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An investigation into the influence of tidal forcing on F
region equatorial vertical ion drift using a global
ionosphere-thermosphere model with coupled
electrodynamics

G. H. Millward,! L. C. F. Miller-Wodarg,! A. D. Aylward,’
T. J. Fuller-Rowell,2 A. D. Richmond,? and R. J. Moffett*

Abstract.

A recent development of the coupled thermosphere-ionosphere-plasmasphere
model (CTIP) has been the inclusion of the electrodynamic coupling between the
equatorial ionosphere and thermosphere. The vertical ion drifts which result are
shown to be largely in agreement with empirical data, on the basis of measurements
made at the Jicamarca radar and other equatorial sites [Scherliess and Fejer,
1999]. Of particular importance, the CTIP mode! clearly reproduces the “prere-
versal enhancement” in vertical ion drift, a key feature of the observational data.
Inacurracies in the modeled daytime upward ion motion have been investigated
with regard to changing the magnitude and phase of components of the lower
thermospheric tidal forcing. The results show that daytime vertical ion motion
is highly dependent upon both the magnitude and phase of the semidiurnal tidal
component. In addition, the CTIP model shows the prereversal enhancement to be
unaffected by changes in tidal forcing, but only for conditions of high solar activity.

During periods of low solar activity the form of the prereversal enhancement is
clearly dependant upon the magnitude and phase of the semidiurnal tide.

1. Introduction

The structure of the Earth’s equatorial ionosphere
results from a complex interaction between ionospheric
conductivities, thermospheric winds, and the magnetic
field, with the horizontal nature of the latter of key im-
portance. One of the most important mechanisms at
work is due to an ionospheric wind dynamo [Rishbeth,
1971a, 1971b, 1981). The ionospheric wind dynamo op-
erates when upper atmospheric winds move the electri-
cally conducting medium through the Earth’s magnetic
field. The ions and electrons respond differently to the
imposed wind, owing to a large difference in the ra-
tio of gyrofrequency to collision frequency with neutral
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particles for the respective constituents [Rishbeth and
Garriot, 1969]. The different ion and electron motions
lead to an electromotive force that drives currents and
causes electric polarization charges and electric fields to
develop. In particular, the unique geometry at the equa-
tor leads to electric fields which drive the 1ons vertically,
upward during the day and downward at night. The
daytime vertical velocity leads to a “fountain effect”
[Hanson and Moffett, 1966], with ions moving upward
under this ExB drift and then downward and outward
under the effect of gravity. The result is a daytime iono-
sphere which exhibits a characteristic minimum in elec-
tron density at the magnetic equator, with accompany-
ing maxima located roughly 15°n either side. This is
known as the “equatorial ionization anomaly” or “Ap-
pleton anomaly” [after Appleton, 1946]. In addition,
physical conditions around sunset conspire to produce a
marked “prereversal enhancement” in the vertical ExB
drift [ Woodman, 1970], which leads to very small equa-
torial ion densities and also to enhanced zonal thermo-
spheric winds because of the large reduction in drag
from the ionosphere.

The electrodynamic effects of horizontal equatorial
winds have been assessed using a variety of two-dimen-
sional electric potential models [e.g., Tarpley, 1970;
Heelis et al., 1974; Richmond et al.; 1976, Eccles, 1998a,
1998b]. Such models rely on the assumption that the
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conductivity in the magnetic field aligned direction, oy,
be assumed infinite [Richmond et al., 1973a, 1973b] and
thus magnetic field lines are equipotentials. This as-
sumption allows for a fieldline integration of param-
eters, thus collapsing the three-dimensional equations
onto a plane, without losing any of the physics of the
system |[Takeda and Yamada, 1987; Haerendel et al.,
1992; Crain et al., 1993a,1993b; Eccles, 1998a,1998b].

Modeling work in this area has often utilized avail-
able parameterizations of ionospheric densities {e.g. Bil-
itza, 1990}, and thermospheric compositions and winds
le.g., Hedin, 1991, Hedin et al., 1991} in order to calcu-
late the relevant fieldline integrated quantities [Eeccles,
1998a, 1998b; Du and Stening, 1999a, 1999b]. Such
approaches have proved extremely fruitful in determin-
ing the important processes at work but inevitably
do not allow for any feedback between the ion den-
sities, winds, and electric fields. Of recent, sophisti-
cated three-dimensional global models of the coupled
ionosphere-thermosphere system have allowed the pos-
sibility of calculating the mutual coupling among neu-
tral dynamics, plasma dynamics, and the electric cur-
rents and fields [Namgaladze et al., 1991; Richmond et
al., 1992; Fesen et al., 2000]. The latest version of the
coupled thermosphere-ionosphere-plasmasphere model
(CTIP), described in section 2, calculates the electro-
dynamics in this fully coupled manner by using a de-
scription of the equatorial electrodynamics as given by
Richmond and Roble [1987].

2. CTIP Model: History

The CTIP model is the concise name given to a non-
linear, coupled thermosphere-ionosphere-plasmasphere
model. The model consists of four distinct components
which run concurrently and are fully coupled with re-
spect to energy, momentum, and continuity. The pro-
gram incorporates (1) a global thermosphere model,
(2) a high-latitude ionosphere model, (3) a mid and
low-latitude ionosphere/plasmasphere model, and (4) a
model of the electrodynamic coupling between the iono-
sphere and thermosphere at low latitudes, which is the
subject here.

The thermospheric model was described originally by
Fuller-Rowell and Rees [1980] and, more fully, in the
Ph.D. thesis of Fuller-Rowell [1981]. At that stage,
ionospheric densities were taken from an empirical iono-
spheric model [Chiu, 1975]. Subsequent work was con-
cerned with developing a consistent description of the
conservation of mean molecular mass for a two-con-
stituent thermosphere [Fuller-Rowell and Rees, 1983],
which had been absent from earlier model versions. The
limitation imposed by using an empirical ionospheric
model in describing dynamic conditions at high lati-
tudes was removed by inclusion of a fully dynamic iono-
spheric model [Quegan et al., 1982; Fuller- Rowell et al.,
1987]. At this stage the new, dynamic ionosphere was
limited to high and mid latitudes, with the empirical
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model of Chiu [1975] still used for low latitudes. Sub-
sequently, the model was further enhanced to include a
fully dynamic model of the mid- and low-latitude iono-
sphere and plasmasphere [Millward, 1993] in the process
finally becoming CTIP. Full descriptions of the ther-
mospheric and high-latitude ionospheric models and
the plasmaspheric extension have been given by Fuller-
Rowell et al. [1996], and Millward et al. [1996], respec-
tively.

3. Recent Developments

Of recent, there have been a number of significant
developments made to CTIP which make the model
considerably different from that which was fully doc-
umented by Millward et al. [1996]. Two major changes
have occurred within the structure of the mid- to low-
latitude ionosphere/plasmasphere component.

3.1. Model Resolution

First, for a given magnetic longitude the number of
independent flux tubes solved concurrently has been in-
creased from 15 to 70. Each of the 70 flux tubes are
spaced in L shell (or equatorial crossing height} such
that the outer most tube lies at around L=3.5, while the
inner most has an equatorial crossing height of 200 km.
The 70 “L shell” tubes are repeated at 20 consecutive
magnetic longitudes (with a spatial resolution of 18°)
yielding a total of 1400 flux tubes. The main reason for
introducing a large increase in the number of flux-tubes
is due to the fact that previously in CTIP the essen-
tial features of the low-latitude ionosphere, such as the
equatorial ionisation anomaly, were not adequately well
resolved. At lower altitudes the molecular ions NOt
and O; are calculated with assumptions of photochem-
ical equilibrium and at resolutions of 2°in latitude and
5°in longitude (rather than the previous 18°in longi-
tude). The increase in longitudinal resolution for the
molecuar ions, to be the same as used for the electrody-
namics solver (described in section 3.4), was found to
be necessary in order for the model to consistently re-
produce the prereversal enhancement in the equatorial
vertical velocity.

3.2. Reference Frames

The version of CTIP documented by Millward et al.
[1996] solved the relevant ionospheric equations along
flux tubes which were moving under the influence of a
vertical ExB drift (and thus getting larger and smaller
as time progressed). This Lagrangian framework re-
quired complex interpolation in order for parameters
to be passed from, and to, the neutral thermospheric
component of the code. In addition, the values of ExB
drift had to be adjusted to ensure that each flux tube
returned to 1ts original starting point during a 24 hour
simulation. Without such an imposition a number of
consecutive CTIP runs would gradually inherit a low-
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latitude ionosphere in which the flux tubes were increas-
ingly disorganized. In addition, it was clear that for a
more dynamic system involving coupled electrodynam-
ics, and for which the ExB drift cannot be known in
advance, this Langrangian frame of reference was un-
suitable. For these reasons it was decided to change the
low-latitude ionosphere/plasmasphere code to allow the
equations to be solved in a fixed, Eulerian frame of ref-
erence. In this new system the flux tubes remain fixed,
with the effects of motion due to ExB drifts incorpo-
rated via interpolation, a system which has always been
used for the C'TIP lonosphere at high latitudes.

3.3. Lower Thermospheric Tidal Forcing

Another recent major CTIP upgrade, relevant to the
work presented here, has been the development of a new
boundary to the lower thermospheric part of the code,
to allow for the effects of lower thermospheric tidal fore-
ing [Muller-Wodarg, 1997; Miller-Wodarg et al., 2001].
(Note that the original version of the CTIP model did
not allow for tidal forcing at the lower boundary of the
model. The base pressure level within the model had
a constant altitude (80 km) and temperature, and all
wind components were set to zero.)

The analytical treatment of the tidal oscillations within
CTIP comes from classical tidal theory [e.g., Chapman
and Lindzen, 1970]. In essence, this linearized theory
states that any given latitudinal profile of tidal am-
plitudes can be decomposed into Eigenfunctions called
Hough modes. Oscillations are divided into two main
categories; those that propagate vertically, allowing en-
ergy generated in the middle atmosphere to be carried
up into the thermosphere, and those that are non prop-
agating (or trapped). Within the C'TTP model only the
former are considered. The Hough modes are character-
ized by a pair of numbers (s,n), where s represents the
longitudinal wave number and n represents the latitudi-
nal wave number. Semi diurnal tides have a longitudinal
wave number of 2 and are therefore represented by the
family of (2,n) modes. Similarly, the family of diurnal
tides are represented as (1,n) modes. Within CTIP the
Hough modes used to calculate a global tidal pattern
are the (1,1), (2,2), (2,3), (2,4), and (2,5) modes. Each
mode is defined by an amplitude (in meters) and a local
time of the maximum, as applied to the lower boundary
pressure surface, for which the unperturbed height is 80
km. The amplitude is defined as the number that mul-
tiplies a given normalized Hough function. Thus a 200
m (2,2) mode means that the largest positive amplitude
of the (2,2) mode will be 200 m, wherever this may be.
The phase of a given component is then the local time
at which this positive maximum value occurs. A tidal
component with a maximum amplitude of 300 m at a
local time of 0400 1t is denoted as 300, 4.0.

3.4. Modeling Electrodynamics

The CTIP model provides an ideal environment within
which to understand equatorial electrodynamic cou-
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pling. The model of the Earth’s electrodynamics, used
for these studies, is taken from that described by Rich-
mond and Roble [1987], and was also used in the stud-
ies of Crain et al. [1993a, 1993b]. Given the distribu-
tions of thermospheric winds and ionospheric conduc-
tivities (from the respective thermospheric and iono-
spheric components of the model), the electric fields and
currents generated by the dynamo action can be calcu-
lated. Ohm'’s law is combined with the requirements of
current continuity and electrostatic fields; that is,

J=cop(EL+V, XB)+0’Hb><(E_L+UnXB)-{—UHE”I) (1)
VJ=20 (‘2)
E=-V9, (3)

where J is current density, op, oy, and o) are the Ped-
erson, Hall, and parallel conductivities, respectively, E |
and Ey are the electric field components perpendicular
and parallel to the magnetic field B, and v, is the neu-
tral wind. This leads to a partial differential equation
in &:

V[UP(V@)_L +ogbx VO + U”(VCI))”] =

V- [opVa x B+ ogb x (Vy x B)]. (4)
This equation can be greatly simplified by assuming
that field lines are equipotentials (i.e., ® is constant
along a field line) and that o) is infinite (E 0).
The partial diffential equation for ® can then be re-
duced from three to two dimensions by integrating along
field lines from their base in the Southern Hemisphere,
through the equator, to the base in the Northern Hemi-
sphere. The equation is solved subject to appropriate
boundary conditions at the base of the ionosphere (i.e.,
Jy = 0, since ionospheric conductivity diminishes to
zero below 100 km), to yield a global, two-dimensional
potential, ®. Electric fields in the magnetic zonal and
vertical/meridional directions are then deduced (from
equation (3)) yielding ExB ion drifts in the vertical and
zonal directions, respectively. These ion drifts are then
fed back into the ionospheric code and the whole cou-
pled ionosphere-thermosphere system is recomputed.
At present, the electrodynamics are computed for a sim-
plified model of the Earth’s magnetic field, a centerd
tilted dipole, in which the magnetic field is considered
to be dipolar, with an axis which intersects with the
Earth’s rotational axis at the center of the Earth, and .
with equal offsets, from the spin axis, in each hemi-
sphere.

4. Model Runs

For our initial electrodynamic studies the CTIP model
was run for equinox, June solstice, and December sol-
stice conditions, each at high and low solar activity
(F10.7 = 180 and 80, respectively), a total of six runs.
In each simulation the model was run for 10 days (model
time) under steady state conditions to allow the system
to attain equilibrium. In all cases the lower thermo-
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Figure 1. Equatorial vertical ExB drift velocity at 300 km, plotted against local time, for solar
maximum conditions (F10.7 = 180) and with a solitary (2,2) tidal component of magnitude 300m
and maximum at 0100 LT: results for equinox (left hand column), June solstice (middle column),
and December solstice (right hand column), with the six rows showing geographic longitudes
from 0°to 300°E (panels (a) to (f) respectively). In each panel the solid line shows results from

CTIP, while the dashed line gives comparable results from the empirical model of Scherliess and
Fejer [1999].

sphere was subjected to a solitary (2,2) tidal component netic equator, as a function of local time, at an alti-
of magnitude 300 m and a maximum at 0100 LT. tude of 300 km and for conditions of high solar activity
(F10.7 = 180). In all panels the solid line shows results

5. Results : ) :
from the CTIP model, with the dashed line showing re-
Results from these simulations are shown in Figures sults from the empirical model of Scherliess and Fejer
1 and 2. Figure 1 plots vertical ExB drifts at the mag- [1999] for comparison. The three columns give results
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Figure 2. As for Figure 1, but for solar minimum conditions (F10.7 = 80).

for equinox (day 82), June solstice (day 172) and De-
cember solstice (day 354), respectively, while in each
column the six rows show results for geographic longt-

tudes from 0°to 300°E (denoted as (a) to (f)

2 is in exactly the same format as Figure 1, but for

conditions of low solar activity (F10.7 = 80).

The CTIP results show much in common with the em-
pirical data and also some important differences. For in-
stance, in general, CTIP is modeling ExB drifts which
are upward during the day and downward at night and

are of a magnitude relatively close to those
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The prereversal enhancement in upward ExB drift at
around 1900 LT is clear in the CTIP results, though at
times the values exceed those seen in the data. Also, the

). Figure observed solar cycle dependence in the prereversal en-

hancement is reproduced clearly by CTIP. For instance,

compare the results for equinox (left hand column) in

Figure 1 with the same results in Figure 2. Here it
is seen in both the data and the model results that
the prereversal enhancement during high solar activity
is much larger then during low solar activity. A simi-

observed. lar statement can also be made for both June and De-
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Table 1. Amplitudes (in metres) and phases (solar local time of maximum, in hours) for the five

Hough modes used in the CTIP runs.

(L,1) (2,2) (2,3) (2:4) (2,5)
Equinox 150,8.0 200,3.5 37,7.4 180,5.5 44,10.0
June 137,7.9 288,3.5 46.5.6 17,7.7 65,10.7
December 85,5.5 355,3.2 93,10.6 58,5.8 96,4.4

cember solstice results, though here the comparison 1s
slightly spoiled by CTIP showing relatively large prere-
versal enhancements for low solar activity, whereas the
data shows the prereversal enhancement to be largely
absent for these conditions. Indeed it is of note that,
in Figures 1 and 2, CTIP nowhere underestimates the
prereversal enhancement, but sometimes overestimates
1t.

A second series of CTIP runs was undertaken, iden-
tical to those documented above (for which the results
are shown in Figures 1 and 2), but utilising a more com-
plete set of tidal modes. The amplitudes and phases of
the Hough modes used in these simulations are given
in Table 1. The semi diurnal values used are based on
those given by Forbes and Vial [1989] whilst the diar-
nal values are based on results from the global scale
wave model (Hagan, private communication, Hagan et
al., 1995; 1999). The same set of values were used for
both high- and low solar activity runs.

Results from these simulations are given in Figure 3.
Here the format is the same as in Figures 1 and 2, with
vertical ExB drifts plotted against local time for CTIP
simulations of equinox (left column), June solstice (cen-
ter column}, and December solstice (right column). The
upper three panels (Figure 3a) show ExB results for a
geographic longitude of 180°east at high solar activity.
The lower panels (Figure 3b} are for low solar activity

and the same longitude. As before the solid line shows
the model results with the dashed line giving empir-
ical data from Scherliess and Fejer [1999]. Thus the
results in Figure 3a can be directly compared to Figure
1d and those in Figure 3b can be compared with Fig-
ure 2d. The comparison of Figure 3a with Figure 1d
reveals that the prereversal enhancement 1s affected lit-
tle by the form of the lower thermospheric tidal forcing,
for high solar activity conditions. In contrast, a com-
parison of Figure 3b and Figure 2d reveals that for low
solar activity conditions, the prereversal enhancement
1s clearly dependant upon the form of the tidal forcing.

An interesting feature of the CTIP results, not re-
produced in the data, is the large upward “spike,” a
“postreversal enhancement” seen in the dawn sector
around 0600 LT. The spike does not appear in the
equinox results but is clear for both June and Decem-
ber solstice during low solar activity (e.g., Figures 2a
and 2b at June solstice and Figure 3b for December
solstice). Although it is clear that the “averaged” data
of Scherliess and Fejer {1999] do not show any enhance-
ment features around dawn, it is of note that studies of
the vertical drift velocity for individual days sometimes
do see such a feature. For instance, the winter solstice
ExB drifts given by Woodman [1970], and reproduced
by Relley, [1989, Figure 3.3, p. 69] clearly show an oc-

casional dawn enhancement feature of up to 40 m s™*.

equinox June solstice December solstice
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Figure 3. Equatorial vertical ExB drift velocity at 300 km and longitude 180 °east, plotted
against local time. The tidal forcing used is as given in Table 1. Panel (a) shows results for solar
maximum conditions (F10.7 = 180, equivalent to Figure 1d) whilst panel (b) shows results for
solar minimum conditions (F10.7 = 80, equivalent to Figure 2d). The solid lines show results
from CTIP, while the dashed lines are from the empirical model of Scherliess and Fejer [1999].
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The same data show large variations in the morning sec-
tor ExB drifts for consecutive days. The point we are
making here is that although the dawn spikes in many
of the CTIP solstice results appear at odds with the re-
sults of Scherliess and Fejer [1999], there are examples
for individual days in which such a feature is clearly
seen.

5.1. Individual Tidal Components

Although the results given in Figures 1,2, and 3 are
extremely encouraging, it is apparent that the values
of ExB drift during the morning period are not always
well reproduced by CTIP. In addition, a comparison of
the CTIP results in Figure 3 with those of Figures 1
and 2 shows that the values of ExB drift during the
daytime are clearly influenced by the form of the tidal
forcing. A clear avenue of investigation was therefore
to look at the direct effect of the tidal forcing since it
is known that winds in the lower thermosphere are an
important factor in the daytime electrodynamics (via
the so-called “F region dynamo”}.
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Figure 4. Field line integrated Pederson conductivity
plotted against local time for a flux tube at 0°E geo-
graphic longitude and with an equatorial crossing height
of 7500 km. Panel (a) shows the F region contribution
to the integrated Pederson conductivity (mho), while
panel (b) shows the E region contribution. Panel (c)
gives the ratio of the F region contribution to F region
contribution (no units). Results are for equinox (solid
line), December solstice (dotted line), and June solstice
(dashed line) and conditions of low solar activity {F10.7
= 80).
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That the E region driven dynamo should dominate
during the day, with the F region dominant at night,
has been known for some time [i.e., Rishbeth, 1971a].
CTIP results of field line integrated Pederson conduc-
tivity, divided up into the contribution from the F re-
gion (defined as being above 160 km) and F region (80 -
160 km), are shown in Figures 4a and 4b, respectively).
The results are for a flux tube with an equatorial cross-
ing height of 7500 km and are for conditions of low solar
activity (F10.7 = 80.). The three lines in each panel
show results for equinox (solid line), December solstice
(dotted line) and June solstice (dashed line). Figure 4c
shows the ratio of the F region contribution to the E re-
gion contribution (i.e., Figure 4a / Figure 4b). Figure 4
shows clearly how the E region integrated conductivity
dominates the F region during the daytime, by roughly
a factor 10. During nighttime the F region conductiv-
ity drops sharply, the conductivity of the F region drops
less sharply; thus the F region becomes dominant (by
the factor demonstrated during nighttime in Figure 4c).

Clearly then, in examining any deficiencies in the
CTIP-generated daytime vertical ExB drift we must
look toward the form of the lower thermospheric (i.e.,
E region) winds, which are dominated by tidal forcing
and, particularly, by the semidiurnal component.

A series of experiments were conducted in which
CTIP was subjected to solitary tidal components with
a variety of amplitudes and phases. FEach simulation
entailed starting from a CTIP run in which the system
had established equilibrium with no tidal forcing (i.e.,
“tides off” run). The model was then run for a further
10 days in order to establish the new tidal component
and allow the model to reach a new equilibrium, before
outputting the relevant parameters.

First, we looked at the effect of applying a (2,2) tidal
component to the model for equinox, solar maximum
conditions. A variety of runs were conducted which
utilized (2,2) tidal forcing with various magnitudes and
phases.

Typical results are given in Figure 5. The Figure
shows vertical ExB drifts at an altitude of 300 km and
at the magnetic equator (geographic coordinates 10°S,
289°E). The vertical drifts are plotted against local time
for four separate CTIP simulations. A fifth line (the
dot-dot-dot-dashed line) gives equivalent results from
the empirical model of Scherliess and Fejer [1999]. The
solid line shows model results for a CTIP simulation
with no tidal forcing. The line shows clearly how, in
the absence of tidal forcing, the daytime vertical drifts
are very small. The dotted line shows results from a
CTIP run with a solitary (2,2) tidal component of mag-
nitude 300 m and a maximum at 0400 LT. The dashed
line shows results from another CTIP run with the (2,2)
component of magnitude 300 m and maximurn at 0100
LT. Similarly, the dot-dashed line shows a run with a
(2,2) component of magnitude 600 m and maximum at
0100 LT. The results plotted in Figure 5 show that the
semidiurnal wind variation in the lower thermosphere
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Figure 5. Vertical ExB drift velocity plotied against local time for equinox, solar maximum
conditions. Four CTIP simulations are shown: “no tides” run (solid line}, (2,2) tidal component
of magnitude/LT 300 m/0400 (dotted line), (2,2) tidal component of magnitude/LT 300 m/0100
(dashed line), and (2,2) tidal component of magnitude/LT 600 m /0100 (dot-dashed line). Results
from the empirical model of Scherliess and Fejer [1999] are shown for comparison (dot-dot-dot-

dashed line).

plays a large role in the form taken by the daytime up-
ward ExB drift and has a much smaller effect at night.
They also do not appear to be a factor in determining
the prereversal enhancement (at least not for solar max-
imum conditions), though they do appear to be impor-
tant around dawn. Figure 6 shows values of NmF2 for
a geographic longitude of 0°E and at 1300 LT, plotted
against geographic latitude for the CTIP simulations
detailed above in Figure 5. The four lines correspond
to the four CTIP simulations, as described above for
Figure 5; thus the four line styles correspond directly
to the equivalent ExB results given in Figure 5. Fig-
ure 6 shows the effect of tidally generated vertical ExB
drift on daytime equatorial F region ionospheric struc-
ture. The equatorial density minimum and correspond-
ing maxima on either side are caused by a “fountain
effect” in which plasma raised by an ExB drift is subse-
quently redistributed outward (to higher latitudes) and
downward under the influence of gravity. Shown in this

way 1t is clear that tidal forcing is directly responsible
for creating the daytime “Appleton anomaly” feature in
the equatorial ionosphere. It should be noted that from
Figure 5, the differences in the values of vertical veloc-
ity for the separate runs are relatively small at 1300 LT
(the local time of the results plotted in Figure 6). Much
larger differences are seen at earlier local times (1000 to
1100 LT). This demonstrates how the equatorial elec-
tron density structure, the result of ambipolar diffusion,
lags behind the applied vertical ExB drift by the order
of an hour or so.

A further set of CTIP runs were undertaken to inves-
tigate the effect on the electrodynamics of the diurnal
(1,1) tidal component. Three separate runs utilized a
solitary diurnal (1,1) tidal component with an ampli-
tude of 100 m and a maximum at 0600 LT, 0800 LT,
and 1000 LT, respectively. The results are not plotted
here but showed only very small deviations from the
control tides off run. In other words, the simulations
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Figure 6. Peak electron density (NmF2) results plotted against latitude at 1300 LT, for the four

CTIP simulations as documented in Figure 5.



MILLWARD ET AL.: TIDAL INFLUENCE ON EQUATORIAL VERTICAL ION DRIFT

24,741

N T
Letitude —1C.

vertical velocity (m/s)

T
Lorgitude 289.

FRPEITN IR YU PN AEUU W .

10
Locai Time /rirs

(@]
o

15 20

Figure 7. Vertical ExB drift velocity plotted against local time for equinox, solar maximum
conditions. The solid line shows the vertical velocity produced by the “E region” dynamo. The

dotted line is for the “F region” dynamo.

revealed the (1,1) diurnal tidal component to have lit-
tle effect on equatorial electrodynamics.

5.2. Further Semidiurnal Experiments

To further establish the nature of the semidiurnal
tidal control of daytime vertical ion drift, another two
CTIP model runs were undertaken which utilized a soh-
tary (2,2) tidal component (amplitude 300 m, maximumni
at 0100 LT) as input. For these simulations the thermo-
spheric wind, as applied to the electrodynamics solver,
was defined as being either “E region” (from 97 to 160
km) or “F region” (160 to 470 km), with the 160 km
altitude separator being chosen to represent an aver-
age minimum between the two respective electron den-
sity regions. The simulations involved running the full
CTIP model (for equinox, solar maximum conditions),
but purposefully allowing only the “& region” and then
“F region” components of the neutral wind (in two re-
spective experiments) to be fed into the electrodynam-
ics solver. It must be understood that “doctored” ex-
periments of this kind are undertaken with great care,
and the outputs are only used, and discussed, very ten-
tatively. After all, CTIP, and the Earth’s real upper
atmosphere, are highly “nonlinear” systems and thus
“hard” tesults cannot really be obtained by using tech-
niques of this kind. That said, the results from these
runs can still be very instructive and are given in Figure
7. As before, the plot shows the vertical ExB drift at
300 km and the magnetic equator, plotted against local

Table 2. Four CTIP runs

time for a geographic longitude of 289°E. The solid line
shows the results for the CTIP simulation in which only
the E region component of the neutral wind is allowed
to contribute to the calculated ExB drift. The dotted
line shows an identical CTIP simulation, but with only
the F region wind allowed to contribute. Figure 7 shows
clearly the way in which the thermospheric F and F're-
gion dynamos are separately responsible for the various
accepted features of the equatorial vertical ion motion.
First, it is clear that the prereversal enhancement fea-
ture, around 1900 LT, is associated with the wind at F
region heights. In addition, Figure 7 shows that in the
absence of the E region dynamo effects, the pre reversal
enhancement is extremely large, with a maximum ve-
locity of around 100 ms—?!. Indeed, it is clear that the E
region dynamo is working 1n opposition to the F region
dynamo here, a result which appears generally applica-
ble at all local times (i.e., note the “mirror image” qual-
ity of the solid and dotted lines). Figure 7 also shows
that it is the F region tidal dynamo which is responsi-
ble for the upward ExB drift during the daytime (0700
to 1500 LT), with the F region dynamo contributing
very little during this time. Finally, as expected, it is
the Fregion dynamo which is responsible for the down-
ward ExB motion during nighttime, an effect which 1s
sharply curtailed at dawn (around 0530 LT).

Another set of four CTIP experiments were under-
taken to investigate the relative importance of neutral
winds at E and F region heights. The four runs were

Runcode wind component fed to electrodynamics line in Figures 8 and 9
A Zonal E-region wind solid line
B Meridional E-region wind dotted line
C Zonal F-region wind dashed line
D Meridional F-region wind dot-dashed line
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Figure 8. Vertical ExB drift velocity plotted against local time for equinox, solar maximum
conditions. The lines show results from four CTIP simulations, as given in Table 2.

similar to those discussed in the paragraph above , as
plotted in Figure 7 (i.e., equinox, solar maximum con-
ditions). The thermospheric wind, applied to the elec-
trodynamics solver, was defined as either E region (97
to 160 km) or F region (160 to 470 km}, as before. The
four experiments then involved solving the global elec-
trodynamics with one of four sole wind components,
given in Table 2.

The results are plotted in Figure 8 with the four lines
as given in Table 2. From Figure 8 it is clear that both
the tidally driven zonal and meridional £ region winds
(solid and dotted lines, respectively) lead to moderate
daytime upward motion with a maximum, in these sim-
ulations, at around 1100 LT. In addition, the F region
meridional wind (dot-dashed line) appears responsible
for the “sunrise reversal” in the ion motion (from down-
ward to upward) at around 0530 LT and also for the
positive values in the early morning (0600 to 1000 LT).
Thus these results show that a combination of both £
and Fregion winds are important in generating upward
daytime ion motion, with only the I region zonal com-
ponent of little importance. Figure 8 also shows clearly
that it is the F region zonal wind which 1s responsi-

ble for generating the prereversal enhancement in ExB
drift around 1900 LT. It is noticeable that the E region
zonal wind leads to a downward vertical ion motion at
this time (i.e., the negative value of the solid line around
1900 LT). It therefore seems possible that the prere-
versal enhancement would be of even larger magnitude
were it not for the dynamo action of the F region zonal
wind. During the nighttime it is the F region dynamo
which leads to downward ion motion. In this regard the
F region meridional wind appears particularly impor-
tant, with the dot-dashed line clearly negative between
0000 and 0400 LT.

A similar series of experiments to those documented
above (and plotted in Figure 8) were conducted for solar
minimum, June solstice, conditions. Again, individual
components of the thermospheric wind (zonal E region,
meridional Fregion, etc., as given in Table 2) were used
as mmput to the electrodynamic solver. The tidal forc-
ing used was taken from the values of Forbes and Vial
[1989], as given in Table 1. Results are shown in Figure
9. Two main points are apparent. First, the large “sun-
rise enhancement,” seen in the June solstice CTIP re-
sults in Figures 2 and 3b, is clearly linked to the dynamo
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Figure 9. As for Figure 8, but for June solstice,

used is as given in Table 1.

low solar activity conditions. The tidal forcing
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actions of the F region zonal wind (solid line in Figure
9). Second, the prereversal enhancement is related to
relatively equal, and moderate, enhancements from the
dynamo actions of both the zonal E region and zonal
F region winds (solid and dashed lines). The dynamo
associated with the meridional E region wind (dotted
line) acts in opposition to the enhancement, leading to
a greatly diminished prereversal enhancement overall.
Interestingly, in this case the meridional F' region wind
appears to have virtually no effect (dot-dashed line}.

6. Conclusions

The simulations outlined in this paper reveal CTIP
to be extremely useful as a tool for analyzing, and inter-
preting, the electrodynamic coupling between the ther-
mosphere and ionosphere at low latitudes. Many of the
known features of this coupling are reproduced well by
the model and allow us better understanding of the vari-
ous factors at work from our ability to have access to the
many “internal” physical parameters. The model also
helps our understanding by allowing “experiments” to
be undertaken in which the full system is constrained in
some way (e.g., assessing the electrodynamic response
to a solitary wind component such as the E region zonal
wind). Our results show the importance of lower ther-
mospheric tidal forcing on the daytime vertical ion drift.
In particular, it is clear that the semidiurnal tide plays
a large role in determining upward ion motion and thus
the daytime equatorial ionospheric anomaly. Variablilty
within the tidal forcing, such as that observed and dis-
cussed on a seasonal and year to year basis by Gon-
charenko and Salah [1998] and on a daily basis by Salah
[1994] and Zhou et al. [1997], will undoubtedly play a
role in determining the observed variability within the
dayside vertical ExB drift, and the distribution of equa-
torial F region plasma. Our studies show the zonal,
eastward, F region wind to be a key factor in the pre-
reversal enhancement during times when this feature is
strong (such as equinox, solar maximum). In this re-
gard our results are in agreement with similar studies
undertaken recently using the National Center for At-
mospheric Research Thermosphere Ionosphere Electro-
dynamic General Circulation Model (NCAR TIEGCM)
[Fesen et al., 2000]. In addition, the role within the
E region is noted, particularly the tendency for the E
region dynamo to act in opposition to the upward en-
hancement. Indeed, it may be the case that at times
when little enhancement is observed (at certain longi-
tudes and seasons, and particularly for solar minimum)
it is dynamo action in the E region which is acting in
opposition to the upward motion. Such a conclusion,
however, remains tentative and requires further study.
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