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[1] The atmospheric tide at ionospheric heights is composed of those locally generated
and those propagated from below. The role of the latter in producing the variability of the
daytime ionosphere is examined using the National Center for Atmospheric Research
Thermosphere-lonosphere-Electrodynamics General Circulation Model. The impact of
upward-propagating tides is evaluated by running simulations with and without tidal
forcing at the lower boundary (approximately 96 km), which imitates the effect of tides
from below. When migrating diurnal and semidiurnal tides at the lower boundary is
switched on, the intensity of £ region currents and the upward velocity of the equatorial F
region vertical plasma drift rapidly increase. The low-latitude ionospheric total electron
content (TEC) first increases, then gradually decreases to below the initial level. The
initial increase in the low-latitude TEC is caused by an enhanced equatorial plasma
fountain while the subsequent decrease is due to changes in the neutral composition,
which are characterized by a global-scale reduction in the mass mixing ratio of atomic
oxygen O7. The results of further numerical experiments indicate that the mean
meridional circulation induced by dissipating tides in the lower thermosphere is mainly
responsible for the O reduction; it acts like an additional turbulent eddy and produces a
“mixing effect” that enhances net downward transport and loss of Oy. It is stressed that
both electrodynamic effects and mixing effects of upward-propagating tides can be
important in producing the variability of ionospheric plasma density. Since the two
mechanisms act in different ways on different time scales, the response of the actual
ionosphere to highly variable upward-propagating tides is expected to be complex.

Citation: Yamazaki, Y., and A. D. Richmond (2013), A theory of ionospheric response to upward-propagating tides: Electrody-
namic effects and tidal mixing effects, J. Geophys. Res. Space Physics, 118, 5891-5905, do0i:10.1002/jgra.50487.

1. Introduction

[2] Atmospheric tides are global-scale oscillations of
atmospheric quantities (such as pressure, temperature, and
winds) with periods of harmonics of a solar or lunar day
[Lindzen and Chapman, 1969]. Solar tides are predomi-
nantly of thermal (not gravitational) origin, excited through
periodic absorption of solar radiation by H,O in the tropo-
sphere, by Oj; in the stratosphere, and by O, O,, and N, in
the thermosphere above 100 km. (Note that in this paper, we
use O, instead of O to denote atomic oxygen.) Meanwhile,
minor lunar tides are almost entirely of gravitational ori-
gin. Some tides have upward-propagating properties. They
get larger in amplitude as the waves travel upward from the
source region. This is because the waves tend to conserve
energy per unit volume (%pAz, where p is density and A4
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is velocity amplitude), propagating through the atmosphere
where the background density decreases with height. In the
lower atmosphere, tidal wind amplitudes are small compared
to the background wind speed, but they grow with height
and reach their maximum of many tens of meters per second
in the mesosphere and lower thermosphere (MLT) region
(between about 90 and 140 km), where damping of tidal
waves occurs due to eddy and molecular dissipation. Atmo-
spheric tides are highly variable in the MLT region. It is
not uncommon to observe that tidal amplitudes increase or
decrease by a factor of 2—3 within a week [Forbes, 1984,
and references therein]. The tidal variability in the MLT
region probably reflects the variable state of the atmosphere
below. For example, planetary waves in the lower and mid-
dle atmosphere can lead to short-term tidal variability in the
MLT region by nonlinearly interacting with tides [Liu et al.,
2010], by modulating the background atmosphere [ Chang et
al., 2011], and by modulating the distribution of excitation
sources such as stratospheric O3 [Goncharenko et al., 2012].

[3] Located within a similar range of altitudes as the MLT
region is the ionosphere E region (between about 100 and
150 km), where the ion-neutral collision frequency is com-
parable with or larger than the gyrofrequency of ions (v; =
w;) while the electron-neutral collision frequency is much
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smaller than the gyrofrequency of electrons (v, < w,). In
this region, therefore, ions are coupled with neutral wind
while electrons are frozen to magnetic field lines. As a result
of different motions between ions and electrons, electric
currents are generated. In general, these wind-induced cur-
rents are not divergence-free, thus a polarization electric
field is set up to maintain closure of total electric currents.
These generation processes of electric fields and currents
are known as the ionosphere wind dynamo [Richmond,
1979, 1989].

[4] At the magnetic equator, where magnetic field lines
are completely horizontal, the polarization electric field is
associated with vertical plasma drifts, which move plasma
upward across magnetic field lines during daytime. In the
F region, the plasma diffuses downward along magnetic
field lines because of gravity and plasma pressure gradients
[Hanson and Moffett, 1966]. This plasma transport process
is often referred to as the equatorial plasma fountain. The
result is a depletion of F region plasma density at the mag-
netic equator and two crests of plasma density on either
side of the magnetic equator (about 15-20° away from the
magnetic equator), which is known as the equatorial ion-
ization anomaly (EIA). Although most tidal waves from
the lower and middle atmosphere are not able to propagate
into the F region ionosphere, they can influence the distri-
bution of F region plasma by modulating the ionospheric
E region wind dynamo and equatorial plasma fountain
[Millward et al., 2001]. Chen et al. [2008] compared
daily values of ionospheric total electron content (TEC)
at the EIA crests and the strength of the equatorial elec-
trojet during magnetically quiet periods. The latter is a
measure of the equatorial zonal electric field produced
by the E region wind dynamo. The positive correlation
(r ~ 0.5) they obtained partially supports the E region
dynamo effect on the F region plasma density, but a large
scatter indicates that there are other important factors at
work. (Note that the positive correlation arises in part from
a similar dependence of the two quantities on solar forcing.)

[5] The F region plasma density is also affected by the
composition of the neutral atmosphere, from which ions and
electrons are produced. At the altitude of the F region iono-
sphere, the neutral composition primarily consists of atomic
oxygen O;, molecular oxygen O,, and molecular nitrogen
N,. The plasma population at F' region heights is dominated
by O*, and its main source is photoionization of Oy,

O, +hv - 0O +e, 1)

where hv represents an extreme ultraviolet photon. There-
fore, atomic oxygen leads to O production. Meanwhile, loss
of O occurs mainly through ion-exchange reactions,

O"+N; - NO"+N )
and

O++02—>O§+Ol. (3)
These are followed by a rapid dissociative recombination
with electrons, so that NO* and Oj are almost immediately
destroyed,

NO"+e — N+0, 4)
and

O;+€7—>O]+Ol, (5)
respectively. Therefore, molecular species (N, and O,) act to
reduce ionospheric plasma density. If photochemical equi-
librium existed, the electron density would be approximately

proportional to the density ratio [O;]/[N,], which is often
used as a measure of thermospheric composition influence
on the F region ionospheric plasma.

[6] Tidal effects on the neutral composition have been
investigated by Akmaev and Shved [1980] and Forbes et
al. [1993]. Akmaev and Shved [1980], based on a one-
dimensional model, demonstrated that inclusion of tidal
forcing causes a decrease of atomic oxygen in the MLT
region. Forbes et al. [1993] confirmed this using a three-
dimensional model. Furthermore, they found that the com-
position change extends to the upper part of the thermo-
sphere and affects the distribution of F region plasma. Both
authors suggested that the reduction of atomic oxygen in the
MLT region is due to an increase in the effective three-body
recombination rate of atomic oxygen, which would induce a
net downward transport of atomic oxygen. (This mechanism
will be explained in more detail later.) The effectiveness of
this mechanism is, however, still to be investigated.

[71 A question to ask at this point is, “What is the
net effect of upward-propagating tides on the ionosphere
when effects of both the ionospheric wind dynamo and
composition change are considered?”” To answer this ques-
tion, we carry out numerical experiments on the basis of
the National Center for Atmospheric Research (NCAR)
Thermosphere-lonosphere-Electrodynamics General Circu-
lation Model (TIE-GCM) [Richmond et al., 1992]. Earlier,
Forbes et al. [1993] studied tidal effects on the thermosphere
and ionosphere using the Thermosphere-lonosphere General
Circulation Model (TIGCM) [Roble et al., 1988], which is a
predecessor version of the TIE-GCM. The TIGCM uses an
electric field from an empirical model and neglects changes
in the electric field and their feedback on the neutral and
plasma motions. Also, the TIGCM uses a simple dipole
magnetic field.

2. Models

[8] Most of our simulations are based on the TIE-GCM.
The TIE-GCM is a three-dimensional time-dependent model
of the coupled thermosphere and ionosphere. At each time
step of 2 min, the model self-consistently solves for global
electric fields and currents, neutral and ionized constituent
densities, temperatures, and winds. (See Dickinson et al.
[1981, 1984], Roble et al. [1988], Richmond et al. [1992],
and L. Qian et al. (The NCAR TIE-GCM: A community
model of the coupled thermosphere/ionosphere system, sub-
mitted to Modeling the lonosphere- Thermosphere, 2013) for
a detailed description of the model.) The horizontal resolu-
tion of the model is 5° by 5° in geographic longitude and
latitude. The model uses constant-pressure surfaces as the
vertical coordinate. The pressure interfaces are defined as
Z = In(Py/P), where P is pressure and Py = 5x 1077 hPa. The
upper and lower boundaries are at Z = 7 (4.6x107'° hPa)
and Z = -7 (5.5x107* hPa), respectively, and there are two
grid points per scale height. The electrodynamics are calcu-
lated in the Magnetic Apex coordinate system [Richmond,
1995] using a realistic magnetic field (International Geo-
magnetic Reference Field). The TIE-GCM specifies solar
XUV, EUV, and FUV spectral fluxes for a given solar radi-
ation index F10.7 using the EUVAC model [Richards et al.,
1994]. Fang et al. [2008] pointed out, however, that the
TIE-GCM with the EUVAC model underestimates E region
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electron densities, as compared with the International Ref-
erence lonosphere. They proposed to increase soft X-ray
fluxes (wavelengths between 8 and 70 A) by a factor of
4.4, which would achieve realistic £ region plasma density
with little impact on the F region plasma. Solomon [2006]
pointed out that the agreement for the soft X-rays between
the TIMED/SEE measurements and the EUVAC model is
not as good as other wavelengths due to the difficulty of
accurately measuring in the 8-70 A range. Since our cal-
culations include ionospheric currents, we use Fang et al.’s
modification in order to have reasonably accurate daytime £
region electrical conductivities.

[9] All our simulations are run in a perpetual March
equinox condition (i.e., the calendar day is fixed at 80)
for a moderate solar activity level (#10.7 is 120). At high
latitudes, an external electric field is specified using an
empirical electric potential model by Heelis et al. [1982]
for a low geomagnetic activity condition with cross-polar-
cap potential of 30 kV. The average altitudes of the upper
and lower boundaries are 572 and 96 km in these condi-
tions. At the lower boundary, tidal perturbations in winds,
temperature, and geopotential height can be specified using
the Global Scale Wave Model (GSWM) [Hagan and Forbes,
2002 and 2003]. Only migrating diurnal and semidiurnal
tides from the GSWM are considered, and nonmigrating
tides are neglected in this study. (The migrating tides are
those which propagate westward at the same speed as the
apparent motion of the Sun when observed from the ground,
while all other tides are nonmigrating tides.) By compar-
ing the results with and without lower-boundary forcing, it
is possible to separate the effects of the tides locally gen-
erated at ionospheric heights from the effects of upward-
propagating tides.

[10] Another model we wuse is the Thermosphere-
Ionosphere-Mesosphere Electrodynamics General Circula-
tion Model (TIME-GCM) [Roble and Ridley, 1994]. The
TIME-GCM is an extended version of the TIE-GCM, hav-
ing its lower boundary down at Z = —17 (approximately 30
km). The TIME-GCM incorporates all of the physical and
chemical processes of the TIE-GCM, and it uses a 2.5° by
2.5° horizontal grid with four vertical grid points per scale
height. At the TIME-GCM lower boundary, tidal perturba-
tions can be specified using the GSWM, and it is possible to
conduct simulations with and without lower-boundary tidal
forcing. In the TIME-GCM, however, even when the lower-
boundary tidal forcing is off, upward-propagating tides are
excited in the upper stratosphere and mesosphere, some of
which propagate into the ionosphere. Consequently, it is not
possible, using the TIME-GCM, to evaluate the impact of
the upward-propagating tides generated between the model
lower boundary (~30 km) and the bottom of the dynamo
region (~100 km) merely by calculating the differences
between runs with and without GSWM tides at the lower
boundary. Since our focus in this study is on the iono-
spheric response to upward-propagating tides from below,
we mainly use the simpler TIE-GCM.

3. Results

3.1. Wind Fields

[11] We first examine changes in the thermospheric
wind due to upward-propagating migrating tides. Figure 1

presents height versus latitude distributions of the wind
amplitude for diurnal (top row) and semidiurnal (bottom
row) tides derived from the TIE-GCM. The results within
one scale height from the lower and upper boundaries are
omitted because they could be affected by the boundary
conditions. UN, VN, and WN in the figure denote east-
ward, northward, and vertically upward winds, respectively.
The simulations are run for 40 days from the time lower-
boundary forcing is switched on to obtain a diurnally repro-
ducible state. The difference in the wind vectors computed
with and without lower-boundary tidal forcing is derived so
as to isolate the effects of upward-propagating tides from
those locally generated in the thermosphere. Using the data
for the last 24 h of the run, wind amplitudes for diurnal
and semidiurnal migrating tides are determined based on
least square fitting. In such an analysis, data for 24 h are
required to separate migrating and nonmigrating tidal com-
ponents. When the lower-boundary forcing is off, the main
tidal component resolved in the model is the vertically non-
propagating migrating diurnal component produced by solar
ultraviolet heating in the thermosphere [Hagan et al., 2001].
This tidal component is quite large at high altitudes (horizon-
tal tidal wind amplitudes are typically over 100 m/s above
Z =-1) but is not seen in Figure 1, because it is nearly iden-
tical for the runs with and without lower-boundary forcing.
[12] In Figure 1, the results for the upward-propagating
migrating diurnal tide indicate the dominance of the
(1,1) Hough mode of classical tidal theory [Lindzen and
Chapman, 1969], with maximum horizontal wind ampli-
tudes at £20-30° latitude (top left and top middle panels).
For the semidiurnal tide, peak amplitudes of the horizontal
wind tide appear at 50° latitude, indicative of the dominance
of the (2,4) Hough mode (bottom left and bottom middle
panels). The altitude for the peak amplitude of the semidi-
urnal tide (approximately at 108 km) is higher than that of
the diurnal tide (at 96—101 km). This is owing to the fact
that the semidiurnal tide has a longer vertical wavelength
and faster vertical group velocity [Vial et al., 1991], and thus
it can propagate to higher levels before being dissipated.
Vertical wind tidal amplitudes are smaller than horizontal
ones by 2 orders of magnitude (top right and bottom right
panels). It is noted that tidal amplitudes and their distribu-
tions in the MLT region are in good agreement with those
derived from satellite observations in the past [Khattatov
et al., 1997a, 1997b; Wu et al., 2006]. (Although observa-
tions include contributions from both upward-propagating
tides and the tides locally generated in the thermosphere, the
comparison between the results in Figure 1 and observations
is still valid in the MLT region because the amplitude of
thermospherically generated tides is relatively small below
120 km.) A comparison of the upward-propagating migrat-
ing tides between the TIE-GCM and GSWM shows general
agreement at altitudes of 100-140 km, with discrepancies
in the wind amplitude of 10—40% (not shown). The differ-
ence in tidal amplitudes between the TIE-GCM and GSWM
arises probably from different background fields and param-
eterizations used in the two models. Although we will not
argue which model’s tides are more correct, it is fair to say
that there is uncertainty in the amplitude of the migrating
tides in the MLT region. Therefore, it is important to bear in
mind that the tidal effects we will show in this paper could
be either more or less significant in the actual atmosphere.
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Figure 1. Wind amplitudes for upward-propagating migrating (top row) diurnal and (bottom row)
semidiurnal tides, as derived from the difference in the neutral winds computed with and without lower-
boundary forcing. Contour interval is 10 m/s for the (left column) eastward wind, (middle column)
northward wind, and 10 cm/s for the (right column) upward wind.

[13] Dissipating tides deposit net momentum into the
mean flow and modify the zonal-mean circulation in the
lower thermosphere, just as planetary waves and gravity
waves do in the stratosphere and mesosphere. This was first
pointed out by Miyahara [1978] and has been established
by more recent works [Miyahara and Wu, 1989; Angelats
i Coll and Forbes, 2002; Yoshikawa and Miyahara, 2003].
Figure 2 illustrates zonal-mean winds induced by upward-
propagating migrating tides. The results are, as in Figure 1,
derived from the difference in the wind fields computed with
and without lower-boundary tidal forcing. The top left and
bottom left panels show the zonal-mean zonal wind gen-
erated by the upward-propagating diurnal and semidiurnal
tides, respectively. A westward mean wind over the equator
is evident in both cases. Observations have revealed a west-
ward mean flow in the MLT region during the equinoxes
[e.g., Swinbank and Ortland, 2003]. The top middle and top
right panels depict the zonal-mean meridional circulation
induced by the upward-propagating migrating diurnal tide.
Below 120 km, a cell-like structure with poleward flow (7
m/s) on both sides of the equator is visible between +30°
latitude. The poleward mean meridional flow is consistent
with the direction that would result from Coriolis deflec-
tion of the enhanced westward mean zonal flow in both
hemispheres. Observations have reported a similar poleward
mean flow at low latitudes below 110 km during the equinox
[McLandpress et al., 1996; Zhang et al., 2007]. Those obser-
vations, however, showed equatorward flow above 110 km,
which is not found in our TIE-GCM results. The poleward
mean flow also exists in the results for the semidiurnal tide

(105-150 km), but with smaller velocity (bottom middle and
bottom right panels).

3.2. Transient Ionospheric Response

[14] The response of the daytime ionosphere to the tidal
forcing is examined using the TIE-GCM. Computed in the
model are three ionospheric quantities that are commonly
used in ionospheric studies: total intensity of the equivalent
current system, upward velocity of the equatorial F region
vertical plasma drift, and ionospheric total electron content
(TEC) at the crests of the EIA.

[15] The equivalent current system is a horizontal thin-
shell current system, which is equivalent to the actual three-
dimensional ionospheric current system in that they would
produce the same magnetic perturbations on the ground
[Chapman and Bartels, 1940]. The equivalent current sys-
tem gives a good approximation of the E region current
system due to the fact that most of horizontal ionospheric
currents flow at altitudes between 100 and 150 km. (The
thickness of the dynamo region is less than 1% of the hor-
izontal scale of the current system.) Morphology of the
equivalent current system has been well established mainly
through ground magnetometer observations [e.g., Takeda,
2002]. In the TIE-GCM, the equivalent current system is
calculated using the method described by A. D. Richmond
and A. Maute (Ionospheric electrodynamics modeling, sub-
mitted to Modeling the lonosphere- Thermosphere, 2013).
Past studies have shown that the TIE-GCM is able to
reproduce the observed features of the equivalent current
system [e.g., Yamazaki et al., 2012a]. Total intensity of the
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Figure 2. Zonal-mean winds induced by the upward-propagating migrating (top row) diurnal tide and
(bottom row) semidiurnal tide at 00:00 UT, as derived from the difference in the neutral winds computed
with and without lower-boundary forcing. Contour interval is 10 m/s for the (left column) eastward wind,
2 m/s for the (middle column) northward wind, and 2 cm/s for the (right column) upward wind.

equivalent current system J, is defined as the differ-
ence between maximum and minimum values of the current
(potential) function below 60° magnetic latitude. Jiop is
a measure of the total amount of wind dynamo currents
flowing in the £ region ionosphere.

[16] Equatorial F region vertical plasma drifts have been
extensively studied in the past by ground and satellite obser-
vations [e.g., Fejer and Scherliess, 2001; Fejer et al., 2008].
The quantity is important in understanding the distribution
of ionospheric plasma because it contains information about
vertical plasma transport. During the daytime, the drift is
usually upward, which raises the F region. Comparisons
between data and the TIE-GCM have shown that the model
is capable of reproducing local time, seasonal, and solar-
activity variations of the equatorial F region vertical plasma
drifts [Fesen et al., 2000; Fang et al., 2008]. We computed
in the TIE-GCM the noon-time vertical plasma drift veloc-
ity V. at the magnetic equator at an altitude of 300 km. V,
is a measure of the eastward electric field in the equatorial
ionosphere and also a measure of upward plasma transport
through the equatorial plasma fountain.

[17] The TEC is also widely used for ionospheric surveys
[e.g., Jee et al., 2004]. TEC at a given location is defined as
the total number of electrons in a column with a cross section
of 1 m?. It is dominated by electrons near the altitude of
F2 layer peak (250—400 km). The TIE-GCM can reproduce
vertical and horizontal distributions of the electron density
[Fesen et al., 2002; L. Qian et al., submitted manuscript,
2013]. We produce a global TEC map using the TIE-GCM
to determine the location and magnitude of the crests of

the EIA. TEC in the model is computed by integrating the
electron density from the lower boundary (approximately 96
km) to 500 km. The TEC values at the northern and south-
ern crests of the EIA are averaged, which we call TEC,.
TEC, s 1s @ measure of the electron density in the F region
ionosphere at low latitudes. It may be noted that TEC e
derived from the model is not directly comparable with those
derived from ground observations that contain contributions
from the plasmasphere.

[18] We conduct a continuous 50 day run of the TIE-
GCM to examine the transient response of the ionosphere
to upward-propagating migrating diurnal and semidiurnal
tides. Jiotal, V2, and TEC s are output at 00:00 UT of each
model day. Tidal forcing at the lower boundary is kept off for
the first 10 days. It is then turned on at 01:00 UT of the tenth
day and kept on for the rest of the period. The results are
presented in Figure 3. In each panel, the black line indicates
the case where both migrating diurnal and semidiurnal tides
from the GSWM are used for the lower-boundary forcing.
The red/blue line is for the case where only the migrating
diurnal/semidiurnal tide is used. The simulations are carried
out under equinoctial conditions, and the advance of calen-
dar day is not taken into account so that seasonal variations
will not affect the results. We note that the results at dif-
ferent UTs are basically the same but with slightly different
offset values.

[19] The results in Figure 3 reveal almost step-like
increases in J and V, in response to the tidal forc-
ing. Increases in the electric fields and currents due to
upward-propagating semidiurnal tides were reported earlier
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Figure 3. (top) Total intensity of the equivalent current system J,, (middle) upward velocity of the
equatorial F' region ionospheric drift /7, and (bottom) averaged total electron content at the crests of the
EIA TEC,. at 00:00 UT. Tidal forcing at the lower boundary is turned on at 01:00 UT of Day 10. The
black lines indicate the case where both migrating diurnal and semidiurnal GSWM tides are used for the
lower-boundary forcing. The red/blue lines indicate the case where only the migrating diurnal/semidiurnal
GSWM tide is used. One TEC unit (TECU) is equal to 10'® electrons per m?. Note that the vertical scales
do not start at zero.

by Richmond and Roble [1987]. The increase in Jy, (by  conductivity. The Hall conductivity is greatest at an alti-
approximately 60%) is mostly due to the semidiurnal tide, tude of approximately 110 km, which is around where the
and the contribution of the diurnal tide is relatively small. semidiurnal tidal wind achieves its maximum amplitude.
A reason for this is the height distribution of ionospheric =~ Meanwhile, the altitude for the maximum diurnal tidal wind
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is lower at about 100 km, where the conductivities are
relatively small.

[20] For the increase in V. (by approximately 70%), both
the diurnal and semidiurnal tides are equally important in
this simulation result. Under equinoctial conditions, both
the diurnal and semidiurnal tides are dominated by sym-
metric modes, which are effective in generating an electric
field. Symmetric tidal modes will exhibit zonal winds of the
same direction in the northern and southern hemispheres,
while meridional winds in both hemispheres will either be
identically poleward or identically equatorward.

[21] Differences exist in the results for Ji and 7, as to
how they respond to the diurnal and semidiurnal tides. In
the ionospheric wind dynamo theory, electric fields and cur-
rents are not proportional to each other but their relationship
depends on the distribution of the driving wind. In princi-
ple, some wind distributions can produce electric currents
without producing electric fields while other wind distribu-
tions can produce an electric field without producing electric
currents [Richmond, 1979, and references therein].

[22] The TEC..y shows a different response to the
upward-propagating tides in comparison to Ji, and V. It
first increases, then gradually decreases to below the initial
level. After the tidal forcing is imposed, approximately 30
days are required to reach a new steady state, where TEC
is approximately 15% lower than the initial state. Both the
diurnal and semidiurnal tides produce the initial increase in
TEC,est, While the subsequent decrease in TEC e is due in
large part to the diurnal tide.

[23] The initial increase in TEC, . can be explained as a
result of the increased equatorial plasma fountain. That is,
the enhanced V. by tidal forcing increases upward transport
of plasma at the magnetic equator. The plasma then diffuses
downward along magnetic field lines, causing an increase in
the plasma density at the crests of the equatorial anomaly.
This is well illustrated in Figure 4, which shows latitude pro-
files of electron density at an altitude of 400 km for Days
01, 12, and 50 from the same model run as for Figure 3.
The results are for 15:00 LT, around when TEC reaches its
greatest value. Compared to the result for Day 01, the elec-
tron density for Day 12 is lower at the magnetic equator and
higher at the crests of the equatorial anomaly. The enhanced
equatorial plasma fountain removes plasma at the magnetic
equator by transporting it to higher latitudes. Comparison
between the results for Day 01 and Day 12 also indicates
a poleward shift of the crests of the equatorial anomaly.
This is consistent with the observation results by Balan and
Iyer [1983] and Rastogi and Klobuchar [1990], who demon-
strated that a stronger equatorial electrojet corresponds to an
equatorial anomaly crest at a higher latitude. The electron
density for Day 50 is lower than Day 12 at all latitudes.

[24] The decrease in TEC,y is due to changes in the neu-
tral composition. Figure 5 shows the percent difference in
zonal mean [O;]/[N;] ratio (left) and neutral temperature
(right) between Day 01 and Day 50. At altitudes for the
F region ionosphere (above 200 km), tidal forcing causes
a reduction in the [O;]/[N;] ratio by 20-30%, which can
explain the decrease of TEC, in Figure 3. The decrease in
the [O,]/[N] ratio can be seen everywhere except middle to
high latitudes (above 40°) below 110 km. The effect of the
upward-propagating tides on the zonal-mean temperature is
relatively small. The maximum change in the zonal-mean

x 106 Latitudinal Profile at LT=15, 400 km (DoY=80, UT=00, F10.7=120)
3 T

T T T T T T T T

Day=01

Electron Density [cm ]

. . . . . . . . .
-50 -40 -30 -20 -10 0 10 20 30 40 50
Latitude [deg.]

Figure 4. Latitude profile of the electron density at an
altitude of 400 km. The results at a longitude sector corre-
sponding to 15:00 LT (at 00:00 UT) are shown. The green
line is the result for Day 01, when the lower-boundary forc-
ing is off. The black dashed and solid lines are the results
for Day 12 and Day 50, respectively, which are after the
lower-boundary forcing (including both migrating diurnal
and semidiurnal GSWM tides) is turned on at 01:00 UT of
Day 10.

temperature is only a few percent, which indicates that the
temperature changes are not directly responsible for the
decrease in the [O;]/[N;] ratio.

[25] The results for the neutral composition may be influ-
enced by the lower-boundary conditions, which are imposed
inside the MLT region and are somewhat artificial. We
consider this effect. In the TIE-GCM, three major neutral
constituents of the thermosphere are taken into account: Oy,
0O,, and N,. The mass mixing ratio of each constituent is
defined as the relative mass density; for example, the mass
mixing ratio of atomic oxygen is given as

P0,
PO, + L0, + PN, ’

IpO] = (6)
where po,, po,, pn, denote the mass densities of Oy, O,,
and N,, respectively. At the lower boundary of Z = -7, the
model requires the mass mixing ratios of the major species
to satisfy the following conditions [Dickinson et al., 1984]:

81//'01 _
L= vo, ™
Yo, =0.22. ®)

The lower-boundary condition for ¥, derives from the
observation that the atomic oxygen concentration peaks
around the mean height of the TIE-GCM lower boundary,
and thus the vertical gradient of O, density there becomes
zero, i.e., % = 0, which leads to (7). However, this
treatment can be problematic. For example, when tidal per-
turbations are introduced at the lower boundary, the altitude
of the lower boundary varies, and the lower-boundary con-
ditions (7) and (8) act to induce unrealistic transport through
the lower boundary.

[26] To provide insight into how much the lower-
boundary conditions affect the composition results, we carry
out a similar calculation but using the TIME-GCM. Com-
pared to the TIE-GCM, the TIME-GCM has the lower
boundary at a much lower height of Z = —17 (approxi-
mately 30 km), and the artificial boundary conditions for the
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with and without the lower-boundary forcing (including both migrating diurnal and semidiurnal GSWM

tides). Contour interval is 5%.

thermospheric composition do not exist. TIME-GCM sim-
ulations are carried out with and without lower-boundary
tidal forcing, which is specified as migrating diurnal and
semidiurnal tides from the GSWM. Other external bound-
ary conditions are set to be the same as our TIE-GCM
calculations, i.e., calendar day is 80; F'10.7 is 120; and cross-
polar-cap potential is 30 kV. The difference in the zonal
mean [O;]/[N,] ratio calculated with and without lower-
boundary tidal forcing is shown in Figure 6, confirming the
reduction in the [O;]/[N;] ratio due to upward-propagating
tides. Although, as we noted earlier, tidal effects evalu-
ated by the TIE-GCM and TIME-GCM are not directly
comparable, the qualitative agreement of the composition
results from the two models gives us confidence that the
composition changes due to tides in the TIE-GCM are not
artificial effects resulting from the lower-boundary condi-
tions. Causes for the decrease in the zonal mean [O;]/[N;]
ratio will be examined in the following section using the
TIE-GCM.

3.3. Tidal Mixing

[27] Figure 7 shows the global mean mass mixing ratio of
major species with and without lower-boundary tidal forc-
ing. The results show a decrease in atomic oxygen and
increase in molecular species due to tidal forcing at almost
all heights. This is consistent with prior results by Akmaev
and Shved [1980] and Forbes et al. [1993]. Those studies
suggested that tides produce a mixing effect, e.g., a similar
effect as would be produced if the eddy diffusion coeffi-
cient is increased. We found that a TIE-GCM simulation
without lower-boundary tidal forcing but with the eddy dif-
fusion coefficient increased by 1.5 times gives almost the
same results as Figure 7 (not shown). Recently, Qian et al.
[2009] were able to reproduce seasonal variations in the
[O;]/[N;] ratio by modifying the eddy diffusivity used in the
TIE-GCM. They multiplied the model eddy coefficient by
seasonally varying factors of about 0.3-2.0, attributing it to
the seasonal variation in turbulence caused by gravity waves
coming from the middle atmosphere. Our results indicate

that the presence of upward-propagating migrating tides has
a comparable impact on the thermospheric composition.

[28] How do upward-propagating migrating tides produce
the mixing effect in the model thermosphere? To provide
some idea for possible mechanisms, we look into the neu-
tral composition equation of the model. In the TIE-GCM,
the time derivative of the mass mixing ratios of O; and O,
is expressed as a sum of these compositional forcing terms:
molecular diffusion, eddy diffusion, advection, and sources
and sinks. That is,

1'4
EzTMDJ"TEDJ"TAV"'TSS, Q)
[OVIN,] % Alt. [km]
- 50
—500
1 40
= 400 30
20
{—300
10
1 0
—200
1 -10
14150 _20
|-120 30
-40
4 -50

6
-80 -60 -40 -20 O
Latitude [deg.]

20 40 60 80

Figure 6. Same as the left panel of Figure 5 but simulated
by the TIME-GCM.
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Figure 7. Height profile for global mean mass mixing ratio
of O; (blue), O, (red), and N, (green). The dashed/solid
line indicates the results computed with/without the lower-
boundary forcing (including both migrating diurnal and
semidiurnal GSWM tides).

Vo,
Vo,
definition vy, is given as 1 — Yo, — Yo,. (See Dickinson
et al. [1984] and references therein for a full mathemat-
ical description of the equation.) The molecular diffusion
term Typ represents the tendency for the mass mixing ratio
to maintain a state of diffusive equilibrium in the vertical
direction. Typ involves mutual molecular diffusion coeffi-
cients D(0;,0,), D(O;,N,), and D(0,,N,) in units of m?
s7!, which are given by Colegrove et al. [1966] as follows:

where ¥ is a mass mixing ratio vector ), and by

DO1,0.) =026 x 10| 2o || L " (10)
— 026 x oo || 12
1, Y2 P TOO
D(O1,N2) = 0.26 x 107* Pl 177" (11)
— 026 x oo || 12
15 1N2 P TOO
P T 1.75
D(0,,N;)=0.18 x 10°* [ﬂ] [—] , (12)
P || To

where T is the temperature, Py = 103 hPa, and Ty =273 K.
From (10)—(12), it is understood that the molecular diffusion
term Typ becomes more significant with increasing height as
the pressure exponentially decreases. Meanwhile, the eddy
diffusion term Tgp of (9) represents the tendency for the
mass mixing ratio to be independent of height as the effect
of turbulence or small-scale eddy motion provides mixing of
the thermospheric constituents. Tgp involves the eddy dif-
fusive coefficient Dy in units of m? s™', which is given by
Dickinson et al. [1984] as
_ o [ﬁ]
Dp=4.56 x 10°H , (13)
Py

where H is the scale height of the neutral gas in meters. In
contrast to the molecular diffusion term Typ, the eddy dif-
fusion term Tgp is significant only near the lower boundary
of the model and loses its importance with increasing height.
The advection term Tay of (9) is given as

_ Y
TAV*_(V'VHW+W87)’

(14)
where V is the horizontal velocity along a constant-pressure
surface, Vy is the horizontal nabla operator, and w is the
nondimensional vertical motion dZ/dt. Txy represents the
effect of neutral winds acting on preexisting gradients of
mass mixing ratios, which changes the distribution of con-
stituents. The sources and sinks term Tsg of (9) represents
production and loss of each constituent through various
chemical reactions. (See Roble [1995] for the chemical
reactions involved.)

[29] We conduct a series of numerical experiments (Cases
1 to 5) using the TIE-GCM in order to identify the mech-
anism for tidal mixing. In those runs, modified versions of
(9) are used to test possible tidal mixing mechanisms. For
each experiment, the global mean mass mixing ratio of O is
computed with and without lower-boundary forcing, and the
impact of upward-propagating migrating tides is evaluated
by examining the difference. For simplicity, only the migrat-
ing diurnal tide from the GSWM is used for lower-boundary
forcing. The simulations with and without lower-boundary
forcing are run until a diurnally reproducible state is reached.
Figure 8 shows the difference between the global mean
mass mixing ratio of O; computed with and without lower-
boundary forcing for each experiment. Descriptions for each

Global Mean Mass Mixing Ratio Alt. [km]
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Figure 8. Difference in the global mean mass mixing ratios
of O; computed with and without lower-boundary forcing of
migrating diurnal GSWM tide. Different lines indicate the
results from different TIE-GCM experiments. See the text in
section 3.3 for description of each experiment.
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Figure 9. Height profile for characteristic time scales
(global mean) of molecular diffusion H?>/D(O;,N,) (blue)
and eddy diffusion H2/Dy, (red). H*/D(0;,N,) gives a rough
estimation for the time scale required to achieve diffusive
separation. Meanwhile, F2/D(0,,N,) gives a rough esti-
mation for the time scale required to achieve turbulent
mixing.

experiment will be provided later. The “base case” is a ref-
erence TIE-GCM simulation without any change in (9). The
result for the base case demonstrates a reduction in O; at all
heights due to upward-propagating diurnal tide.

3.3.1. Case 1: Mixing Height

[30] Miiller-Wodarg and Aylward [1998] argued that, at
the heights where diffusive separation occurs faster than the
time scale of tidal oscillations (hours), tides cannot upset a
state of diffusive equilibrium. They thus postulated that tidal
mixing is effective only in the lower part of the thermosphere
where the diffusive separation occurs slowly compared to
the period of tides. Here we consider their hypothesis and
verify it through a TIE-GCM experiment (Case 1).

[31] As we have mentioned, molecular and eddy diffu-
sion processes are strongly height dependent. To illustrate
their dependence on height, we plot in Figure 9 the char-
acteristic time scales for molecular and eddy diffusion. A
characteristic time scale for the molecular diffusion is esti-
mated as H2/D(0,, N,) [Miiller-Wodarg and Aylward, 1998].
This gives the time required to largely return toward a state
of diffusive equilibrium after being disturbed. Similarly, a
time scale for the eddy diffusion is estimated as H?/Dy.
This gives the time required to achieve a large amount of
turbulent mixing. It can be seen in Figure 9 that diffusive
separation takes about 1 week at Z = —6 (approximately 100
km) and it gets faster with increasing height. Above Z = -3
(approximately 135 km), it takes less than 1 day to move
substantially toward diffusive equilibrium. The time scale

for turbulent mixing is comparable with diffusive separation
at Z = —6, but it is much slower at greater heights.

[32] If Miiller-Wodarg and Aylward’s hypothesis is right,
the diurnal tide above Z = -3 or so is not effective in
producing composition changes because diffusive separa-
tion there occurs so fast that diffusive equilibrium is always
maintained despite tidal oscillations. To verify this, we con-
duct a numerical experiment (Case 1) where the amplitude
of tidal oscillations is significantly reduced at Z > -3.
The damping of the tidal amplitude is achieved by intro-
ducing a linear damping term (or Rayleigh friction term) to
the momentum equation. The Rayleigh friction rate in s~
is set to zero below Z = —4 and 1072 above Z = -3, and
there is an exponential increase between them. This signifi-
cantly reduces tidal amplitudes in all dynamical fields above

= -3, which will be reflected in (9) and affect the neu-
tral composition. When lower-boundary tidal forcing is off,
inclusion of the Rayleigh friction term effectively suppresses
the amplitude of the tides locally generated in the thermo-
sphere at Z > -3, but we found that this makes little change
in the global mean mass mixing ratio of the major species,
which indicates that the diurnal tide locally generated in the
thermopshere contributes little to mixing. Figure 10 illus-
trates the impact of inclusion of the Rayleigh friction term
on the upward-propagating migrating diurnal tide and zonal-
mean winds induced by it. The figure shows the difference
between the wind fields computed with and without lower-
boundary forcing for Case 1. The top and bottom rows show
tidal amplitudes and zonal-mean winds, respectively. From
comparison with the base case results in Figures 1 and 2, one
can see that tidal amplitudes and zonal-mean winds are sig-
nificantly reduced at Z > —3 while they are almost the same
below Z = -3.

[33] Tidal effects on the global mean v, for Case 1 can
be found in Figure 8. Although, in Case 1, there is prac-
tically no tidal oscillations above Z > —3 (Figure 10), the
O; reduction still exists at all heights to a similar extent
as the base case. Our results support Miiller-Wodarg and
Aylward’s hypothesis that most of the tidal mixing occurs in
the lower part of the thermosphere where the diffusive sep-
aration is comparable with or slower than the time scale of
tidal oscillations. At Z > —3, the composition at each height
level changes according to composition changes at the level
below so as to maintain a state of diffusive equilibrium.
3.3.2. Case 2: Increase in Effective Recombination
Rate of O,

[34] Next, a mechanism suggested by Akmaev and Shved
[1980] is considered. They argued that the effective recom-
bination rate of O; is enhanced in vertical tidal oscillations,
which induces an increase in downward diffusion of O;.
In the thermosphere, loss of O; occurs mainly through
three-body recombination,

0,+01+M— O, + M, (15)
where M is either O, or N,. In a tidal oscillation, an
air parcel experiences both upward and downward vertical
displacements from a constant-pressure surface during an
oscillation cycle. When the air parcel is displaced up, the
background pressure decreases and thus the density of the
air parcel decreases, which slows down the recombination
of O; described in (15). In contrast, when the air parcel is
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Figure 10. (top row) Wind amplitudes for the upward-propagating migrating diurnal tide in Case 1,
as derived from the difference in the neutral winds computed with and without lower-boundary forcing.
Contour interval is 10 m/s for the eastward wind (left) and northward wind (middle), and 10 cm/s for the
upward wind (right). (bottom row) Zonal-mean winds induced by the migrating diurnal tide at 00:00 UT
in Case 1, as derived from the difference in the neutral winds computed with and without lower-boundary
forcing. Contour interval is 10 m/s for the eastward wind (left), 2 m/s for the northward wind (middle),

and 2 cm/s for the upward wind (right).

displaced down, the O; recombination rate increases because
of an increase in the density. Since the recombination rate
varies with the cube of the atmospheric density as the air
parcel is compressed or dilated, the increase and decrease
of the O; recombination rate in one cycle do not balance;
the result is an increase in the net recombination rate of O;.
Accordingly, the downward diffusion of O; will increase
owing to the increased upward gradient of O, density. The
downward transport of O; reduces the O; density at higher
altitudes. The effectiveness of this mechanism was, however,
not previously evaluated.

[35] In the TIE-GCM, loss of O; and production of O,
through three-body recombination is included in the sources
and sinks term Tgsg of (9) in the form of —2k (mol/m) [0, T
and k& (mo2 /m) [O,]?, respectively, where k is a rate constant
9.59 x 103 exp[#2], m is the mean molecular mass, mo,
is the mass of Oy, mg, is the mass of O,, and [O] is the
number density of O;. We conduct a TIE-GCM experiment
(Case 2) where these two terms in Tsg are replaced by their
zonal averages below Z = -3 so that the increase in the
effective recombination rate of O; due to tidal oscillations
will not occur in the lower thermosphere. It is confirmed
that this treatment has little influence on the global mean
mass mixing ratio of the major species when lower-boundary
tidal forcing is off. If the mechanism by Akmaev and Shved
[1980] is of great importance, the O; reduction due to lower-
boundary tidal forcing will not occur in Case 2. The result

for Case 2 in Figure 8 is, however, very close to that of the
base case, which means that Akmaev and Shved’s mecha-
nism does not effectively produce the mixing effect due to
the diurnal tide.

[36] The characteristic time scale for the O; recombina-
tion (in s™') may be estimated as follows:

1//01

2k (mo, /m) [0/ (16)

It is found that the recombination time scale is on the order
of 100 days in the lower thermosphere and slower at greater
heights (not shown). This is very slow compared to the time
scale of tidal oscillations (hours) and the diffusion time scale
in the lower thermosphere (see Figure 9). The slow rate
of O, recombination is probably the reason why Akmaev
and Shved’s mechanism is not effective in producing the
mixing effect.
3.3.3. Case 3: Increase in Effective Vertical Diffusivity
[37] Tidal oscillations also increase the effective molec-
ular and eddy diffusivity. Its importance in tidal mixing is
considered in Case 3. As shown in Figure 7, the mass mix-
ing ratio of Oy increases with increasing height. Owing to
this fact, when an air parcel is displaced up in a tidal oscilla-
tion, its O; mass mixing ratio is lower than that of adjacent
air, and diffusion acts to add O, to the air parcel. When the
air parcel is displaced down, diffusion acts to remove O,
from it. For O, and N, diffusion acts in the opposite manner
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because their mass mixing ratios tend to decrease with
increasing height (Figure 7). Therefore, the net effect is a
downward transport of atomic oxygen along with an upward
transport of molecular species, analogous to an increase in
diffusivity. The effectiveness of this O, transport mechanism
is tested in a TIE-GCM experiment (Case 3). In Case 3, the
molecular diffusion term Typ of (9) is replaced by its zonal
average below Z = -3 so as to substantially turn off the trans-
port due to an increase in the effective molecular diffusivity.
We found that this treatment makes little difference in the
global mean mass mixing ratio of the major species when
lower-boundary forcing is off. The tidal effect on the global
mean O; mixing ratio for Case 3 is shown in Figure 8. The
result for Case 3 is, again, close to that of the base case, indi-
cating that the increase in the effective vertical diffusivity is
not sufficient to explain the increased downward O, trans-
port. Another experiment in which the eddy diffusion term
Tgp of (9) is replaced by its zonal average below Z = -3
gives similarly small effects on the global mean O; mixing
ratio, and the result is omitted from Figure 8.

3.3.4. Case 4: Role of Mean Meridional Circulation

[38] As shown in Figure 2 (top middle and top right pan-
els), a mean meridional circulation is induced in the MLT
region due to dissipating tides. In Case 4, the role of the
mean meridional circulation in tidal mixing is investigated.
A TIE-GCM experiment is carried out, where the northward
wind VN and vertical motion w of (14) are replaced, below
Z = =3, by VN — VN and w — w, respectively, where the
parameters with an overbar denote the zonal mean. In Case
4, therefore, the neutral composition described in (9) is not
influenced by the mean meridional circulation in the MLT
region but only by the oscillatory tidal winds. We found that,
when lower-boundary forcing is off, the removal of the mean
meridional circulation has little impact on the global mean
mass mixing ratio of major species. The results in Figure 8
reveal that the elimination of transport by the mean merid-
ional circulation reduces the net influence of the diurnal tide
on O; by 80-90%. This indicates that the tidally-induced
mean meridional circulation is acting like a large-scale tur-
bulent eddy in the MLT region, producing the mixing effect
that enhances net downward transport and loss of O;.

[39] It should be noted that, in our analysis, the mean
meridional circulation is considered on constant-pressure
surfaces (thus the Eulerian mean), which is not exactly
the same as the actual zonal-mean motion of air parcels
(the Lagrangian mean). The difference between the Eulerian
and Lagrangian means in the MLT region is discussed by
Watanabe et al. [1999]. In general, the determination of the
Lagrangian mean in a numerical model is technically diffi-
cult and beyond the scope of this paper. However, the fact
that the Eulerian mean meridional circulation can explain
most of the tidal mixing effects in the TIE-GCM is strongly
suggestive of the principal role for the mean meridional cir-
culation in tidal mixing, and thus the difference between the
Eulerian and Lagrangian means may not be significant in the
TIE-GCM.

3.3.5. Case 5: Dependence of Tidal Mixing
on Tidal Amplitude

[40] To understand the dependence of tidal mixing on the
amplitude of upward-propagating migrating diurnal tides,
we carried out a TIE-GCM simulation (Case 5) where the
amplitude of the lower-boundary tide is reduced by half. The

results in Figure 8 show that the O; reduction in Case 5
is approximately 25-30% that of the base case. Hence, the
extent of tidal mixing is not linearly proportional to the tidal
amplitude but it tends to be proportional to the square of the
tidal amplitude. This tendency is probably due to the fact that
the zonal-mean wind induced by dissipating tides is depen-
dent on the Eliassen-Palm (EP) flux of zonal momentum by
the tide. Like the tidal energy flux, the EP flux tends to scale
as the square of the wind amplitude.

4. Summary and Discussion

[41] The daytime ionospheric response to upward-
propagating tides has been examined using the TIE-GCM,
which can self-consistently compute the ionospheric wind
dynamo along with the dynamics of the thermosphere and
ionosphere in a realistic geomagnetic field. Simulations were
carried out for equinox and magnetically quiet conditions
with moderate level of solar activity (£10.7 = 120). The
impact of upward-propagating tides on E region currents
Jootal, €quatorial F region vertical plasma drift V;, and total
electron content at the EIA crests TEC ., has been evalu-
ated by forcing the model with GSWM migrating tides at the
lower-boundary height of 96 km, which imitate the effects
of upward-propagating tides from below.

[42] When the lower-boundary tides are added, both Jia
and V. showed a step-like increase by some 70% (Figure 3).
This is because upward-propagating tides generate addi-
tional electric fields and currents, strengthening preexisting
electric fields and currents that are mainly produced by
the tides locally generated in the thermosphere. Meanwhile,
TEC, s first increased, then gradually decreased to below
the initial level by 15% (Figure 3). The initial increase in
TEC, st can be explained as a result of an enhanced equa-
torial plasma fountain. That is, the electric field induced
by upward-propagating tides enhances the daytime upward
plasma transport at the magnetic equator, which is accom-
panied by downward and poleward diffusion of F region
plasma to low latitudes along the magnetic field lines. The
gradual decrease in TEC. arises from changes in the neu-
tral composition due to tidal mixing of major species in
the thermosphere.

[43] We have conducted further numerical experiments to
identify the tidal mixing mechanism. The results confirmed
the hypothesis of Miiller-Wodarg and Aylward [1998]. That
is, the tidal mixing is effective only in the lower part of
the thermosphere where the diffusion separation occurs rel-
atively slowly compared to the time scale of the tide (hours).
Therefore, the composition changes arising from tidal forc-
ing at F' region heights are not dependent on the tide there
but they are controlled by tidal mixing in the lower ther-
mosphere. Furthermore, it was found that a mechanism
suggested by Akmaev and Shved [1980], in which the mixing
effect is basically explained by downward O, transport that
results from the increase in the effective recombination rate
of Oy, is not effective for the upward-propagating migrating
diurnal tide above 96 km. Instead, our results suggest that
the mean meridional circulation induced by dissipating tides
plays a major role in tidal mixing.

[44] As has been demonstrated, upward-propagating tides
influence daytime F region plasma density at low lati-
tudes through both electrodynamic effects and tidal mixing
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effects. It is thus necessary to be cautious when observa-
tions are interpreted. For example, low-latitude F' region
plasma density is greatest during equinoctial months [e.g.,
Millward et al., 1996; Burns et al., 2012]. This is sometimes
considered as the result of an enhanced equatorial plasma
fountain due to strong upward-propagating tides [e.g., Ma
et al., 2003]. As a matter of fact, the upward-propagating
migrating diurnal tide is largest in amplitude during the
equinoxes [Burrage et al., 1995; McLandress, 2002], and
similar equinoctial maxima can be found in J, and V;
[e.g., Yamazaki et al., 2011; Fejer et al., 2008]. According to
our simulation results, however, strong upward-propagating
tides cause an enhancement of tidal mixing that reduces the
F region plasma density on a seasonal time scale. Indeed,
when the TIE-GCM is run continuously for a year with
and without lower-boundary tidal forcing, the nonforcing
run provides a larger seasonal variation in the ionospheric
plasma density, as recently shown by Chang et al. [2013].
Therefore, the high plasma density during the equinoxes is
not necessarily related to the seasonal variation of upward-
propagating tides. It is more likely due to other mechanisms
that bring about a high [O,]/[N,] ratio during the equinoxes.
Fuller-Rowell [1998] showed that, during the equinoxes, the
interhemispheric circulation is much less than during the sol-
stices, because the difference in solar heating between the
two hemispheres is small, and this makes the thermosphere
less mixed during the equinoxes than solstices, leading to
a relatively higher [O,]/[N,] ratio during the equinoxes. He
called this mechanism the “thermospheric spoon” on the
analogy between a tea spoon stirring fluid and the global-
scale wind mixing the thermosphere. An additional mech-
anism was recently proposed by Qian et al. [2009, 2013],
in which seasonal thermospheric composition changes and
associated ionospheric changes are attributed to seasonally
varying eddy diffusivity induced by gravity waves. Their
results suggest that reduced eddy diffusivity in the MLT
region during the equinoxes causes a high [O;]/[N;] ratio
in the whole thermosphere. The relative importance of tidal
mixing, thermospheric spoon, and gravity wave-induced tur-
bulence in the generation of ionospheric seasonal variations
needs to be evaluated in the future.

[45] The present study considered effects only of migrat-
ing upward-propagating tides. In the MLT region, nonmi-
grating tides are comparable in amplitude to migrating tides
[e.g., Forbes et al., 2008], and thus nonmigrating tides
could also produce significant effects on the ionosphere.
In fact, observational and numerical studies have shown
that upward-propagating nonmigrating tides play an essen-
tial role in producing a longitudinal structure in F' region
plasma density [e.g., Immel et al., 2006; Hagan et al.,
2007] and thermospheric neutral density [e.g., Kwak et al.,
2012; Wan et al., 2012]. A numerical study by Angelats i
Coll and Forbes [2002] showed that the zonal-mean winds
induced by westward-propagating semidiurnal nonmigrat-
ing tides tend to reinforce those induced by migrating tides.
Eastward propagating tides like the DE3 (diurnal eastward
wave number 3) may be expected to induce mean zonal
winds that are eastward. The relative importance of nonmi-
grating tides in producing electrodynamic effects and tidal
mixing effects on the ionosphere needs to be studied. Also,
the dependence of the tidal effects on season and solar
activity needs to be examined. Equatorial F' region plasma

drift measurements have shown that the day-to-day variabi-
lity increases with decreasing solar activity [Fejer and
Scherliess, 2001]. A numerical study by Liu and Richmond
[2013] showed that the contribution of variable tides from
the lower atmosphere to ionospheric variability is more
significant for lower solar activity conditions, when the rela-
tive contribution of thermospherically generated tides to the
ionospheric wind dynamo is weaker.

[46] Finally, observational studies to verify our theoreti-
cal predictions are encouraged. There exists some evidence
supportive of electrodynamical effects on the ionosphere
through upward-propagating tides. For example, recent stud-
ies have revealed that upward-propagating tides in the MLT
region are significantly influenced by a stratospheric sud-
den warming (SSW) [e.g., Sridharan et al., 2009]. An SSW
can disrupt the global circulation in the middle atmosphere.
Thus, it affects the propagation characteristics of the tides
from the troposphere and stratosphere, which modulates
the amplitude and phase of the tides in the MLT region
[Stening et al., 1997; Fuller-Rowell et al., 2010; Pedatella
et al., 2012]. Ionospheric observations during SSW events
have revealed consistent tidal signatures in electric currents,
equatorial electric fields, and low-latitude electron density
[Yamazaki et al., 2012b; Fejer et al., 2010; Goncharenko et
al., 2010], clearly demonstrating an electrodynamical cou-
pling due to upward-propagating tides. On the other hand,
observational evidence for tidal mixing effects on the iono-
sphere are few. The slow response of the ionosphere to
tidal mixing (see Figure 3) makes it difficult to isolate the
effects from the variability related to geomagnetic activity.
Since both the ionosphere and thermosphere are sensitive
to geomagnetic activity, data for extremely quiet magnetic
conditions will be necessary for the analysis.
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