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Abstract The Thermosphere-Ionosphere-Mesosphere Electrodynamics General Circulation Model
(TIME-GCM) is used to theoretically study the 6 day wave effects on the ionosphere. By introducing a 6 day
perturbation with zonal wave number 1 at the model lower boundary, the TIME-GCM reasonably reproduces
the 6 day wave in temperature and horizontal winds in the mesosphere and lower thermosphere region
during the vernal equinox. The E region wind dynamo exhibits a prominent 6 day oscillation that is directly
modulated by the 6 day wave. Meanwhile, significant local time variability (diurnal and semidiurnal) is also
seen in wind dynamo as a result of altered tides due to the nonlinear interaction between the 6 day wave and
migrating tides. More importantly, the perturbations in the E region neutral winds (both the 6 day oscillation
and tidal-induced short-term variability) modulate the polarization electric fields, thus leading to the
perturbations in vertical ion drifts and ionospheric F2 region peak electron density (NmF2). Our modeling work
shows that the 6 day wave couples with the ionosphere via both the direct neutral wind modulation and the
interaction with atmospheric tides.

1. Introduction

Planetary waves (PWs), including traveling and stationary waves, are global-scale atmospheric perturbations,
usually characterized by zonal wave numbers less than 6 and periods of multiple days. The understanding of
the impact of PWs in the lower atmosphere on the ionosphere/thermosphere (I-T) system has been advanced
in recent years. Observational and modeling studies have found that various PWs, such as the equatorial
Kelvin wave and the quasi 2 day wave (QTDW) originating from the lower atmosphere, play a significant role
in producing the day-to-day variability in the I-T system [Chen, 1992; Borries et al., 2007; Chang et al., 2010,
2011, 2013; Forbes, 2000; Lastovicka, 2006; Liu et al., 2010, 2013; Oberheide et al., 2015; Pancheva et al.,
2002; Pedatella and Forbes, 2012; Rishbeth and Mendillo, 2001; Wang et al., 2011; Yue and Wang, 2014; Yue
et al., 2012].

Generally, a couple of pathways have been suggested to understand the upward coupling of PWs with the I-T
system in the published literature. A commonly suggested one is that PWs penetrate into the ionosphere E
region, modulating dynamo winds and polarization electric fields, and thus generating PW-like oscillations
in the ionospheric electron densities [Ito et al., 1986; Chen, 1992; Chang et al., 2010, 2011; Pancheva et al.,
2008; Pedatella et al., 2012; Pogoreltsev et al., 2007; Yue et al., 2012]. Second, with their fast horizontal velocity
and large vertical wavelength, equatorial ultrafast Kelvin waves (UFKWs) can penetrate into the ionosphere F
region and result in periodic oscillations in neutral density and composition directly and consequent oscilla-
tions in electron densities [Forbes et al., 2000; Takahashi et al., 2007; Chang et al., 2010]. In these two coupling
processes (via either E region dynamo modulation or direct penetration), the ionosphere response is charac-
terized by the PW-like oscillations. Third, due to strongmolecular diffusion or filtering by critical layers of wind
reversal, some PWs cannot reach the ionospheric E region and upper thermosphere, thus making direct mod-
ulation impossible. Instead, they interact with atmosphere tides and modulate the ionosphere via altering
tides and producing secondary waves [Liu et al., 2010; Yue et al., 2016]. Furthermore, an overall reduction
of thermospheric composition and ionospheric electron densities is emphasized by recent observational
work on the QTDW and quasi 6 day wave [Chang et al., 2014; Gan et al., 2015]. In this scenario, the wave-
induced extra meridional circulation enhances the mixing of composition, which results in a reduction of
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the O/N2 ratio and ionospheric electron densities. This mixing mechanism was first proposed by modeling
work on tides and has now been extended to PWs [Forbes et al., 1993; Jones et al., 2014; Yamazaki and
Richmond, 2013; Yue and Wang, 2014; McDonald et al., 2015].

Similar to QTDWs, the westward propagating quasi 6 day wave with a period of 5–7 days and zonal wave
number 1 is a robust and recurrent feature in the mesosphere and lower thermosphere (MLT). The stron-
gest quasi 6 day wave usually occurs at around the equinoxes in the MLT region [Wu et al., 1994;
Lieberman et al., 2003; Liu et al., 2004; Talaat et al., 2001]. The atmosphere-ionosphere coupling through
the quasi 6 day wave has been reported by ground-based observations [Tsunoda et al., 1998; Pancheva
et al., 2008]. Most recently, Gu et al. [2014] reported an evident quasi 6 day oscillation in TEC (total electron
content) in the EIA (equatorial ionization anomaly) region, corresponding to the quasi 6 day wave activity in
the MLT. Meanwhile, Gan et al. [2015] found that the dissipative quasi 6 day wave could induce an overall
depletion in both thermospheric O/N2 ratio and ionospheric TEC based on multiple data sets from the
Thermosphere Ionosphere Mesosphere Energetics and Dynamics satellite and IGS (international Global
Navigation Satellite Systems service) TEC. Interestingly, the two aforementioned effects (oscillation and
overall reduction) concurrently appeared during a quasi 6 day wave peaking event (2003 May) in the I-T
system, indicating that the two coupling mechanisms (E region dynamo modulation and mixing) were
involved simultaneously.

These observational evidences compel us to perform a theoretical study of quasi 6 day wave coupling with
the I-T system. To achieve this objective, the Thermosphere-Ionosphere-Mesosphere Electrodynamics
General Circulation Model (TIME-GCM) is run with a specified 6 day perturbation forcing (hereafter referred
to as the 6 day wave since no major difference was found between using either a 6 or 6.5 day period in the
model) at the model lower boundary to investigate its impact on the I-T system. In the current work, we
mainly focus on the ionospheric oscillation response and leave the mixing effect to a future study. The
specifications of the TIME-GCM experiment are given in section 2. Section 3 presents the major results. The
discussions of our work are in section 4. A summary and conclusions are given in section 5.

2. Model and Experiments
2.1. TIME-GCM

The TIME-GCM is a time-dependent three-dimensional general circulation model developed at NCAR
(National Center of Atmosphere Research) over the past decades. It simulates the circulation, temperature,
compositions, and electrodynamics by self-consistently solving the fully coupled hydrodynamics, thermody-
namics, and mass continuity equations of the neutral atmosphere along with ion energy, ion momentum,
and ion continuity equations from the stratosphere (~30 km) to the thermosphere (~470 km) with 97
constant-pressure levels [Dickinson et al., 1981, 1984; Roble et al., 1988; Richmond et al., 1992; Roble and
Ridly, 1994]. The reader is referred to these aforementioned papers and references therein for a detailed
description of the TIME-GCM.

Moreover, diurnal and semidiurnal tides are introduced from the Global Sale Wave Model [Hagan et al., 1999]
at the TIME-GCM lower boundary. Gravity waves are parameterized in the TIME-GCM using the linear satura-
tion theory proposed by Lindzen [1981]. The neutral wind dynamo is solved through calculated neutral winds
and ionospheric conductivities [Richmond and Roble, 1987; Richmond et al., 1992]. A high-resolution version
of the TIME-GCM is utilized in the current work with a resolution of 2.5° in latitude and 2.5° in longitude. There
are four vertical grid points in each scale height. The time step is set to 180 s.

2.2. Numerical Experiments

In order to investigate the effect of the 6 day wave on the ionosphere, a pair of runs was performed with and
without the 6 day wave forcing at the model lower boundary. Because the 6 day wave cannot be internally
generated in the TIME-GCM, a cosine perturbation of 6 day period and zonal wave number 1 was imposed
on geopotential height at the model lower boundary, as described by Liu et al. [2004]. The background
atmosphere is set to be perpetual on 21 March conditions, in accordance with the strongest 6 day wave
activity around the equinox as aforementioned. Hereafter, the paired runs are called the control (with
6 day wave forcing) and base run (with no 6 day wave forcing), respectively. Moreover, the numerical runs
are at solar minimum (F10.7cm = 70 solar flux unit) and geomagnetic quiet (Ap= 0) conditions.
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Figure 1a displays the latitudinal structure of the Gaussian perturbation imposed in geopotential height at
the model lower boundary, which peaks at 60°N and extends from 30°N to 80°N. A maximum perturbation
amplitude of 100m in geopotential height is specified to reproduce the realistic 6 day wave in the MLT.
For the control case, the model is run freely during the first 15 days to produce a diurnally repeatable state.
Then, the 6 day wave forcing is turned on, and a temporal factor (Gaussian function) is set to ramp up to the
maximum forcing within 5 days, as shown in Figure 1b. From the twentieth day, the simulation continues
with this amplitude for another 100 days.

For validation, the simulated 6 day wave in zonal wind and temperature is compared with the satellite obser-
vations in Gan et al. [2015]. In general, the TIME-GCM reasonably reproduces the 6 day wave, maximizing at
low latitudes in zonal wind and midlatitudes in temperature (Figures 1c and 1d). The overall structure is more
symmetric with respect to the geographic equator in the simulations, probably due to the fact that numerical
runs fixed on the exact date of March equinox. The simulated amplitude in zonal wind is slightly larger than
that in the observation, but almost the same in temperature.

3. Results

The simulated 6 day wave is further illustrated for its vertical propagation characteristics. Figure 2 displays its
amplitude and phase as a function of altitude and latitude in neutral winds and temperature from 50 km up
to 200 km on model day 150. The maximum amplitude in zonal wind (Figure 2a) is ~ 35–40m/s in the vicinity
of ~ 80 km at low latitudes. At higher altitudes, a dramatic decay in the amplitude is seen due to strong
molecular diffusion and ion drag above 100 km. Moreover, the phase in Figure 2b decreases with altitude

Figure 1. (a) Latitudinal structure of the Gaussian-shaped amplitudes of the 6 day wave forcing in geopotential height at the model lower boundary. (b) Temporal
factor used for the evolution of 6 day wave forcing at the lower boundary. (c and d) The 6 day wave amplitudes in zonal wind (m/s) at 95 km and temperature (Kelvin)
at 105 km, respectively.
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below~150 km, indicative of upward propagation. But above~ 150 km, the phase shows no obvious change
with respect to the height, illustrating a transition from the propagating mode to the evanescent mode for
the 6 day wave. This feature indicates that the 6 day wave does not penetrate into the upper thermosphere
andmodulate the neutral density or composition directly as UFKWs does [Chang et al., 2010]. Similar patterns
are also present in meridional wind and temperature in spite of much smaller peak amplitudes (~15–20m/s
in Figure 2c and~ 10–15 K in Figure 2e).

3.1. E Region Horizontal Wind Changes

Horizontal winds in the ionospheric E region are considerably affected by the 6 day wave. Figure 3 displays
the changes (also referred as perturbations) in zonal wind at 120 km and 75°W by comparing the model
outputs from the control and base run. The altitude of 120 km is selected because the large Hall and

Figure 2. Altitude and latitude cross section of the 6 day (a, c, and e) wave amplitude and (b, d, and f) phase in zonal wind (m/s, Figures 2a and 2b), meridional wind
(m/s, Figures 2c and 2d) and temperature (Kelvin, Figures 2e and 2f) on the model day 150.
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Pedersen conductivity peaks occur near this altitude, which are crucial to the wind-driven polarization electric
fields [Heelis, 2004]. Hereafter, we focus on the model days between 151 and 180, during which both the
simulated 6 day wave in the MLT and changes in E region winds reach a steady state. As seen in Figure 3a,
zonal wind perturbations exhibit a prominent and persistent 6 day oscillation from low to high latitudes.
The maximum eastward perturbation is on the order of ~ 30m/s occurring on day 155 and every ~ 6 days
afterward at low latitudes. Moreover, the changes become more westward at the latitudes of 40°–70° in
both hemispheres.

Figure 3b further illustrates the zonal wind changes at (75°W, 1.25°N) and 120 km. In addition to the 6 day
oscillation, they display the diurnal and semidiurnal variability as well. For instance, two apparent maxima
can be found on the model day 155. The diurnal and semidiurnal variations are probably attributed to the
modulation by the migrating tides due to the nonlinear interaction with the 6 day wave [Pedatella et al.,
2012]. Additionally, the dissipated 6 day wavemay lead to a westward forcing on the zonal mean zonal winds
when propagating into the MLT region, causing the short-term variability of tides as suggested by Chang
et al. [2011]. Due to such tidal-induced short-term variability, zonal wind perturbations are thus dependent

Figure 3. (a) Zonal wind perturbations (m/s) as a function of latitude and time at 75°W and 120 km. (b) Line plot of zonal wind perturbations at (75°W, 1.25°N) and
120 km; dotted lines marked LT 11:00 am at 75°W (universal time 16:00) on the model days of 155–161. (c) is same to Figure 3b but on four selected local times (solid:
05:00 LT, dotted: 11:00 LT, dashed: 17:00 LT and dash dotted: 23:00 LT).
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on solar local time (LT), i.e., the maximum eastward perturbation of ~ 30m/s tends to be around 11:00 LT
(marked by dotted lines on days 155–161 in Figure 3b).

To characterize this local time dependence, zonal wind perturbations in Figure 3b are replotted at four
selected local times in Figure 3c. Generally, it follows the 6 day oscillation with almost coincident peaks
and valleys for different LTs. However, the perturbations vary between~�10m/s and~ 30m/s at 11:00 LT
(dotted line) around noon but between~ 0m/s and~ 15m/s at 23:00 LT (dash-dotted line) before midnight.
Hence, E region zonal wind perturbations display a periodic modulation by the 6 day wave and local time
variability due to the nonlinear interaction between the 6 day wave andmigrating tides. The resultant pertur-
bations in E region zonal wind likely introduce a subsequent effect in the ionosphere. Moreover, we note that
zonal wind changes exhibit an overall eastward enhancement (Figures 3b and 3c) at low latitudes, which is
likely attributed to the eastward gravity wave drag filtered by the westward 6 day wave dissipation into
the background flow. This feature deserves a separate theoretical work because of its potential impact on
the I-T system via the mixing mechanism suggested by Gan et al. [2015].

Additionally, meridional wind is also important to the dynamo mechanism because of its contribution to the
wave-driven Pedersen current as zonal wind to the Hall current [Liu et al., 2010]. Figure 4 displays the

Figure 4. (a) Meridional wind perturbations (m/s) as a function of latitude and time at 75°W and 120 km. (b) Line plot of the meridional wind perturbations at (75°W,
61.25°N) and 120 km. Dotted lines mark 23:00 LT at 75°W during model days of 156–162.
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meridional wind changes at 120 km and 75°W. Being consistent with the 6 day wave in meridional wind
(Figure 2c), stronger 6 day oscillation occurs at higher latitudes but weaker and even absent at lower
latitudes. Thus, we speculate that the contribution from the 6 day wave meridional wind component to
the ionosphere might be more significant at higher latitudes in the ionosphere. As shown in Figure 4b,
the perturbation magnitude at 61.25°N is on the order of ~ 20m/s and peak northward (southward)
perturbations appear on model day 156 (159) and every ~ 6 days later on. Similar to zonal wind (Figure 3),
the local time variability due to tidal—PWs interaction results in the maximum perturbations at around
23:00 LT (marked by dotted lines). In general, the 6 day wave changes E region zonal and meridional winds
via both direct modulation and nonlinear interaction with atmospheric tides, the latter will be discussedmore
in section 4.

3.2. F Region Vertical ion Drift and F2 Region Peak Electron Density (NmF2) Changes

Horizontal wind perturbations in the ionospheric E region are capable of generating polarization electric
fields and thus perpendicular ion drifts through E × B in the meridional plane in the ionosphere F region.
The corresponding changes of vertical ion drift at 75°W and 350 km (near F2 region peak electron density
height) are illustrated as a function of geographic latitude and model day in Figure 5a. It is characterized
by an obvious 6 day oscillation, reaching peak upward (downward) drifts of ~ 12m/s around day 156 (159)
and repeating every ~ 6 days later on. The oscillation pattern extends from low to high latitudes, especially
in the Southern Hemisphere. Figure 5b displays the perturbations in ion drift at 1.25°N to emphasize its
short-term variability. The repeated semidiurnal variation seems more obvious than that in E region neutral
winds (Figures 3 and 4). The ion drifts reach maximum at 05:00 LT before dawn as marked by dotted lines on
days of 155–161. Its local time dependence is further illustrated in Figure 5c with the amplitude less than
2m/s before noon (11:00 LT) and gradually increasing to ~ 5m/s before the midnight (23:00 LT). A significant
portion of the equatorial fountain is known to project onto the SW2 component of ionospheric variation. This
in turn has been shown in numerical experiments to be driven in large part by the MLT SW2 [Chang et al.,
2013; Liu and Richmond, 2013].

Therefore, the effects of the 6 day wave modulation and its interaction with tides in E region winds are
definitely transferred into the F region ion drifts via the mapping of wind-driven polarization electric fields
along the geomagnetic field lines. Moreover, by comparing the strongest changes in vertical ion drift
(Figure 5b) and zonal wind (Figure 3b), the relationship between the maxima of the upward ion drifts and
the eastward zonal winds is obvious even though~ 6 h local time apart (11:00 LT in zonal wind versus
05:00 LT in ion drift). Here we should emphasize that vertical ion drift is directly associated with the
wind-driven polarization electric field determined by the zonal gradients of the horizontal winds and
ionospheric conductivity in the E region, which possibly lead to such phase difference.

To better understand the causality between neutral winds at 120 km and vertical ion drift at 350 km, their
global distributions are examined at universal time 10:00 on model day 161 in Figure 6. As seen in Figure 6a,
the largest ion drift at low latitudes is upward and of ~ 15m/s and locates at ~ 65°W (05:40 LT, marked by
the blue dashed line) and within 15°S/N (geographic latitude). Here the vertical ion drift in the E dynamo
region is not shown, since little difference can be found if compared with that at 350 km. According to the
dynamo mechanism, large upward drifts should result from eastward polarization electric fields due to the
convergence of total zonal currents. The relationship of neutral winds and wind-driven currents is shown

in equations (1) and (2), where JHx and JPx represent Hall and Pedersen currents, respectively. σH and σP are
the corresponding conductivities. u and v are zonal and meridional winds. B denotes the geomagnetic field,
and I is the magnetic dip angle. Thus, the resultant ion drift perturbation is actually dependent on the zonal
gradients of both zonal and meridional winds and ionospheric conductivity. Additionally, Liu et al. [2010]
have shown a rapid enhancement of low-latitude conductivities (Hall and Pedersen) in the early morning,
supportive to the large vertical ion drifts here.

JHx ¼ σHuB (1)

JPx ¼ �σPvB SinI (2)

The corresponding global zonal wind perturbations at 120 km are shown in Figure 6b. Before 05:40 LT (or
west of 65°W, marked by blue dashed line), zonal wind changes exhibit obvious negative longitudinal
gradients along the eastward longitude due to the southward inclination of contour lines within 10°S–30°
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N. The negative gradients would cause the convergence of wind-driven Hall currents and thus positive
charge accumulation. Thus, the generated polarization electric is eastward in the region to the west of 65°
W (or before 05:40 LT), which is in favor of upward drifts at 65°W. On the other hand, to the east of 65°W
(or after 05:40 LT), the longitudinal gradient has a transition from negative to positive. The positive gradients
in turn lead to the divergence of Hall currents and thus negative polarization charges. Consequently, the east-
ward polarization electric fields and upward vertical ion drifts are strengthened at 65°W.

Figure 6c displays global meridional wind perturbations at 120 km. It is speculated that the contribution to
wind-driven electric fields from meridional winds via Pedersen currents should be smaller than that from
zonal winds via Hall currents because of the small magnetic downward angle at low latitudes.
Furthermore, the 6 day wave in meridional wind has larger amplitude in the extratropical region (Figure 2),
and thereby, meridional wind is expected to account for the wind dynamo and vertical ion drift at higher
latitudes. For example, the upward drifts of ~ 10m/s are significant centered at ~ 65°S and ~37.5°W as well.
Note that there is no obvious change in the corresponding zonal wind perturbations along the longitude
(Figure 5b). So its contribution to wind dynamo should be not significant. However, extremely large negative

Figure 5. (a) Vertical ion drift perturbations (m/s) as a function of latitude and time at 75°W and 350 km. (b) Line plot of perturbations in vertical ion drift at (75°W,
1.25°N) and 120 km. Dotted lines mark 05:00 LT at 75°W. (c) is same to Figure 5b but on four fixed local times (solid: 05:00 LT, dotted: 11:00 LT, dashed: 17:00 LT, and
dash dotted: 23:00 LT).
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longitudinal gradients in meridional wind occur in the region west of ~ 37.5°W. Incorporated with negative
magnetic downward inclination (defined as in Liu et al. [2010]), eastward polarization electric fields are thus
produced and are responsible for upward drifts.

Therefore, horizontal wind perturbations due to the 6 day wave result in the coincident oscillations in vertical
ion drifts via E region wind dynamo in our simulation. Moreover, from the analysis above, the zonal wind
component is found to contribute more to wind dynamo and ion drift at low latitudes, whereas meridional
wind component tends to contribute more at higher latitudes, respectively, in the presence of the 6 day wave
forcing. Additionally, we note that a wave number 2 structure is also obvious in both zonal and meridional
winds at low latitudes (Figure 6). It indicates a potential contribution from the migrating semidiurnal tide
or the child wave of sum frequency (20 h, wave number 2, westward propagating) generated by the

Figure 6. Absolute differences of (a) vertical ion drift at 350 km, (b) zonal, and (c) meridional winds at 120 km on 10:00 UT
and model day 161 between the control and base run. Black solid and dotted lines denote positive and negative values,
respectively. Black dashed line denotes zero. The longitude of 65°W is marked by the blue dashed line. Contour interval is
2m/s.
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interaction between the migrating diurnal tide and the 6 day wave. A separate study is needed to investigate
the ionospheric effect of these child waves.

NmF2 is further examined for the ionosphere response to the 6 day wave. As demonstrated in Figure 7a, NmF2
difference (NmF2 of the control run minus NmF2 of the base run) exhibits a similar 6 day periodic oscillation
as in vertical ion drift and neutral winds at 75°W on days 151–180. The low-latitude maximum enhancement
of ~ 1.2 × 105 (cm�3) occurs first near the equator on model day 154 and repeat every ~ 6 days with a
secondary maximum at ~ 30°S. Observing its short-term variability, a strong diurnal variation is found in
NmF2 difference with the greatest enhancement at ~ 16:00 LT (marked by dashed lines). The local time shift,
compared to the strongest upward ion drift at ~ 05:00 LT (Figure 5), is likely attributed to the EIA phenom-
enon, which usually has the largest background electron densities in the low-latitude ionosphere before
the dusk time, and thus the absolute difference caused by the 6 day wave is stronger at ~ 16:00 LT in the
EIA region. Furthermore, NmF2 difference has an apparent enhancement at high latitudes in the Southern
Hemisphere, which agrees with the enhanced upward ion drifts seen in Figure 6a.

4. Discussions

Through introducing a 6 day wave forcing at the lower boundary of the TIME-GCM, we show its impact on the
I-T system via E region dynamomodulation in the current work. In addition to the 6 day oscillation, significant
diurnal and semidiurnal variability appear in the changes of E region neutral winds, vertical ion drift, and
NmF2. We speculate that such short-term variability (or local time dependence) is likely due to the nonlinear
interaction between tides and 6 day wave. In a recent modeling work, Yue et al. [2016] suggested that
QTDW-tidal interaction will alter tides and generate secondary waves of sum and difference frequencies.
Both altered tides and secondary waves could have important effects on vertical ion drift and NmF2. Liu
et al. [2010] also suggested that the stationary planetary wave could affect the ionosphere via nonlinear inter-
action with tides during stratospheric sudden warming events in the Northern Hemisphere.

To illustrate the important role of the interaction between tides and the 6 day wave in the coupling process,
we now compare migrating tides between the control and base run.

Figure 7. (a) Absolute changes of NmF2 as a function of latitude and time at 75°W and 350 km. (b) Line plot of NmF2 changes at (75°W, 1.25°N) and 350 km on
15:00 LT, which is marked by the dashed lines in model day 154 and 161.
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Figure 8 displays the magnitudes of migrating diurnal and semidiurnal tides together with the absolute
differences between the control and base run in zonal wind on model day 161. For the DW1, the evident
decreases (top row, right) in amplitude, as large as ~ 4m/s, can be found at around 80–90 km and 30°–40°S/N,
where the 6 day wave just reaches its secondary maxima. Thus, the weaker tidal perturbation in the
control run is likely due to the nonlinear interaction of DW1 with the 6 day wave, thereby transferring the
energy to the child waves. Similar process is also expected to account for the obviously reduced amplitudes
between 90 and 100 km at low latitudes. We also note that the enhanced amplitudes occur at ~ 90 km over
the equatorial region. This is probably due to the zonal asymmetry of the mean flow induced by the 6 day
wave as mentioned by Pedatella et al. [2012]. Moreover, the zonal mean zonal wind change also plays an
important role on the tidal short-term variability. Suggested by Chang et al. [2011], the dissipated 6 day wave
will lead to a westward forcing on the zonal mean zonal wind, which results in the decreases of the tidal
vertical wavelength and amplitude. Conversely, if the eastward forcing is applied on the mean flow by the
filtered gravity waves, the tidal amplitude would be enhanced. This is the possible case for the strengthened
DW1 around 30°S/N above 100 km and increased SW2 amplitude by ~ 2.5m/s at midlatitudes. Hence, migrat-
ing tides are definitely altered by the 6 day wave and would be responsible for the local time dependence in
the ionosphere response.

Figure 9 displays the tidal perturbations in electron densities to illustrate how the ionosphere responds to the
altered migrating tides. Since ionospheric plasma is produced through the photoionization by solar EUV, the
ionospheric migrating tidal perturbation in electron densities thus consists of the Sun-synchronous nature of
the in situ source, as well as the neutral migrating tides propagating from the lower atmosphere. However,
the tidal difference (right column) should mainly reflect the changes of the upward propagating component.

Figure 8. Zonal wind magnitudes of migrating (top row) diurnal and (bottom row) semidiurnal tides as a function of altitude and latitude onmodel day 161 from the
(left column) control and (middle column) base run. (right column) The differences between the control and base run. Contour interval is 10m/s for magnitudes and
0.5m/s for absolute differences.
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The DW1 shows the maximum difference of ~ 4–6× 103 (cm�3) in low latitudes and~�10–12× 103 (cm�3) in
high latitudes, when comparing the results between the control and base runs. For the SW2, the differences
can exceed ~ 6 × 103 (cm�3) in the EIA region, although SW2 is generally weaker than DW1 in the ionospheric
F2 region. This in turn demonstrates that the migrating tides indeed interact nonlinearly with the 6 day wave
in the MLT region, as indicated in Figure 8.

The child waves from the interaction between the 6 day wave and tides likely introduce significant effects on
the ionosphere and thermosphere, as it is found in anQTDWevent [Yue et al., 2016]. Through the spectrumana-
lysis, the child waves generated by interacting between the 6 day wave and DW1 can be found in the E region
zonal winds, although they are much weaker than the parent waves (not shown here). The 6 day wave is not
found to interact with the SW2 efficiently. However, the current work is based on a 30 day data set (between
the model day 151 and 180, when the 6 day wave reaches a steady state), making it impossible to obtain the
temporal variability of the child waves in the neutral fields and ionospheric parameters (at least a 12 day win-
dow is needed). We may rerun the model to separate the child waves’ effects in the ionosphere in the future.

Using multiple data sets, Gan et al. [2015] found that the dissipative quasi 6 day wave would induce an extra
meridional circulation and consequent reductions of thermospheric O/N2 ratio and ionospheric TEC.
However, revealed by the numerical simulation here, NmF2 shows an overall enhancement at 15:00 LT as
demonstrated in Figure 7b. This discrepancy might be attributed to the fact that our simulations are for
the exact March equinox conditions, whereas the observational study was actually at postequinox time in
the mentioned work. Different background winds likely result in a different meridional circulation pattern,
which is important to O and N2 transport. To address this issue, a separate work on the mixing effects by
the 6 day wave is needed in the future.

5. Summary and Conclusion

The TIME-GCM is utilized to investigate the 6 day wave effect on the ionosphere via the wind dynamo
modulation mechanism. The main conclusions are summarized as follows. First, the TIME-GCM reasonably

Figure 9. Migrating (top row) diurnal and (bottom row) semidiurnal tidal perturbations in electron densities (left column) with and (middle column) without the
6 day wave forcing at the model lower boundary. (right column) The absolute differences of the electron densities with and without the 6 day wave forcing.
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reproduces the 6 day wave in the MLT region compared to the observations by Sounding of the Atmosphere
using Broadband Emission Radiometry and TIMED Doppler Imager. Second, it is found that the 6 day wave
can change the neutral winds in the E region via both the direct modulation and interaction with atmospheric
tides. Third, the coincident 6 day periodic oscillations are detected in both vertical ion drift and NmF2, demon-
strating that the 6 day wave perturbation is transmitted into the ionosphere F region via the E × B process.
Meanwhile, the altered tides via the interaction between tides and 6 day wave would contribute significantly
to the local time dependence in the ionospheric response.
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