A and phase 𝜙 of the semidiur-
nal lunar tidal component were determined using a Fourier technique. We defined the phase to be the lunar
time when the semidiurnal tidal variation peaks within ±6 h lunar time. 1 𝜎 errors were evaluated for A and 𝜙

using the bootstrap method (Efron, 1981).

3. Results and Discussion
3.1. Longitudinally Independent Component
We first examine the longitudinally independent component of the lunar tidal variation. The analysis was
performed separately for each bihourly solar time bin. The seasonal dependence was taken into account by
binning the residuals into three seasonal bins: J months (May–August), E months (March, April, September,
October), and D months (November–February). The residual data were further divided for higher (P ≥ 100 sfu)
and lower (P < 100 sfu) solar activity conditions. The residual data in each group were separated into 12 one
hour lunar time bins. At each lunar time, the mean value was calculated with equal weighting for different
longitudes. Finally, least squares sinusoidal fits were performed to extract the semidiurnal lunar tidal signal.

Figure 2 gives examples of the semidiurnal lunar variation determined by the method detailed above. The
results are presented for noontime (between 1100 and 1300 solar time) under different seasonal and solar
activity conditions. The dot data points in each panel are the mean values at each hourly lunar time bin, and
the vertical bars represent 1 standard deviation of the corresponding data sample on either side of the mean
values (not standard error of the mean). The large error bars are due to short-term (i.e., hour-to-hour and
day-to-day) variability of the equatorial electrojet, which can result from highly variable wave forcing from the
lower and middle atmosphere (Kawano-Sasaki & Miyahara, 2008; Yamazaki, Richmond, Maute, Liu, et al., 2014).
The short-term variability of the equatorial electrojet is not considered in the EEJM and thus remains in the
residual data. The line curve in each panel shows the least squares sinusoidal fit to the 12 mean values, which
represents the semidiurnal lunar variation. The amplitude A and phase 𝜙 of the semidiurnal lunar variation
can be found in each panel along with the corresponding 1 𝜎 errors (𝜎A and 𝜎𝜙, respectively). Moreover, the
correlation coefficient R, evaluated for fitting, is indicated in each panel.

The results in Figure 2 reveal a strong dependence of the lunar tidal amplitude on season. In both higher
and lower solar activity cases, the amplitude during the D months is approximately twice as large as that
during the J months. The strong lunar tidal effect during the Northern Hemisphere winter has been known
for many years (e.g., Bartels & Johnston, 1940). It may also be noted that the amplitude is greater in the higher
solar activity case than in the lower solar activity case at the same season. The solar activity dependence
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Figure 2. Examples of least squares fits of the semidiurnal curve to the hourly mean values of the residual equatorial electrojet intensities. The results are
presented here for the solar local times between 1100 and 1300. Shown are the (top row) lower (P < 100 sfu) and (bottom row) higher (P ≥ 100 sfu) solar activity
cases. Also shown are the (left column) J months, (middle column) E months, and (right column) D months. The data points in each panel are the mean values
within each lunar hourly bin, and vertical bars are the standard deviations of the data on each side of the mean.

Figure 3. Lunar semidiurnal variations in the equatorial electrojet intensity as a function of solar time and lunar time. Shown are the (top row) lower (P < 100 sfu)
and (bottom row) higher (P ≥ 100 sfu) solar activity cases. Also shown are the (left column) J months, (middle column) E months, and (right column) D months.
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Figure 4. Similar to Figure 3, but the results are derived from version 2.0 of the EEJM (CHAMP) for (top row) P = 75 sfu and (bottom row) P = 150 sfu, and for the
(left) June solstice, (middle) equinoxes, and (right) December solstice.

can be attributed to the effect of enhanced ionospheric conductivity during solar maximum periods. Lühr et al.
(2012) showed that the sensitivity of the lunar tidal amplitude to solar activity is similar to that of the mean
equatorial electrojet intensity, so that the ratio of the lunar tidal amplitude to the mean equatorial electrojet
intensity tends to be the same in different solar activity conditions.

Figure 3 presents the semidiurnal lunar variation as a function of solar time for different seasonal and solar
activity conditions. It can be seen in each case that the phase of the lunar tidal variation is largely the same at
different solar times. It can also be noted that there is a shift in the phase of the semidiurnal lunar variation to
earlier lunar time by 1 h or so during the D months. Matsushita and Xu (1984) found a similar phase shift in
the L current system at middle and low latitudes. Thus, the seasonal phase shift is likely due to changes in the
global lunar tidal wind system.

Figures 4 and 5 are similar to Figure 3 but show the results derived from version 2.0 of the EEJM (CHAMP) and
EEJM (Ørsted), respectively. The results are longitudinally averaged and shown for the June solstice (day of
year DoY = 172) and the December solstice (DoY = 355), as well as for the equinoxes, which is the average of
the results for the March equinox (DoY = 80) and September equinox (DoY = 264). The results are also pre-
sented separately for the solar activity index P = 75 sfu and P = 150 sfu, which correspond approximately to
the average values of the P index for the higher (P ≥ 100 sfu) and lower (P < 100 sfu) solar activity cases con-
sidered in Figures 2 and 3. Comparisons with the CHAMP-Swarm results in Figure 3 reveal that both models
reproduce the main features of the semidiurnal lunar variation. The lunar tidal amplitudes derived from the
models are generally in good agreement with the observations. The models also reproduce the seasonal vari-
ation in the amplitude. That is, the amplitude is largest during the Northern Hemisphere winter and smallest
during the Northern Hemisphere summer. Some differences exist between the data and model, especially in
the phase of the semidiurnal lunar variation. In some cases, the phase of the semidiurnal lunar variation varies
with solar time (e.g., the CHAMP model results in Figure 4 for the June solstice with P = 75 sfu). Such varia-
tions are not seen in Figure 2, and thus, they could be erroneous features in the model caused by insufficient
data coverage.

3.2. Longitudinal Dependence
Next, we examine the longitudinal dependence of the semidiurnal lunar variation. The investigation requires
longitudinal binning in addition to the data separation based on solar time, season, and solar activity. In
order to have a sufficient volume of data in each longitudinal bin, solar time and solar activity binnings were
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Figure 5. Similar to Figure 3, but the results are derived from version 2.0 of the EEJM (Ørsted) for (top row) P = 75 sfu and (bottom row) P = 150 sfu, and for the
(left) June solstice, (middle) equinoxes, and (right) December solstice.

modified as described below. The analysis of the semidiurnal lunar variation was performed for the following
four cases. In the first two cases, the residual data were separated into two groups based on solar time regard-
less of solar activity (i.e., the P index). That is, the “morning” case involves the data between 0800 and 1200 h
solar time and the “afternoon” case includes the data between 1200 and 1600 h solar time. In the other two
cases, the residual data were divided into two groups based on the solar activity index P for all solar times
between 0800 and 1600. The “solar maximum” case involves the residual data for P ≥ 100 sfu and the “solar
minimum” case for P < 100 sfu. For each group of data, the longitudinal dependence was obtained by binning
the residual data within ±15∘ window and moving it forward in longitude by 5∘ at a time.

Examples of least squares fits to the residual data are depicted in Figure 6. Figure 6 (left column) is for the J
months (May–August) for the solar minimum case. The to panel shows the results obtained for 230–260∘E
longitudes, while the bottom panel shows the results for 310–340∘E longitudes. These longitude sectors cor-
respond to where the amplitude of the semidiurnal lunar variation was found to be smallest and largest,
respectively. The amplitude in the Brazilian region (310–340∘E longitudes) is approximately 5 times as large
as that in the central Pacific region (230–260∘E longitudes). The amplitude difference is significant, while the
difference in the phase is not significant when the 1 𝜎 error is taken into account. Figure 6 (middle column) is
for the E months (March, April, September, October) for the solar maximum case. The top panel is for the lon-
gitude sector where the amplitude is smallest, while the bottom panel is for where the amplitude is largest.
Again, there is a significant difference in the amplitude between the two regions. Figure 6 (right column) is
for the D months (November–February) for the morning case. The amplitude is largest in the Peruvian region
(270–300∘E longitudes) and smallest in the Central Pacific region (170–200∘E longitudes).

Figure 7 shows the longitudinal variations in the amplitude and phase of the semidiurnal lunar variation. In
each panel, different colored lines indicate the results obtained using different binning methods (i.e., morning,
afternoon, solar maximum, and solar minimum). The black line represents the case that includes all solar times
between 0800 and 1600 and all solar activity levels. It can be seen that significant longitudinal variability exists
in the amplitude, while the variability in the phase is rather small (∼1 h) compared to the full-scale range of
±6 h. Siddiqui et al. (2017), comparing the lunar tidal signal between the Peruvian and Indian sectors, also
noted that the phases in the two regions were similar despite a significant difference in the amplitudes. It can
also be seen in Figure 7 that for each season, the longitudinal variations of the lunar tidal amplitude derived
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Figure 6. Similar to Figure 2 but for different binning cases. The panels are for the (left column) J months of the solar minimum case, (middle column) E months
of the solar maximum case, and (right column) D months of the morning case. See text for binning details. The results are shown for the longitudes where the
amplitude is (top row) smallest and (bottom row) largest.

with different binning methods are similar, indicating that the longitudinal pattern is essentially the same at

different solar times and solar activity levels.

During the E months, the amplitude of the semidiurnal lunar variation is largest in the Peruvian region

(270–300∘E longitudes) and smallest in the Indian region (70–100∘E longitudes) (Figures 6 and 7). The pattern

Figure 7. Longitudinal variations of the (top row) amplitude and (bottom row) phase of the semidiurnal lunar variation in the equatorial electrojet intensity for
the (right column) J months, (middle column) E months, and (right column) D months. Different colored lines indicate the results obtained for different binning
cases (i.e., morning, afternoon, solar maximum, and solar minimum). For the amplitude during the D months shown in Figure 7 (top right), the results are also
indicated for the no-PVW case, which excludes the data during stratospheric sudden warming events. See text for binning details.
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Figure 8. Scatterplots of the amplitude of the semidiurnal lunar variation and the reciprocal of the background geomagnetic field strength for the (left) J months,
(middle) E months, and (right) D months.

is the opposite of the background geomagnetic field strength, which is largest in the Indian region and small-
est in the Peruvian region (see Figure 1b). A possible explanation of this anticorrelation is the effect of the
ionospheric conductivity that varies inversely with the strength of the background geomagnetic field. Scatter
plots for the amplitude of the semidiurnal lunar variation and the reciprocal of the background geomag-
netic field strength are shown in Figure 8. The high correlation (R = 0.86) during the E months suggests that
the conductivity effect plays a role for the longitudinal variation of the lunar tidal amplitude during these
months. The correlation is lower during the solstices, thus other mechanisms may also be involved. Strictly
speaking, the equatorial electrojet intensity tends to scale with |B|−2∕3, rather than |B|−1 (Cnossen, 2017;
Glassmeier et al., 2004; Matzka et al., 2017). We noted that the use of |B|−2∕3, instead of |B|−1, makes little
difference in the correlation results.

Another possible cause of the longitudinal variation is the geometry of the magnetic equator. According to the
angle between the geographic and magnetic equators (denoted here as 𝜃g), the way the neutral winds affect
the equatorial electrojet can be different. Let u and v represent the zonal and meridional winds, respectively.
The neutral wind component parallel to the equatorial electrojet is u cos 𝜃g + v sin 𝜃g and the perpendicular
component is v cos 𝜃g − u sin 𝜃g. Thus, even if u and v are independent of longitude, the effect of the neutral
wind on the equatorial electrojet can vary with longitude because of 𝜃g. However, given the small longitudinal
variation of 𝜃g (mostly within the range between −10∘and 30∘), this mechanism is unlikely to explain the
longitudinal variation of the semidiurnal lunar tidal amplitude in the equatorial electrojet, which exceeds
100% at some longitudes.

Next, we examine the relationship between the longitudinal variations of the lunar tidal amplitude and the
mean (background) equatorial electrojet intensity. The results are presented in Figure 9. Using version 2.0
of the EEJM (CHAMP), the mean equatorial electrojet intensity was derived as the average of the equatorial
electrojet intensities calculated for different solar times (0800–1600) and different solar activity conditions
(P = 75–150 sfu) for the mean lunation. No obvious correlation exists between the lunar tidal amplitude and
the mean equatorial electrojet intensity, which indicates that different mechanisms dominate the longitudi-
nal variability of the two parameters. As mentioned earlier, the longitudinal variation of the mean equatorial

Figure 9. Longitudinal variations in (black) the amplitude of the semidiurnal lunar variation in the equatorial electrojet intensity and (blue) the mean equatorial
electrojet intensity derived from version 2.0 of the EEJM (CHAMP) for the (left) J months, (middle) E months, and (right) D months. The lunar tidal amplitude
and the mean equatorial electrojet intensity are given on the left and right side of the vertical axis in each panel, respectively.
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Figure 10. Lunar semidiurnal variations in the equatorial electrojet intensity as a function of lunar time and longitude for the (left column) J months, (middle
column) E months, and (right column) D months. The results are obtained from the (a–c) CHAMP-Swarm data, (d–f ) EEJM (CHAMP), and (g–i) EEJM (Ørsted).

electrojet intensity is mainly due to nonmigrating solar tides, which would have little effect on the semidiurnal
lunar variation of the equatorial electrojet.

The lunar tidal amplitude is known to undergo a significant enhancement during stratospheric sudden warm-
ing events, which occur mostly during the D months. Therefore, it is possible that the longitudinal variation of
the amplitude during the D months may be influenced by such extreme events. In order to address the possi-
ble effect of stratospheric sudden warming events, a separate analysis was performed for the D months using
a data set that includes all solar times between 0800 and 1600 and all solar activity levels but excludes the
periods of stratospheric sudden warming events. The identification of stratospheric sudden warming events
was based on the concept of polar vortex weakening (PVW), proposed by Zhang and Forbes (2014). PVW is
defined by a reduction of the zonal mean zonal wind at 70∘N at 1 hPa (∼48 km altitude) during the Northern
Hemisphere winter, which is associated with dynamical changes in the middle atmosphere during arctic
stratospheric sudden warming events. Studies have shown that there is a good correlation between PVW and
semidiurnal lunar tidal activity in the lower thermosphere (Chau et al., 2015; Zhang & Forbes, 2014) as well
as in the equatorial electrojet (Siddiqui, Stolle, et al., 2015) in terms of timing and intensity. The peak times
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of PVW were tabulated by Yamazaki et al. (2015) for the years 1967–2013 based on the zonal mean zonal
wind obtained from the ERA-40 (1966–1978) (Uppala et al., 2005) and ERA-Interim (1979–2014) (Dee et al.,
2011). The same list was used in the present study, but it was extended to March 2017. The data were excluded
for 30 days (i.e., one lunar cycle) starting from 5 days prior to the peak PVW. The dashed line in Figure 7 (top
right) shows the longitudinal variation of the lunar tidal amplitude, derived from this data set (“no PVW”).
As expected, the lunar tidal amplitude is smaller at all longitudes when the data during PVW (and hence
stratospheric sudden warming events) are eliminated. Nonetheless, there is little difference in the longitudinal
pattern between the results including and excluding PVW. Thus, we conclude that the longitudinal variation
derived for the D months is not a spurious feature caused by the sporadic occurrence of stratospheric sud-
den warming events. We also found that the elimination of PVW makes little difference in the phase of the
semidiurnal lunar variation, and thus, the corresponding results are not shown in Figure 7.

Figure 10 compares the longitudinal dependence of the semidiurnal lunar variation derived from the (a–c)
CHAMP-Swarm data with those obtained from version 2.0 of the (d–f ) EEJM (CHAMP) and (g–i) EEJM (Ørsted).
The results are shown only for the case that includes all solar times between 0800 and 1600 and all solar activity
levels. The models reproduce well the longitudinal variation and its seasonal dependence. It should be noted,
however, that the model-data agreement becomes poorer when comparisons are made for different binning
cases (i.e., morning, afternoon, solar maximum, and solar minimum).

3.3. Wave Number Spectrum
A semidiurnal lunar tidal oscillation can be interpreted as a superposition of different modes with different
wave numbers and may be expressed as follows (e.g., Paulino et al., 2013):

∑
s

As cos
(

2𝜏 + (s − 2) 𝜆 − 𝜙s

)
(2)

Here s is the zonal wave number, 𝜏 is lunar time, 𝜆 is longitude, As and 𝜙s are the amplitude and phase,
respectively, s < 0 and s> 0 represent eastward and westward propagating waves, respectively, and s = 0
corresponds to a stationary tidal wave. The s = 2 mode represents the migrating tide, and all other s ≠2
modes are nonmigrating tides. Paulino et al. (2013) identified several nonmigrating modes (SE1, SE2, SW5, and
SW6) along with the dominant migrating mode (SW2) in the semidiurnal lunar tidal oscillation of the lower
thermospheric temperature observed at 108 km during 2002–2012.

Figures 11a–11c shows the wave number spectra for the semidiurnal lunar variation of the equatorial elec-
trojet. As expected, the dominant component is the migrating tide (SW2). There are smaller but persistent
contributions from SW3 and SW4. It is interesting to note that the amplitudes of SW3 and SW4 do not show
much seasonal variability, while the SW2 amplitude depends strongly on the season. Another interesting fact
is that eastward propagating modes (s < 0) are largely missing from the spectra. This contrasts with solar tidal
spectra of the equatorial electrojet, which show significant contributions from eastward propagating modes
(Lühr & Manoj, 2013). In particular, the eastward propagating diurnal solar tide with wave number 3 (DE3) is
known to be the main cause of the four-peak longitudinal pattern in the mean equatorial electrojet intensity
from April to October (Lühr & Manoj, 2013; Lühr et al., 2008) (see also Figures 1 and 9). The DE3 solar tidal wave
is generated by longitudinally inhomogeneous heating in the troposphere, which results from the surface
topography and land-sea distribution (Hagan & Forbes, 2002; Zhang et al., 2006, 2010a, 2010b).

We present in Figures 11d–11e the reconstruction of the equatorial electrojet perturbations due to SW3
and SW4. The variation pattern is similar in different seasons, but the phase of the semidiurnal variation is
shifted to earlier lunar times during the Northern Hemisphere winter compared to the Northern Hemisphere
summer. Figures 11g–11i show the same as Figures 10a–10c except that the longitudinal average is sub-
tracted at each lunar time to isolate nonmigrating components. The effect of SW3 and SW4 (Figures 11d–11e)
explains the main features of the variation pattern seen in Figures 11g–11i. It is noted that the nonmigrat-
ing waves SW3 and SW4 can only explain the longitudinal structure with zonal wave number up to 2 (or the
structure with the zonal wave length longer than 180∘). Finer longitudinal structures seen in Figure 7 require
consideration of other nonmigrating tidal modes, which are relatively small and thus will not be discussed
further here.

It is important to note that the SW3 and SW4 spectra in Figures 11a–11c do not necessarily indicate the
existence of nonmigrating lunar tides in the neutral atmosphere at dynamo region heights. These nonmigrat-
ing tidal modes did not show particularly large amplitudes in the results presented by Paulino et al. (2013)
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Figure 11. (a–c) Zonal wave number spectra of the semidiurnal lunar variation in the equatorial electrojet intensity for the (left column) J months, (middle
column) E months, and (right column) D months. (d–f ) Reconstruction of the lunar tidal perturbations in the equatorial electrojet intensity associated with SW3
and SW4. (g–i) Same as Figures 10a–10c except that the longitudinal average is subtracted at each lunar time.

for the lower thermospheric temperature during 2002–2012. As can be understood from equation (1), longi-
tudinal variability of the equatorial electrojet can arise not only from the longitudinal variation of the neutral
wind U but also from the longitudinal variation of the background geomagnetic field B. The latter modifies
the ionospheric conductivity 𝜎̂ as well as the driving force U × B. The inverse relationship between the lunar
tidal amplitude and the background geomagnetic field strength observed during the equinoxes (Figure 8)
indicates that the lunar current is longitudinally modulated because of the stationary zonal structure in the
background geomagnetic field. The stationary zonal structure embedded in the ionosphere acts to broaden
the wave number spectra. For instance, Yue et al. (2013) numerically demonstrated how the westward prop-
agating quasi 2 day wave with zonal wave number 3 (W3) can produce quasi 2 day ionospheric oscillations
with broader zonal wave number spectra (W1, W2, W4, W5, etc. besides W3). It is possible that SW3 and SW4
in the lunar tidal variation of the equatorial electrojet intensity is a result of migrating tidal forcing on the
zonally inhomogeneous ionosphere.

3.4. Seasonal-Longitudinal Climatology
The complete seasonal-longitudinal climatology is depicted in Figure 12 using the data for all solar times
between 0800 and 1600 and all solar activity levels. The seasonal and longitudinal variations were obtained
by binning the data into 3-monthly 30∘ longitudinal bins. For each bin, the amplitude and phase were calcu-
lated, along with their 1 𝜎 errors. The largest values of the error are indicated in Figure 12. The largest error
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Figure 12. Seasonal and longitudinal dependence of the (left) amplitude and (right) phase of the semidiurnal lunar variation in the equatorial electrojet intensity.

in the amplitude occurred at 285∘E in January (where the amplitude is large), while the largest error in the
phase occurred at 245∘E in July (where the amplitude is small).

The results shown in Figure 12 confirm the seasonal-longitudinal dependence of the semidiurnal lunar vari-
ation presented in Figure 7, which was derived with a slightly different binning method. The amplitude and
phase are similar at the two equinoxes, which justifies the three seasonal binning used in earlier analyses.

Both amplitude and phase are subject to an annual variation. The amplitude tends to be greatest and
the phase tends to be earliest during the Northern Hemisphere winter. These annual variations seem to
be consistent with the seasonal variability of the lunar tide in the neutral atmosphere at dynamo region
heights (Pedatella, 2014).

The amplitude peaks in the Peruvian sector (∼285∘E) from September to April. During May–August, the peak
amplitude occurs in the Brazilian sector (∼325∘E). The large lunar tidal amplitude in the South American region
can be understood, at least qualitatively, as the effect of enhanced ionospheric conductivities due to the weak
background geomagnetic field. The strength of the background geomagnetic field over the magnetic equator
minimizes at∼300∘E (see Figure 1b). In addition, the magnetic equator is located in the Southern Hemisphere
over the Peruvian region (Figure 1a), which implies that the ionization rate (and hence the ionospheric con-
ductivity) is highest during the Northern Hemisphere winter. This could also contribute to the large lunar tidal
variation in the Peruvian sector during the D months. In Figure 12, local amplitude maxima can also be seen
at ∼55∘E and ∼120∘E throughout the year. The structure seems to be associated with the local reduction of
ionospheric conductivities due to the strong background geomagnetic field at ∼100∘E.

4. Conclusions

We have studied the climatology of the semidiurnal lunar variation in the equatorial electrojet intensity using
magnetic field measurements from the CHAMP and Swarm satellites. The complete seasonal-longitudinal
dependence was revealed for the first time based on the global satellite data. The main results of the present
study may be summarized as follows:

1. Significant longitudinal variability is found in the amplitude of the semidiurnal lunar variation, while the
longitudinal variation in the phase is small (∼1 h).

2. The longitudinal pattern of the amplitude depends on the season. The peak amplitude occurs at ∼285∘E
during September–April and at ∼325∘E during May–August. There are also local amplitude maxima at
∼55∘E and ∼120∘E, which can be observed throughout the year.

3. The amplitude correlates well with the reciprocal of the background geomagnetic field strength during the
equinoxes.

4. The amplitude does not correlate with the mean (background) equatorial electrojet intensity.
5. A tidal spectrum analysis reveals the dominance of the migrating mode SW2 with secondary contributions

by the nonmigrating modes SW3 and SW4. The composition of nonmigrating modes is different from that
in the neutral atmosphere reported by Paulino et al. (2013).
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The observed longitudinal variation of the amplitude can be partly explained by the effect of ionospheric
conductivities, which vary inversely with the strength of the background geomagnetic field. However,
many aspects of the longitudinal variability cannot be understood simply by the distribution of the back-
ground geomagnetic field. More studies will be required to separate the contributions of ionospheric conduc-
tivities and nonmigrating lunar tides to the longitudinal dependence of the semidiurnal lunar variation in the
equatorial electrojet. Accurate knowledge of the E region ionospheric conductivities and their longitudinal
dependence will be necessary, as well as a better understanding of nonmigrating lunar tides.
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