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Ionospheric variability due to planetary waves and tides for solar
minimum conditions
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[1] Large ionospheric variability is found at low to middle latitudes when a quasi‐stationary
planetary wave is specified in the winter stratosphere in the National Center for Atmospheric
Research thermosphere‐ionosphere‐mesosphere electrodynamics general circulation
model for solar minimum conditions. The variability includes change of electric field/ion
drift, F2 peak density and height, and the total electron content. The electric field/ion drift
change is the largest near dawn in the numerical experiments. Analysis of model results
suggests that, although the quasi‐stationary planetary wave does not propagate deep into the
ionosphere or to low latitudes due to the presence of critical layers and strong molecular
dissipation, the planetary wave and tidal interaction leads to large changes in tides, which can
strongly impact the ionosphere at low and middle latitudes through the E region wind
dynamo. Large zonal gradients of zonal andmeridional winds from the tidal components and
the zonal gradient of electric conductivities at dawn can produce large convergence/
divergence of Hall and Pedersen currents, which in turn produces a polarization electric field.
The ionospheric changes are dependent on both the longitude and local time, and are
determined by the amplitudes and phases of the superposing wave components. The
model results are consistent with observed ionospheric changes at low and middle latitudes
during stratospheric sudden warming events, when quasi‐stationary planetary waves
become large.

Citation: Liu, H.‐L., W. Wang, A. D. Richmond, and R. G. Roble (2010), Ionospheric variability due to planetary waves
and tides for solar minimum conditions, J. Geophys. Res., 115, A00G01, doi:10.1029/2009JA015188.

1. Introduction

[2] The Earth’s ionosphere has significant day‐to‐day
variability and displays oscillations over a wide range of
timescales. The regular daily, 27 day (solar rotation period),
and seasonal variations are caused by the change of photo-
ionization associated with changes of solar radiation and solar
zenith angle. Profound ionospheric changes also result from
geomagnetic storms and substorms, which can last for hours
and it can take days for the ionosphere to recover. Even
during nonstorm period, geomagnetic perturbations associ-
ated with solar coronal holes and high‐speed solar wind
streams can cause periodic ionosphere and thermosphere
oscillations with the solar rotation period and subharmonics
of this period [Lei et al., 2008]. Statistical studies also
establish correlation between ionospheric variability and the
Kp or Ap index [Rishbeth and Mendillo, 2001; Pancheva
et al., 2002; Altadill and Apostolov, 2003; Xiong et al., 2006].
[3] Ionospheric day‐to‐day variability is also observed

under geomagnetically undisturbed conditions. For instance,
Rishbeth and Mendillo [2001] found that, for medium solar
activity, the daily fluctuations of the ionospheric peak elec-

tron density (NmF2) have a standard deviation of 20% in
the daytime and 33% in the nighttime. Using data from over
100 ionosonde stations, Forbes et al. [2000] showed that
under very quiet conditions (Kp < 1), the standard deviation
or 1 − s variability of NmF2 about the mean was about 25–
35% at high frequencies (periods of a few hours to 1–2 days)
and about 15–20% at low frequencies (periods of 2–30 days)
at all latitudes.Mikhailov et al. [2004, 2007] also showed that
there exist synchronous quiet day electron density variations
in both the E and F regions. The variations of NmF2 can be
more than 40% from its mean values. Recent observations
by C/NOFS have revealed very large equatorial ionospheric
depletion near dawn under geomagnetically quiet conditions
[de La Beaujardière et al., 2009]. The ionospheric daily
variability during these geomagnetically quiet periods has
been suggested to be caused by perturbations originating
from the lower atmosphere [Chen, 1992; Rishbeth and
Mendillo, 2001]. These perturbations are most likely tied to
atmospheric waves, including atmospheric tides, planetary
waves, and gravity waves. Atmospheric thermal tides gen-
erated in the lower atmosphere from latent heat release and
ozone and water vapor heating attain large amplitudes in the
mesosphere and lower thermosphere (MLT) and ionospheric
E region, and decay at higher altitudes due to molecular
dissipation. In the thermosphere and ionospheric F region, the
thermal tides due to solar EUV heating dominate. The tidal
winds can strongly affect the E region dynamo [e.g.,Richmond,
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1983]. Recent observations have shown longitudinal varia-
tions of F region electron density with wave number 4 [Immel
et al., 2006], which is thought to be a signature of the diurnal,
eastward propagating wave number 3 nonmigrating tide
[Hagan et al., 2009]. Numerical simulations suggest that
ultrafast Kelvin waves and short‐period planetary waves can
propagate up to 150 km and capable of causing ionospheric
perturbations, while long‐period and quasi‐stationary plan-
etary waves cannot penetrate to the thermosphere [Forbes,
2000; Takahashi et al., 2007; Pogoreltsev et al., 2007].
Pogoreltsev et al. [2007] concluded that nonmigrating tides
generated from tidal and planetary wave interaction could
play an important role in the lower and upper atmosphere
coupling.
[4] The role of planetary waves (PWs) in the ionospheric

day‐to‐day variability is not very clear. On the one hand, even
though planetary waves can propagate up to the mesosphere
and may even amplify due to instability [Plumb, 1983;Meyer
and Forbes, 1997; Liu et al., 2004], further upward propa-
gation of planetary waves is limited by the increasingly strong
molecular dissipation and filtering by critical layers due to
wind reversal in the MLT. On the other hand, the ionospheric
variability often displays planetary wave periods (e.g., quasi
2 day, 5–7 day, 9–15 day, etc.) [Laštovička and Pancheva,
1991; Chen, 1992; Altadill and Apostolov, 2001; Xiong
et al., 2006]. It is difficult, however, to clearly separate the
impacts by the traveling planetary waves from those coming
from geomagnetic disturbances on the ionospheric day‐to‐
day variability [Xiong et al., 2006].
[5] The level of geomagnetic activity has been very low

since 2008 because of the extreme solar minimum. Facilitated
by this low geomagnetic activity, recent studies have clearly
identified the large perturbations of ion temperature, ion
drift, and total electron density during stratospheric sudden
warming (SSW) events [Goncharenko and Zhang, 2008;
Chau et al., 2009]. Because an SSW is caused by the
rapid growth of quasi‐stationary planetary waves (QSPW)
[Matsuno, 1971], the observed ionospheric variability could
be related to these waves. In this work, we will study the
impact of a QSPW on the ionosphere under solar minimum
and geomagnetic quiet conditions. Apart from being the main
driving force of an SSW, QSPWs are a universal dynamical
feature in the winter middle atmosphere and they generally
have amplitudes larger than traveling planetary waves (e.g.,
quasi 2 day wave, 5–7 day waves). Their propagation into the
middle atmosphere is closely related to the tropopause wind:
they are blocked by the zero wind line at the tropopause
during summer and start to propagate into the stratosphere
and mesosphere when this zero wind line begins to disappear.
According to Charney and Drazin [1961], only the QSPWs
with small wave numbers (large wavelengths) can propagate
into the middle atmosphere, while components with large
wave numbers are trapped in the troposphere. It is also found
in previous studies that QSPWs can nonlinearly interact with
atmospheric tides, leading to global responses of both
migrating and nonmigrating components [e.g., Hagan and
Roble, 2001; Liu et al., 2007; Fuller‐Rowell et al., 2008;
Chang et al., 2009]. The interactions between planetary
waves and tides are likely responsible for the most significant
nonmigrating tides in the lower thermosphere and ionosphere
E region: the zonally symmetric diurnal tide, the eastward
propagating diurnal and semidiurnal tides with zonal wave

numbers 2 and 3, the westward propagating diurnal wave
number 2, semidiurnal wave numbers 1, 3, and 4, and ter-
diurnal wave number 5 identified from the analysis of tem-
perature measurements by the Sounding of the Atmosphere
using Broadband Emission Radiometry (SABER) instrument
on board of the Thermosphere Ionosphere Mesosphere
Energetics and Dynamics (TIMED) satellite [Forbes et al.,
2008]. In this study, we will examine how the ionosphere is
affected by the interaction between a QSPW and migrating
tides.
[6] A description of the numerical model used for this study

and the numerical experiments is given in the next section.
Analysis of the model results is then presented in section 3.
Section 4 discusses the relevance of these results as related to
previous observations. Conclusions are given in section 5.

2. NCAR TIME‐GCM

[7] For this study, the NCAR thermosphere‐ionosphere‐
mesosphere electrodynamics general circulationmodel (TIME‐
GCM) is used. The NCAR TIME‐GCM is a time‐dependent,
three‐dimensional model that solves the fully coupled, non-
linear, hydrodynamic, thermodynamic, and continuity equa-
tions of the neutral gas self‐consistently with the ion energy,
ion momentum, and ion continuity equations from the upper
stratosphere to the thermosphere. It combines all previous
features of the NCAR thermosphere and ionosphere GCMs,
including the self‐consistent, fully coupled thermosphere and
ionosphere, and electrodynamics driven by the neutral wind
circulation [Roble et al., 1988; Richmond et al., 1992; Roble
and Ridley, 1994]. The TIME‐GCM predicts global winds,
temperatures, major and minor species composition, electron
and ion densities and temperatures, and the ionospheric
dynamo electric field. The regular horizontal resolution of the
TIME‐GCM is 5° × 5°, and the upper boundary of the model
for this study is set at 4.6 × 10−10 hPa, two scale heights higher
than the usual upper boundary of the TIME‐GCM. For solar
minimum conditions, this corresponds to an increase from
∼390 km to ∼480 km. There are 49 pressure surfaces from
10 hPa (30 km height) to the upper boundary with a vertical
resolution of one‐half scale height. The input parameters for
the TIME‐GCM are solar EUV and UV spectral fluxes,
parameterized by the F10.7 cm solar flux index, auroral
particle precipitation, an imposed magnetospheric electric
field, and the amplitudes and phases of migrating tides from
the lower atmosphere specified by the Global Scale Wave
Model (GSWM) [Hagan et al., 1999]. The gravity wave
effects are parameterized based on the linear saturation
theory of Lindzen [1981]. The details of the model and
comparison of model results with observations are given by
Roble [2000, and references therein].
[8] For this study, the lower boundary conditions are

specified without and with a QSPW perturbation. The base
case without QSPW is a climatological simulation for the
period of January–March, and the only planetary scale per-
turbations specified at the lower boundary of the model are
migrating tides from GSWM. In the control case, an idealized
QSPW with zonal wave number 1 is specified at the lower
boundary through geopotential height perturbation in addi-
tion to the tides. This simulation starts on day 15, and the
amplitude of the QSPW is ramped up using a gaussian
function with an e‐folding time of 7 days and peak time on
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day 30. The wave amplitude is kept at the peak value for
10 days before being ramped down using the gaussian
function. The amplitude of the wave is specified over
northern latitudes, peaking at 60°N with the maximum value
of 2500 m (day 30–40). This is somewhat larger compared
with climatological wave amplitudes at this altitude. The
reason for using this large wave amplitude is to counter the
unrealistic decay of the forced waves near the lower boundary
in TIME‐GCM. The F10.7cm radio flux is set at 70, and the
geomagnetic activity is low with the hemispheric power,
cross‐tail potential and Bz set to 10 GW, 30 kV and 0,
respectively.

3. Analysis

3.1. Interaction Between Planetary Wave and Tides

[9] As found in previous studies, PWs can cause variability
of migrating and nonmigrating tides through nonlinear
interactions. This is demonstrated here in Figure 1 for the
specific cases in this study, which shows the two dimensional
(longitude and time) fast Fourier transform (FFT) analysis of
the difference in the meridional wind between the cases with
and without the QSPW. The difference is calculated by
subtracting the meridional wind without QSPW from that
with QSPW. The FFT here is performed over 24 h on day 31,
when the vertical drift display large changes as will be seen
later. As seen from Figure 1a, the QSPWcomponent is mostly
confined to the high latitudes and below the lower thermo-
sphere. The QSPW component above 100 km in the northern
hemisphere is from in situ generation by filtered gravity
waves [Smith, 1996], and that at high southern latitudes
is probably from the secondary interaction between the
migrating and nonmigrating tides. This component thus
cannot cause significant ionospheric changes at low latitudes.
On the other hand, migrating (Figures 1b and 1c) and
nonmigrating tides (Figures 1d–1f) experience significant
changes at extended latitudes and altitudes as a result of the
nonlinear interaction with QSPW: The migrating diurnal tide,
migrating semidiurnal tide, and the nonmigrating semidiurnal
westward propagating wave number 1 shows changes larger
than 20 m s−1, and all tidal components shown here have
changes larger than 10 m s−1 at low or midlatitudes. The
changes of these tidal components are largest between 100–
150 km (E region), and extend into the upper thermosphere
and the ionosphere F region. These tidal components can thus
affect the entire thermosphere and ionosphere.

3.2. Changes of the Ion Drift

[10] The zonal electric field and the vertical ion drift change
significantly when the QSPW is introduced. Figure 2a com-
pares the vertical ion drift at 7.5°N and 70°W from simula-
tions without and with the QSPW. The vertical ion drifts from
the two cases start to show considerable differences between
day 20–25, and the differences show a clear diurnal and
semidiurnal pattern (Figure 2b). At this longitude, the largest
difference in vertical ion drift occurs at ∼0500 local time (LT).
Starting from about day 25 the vertical ion drift around
0500 LT changes from weakly downward to upward, and the
magnitude of the upward drift increases steadily till day 31.
Afterward the magnitude of the upward drift varies between
10 and 35 m s−1, even though the QSPW amplitude is kept

as a constant between days 30–40. From the vertical drift
difference (Figure 2b), it is seen that the perturbation at other
local times also becomes more irregular after day 31. These
results indicate that the ionospheric system does not reach
a steady state, probably due to the strong nonlinearity in
response to the large QSPW.
[11] Figure 3 shows the vertical ion drifts near the F2 peak

at 1000 universal time (UT) on day 31 for the the cases
without and with QSPW. The large upward enhancement of
the vertical drift is evident around 70°W (0500 LT). It is also
clear from the map that this enhancement of the upward drift
extends to higher latitudes, with the largest changes between
20–30° geomagnetic latitudes (by about 40 m s−1). The ver-
tical drift also changes at other longitudes/local times. For
example, the downward drift between 2200–0300 LT and
upward drift around 1600 LT become stronger (also can be
seen from the difference of the vertical ion drift in Figure 9).
The magnitude of these changes are not as large as that near
0500 LT. A large eastward change of zonal ion drift in
F region is seen before dawn (not shown).
[12] The ion drift changes are dependent on time and lon-

gitude, as can be seen in Figure 4. In Figure 4, the straight
lines mark the phase velocities corresponding to the migrat-
ing, semidiurnal westward propagating wave number 1, and
diurnal westward propagating wave number 2 tidal compo-
nents. By comparing the contour lines of the vertical drift
difference, it is seen that the difference is a superposition
of these components. For example, the downward change of
the drift around ∼0600 LT between 20°E–120°E and the
relatively weak downward change at local noon at longi-
tudes west of 100°E bear a clear migrating tidal signature
(−360°d−1). The upward change around 0600–0700 LT
between 120°W–180°W and 100°E–180°E, and at ∼1700 LT
between 40°E–120°E also display the same phase velocity.
The phase velocity at 1000–1500 UT between 90°W–180°W
is −720° d−1, and that between 0000–1200 UT/0–80°W and
1700–2400 UT/60°E–0°E is −180° d−1. They correspond
to semidiurnal westward propagating wave number 1 and
diurnal westward propagating wave number 2 nonmigrating
components, respectively. Superposition of these three com-
ponents is visible between 0600–1200 UT and 0–80°W, and
the largest upward change of the vertical drift (∼40 m s−1)
occurs within this time period and longitude sector (between
0400–0500 LT and 60–70°W). These general features are
similar but the specific details vary significantly from day
to day. These results suggest that the QSPW can strongly
affect the ionospheric drift through modulating migrating and
nonmigrating tides, consistent with the spectral analysis in
section 3.1.
[13] The perturbations due to both migrating and non-

migrating tides introduce complex spatial and temporal var-
iability, which makes it challenging to interpret observations.
For example, the local time behavior of the vertical ion drift
perturbation is very different at different longitudes, as seen
in Figure 5. At 70°W, the vertical ion drift changes sign and
becomes strongly upward before sunrise (∼0500 LT), while
at the same local time at 70°E the downward vertical drift
is significantly enhanced. At 15°E, on the other hand, the
vertical drift perturbation is relatively small at all local
times. An important implication of this longitude and
local time dependence of the ionospheric variability is that
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global information, either from satellite or network of ground‐
based measurements, is necessary to correctly interpret such
variability.
[14] The specific structures of the variability are sensitive

to the phase of the QSPW and the interacting tides. A TIME‐

GCM numerical experiment is done with the phase of the
stationary QSPW specified at the lower boundary shifted by
180° in longitude. From Figure 6, it is seen that the pattern of
the changes in the vertical drift are shifted by 180° compared
with Figure 4 (for the same local time). The knowledge of the

Figure 1. Spectral amplitude of the difference in the meridional wind between the cases with and without
the quasi‐stationary planetary wave. (a) Stationary planetary wave with wave number 1, (b) diurnal migrat-
ing component, (c) semidiurnal migrating component, (d) diurnal westward propagating wave number 2,
(e) semidiurnal westward propagating wave number 1, and (f) semidiurnal westward propagating wave
number 3. Contour interval is 5 m s−1.
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QSPW is thus critical for the correct modeling and interpre-
tation of the ion drift perturbations.
[15] The perturbation in the vertical ion drift can result from

changes of the neutral winds in the dynamo region. To better
determine the wind dynamo effects, additional numerical
experiments are conducted. These numerical experiments are
based on the case with QSPW specified at the lower bound-
ary. In these numerical experiments, the neutral zonal wind,
meridional wind, or both are replaced by those from the base
case simulation at corresponding times in either the E region
(100–150 km) or the F region (155–500 km) in the dynamo
module. The numerical model is integrated only one time
step, so that there is no feedback interaction between the
dynamo and the neutral winds. We should also emphasize
that the neutral winds are only replaced in the dynamo cal-
culation, and thus the neutral dynamics is not affected. By
comparing these model results with the original case with
QSPW, we can determine the relative contribution to the

perturbation in vertical ion drift from neutral winds in the E
and F regions. Figure 7 shows the vertical ion drifts at 2.5°N
(geographic) from these numerical experiments. In Figure 7a,
at ∼0500 LT the upward vertical ion drift decreases from 25m
s−1 to 7 m s−1 and 3 m s−1 when the neutral meridional
wind and zonal wind are replaced, respectively. It becomes
downward if both winds are set to the base case. The results
thus suggest the both zonal and meridional winds in the
E region contribute to the enhancement of the upward ion
drift at 0500 LT. On the other hand, replacing the winds in the
F region does not seem to significantly change the enhance-
ment of the vertical ion drift (Figure 7b), and the upward
vertical drift perturbation at ∼0500 LT actually slightly
increases when the F region neutral winds are replaced.
Therefore, these numerical experiments suggest that the
QSPW‐tidal interaction alter the vertical ion drift at dawn
mainly through E region wind dynamo. This conclusion, we
want to emphasize, is obtained for solar minimum conditions

Figure 2. (a) Vertical component of the F region ion drift at 7.5°N and 70°W from the cases without (dot-
ted line) and with (solid line) QSPW. (b) The difference between the two drift velocities in Figure 2a. The
dashed lines in Figure 2b indicate 0500 LT for days 30 and 31.

Figure 3. F region vertical ion drift at 1000 UT, day 31 from (a) the case without QSPW and (b) the case
with QSPW. Contour intervals are 4 m s−1 (solid is for upward). The geomagnetic equator is shown by the
thin solid line.
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when the F region Pedersen conductivity is relatively small.
For solar maximum conditions the F region conductivity is
much larger than at solar minimum [e.g., Takeda and Araki,
1985], and F region dynamo effects will be relatively much
more important than for the present simulations. The depen-
dence of the ionospheric response on the solar activity will
be presented in a future study.
[16] The change of the E region neutral winds when the

QSPW is specified are then examined in Figure 8, because of
their important role in this process. The pressure level chosen
here is 2.1 × 10−5 hPa (∼120 km), where the Hall conductivity
is at or near its maximum in the early morning and the Ped-
ersen conductivity also becomes quite large (near its E region
peak at ∼130 km). From Figure 8, it is seen that the positive
zonal gradients of the zonal wind change are large around
70°W (and 0500 LT) south of the dip equator, and that the
positive (negative) zonal gradients of the meridional wind are

large ∼20° south (north) of the dip equator at the same loca-
tion and local time. The zonal and meridional winds con-
tribute to the total zonal current through wind‐driven Hall
and Pedersen currents, Jx

W,H and Jx
W,P, respectively:

JW ;H
x ¼ �HuB ð1Þ

JW ;P
x ¼ ��PvB sin I ð2Þ

where sH and sP are the Hall and Pedersen conductivities, u
and v the neutral zonal and meridional winds, B geomagnetic
field, I the downward magnetic inclination, and x denotes
the zonal direction. (The distinction between geographic and
geomagnetic directions is ignored here.) Therefore, the con-
vergence of the wind‐driven zonal current −∂(JxW,H + Jx

W,P)/∂x,
which determines the accumulation of polarization charges,

Figure 5. Vertical component of the ion drift at 7.5°N and (a) 70°W, (b) 15°E, and (c) 70°E from the cases
without (dotted line) and with (solid line) QSPW.

Figure 4. The difference of the vertical ion drift at 7.5°N on day 31 between the cases with and without
QSPW. Contour interval is 5 m s−1. Solid is for upward. The straight lines denote the phase velocities of
migrating component (solid), diurnal westward propagating wave number 2 (short‐dashed line), and semi-
diurnal westward propagating wave number 1 (long‐dashed line) components. The local times are marked
on each of the solid phase lines.
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is dependent on the zonal gradients of the winds and the
electric conductivities. For example, the large positive zonal
gradients in the zonal wind (∂u/∂x > 0) tend to cause
divergence in wind‐driven Hall current (−∂JxW,H/∂x < 0); and
the positive (or negative) zonal gradients of the meridional
wind ∂v/∂x > 0 (or ∂v/∂x < 0) south (or north) of the dip
equator I < 0 (or I > 0) result in divergence of the wind‐
driven Pedersen current (−∂JxW,P/∂x < 0). Therefore, zonal
gradients of both zonal and meridional winds contribute to
the accumulation of negative polarization charges, consistent
with our findings from Figure 7a that both wind components

contribute to the vertical ion drift change. This is further
verified by calculating the difference of −∂(JxW,H + Jx

W,P)/∂x
between the case with and without the QSPW at ∼120 km
(Figure 9). The current shows a strong divergence, and thus
accumulation of negative polarization charge, around 60°W
and 0600 LT at low latitudes and midlatitudes in both
hemispheres. This in turn results in an eastward polarization
electric field and an upward ion drift to the west of this
region. To confirm this, we have overplotted the change in
vertical drift on the divergence contour and the peak upward
drift is indeed located to the west of the region with the

Figure 7. (a) Vertical ion drift of several cases with specified QSPW. Solid line is for the original case with
QSPW, dotted line is for the case with specified QSPW but the neutral meridional wind in E region is set to
the base case without QSPWwhen calculating dynamo, dashed line is for the case with specified QSPW but
the neutral zonal wind in E region is set to the base case without QSPWwhen calculating dynamo, and dash‐
dot line is for the case with specified QSPW but both the neutral zonal and meridional winds in E region are
set to the base case without QSPWwhen calculating dynamo. (b) Similar to Figure 7a but the winds are now
set to the base case in F region.

Figure 6. Similar to Figure 4, except that the phase of the specified QSPW in the numerical experiment is
shifted by 180° in longitude.
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largest current divergence. It is also seen from Figure 9 that
there is no large downward ion drift to the east of the region,
probably because the large electric conductivities in the
daytime prevent the buildup of large electric potential
difference. It should be noted that a comprehensive analysis
of the divergence should consider currents in all 3 direc-
tions and should be integrated along the field lines. In
Figure 9 we have only examined the divergence of zonal
current at an E region altitude for simplicity, and also

because the E region wind dynamo is most important as
shown above, and the zonal current change is most signifi-
cant across the terminator.
[17] The electric conductivities change rapidly at

dawn (Figure 10a), and should also play an important
role in the change of polarization electric field according
to equations (1) and (2). This is confirmed in a numer-
ical experiment, which makes a one time step integration
at 1000 UT on day 31 for the case with QSPW. In this

Figure 8. The difference of the (a) zonal and (b) meridional winds at ∼120 km and 1000 UT (day 31)
between the cases with and without QSPW. Contour interval is 10 m s−1. Solid is for eastward in
Figure 8a and northward in Figure 8b.

Figure 9. Color contour is the difference of the convergence of the total zonal current between the cases
with and without QSPW at an E region height (120 km) and 1000 UT (day 31). Overplotted line contour is
for the change in vertical ion drift (contour interval is 5 m s−1, and solid is for upward).
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numerical experiment, the Hall and Pedersen conductivities
in the E region (100–150 km) between 90°W–30°W (corre-
sponding to 0400–0800 LT) are set to be equal to the values
at 90°W so that the zonal gradients of the conductivities are
0 within this longitude range. As seen from Figure 10b,
the enhancement of the upward ion drift disappears around
75°W (0500 LT) and its peak shifts to 45°W (0700 LT),
close to the discontinuity in the electric conductivities at
30°W (0800 LT).
[18] Figure 11 shows the E region neutral winds change

at 17.5°S between 0000 and 2300 UT on day 31. Like the
change of the vertical drift (Figure 4), the changes in the
winds are also a superposition of migrating and nonmigrating
tides and are thus both longitude and local time dependent.
The zonal gradients of both wind perturbations between ∼0–
100°W and ∼0500–1000 UT are large, and contribute to the
zonal current divergence in a constructive way. However,

the phases of the zonal and meridional winds are not always
the same, so that their contribution may not be constructive
at other local times and locations. The combination of the
variety of wave components and different phases of zonal and
meridional winds introduces complexity to the changes of
spatial and temporal structures of ionosphere perturbations.

3.3. Changes of the F2 Region Electron Densities

[19] The variability of the vertical ion drift due to QSPW
and tidal interaction redistributes ionospheric ions and elec-
trons. Figure 12 shows the differences of the F2 peak height,
the F2 peak electron density and the total electron contents
(TEC) at 70°Won day 31, between the cases with andwithout
the QSPW. Around dawn, the F2 peak electron density
decreases and its height increases around the equator, corre-
sponding to the large upward drift in the presence of the
QSPW. The largest F2 peak height increase is more than

Figure 11. The difference of the (a) zonal and (b) meridional winds at 17.5°S on day 31 between the cases
with and without QSPW. Contour interval is 10 m s−1. Solid is eastward in Figure 11a and northward in
Figure 11b.

Figure 10. (a) Hall (solid line) and Pedersen (dotted line) conductivities at 1000 UT, 2.5°N, and ∼120 km.
(b)Vertical ion drift at 1000 UT and 2.5°N from TIME‐GCM simulations with QSPW. Solid line is the orig-
inal simulation, and dotted line is the simulation with the zonal gradient of both conductivities set to 0
between 0400 and 0800 LT in the E region (see text for explanation).
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Figure 12. The difference of the (a) F2 peak height, (b) F2 peak electron density, and (c) total electron
content (TEC) at 70°W on day 31 between the cases with and without QSPW. Contour intervals are
10 km (Figure 12a), 104 cm−3 (Figure 12b), and 0.2 TEC unit (Figure 12c). Solid contour lines denote
increase of the respective quantities.
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80 km, occurring shortly after 0500 LT and close to the dip
equator. This upward vertical drift redistributes the ion
and electron density along the field lines to higher latitudes,
and enhances the Appleton anomaly. As a result, the F2
peak density near the dip equator decreases while that fur-
ther poleward increases. The TEC at the dip equator also
decreases between 0400–0600 LT and increases at higher
latitudes. The F2 peak density and TEC increases last till
∼1000 LT, with the largest increases occurring about an hour
after the maximum upward drift. Prior to the upward drift at
0500 LT, the F2 peak density and TEC increase near the dip
equator and decrease poleward in the southern hemisphere.
This is probably because the enhanced downward transport at
the equator causes the convergence of ions/electrons from
higher latitudes. It should be noted that the changes in elec-
tron density and TEC are also related to field‐aligned trans-
port by F region neutral wind, as well as photochemical
processes. These processes will be analyzed in more detail in
future studies.

4. Discussion

[20] Large ionospheric variations at low latitudes around
dawn have been observed for geomagnetically quiet periods.
As reported by Chau et al. [2009], the vertical ion drift
velocity over Jicamarca (11.95°S geographic, 1.5°S geomag-
netic, 77°W) is usually weak at 0600–0700 LT (magnitude
less than 10 m s−1), but becomes strongly upward (exceeding
60 m s−1) between 22 and 26 January 2008. This change is
consistent with the vertical ion drift changes seen in themodel
simulation (Figure 2). Chau et al. [2009] pointed out that this
change coincides with a stratospheric sudden warming event.
Because the stratospheric sudden warming is caused by the
increase of QSPWs and their interaction with the strato-
spheric mean circulation, the observed change of vertical drift
may be interpreted as a result of planetary wave and tidal
interaction as revealed by the numerical experiments in this
study. It is also found that the difference between the ion
temperature observed above Millstone Hill (42.6°N geo-
graphic, 55°N geomagnetic, 71.5°W) in January 2008 (with a
strong SSW) and that observed in January 2007 (no SSW) has
a strong semidiurnal period above 200 km [Goncharenko and
Zhang, 2008]. This may be interpreted as changes caused
by strong nonmigrating semidiurnal tide. The nonmigrating
semidiurnal tide is generated by the nonlinear interaction
between the QSPW and the migrating semidiurnal tide, as
discussed in section 3.1. Compared with the observed change
in TEC [Goncharenko et al., 2010, also manuscript in prep-
aration, 2010], the TEC change from the model (Figure 12c)
is smaller. This may be caused by the somewhat artificial
boundary condition imposed on the ion and electron fluxes at
the upper boundary. The specified upper boundary plasma
flux in the model does not depend on changes in vertical drift
velocities, which inhibits changes in high‐altitude plasma
transport associated with the equatorial plasma fountain.
[21] The changes of the vertical drift around dawn can also

be downward. Nayar et al. [2009] showed a case where
the vertical drift becomes strongly downward (≈60 m s−1) at
0630 LT over Trivandrum (8.3°N geographic, 0.4°N geo-
magnetic, 77°E) on 23 December 2004. This behavior is
qualitatively similar to the vertical drift from the model at a
similar location (Figure 5c). As explained in section 3.2, the

longitude/local time dependence is determined by the phase
of the QSPW and the tides. Therefore, a quantitative under-
standing of planetary waves and tides is indispensable for the
correct interpretation of variation of the ion drift/dynamo
electric field.
[22] The QSPWs are present most of the time in the winter

hemisphere and are highly variable. The occurrence of SSW
is directly related to the strength of QSPWs, and also depends
on other atmospheric conditions, such as the phase of the
quasi‐biennial oscillation [Holton and Tan, 1980] and El
Niño and Southern Oscillation [Sassi et al., 2004]. If the
interaction between QSPWs and tides is a main cause of
ionospheric variability, then such variability may not be
limited to major SSW periods. We have performed TIME‐
GCM simulations similar to those presented in this paper, but
with smaller amplitude. Although the magnitude is smaller,
the general behavior of the ionospheric variability is similar
to what has been presented here. It is thus worth studying
the ionospheric responses to QSPWs, including periods with
no SSW or only minor SSW. For example, it is known major
SSWs are very rare for southern winter (the only one on
record is 2002), but the QSPWs may still be strong enough
to impact the upper atmosphere. This will be important for
understanding large ionospheric disturbances, such as that
observed in June 2008 by C/NOFS [de La Beaujardière et al.,
2009].
[23] This study focuses on the interaction of QSPW with

migrating tides due to solar heating. Lunar tides, whose
semidiurnal component is shown to cause enhanced vari-
ability during stratospheric sudden warming in a recent study
by Fejer et al. [2010], are not included in these simulations.
Furthermore, the traveling planetary waves (e.g., quasi 2 day
wave, 6.5 day wave, fast Kelvin waves) can become large in
the MLT region, and contribute to the ionospheric variability
either directly or through interaction with tides. The presence
of nonmigrating tides (e.g., the diurnal eastward propagat-
ing wave number 3 tide) is not considered in the current
numerical study, but could be another important factor in
ionospheric variability. These are worth further investigation
in future research.

5. Conclusions

[24] It is demonstrated through numerical experiments
using NCAR TIME‐GCM simulations that the presence of a
quasi‐stationary planetary wave can cause large ionospheric
changes, including changes in the dynamo electric field/ion
drift, F2 peak height and electron density, and TEC for solar
minimum conditions. However, the QSPWs are mostly
confined to the winter hemisphere at high latitudes below the
mesopause (Figure 1) due to their interaction with critical
layers (zero zonal wind for the QSPWs) and the increasing
molecular dissipation. They are not likely to directly impact
the ionosphere E or F region at equatorial latitudes. Analysis
of the simulation shows that the QSPW can nonlinearly
interact with tides. Due to the global nature of the tides, the
change of both migrating and nonmigrating tides resulting
from the nonlinear interaction is not confined, and is actually
the largest at low latitudes and in the ionospheric E region.
Controlled numerical experiments reveal that large changes
in zonal gradients of the zonal and meridional wind in the
E region, along with large zonal gradient of electric conduc-
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tivities at dawn, can produce large convergence/divergence
of Hall and Pedersen currents and thus change the polariza-
tion electric field and ion drift. It should be noted that these
results are obtained for solar minimum conditions. The depen-
dence of the ionospheric response on the solar activity and the
F region conductivity will be studied in future research. The
neutral winds in the F region can change quite significantly
due to PW and tide interactions (up to 50 m s−1) in the
numerical experiments. Their contribution to ionospheric vari-
ability also needs to be studied in more detail in future
research.
[25] The changes in ion drift are dependent on the longitude

and local time. In the numerical experiments, the largest upward
change of ion drift occurs near dawn (∼0500 LT) around
70°W, and the largest downward change at the same local
time around 70°E. There are also longitudes where the ion
drift does not change much at the same local time. This
complex spatio‐temporal pattern is probably related to both
the gradient of electric conductivity at dawn and the super-
position of the various tidal components. Therefore, quan-
titative knowledge of the tides and planetary waves is
important for the correct interpretation of the observed
ionospheric variability.
[26] The numerical results may help us better understand

recently observed ionospheric changes during stratospheric
sudden warming, when the QSPWs become large. Large
upward ion drift has been observed consistently near dawn
over Jicamarca on consecutive days during the SSW event in
late January 2008 [Chau et al., 2009]. For the same period of
time, the ion temperature over Millstone Hill Observatory
displays a strong semidiurnal oscillation [Goncharenko and
Zhang, 2008]. These observed changes in ion drift and
semidiurnal tide are consistent with the model results. This
suggests that the same underlying mechanism, namely the
interaction of planetary waves and tides, could be the cause
of the observed changes. The favorable comparison between
the observations and the idealized simulation results war-
rants further research to investigate ionospheric impacts by
planetary waves, including QSPWs at nonwarming periods,
traveling planetary waves, and fast Kelvin waves. More
realistic nonmigrating tides should also be included in future
research.
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