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Abstract

The National Center for Atmospheric Research thermosphere/ionosphere/electrodynamic general circulation model
(TIEGCM) is one of the few models that self-consistently solves the coupled equations for the neutral atmosphere and iono-
sphere. Timely questions are how well the TIEGCM currently simulates the low-latitude ionosphere and what modifications
might bring about better predictions. Comparisons between data obtained in and around Jicamarca, Peru, near the magnetic
equator, and simulations with the TIEGCM indicate good progress has been made but reveal some serious discrepancies.
Good-to-excellent agreement is obtained for electron densities, electron and ion temperatures, and 7m.x. The agreement is fair
to poor for smax, zonal drifts, the 630 nm oxygen nightglow, and the horizontal neutral winds. The most important discrepancy
is in the simulated neutral temperature, which is at least 100 K too cold relative to Fabry—Perot interferometer observations.
Increasing the EUV fluxes in the model to improve prediction of the model temperature also improves representation of air-
glow observations and of the ionosphere, for which the model typically underrepresents the electron densities. The disparity
in neutral temperature is also present in comparisons with the empirical model MSIS which represents the largest database
of thermospheric temperature measurements. Since the neutral and ionized atmospheres are tightly coupled at low latitudes,
simultaneous measurements of neutral and ion parameters, preferably over an extended time period, would be invaluable to
further the understanding of the region. Better knowledge of the EUV fluxes and the high altitude O fluxes may also help
resolve some of the model/data discrepancies. (©) 2002 Elsevier Science Ltd. All rights reserved.
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L. Introduction ionosphere/plasmasphere (CTIP) model (e.g., Fuller-Rowell

et al., 1996; Millward et al., 1996) developed at University

Two thermospheric general circulation models are cur- College-London and the National Oceanic and Atmospheric
rently capable of self-consistently simulating the coupled Administration Space Environment Center.
thermosphere/ionosphere system: the National Center for Both models recently achieved a breakthrough in that
Atmospheric Research (NCAR) thermosphere/ionosphere/ they now simulate the pre-reversal enhancement (PRE) in
electrodynamic general circulation model (TIEGCM) (e.g., the low-latitude vertical ion drifts. The TIEGCM reproduces
Richmond et al., 1992) and the coupled thermosphere/ the full seasonal and solar cycle variation of the F region

vertical and zonal ion drifts (Fesen et al., 2000). Before the

* Corresponding author. Tel.: +1-972-883-2815; fax: +1-972- models are used to investigate physical processes such as
883-2761. the mechanism for producing the PRE, it is necessary to as-
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ionosphere. The low-latitude ionosphere, in particular, is a
region that has been relatively little investigated with the
TIEGCM. Coincidentally, observations of this region have
been accumulating over the last few years, particularly from
the National Science Foundation’s (NSF) Coupling, Ener-
getics, and Dynamics of Atmospheric Regions (CEDAR)
initiative MISETA  (Multi-Instrumented  Studies of
Equatorial Aeronomy). It is therefore timely to consider the
question of how well the TIEGCM currently simulates low
latitudes and what modifications might bring about better
predictions.

2. Model description

The NCAR TIEGCM (Richmond et al., 1992, and refer-
ences therein) self-consistently calculates electric potential,
fields, and currents along with the ion and neutral densi-
ties, temperatures, and velocities. The vertical coordinate is
log pressure with 29 levels spaced at 2 grid points per scale
height; the altitudes extend roughly from 100 to > 400 km;
the top altitude depends on the level of solar activity. Lati-
tude and longitude resolution are both 5°. The model con-
tains a realistic geomagnetic field.

An important feature of the model is the formulation of
the lower boundary condition which can be used to simulate
the effects of a variety of waves generated in the lower at-
mosphere which penetrate into the thermosphere. The model
includes the diurnal 1,1 mode and the semidiurnal 2,2; 2,3;
2,4; 2,5; and 2,6 modes (e.g., Fesen et al., 1991; Forbes et
al., 1993) which are adjustable parameters. Here, we ad-
justed the lower boundary tidal forcing to reproduce winds
observed near 100 km by the Upper Atmosphere Research
Satellite (e.g., McLandress et al., 1996).

Most of the simulations reported here represent geomag-
netically quiet conditions for low solar activity. Specifically,
the total hemispheric power of precipitating auroral elec-
trons was 16 gW, the cross-polar-cap potential was 45 kV,
and the solar 10.7-cm radiation index F10.7 was 75. The
model had been previously tuned against empirical models
to reproduce their global and zonal means. For the neutral
atmosphere, the empirical model was the Mass Spectrome-
ter and Incoherent Scatter radar data (MSIS) model (Hedin,
1991); the International Reference lonosphere (IRI) (e.g.,
Bilitza, 1986) was used for the ionosphere. The tuning con-
sisted of adjusting the Joule heating in the model (e.g., Co-
drescu et al., 1995) and the O" fluxes at the model upper
boundary. To reproduce the IRI predictions, it was neces-
sary to impose downward O" fluxes at the TIEGCM top
boundary at all times; this point will be discussed later in the
paper. The tuning of the TIEGCM global and zonal means
to the empirical models helps ensure a realistic background
atmosphere and ionosphere in the TIEGCM.

Three sets of model simulations are the basis of the study
presented here, all of which were for October with an F10.7
index of 75: the “standard” simulation, with standard model

inputs, included the semidiurnal tidal forcing at October con-
sistent with model predictions by Forbes and Vial (1989);
a “big tide” case, which increased the 2,2 amplitude at the
model lower boundary by a factor of 10; and an “increased
EUV” case, which increased the EUV energy input into the
model by 30%, consistent with observations of the EUV
variability (e.g., Schmidtke et al., 1993). The “big tide” case
represents a numerical experiment to evaluate the effects of
large tides on the simulated fields; underestimation of the
semidiurnal tide is a long-standing problem for numerical
models (e.g., Salah et al., 1991).

The data sets used for comparison are from the
NSF/CEDAR initiative MISETA (http://www.dartmouth.
edu/~cfesen/miseta) which fields a variety of instru-
ments in and around the Jicamarca Radio Observatory
(11.95°S, 76.87°W), Peru, near the geomagnetic equator.
These observations are particularly useful for model/data
comparisons because the instruments measured both the
neutral and ionized atmosphere. A number of campaigns
have been conducted; in particular, observations have
been obtained in October for several years beginning in
1996, near solar cycle minimum. The instruments include
the incoherent scatter radar (ISR) (e.g., Farley, 1991), a
digisonde (e.g., Reinisch and Huang, 1999) a Fabry—Perot
interferometer (FPI) (e.g., Biondi et al., 1999), and an im-
ager from Boston University (BU) (e.g., Mendillo et al.,
1997). The FPI and BU imager are located at Arequipa,
Peru (16.5°S, 71.5°W).

3. Model/data comparisons

Comparisons are first made with the empirical models for
arange of geophysical conditions to illustrate the TIEGCM’s
current capabilities. Fig. 1 shows the global mean neutral
temperature, atomic oxygen mixing ratio, and electron den-
sity for March, June, and December during solar cycle min-
imum and maximum. In the F region, the TIEGCM neutral
temperatures are within 10% of MSIS and tend to be slightly
larger while the atomic oxygen mixing ratios exceed those
in MSIS by a maximum of 10-20%. The largest disagree-
ment in the global means is in the electron densities at solar
maximum, when the TIEGCM underestimates the densities
relative to IRI by a maximum of ~ 50% in December; at
solar minimum, the differences are generally < 20%.

The comparisons for the peak electron density, 7max, and
the height of the peak density, /max, as a function of latitude
and longitude are illustrated in Fig. 2 for March solar cy-
cle minimum and June solar cycle maximum at 00 UT. The
TIEGCM tends to overestimate nmax at middle-to-high lati-
tudes and underestimate 7max at low latitudes. For /nmax, the
agreement is generally within 10 km. In terms of percent-
ages, the TIEGCM-predicted nmax are usually within 50%
of those in IRI. The agreement shown here is typical of that
in a complete set of simulations for March, June, and De-
cember for solar cycles minimum, medium, and maximum.
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Fig. 1. Comparison of global means from TIEGCM (solid curves) and MSIS (dotted curves) for December (left column), March (middle
column), and June (right column). Top row: neutral temperature; middle row: O mass mixing ratio; bottom row: electron density. Thick

curves are for solar maximum, thin curves for solar minimum.

With this background, attention is now focused on
model/data comparisons at low latitudes during equinox
solar cycle minimum conditions, using data obtained during
MISETA campaigns in October 1996 and 1997. Because of
space constraints, the comparisons shown here are limited
to electron densities (Ne), Zmax, Amax, €lectron, ion, and
neutral temperatures (7., T, and T,, respectively), and the
630 nm oxygen airglow. Comparisons were also made for
the horizontal neutral winds and the zonal and vertical ion
drifts but are not shown here.

The neutral temperature is arguably the most fundamental
parameter describing the upper atmosphere. The model/data
comparison for October 1996 at Arequipa is shown in Fig.
3a. Observations from the FPI represent conditions near
260 km; crosses represent datapoints for 1996 and diamonds
for 1997. Below the F peak, Ti generally approximates Th;

therefore, ISR measurements of 7; are also plotted in the
figure. These data were obtained on October 10 for an al-
titude of 266 km. The thick solid curves show predictions
from MSIS, with the higher curve resulting from increasing
the F10.7 index in MSIS from 75 to 110. The thinner curves
show the TIEGCM results: the thin solid curve shows
“standard” calculations for October solar cycle minimum;
the dotted curve shows results for the “big tide” case, and
the dashed curve shows results for the “increased EUV”
case. Not surprisingly, the two models agree very well with
each other, since TIEGCM has been tuned to the MSIS
model, but neither agrees well with the data. Both models
seriously underestimate the neutral temperature near local
midnight. The ISR 7; measurements better approximate the
model predictions but it is likely that the observed 7; are
underestimated because of the neglect of electron coulomb
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Fig. 2. Comparison of Nmax (right) and Amax (left) for TIEGCM and IRI. (a). Equinox solar minimum; (b) June solar maximum.

Hernandez and Roble (1977) reported a similar finding:
neutral temperatures derived from airglow observations at
Fritz Peak, Colorado, a midlatitude site, were about 150 K
hotter than predicted by MSIS for equinox solar cycle

collisions (Sulzer and Gonzalez, 1999) in the data analy-
sis. The data also show a midnight temperature maximum
(MTM) while the two models only produce a very small

feature.
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Fig. 3. (a) Comparison of neutral and ion temperatures near 260 km.
Neutral temperatures from the FPI are shown by crosses for 1996,
diamonds for 1997. Ion temperatures from the ISR are shown by
x’s Thick curves represent MSIS predictions of 7y,. Thin curves
represent TIEGCM predictions of 7y: solid, standard run; dotted:
big tide; dashed, enhanced EUV. See text for details. (b) Nor-
malized 630 nm integrated brightness at Arequipa. Thick curves:
observations; thin curves, TIEGCM runs: solid, standard; broken,
enhanced EUV.

minimum. Analysis of 14 World Day campaigns carried
out by the ISR at Arecibo indicated that the radar mea-
surements of exospheric temperature were generally about
50 K less than those predicted by MSIS for similar condi-
tions for all local times (Burnside et al., 1991). However,
in September 1986, i.e., for equinox solar cycle minimum,
the radar-derived temperatures were about 50 K hotter than
those predicted by MSIS, while in September 1987, also
equinox solar cycle minimum, the data and MSIS model
temperatures were essentially the same. Clearly, the dis-
crepancy between temperature measurements and the model
predictions is an outstanding problem.

The large observed neutral temperature (relative to the
models) is consistent with observations of the integrated

brightness of the 630 nm oxygen airglow measured indepen-
dently by the BU imager and by the FPI which are shown in
Fig. 3b. These airglow measurements provide an extremely
sensitive test for magnitudes of neutral and plasma densities,
reaction rates, and transport effects, with high signal-to-noise
ratios on the bottomside of the F region. The BU imager data
represent an average over 15 nights in October 1996 and the
FPI data over 13 nights. The airglow measurements are in-
dicated by the thick curves and are in reasonable agreement
given the uncertainties in their absolute calibration. The thin
curves show the TIEGCM predictions: the thin solid curve
is the standard October solar minimum simulation; the dot-
ted curve shows the results with enhanced EUV which gives
a better representation of the data although it decreases too
rapidly with time.

For the ionosphere, the fundamental comparison is for
Nmax and Amax. Observations from the ISR and the digisonde
for October 1996 are shown in Fig. 4, along with the model
results. Predictions from IRI are shown by the thick solid
curve, from the digisonde by the thick broken curve, from
the ISR by the crosses, and from the TIEGCM by the thin
curves. Although the ability of the IRI to represent the
low-latitude ionosphere is sometimes questioned, Abdu et
al. (1998) and Szuszczewicz et al. (1990) found that IRI
generally provided very good representation of 7max in the
equatorial region when compared with global datasets ob-
tained during SUNDIAL campaigns (e.g., Szuszczewicz et
al., 1988); comparisons of simax were less satisfying although
still reasonable. Of particular interest for this paper is that
SUNDIAL included campaigns for October solar cycle min-
imum, the geophysical conditions of interest here, and for
these campaigns IRI and the measurements were found to
be in reasonable agreement. Turning to results shown in Fig.
4, in the daytime, the TIEGCM nmax are smaller than those
predicted by IRI and measured by the digisonde and ISR by
up to 40%; the agreement with IRI and the digisonde tends
to be better from 22 to 06 LT. Before 18 LT, the enhanced
EUV simulation best agrees with the datasets; after 22 LT,
the standard run is a better representation of the IRI and ob-
served densities. For Amax, there are discrepancies between
the two instruments, between the two models, and between
the data and the models. The two models generally pre-
dict higher Amax than the instruments to about 20 LT, with
TIEGCM predicting the largest heights. After 22 LT, there
are significant differences among all the curves for Amax.

Sample altitude profiles are shown in Fig. 5 for N, T¢,and
T;. Profiles are shown at 03, 09, 15, and 21 LT to illustrate the
variety of possible results. The IRI and TIEGCM simulations
are shown by the thick curves. Note that above the F peak,
the digisonde measurements are fit to a Chapman profile and
this extrapolation is what is plotted in the figure. The ISR
measurements are shown by crosses. The diamonds show
digisonde measurements of N. made on the same day as the
ISR measurements; digisonde data were not available at all
local times. The monthly mean of the digisonde observations
for October 1996 is indicated by the dot—dash curve. Note
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Fig. 4. Comparisons of Nmax and /max at Jicamarca. Thick curve, IRI; broken curve, digisonde data; crosses, ISR measurements. Thin
curves, TIEGCM: solid: standard; dotted, big tide; dashed, enhanced EUV.

that at night, the algorithms for ISR data analysis assume
that T, = T}; further, the effect of electron coulomb collisions
are ignored which results in possible underestimation of 7¢
(Sulzer and Gonzalez, 1999). The TIEGCM and IRI often
agree with each other very well (e.g., at 03 LT for N. and
Ti) but not necessarily with the datasets which can also
exhibit discrepancies: at 03 LT, for N., the digisonde daily
observations and those from the ISR differ by an order of
magnitude. This panel also shows that the digisonde-derived
monthly mean N, can differ substantially from data on a
particular day. For N, in general, TIEGCM tends to predict
smaller densities than IRI; above 200 km, the agreement is
generally better than a factor of two.

Comparisons for 7. and 7; are shown in Figs. 5b and
Sc, respectively. For 7., TIEGCM and IRI typically agree
within 20%; largest discrepancies occur near the location of
the daytime peak which tends to occur at higher altitudes in
IRI and is narrower than in TIEGCM. Both models appear
to overestimate the 7. observations in general but, as men-
tioned earlier, these may be too small. For 7, the agreement
between IRI and TIEGCM is generally within 60 K or 10%.
This is because TIEGCM has been tuned to MSIS, and MSIS
is used in IRI to simulate the neutral temperatures which
are identical to 7; during nighttime. However, there can be
substantial disagreement with observations, e.g., at 03 LT.

As mentioned earlier, comparisons were also made for
other parameters but space constraints preclude presenting
the relevant figures here. The model/data agreement can be
qualitatively described as follows:

Good to excellent agreement is found for Ne, T., Ti, verti-
cal drifts, and nmax. The model vertical drifts strongly depend
on the semidiurnal tides. For nmax, the model/data agreement
improves if larger EUV fluxes are used in the model.

Fair-to-good agreement is found for /imax, the zonal winds
and drifts, and the 630 nm airglow. In the model, the daytime
zonal drifts are very sensitive to the tidal input at the lower
boundary.

Poor agreement is found for 7, and the meridional winds.
In particular, the neutral temperatures in both MSIS and
TIEGCM are too cold by > 100 K relative to the observa-
tions.

Since the neutral composition is not measured, the model
performance in this area is unknown.

The obvious question is what is needed to model the
low-latitude atmosphere and ionosphere more realistically.
Assuming that the physics and chemistry in the models are
correct (a point discussed further later), and that the time
and space scales being investigated are appropriate to the
particular model, the options in self-consistent models such
as the TIEGCM and the CTIP are limited to adjusting model
inputs and the model boundary conditions. Specifically, the
possibilities involve the (1) high-latitude forcings; (2) upper
boundary conditions; and (3) lower boundary conditions.
Each of these is discussed briefly below.

The high-latitude forcings are the energy and momen-
tum inputs associated with the Joule heating and magneto-
spheric convection that occur in and near the auroral oval. In
the TIEGCM, the relevant parameterizations are the hemi-
spheric power and the cross-polar-cap potential which are
used to define the location and half-width of the auroral
oval and the amount of energy being deposited into it. The
standard inputs to the model for these two parameters oc-
cur in pairs and are listed in Table 1, along with a rough
estimate of the corresponding K, level. However, such a
parameterization neglects much of the small-scale structure
at high latitudes, particularly in the electric field, which can
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Fig. 5. Observations and model predictions for Jicamarca for October during solar cycle minimum. See text for details.
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Table 1
Auroral input parameters
H. power (gW): 2 3 5 7 11 16 23 33 48 82 115
Potential (kV): 20 30 40 50 60 70 80 90 100 115 130
Rough K p: 0 1 2 3 4 5 6
cause ion drag and Joule heating in localized regions smaller Table 2
than the grid size used in general circulation models such O flux at upper boundary (em— s~ )
as the TIEGCM and CTIP which results in an underesti- Day Night
mate of the energy and momentum inputs at high latitudes
(Codrescu et al., 1995). The effect is important because, as +1.5 x 108 —1.5%x 108
first noted by Dickinson et al. (1975), the heating driven by +3.0 x 108 —3.0 x 10°
—9.0 x 108 —3.0 x 108

the high-latitude forcings is an important element in global
energy balance of the atmosphere and must be included in
the thermospheric energy budget even during geomagneti-
cally quiet conditions. The model neutral temperature and
composition, in particular, are strongly dependent on the
specification of the high latitudes. Codrescu et al. (1995)
suggested a multiplicative factor be applied to the Joule heat-
ing in the models to account for the underestimate. By trial
and error, it was determined that using inputs of 16 gW for
hemispheric power and 45 kV for cross polar cap potential
resulted in a global and zonal mean neutral atmosphere in
good agreement with MSIS. Away from the poles, the ion-
ized atmosphere is relatively insensitive to the representa-
tion of the auroral region. Earlier investigations by Fesen
(1997) showed that changes in the high latitude forcing af-
fected nmax and hmax at low latitudes on the order of 10%.

The effect of the upper boundary condition on the
model atmosphere has been relatively little explored in the
TIEGCM. One of the boundary conditions is the flux of
O* which can have substantial impact on the ionosphere
(e.g., Park and Banks, 1974). The flux is generally consid-
ered to be upward by day and downwards at night; typical
values are on the order of 108 cm™> s™!. In the TIEGCM,
the flux is usually specified by two numbers representing
the daytime flux and the nighttime flux. Further, the flux
is assumed invariant with longitude; it varies sinusoidally
with geographic latitude from zero at the equator to a max-
imum at 60° latitude above which it is constant. It is also
invariant with local time, save for distinguishing between
daytime and nighttime. Here, attention is focused on just
three of the test cases performed, which differed from each
other only in the O flux specified at the model upper
boundary; the inputs for these three cases are listed in
Table 2.

The resulting global mean electron density and electron
and ion temperatures are shown in Fig. 6. The typical
fluxes of +:1.5-3.0 x 10® cm =3 s~! produce a significant un-
derestimate of N, which causes the model T, to be much
larger than predicted by IRI. Downward fluxes are needed
to produce good agreement with the empirical IRI electron
densities.

+ Indicates upward flux; — downward flux.

The effects of the O" flux on nmax and Amax at Jicamarca
are indicated in Fig. 7, along with the predictions from IRI.
The “standard” flux of 1.5 x 10% cm™ s~ results in an
underestimate of both 7m,x and Ama.x in the TIEGCM; in-
creasing both the day and night fluxes causes the agreement
to deteriorate. Best agreement for nmax occurs using fluxes
that are downward in both day and night. However, the
agreement for smax remains poor and is generally worst in
daytime for the fluxes that are always downward.

The lower boundary of the TIEGCM includes the param-
eterization of propagating tidal waves including the 2,2; 2,3;
2,4;2,5; and 2,6 semidiurnal modes and the 1,1 diurnal tide.
The effect of the tides at the lower boundary on the modeled
Nmax and Amax Was reported by Fesen (1997): changes to 7max
and /max were on the order of 10—20% during the day and up
to 40% at night, depending on latitude. The various atmo-
spheric species must also be specified at the lower boundary,
either as densities or mass mixing ratios or via a flux condi-
tion but these will not be discussed here. The focus is on how
the tides and the electron densities near the lower boundary
affect the electrodynamics. Results are presented in Fig. 8
which shows the ion drifts near the magnetic equator, both
calculated and observed, and how they respond to some test
cases. The thick curves show the averaged equinox solar cy-
cle minimum drifts as assembled by Fejer et al. (1991); the
vertical drifts are typically upwards by day and downwards
at night, with an enhancement in the upward drift, the PRE,
before it reverses direction near sunset. The zonal drifts are
generally westward by day and eastward at night with largest
eastward drifts dependent on the magnitude of the PRE in
the vertical ion drifts. The sensitivity study to investigate
the effects of the £ region electron densities on the PRE
was done by varying the specification of N; near the model
lower boundary which affects the densities throughout the E
region; some of the results are presented in Fig. 8a, which
plots the electron densities near 125 km, near the peak of
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the Pedersen conductivity. The figure suggests that, in the
model ionosphere, the nighttime £ region electron density
determines whether the PRE develops. As the electron den-
sity decreases, the PRE becomes stronger which affects the
zonal ion drifts near 20 LT, causing them to become more
like the observations. The effects of altering the E region
electron density, however, are limited to the nighttime and
thus do nothing to ameliorate the underestimate of the day-
time vertical drifts in the model. The model daytime drifts
were found to be affected most strongly by the 2,2 semidi-

urnal tide, as shown in Fig. 8b. As the amplitude increases,
the daytime drifts increase. It was found that increasing the
2,2 amplitude to a value roughly three times that suggested
by Forbes and Vial (1989) for equinox provided the best
agreement with the ISR observations, as first reported by
Fesen et al. (2000). The increased 2,2 amplitude would help
ameliorate the underestimate of the semidiurnal tides in the
lower thermosphere that was noted in the Introduction. The
slight phase difference in the time of the daytime maximum
could be resolved by changing the phase of the 2,2 mode.
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Whether the observed daytime drifts can be used to infer
information on the semidiurnal tides is an intriguing possi-
bility that should be investigated further.

4. Summary and discussion

The low-latitude ionosphere has been relatively little
explored in terms of large-scale self-consistent theoretical
models. Comparisons between data obtained in and around
Jicamarca, Peru, near the magnetic equator, and simulations
with the NCAR TIEGCM indicate good progress has been
made but reveal some serious discrepancies. The most im-
portant discrepancy is in the simulated neutral temperature,
which is at least 100 K too cold relative to FPI observations.
Interestingly, increasing the EUV fluxes in the TIEGCM
to improve the prediction of the temperature also improves
the representation of airglow observations and the iono-
sphere, for which the TIEGCM typically underrepresents
the electron densities.

The discrepancy in neutral temperature is also present
in comparisons with the empirical model MSIS which rep-
resents the largest database of thermospheric temperature
measurements. Very few ground-based measurements at low
latitudes were available for inclusion in the empirical mod-
els; much of the data for this region arises from satellites
such as the Orbiting Geophysical Observatory (OGO), Dy-
namics Explorer (DE), Atmosphere Explorer (AE), and San
Marco. If the spacecraft are polar-orbiting, as were DE and
AE-C, there is limited local time coverage, and this is typi-
cally aliased with the seasonal coverage. AE-E and the San
Marco satellites were equator-orbiting but AE-E measure-
ments were largely made at solar maximum and at high al-

titudes while San Marco was relatively short lived. Extrap-
olation must be made to the conditions that are the focus of
this paper: solar minimum and at lower altitudes. A separate
issue is the fact that all the data in MSIS are from previous
epochs of the solar cycle. The question of variability in the
atmosphere and on what time scales is still very much an
open question. For all these reasons, it is not clear how accu-
rately, or indeed whether, the empirical models can represent
current low-latitude atmosphere/ionosphere measurements.
It is obvious that the practice of “tuning” theoretical models
to empirical models, as was done here with the TIEGCM,
should be further investigated.

The specification of the O" fluxes in the model runs pre-
sented here were downward at all times. While the plasma
flows are typically expected to be upwards by day and down-
wards at night, these flows are generally ascribed to alti-
tudes higher than those in the simulations here. Recall that
the model upper boundary for these solar minimum condi-
tions is only near 400—500 km, which does not represent the
topside ionosphere. Evans (1975) found that the flux can
change sign at some “transition” level, near 550 km; below
this level, ions move downwards due to gravity. At altitudes
near 300—400 km, drifts that are upwards and outwards near
the equator during the day imply downward velocities at
latitudes off the equator, consistent with the specification of
the O™ flux in the model runs reported here. Simulations of
the O™ flux by the field-line interhemispheric plasma model
(e.g., Richards and Torr, 1988), reported by Szuszczewicz et
al. (1996), suggest that the flux varies substantially with lo-
cal time and latitude, unlike the parameterization used here.
Since the O" flows can have a marked effect on 7max (e.g.,
Sica et al., 1990), and since examination of the suite of
TIEGCM simulations indicates that the zonal mean #nmax is
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typically underestimated, further sensitivity studies with the
TIEGCM using more realistic O* fluxes appear promising
to help alleviate some of the model/data discrepancies.

As noted above, at solar cycle minimum, the upper
boundary of the TIEGCM is at relatively low heights (400
—500 km) since the model is formulated in pressure levels,
the altitudes of which vary with solar activity. The model
also does not solve for H' densities which may be sig-
nificant at high altitudes near solar cycle minimum (e.g.,
Burnside et al., 1988). Both these shortcomings will affect
simulation of the model ionosphere and possible methods
to ameliorate these shortcomings are being investigated.

Other parameters that can affect the neutral temperature
and ionospheric density in the model include the OO colli-
sion frequency, the EUV forcing, small-scale electric fields,
and the heating efficiency of photoionization. The possible
importance of small-scale electric fields at high latitudes on
the global energy input was mentioned in Section 3. The
0*-0 collision frequency is the dominant factor governing
the energy transfer between solar radiation and the thermo-

sphere. As noted by Oliver and Glotfelty (1996), it deter-
mines the location of Amax and thereby the density of the
charged particles. Burnside et al. (1987) recommended a
value of 1.7 times the value calculated by Banks (1966);
more recent work has suggested reducing the factor to 1.25
(Pesnell, 1993); 1.15 (Buonsanto et al., 1997), and 0.75
(Oliver and Glotfelty, 1996). A value of 1.5 was used in
the TIEGCM simulations reported here. Oliver and Glot-
felty (1996) found that atomic oxygen densities inferred
from radar measurements often exhibited episodic depar-
tures from MSIS predictions by up to 50% which could last
for months. This point is important for analysis of campaign
results if MSIS is used in the data reduction.

The EUV forcing in the model is typically represented
by photon fluxes in a finite number of wavelength inter-
vals. Since the fluxes vary greatly with wavelength, the so-
lar rotation period, and the solar cycle, parameterizing the
fluxes realistically is difficult. A separate issue is the rela-
tive paucity of data on the solar fluxes, particularly for the
most recent solar cycle.
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Once absorbed, the solar energy can heat, ionize, or disso-
ciate atmospheric or ionospheric constituents. The TIEGCM
uses a heating efficiency to parameterize the heating due to
the solar EUV radiation, defined as the ratio of the heat di-
rectly deposited via fast atomic processes to the solar energy
input at a given location. This is a simplified approach to es-
timating the neutral gas heating resulting from absorption of
solar radiation. Since the EUV fluxes themselves are uncer-
tain, variations of at least 10—20% in the heating efficiency
are not unreasonable.

Better knowledge of the electron densities, particularly at
night and at low altitudes, are necessary to make progress in
understanding low-latitude electrodynamics, especially for
the ion drifts. Since the neutral and ionized atmospheres
are tightly coupled at low latitudes, simultaneous measure-
ments of the neutral winds would be extremely useful in
the electrodynamics investigations. Since the high altitude
flux of O is a major unknown which has significant impact
on the model simulations, detailed knowledge of the fluxes,
including the seasonal and solar cycle variation, would be
valuable.

Several years ago, Anderson et al. (1998) reported the re-
sults of a project to simulate the middle-latitude ionosphere.
The models CTIM, TIEGCM, and FLIP, along with the
global time-dependent F region model based on that of An-
derson (1973) and the Utah State University time-dependent
ionosphere model (e.g., Schunk, 1988) were challenged to
predict 7imax and Amax observations from Millstone Hill dur-
ing winter and summer for solar cycle minimum and max-
imum. As part of the ensuing collaboration, the modelers
strove to ensure that the models were consistent; i.e., that
each model used the same parameterizations, reaction rates,
O"-0 collision frequency, diffusion rates, etc. A similar ef-
fort focused on low latitudes promises to be both illuminat-
ing and productive.
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