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Assimilative mapping of ionospheric electrodynamics
in the thermosphere-ionosphere general circulation
model comparisons with global ionospheric and
thermospheric observations during the GEM/
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Abstract. Satellite and ground-based observations from March 28 to 29, 1992,
were combined in the assimilative mapping of ionospheric electrodynamics (AMIE)
procedure to derive realistic global distributions of the auroral precipitation
and ionospheric convection which were used as inputs to the National Center
for Atmospheric Research (NCAR) thermosphere-ionosphere general circulation
model (TIGCM). Comparisons of neutral model winds were made with Fabry-
Perot measurements and meridional winds derived from ionosondes. The peak
equatorward winds occurred 1-2 hours later in the model. Gravity waves launched
from high-latitude Joule heating sources reached the equator in about 2 hours and
agreed with observed variations in the height of the maximum electron density
(hmF2) and in the meridional winds. Joule heating events produced minima in the
O/Ng ratio that moved equatorward and usually westward in longitudinal strips
which lasted about a day. Changes in the O/Nj ratio and in the peak electron
density (NmF'2) were strongly correlated so the observed daytime NmF2 values for
stations near 50° magnetic latitude were generally reproduced by AMIE-TIGCM on
the second day of the simulation. The AMIE-TIGCM underestimated the electron
density after midnight by up to a factor of 2 in midlatitudes, while the modeled F'2
layer was about 35 km lower than the observations at midnight. Shifting the model
winds 2 hours earlier at night could double the NmF2 at 0400 LT and increase
hmF2 by 20 km. NmF'2 could also be increased at night by realistically increasing
the TIGCM nighttime downward fluxes of OT at the upper boundary.
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Introduction

Many observations were collected during the solar
maximum period of March 28-29, 1992, as one of the
Geospace Environment Modeling (GEM) observational
campaigns. A major goal of the GEM program is to un-
derstand the solar/magnetosphere/ionosphere coupling
processes well enough so that models can be built for
use in space weather applications. This GEM campaign
was a part of the 12-day SUNDIAL period of March
24 to April 4. A goal of the SUNDIAL program is to
develop an improved quantitative understanding of the
global ionosphere/thermosphere system and to test and
validate productive capabilities using empirical and first
principles models and a worldwide database of primarily
ionosonde measurements. High-latitude global observa-
tions were used as inputs to the assimilative mapping
of ionospheric electrodynamics (AMIE) model to define
the ion convection [e.g., Richmond et al., 1988; Knipp
et al., 1993]. The AMIE technique also includes fitting
the height-integrated Hall and Pedersen conductance in
order to utilize ground magnetometer data [Richmond
and Kamide, 1988]. This paper will discuss the expan-
sion of the AMIE fitting procedure to include separate
fits for the auroral energy flux and mean energy, which

have only been lightly touched upon in the literature
[Knipp et al., 1993; Lu et al., 1995]. These auroral
parameters are essential inputs to the thermosphere-
ionosphere general circulation model (TIGCM). Global
ionospheric and thermospheric observations in this pe-
riod will then be compared to the AMIE-TIGCM cal-
culations.

In a companion paper, Lu et al. [this issue] describe
the high-latitude electrodynamics as determined by the
AMIE procedure using data every 5 min for March 28—
29, 1992. A previous paper [Lu et al., 1995] used a
reduced data set in AMIE as input to the TIGCM. The
present paper uses the expanded data set but concen-
trates on universal times with the maximum data cov-
erage and averages all data for those periods over £17.5
min (or 35 min). This results in smoother convection
patterns and less temporal variability, much of which
is due to intermittent data coverage by satellites. Vari-
ability in the Joule heating produces gravity waves in
the high-latitude regions that propagate equatorward
[e.g., Roble et al., 1987; Fesen et al., 1989; Crowley et
al., 1989a]. It is thus desirable to eliminate as many spu-
rious gravity wave sources as possible in the TIGCM,
especially when gravity waves are part of the study.

The resulting AMIE patterns were in turn averaged in
order to provide “climatological” southern and northern
hemisphere average patterns that were used to initialize
the TIGCM run. The companion paper by Szuszczewicz
et al. [this issue] used a 24-hour TIGCM run of this
climatological average to compare against other models
and ionosonde data averaged over the 12-day campaign
period. The present study concentrates on the daily
variations for March 28-29 only and compares the daily
variability to the averages.

March 28-29, 1992, was in the declining phase of the
solar cycle, with 10.7-cm solar fluxes of 185 and 192,
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respectively. Magnetic activity began on March 21 with
a sudden storm commencement followed by a sequence
of smaller storms. The only quiet day was April 2, with
March 28 being the next quietest period with a daily Ap
of 10. March 29 was the third most disturbed day of the
period with a daily Ap of 18. The Kp varied between 2
and 4- for March 28-29, and between 1- and 6 for the
whole period. Therefore the 12-day average ionosonde
data could be considered to be a disturbed average.

In general, the peak electron density NmF2 is re-
duced in midlatitudes following a single isolated storm
due to an increase in the N3/O ratio (or a decrease
in the O/Ny ratio), while it is usually increased at
low latitudes due to equatorward winds, although elec-
tric field effects can have a negative or positive effect
le.g., Prolss, 1995, and references therein]. Individual
magnetic storms can be either “positive” or “negative”
according to whether NmF2 is increased or decreased
from mean quiet day values. The negative storm ef-
fects caused by decreases in the O/N; ratio can lag the
storm by nearly a day and are sensitive to the storm
intensity, the season, geographic and geomagnetic coor-
dinates, and the local time at which the main phase of
the magnetic storm begins. A study of a 10-day period
by Codrescu et al. [1992] showed that the negative ef-
fects on NmF2 at 45°N magnetic latitude can last at
least 6 days after an initial storm. There are positive
and negative variations in the disturbed period embed-
ded within the context of the general negative response.
Since our period is shorter and does not cover the be-
ginning of the magnetic activity, we will only be looking
at these relative positive and negative variations within
the larger context of a disturbed period.

We will compare neutral winds, first with Fabry-
Perot measurements, and second with winds derived
from ionosonde measurements of AmF'2, noting evidence
of gravity waves. We will look at NmF'2 variations from
the polar cap to the equator and concentrate on the
higher midlatitude region where O/N; differences can
cause large changes in the daytime peak electron den-
sity. The question of the maintenance of the nighttime
density will be examined with another AMIE-TIGCM
run with realistic increased downward fluxes of O at
the upper boundary at night.

Specifying the Auroral Inputs

The auroral inputs of the mean Maxwellian energy
and the energy flux of precipitating electrons are nec-
essary components to the TIGCM. They are normally
parameterized in a circular precipitation region as de-
scribed by Roble and Ridley [1987], where the character-
istics of this simple oval are defined by the hemispheric
power index [Fuller-Rowell and Evans, 1987]. However,
it is better to include a more realistic pattern of the au-
roral inputs from the AMIE results for campaign stud-
ies. AMIE uses magnetic apex coordinates [ VanZandt
et al., 1972], which are also used in this paper to refer to
individual locations. The TIGCM uses a simple dipole
field.

The first attempt to use AMIE inputs in the thermo-
sphere general circulation model (TGCM) [Dickinson et
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al., 1984] was described by Crowley et al. [1989a], where
patterns of the electric potential were put in, but the
aurora was still based on the simple parameterization of
Roble and Ridley [1987] modified by the available elec-
tron precipitation data. The present AMIE procedure
now solves the auroral energy flux and mean electron
energy explicitly. The AMIE data-fitting algorithms
we use for energy flux and mean energy are entirely
analogous to those described by Richmond and Kamide
[1988] for fitting conductance observations. That is, for
both the flux and the mean energy we determine a mod-
ifying function needed to multiply an empirical model
in order to make the empirical model agree more closely
with actual point observations. The modifying function
is obtained by performing an optimal linear estimation
fit to logarithms of ratios of observations to empirical
model values, using constraints to obtain a smooth fit
consistent with general properties of observed electron
precipitation. The empirical energy flux model is that
of Fuller-Rowell and Fvans [1987], parameterized by the
10-level hemispheric power index. The empirical mean
energy model is obtained from the Hall-to-Pedersen ra-
tio of the Fuller-Rowell and Evans [1987] auroral con-
ductance models by finding a Maxwellian distribution
that produces the same ratio (T. J. Fuller-Rowell, pri-
vate communication, 1992). The initial estimates of the
hemispheric power index are taken in this study from
estimates of the hemispheric power in GW provided by
four Defense Meteorological Satellite Program (DMSP)
satellites: F08, F09, F10, and F11.

The conductance sources for this period [see Lu et al.,
this issue] came from electron precipitation measure-
ments from four DMSP satellites [Rich et al., 1987] and
NOAA 12 [Fuller-Rowell and Evans, 1987, plus X ray
measurements from the Upper Atmospheric Research
Satellite (UARS) [Chenette et al., 1993]. Further con-
ductance estimates revised from Ahn et al. [1983] (B.-
H. Ahn, private communication, 1991) use ground mag-
netometer observations in auroral regions which contain
both auroral and solar ultraviolet (UV) influences. If
the model UV component is less than the model auro-
ral component, the solar UV component is subtracted
from the observation, and the inverse of the formulas in
the work of Robinson et al. [1987] are used to convert
the remaining Hall and Pedersen auroral conductance
to auroral electron energy flux and mean energy.

The satellite observations are more direct observa-
tions of the auroral energy flux and electron mean en-
ergy. The Maxwellian energy and energy flux of precip-
itating electrons are extracted from the X ray spectrum
for energies above about 3 keV [Chenette et al., 1993].
For NOAA 12, auroral energy fluxes are integrated over
the instrument span of 300 eV to 20 keV [Fuller-Rowell
and FEvans, 1987], while for DMSP, these are integrated
over 460 eV to 30 keV [Rich et al., 1987]. The mean
electron energy is the simple ratio of the energy flux over
the number flux in this energy range for DMSP satel-
lites, and this distribution function is assumed to be
Maxwellian. The characteristic energy from the NOAA
satellite is related to a particular Hall-to-Pedersen ratio,
which in turn is assigned to a Maxwellian distribution
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that produces the same peak ionization. Error bars
are usually standard deviations plus increasing errors
for data taken at times progressively further away from
the time of the calculation.

Conjugacy is usually assumed for fitting the auroral
parameters or conductance since this is a fairly good
assumption for large-scale features of the aurora [e.g.
Mizera and Evans, 1986]. However, the error bar in the
conjugate hemisphere is increased an extra 50%. Fig-
ure 1 illustrates the procedure for the northern hemi-
sphere for 0755 UT on March 28, 1992. The hemispheric
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Figure 1. (a) Electron energy flux in contour inter-
vals of 1 mW/m? from the Fuller-Rowell and Evans
[1987] pattern for a hemispheric power index of 7 as a
function of magnetic latitude and local time. (b) Mean
Maxwellian energy of the auroral electrons based on the
Hall-to-Pedersen ratio at the hemispheric power level
of 7 in contour intervals of 1 keV starting at 3 keV.
(c) Observations of the energy flux in mW/m? between
0738 and 0812 UT on March 28, 1992, from the DMSP
F08, F09, F10, and F11 satellites (marked with 8, 9,
10, 11), the NOAA 12 satellite (N), the UARS AXIS X
ray imager (X), and ground magnetometers (x). The
satellite estimates are marked with open circles if they
are before 0755 UT, and marked with a plus if they are
after 0755 UT. (d) Same as Figure 1c except for the
mean electron energy. (e) Fitted electron energy flux
in mW/m? from the AMIE procedure for 0755 UT on
March 28, 1992. (f) Same as Figure le except for the
mean electron energy.
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power determined from the DMSP F09 and F08 passes
centered at 0747 and 0800 UT are 34.6 and 23.9 GW,
respectively, leading to an average of 28 GW at 0755,
which corresponds to a hemispheric power index of 7.
Figure 1a shows the statistical model distribution of en-
ergy flux obtained from Fuller-Rowell and Evans [1987]
for this level of auroral precipitation. The hemispheric
integration of this flux is 28 GW, which is coinciden-
tally the same hemispheric power as the original esti-
mate. Figure 1b is the mean Maxwellian energy de-
rived from the conductance ratio at level 7. Figures 1c
and 1d show the observations, where the mean energies
are only plotted if the associated energy flux is greater
than 0.3 mW/m. The orbits for NOAA and DMSP are
marked, while the UARS track samples between 0100
and 0800 LT and between 60° and 70°N. The dashed
lines on the F10 orbit indicate that it was in the south-
ern hemisphere at the time. Figures le and 1f show
the AMIE-fitted distributions, where the average hemi-
spheric power estimated from the energy flux in Figure
le is 31 GW. The estimated patterns derived in Figures
le and 1f clearly reflect the influence of the data and are
different from the initial statistical patterns of Figures
la and 1b.

Putting AMIE Outputs Into the
TIGCM

The original NCAR TGCM described by Dickinson
et al. [1981, 1984] calculates the thermospheric neutral
dynamics, temperature, and composition. This model
has been used extensively in data comparisons [e.g.,
Hernandez and Roble, 1976; Forbes et al., 1987; Crow-
ley et al., 1989b; Fesen et al., 1986]. The TGCM was
also used by Fesen et al. [1989] along with an equa-
torial model of the ionosphere to show that most of
the storm time variations in the equatorial anomaly
could be explained by the neutral winds that exhib-
ited waves that propagated from high latitudes to the
equator. The TIGCM is an extension of the TGCM
that self-consistently solves for the ionospheric compo-
sition and temperatures [Roble et al., 1988]. The up-
dated metastable chemistry is described by Roble [1995].
Comparisons of the TIGCM have been used to study de-
scending ionization layers [ Wilkinson et al., 1992] and
O/Nj; ratios related to magnetic storms [Burns et al.,
1995a, b]. Codrescu et al. [1992] used the TIGCM along
with northern hemisphere ionosondes between 15° and
50°N magnetic latitude near 130°E geographic longi-
tude to look at relative differences during a solar maxi-
mum storm period in March 1979. The relative changes
in the height and peak electron density following the ini-
tial storm on March 22 were in fairly good agreement
at 45°N magnetic latitude, but the agreement degraded
further equatorward. However, in conjuction with the
companion paper of Szuszczewicz et al. [this issue], the
present study is the first attempt to make direct, rather
than relative, comparisons with ionosonde data using

the TIGCM.
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The required inputs for the TIGCM are specified
semidiurnal tides at the bottom boundary, OF fluxes
at the top boundary (near 550 km for this period), so-
lar EUV and UV fluxes, electric fields, and the auroral
electron precipitation flux and Maxwellian energy. The
midlatitude and low-latitude electric fields are specified
by the empirical model of Richmond et al. [1980], while
the high-latitude electric fields and the auroral parame-
ters are specified in this study with the AMIE outputs.
The time-averaged AMIE patterns over March 28-29
were used in the Szuszczewicz et al. [this issue] study.
The present study uses the output of that simulation
at 2400 UT as the initial conditions for our simulation
with time-varying AMIE inputs. Because the averages
are similar to the conditions at 0000 UT on March 28,
the transition from the initial state to the campaign
period is relatively smooth.

The 2-day period of March 28-29, 1992, was simu-
lated in the TIGCM using 66 northern hemisphere and

1992 March, AMIE(__N,_._S), parameterization(...)

T T —r T T

T T T T T
80f initialization Mar 28

60 F

HP (GW)

o

120E
100 F

60 F
40F
20f

Potential Drop (kV)

200F
150 F
100 F

QJoule (GW)

’ uT (hr)

Figure 2. (a) Hemispheric power in GW derived from
the AMIE procedure for 66 northern hemisphere (solid)
patterns and 53 southern hemisphere (dotted-dashed)
patterns for March 28-29, 1992. The first 24 hours
is the average of these patterns used as the 24-hour
initialization run in the TIGCM. (b) Like Figure 2a
except this is the cross-tail potential drop in kilovolts
derived from the AMIE procedure. The dotted line is
the cross-tail potential drop determined from the solar
wind speed and the interplanetary magnetic field (IMF)
from Reiff and Luhmann [1986] between 1300 and 2000
UT on March 29, 1992. At other universal times, it
is estimated from Kp (P. H. Reiff, private communica-
tion, 1985) for March 28-29, 1992. (c) Hemispheric
Joule heating rate estimates in GW calculated from
the TIGCM at every hour for the northern (solid) and
southern (dashed-dotted) hemispheres when using the
AMIE patterns for March 28-29, 1992, and the time-
averaged AMIE patterns for the first 24 hours. The
effects of the neutral winds are included.
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53 southern hemisphere AMIE patterns of auroral en-
ergy flux, mean electron energy, and electric potential
(i-e., convection). Figure 2 shows the hemispheric power
estimated from the auroral energy flux fits as described
in the previous section along with the AMIE polar cap
potential drops. These curves roughly track the outer
envelop of values shown in Figures 7b and 7c of the
companion paper of Lu et al. [this issue]. The time-
averaged AMIE used as the initialization period are
shown as straight lines and do not represent the real
conditions before March 28. The average pattern of
precipitating electron flux was similar to the statistical
model plotted in Figure 1a, except for less flux near mid-
night as shown in Figure le. The time-averaged mean
energy was also similar to the statistical model plotted
in Figure 1b, apart from lower energies of about 3.5
keV in the premidnight sector similar to Figure 1f. The
average hemispheric power for the initialization period
is about 31-33 GW, which is about the same as the
average over March 28-29.

The time-averaged convection pattern in the south-
ern hemisphere exhibited a large, round negative elec-
tric potential cell in the evening with a small crescent-
shaped dayside positive potential cell consistent with a
negative interplanetary magnetic field (IMF) B, such
as was measured during the period of available IMF on
March 29 [Lu et al., this issue]. In the northern hemi-
sphere, the two cells were more symmetric. The polar
cap potential drop of the averaged patterns was 46 kV
in both hemispheres. The average potential drop of the
43 patterns on March 28 was 50 kV, while the average
for the 23 patterns on March 29 was 65 kV. This il-
lustrates that averaging different convection patterns in
magnetic local time and magnetic latitude has the effect
of smoothing them and reducing the extrema, resulting
in a single pattern with a lower polar cap potential drop
(46 kV). As a comparison, the dotted line in Figure 2b
shows the polar cap potential drop determined from the
available hourly IMF and solar wind velocity between
1300 and 2000 UT on March 29 according to the for-
mula of Reiff and Luhmann [1986], and estimated from
Kp [Reiff et al., 1981; P. H. Reiff, private communi-
cation, 1985] at other times. In the absence of AMIE
inputs, this is the potential drop that would be used
in the TIGCM along with the IMF B, to specify con-
vection parameters from Heelis et al. [1982]. However,
as can be seen in Figure 2b, the temporal variations
of the potential drop so estimated are quite different
from the AMIE results even during the period of avail-
able IMF. This has profound consequences for the tim-
ing and location of Joule heating events since the Joule
heating hemispheric averages calculated in the TIGCM
and plotted in Figure 2c generally follow the polar cap
potential drops in Figure 2b.

The cross-tail potential drop for the time-averaged
convection in Figure 2b for the initialization period is
nearly identical for both hemispheres, but in Figure 2c,
it is apparent that the TIGCM Joule heating rate is up
to 10 GW larger in the southern hemisphere between
1900 and 0500 UT and up to 5 GW larger in the north-
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ern hemisphere between 0600 and 1800 UT. A TIGCM
run made with the parameterized IMF and K p potential
drop shown in Figure 2b for March 28-29 showed similar
results, with up to 15-20 GW larger Joule heating rates
in one or the other hemisphere, with the largest differ-
ences at times of the largest potential drops on March
29. The north magnetic pole is tilted toward the Sun
around 1600 UT, thus increasing the area of the con-
vection exposed to sunlight. Lu et al. [this issue] found
a similar universal time effect in Joule heating using
the time-varying AMIE patterns assuming the neutral
winds to be zero.

Data/Model Comparisons With
Fabry-Perot Observations

There have been many previous comparisons of Fabry-
Perot interferometer (FPI) measurements of nighttime
neutral winds and temperatures using the 630-nm emis-
sion of atomic oxygen with the TGCM and TIGCM
le.g., Hernandez and Roble, 1976, 1995]. The nominal
height of the emission layer is 250 km, but it can be
lower in the presence of aurora. Figure 3 shows the ob-
servations and comparisons with both model runs for
Watson Lake (60.1°N, 231.4°E) which is located at a
magnetic latitude of 64°N. Inspection of the AMIE plots
of the auroral electron energy flux show that Watson
Lake is generally in or close to the equatorward part of
the fitted auroral oval all night.

The brightness measurements plotted in Figure 3a
were in relative units and so have been adjusted to be
approximately the same as the AMIE-TIGCM predawn
levels. These observations show enhancements at 1000
UT on March 28, and between 0400-0500 UT and 0800-
1000 UT on March 29. The AMIE-TIGCM run shows
modest increases in brightness especially between 0800
and 1000 UT on March 29. The TIGCM grid is 5°
in both geographic latitude and geographic longitude
and thus cannot be expected to reproduce small-scale
local auroral features such as may be involved here,
although the increased calculated brightness indicates
that Watson Lake was fairly close to the auroral oval in
the TIGCM simulation.

The increased brightness observations in Figure 3a
correlate with decreases in the neutral temperature
shown in Figure 3b and are a reflection of nearby auroral
emissions which come from lower altitudes than do the
airglow emissions. The TIGCM temperatures are aver-
ages based on the calculated emission as a function of
height [Hernandez and Roble, 1995], but they are close
to the temperatures at 250 km in the absence of auroral
precipitation. The average observed temperature in the
enhanced brightness regions is about 800 K, compared
to values about 1100 K before and afterward. A night-
time temperature of 800 K above Watson Lake in the
AMIE-TIGCM corresponds roughly to a height of 160
km. The peak altitude of 630-nm emission is 170 km
for a Maxwellian spectrum with mean electron energy
of 4 keV [Rees and Roble, 1986], compatible with the
mean energy inferred from the AMIE results.
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Figure 3. Fabry-Perot 630-nm observations on March
28-29, 1992, above Watson Lake, Canada. The AMIE-
TIGCM results are plotted as a dotted-dashed line. (a)
Brightness in rayleighs from observations overhead com-
pared to model results. The observations in arbitrary
units of relative brightness were multiplied by 30. (b)
Neutral temperature in kelvin from overhead compared
to model results. (c) Vertical wind looking directly
above the station positive upward in meters per sec-
ond compared to AMIE-TIGCM results. The dotted
lines here and in Figure 3b mark the times where the
upward velocity is larger than 20 m/s. (d) Zonal neutral
wind in meters per second positive toward geographic
east looking east (solid) and west (dotted) compared to
model values. The pluses are model values at 160 km.
(e) Meridional neutral wind in meters per second posi-
tive toward geographic north looking north (solid) and
south (dotted) compared to model results.

Figure 3c shows the vertical wind observations against
the AMIE-TIGCM calculations. The observations are
much larger than the model because the global grid
scale of the TIGCM does not allow large divergences
and convergences in the horizontal winds to develop
that couple into the vertical wind. However, large ver-
tical winds are a common feature of FPI observations
[e.g., Sipler et al., 1995; Price et al., 1995; Smith and
Hernandez, 1995]. The vertical velocity appears to os-
cillate with a periodicity of about an hour, especially on
March 28, and may be an indication of gravity waves.
The peaks in the vertical velocity sometimes correspond
to peaks in the temperature as shown by the dotted ver-
tical lines in Figures 3b and 3c.
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The overhead neutral zonal and meridional winds
above Watson Lake obtained from the AMIE-TIGCM
run are plotted in Figures 3d and 3e as well as obser-
vations at Watson Lake from the look directions to the
east and west, and to the north and south, at an eleva-
tion angle of 45°. For an emission layer at 250 km, this
corresponds to a horizontal distance of 250 km. The
goodness of the comparison between the observations
and AMIE-TIGCM results can often be improved by
adjusting the emission height at the universal times of
the strongest brightness observations in Figure 3a. The
revised AMIE-TIGCM velocities are shown as pluses in
Figures 3d and 3e. The observed equatorward winds
in Figure 3e peak between 1000 and 1200 UT (0126
and 0326 LT), which is somewhat earlier than the peak
AMIE-TIGCM equatorward winds.

Data/Model Comparisons With
Ionosonde Observations

The excellent review of ionospheric F' region storms
by Prolss [1995] describes a few important mechanisms
that explain most storm effects on the electron density.
Most midlatitude effects are negative with density losses
due to decreases in the O /N ratio on both constant al-
titude and pressure surfaces. Burns et al. [1995a, b]
studied this extensively using the TIGCM and DE 2
satellite data. The decrease on constant pressure sur-
faces is usually due to both increases in No which in-
creases the loss of OT and decreases in O which de-
creases the daytime production of OT. According to
Prolss [1995], positive storm effects could be related to
composition changes, but are attributed mainly to up-
ward drifts due to equatorward winds usually associated
with gravity waves that show as increases in hmF'2. The
positive storm effects due to increases in hmF2 are day-
time only due to the presence of solar ionization. Also
important in both positive and negative storm effects
are electric fields which are either external (of magneto-
spheric origin) or created by dynamo winds [e.g., Blanc
and Richmond, 1980].

There have been several studies that have compared
first principles models with ionosonde observations.
Wilkinson et al. [1988] used the Utah State University
model with model auroral inputs and neutral composi-
tion and found, as did Szuszczewicz et al. [this issue],
that the agreement between model and observations is
usually worse at night, with the model electron densi-
ties much lower than the observations. Another study
by Sica et al. [1990] showed that agreement between
the Utah State model and ionosonde NmF'2 measure-
ments at night could be achieved either with equator-
ward winds or with a reasonable downward flux of O
at 1000 km, or both.

Comparisons were made with data from the 53 iono-
sonde stations listed in Table 1 of Szuszczewicz et al.
[this issue] plus the American stations of Boulder and
Wallops Island. All stations provided hourly foF'2 data,
which is the critical frequency of the ordinary ionosonde
trace with typical error bars of 0.1 MHz [Wilkinson,
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1978]. This is related to the peak electron density
(NmF2) by the following relationship:

foF2(Hz) = 0.9 x /NmF2(m~3) (1)

Thirty-six stations also provided values of the trans-
mission factor M(3000)F'2, making it possible to deter-
mine the height (hmF2) of the peak electron density
using the method of Dudeney [1983], where typical er-
ror bars are about £10 km with extreme error bars
of +£30 km during times of spread F [Wilkinson et al.,
this issue]. Neutral meridional winds positive towards
magnetic north were then derived from hmF2 using the
servo-analysis technique of Miller et al. [1986, 1993].
The servo-analysis of hmF'2 assumes mass spectrometer
incoherent scatter (MSIS) model neutral temperatures
and composition [e.g., Hedin, 1991] to produce an ef-
fective wind composed of the neutral wind plus electric
field effects. Hence the meridional wind estimates are
not used above 60° magnetic or below 20° since electric
fields are expected to be important in high and low lat-
itudes. A £20 km error in AmF2 will result in £25 m/s
errors in the ionosonde winds at night, and £50 m/s
errors during the afternoon.

High and Low Latitudes

Figure 4 shows the electron density peak and the
hmF2 values for several stations at high and low lati-
tudes where electric fields are expected to be important.
Vertical lines mark local midnight. The observations
and the AMIE-TIGCM calculations are plotted every
universal time hour. Also plotted are the 12-day aver-
age of the observations and the time-averaged AMIE-
TIGCM simulation in order to establish relative com-
parisons between the averaged behavior and that which
occurred on March 28-29.

The only polar cap station in this set is Resolute Bay
at 83°N magnetic latitude. Accurate modeling of high-
latitude stations is very difficult because of the presence
of such features as polar holes, tongues of ionization
brought in by convection from the dayside that can later
break into patches, high-latitude troughs, and auroral
ionization [Sojka et al., 1992; Prdlss, 1995]. In addition,
the polar cap is in a region of open field lines so plasma
can continuously escape. The most striking thing about
the observed peak electron density for Resolute Bay
shown in Figure 4a is the fact that it is greater at night
than during the day. The dashed line average between
March 24 and April 4 reveals that while the daytime
values are about average on March 28-29, the night-
time values for this period are much larger than usual.
In fact, the nighttime values of March 28 and 29 are
the largest of the entire month of March. The median
behavior at Resolute Bay for the month of March 1992
(not shown) puts the peak electron density near 1500
LT, which would be more consistent with the model
calculations. The model predicts the nighttime values
fairly well in Figure 4a, but overestimates the daytime
values by a factor of 2 to 3. Considering that these
nighttime values are unusually large, it appears that
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Figure 4. Ionosonde station observations for March 28-
29, 1992, ordered in apex latitude, which is the number
after the station name. The vertical lines show the loca-
tion of local midnight and the asterisks are observations.
The dashed line is the observational average between
March 24 and April 4, 1992. The solid line is the calcu-
lations from the TIGCM using time-varying AMIE in-
puts while the dotted line uses time-averaged AMIE in-
puts. (a) NmF2 at Resolute Bay in 10~ electrons/cm?,
(b) hmF2 at Resolute Bay in kilometers. (c) Same as
Figure 4a except for Lycksele. (d) Same as Figure 4b
except for Lycksele. (e) Same as Figure 4a except for
Tahiti. (f) Same as Figure 4b except for Tahiti. (g)
Same as Figure 4a except for Ouagadougou. (h) Same
as Figure 4a except for Ouagadougou.

the simulation overestimates the peak electron density
in this polar cap location by about a factor of 2 for
all times. The most likely cause for this discrepancy is
incorrect modeling of composition in the polar cap.
Comparisons were made of the neutral temperature
and composition at 300 km from MSIS-90 [Hedin, 1991]
and the time-averaged AMIE-TIGCM. The neutral tem-
peratures were approximately equal except the MSIS
temperatures were 25-50 K larger at high latitudes.
The O density was about 75% of the MSIS O values
except during the day at high latitudes when they were
about equal. The major latitudinal differences were in
the Ny density, where the AMIE-TIGCM calculations
were about 75% of the MSIS values at the equator,
about 65% of the MSIS values during the day poleward
of 25° geographic latitude, and 70% decreasing to 45%
of the MSIS values during the night between 20° and
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60°, respectively. If the MSIS model values are correct,
then the resulting change in the O/N; ratio at 300 km
for Resolute Bay at 74.7°N is a decrease of 65% dur-
ing the day and a decrease of 60% at night resulting
in similar decreases in the peak electron density. Such
composition changes would be in the right direction to
improve the comparison between the observations and
calculations of the peak electron density at Resolute
Bay. The hmF2 observations in Figure 4b are approx-
imated by the model calculations, although there are
deviations that could be due to incorrect specification
of the polar cap electric field from AMIE.

Lycksele in Figures 4c and 4d is close to the auroral
oval. The NmF2 is modeled well by the AMIE-TIGCM
on both days and nights, although the calculated hmF2
is lower than the observations. The drop in hmF2 at

2100 UT on March 28 in the AMIE-TIGCM model is
an indicator of auroral ionization at that time. The
calculated daytime NmF2 is lower on March 29 than
on March 28 and is lower than the time-averaged dotted
line calculation. This decrease on March 29 is due to a
smaller O/N; ratio.

Tahiti is in the equatorial anomaly and shows a max-
imum in the electron density in the premidnight region
in Figure 4e. A premidnight maximum in NmF2 is
observed for at least 1 day for all the stations that lie
between 10° and 16° magnetic north or south. The pre-
midnight peak in electron density is a consistent feature
of the anomaly crest during solar maximum conditions,
although the peak is just after noon in solar minimum.
The present model runs do not reproduce this peak,
possibly because the electric field model of Richmond et
al. [1980] used in the simulations is an average model
based mostly on solar minimum data.

Ouagadougou lies near the magnetic equator, and like
the other stations within a few degrees of the equator,
shows a peak electron density around 0900 LT in Fig-
ure 4g, followed by a noon bite-out and relatively flat
values the rest of the afternoon. The noon bite-out
of electron density is a common feature at these lati-
tudes [e.g., Prolss, 1995]. All of the stations between
£10° magnetic latitude show much lower densities dur-
ing the remainder of the day compared to the simula-
tion. The observed hmF'2 values are also much higher
than those predicted by the model as shown in Fig-
ure 4h. At low latitudes, there is an anticorrelation of
hmF2 and NmF2 [e.g., Fesen et al., 1989; Codrescu et
al., 1992; Prolss, 1995]. The discrepancies between the
model calculations and the observations could be the
result of incorrect electric fields in the model.

Gravity Waves

Figure 5 is a plot of the observations on March 28-
29 of NmF2, hmF2, and the servo-model ionosonde
winds for Norfolk Island (29°S, 168°E) which is at a
magnetic latitude of 35.7°S. The winds are positive to-
ward the north or equatorward in the southern hemi-
sphere. Figures 5b and 5c show clear evidence of grav-
ity waves in the observations and calculations of hmF'2
and the meridional wind at night, especially on March
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Figure 5. Same as Figure 4 except for Norfolk Island
observations for March 28-29, 1992. The observational
average was omitted for the sake of clarity. (a) NmF2
in 107° electrons/cm?, (b) AmF2 in km, and (c) neu-
tral wind positive toward magnetic north in meters per
second.

29. This is consistent with the calculations of Fuller-
Rowell and Rees [1981] and Roble et al. [1987], who
showed that the largest transitory effects on the neu-
tral wind were at night. The gravity waves are also
evident at other southern hemisphere stations in this
longitude sector from Hobart at 53.9°S magnetic lati-
tude to Darwin at 22.2°S. The correspondence between
the timing of the observed gravity waves and the cal-
culated gravity waves is fairly close. By definition, the
servo model gives no lag between the ionosonde winds
and hmF2, but the AMIE-TIGCM results show lags
of between 0 and 1 hours between initial peaks in the
equatorward wind and increasing hmF2. This is consis-
tent with estimates of the lag to be between 15 and 30
min [Richards, 1991]. Shifting the equatorward peaks
in the ionosonde meridional wind earlier improves the
comparison with the AMIE-TIGCM results. The grav-
ity wave peaks and valleys in hmF2 are larger in the
observations compared to the simulations. The magni-
tude of the gravity-wave-produced peaks in the inferred
meridional wind are probably underestimated in these
conditions of rapid change in AmF'2 since servo models
assume steady state conditions.

On both nights, there is an increase in the observed
NmF?2 following increases in AmF2, but there is no in-
crease in the simulated NmF2 following increases in
hmF2. This is in agreement with Prélss [1995], who
states that increases in hmF'2 at night are ineffective
in raising the NmF2. However, a large time-varying
downward OT flux in the TIGCM could increase the
NmF?2 at night, although time variations in the upper
boundary O flux are not at present in the model.

Figure 6 illustrates the waves in the neutral and ion-
ized parameters as differences between the calculations
from the AMIE-TIGCM run on March 29 compared to
the time-averaged AMIE-TIGCM run. The plots cover
the nighttime region for the longitude of 140°E around
380 km as a function of geographic latitude, where the
magnetic equator is at approximately 10°N. Figure 6a
shows the temperature differences which maximize in
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Figure 6. Plots of the differences at the +2 pressure surface near 380 km for the longitude of
140°E as a function of geographic latitude on March 29, 1992, between 0600 and 1800 UT. The
differences are between the AMIE-TIGCM calculations for March 29 versus the time-averaged
simulation. (a) Neutral temperature in kelvin, (b) neutral vertical wind in meters per second, (c)
neutral meridional wind in meters per second, (d) height of the F2 peak electron density, hmF'2,
in kilometers, (e) O/N; ratio, and (f) critical frequency of the F2 peak electron density, foF2, in
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high latitudes. The Joule heating maxima at 1000 UT
on March 29 in Figure 2c produce the neutral differ-
ence temperature maxima at 1100 UT in Figure 6a and
the upwelling in Figure 6b. The strong upwelling in the
southern hemisphere at 67.5°S brings No from lower al-
titudes and is associated with the change from positive
to negative differences in the O /N ratio plotted in Fig-
ure 6e. The negative differences then drift toward lower
latitudes at the rate of about 10° in 4-5 hours. The
Joule heating maximizes in the dusk sector around 0900
UT near the longitude of 140°E in the southern hemi-
sphere, triggering equatorward difference winds (posi-
tive) in Figure 6¢ at 57.5°S. The Joule heating in the
northern hemisphere is split between the dusk sector
and the dayside and triggers maximum equatorward dif-
ference winds (negative) in Figure 6¢ at 72.5°N at 1000
UT. These equatorward difference winds propagate to
the equator, arriving between 1100 and 1200 UT for
propagation times of between 1.5 and 2.5 hours. These
propagation times from high latitudes to the equator
are consistent with the calculation of 2 hours by Roble
et al. [1987] and of 2.5 hours by Richmond and Mat-
sushita [1975].

Figures 6b and 6c show that the converging differ-
ence winds at the equator between 1100 and 1200 UT
are associated with downward difference vertical winds.
These results are in agreement with similar difference
plots for the TGCM analysis of the storm on March 22,
1979, described by Roble et al. [1987]. The converging
winds at 1200 UT in Figure 6¢ are also associated with
relative increases in the AmF'2 on either side of the equa-
tor around 25° magnetic latitude (35°N, 15°S) shown
in Figure 6d. Differences in foF'2 are generally positive
at low latitudes and negative at high latitudes, but the
peaks in AmF2 near 25° magnetic latitude at 1200 UT
are colocated with relative minima in foF'2. There is
then a relative increase in foF'2 at the magnetic equa-
tor (10°N), while there is a relative decrease in hmF2.
The anticorrelation of NmF2 and hmF2 in the lower
latitudes is in agreement with observations and models
le.g. Fesen et al., 1989; Codrescu et al., 1992; Prilss,
1995]. However, the major variations of foF'2 in midlat-
itude and high-latitude regions are strongly correlated
with variations in the O/Nj ratio plotted in Figure 6e
which will be discussed in the next section.

Positive/Negative NmF2 Variations and O/N,

The upper midlatitude stations shown in Figure 7 il-
lustrate distinct longitudinal differences in the changes
in the daytime NmF2 between March 28 and 29 and dif-
ferent deviations from their 12 or 2-day averages. We
will look at the relative variations of NmF2 within this
12-day disturbed period and explain them in terms of
O/N; variations. Of particular interest are the varia-
tions in the same longitude sector where the observed
NmF?2 values of Wallops Island in Figure 7b are only
slightly larger on March 28 than its average, while in
Figure 7c the NmF2 values at Ottawa further north
are much larger than the average. In comparing the
northern and southern hemisphere stations of Maga-
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Figure 7. Same as Figure 4 except for NmF2 in 107
electrons/cm® for March 28-29, 1992, for stations be-
tween 46° and 56° apex latitude north or south. The
stations are ordered in geographic longitude: (a) Boul-
der, (b) Wallops Island, (c) Ottawa, (d) Kaliningrad,
(e) Sverdlovsk, (f) Irkutsk, (g) Magadan, and (h) Ho-
bart.

dan and Hobart in Figures 7g and 7h, the observations
for both days are different in each hemisphere with re-
spect to their averages. In all cases where the AMIE-
TIGCM time-averaged NmF2 values are different from
the calculated NmF2 values on March 29, the higher
values are the result of higher O/N, values on the con-
stant pressure surface around 380 km. This is consistent
with the difference results of Figures 6e and 6f, where
changes in foF'2 correlate well with variations in O /Na.
At 0600 UT on March 29 in Figure 6e, the difference
in the O/N; ratio at Hobart (42.9°S, 147.3°E) is posi-
tive, which results in the larger foF2 in Figure 6f, and
the larger NmF2 in Figure 7h compared to the time-
averaged value. Magadan at (60.1°N, 151.0°E) is very
close to the strong gradients in O/Ns in Figure 6e, and
shows only a slight increase in O/Ny at 0600 UT on
March 29 in Figure 7g relative to the time average.
Prélss [1993] states that most subauroral storm ef-
fects are negative with daytime ionization losses due to
decreases in the O/Ns ratio created in the night sec-
tor that move equatorward and last well into the next
day before dissipating. Figure 8 is a plot of the percent
difference in the O/Nj ratio on March 29 compared to
the time-averaged calculations as a function of universal
time for the magnetic latitude of 52°N. The local times
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Figure 8. Percent change in the O/N; ratio on March
29 at the constant pressure level +2 near 380 km for
the magnetic latitude of 52°N as a function of universal
time and geographic longitude compared to the time-
averaged simulation. The numbers on the right axis
correspond to the geographic latitude.

of midnight and noon are shown as slanting dashed-
dotted and dotted lines, respectively. The O/N, ratio
on March 29 is decreased up to 45% and increased up
to 35% compared to the time-averaged calculation. The
minima are 75°-120° wide in longitude and tend to die
away in the afternoon and early evening before being re-
placed with other minima. The minima in O/N, differ-
ences are about 2 hours earlier in universal time and at
more eastward locations 5° further poleward. Heating
events in the high-latitude dusk sector produce minima
in O/N2 which are moved equatorward by the merid-
ional neutral winds and westward by the zonal neutral
winds which follow the sunward ion convection. In ad-
dition, the minima parallel to the midnight line between
100° and 120°W is a reflection of successively westward
longitudes rotating into a region of Joule heating in the
dusk sector.

Figure 8 can be compared with the calculations of
NmF2 in Figure 7. In particular, at the location of Ot-
tawa at 76°W, the noon-time percent change in O/N,
is positive, so the AMIE-TIGCM NmF2 at noon on
March 29 in Figure 7c is larger than the time-averaged
NmF2 although the observations show a negative re-
sponse in NmF2 compared to the 12-day average. How-
ever, Ottawa is only 25° east of a region of large neg-
ative changes, which implies that the exact timing and
location of the Joule heating was missed for this longi-
tude. Apart from 76°W, the AMIE-TIGCM calculates
the NmF2 in Figure 7 better on March 29 compared
to March 28. This is probably due to the long resi-
dence times associated with O/N; decreases. Because
the Joule heat impulses are not correctly modeled before
March 28, the O/Ny longitudinal asymmetries similar
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to those in Figure 8 will not be set up correctly. Ex-
cluding Ottawa, for the 12 stations between 47 and 57°
magnetic latitude, the average NmF?2 values for 5 hours
around local noon are overestimated by AMIE-TIGCM
by 15.3% on the first day and by 8.6% on the second
day. This demonstrates the utility of using AMIE high-
latitude inputs which in general improve the calcula-
tion of daytime NmF2 values on March 29 compared
to March 28 in response to realistic local and universal
time placement of Joule heating events.

Average Midlatitude Comparisons

The companion study by Szuszczewicz et al. [this is-
sue] showed that the major disagreement between the
climatological AMIE-TIGCM model run and the obser-
vations was the failure of the model to maintain the
observed level of peak ionization at night. They at-
tribute this failure to smaller model equatorward winds
at night that lead to lower hmF2 heights, which in turn
put the peak electron density in a region of higher loss
rate. Sica et al. [1990] addressed the problem of the
nighttime maintenance of the electron density in mid-
latitudes for the solar minimum, quiet day of September
28, 1986, and concluded it could be maintained with
strong equatorward winds, downward O* flux, or some
combination of the two processes. In order to quantify
the differences between the AMIE-TIGCM calculations
and the observations for March 28-29 and to compare
more easily with the companion paper of Szuszczewicz
et al. [this issue], averages of NmF2, hmF2, and the
meridional winds as a function of local time are plotted
in Figure 9 for 33 stations (24 with hmF2) between 20°
and 60° magnetic latitude.

From Figure 9a, the AMIE-TIGCM calculations of
NmF?2 are larger than the observations in the afternoon
and smaller at night. Figure 9b plots the differences
between the model and the observations as a percentage
to show that the model overestimates NmF2 during the
day by 5 to 15%, and underestimates NmF2 at 0300
LT by 45% or nearly a factor of 2. This is in general
agreement with Szuszczewicz et al. [this issue].

Similarly, the model underestimates hmF'2 by 35 km
at midnight in Figure 9c (similar to Figure 5 for mag-
netic latitudes greater than 25° in Szuszczewicz et al.
[this issue]) because the model hmF2 peaks 3-4 hours
later than the observations. A shorter time discrepancy
is seen in the nighttime equatorward winds shown in
Figure 9d, where the model winds peak 1-2 hours later
than the ionosonde winds. This is in contrast to data
in the study by Miller et al. [1986] where the peak
equatorward ionosonde winds usually followed peaks in
the winds derived from the Millstone Hill and Arecibo
incoherent scatter radars by 1-2 hours. In addition,
there is a suggestion in the Fabry-Perot comparisons
of the meridional winds in Figure 3e that the AMIE-
TIGCM winds peak 1-2 hours later than the obser-
vations. The later AMIE-TIGCM equatorward winds
produce the delayed peak in AmF2 between 0300 and
0400 LT in Figure 9c. The cause for the delay in the
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Figure 9. Average values on March 28-29, 1992, as a
function of local time for ionosonde locations between
20° and 60° magnetic latitude. The solid lines are
the regular AMIE-TIGCM simulation while the dashed-
dotted lines include the revised OT flux specification
of Figure 10. Asterisks are observations. (a) NmF2
in 107° electrons/cm3, (b) NmF2 percent differences
as (model-data)/data, (¢) hmF2 in kilometers, and (d)
meridional neutral winds positive poleward in meters
per second.

AMIE-TIGCM peak equatorward winds compared to
observations is not known at this time.

Unlike the time-averaged calculations of the merid-
ional wind shown in Figure 7 of Szuszczewicz et al.
[this issue], the model winds for March 28-29 are always

more equatorward than the ionosonde derived winds at
night. The magnitude of the ionosonde winds is affected
by the MSIS composition assumed. The winds were de-
rived using constant values of the solar flux and Ap con-
sistent with the entire SUNDIAL period. However, the
solar fluxes for March 28-29 are larger, and have the
effect on two stations around 50°N magnetic latitude
of shifting the daytime velocities poleward by about 20
m/s to be in better agreement with the model results
plotted in Figure 9d. Reducing the MSIS Ny and O,
densities at 300 km by factors of 2 and 3, respectively,
to be in better agreement with the AMIE-TIGCM den-
sities, had the effect on these two stations of shifting
the winds equatorwards day and night between 15 and
35 m/s, with increases less than 20 m/s at the time
of the equatorward peaks. Considering the uncertain-
ties on the ionosonde derived winds due to changes in
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the solar flux and uncertainties in the density and the
observed hmF2, the conclusion is that the magnitude
of the model winds is comparable to the winds derived
from ionosonde measurements. However, the timing of
the peak equatorward wind is also a very significant
factor.

To help determine the effects of timing and composi-
tion on NmF2 and hmF2, several field line interhemi-
spheric plasma (FLIP) model [Richards and Torr, 1988]
runs were done at (55°N, 0°E) using the AMIE-TIGCM
meridional winds averaged over the stations located be-
tween 47° and 57° magnetic latitude. When the in-
put winds were shifted 2 hours earlier, the NmF2 val-
ues were increased by a factor of 2 at 0400 LT, while
hmF?2 increased 20 km around midnight compared to
the control run using the same AMIE-TIGCM winds
with no time shift. When the MSIS N density was
decreased by a factor of 2 at 300 km, the NmF2 val-
ues doubled during the day and more than doubled by
the end of the night, since the loss is exponential at
night instead of linear. These runs show that an ear-
lier peak in the nighttime equatorward winds can help
bring AMIE-TIGCM hAmF2 and NmF'2 into agreement
with observations at night. If, in addition, the AMIE-
TIGCM composition at 300 km were brought into agree-
ment with the MSIS-90 values described in the section
about Resolute Bay, the effect on the O /N, ratio around
40° would be a 15% decrease during the day and a 60%
decrease during the night which corresponds roughly
to the same decrease in NmF2. The decrease during
the day is approximately the right magnitude to bring
the daytime AMIE-TIGCM NmF2 into agreement with
the observations in Figure 9b, but the extra decrease at
night causes us to look at the effect of increasing the
downward Ot flux at night.

O7 Fluxes at the Upper Boundary

Plasma flows to and from the plasmasphere are known
to have a marked effect on NmF2 and a small effect on
hmF2 [e.g., Sica et al., 1990]. The effects are greatest
at night when there is no competing solar ionization.
During magnetic storms, the plasma in the outer plas-
masphere is stripped away by convection electric fields
leaving depleted or empty flux tubes [e.g., Sica et al.,
1990]. The difference between full and empty flux tubes
can be a factor of two in NmF2, with full flux tubes
producing more NmF2 and larger downward O fluxes.
The O* flux is also a strong function of solar cycle.

The solid lines in Figure 10 plot the day and night
O* fluxes used in the TIGCM at the upper boundary,
which is approximately at 550 km for this period. Con-
stant daytime and nighttime values are used, with linear
interpolations made between these two constants dur-
ing sunrise and sunset at zenith angles between 80° and
100°. The day/night fluxes are equal and opposite ex-
cept for the region of the polar cap which is defined to
be greater than 60° magnetic latitude for this purpose.

In Figure 8 of Szuszczewicz et al. [this issue], the
Ot flux at 550 km from the FLIP model for aver-
age conditions during the SUNDIAL period is plotted
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Figure 10. The day/night O* flux in units of

ions/cm?-s at the upper boundary of the TIGCM near
550 km. The asterisks are average 12-hour values of the
flux from the FLIP model from Figure 8 of Szuszczewicz
et al. [this issue]. These are fluxes at 550 km at 20°E
for the conditions of March 1992 (Sa=180) using ef-
fective winds from the M3000 values of the Interna-
tional Reference Ionosphere. Millstone Hill measure-
ments at 650 km evenly divided over 12 hours of upward
and downward flux are marked as crosses for March
25-26, 1969 (Sa=180), and as a plus for March 21-
22, 1969 (Sa=230). Arecibo measurements at 551 km
approximated over 12 hours are marked as pluses for
March 16-17, 1982 (Sa=228) and as a cross for April
20, 1982 (Sa=145). The dashed-dotted line is the re-
vised TIGCM O7 flux specification.

for 20°E longitude for magnetic latitudes close to 30°,
50°, and 70°. The fluxes are large and upward around
sunrise and large and downward around sunset, with
other local time variations that depend on longitude.
The fluxes are downward longer than they are upward,
with approximately equal average magnitudes. Since
the day/night fluxes in the TIGCM persist for 12 hours
during equinox conditions, the FLIP average fluxes were
converted to 12-hour averages, where the magnitude of
the downward flux was approximately twice that of the
upward flux, and plotted as asterisks in Figure 10.

The FLIP average Ot flux values are considerably
larger than the standard TIGCM values, especially at
the lower latitudes. Therefore incoherent scatter radar
measurements were found for equinox, solar maximum
conditions at Millstone Hill and Arecibo, which are lo-
cated at 53°N and 29°N magnetic latitude, respectively.
The O* flux is a product of the electron density and
the vertical ion drift. FEvans [1974] plotted values of
the OT flux at 650 km for 1969. Two nights and one
day were averaged and converted to 12-hour segments
and plotted in Figure 10 as crosses for periods with
lesser 10.7-cm solar flux, and as pluses for periods with
larger 10.7-cm solar flux. Similarly, two nights and one
day of Arecibo measurements in 1982 between 517 and
586 km were calculated, averaged, converted to 12-hour
segments at 550 km and plotted in Figure 10. The ob-
servations are less than the FLIP values but larger than
the TIGCM. Accordingly, we revised the O fluxes in
the TIGCM and these are shown as a dashed-dotted
line in Figure 10. The polar cap is now defined to be
above 75° magnetic latitude with large daytime upward
fluxes along open field lines. The day/night ratio of the
flux magnitude at lower latitudes is about 1/3.

26,693

Figure 9 shows the effect of the new O fluxes as
dashed-dotted lines. The model electron densities in
Figures 9a and 9b are now greater than the observa-
tions at all times, with the greatest increases occurring
at night. The effect on the meridional winds and hmF2
are much smaller. The increased electron density in-
creases the ion drag and so decreases the meridional
winds by up to 15 m/s at night in Figure 9d. The
reduced winds in turn lead to AmF2 values in Figure
9c which are about 8 km lower around 0400 LT and
about 16 km higher around 0700 LT. At Resolute Bay
at 83.5°N magnetic latitude, the daytime upward flux
was increased over a factor of 3, but the effect was only
a 12% decrease in NmF2 at best because of the dom-
inance of the solar production of ionization. At low
latitudes, the NmF2 was increased by about 10% at all
times. A more realistic local time dependence of the O
flux would probably have smaller effects after midnight
when the downward flux is relatively small compared to
the initial sunset peak.

Summary and Conclusions

This study has described how the AMIE technique is
used to derive auroral patterns, which are essential in-
puts to the TIGCM. Using AMIE high-latitude inputs
in the TIGCM improves the universal and local time
placement of Joule heating events and ion drag mo-
mentum sources which launch gravity waves and change
the O/N ratio within a local longitude sector. The to-
tal hemispheric Joule heating from the TIGCM is 5-20
GW larger in the hemisphere where the magnetic pole
is tilted toward the sun, where the largest differences
are associated with the largest electric fields.

The AMIE-TIGCM calculations help to interpret the
Fabry-Perot observations at Watson Lake within auro-
ral arcs which move the emission peak to lower alti-
tudes. Making comparisons at the proper altitude im-
proves the correspondence with the horizontal neutral
winds. There is a suggestion that the observed equator-
ward winds peak 1-2 hours earlier than the model calcu-
lations. The AMIE-TIGCM vertical winds are unable
to reproduce the rapid variations and large magnitudes
in the observations because of the large grid spacing
used.

Many gravity waves appeared in the AMIE-TIGCM
results, with some specific waves found in nighttime ob-
servations of the AmF2 and ionosonde meridional winds.
The postmidnight increases in NmF2 observed at Nor-
folk Island and other locations were not replicated by
calculations of the AMIE-TIGCM, although a strong
downward O flux at night over approximately an hour
or so could raise the NmF2. At low latitudes, gravity
waves in the calculated NmF'2 were anticorrelated with
peaks in the hmF2 around +25° magnetic latitude pro-
duced by equatorward difference winds that propagated
from high latitudes to the equator in about 2 hours.
Above about 40° latitude, the major influence on varia-
tions in NmF2 were long-lasting longitudinal asymme-
tries in the O/N; ratio. Joule heating events produce
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minima in the O/N, ratio that move 5° equatorward
in about 2 hours. There is westward movement of the
minima due to westward winds in the premidnight sec-
tor at high latitudes, and the rotation of more westward
locations into a region of on-going Joule heating. Grav-
ity wave and O/N, changes were different in the two
hemispheres at similar longitudes because of differences
in the Joule heating.

The AMIE-TIGCM calculations of NmF2 were com-
pared with observations at various magnetic latitudes.
The single polar station of Resolute Bay showed much
larger model NmF2 values during the day, and also at
night on the average. The model NmF?2 could be sub-
stantially reduced if the AMIE-TIGCM N, density were
doubled to be more like MSIS. Comparisons at mid-
latitudes showed underestimates of NmF2 by a factor
of 2 at 0300 LT. These underestimates were converted
to overestimates of about 30% at midlatitudes between
2200 and 0700 LT by increasing the downward night-
time Ot flux by factors of 2 to 6, values that are con-
sistent with averaged incoherent scatter radar observa-
tions during solar maximum. However, a realistic local
time variation in the O" flux with a large upward flux
around sunrise would reduce the excess NmF2 around
0600 local time while a large downward flux around sun-
set and low fluxes thereafter might be sufficient to main-
tain the observed levels of ionization. Agreement was
not complete at the low-latitude stations where electric
fields are expected to be important and where the em-
pirical model of Richmond et al. [1980] that was used
may be inadequate for the conditions simulated.

Comparisons of the ionosonde-derived winds between
20° and 60° magnetic latitude showed that the AMIE-
TIGCM winds were more poleward during the day
and more equatorward at night. The differences could
be reduced if the AMIE-TIGCM winds were shifted
1-2 hours earlier, especially after midnight. Such a
shift in the timing of the winds would also improve
the 35 km discrepancy in the AmF2 at midnight and
raise the NmF2 by up to a factor of 2 after midnight.
Global comparisons at 300 km showed that if the AMIE-
TIGCM composition were more like MSIS, the O/Ns
ratio in midlatitudes would be about 15% less during
the day and about 60% less at night, leading to reduced
NmF2 values. A -combination of composition and local
time dependent O* flux changes should be investigated
further as well as mechanisms to move the equatorward
peak winds earlier. Most of the discrepancies between
the model and observations may be rectified by a better
physical description of magnetosphere/ionosphere inter-
actions within the TIGCM.

This study has pointed out successes and failures in
the model that require improvement in the modeling
of aeronomic processes. Further campaign studies of
this type should help improve the model performance
for the ultimate goal of space weather studies. The
present correspondence between data and model calcu-
lations for March 28-29, 1992, is remarkably good, but
future studies can be carried out using the more ad-
vanced electrodynamics TIE-GCM model described by
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Richmond et al. [1992] which is being validated against
climatological models and observations.
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