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Abstract The equatorial electrojet is an enhanced eastward current in the dayside E region ionosphere
flowing along the magnetic equator. The equatorial electrojet is highly variable as it is subject to various
forcing mechanisms including atmospheric waves from the lower layers of the atmosphere. There are
occasionally times when the intensity of the equatorial electrojet at a fixed longitude shows an oscillatory
variation with a period of approximately 6 days. We present case studies of such events based on the
equatorial electrojet measurements from the CHAMP and Swarm satellites. The spatial and temporal
variability of the equatorial electrojet intensity during these events reveals characteristics of a westward
propagating wave with zonal wavenumber 1, consistent with the effect of the quasi-6-day planetary wave.
Analyses of the geopotential height data from the Aura satellite confirm the presence of the quasi-6-day
planetary wave in the lower thermosphere during the events. The amplitude of the quasi-6-day variation
in the equatorial electrojet intensity depends on longitude, but no systematic longitudinal dependence

is found for different events. During the event of August 2010, quasi-6-day variations are also observed

by ground-based magnetometers and a radar in the Peruvian sector. The effect of the quasi-6-day wave
accounts for up to +£5.9 m/s in the equatorial vertical plasma velocity at noon, which is much larger than
previously predicted by a numerical model. These results suggest that the quasi-6-day planetary wave is an
important source of short-term variability in the equatorial ionosphere.

1. Introduction

The E region of the Earth’s ionosphere, at approximately 90- to 150-km altitude, is electrically conductive
during the daytime, thus allowing electric currents to flow (e.g., Richmond & Maute, 2014). The dynamo action
of neutral winds at middle and low latitudes generates an electromotive force to drive currents (e.g., Du &
Stening, 1999; Stening, 1995). These wind-driven currents are generally not divergence free, thus resulting in a
buildup of polarization charges and electric fields, which further drive currents to maintain current continuity.
A consequence of this “ionospheric wind dynamo” process is the formation of the solar quiet (S,) current
system that dominates the ionospheric currents at middle and low latitudes (e.g., Chulliat et al., 2016; Takeda,
2002). lonospheric currents near the magnetic equator have unique characteristics owing to the fact that the
geomagnetic field lines are nearly horizontal, which enables the establishment of a strong vertical electric
field (>10 mV/m) within +3° from the magnetic equator (e.g., Hysell et al., 2002; Richmond, 1973; Untiedst,
1967). It is this vertical electric field that causes an amplification of the zonal current flow along the magnetic
equator, and this narrow band of the enhanced current flow is called the equatorial electrojet (EEJ). Yamazaki
and Maute (2017) recently reviewed the subject of S, and EEJ.

The intensity of the EEJ varies from day to day. A part of the variability is due to the response of the equatorial
electric field to geomagnetic storms and substorms (e.g., Fejer et al., 2017; Xiong et al., 2016; Yamazaki & Kosch,
2015). The EEJ variability can also arise from short-term changes in the solar extreme ultraviolet flux, which
affect ionospheric conductivities. Moreover, numerical studies have shown that atmospheric waves from the
lower layers of the atmosphere can make a significant contribution to the day-to-day variability of the EEJ by
modulating global and local ionospheric wind dynamo processes (Kawano-Sasaki & Miyahara, 2008; Yamazaki
etal., 2014). In particular, solar and lunar atmospheric tides have been identified as important sources of the
day-to-day variability (e.g., Fang et al., 2013; Fuller-Rowell et al., 2010; Pedatella et al., 2012, 2016). These tidal
waves, generated mainly in the troposphere and stratosphere, can propagate upward through the middle
atmosphere to reach E region heights, where they drive electric fields and currents by the dynamo mechanism.
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The climatology of atmospheric tides in the lower E region, 90-110 km, is now established (e.g., Forbes et al.,
2008, 2013; Truskowski et al., 2014), and their climatological influence on the EEJ is well understood (e.g., Lihr
& Manoj, 2013; Yamazaki et al., 2017).

Atmospheric tides are not the only kind of upward propagating wave in the Earth’s atmosphere. Other types
of waves that also propagate into the upper atmosphere include gravity waves, planetary waves, and Kelvin
waves (e.g., Lastovicka, 2006; H.-L. Liu, 2016; Oberheide et al., 2015; Yigit & Medvedeyv, 2015). However, the
importance of these waves for the ionospheric electrodynamics is not well understood. The present study
provides observational evidence that the planetary wave with a period of ~6 days is a significant source of
the day-to-day variability in the equatorial ionosphere.

Planetary waves are long-period global oscillations of the atmosphere. Observations from the middle atmo-
sphere have revealed planetary wave signatures with periods around 2 days (e.g., Gu et al., 2013; Limpasuvan
et al,, 2005; Moudden & Forbes, 2014; Salby, 1981), 6 days (e.g., Forbes & Zhang, 2017; Merzlyakov et al., 2013;
Pancheva et al., 2010; Talaat et al., 2001; Wu et al., 1994), 10 days (e.g., Forbes & Zhang, 2015; Hirooka & Hirota,
1984; Hirooka, 2000), and 16 days (e.g., Day et al., 2011; John & Kumar, 2016; McDonald et al., 2011). These
waves travel westward, and they are generally considered as normal mode Rossby waves, which represent res-
onant or free oscillations of the atmosphere. The existence of such waves is predicted by the classical theory
of atmospheric waves (e.g., Forbes, 1995; Longuet-Higgins, 1968).

The quasi-6-day planetary wave, or simply quasi-6-day wave, observed in the middle atmosphere is a mani-
festation of the first symmetric Rossby normal mode, or (1,1) mode, of the classical wave theory. This notion
is supported by the facts that (1) the period of the quasi-6-day wave is close to that of the (1,1) mode, which
is predicted to be ~5 days in an idealized atmosphere, (2) the quasi-6-day wave travels westward with a zonal
wavenumber 1 as predicted for the (1,1) mode Rossby wave, and (3) the latitudinal structure of the quasi-6-day
wave is consistent with that of the (1,1) mode. The main excitation source of the (1,1) mode Rossby wave is
atmospheric heating in the troposphere due to moist convection (Miyoshi & Hirooka, 1999). Meyer and Forbes
(1997) suggested that atmospheric instability in the mesosphere could also lead to the quasi-6-day wave.
Talaat et al. (2002) and Lieberman et al. (2003) showed that the quasi-6-day wave in the mesosphere is mainly
originated from the lower atmosphere, rather than locally driven in the mesosphere. Lieberman et al. (2003)
also pointed out that the wave is strongly amplified in the mesosphere due to atmospheric instability. H.-L.
Liu et al. (2004), using a general circulation model, examined how the amplification of the quasi-6-day wave
in the mesosphere varies with season.

According to numerical studies (Forbes et al., 2018; Gan et al., 2016; Miyoshi, 1999; Pedatella et al., 2012),
the quasi-6-day wave influence extends into E region heights. The interaction with tides facilitates the pen-
etration of the quasi-6-day wave into the E region (Forbes et al., 2018). The neutral wind oscillation due to
the quasi-6-day wave at E region heights is most significant over the equator. The wave amplitude in the
zonal wind at the equator is predicted to be 10-30 m/s at 110 km. Miyoshi (1999) considered that the mod-
ulation of the ionospheric currents due to the quasi-6-day wave would be large enough to be detected by
ground-based magnetometers. Indeed, the spectrum analysis of geomagnetic records occasionally displays
a local peak around 6 days, which has often been ascribed to the quasi-6-day wave effect on the iono-
spheric currents (e.g., Elhawary & Forbes, 2016; Jarvis, 2006; Parish et al., 1994; Yamada, 2002). Ramkumar
et al. (2009) and Gurubaran et al. (2011) presented events where ~6-day spectral peaks are detected simulta-
neously in the ground geomagnetic perturbations and in the mesospheric winds measured at the same site
near the magnetic equator. These observations were attributed to the EEJ response to atmospheric waves
from below. However, the limitation of the wave analysis at a single location is that it can reveal neither
the zonal wavenumber nor the direction of the phase propagation (i.e., eastward, westward, or stationary),
which is necessary for the identification of planetary waves. Pancheva et al. (2008) attempted to overcome
this problem by using simultaneous measurements of the geomagnetic field at a number of low-latitude sta-
tions. They showed that during August—November 2004, the geomagnetic perturbations contained wave
signals with a period of 5.75 days, propagating both eastward and westward. The westward propagating
component was greater in amplitude and considered to be due to the quasi-6-day planetary wave, which
was also observed in the middle atmosphere. The eastward propagating component was attributed to
a Kelvin wave.

There is increasing evidence that the ionosphere is subject to the quasi-6-day wave. For instance, Takahashi
et al. (2006) observed 6- to 8-day variations in the minimum virtual height of the F layer (h'F) as well
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as in the zonal wind in the mesosphere and lower thermosphere (MLT) region near the equator during
August—-November 2004. G. Liu et al. (2010) investigated the ~6-day variation observed in the wave-4 lon-
gitudinal structure of the F, layer peak height (h,,,F,) during August—-September 2008. They considered that
these variations were caused by the ionospheric response to the eastward propagating solar diurnal tide with
zonal wavenumber 3 (commonly known as DE3), which was modulated by the quasi-6-day wave observed in
the MLT region. Gu et al. (2014) examined the quasi-6-day wave event of May 2003, which was identified by
the temperature and wind measurements in the MLT region from the Thermosphere lonosphere Mesosphere
Energetics and Dynamics satellite. The spectrum analysis revealed the presence of a westward propagat-
ing wave with zonal wavenumber 1 not only in the temperature and winds at 100—106 km but also in the
ionospheric plasma density at low latitudes derived from ground-based Global Positioning System data. The
observations were attributed to the modulation of the equatorial electric field by the quasi-6-day wave that
directly penetrated into the E region. It is known that changes in the E region equatorial electric field can
alter the F region plasma density distribution through the equatorial plasma fountain effect (e.g., Rastogi
& Klobuchar, 1990; Stolle et al., 2008). Gan et al. (2016, 2017), conducting an idealized simulation with the
Thermosphere lonosphere Mesosphere General Circulation Model, showed that a quasi-6-day variation is
induced in the equatorial electric field during presunrise periods in response to wave forcing that mimics the
quasi-6-day wave. The modulation of the equatorial electric field by the quasi-6-day wave has not been exper-
imentally confirmed. The present study aims to fill this knowledge gap and quantify the quasi-6-day wave
influence on the EEJ.

2. Data

The EEJ intensities were derived using magnetic field measurements by the absolute scalar magnetometer on
board the CHAMP (Reigber et al., 2002) and Swarm (Friis-Christensen et al., 2006, 2008) satellites. Each satel-
lite flew in a low Earth orbit with an orbital period of approximately 90 min with a high inclination angle. For
each equatorial crossing on the dayside, the height-integrated EEJ intensity was retrieved from the magne-
tometer data based on the method described by Alken et al. (2013). Briefly, the retrieval procedures involve
the removal of the core, lithospheric, and magnetospheric fields, and the separation of the residual fields into
the large-scale “S, field” and the "EEJ field” that is localized around the magnetic equator. The final step is
the inversion of the EEJ field for the height-integrated EEJ current based on the Biot-Savart law. The inversion
was performed under the assumption of a zonal current at 110 km directed along the magnetic equator with
consideration of a realistic longitudinal dependence of declination.

Itis known that variations in the EEJ magnetic field derived from the satellite data are in good agreement with
the variations in AH derived from ground-based magnetometers (Manoj et al., 2006). Here AH is defined as
the difference between the horizontal-component (H) geomagnetic perturbations measured near the mag-
netic equator and measured in the same longitude but several 100 km away from the magnetic equator. For
the present study, AH in the Peruvian sector was obtained using the H data at Huancayo (12.05°S, 75.33°W)
and Villa Remedios (16.77°S, 68.17°W). The quasi-dipole latitude (e.g., Laundal & Richmond, 2017) is 0.28° at
Huancayo and —5.00° at Villa Remedios for the year 2010. The 1-min data at Huancayo are available at the
INTERMAGNET website (www.intermagnet.org), and the Villa Remedios data used in this study are available
at GFZ Data Services (Matzka et al., 2018).

We also used the vertical plasma drift measurements from the Jicamarca Unattended Long-term Investiga-
tions of the lonosphere and Atmosphere (JULIA) radar (Hysell et al., 1997), located in the Jicamarca Radio
Observatory (11.97°S, 76.87°W) in Peru. The JULIA V, data are based on observations of the vertical Doppler
velocity of 150-km echoes, which move with the surrounding plasmas (Chau & Kudeki, 2006). The motion of
the F region ionospheric plasma is dominated by the electrodynamic drift given by %, where Eand B are the
electric field and geomagnetic main field, respectively. Therefore, V/, at the magnetic equator is a measure of
the zonal electric field. In general, there is a good correlation between the day-to-day variations of AHand V,
(e.g., Anderson et al., 2004).

Measurements of the geopotential height from the Microwave Limb Sounder (MLS) on the Aura satellite
(Waters etal., 2006) were also used to evaluate planetary wave activity in the MLT region. Version 4.2 of the MLS
geopotential height data (Schwartzetal., 2008) is available from Goddard Earth Sciences Data and Information
Services Center (disc.gsfc.nasa.gov).
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Figure 1. (a) Equatorial electrojet (EEJ) intensity during September 2006 as observed by the CHAMP satellite. The white

lines represent the zero contour for the westward propagating 5.75-day wave with zonal wavenumber 1, indicating

the phase propagation of the wave. (b) Geomagnetic activity index Kp. The red color indicates the periods of relatively
high geomagnetic activity (Kp > 3-). (c) Local solar time of the CHAMP measurements. (d) Same as (a) except for the
empirical model, EEJM. (e) Period versus wavenumber (positive for westward propagating) spectrum for the residual

equatorial electrojet intensity (observations minus EEJM predictions). The spectral power is normalized to the peak

value. (f) Same as (e) except for the Kp index sampled at the times of the CHAMP measurements of the equatorial
electrojet. These Kp values were analyzed as if they were variable spatially as well as temporally, according to the
longitudes and times of the CHAMP measurements of the equatorial electrojet. (g) Same as (e) except for the Microwave
Limb Sounder (MLS) geopotential height measurements at 0.001 hPa (~97-km height) in the latitude range 40°-50°N

by the Aura satellite.
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Figure 2. Equatorial electrojet (EEJ) intensity during September 2006 as observed by the CHAMP satellite at
(a) 180°-210°E and (b) 30°-60°E longitudes. Also plotted in each panel is the least squares fit of the 5.75-day
Fourier curve.

3. Method

We investigate the possible effect of planetary waves on the EEJ based on case studies. For each month, we
plotted the EEJ intensity from CHAMP (August 2000 to August 2010) or Swarm (December 2013 to April 2017)
as a function of longitude and day. Because of the highly inclined orbit of CHAMP and Swarm, the local solar
time (LT) of the measurements changes only by ~3 hrin 1T month. We focus on the months when the measure-
ments were made around 1200 LT. This is when the relative uncertainty of the measurements is smallest, as
the EEJ signal is strongest during 1000- 1400 LT. The monthly plot of the EEJ intensity was visually inspected,
and if there is an oscillatory variation in the EEJ intensity at any longitude, the zonal wavenumber analysis
described below was applied.

Following Forbes and Zhang (2017), a mathematical expression for a planetary wave is given in the form

Acos [27:( +s%> qﬁ] (1)

where A is the amplitude of the wave, t is the time (in days) measured from 0000 UT of the first day of the
month, T is the period of the wave (in days), s is the wavenumber, 4, is the “pseudolongitude,” which is
the longitude (in degrees) subtracted by 360° times the number of Earth revolutions since the beginning of
the month, and ¢ is the phase of the wave. The sign of s indicates the direction of the wave propagation. That
is,s >0and s <0 correspond to westward and eastward propagating waves, respectively, and s = 0 represents
stationary waves. The amplitude and phase of the wave can be defined for a given combination of s and T.
In order to obtain a spectrum for the EEJ intensity, the power A% was calculated for s = —4, =3, - - -, 4, and
for T from 4.0 to 14.0 in increments of 0.125 day. The quasi-6-day planetary wave travels westward with zonal
wavenumber 1, which correspondstos = 1and T ~ 6.
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Figure 3. Quasi-6-day variations in the Microwave Limb Sounder (MLS) geopotential height extracted with a 4- to 7-day
band-pass filter for (a) 180°-210°E and (b) 30°-60°E longitudes.

4. Results and Discussions

In this section, the results of the data analysis are presented for selected months, when the EEJ measurements
by CHAMP or Swarm were made around noon local time and the EEJ intensity at a fixed longitude revealed
an oscillatory variation with a period of approximately 6 days.

4.1. September 2006 Event

Figure 1a shows the EEJ intensity as a function of longitude and day as derived from the CHAMP data during
September 2006. For the purpose of display, the data were smoothed spatially and temporally using a 3-day
30° longitude window. The short-term variability is visible over a wide range of longitudes. Especially, in the
Pacific longitude sector around 120°-240°E, the EEJ intensity oscillates with a period of ~6 days. The white
lines in Figure 1a indicate the phase propagation of the wave with s = 1 and T = 5.75 days, which will be
shown to be the dominant wave component in the EEJ intensity during this month.

Figure 1b shows the geomagnetic activity index Kp during the corresponding period. The times when geo-
magnetic activity was relatively high (Kp > 3) are indicated by the red color. Figure 1cillustrates the local solar
time for the EEJ measurements. During September 2006, the CHAMP satellite flew over the noontime sector
(1030-1330 LT), where the EEJ is usually strongest.

The spatial and temporal variability of the EEJ depicted in Figure 1a can be partly explained by the effects
of solar and lunar tides. Alken and Maus (2007) presented empirical models of the EEJ, EEJM. Version 2.0 of
EEJM (Alken, 2009) takes into account the dependence of the EEJ intensity on the solar flux intensity, sea-
son, local solar time, longitude, and lunar time and thus is suitable for evaluating climatological solar and
lunar tidal effects. Figure 1d shows the same as Figure 1a, but the results are derived from version 2.0 of the
CHAMP-based EEJM. Figure 1d reveals that the wave-4 pattern dominates the longitude structure of the EEJ
intensity throughout the month. The wave-4 longitude pattern is also reflected in the data (Figure 1a). The
solar DE3 tide is known to be the primary cause of the wave-4 longitudinal structure in the EEJ (England et al.,
2006; Lihr et al., 2008). In Figure 1d, temporal variations arise from the changes in the solar flux intensity,
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Figure 4. Similar to Figure 1 but for May 2007. The white lines in (a) represent the phase propagation of the 5.63-day
wave with zonal wavenumber s = 1. EEJ = equatorial electrojet; EEJM = equatorial electrojet model; MLS = Microwave
Limb Sounder.

season, and local solar time. It is obvious that EEJM does not reproduce the quasi-6-day oscillation that is
visible in the data at some longitudes (Figure 1a).

We present in Figure 1e the spectrum for the EEJ intensity. Analyzed were the residuals of the EEJ intensity
from the climatology predicted by EEJM (i.e., Figure 1a minus Figure 1d but without spatial and temporal
smoothing). The spectral peak is found at the period T = 5.75 (+0.10) days and zonal wavenumber s = 1.Thus,
the observed spatial and temporal variations in the EEJ intensity are consistent with the effect that would be
expected from the modulation of the electric field by the quasi-6-day planetary wave. It is also noted that the
spectrum in Figure 1e has a secondary peak at T = 8.25 daysand s = 1.
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The EEJ variability can arise not only from atmospheric waves but also from high-latitude processes associated
with geomagnetic activity. One may notice in Figure 1b that there were periods of relatively high geomag-
netic activity on 18-19, 22-23, and 30 September, approximately 6 days apart from each other. Thus, it is
worth considering whether the effect of such recurrent geomagnetic activity could be misinterpreted as the
quasi-6-day wave effect. We address this question by sampling the Kp index at the times of the CHAMP mea-
surements of the EEJ and applying the wave spectrum analysis to these Kp values as if they were variable
spatially with longitude 4, as well as temporally with t. Note that the Kp index is independent of longitude, and
thus, if properly sampled, the spectrum would be dominated by the zonally symmetric component (s = 0).
However, because of limited spatial and temporal sampling by the satellite, temporal variations in the Kp index
can potentially alias into planetary wave spectra (i.e., s =1). It is this possibility that we are going to investi-
gate here. Figure 1f shows the spectrum of the Kp index sampled at the times of the CHAMP measurements
of the EEJ. The spectrum is dominated by the s = 0 component, with the peak period at T ~ 6, and there is
no evidence of aliasing into the s = 1 component. This rules out the possibility that the spectral peak of the
EEJ intensity ats = 1and T = 5.75 days (Figure 1e) is an artifact due to zonally symmetric geomagnetic dis-
turbances in the EEJ. A similar analysis was also performed with another geomagnetic activity index SME, or
SuperMAG electrojet index (Newell & Gjerloev, 2011), which has a higher temporal resolution (1 min) than the
Kp index (3 hr). The spectrum pattern for SME was very similar to that of Kp presented in Figure 1f.

Figure 1g confirms the presence of the quasi-6-day wave in the lower thermosphere during September 2006.
The wave spectrum analysis was applied to the MLS geopotential height measurements at 0.001 hPa (~97 km).
The resultis shown for the latitude range 40° - 50°N, where quasi-6-day wave activity was most prominent. We
separately analyzed the data from the ascending and descending parts of the Aura orbit (corresponding to
two different local time sectors). Since the results were consistent, we show in Figure 1g the average of the two.
Similar results were also obtained from the measurements in the Southern Hemisphere, but the overall wave
power was somewhat lower. The quasi-6-day wave in the middle atmosphere during September 2006 was
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Figure 6. (a) Equatorial electrojet (EEJ) intensity during September 2007 as observed by the CHAMP satellite. The white
lines represent the phase propagation of the 6.38-day wave with zonal wavenumber s = 1. (b) Period versus
wavenumber (positive for westward propagating) spectrum for the residual equatorial electrojet intensity (observations
minus equatorial electrojet model [EEJM] predictions). The spectral power is normalized to the peak value. (c) EEJ
intensity at 140°-170°E longitudes, with the least squares fit of the 6.38-day Fourier curve. (d) Same as (b) except for the
Microwave Limb Sounder (MLS) geopotential height at 0.001 hPa (~97-km height) in the latitude range 40°-50°N.

also studied by Merzlyakov et al. (2013). The wave spectra of the EEJ intensity (Figure 1e) and the geopotential
height in the lower thermosphere (Figure 1g) bear a striking resemblance. The agreement holds not only for
the peak spectrum (T ~ 6, s = 1) but also for the secondary peak (T ~ 8, s = 1). The results suggest that the
short-term variability of the EEJ was under a significant influence of wave forcing from below.

As mentioned earlier, the quasi-6-day variation in the EEJ intensity observed during September 2006 is more
evident at some longitudes than others. Figure 2 depicts perturbations of the EEJ intensity at two different
longitude sectors: (top) at 180°-210°E and (bottom) at 30°-60°E. The red lines indicate the least squares
fits of the 5.75-day Fourier component, which is the dominant period derived from the spectrum analysis
(Figure 1e). The quasi-6-day variation is clearly seen at 180°-210°E, while it is far less clear at 30°-60°E. The
amplitude of the 5.75-day Fourier component is 37.1 mA/m at 180°-210°E, more than 3 times as large as the
amplitude at 30°-60°E (10.0 mA/m).

In order to see if such a strong longitudinal dependence exists in the quasi-6-day variation in the middle
atmosphere, we compare in Figure 3 perturbations of the MLS geopotential height (top) at 180°-210°E and
(bottom) at 30°-60°E. Following Riggin et al. (2006), a 4- to 7-day band-pass filter was used to extract the
quasi-6-day variation. Enhanced activity of the quasi-6-day variation can be seen at both longitudes from
the end of August 2006 to around 20 September 2006. The quasi-6-day variations extend from stratospheric
heights to the lower thermosphere, consistent with earlier studies (e.g., Talaat et al., 2002). The difference in
the amplitudes of the quasi-6-day variation between the two longitudes seems to be too small to explain the
longitudinal difference found in the EEJ intensity. Therefore, the longitudinal dependence of the quasi-6-day
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Figure 7. (a) Equatorial electrojet (EEJ) intensity during September 2016 as observed by the Swarm B satellite.

The white lines represent the phase propagation of the 5.88-day wave with zonal wavenumber s = 1. (b) Period versus
wavenumber (positive for westward propagating) spectrum for the residual equatorial electrojet intensity (observations
minus equatorial electrojet model [EEJM] predictions). The spectral power is normalized to the peak value. (c) EEJ
intensity at 270°-300°E longitudes, with the least squares fit of the 5.88-day Fourier curve. (d) Same as (b) except for
the Microwave Limb Sounder (MLS) geopotential height at 0.001 hPa (~97-km height) in the latitude range 40°-50°N.

variation in the EEJ is considered to be due to the longitudinal dependence of the ionospheric response to
wave forcing rather than due to the longitudinal dependence of wave forcing itself. The ionospheric response
to wave forcing could be longitudinally dependent because of the zonally inhomogeneous distribution of the
main geomagnetic field, which affects the local ionospheric conductivities and wind dynamo electric field.

4.2. May 2007 Event

Figure 4 shows the same variables as presented in Figure 1 except for May 2007. During this month, the CHAMP
satellite flew over the afternoon sector of the equatorial ionosphere around 1200-1500 LT (Figure 4c). The
overall longitudinal structure of the EEJ intensity (Figure 4a) is well reproduced by EEJM (Figure 4d), thus
may be attributed to tidal effects. The spectrum for the EEJ intensity (Figure 4e) reveals the dominance of
a westward propagating wave with the period T = 5.63 (+£0.29) days and zonal wavenumber s = 1. The
corresponding wave spectrum can be found in the geopotential height in the lower thermosphere (Figure 4qg).
There is no apparent quasi-6-day variation in the Kp index (Figure 4b). More importantly, the spectrum of
the Kp index sampled at the times of the CHAMP measurements (Figure 4f) is concentrated in thes = 0
component, and thus, the spectral peak of the EEJ intensity at s = 1 and T = 5.63 days (Figure 4e) is not a
spurious signal due to zonally symmetric geomagnetic disturbances in the EEJ.

Figure 5 shows the quasi-6-day variations in the EEJ intensity at (top) 0°-30°E and (bottom) 180°-210°E lon-
gitudes. The quasi-6-day variation is clearly seen in the African longitude sector (0°-30°E) but hardly visible
in the Pacific region (180°-210°E). The amplitude of the 5.63-day Fourier component is about twice as large
in the African region than in the Pacific longitude sector. The longitudinal dependence is different from what
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Figure 8. (a) Equatorial electrojet (EEJ) intensity during August 2010 as observed by the CHAMP satellite. The white lines
represent the phase propagation of the 5.13-day wave with zonal wavenumber s = 1. (b) Period versus wavenumber
(positive for westward propagating) spectrum for the residual equatorial electrojet intensity (observations minus
equatorial electrojet model [EEJM] predictions). The spectral power is normalized to the peak value. (c) EEJ intensity at
270°-300°E longitudes, with the least squares fit of the 5.13-day Fourier curve. (d) Same as (b) except for the Microwave
Limb Sounder (MLS) geopotential height at 0.001 hPa (~97-km height) in the latitude range 40°-50°N.

was observed during September 2006 (Figure 2), in which the quasi-6-day variation was most prominent in
the Pacific longitude sector.

4.3. September 2007 Event

There was another event in 2007, which was observed during September, when the CHAMP satellite was in
the afternoon sector around 1300-1600 LT. Figure 6 summarizes the observations during the event. Simi-
lar to the September 2006 event (Figure 1), the wave-4 pattern dominates the overall longitudinal structure
(Figure 6a). The spectrum analysis of the EEJ intensity (Figure 6b) reveals a westward propagating s = 1 wave
with the peak period of 6.38 (+0.27) days. The spectrum analysis of the MLS geopotential height data shows
the spectral peak associated with the quasi-6-day wave (Figure 6d). The spectrum of the MLS geopotential
height also shows a secondary peak around periods of 12-14 days with s = 1, which can be found in the spec-
trum of the EEJ intensity as well (Figure 6b). The quasi-6-day variation in the EEJ intensity was most evident
in the western Pacific region (Figure 6c).

4.4, September 2016 Event

Figure 7 shows the quasi-6-day wave event observed by the Swarm B satellite during September 2016. Dur-
ing the event, the Swarm B satellite was in the morning sector around 0900-1200 LT. The spectrum of the
EEJ intensity (Figure 7b) is dominated by westward propagating waves at periods of 4—7 days with zonal
wavenumber s = 1. The peak period is found to be at 5.88 (+0.58) days. The MLS geopotential height mea-
surements confirm the presence of the quasi-6-day wave in the lower thermosphere (Figure 7d). The power
of s = 1 waves is relatively high at the period range 4-7 days, consistent with the spectral pattern for the EEJ
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Figure 9. (a) AH (H at Huancayo [HUA] minus H at Villa Remedios [VRE]) as observed by ground-based magnetometers
during August 2010. The red line is the least squares fit of the 5.13-day Fourier curve. (b) Scatter plot of AH and the
equatorial vertical plasma drift velocity V, for August 2010. The green line indicates the second-order polynomial fit.

intensity (Figure 7b). The quasi-6-day variation in the EEJ intensity is depicted in Figure 7c for the American
longitude sector (270°-300°E).

4.5. August 2010 Event

Figure 8a shows the EEJ intensity during August 2010, when the CHAMP measurements were made around
1000-1300 LT. The spectral peak appears at the westward propagating component at the period T = 5.13
(+0.24) days with a zonal wavenumber s = 1. The analysis of the MLS geopotential height also showed the
spectral peak at T ~5 days and s = 1 (Figure 8d).

Figure 8c depicts the quasi-6-day variation of the EEJ intensity in the American longitude sector (270° -300°E),
where the amplitude of the quasi-6-day variation was relatively large. The 5.13-day Fourier component fits
well to the measurements after 5 August 2010. During this event, AH data are also available from a pair of the
magnetometers at Huancayo and Villa Remedios. As mentioned earlier, the parameter AH is directly compa-
rable with the EEJ magnetic field measured by CHAMP and Swarm satellites (Manoj et al., 2006). We plot in
Figure 9a AH during August 2010. The monthly average of the nighttime data between 2130 LT and 0230 LT,
when the EEJ is effectively absent, was chosen to be the zero level. The AH values are generally positive during
daytime owing to the eastward EEJ current. In Figure 9a, the daytime values of AH exhibit a quasi-6-day vari-
ation, after 5 August 2010. The red line in Figure 9a is the least squares fit of the 5.13-day Fourier component
to the midday values of AH. A comparison with Figure 8c reveals that the phase of the quasi-6-day variation
in AH is in agreement with that in the EEJ intensity derived from the CHAMP data. The amplitude of 5.13-day
variation in AH at 1200 LT is 15.2 nT.

During the August 2010 event, the JULIA radar operated for several days for the measurement of the day-
time vertical plasma drift velocity V,, which is a proxy of the zonal electric field. It turned out to be difficult
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Table 1
Summary of the Quasi-6-Day Wave Events Examined in this Study

Peak GPH period Mean LT of EEJ Longitude of

Event month Peak EEJ period (40°-50°N) measurement large EEJ
September 2006 5.75 (+0.10) 5.81 (+0.05) 12:08 180°-210°E
May 2007 5.63 (+0.29) 5.94 (+0.12) 13:49 0°-30°E
September 2007 6.38 (+0.28) 6.06 (+0.04) 14:27 150°-180°E
August 2010 5.13 (+0.24) 4.93 (+0.03) 11:35 135°-165°E
September 2016 5.88 (+0.58) 5.43 (+0.04) 10:16 270°-300°E

Note. Columns show, from the left to the right, the month of the quasi-6-day wave event, the period
of the peak in the spectrum of the equatorial electrojet (EEJ) intensity, the period of the peak in the
spectrum of the geopotential height, GPH (0.001 hPa, 40°-50°N), the mean local solar time (LT) for
the equatorial electrojet measurements, the longitude sector where the quasi-6-day variation in the
equatorial electrojet intensity is largest.

to determine the amplitude of the quasi-6-day variation directly from the discontinuous V, data. Thus, we
first determine the quantitative relationship between V, and AH and then evaluate the amplitude of the
quasi-6-day variation in V, based on the fact that the amplitude of the quasi-6-day variation in AHis 15.2 nT.In
Figure 9b we compare the V; values observed between 1000 and 1400 LT with the corresponding AH values.
The vertical plasma drift of 10 m/s is equivalent to the zonal electric field of approximately 0.23 mV/m at the
Jicamarca location. Positive and negative values of V, correspond to eastward and westward electric fields,
respectively. As can be seen in Figure 9b, there is a good correlation between V, from the JULIA radar and
AH from the magnetometers. The green line in Figure 9b is the second-order polynomial fit, which is given
as V,=2.3 X103 AH?+2.7 X1072AH+7.3. The second-order term AH? is necessary because of the saturation of
the EEJ intensity at high V, values. This saturation is known to be due to plasma instabilities in the equato-
rial ionosphere, which occur under the presence of a strong electric field (e.g., Alken & Maus, 2010). From the
derived relationship between AH and V, it is estimated that the amplitude of the quasi-6-day variation in V5,
corresponding to 15.2 nT in AH at 1200 LT, is 5.9 m/s.

Gan et al. (2016), using the Thermosphere lonosphere Mesosphere General Circulation Model, performed
an idealized simulation of the ionospheric response to the quasi-6-day wave. It was demonstrated that a
quasi-6-day variation in V; can be caused by wave forcing imposed at the model lower boundary at 30 km,
which imitates the quasi-6-day planetary wave. They showed that the quasi-6-day variation of V, occurs
mainly during presunrise times (£10 m/s at 0540 LT at 285°E) and the effect is much smaller during daytime
(=1 m/s at 1100 LT at 285°E). Thus, the quasi-6-day variation of +£5.9 m/s observed in the midday values of V,
is much larger than expected from previous knowledge.

5. Summary and Conclusions

It is well known that the EEJ intensity varies significantly from day to day. Previous studies suggested that
the atmospheric waves that propagate to the ionosphere from below could be a cause of such variability
(Kawano-Sasaki & Miyahara, 2008; Yamazaki et al., 2014). However, it has been unclear which waves play a role
and how much they affect the EEJ. Recent simulation studies (Gan et al., 2016, 2017) pointed to the possible
influence of the quasi-6-day wave on the equatorial ionospheric electrodynamics.

We have examined the events, where the EEJ intensity derived from the magnetic field measurements by
CHAMP and Swarm satellites shows an oscillatory variation with a period of ~6 days at a fixed longitude.
During such events, the spectrum of the EEJ intensity is found to be dominated by a westward propagating
wave with the period of approximately 6 days and zonal wavenumber 1. We attribute this to the electric field
modulation by the quasi-6-day wave that directly penetrates into the E region ionosphere. Previous studies
based on ground measurements had difficulties in identifying the quasi-6-day wave in the EEJ due to limited
spatial coverage, which we have overcome with the satellite data. Moreover, using the geopotential height
data from the Aura satellite, we have confirmed the presence of the quasi-6-day planetary wave in the lower
thermosphere for all the events.

Table 1 gives a summary of the five events we examined in this study. It should be noted that Table 1 is not
necessarily the complete list of the events where the EEJ was under the influence of the quasi-6-day wave
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during the period of our investigation (i.e., August 2000 to August 2010 and December 2013 to April 2017).
This is because our study was limited to the months when the satellite measurements were made at local
times around 1200 LT. As can be seen in Table 1, three out of five events are observed in September. This seems
to be consistent with previous studies, which found that the amplitude of the quasi-6-day wave in the MLT
region shows a semiannual variation with equinoctial maxima (e.g., H.-L. Liu et al., 2004; Pancheva et al., 2010).
More studies would be required to establish the seasonal dependence of the quasi-6-day wave influence on
the ionosphere.

Table 1 also shows that the peak period of the quasi-6-day wave component in the EEJ intensity (second
column) is consistent with the dominant wave period observed in the lower thermosphere (third column).
This is another piece of evidence supporting a physical link between the quasi-6-day planetary wave and EEJ
variability.

The quasi-6-day variation in the EEJ intensity has been observed to be more prominent at some longitudes
than others. This behavior deviates from the effect of a westward propagating wave with zonal wavenumber 1
on the zonally uniform ionosphere, which would cause quasi-6-day variations at different longitudes with dif-
ferent phases but with the same amplitude. We suggest that the longitudinal dependence of the quasi-6-day
variation in the EEJ is due to the longitudinal dependence of the ionosphere, rather than the longitudinal
dependence of wave forcing. Longitudinal sectors, where the amplitude of the quasi-6-day variation in the
EEJ is largest, are shown in Table 1. There is no evidence of consistent longitudinal dependence for differ-
ent events. Numerical studies would be necessary to elucidate the mechanism for the observed longitudinal
dependence.

At selected longitudes, the amplitude of the quasi-6-day variation in the EEJ intensity is as large as 40 mA/m,
which corresponds to the amplitude of 5.9 m/s in the equatorial vertical plasma drift velocity at noontime, as
evaluated for the August 2010 event. This is much larger than previously predicted (~1 m/s at 1100 LT) from
an idealized simulation by Gan et al. (2016). More theoretical work is needed for a better understanding of
the ionospheric response to the quasi-6-day wave. Especially, an assessment based on a whole atmosphere
model (Akmaeyv, 2011) for actual quasi-6-day wave events is desirable.
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