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Abstract

Thermospheric neutral density and composition, particularly the ratio of atomic oxygen
to molecular nitrogen (O/N,), exhibit a strong seasonal variation, with maxima near the
equinoxes, a primary minimum during northern hemisphere summer, and a secondary minimum
during southern hemisphere summer. The seasonal variation in density has long been observed in
satellite drag data, and the composition changes are evident in measurements by the Global
Ultraviolet Imager (GUVI) instrument on the TIMED satellite. This annual/semiannual pattern of
thermospheric variation is described by thermospheric empirical models such as the Jacchia and
MSIS models. However, the mechanisms are not well understood. The annual insolation
variation due to the Sun-Earth distance can cause an annual variation; large-scale inter-
hemispheric circulation is considered to cause a global semiannual variation in composition and
neutral density; and variation in geomagnetic activity can also have a small contribution to the
semiannual amplitude. However, simulations by the NCAR Thermosphere-lonosphere-
Electrodynamics General Circulation Model (TIE-GCM) indicate that these seasonal effects do
not fully account for the observed annual/semiannual amplitude in neutral density and
composition, primarily due to the lack of a minimum during northern hemisphere summer. A
candidate for causing this variation is change in atomic/molecular composition, driven by eddy
mixing at the mesopause and in the lower thermosphere. Other observations and model studies
suggest that eddy diffusion in the mesopause region has a strong seasonal variation, with eddy
diffusion larger during solstices than equinoxes, and stronger turbulence in summer than in
winter. Increased mixing reduces atomic oxygen in the lower thermosphere by increasing its
downward flux, and reduction in the O/N; ratio in turn reduces density due to the difference in
scale height between the two main thermospheric constituents. A seasonal variation of eddy
diffusion compatible with this description is obtained based on model sensitivity studies and
satellite drag data. Simulations show that when this function is imposed at the lower boundary of
the TIE-GCM, neutral density variation consistent with satellite drag data, and column O/N;
variation consistent with measurements by TIMED/GUVI, are obtained. These model-data
comparisons and analyses indicate that transmission of turbulent mixing from the lower
atmosphere may contribute to seasonal variation in the thermosphere, particularly the asymmetry
between solstices that cannot be explained by other mechanisms.

1. Introduction

An important goal for numerical and empirical modeling of the thermosphere-ionosphere
system is to obtain accurate descriptions of thermospheric density in response to solar irradiance
variation and magnetospheric activity, because of the changes in satellite orbits induced by
atmospheric drag. Between the time-scales of the 11-year solar cycle and episodic solar and
geomagnetic events, it is important to fully characterize the seasonal behavior of the
thermosphere, both in regard to its spatial distribution of density and composition, and its global
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mean behavior. Although these seasonal changes have been observed for decades using a variety
of measurements, there is surprisingly little convergence on a full theoretical understanding of
the causes.

The annual thermospheric density variation was first observed by Paetzold and Zschérner
[1961] through analysis of satellite drag data. They found that neutral density has a minimum
from May to August and a broad maximum during the rest of the year with a secondary
minimum near January. The magnitude of the annual minimum to maximum variation is more
than 100%. Using harmonic analysis, they further found that the annual variation is a semiannual
variation superimposed on an annual variation, and the ratio of the amplitude of the annual to
semiannual variation is 3:2. Since this amplitude is too large to be explained by the annual
insolation variation due to the Sun-Earth distance, they suggested that the annual and semiannual
variation could be caused by interaction of the terrestrial upper atmosphere with interplanetary
matter. This pattern of neutral density is often referred to as semiannual density variation, despite
the dominance of the annual term. In this work, we refer to this pattern of density variation as
“annual/semiannual” or “seasonal” and use the term “semiannual” to refer specifically to the
semiannual component.

Jacchia [1965] represented annual/semiannual density variation with temperature
functions in his 1965 thermospheric empirical density model (J65). However, difficulty arose
when the J65 annual/semiannual density variation showed a large discrepancy with drag data
from satellites having altitudes beyond the range of 250 km to 600 km [Cook, 1967; Cook, 1969],
the altitude range of data upon which J65 was based. Jacchia [1971] then reappraised the J65
model’s approach to annual/semiannual density variation and suggested that it can be represented
as a pure density variation with amplitude as a function of height. The annual/semiannual density
variation employed in the Jacchia model shows maxima in April and October, a primary
minimum in July, and a secondary minimum in January.

The MSIS series of models [Hedin, et al., 1977a; Hedin, et al., 1977b; Hedin, 1983, 1987,
1991; Picone et al., 2002] represent annual/semiannual density variation with a combined
contribution from temperature and composition variation. The composition function is imposed
at 120 km and propagates to the upper thermosphere through molecular diffusion. Composition
has a strong effect on density in the upper thermosphere because of the difference in scale height
between the two principal thermospheric constituents, atomic oxygen and molecular nitrogen.
Reduction in their ratio (O/N;) leads to reduction in thermospheric density because N, declines
with altitude much more rapidly than O.

Bowman [2004a] analyzed drag data from 13 satellites with perigee heights between 200
km and 1100 km to characterize the annual/semiannual density variation from 1970-2002. The
satellites have either moderate eccentric orbits or nearly circular orbits, and have a variety of
inclinations. He found that both the phase and amplitude of the annual/semiannual density
variation change from year to year, with more complicated phase variation under high solar
activity conditions. The amplitude increases with altitude from 200 km to ~800 km and then
declines at higher altitudes. The amplitude variability with solar activity is small for low-earth
orbit satellites, i.e., near 400 km, but the amplitude increases with solar activity at greater
altitudes, and the amplitude can range between ~ 30% to as much as ~ 250%, depending on
altitude and solar activity.

Empirical models can reproduce the annual/semiannual density variation, but
mechanisms for the variation are not addressed. The annual 7% variation of insolation of due to
variation of the Sun-Earth distance can result in an annual asymmetry, with terrestrial perihelion
and hence a maximum in irradiance during January, but Paetzold and Zschorner [1961] found
that the resulting amplitude is too small compared to what was observed by satellite drag data.
Walterscheid [1982] suggested that there is a globally averaged temperature variation between



solstice and equinox due to stronger geomagnetic activity at equinoxes than solstices. However,
the semiannual variation in geomagnetic activity is too small [Detman, 1996] to account for the
large semiannual amplitude in density variation, especially during solar minimum when the
seasonal effects are particularly apparent. The detection of composition anomalies, such as
winter bulges of light species in the thermosphere [Hedin et al., 1974; Jacchia, 1974; Potter,
1977] and the depletion of O and He at high latitude during magnetic storms [Taeusch et al.,
1971; Jacchia et al., 1976, 1977; Prolss, 1977], prompted attribution of latitudinal and seasonal
variations in composition to large-scale inter-hemispheric circulation induced by the latitudinal
gradient of heating by solar irradiance and geomagnetic storms [Johnson and Gottlieb, 1970;
Mayr and Volland, 1971, 1972; Mayr et al., 1978]. Fuller-Rowell [1998] further proposed that
large-scale inter-hemispheric circulation is a mechanism for global semiannual density variation.
Model simulations show that the large-scale inter-hemispheric circulation acts as a
“thermospheric spoon” to mix the atmosphere. Since the circulation is stronger during solstice
seasons due to the stronger difference in radiative forcing between the two hemispheres, it causes
a global semiannual variation in neutral density with maxima during equinox seasons and
minima during solstices. None of these can explain the annual term in density variation.

The annual/semiannual variation also exists in the ionosphere. The annual/semiannual
variation in ratio of atomic oxygen to molecular nitrogen O/N; has been considered as a cause of
similar variation in NynF», the peak electron density of F; layer [Rishbeth et al., 1999; Rishbeth et
al., 2000a,b]. Mendillo et al. [2002] found that composition change is related to the seasonal
variation in NyF, but that temperature variation has a more significant influence on the F,-layer
height hyF2, and Mendillo et al. [2005] compared the annual (June/December) asymmetry in
total electron content to O/N, asymmetry, identifying a possible relationship but finding that the
ionospheric asymmetry is larger. Zeng et al. [2008] were able to explain the ionospheric behavior
as a combination of Sun-Earth distance and dipole tilt, but Rishbeth and Muller-Wodarg [2006]
further evaluate the annual asymmetry of NnF,, evaluate and rule out most of the known
candidates, and conclude that some other processes, possibly due to lower atmosphere effects,
must be implicated. Other efforts to explain neutral density variation in terms of lower
atmospheric processes suggest changes in turbopause height [Shimazaki, 1971; Chandra and
Sinha, 1974; Schuchardt and Blum, 1977]. Nevertheless, this mechanism remains speculative
due to the lack of understanding of eddy diffusion at the mesopause and the effect of eddy
diffusion on the thermosphere.

The purpose of this study is to investigate mechanisms of seasonal variation in the upper
atmosphere. The NCAR Thermosphere-lonosphere-Electrodynamics General Circulation Model
(TIE-GCM), satellite drag derived thermospheric neutral density data, and neutral composition
data observed by the Global Ultraviolet Imager (GUVI) aboard the Thermosphere-lonosphere-
Mesosphere Energetics and Dynamics (TIMED) satellite were used for this study. The TIE-
GCM solves the coupled thermosphere/ionosphere continuity, momentum, and energy equations
self-consistently. It accounts for annual/semiannual forcing in the thermosphere and the
ionosphere including the annual insolation variation, the semiannual “thermospheric spoon”
effect, and the semiannual geomagnetic activity effect. However, through comparisons of model
results to satellite drag data and neutral composition data, we found that the model produced
much weaker annual/semiannual amplitude than observations, primarily due to lack of the July
minimum in neutral density and composition. We thus examine lower atmospheric forcing that
may drive the annual/semiannual variations in the thermosphere. Our basic hypothesis is that
seasonal differences in gravity wave breaking cause systematic variation in eddy diffusion,
which changes thermospheric composition by changing the rate at which atomic oxygen is
removed from the lower thermosphere. Increased eddy diffusion reduces O/N,, which in turn
reduces neutral density throughout the thermosphere, because atomic oxygen declines with



altitude much more slowly than molecular nitrogen due to its greater scale height. Section 2
introduces the NCAR TIE-GCM. Section 3 describes the data used in this study, including the
TIMED Solar EUV Experiment (SEE) data that were used as solar forcing for the TIE-GCM, the
satellite drag-derived neutral density data, and the TIMED/GUVI composition data. Section 4
shows comparisons of the TIE-GCM simulations to observations of neutral density and
composition that indicate much weaker annual/semiannual amplitudes in the TIE-GCM
simulations. Section 5 investigates effects of gravity-wave breaking induced circulation and eddy
diffusivity on thermospheric composition, temperature, and neutral density. Section 6 gives
evidence to support the idea that eddy diffusion is a plausible mechanism through which the
lower atmosphere causes annual/semiannual variations in the thermosphere. Section 7 concludes
this study and provides some discussion.

2. Model Description

The TIE-GCM is a first-principles upper atmospheric general circulation model that
solves the Eulerian continuity, momentum, and energy equations for the coupled
thermosphere/ionosphere system. It utilizes a spherical coordinate system fixed with respect to
the rotating Earth, with latitude and longitude as the horizontal coordinates and pressure surfaces
as the vertical coordinate. The pressure interfaces are defined as z=In(Po/P), where Py is a
reference pressure of 5x10™* ub. The vertical range of the pressure interfaces is from -7 to 7,
and thus covers altitude range about 97-600 km depending on solar activity. The vertical
resolution is 2 model grids per pressure scale height; the horizontal resolution is 5° latitude by 5°
longitude, and the model time step is about 3 minutes. Output of the model are neutral, electron,
and ion temperature; winds; concentrations of major species O, O,, and N; concentrations of
minor species N(*S), N(?°D), NO; concentrations of ions O*,0,, N,*, N*, NO*; electron density;
and geopotential heights of pressure interfaces. Primary references for the NCAR upper
atmospheric models include: Dickinson et al. [1981], Dickinson et al. [1984], Roble et al. [1982],
Roble and Ridley [1987], Roble et al. [1987], Roble et al. [1988], Richmond et al. [1992], Roble
and Ridley [1994], Roble [1995], and Richmond [1995]. TIE-GCM v. 1.82 is used in this study.

The external forcings of the TIE-GCM are solar irradiance, mainly in the extreme
ultraviolet (EUV) and ultraviolet (UV) regions; geomagnetic energy input in the form of auroral
energetic particle precipitation and ionospheric convection driven by the magnetosphere-
ionosphere current system; perturbation at the lower boundary of the model by waves
representing the interaction between the thermosphere/ionosphere system and lower atmosphere
processes; and a specified upward or downward plasma flux at the upper boundary representing
the interaction of the system with the plasmasphere. In this study, TIMED/SEE solar spectral
irradiance measurements [Woods et al., 2005] were used as solar input when available, and the
EUVAC solar proxy model [Richards et al., 1994] was used as solar input when the SEE
measurements were not available. lonospheric convection driven by the magnetosphere-
ionosphere current system is specified by the empirical model of Heelis et al. [1982]. The auroral
particle precipitation and its ionization and dissociation are calculated by an analytical auroral
model described by Roble and Ridley [1987] but updated to approximate the hemispheric power
estimates of Zhang and Paxton [2008]. These magnetospheric energy inputs are scaled using the
three-hour planetary K index (Kp). The migrating semi-diurnal and diurnal tides are specified at
the lower boundary using the Global Scale Wave Model (GSWM) [Hagan and Forbes, 2002,
2003]. The effect of gravity wave breaking in the mesosphere-lower-thermosphere (MLT) region
is included by specifying a constant eddy diffusivity at the lower boundary that declines with
altitude. Effects of planetary waves and non-migrating tides are not considered.



3. Data

Data used in this study include the TIMED/SEE solar spectral irradiance measurements,
satellite drag derived neutral density data, and the TIMED/GUVI composition data.

The TIMED/SEE measures solar spectral irradiance from 0.1-194 nm [Woods et al.,
2005]. The TIMED satellite was launched on 7 December 2001, and normal operations began on
22 January 2002. The TIMED satellite has a circular polar orbit with altitude 630 km and an
inclination of 74.1°. The satellite circles the earth 15-16 times a day and each orbit takes
approximately 97 minutes. The SEE instruments measure solar spectral irradiance for three
minutes per orbit. SEE consists of two channels: the EUV Grating Spectrograph (EGS) covers
wavelengths from 27-194 nm with a spectral resolution of 0.4 nm, and the X-ray Photometer
System (XPS) component covers wavelengths from 0.1-34 nm using broad-band photometers.
The data used in this study are SEE version 8, level 3.

The neutral density data used in this study are daily-averaged neutral density at satellite
perigee locations derived from five low-earth orbiting satellites, for 2002 to 2006. The five
satellites are spherical objects with similar moderately eccentric orbits. The average perigee
altitudes of the satellites are between 380 km and 430 km, and the average apogee altitudes are
between 1300 km and 1650 km. The satellite perigees scan approximately three latitude cycles
and five local time cycles in a year. The thermospheric neutral density at satellite perigees were
calculated using a method developed by Bowman et al. [2004b], with errors within 2—4%.

Panel (a) of figure 1 shows the daily-averaged neutral density at perigees for satellite
#12388, from 2002 to 2006. Panel (b) of figure 1 gives corresponding solar activity index Fig7
index and geomagnetic A, index. The density in figure 1 is a composite of density variations with
time-scales from hours to decades and variations with geophysical locations due to variation in
satellite perigee latitudes and altitudes. The density follows the overall morphology of the Fi7
index, such as solar-rotational variation and solar-cycle variation. This indicates that solar
irradiance is the main forcing of thermospheric neutral density. Accompanying the overall
variation with solar irradiance are impulsive variations with geomagnetic forcing. This is evident
by observing the spikes in density and the spikes of geomagnetic A, index. Annual/semiannual
density variation can be identified, with a minimum around July, a secondary minimum in
January, and maximum near equinoxes. Other variations not evident but included in Panel (a) of
figure 1 are the diurnal variation as perigee local time changes, latitudinal variation as perigee
latitude varies between the southern hemisphere and the northern hemisphere, variation with
height as perigee altitude varies between 385 km and 415 km due to the Earth’s oblate shape, and
a global change due to increase of greenhouse gases [Roble and Dickinson, 1989; Keating, 2000;
Emmert at al., 2004a, b; Marcos et al., 2005; Qian et al., 2006].

The TIMED/GUVI measures the Earth’s far ultraviolet (FUV) airglow in the spectral
range from 120 to 180 nm [Christensen, et al., 2003]. It obtains images in five wavelength
channels. These images are used to derive dayside composition, temperature, solar EUV flux,
large-scale wave structure, and auroral processes. GUVI data are available from 2002 to present.
In this study, we used GUVI disk measurements of column O/N,, a level-3 product from the
GUVI data base. The sunlit disk emission measurements of two of the five channels, the atomic
oxygen emission at 135.6 nm (Ol 135.6 nm) and N, LBH molecular bands (141 to 153 nm), are
used to derive column number density ratio O/N, above an altitude where the N, column density
is 10'" cm™ (approximately 140 km) [Strickland et al., 2004; Zhang et al., 2004]. The locations
corresponding to the GUVI measurements were selected from TIE-GCM model output, and the
model column density ratios above the altitude where N column number density is 10'" cm™
were calculated and compared to the GUVI O/N..



4. Model Simulations of Density and Composition Variations

TIE-GCM simulations of neutral density were compared to neutral density data derived
from satellite drag data of five satellites to investigate numerical model capability in simulating
neutral density and its variations. The TIE-GCM was run using TIMED/SEE measurements as
solar input, from 2002 through 2006, except for the first 38 days of 2002, before SEE began
routine operations, when EUVAC was used as solar input. The method described by Solomon
and Qian [2005] was employed to calculate direct solar and photoelectron effects within the
model. Daily-averaged neutral density of the TIE-GCM simulations were calculated at perigee
locations (altitude, latitude, and solar local time) of each satellite, and ratios of the TIE-GCM
simulated density to satellite drag-derived density were calculated and shown in figure 2 for all
five satellites. The ratios in figure 2 show a consistent seasonal pattern of disagreement between
the model simulation and the data, especially during the July minimum period of neutral density.
The model significantly overestimated the neutral density during this July minimum period and
thus significantly underestimated the annual/semiannual amplitude observed by satellite drag
data. This annual/semiannual pattern is true for all the five years and for all five satellites.
Considering all the density variations embedded in panel (a) of figure 1, the pattern in figure 2
suggests that the TIE-GCM model simulated important variations such as solar-cycle, solar-
rotational, and geomagnetic variation very well, but did not replicate the seasonal variation.

The lack of annual/semiannual amplitude in TIE-GCM simulations was further examined
using TIMED/GUVI composition data. Daily-averaged column number density ratios O/N;, were
selected for the equatorial area (15°S to 15°N) and noon sector (10:30 am to 1:30 pm) from
GUVI. The corresponding O/N, was also obtained for the TIE-GCM the same way as those for
GUVI, i.e., referenced at altitude where N, column number density is 1x10' cm? for each
model point corresponding to satellite locations (latitude, solar local time) for each day. Figure 3
compares the column number density ratio for the GUVI and the TIE-GCM from 2002 to 2006.
The GUVI O/N; has an annual/semiannual variation consistent with the annual/semiannual
variation of satellite drag-derived neutral density, with minimum around July, a secondary
minimum around January, and maximums during equinoxes. However, the annual/semiannual
amplitude of TIE-GCM O/N; is also much weaker than that observed by GUVI, similar to the
situation with model-data comparison of neutral density.

It is necessary to examine the sources of the significant disagreement of seasonal
variation between the model and the data. The TIE-GCM model solves upper atmospheric
chemistry, dynamics, and electrodynamics self consistently. It does produce annual/semiannual
variation in thermospheric parameters, for example, an annual variation due to annual insolation
variation caused by the annual Sun-Earth distance variation and a global semiannual variation
due to the “thermospheric spoon” effect [Fuller-Rowell, 1998]. Figure 4 shows TIE-GCM
simulated global mean O/N,, temperature, and neutral density at 400 km. In order to emphasize
seasonal variation, the model was run under constant solar activity (solar maximum) and
constant geomagnetic activity (geomagnetic quiet) conditions.

Panel (a) of figure 4 shows the “thermospheric spoon” effect simulated by the TIE-GCM.
Stronger mixing of the atmosphere during solstices causes less diffusive separation and smaller
neutral density scale height, and thus lower neutral density. Near the equinoxes, the inter-
hemisphere circulation is much weaker because solar heating is evenly distributed on the two
hemispheres. Neutral species are more diffusively separated, and neutral density is larger due to
larger scale height. A semiannual variation in O/N; is generated by the inter-hemispheric large
circulation.

The Earth’s orbit has an eccentricity of 0.017. The Earth reaches its perihelion in early
January, and passes through aphelion at the beginning of July. Due to the orbital eccentricity, the
insolation is 7% larger in January than in July. Model sensitivity studies were conducted to
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investigate effect of the annual insolation variation on thermospheric parameters. Model
sensitivity tests show that this 7% annual variation in solar irradiance can cause ~2% global
mean temperature variation and ~20% global mean neutral density difference at 400 km. The
annual amplitude of temperature shown in panel (b) of figure 4 and the annual amplitude of
neutral density shown in panel (c) of figure 4 are consistent with model sensitivity test results.
This shows that although the annual variation due to Earth-Sun distance is captured realistically
by the model, it is not sufficient to cause the observed density and composition effects.

Despite the ability of the model to replicate known features of thermospheric variability,
including solar and geomagnetic forcing, Earth-orbital effects, and internal dynamic processes,
the TIE-GCM simulations do not fully account for the seasonal amplitudes, as shown in
comparisons to satellite drag data (figure 2) and the TIMED/GUVI composition data (figure 3).
This suggests a need for additional annual/semiannual forcing. In the next section, propagation
of gravity waves, generated in the lower atmosphere, through the middle atmosphere, resulting in
changes in eddy mixing in the mesopause region, will be explored as an additional mechanism of
seasonal variation in the thermosphere.

5. Seasonal Variation in Lower Atmosphere Forcing

The TIE-GCM has a lower boundary at the pressure interface In(Po/P) = -7, which is at
about 97 km. This is a region where waves and tides strongly affect atmospheric dynamics and
energetics. The TIE-GCM includes tidal effects using the GSWM [Hagan and Forbes, 2002,
2003]. Effects of planetary waves are not considered since most planetary waves dissipate in the
middle atmosphere, below the altitude range of the TIE-GCM. Effects of turbulent mixing,
primarily caused by gravity wave breaking, are parameterized using an eddy diffusion coefficient
that is constant with respect to season, solar time, and location, although it does decrease with
altitude (see section 5.2 below).

Gravity wave breaking in the MLT region deposits momentum and produces small-scale
turbulence [e.g., Hodges, 1969; Hines, 1970; Lindzen, 1971; Garcia and Solomon, 1985;
Akmaev, 2001a, 2001b]. It has been suggested that gravity wave breaking exhibits strong
seasonal variation [Garcia and Solomon, 1985; Akmaev, 2001a, 2001b]. In this section, the
effects of the seasonal variation of gravity wave breaking on annual/semiannual variations in the
thermosphere will be investigated.

5.1 Circulation Induced by Gravity Waves

A candidate for inducing seasonal variation in the thermosphere is changes in circulation
induced by gravity wave acceleration. Zonal acceleration deposited by gravity wave drag is
eastward in the summer hemisphere and westward in the winter hemisphere. Under Coriolis
force, the opposite direction of the wind acceleration in the two hemispheres during solstice
seasons causes inter-nemisphere flow from the summer hemisphere to the winter hemisphere.
During equinox seasons, the wind acceleration from gravity waves is much smaller and there is
no distinct difference in direction between the two hemispheres. This results in a seasonal
variation in vertical motion, which in turn could affect thermospheric composition. This seasonal
wind acceleration pattern was imposed as a momentum source at the lower boundary of the TIE-
GCM, in order to investigate the magnitude of the possible effects.

To estimate these global circulation effects, calculations of zonal acceleration were
obtained from the extended version of the TIE-GCM, the Thermosphere-lonosphere-
Mesosphere-Electrodynamics General Circulation Model (TIME-GCM) [Roble and Ridley,
1994]. This model includes a gravity wave parameterization scheme based on the work of
Lindzen [1981]. Zonal acceleration calculated by the TIME-GCM was added to the zonal
momentum equation at the lower boundary of the TIE-GCM and the changes in global-averaged
thermospheric composition, temperature, and density caused by this additional momentum
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source were calculated. Figure 5 shows the percentage differences at 400 km and 120 km during
2003. Thermospheric mixing is increased by the induced vertical motion during the solstices,
which decreases O density and increases N,. Consequently, the O/N, ratio exhibits an
annual/semiannual variation, which causes a similar change in neutral density at 400 km.
However, although the morphology of the seasonal variation is similar to the observational
evidence, the magnitude is far too small to account for its amplitude. This indicates that seasonal
effects on gravity wave generation, filtering, and energy deposition may be implicated, but that a
different mechanism accounts for thermospheric effects.

5.2 Eddy Diffusion

Gravity wave breaking in the MLT region produces small-scale turbulence, and gravity
wave energy is dissipated into heat through eddy diffusion [Hodges, 1969]. Other tidal and wave
activity can also contribute to eddy diffusion in the mesopause region. For example, diurnal tides
can break down in the MLT region and generate turbulence [Lindzen, 1967]. Regardless of the
sources, both ground-based and satellite observations indicate that eddy diffusion in the
mesopause region exhibits strong seasonal variation [Kirchhoff and Clemesha, 1983; Fukao, et
al., 1994; Lubken, 1997; Khattatov, et al., 1997; Rao, et al., 2001; Sasi and Vijayan, 2001]. Eddy
diffusion is larger during the solstices than the equinoxes, with stronger turbulence in summer
than in winter. The difference can be as large as one order of magnitude. Efforts to model
seasonal variations in eddy diffusion [Blum and Schuchardt, 1978; Garcia and Solomon, 1985;
Akmaev, 2001b] show good agreement with observations.

Furthermore, it appears that the seasonal variation of eddy diffusion in the MLT is largely
a global phenomenon. Fukao et al. [1994] derived a seasonal variation of approximately one
order of magnitude, with maximum in the summer and minima at the equinoxes, from radar
measurements at 35°N. Kirchhoff and Clemesha [1983] obtained a minimum eddy diffusion
coefficient of 45 m?/s during fall and a maximum of 123 m%s during summer based on radar
measurements at 23°S. Sasi and Vijayan [2001] analyzed Doppler radar data over a station at
13.5°N and found that eddy diffusion varies from ~ 25-300 m%/s during September and June, and
such seasonal variation is not significantly different at different latitudes. Libken [1997]
investigated turbulent properties in the MLT region using sounding rocket data over 68°N and
69°N and found that the maximum eddy diffusion coefficient in the upper mesosphere is 183
m?/s in the summer and 100 m%s in the winter. Garcia and Solomon [1985] found an eddy
diffusion coefficient of ~300 m?/s in the summer, ~100 m?/s for the winter, and ~ 50 m%s during
equinoxes at 61°N in the height range of 80 km to 100 km, and Khattatov et al. [1997] also found
that the magnitudes of the eddy diffusion coefficients at middle latitude ranges from 50 up to 300
m?/s in the region 80—-100 km.

Sensitivity studies were conducted to investigate the effect of eddy diffusion on
thermospheric neutral density. For example, TIE-GCM simulations showed that an increase in
the eddy diffusion coefficient at the model lower boundary by a factor of two causes a 20%
decrease in neutral density at 400 km. An annual/semiannual variation of eddy diffusion was
derived by fitting these sensitivity test results to the satellite drag data residuals for the five
satellites and five years shown in figure 2 (2002-2006). The eddy diffusion coefficient at the
lower boundary was represented as a Fourier series with four harmonics per year, as follows:

Ke (w) = A + A, sin(w) + A, cos(w) + A, sin(2w) + A, cos(2w)

: . (Ea. 1)
+ A Sin(3w) + A, cos(3w) + A; sin(4w) + A, cos(4w)



where Ke(m) is in units of s*, w=2n0, 6=(day-1)/365, and, and A;-Aq are coefficients obtained
from the model fit. Above the lower boundary, the eddy diffusivity is assumed to decrease
exponentially with increasing height:

K, (0,2) =K, (w)xe™™? (Eq. 2)

where z represents the TIE-GCM pressure coordinate z=In(Po/P). Table 1 lists the coefficients for
equation 1, and figure 6 shows the resulting estimate of the eddy diffusion coefficient Kg(w) as a
function of day of the year, in units of m?/s, assuming a scale height of 5 km at the TIE-GCM
lower boundary. This curve exhibits an annual/semiannual variation comparable to those of
Garcia and Solomon [1985], Khattatov et al. [1997], and others. The eddy diffusion coefficient
shown in figure 6 is imposed at the lower boundary of the TIE-GCM globally, with no variation
in latitude, longitude or solar time.

Table 1: Fourier coefficients for annual/semiannual variation of eddy diffusion (s™).

Ay Ay A; Ay As Ag Ay Ag Ag

4.06x10° | -8.77x107 | -2.28x10° | 1.77x10° | 2.15x10° | -3.05x107 | -2.66x107 | 4.08x107 | 1.59x10”

Figure 7 plots percentage differences between the standard TIE-GCM and the modified
version described above, during 2003. Global averages of thermospheric composition,
temperature, and density at 120 km and 400 km are shown. Since eddy diffusion in the lower
thermosphere transports O downward and O, and N, upward, At 120 km, the large eddy
diffusivity in the northern hemisphere summer decreases the O number density. Eddy diffusion
has a much smaller effect on N, because it is the primary atmospheric constituent at these
altitudes. The reduction in O number density at 120 km propagates to the upper thermosphere
through molecular diffusion, and is seen in the model results at 400 km. The percentage
difference in the ratio of O/N, shows an annual/semiannual variation that is consistent with the
effect of eddy diffusivity on O and Na.

The percentage difference in temperature is small at 120 km, but increases with altitude.
Increase in eddy diffusivity reduces O/N, and density, which in turn reduces solar heating. Other
factors contribute to decreased temperatures. The increase of NO due to decreased O/O, ratio
causes increased NO infrared cooling, and increased eddy diffusion increases cooling by
downward eddy transport of heat. This is partially offset by a decrease in the thermal
conductivity coefficient. The combined effects from solar heating, NO cooling, eddy conduction,
and thermal conduction result in a small decrease in temperature for increased eddy diffusivity.

Panel (c2) of figure 7 shows that the combined effect of reduction in O density and
thermal contraction causes a density decrease at 400 km of nearly 40% during the northern
hemisphere summer and an increase about 20% during the equinox seasons. The change in
composition is the largest contribution to this reduction. The amplitude in percentage difference
of neutral density increases with altitude, due to the cumulative effect of the reduction in mean
atmospheric scale height.

These simulations demonstrate that that eddy diffusion can influence thermospheric
composition, and hence neutral density, more strongly than the large-scale circulation. Locally,
the effect of dynamic forcing on composition is compensated for by thermal forcing in
influencing neutral density—upwelling associated with heating results in reduced O/N,. Globally,
the large-scale circulation transports energy and mass between the summer hemisphere and the
winter hemisphere and result in large latitude dependence in temperature and O/N,. However,




much of the effect on neutral density is canceled in the global mean sense: areas of upwelling
compensate for areas of downwelling. Unlike the large-scale circulation, the effect of eddy
diffusion on temperature compounds the effect of eddy diffusion on composition in changing
neutral density as increased eddy diffusivity reduces both O/N; and temperature, and thus neutral
density.

6. Results

TIE-GCM simulations using the modified eddy diffusion coefficient shown in figure 6
were compared to satellite drag data and to TIMED/GUVI composition data. Example global
density maps representative of these simulations are shown in figure 8 for four days during 2006,
representative of the two solstice periods and the two equinox periods. 2006 was a fairly quiet
year near solar minimum, and there was no significant geomagnetic activity during the three
days prior to and including the example days, so that the seasonal effects are isolated. The
solstice-to-equinox change in overall density and its morphology is clear, as is the large
difference between southern summer solstice and northern summer solstice. In figure 9, a
comparison between the model simulation of O/N, column density and data from TIMED/GUVI
is shown for these same four days. In this case, the model is sampled at constant local solar time
over the course of the day, so as to approximate the satellite observational pattern. GUVI
performs this measurement over sunlit, non-auroral regions, so the latitude sampling is
incomplete, but the comparison for the latitudes shown at the selected solar times is reasonable.

Panel (a) of figure 10 shows the ratios of the TIE-GCM neutral density to satellite drag
derived density. The ratios are average ratio for the five satellites. The results demonstrate
consistent improvement in annual/semiannual density variation, especially during the July
minima, for all the years. Panel (b) of figure 10 compares TIE-GCM O/N; to TIMED/GUVI
O/N2, measurements in the same manner as figure 3. Imposition of an annual/semiannual
variation of eddy diffusion causes the TIE-GCM O/N, to exhibit an annual/semiannual pattern
that is more consistent with TIMED/GUVI1 observation, similar to the case for the neutral density.
Since the satellite drag measurements were used to derive annual variation of the eddy diffusion
coefficient, the improvement in agreement with density is expected; the similar improvement
with composition measurements implies support for this adjustment, and support for the
suggestion that composition change is the primary mechanism.

Some discrepancies remain between model simulations and observations. The annual
eddy diffusion function employed is constant from year to year, representing essentially an
annual average, but there are clearly inter-annual variations in the data. The observed O/N; has a
strong semiannual variation but the annual term does not appear to be as significant as in the
model. Since a globally uniform eddy diffusivity was employed at the model lower boundary,
latitudinal and solar time effects may be underestimated.

Panel (a) of figure 11 shows the TIE-GCM simulated neutral density and satellite drag
derived neutral density for satellite #12388 for the years 2002-2006. The EUVAC solar proxy
model [Richards et al., 1994] was used as solar input for the first 38 days of 2002 and SEE data
were used from day 39 of 2002, through 2006. The TIMED/SEE integrated (5 nm to 105 nm)
solar EUV flux is shown in panel (b) of figure 11. The solar activity index Fio7and geomagnetic
activity index A, from 2002 to 2006 are displayed in panel (c). The TIE-GCM simulation with
modified eddy diffusion coefficient obtains very good agreement with neutral densities derived
from all five satellites, on time scales spanning solar cycle, seasonal, solar rotational, and even
daily changes driven primarily by geomagnetic events.

7. Discussion
This study demonstrates the influence of lower- and middle-atmosphere processes on
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thermospheric density. By process of elimination, the large differences observed between the two
solstices must be due to the lower atmosphere: change in the Sun-Earth distance is too small to
account for the variation; geomagnetic activity is insufficiently variable, and other known
asymmetries between the hemispheres, such as the offset of the magnetic field, are
inconsequential, particularly at solar minimum. Analogous to the discussion of ionospheric
asymmetry by Rishbeth and Miuller-Wodarg [2006], we can easily rule out galactic,
interplanetary, magnetospheric, and plasmaspheric causes, but note their speculation that perhaps
the explanation could be *“hemispheric differences in weather and climate in the lower
atmosphere.” Seasonal/hemispheric differences in the troposphere, driven by differences in land
mass distribution, circulation, convection, and frontal activity, are well known. These also cause
differences in the dynamics of the stratosphere and mesosphere through mechanisms controlled
largely by gravity wave acceleration, drag, and filtering. Therefore, it is not surprising that these
effects are evidently manifested in the thermosphere as well. The question is, what are the
mechanisms?

The chain of causation proposed here is as follows: Gravity wave breaking causes
changes in eddy mixing, as parameterized by the eddy diffusion coefficient. This causes change
in lower thermosphere composition as increased eddy diffusion accelerates the downward
transport of atomic oxygen to the mesopause, where it recombines into molecular oxygen.
Composition change in the lower thermosphere is transmitted throughout the thermosphere
through molecular diffusion, and the difference in scale height between O and N, means that if
the O/N, ratio decreases, upper thermosphere density also decreases. Observations by
TIMED/GUVI support the proposition that composition change is the primary cause of density
change. This is also seen in mass spectrometer data, as captured by the MSIS series of empirical
models.

This is not the only possible explanation for the observed variation. The imposition of an
empirical variation in the eddy diffusion coefficient is an ad-hoc solution that exploits the most
effective way, in the model, to change composition. The density and composition observations
support the fact of the composition change, but not necessarily the mechanism. Furthermore, we
have adopted a simplified approach by changing the eddy diffusion coefficient with day of the
year, but keeping it constant with location. This results in good agreement with density data but
an imperfect match with the annual portion of the composition variation. Additionally, this
approach cannot describe interannual variability, which is evident in the density data ratios
shown in figure 2. However, another striking aspect of this figure is the similarity among the
time series for all satellites, despite the different sampling caused by their evolving perigee
locations. For instance, 2003 has a very different shape than 2002, but each satellite describes a
very similar seasonal variation for the respective years. This implies that whatever the sources of
the seasonal variation, by the time it reaches the upper thermosphere, it is essentially a global
phenomenon. There is observational support for the global nature of variations in eddy
diffusivity, as discussed in section 5.2.

Additional candidates for propagation of variable lower-atmosphere effects to the
thermosphere are atmospheric tidal oscillations. Migrating diurnal and semi-diurnal tides are
included in the TIE-GCM through empirical specification by the GSWM at the lower boundary,
including seasonal changes. However, non-migrating tides are not included, and as these are now
implicated in ionospheric morphology [e.g., Immel et al., 2006], and are known to vary
seasonally, they could be considered a candidate. This work does not exclude a contribution from
this source, although it is not likely that mixing sufficient to cause the large changes in
composition could be accomplished by tidal variation alone.

The annual oscillation (AO) and semiannual oscillation (SAO) in mesospheric wind and
temperature [e.g. Hirota, 1980; Remsberg et al., 2002; Huang et al., 2006] could also play a role
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in thermospheric modulation. Dynamical processes such as wave-mean flow interaction and
wave-wave interactions, including gravity waves and planetary waves, have been invoked as
mechanisms [e.g. Lindzen, 1981; Dunkerton, 1982; Hitchman and Leovy, 1986]. The AO and
SAO are signatures of annual/semiannual variation of gravity wave breaking in the MLT region,
and thus could either be diagnostic of thermospheric processes or play a role in gravity wave
filtering. Planetary waves that drive equatorial oscillations in the stratosphere are largely
dissipated there and therefore less likely to significantly affect the dynamics of the upper
mesosphere. However, it is an intriguing observation that there appears to be a two-year
periodicity in the inter-annual variability seen in figure 2, with even-numbered years having a
larger and sharper July minimum in observed density. These years are coincident with the
eastward phase of the quasi-biennial oscillation (QBO). We draw no conclusions from this
limited sample, but note that other thermospheric effects have also been tied to the QBO [e.g.,
Wu et al., 2008].

The TIE-GCM in its standard configuration, when driven using measured solar
irradiances, does an excellent job in reproducing the densities forced on by solar cycle, solar
rotational, and geomagnetic variation. This lends considerable confidence to the result, and
points to a missing source of seasonal variation rather than some shortcoming of model physics.
The general circulation of the thermosphere appears to be adequately described by the TIE-GCM,
and the semiannual variation in composition described by Fuller-Rowell [1998] as the
“thermospheric spoon” is replicated by the model. This work does not contradict, but rather
confirms, the semiannual effects described by Fuller-Rowell. However, the “thermospheric
spoon” cannot explain the differences between the solstices, the semiannual amplitude is not as
large as observed in the GUVI data, and the effect on density is small, at least in our model.
Therefore, the general circulation of the thermosphere can only be part of the solution, and lower
atmosphere effects must provide the rest.

The next steps in understanding the interactions between lower and upper atmosphere are
to perform full simulations of atmospheric processes that couple wave, tidal, and dynamical
processes from the surface to the exobase, for example, using the Whole Atmosphere
Community Climate Model [Marsh et al., 2008]. This approach can capture generation of all
tidal modes, interannual variability, and even day-to-day variability, but is still dependant on a
gravity wave parameterization scheme. A methodology that includes orographic, convective, and
frontal generation of gravity waves, acceleration of and filtering by middle atmospheric jets, and
eddy mixing through their breaking, could possibly describe the observed thermospheric
variation. However, observational constraints on mesospheric general circulation already places
strong constraints on gravity wave processes, and it remains to be seen whether
parameterizations that capture middle-atmosphere dynamics can also characterize thermospheric
variation. Another approach may be observation of mixing variation itself through analysis of
CO; profiles such as measured by the SABER instrument on TIMED. A combination of
modeling and observational approaches should advance the understanding of seasonal processes
in the upper atmosphere, which in turn could hold the key to a full quantification of short-term
variability as well.
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Figure 1: Upper panel: daily average neutral density at the location of satellite perigee for
satellite #12388 derived from atmospheric drag, from 2002 to 2006. Lower panel: the
corresponding solar activity index Fio7 and geomagnetic activity index A,. Solar irradiance
determines the overall morphology of neutral density variation, while geomagnetic activity
superimposes impulsive changes. Also visible in this plot are systematic seasonal changes,
particularly the consistent minima during northern hemisphere summer.
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Figure 2: Ratio of neutral density simulated by the TIE-GCM to satellite drag derived neutral
density for five satellites. The TIE-GCM model was run using TIMED/SEE measurements as
solar input, assuming constant eddy diffusivity at the lower boundary (~97km). Daily-averaged
neutral density of the TIE-GCM simulations were calculated at the perigee locations (altitude,
latitude, and local solar time) of each satellite. The strong seasonal pattern in the ratios,
particularly during northern hemisphere summer, is apparent. Also notable is the remarkable
consistency between the overall morphology of the ratio time series for the five satellites, despite
the fact that each samples latitude and local time with a different pattern.
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Figure 3: Column number density ratio O/N; above the altitude where N, column number density
is 10'” cm™ (approximately 140 km). Black: TIMED/GUVI measurements; Blue: TIE-GCM
simulation. The data and were averaged over the equatorial region (15°S — 15°N) and noon
sector (10:30 am to 1:30 pm) whenever available in this location, and the model was sampled
and averaged in the same way. The TIE-GCM model was run using TIMED/SEE measurements
as solar input, assuming constant eddy diffusivity at the lower boundary (97 km).
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Figure 4: Global mean O/N,, neutral temperature, and neutral density at 400 km under solar
maximum and geomagnetic quiet conditions simulated by the TIE-GCM. A significant
semiannual variation is seen in composition, and there is an annual variation in temperature due
to variation of the Sun-Earth distance, but the net effect on density results in both semiannual
and annual variation much smaller than observed.
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Figure 5: Simulated percentage difference in thermospheric temperature, composition, and
density generated by gravity wave momentum deposition in the mesopause region, for 2003. Top
panels (in red): at 400 km; Lower panels (in blue): at 120 km.
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Figure 6: Variation of the eddy diffusion coefficient applied at the lower boundary of the TIE-
GCM (~ 97 km). The unit of eddy diffusion coeffrcrents used in the TIEGCM and in equation 1
and 2 is s*. Eddy diffusion coeffrcrents in unit of s were multiplied by square of scale height to
be transferred to unit of m%s, |n order to be compared to eddy diffusion coefficients that are
usually referenced by unit of m?/s by other studies, assuming a scale height of 5 km at the
TIEGCM lower boundary.
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Figure 7: Simulated percentage difference in thermospheric temperature, composition, and
density introduced by application of the variation in eddy diffusion shown in figure 6 to the TIE-
GCM lower boundary (~97 km) during 2003. Top panels (in red): at 400 km; Lower panels (in
blue): at 120 km.
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Figure 8: Neutral density at 400 km simulated by the TIE-GCM at noon universal time for four
days, representative of solstice and equinox conditions, during geomagnetically quiet times and
low solar activity. Seasonal variation of the lower-boundary eddy diffusion coefficient as shown
in figure 6 was applied. The solstice densities (left column) exhibit similar morphology, but
density during northern hemisphere summer is considerably lower. The equinox densities are
slightly different due to the phase shift in the eddy diffusion variation function.
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Figure 9: Atomic oxygen to molecular nitrogen (O/N) column density ratio during the same four
days as shown in figure 8, representative of solstice and equinox conditions. Left column: TIE-
GCM simulation. The longitudes in these plots are sampled at constant local time to approximate
the satellite observational pattern. Right column: GUVI observations.
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Figure 10: Upper panel: Ratios of neutral density simulated by the TIE-GCM to satellite drag
measurements. The average density ratio for the five satellites (see figure 2) is plotted. Blue:
TIE-GCM simulation using constant eddy diffusion at the lower boundary. Red: TIE-GCM
simulation including using the variation of eddy diffusion at the lower boundary shown in figure
6. Lower panel: Column number density ratio O/N, above the altitude where N, column number
density is 10" cm™ (approximately 140 km). The data and were averaged over the equatorial
region (15°S — 15°N) and noon sector (10:30 am to 1:30 pm) whenever available in this location,
and the model was sampled and averaged in the same way. Black: TIMED/GUVI measurements;
Blue: TIE-GCM simulation using constant eddy diffusion at the lower boundary; Red: TIE-GCM
simulation including using the variation of eddy diffusion at the lower boundary shown in figure
6.
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Figure 11: Thermospheric neutral density at satellite perigees for satellite # 12388 from 2002 to
2006. Panel (a): Black: Satellite drag derived density; Red: TIE-GCM simulation. Panel (b): the
TIMED/SEE integrated (5-105 nm) solar EUV flux from day 2002039 to 2006365. Panel (c):
the corresponding solar activity index Fio7and geomagnetic activity index A,. The TIE-GCM
was run using TIMED/SEE measurements as solar input, with the annual/semiannual variation of
eddy diffusivity (figure 6) imposed at the lower boundary (~97 km).
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