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Abstract

The latitudinal and temporal variation of atomic oxygen (O) is opposite between the em-
pirical model, NRLMSISE-00 (MSIS) and the whole atmosphere model, WACCM-X at

97-100 km. Atomic Oxygen from WACCM-X has maxima at solstices and summer mid-

high latitudes, similar to [O] from SABER. We use the densities and dynamics from WACCM-
X to drive the Global Ionosphere Thermosphere Model (GITM) at its lower boundary,

and compare it with the MSIS driven GITM. We focus on the differences in the mod-

eling of the thermospheric and ionospheric semiannual oscillation (T-I SAO). Our results
reveal that driving GITM with WACCM-X causes the T-I SAO to maximize around sol-
stices, opposite to when MSIS is used. This is because the global mixing in GITM dur-

ing solstices is not strong enough to decrease the solstitial [O] densities below the equinoc-
tial values between MLT and upper thermosphere. Larger summer [O] in the MLT leads

to the accumulation of [O] at lower latitudes in the thermosphere due to weaker merid-

ional transport, which further increases the amplitude of the oppositely-phased SAO. WACCM-
X itself has the right phase of SAO in the upper thermosphere but wrong at lower al-

titudes. The exact mechanisms that can correct the phase of T-I SAO in GITM while

using SABER-like [O] in the MLT are currently unknown and warrant further investi-

gation. We suggest mechanisms that can reduce the solstitial maxima in the lower ther-
mosphere, for example, stronger interhemispheric meridional winds, stronger residual cir-
culation, seasonal variations in eddy diffusion, and momentum from breaking gravity waves.

1 Introduction

The Earth’s atmosphere is an open system with complex interplay between inter-
nal and external drivers resulting in complicated non-linear coupling mechanisms. The
region above 100 km is usually referred to as the Earth’s upper atmosphere with the neu-
tral thermosphere coexisting with the partly ionized ionosphere. Both the thermosphere
and ionosphere exhibit several periodic variations in densities and temperature across
an array of time scales ranging from minutes to a few years (Rishbeth, 2007). These in-
clude variations due to gravity waves (e.g., S. L. Bruinsma & Forbes, 2008; Miyoshi et
al., 2014), tides (e.g., Forbes et al., 2009; Hagan et al., 2009), planetary waves (Sassi et
al., 2016), annual and semiannual oscillation (e.g. Jones Jr., Emmert, et al., 2018), quasi-
biennial oscillation (e.g. Malhotra et al., 2016), and 11-year solar cycle (e.g., J. T. Em-
mert et al., 2008; Burns et al., 2015). Amongst the long term variations, the thermospheric
and ionospheric annual oscillation (T-I AO) and the semiannual oscillation (T-I SAO)
have the largest magnitudes and were initially observed in neutral densities derived from
satellite drag measurements by Paetzold and Zschoérner (1961). The global T-I AO has
a minimum in neutral densities in July and has partially been attributed to the chang-
ing distance between the Sun and the Earth (Volland et al., 1972), and is still under in-
vestigation (e.g. Qian et al., 2009). In this study, we mainly focus on the T-I SAO. We
will briefly review some of the pioneering works on T-I SAO in the following section.

1.1 Previous Work

The global T-1 SAO has maxima in April and October and minima in January and
July, and was initially hypothesized to be driven by the semiannual effect of geomagnetic
activity (Paetzold & Zschorner, 1961). However, the SAO in geomagnetic activity itself
was not well understood at the time (e.g., Bartels, 1932; Boller & Stolov, 1970). Amongst
many theories, the Russell-McPherron (R-M) effect (C. T. Russell & McPherron, 1973)
has been studied widely to explain the semiannual variation in geomagnetic activity. In
this mechanism, during equinoxes, the magnetic field of the Sun in the ecliptic plane has
larger southward magnitude at Earth in the Geocentric Solar Magnetospheric (GSM)
coordinates, resulting in stronger reconnection events. Walterscheid (1982) suggested that
the semiannual variation in temperature (Joule Heating) due to R-M effect is respon-
sible for the globally averaged SAO in mass density. After Paetzold and Zschorner (1961),
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several other studies observed the SAO signature in O/Ns, atomic oxygen (O), temper-
ature and the ionospheric F2 layer (e.g., King-Hele, 1966, 1967; King-Hele & Kingston,
1968; Jacchia et al., 1969; T. J. Fuller-Rowell, 1998; Rishbeth et al., 2000; Rishbeth &
Mendillo, 2001). The amplitude of the global T-I SAO has been recorded to be ~15%

in mass density at 400 km and ionospheric Total Electron Content (TEC) relative to the
global annual average (J. Emmert, 2015; Jones Jr. et al., 2017). The T-I SAO was ini-
tially reproduced using temperature variations by the Jacchia series of thermospheric mod-
els (Jacchia, 1965, 1970). However, it was later observed that the temperature variations
could not completely explain the SAO amplitude in thermospheric density and compo-
sition at solar minimum (G. Cook & Scott, 1966; G. Cook, 1967; G. E. Cook, 1969b).

G. E. Cook (1969a) reported on the SAO in mass density at 90 km using rocket data and
suggested that the source of T-I SAO is possibly in the mesosphere or the stratosphere.
Jacchia (1971) and Jacchia (1977) later updated their thermospheric model such that

the T-I SAO was considered as a density variation rather than purely a temperature vari-
ation.

An internal thermospheric mechanism called the ‘thermospheric spoon’ (TSM) was
proposed by T. J. Fuller-Rowell (1998) using the Coupled Thermosphere Ionosphere Model
(CTIM) (T. Fuller-Rowell et al., 1996). According to this mechanism, at solstices, due
to the tilt of the Earth, the temperature gradient between the two hemispheres results
in a global-scale, summer-to-winter interhemispheric circulation. It is also marked by up-
welling in the summer and downwelling in the winter. This circulation acts as a large-
eddy resulting in a much more mixed thermosphere and a smaller scale height during
solstices. Jones Jr., Emmert, et al. (2018) showed using controlled simulations of Ther-
mosphere Tonosphere Mesosphere Electrodynamics General Circulation Model (TIME-
GCM) that the magnitude of SAO reduces to 2% relative to the annual average when
the tilt of the Earth is reduced to 0°, thus proving that the obliquity of the Earth is the
largest factor for the SAO in the Earth’s upper atmosphere.

The TSM also results in larger densities of lighter species, such as atomic oxygen
and helium, in the winter hemisphere (Mayr & Volland, 1972; Mayr et al., 1978; Cageao
& Kerr, 1984; T. J. Fuller-Rowell, 1998; Rishbeth & Miiller-Wodarg, 1999) via vertical
and horizontal transport. The lifetime of O increases to several months in the MLT. As
a result, it becomes susceptible to dynamic effects above the MLT region (Brasseur &
Solomon, 1984). Higher [O] in the winter have been observed at altitudes as low as 140
km (Grossmann et al., 2000). Sutton (2016) showed that the meridional transport of lighter
species is linked with vertical upwelling and downwelling in the two hemispheres, along
with horizontal divergence and identified these as the primary mechanisms for the ac-
cumulation of light species at high winter latitudes.

As stated above, the T-I system has many external drivers. One such driver is the
lower atmosphere. Soon after its discovery in the upper thermosphere, the SAO was found
in the lower thermosphere and near the mesopause (e.g., G. E. Cook, 1969b, 1969a; King-
Hele & Kingston, 1968; King-Hele & Walker, 1969; Groves, 1972). Waves propagating
up from the lower atmosphere can couple linearly and non-linearly with the background
atmosphere or with each other and significantly affect the T-I SAO (Newell, 1966; Vol-
land et al., 1972). Eddy diffusion has historically been used in atmospheric models to
parametrize the effects of subgrid-scale gravity wave mixing and breaking on the back-
ground densities, temperature and winds (Hodges, 1969). Qian et al. (2009) and Qian
et al. (2013) using Thermosphere Ionosphere Electrodynamics General Circulation Model
(TIE-GCM) observed that the magnitude of SAO in neutral densities, composition, and
peak electron density and height can be improved by introducing a seasonal variation
in the global eddy diffusion parameter (K,,) (with no variation in latitude, longitude,
or solar time) at the lower boundary of the model, with a maxima during solstices (pri-
mary maximum during northern hemisphere summer) and minima during the equinoxes.
A larger value of K., in the mesosphere and lower thermosphere (MLT) during the sol-
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stices will result in higher concentration of molecular species and lower concentration of
lighter species, thus, decreasing the O/Na, mean scale height, and total density in the
thermosphere. The amplitude of SAO in K, has been under investigation by G. Swen-
son et al. (2018) and G. R. Swenson et al. (2019). It has recently been realized that the
K.. by Qian et al. (2009) represents net cumulative coupling from the lower atmosphere
(see Jones Jr. et al. (2017)) as Salinas et al. (2016) found the amplitude of SAO in K.,
derived from SABER CO; to be much smaller.

In fact, Jones Jr. et al. (2017) pointed out that K., due to gravity waves may not
be a primary driver for SAO in the lower thermosphere but may only affect the phase
of SAO. Tidal dissipation from the lower thermosphere also affects the T-1 SAO (Siskind
et al., 2014; Jones Jr. et al., 2017). Jones Jr. et al. (2017) used TIME-GCM to analyze
the contribution of different terms in the globally averaged O continuity equation. They
found that the SAO in [O] is forced by a cumulative effect of the advective, tidal and dif-
fusive transport of O. O is the major species above 200 km, therefore, any long-term vari-
ations are directly manifested in neutral and ionospheric densities in the upper atmo-
sphere. Jones Jr., Emmert, et al. (2018) suggested that the upper mesospheric O chem-
istry might play an important role in the return branch of the thermospheric spoon cir-
culation, but recently showed its effects to be negligible on the T-I SAO amplitude (Jones Jr.
et al., 2021). Qian et al. (2017) and Qian and Yue (2017) showed that lower thermospheric
winter-to-summer residual circulation can also affect the amount of upwelling and down-
welling at higher latitudes, thereby affecting the T-1 SAO.

1.2 Scope and Approach

First principles T-I models such as TIE-GCM (Richmond et al., 1992) and Global
Tonosphere Thermosphere Model (GITM) (Ridley et al., 2006) have been widely used
to study the contribution of the lower atmosphere to T-I SAO (e.g., Qian et al., 2009,
2013; Salinas et al., 2016; Wu et al., 2017). This is because their lower boundaries are
at roughly 95 km or slightly above, therefore providing an opportunity to study the ef-
fect of different (imposed) lower boundary assumptions. Another category of models are
the whole atmosphere models, e.g. Whole Atmosphere Model (WAM) and Whole At-
mosphere Community Climate Model with thermosphere and ionosphere extension (WACCM-
X), that simulate the entire atmospheric column (i.e., ground-to-space) and thus include
physical and chemical processes that T-I models do not have. These models are invalu-
able in understanding the coupling of lower atmospheric phenomena and the T-I system.
The use of both types of models has the potential to significantly advance our under-
standing of the contribution of the lower atmosphere to the T-I system. The coupling
of the lower atmosphere with an T-I model can be achieved through multiple mechanisms,
for example, by specifying large-scale MLT winds, densities and temperatures at the lower
boundary, by introducing variations in eddy diffusion parameter, and by including mi-
grating and non-migrating tides (and other waves) in the state variables.

The motivation for this study is to better understand how the T-I SAO is controlled
by the [O] and winds distribution in the MLT region. It is important because the vari-
ations due to dynamics in the lower thermosphere map to higher altitudes via diffusive
equilibrium (Picone et al., 2013). This goal is achieved through the alteration of GITM’s
lower boundary, which is typically specified by the empirical model, Mass Spectrome-
ter and Incoherent Scatter Radar Model (MSIS). However, there is a huge uncertainty
regarding the dynamics, turbulence, neutral densities near the lower boundary of GITM.
This is because, the lower boundary of GITM is in the MLT at ~97 km, which lacks long-
term, global observations. Therefore, in order to improve the SAO, we use the whole at-
mosphere model, WACCM-X as the lower boundary for GITM and compare the effect
on the T-I SAO relative to MSIS driven GITM. There is evidence that since WACCM-

X includes the physical mechanisms of the lower atmosphere, it best represents the MLT
state and thus the thermosphere more accurately (Dunker et al., 2015; McDonald et al.,
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2015; J. Liu et al., 2018; Qian et al., 2018; Huba & Liu, 2020). The use of WACCM-X

is also motivated by different spatial and temporal variations of [O] in the lower ther-
mosphere between MSIS and WACCM-X. The opposite latitudinal distribution in MSIS
as compared to SABER data and WACCM-X has been previously studied (Malhotra et
al., 2020). At ~95-100 km, MSIS shows a winter maxima, whereas SABER and WACCM-
X show summer maxima (J. P. Russell et al., 2004; Smith et al., 2010; Sheese et al., 2011,
Malhotra et al., 2020). Moreover, the global mean of [O] within WACCM-X in the MLT
is almost 180° out-of-phase with MSIS. We investigate the effects of these opposite lat-
itudinal and temporal [O] variations on the T-I SAO. We also study the effects of hav-
ing no SAO at the lower boundary, and of constraining the dynamics in the lower ther-
mosphere towards WACCM-X. Note that the long-term variability in the MLT states
used in this study from MSIS and WACCM-X have both annual and semiannual com-
ponents (as well as higher order harmonics), and thus, the forcing at the two solstices

is asymmetrical. Therefore, the variability at higher T-I altitudes intrinsically includes
the annual variation as well. Since, our focus in this study is on understanding the am-
plitude and phase of the semiannual component of the intra-annual variability, we will

be primarily discussing and referring to the T-1 SAO. The annual component, that is,

the asymmetry between June and December solstices will be explicitly pointed out in

the text and should not be confused with the semiannual component.

2 Methodology
2.1 Models
2.1.1 Global Ionosphere Thermosphere Model (GITM)

GITM is a physics based first principles model developed at the University of Michi-
gan by Ridley et al. (2006) that self-consistently solves the Navier Stokes equations for
neutral, ion, electron densities, dynamics, and temperatures in the T-I region, without
assuming a hydrostatic equilibrium. It uses a three dimensional spherical grid with lon-
gitude, latitude and altitude as the coordinate system with the lower boundary in the
MLT at ~97 km and the upper boundary at ~500-600 km. In its default mode, MSIS
and Horizontal Wind Model (HWM) are used for initial and lower boundary conditions.
The T-I state in GITM depends on the external drivers of the model, such as solar Ex-
treme Ultraviolet (EUV) inputs, solar wind parameters, energetic electron precipitation,
and high latitude electrical fields. It can couple with other empirical and physics based
estimates for these inputs. In the configuration used in this study, GITM uses the Weimer
model (Weimer, 2005) for high-latitude potential, Flare Irradiance Spectral Model (FISM)
EUV model (Chamberlin et al., 2008) for estimates of solar irradiance at different wave-
lengths and NOAA POES hemispheric power-driven model (T. J. Fuller-Rowell & Evans,
1987) for estimates of energetic particle precipitation. The version of HWM used in this
study is HWM14 (Drob et al., 2015).The GITM simulations in this study have a reso-
lution of 2° x 4° (latitudexlongitude), and roughly a third of scale height in altitude.

2.1.2 Whole Atmosphere Community Climate Model with Thermosphere
and Ionosphere Extension (WACCM-X)

WACCM-X is a whole atmosphere model that is built on top of the Whole Atmo-
sphere Community Climate Model (WACCM) and covers the atmospheric region from
the surface to the 500-700 km (H. Liu et al., 2010; H.-L. Liu et al., 2018). WACCM it-
self is built on top of the Community Atmosphere Model (CAM) (Lin, 2004) and is a
part of Community Earth System Model (CESM). WACCM-X uses a conventional spa-
tial grid of latitude, longitude and pressure. It includes self-consistent neutral dynam-
ics, electrodynamics, F-region ion transport and solves for ion/electron temperatures.
Gravity waves are parameterized from both orographic and non-orographic sources and
thus can be used for studying the coupling of T-I system with both geomagnetic drivers
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and the lower atmosphere (H.-L. Liu et al., 2018). In this study, we use WACCM-X 2.0

in the Specified Dynamics (SD) configuration in our simulations and will refer to it sim-
ply as WACCM-X. In the SD configuration, temperature, winds and surface pressure in
the troposphere and stratosphere are specified from the Modern Era Retrospective Anal-
ysis for Research and Applications (MERRA) dataset (Rienecker et al., 2011). The sim-
ulations used in this study have a horizontal resolution of 1.9° x 2.5° (latitudexlongitude).

Here we use hourly averaged WACCM-X output files. WACCM-X outputs the mix-
ing ratios of different species on a geographic latitude/longitude grid and pressure lev-
els with temperature, winds, and geopotential height. Total number density is derived
from pressure and temperature using the ideal gas law. Vertical motion (w) is output
in the units of Pa/s and is converted to vertical wind, W in m/s as follows :

w
w=-=, 1
P9 ®

where p is the total mass density and g is the acceleration due to gravity (assumed con-
stant with altitude). Since GITM uses an altitude grid, the logarithm of the WACCM-
X total number density is linearly interpolated to an intermediate altitude grid. This in-
termediate altitude grid is uniformly defined from 95 km to 152.5 km. Other parame-
ters such as mixing ratios, temperature and winds are linearly interpolated onto this al-
titude grid. The mixing ratios and total number densities are then multiplied to output
the number density for each species on this new grid. The WACCM-X outputs on the
altitude grid are then used in GITM, the specifications of which differ between differ-
ent simulations used in this study. Further details of these simulations are discussed in
Section 2.2.

2.1.3 Mass Spectrometer and Incoherent Scatter Radar Model

The MSIS-class models (Hedin et al., 1977; Hedin, 1983, 1987, 1991) are empiri-
cal models of composition, temperature, and neutral density of Earth’s atmosphere, de-
rived from ground, rocket and satellite-based measurements. MSISE-86 covers the al-
titude region from 90 km to the exobase, while MSISE-90 has the lower boundary at the
surface. These models were a significant improvement over the Jacchia-class models, which
were also empirical models that estimated total mass density from orbital decay of ob-
jects that flew from 1961-1970 (Jacchia, 1965, 1970, 1971). NRLMSISE-00 (Picone et
al., 2002) also extends from the ground to the exobase and includes additional data span-
ning 1965-1983 from the Jacchia models. This includes data from satellite accelerom-
eters, incoherent scatter radars, mass spectrometers, solar ultraviolet occultation, and
drag measurements up to the mid-to-late 1990s. It also contains more data covering high
latitudes and extreme cases of geomagnetic forcing. In this study, we use NRLMSISE-
00 for the lower boundary condition in GITM. A new, improved NRLMSIS 2.0 model
(J. T. Emmert et al., 2020), that ingests SABER [O] measurements has recently been
released, and much better represents MLT [O]. At the time of writing this manuscript,
all the simulations were already completed with the NRLMSISE-00. We do plan to change
the lower boundary in GITM to NRLMSIS 2.0 in the future. In this manuscript, we will
refer to NRLMSISE-00 simply as MSIS.

2.2 GITM Simulations

The GITM simulations used in this study are for 2010 and use measured time-varying
geospace indices to specify high-latitude and solar EUV drivers so that the results can
be validated against observational datasets. This year was chosen because it was a ge-
omagnetically quiet year during a solar minimum, which emphasizes the lower atmospheric
effects on the upper thermosphere. The lower boundary of GITM is controlled by two
ghost cells in altitude below 100 km which are filled with densities, temperatures and
winds. These are then used in the solvers for the first couple of lower cells in GITM, so
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that they control the dynamics in these cells. Table 1 summarizes these simulations. All
these simulations use a K., value of 300 m? /s that is constant with time.

The default configuration is the G/MSIS simulation. In this configuration, for neu-
tral densities, only the second ghost cell nearest to 100 km is specified from MSIS. For
the first cell, a hydrostatic solution for most neutral densities is projected from the sec-
ond cell so as to not drive constant non-zero acceleration. [O] and T are specified from
MSIS and kept the same in both the cells. Horizontal winds are specified by HWM in
the second cell and determined in the first cell similar to densities using the gradients
from cells above. Since HWM only has horizontal winds, the vertical velocity for all species
is determined in both the cells so as to have zero flux through the lower boundary, i.e.,
the value in the first (second) ghost cell is the opposite of the value in the second (first)
real cell. In the second simulation, G/NOSAO, we use GITM in its default configura-
tion, but MSIS has the AO and SAO flags turned off for both symmetrical and asym-
metrical components. The horizontal winds in the second cell are zero. In the first cell,
they are non-zero and determined as discussed above.

In the third simulation, G/WX, we use WACCM-X as the lower boundary condi-
tion. For densities, similar to the default configuration, values are specified in the sec-
ond cell only and hydrostatic condition is enforced in the first cell. [O] is same in both
the cells. However, for winds (including the vertical winds) and temperatures, values are
specified in both the cells from WACCM-X. Thus, there is a vertical flux of winds and
temperature in this simulation, resembling more realistic atmospheric conditions.

In the fourth simulation, G/NUDGE, the lower boundary conditions are identical
to the G/WX simulation, but from 100 km to 140 km, GITM winds (full dynamical fields)
are nudged towards WACCM-X winds. The vertical weighting function (¢) for the nudg-
ing is similar to that used by Maute et al. (2015) and is as follows :

oo mf 2
C_COS |:2 <Zmam_zlb>:|7 (2)

where 2, and 2,4, are 100 km and 140 km, respectively. The nudging technique is sim-
ilar to that used by Wang et al. (2017) :

X(Aa H,Z,t) = (1 - CVC(Z))XG()\7 97 Z7t) + O‘C(Z)XW(A’H’ Zat)v (3)

where X represents zonal wind, meridional wind and vertical wind fields. X¢g and Xy
represents the model fields from GITM and WACCM-X, respectively. In this technique,
the GITM fields are constrained by the dynamics fields of equation 3. The use of ver-
tical profile implies that nudging is the strongest at 100 km and weakest at 140 km. This
allows for a smooth transition from WACCM-X lower thermospheric dynamics to GITM
dynamics in this simulation. « represents the relaxation factor and was discussed in de-
tail by Jones Jr., Drob, et al. (2018), and is defined as -

a = GAt, (4)

where G represents the inverse of relaxation time. a=1, implies that GITM fields are
overwritten at every model time-step. Here we use a relaxation time of 60s. The model
time-step, At in GITM varies and is on average ~2s. This implies o would on average
have a value of ~0.03.

2.3 Datasets

We use a number of different datasets to validate the phase and amplitude of T-
I SAO produced by the different simulations.
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2.3.1 Sounding of the Atmosphere using Broadband Emission Radiom-
etry (SABER)

SABER is an instrument on NASA’s Thermosphere Ionosphere Mesosphere En-
ergetics Dynamics (TIMED) satellite. SABER provides global vertical profiles of tem-
perature, pressure, geopotential height, volume mixing ratios, volume emission rates, and
cooling and heating rates for several trace species in the MLT region (Mlynczak, 1996,
1997; Russell 11T et al., 1999; Yee, 2003). The version of the dataset used in this study
is V2.0 (Panka et al., 2018). We use 10-year averaged [O] data to understand its tem-
poral and spatial distribution at 97 km. Averages for each year are derived by binning
the data into a day of the year and latitude grid. Then, 10 years of data are averaged
together.

2.3.2 Global Ultra-Violet Imager (GUVI)

GUVI is a UV spectrograph with primary objectives of measuring thermospheric
composition, temperature, and high-latitude particle precipitation (Paxton et al., 1999;
Christensen et al., 2003; Yee, 2003). In this study, we use the height-integrated O/Ns
derived from GUVI measurements. Integrated O/Ns is defined as the ratio of integrated
O to N5 column densities, from the top of the atmosphere as defined by a model or the
altitude of the satellite, downward until the altitude where the N5 column integrated den-
sity reaches 102 m~=2 (Strickland et al., 1995). We will henceforth refer to it simply as
O/Ns. In this study, we use the global average for 2010. It is derived by binning the data
into a day of the year and latitude grid. We use the level 3 GUVI data product.

2.3.3 TIMED Doppler Interferometer (TIDI)

TIDI is a Fabry-Perot interferometer that measures global horizontal winds in the
MLT region (Yee, 2003). In this study, we use TIDI data for 2010 to validate the merid-
ional winds in the lower thermosphere. A 60-day average is determined after binning the
data into an altitude and latitude grid. Level 3 vector data is used here.

2.3.4 Global Navigation Satellite System (GNSS)

GNSS data is used to determine the line-integrated ionospheric electron density by
measuring the propagation time difference between two different radio frequencies (Vierinen
et al., 2016). The measurements are scaled by 101°m=2, also referred to as total elec-
tron content (TEC) units. This slant ionospheric TEC is converted into vertical total
electron content (VTEC) by using a scaling factor proportional to the elevation angle
of the satellite from the receiver (Vierinen et al., 2016). The data that we use here has
a spatial resolution of 1°x 1° and a temporal resolution of 30 minutes. In this study, we
use the global mean TEC for 2010 for validation of the ionospheric SAQ. It is derived
by binning the data into a day of the year and latitude grid.

2.3.5 Challenging Minisatellite Payload (CHAMP) and Gravity Recov-
ery and Climate Experiment (GRACE)

CHAMP and GRACE are low-earth orbit satellites with a primary objective of mak-
ing accurate measurements of Earth’s gravity field (Reigber et al., 2002; Tapley et al.,
2004). They have highly accurate accelerometers that have been widely used to derive
neutral density measurements from atmospheric drag measurements (e.g., Lithr et al.,
2004; S. Bruinsma et al., 2004; Sutton, 2011). In this study, we use neutral mass den-
sity datasets from 2007-2010 from these satellites to validate the mass density SAO in
the upper thermosphere. Averages for each year were derived by binning the data into
a day of year and latitude grid.
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2.3.6 Emmert Dataset

J. T. Emmert (2015) studied the trends in globally averaged neutral mass density
from 1967-2013. This dataset is derived from the orbits of ~5000 objects between the
altitude of 200-600 km (J. T. Emmert, 2009). This data has a resolution of 3-6 days with
daily relative accuracy of ~2% and absolute accuracy of 10%. In this study, we use the
derived density data for 2010 at 400 km. We will henceforth refer to this dataset sim-
ply as ‘Emmert p’ or ‘Emmert dataset’.

3 Results
3.1 Motivation

Figure 1 shows the normalized integrated O/Nj, integrated vertical TEC and mass
density (p) for G/NOSAO and G/MSIS simulations, compared with different observa-
tional datasets and empirical models for 2010. The thin lines are the daily averages for
all data, and the thicker lines indicate fitted values. The fitted curves are derived by fit-
ting a least squares annual and semiannual variation to the data. The red vertical lines
indicate the solstices and equinoxes. All the values are normalized as specified below,

v—7T

Unorm = p x 100, (5)

where U represents the global annual average of value, v (where v is p, TEC or O/Ny).

In Figure la, an SAO with equinoctial maxima and an amplitude of 18% (with respect

to its annual average) is observed in the GUVI O/Ny data. The amplitude of SAO for
different data are determined by fitting a semiannual variation. Since, O/Nj is an in-
tegrated value, it largely reflects the lower T-I state at ~140 km, as the densities decrease
exponentially with altitude (Yu et al., 2020). G/NOSAO shows smaller SAO amplitude
as compared to G/MSIS, which is in better agreement with the GUVI data and pure MSIS,
thus demonstrating the importance of appropriate lower boundary SAO. The amplitude
of SAO for GUVI is larger than that of MSIS. We can also compare the SAO phase of
different simulations by analyzing their day of maxima and minima. The phase of both
the simulations agrees well with the observations.

Figure 1b shows TEC for the two simulations compared with GNSS data. TEC be-
ing an integrated quantity has the largest contribution from the peak electron density
altitude at ~250-300 km. The SAO amplitude in GNSS TEC data is ~13%, which is con-
sistent with the climatological value calculated by J. T. Emmert et al. (2014). This is
much less than that observed in GUVI O/Ns. Similar to Figure la, using MSIS as the
lower boundary increases the SAO amplitude in GITM. There is also a small phase dif-
ference between the simulations and the GPS data, with GITM leading (peak earlier in
the year) the data during March and June. G/MSIS lags behind the G/NOSAO, and
is in better agreement with the phase of GNSS data.

Figure 1c shows the mass densities at ~400 km for both the simulations compared
with those from the CHAMP and GRACE satellites (normalized at 400 km). The den-
sities for CHAMP and GRACE are averaged between 2007-2010 because of data gaps
in 2010. We also show values from the Emmert dataset and the MSIS empirical model.
In this altitude region, G/NOSAO and G/MSIS show agreement in both the SAO phase
and amplitude. CHAMP and GRACE mass densities also agree well with each other.
The largest disagreement is in the phase of the SAO. Both the model simulations lead
the observations and empirical model, especially during June and September. Compar-
ing with the Emmert data, GITM simulations have smaller deviations from the mean.
An equinoctial asymmetry is also prominent in p and not as much in O/Ny and TEC.
MSIS, Emmert data and GITM simulations have larger (smaller) densities during Septem-
ber (March) equinox, whereas CHAMP and GRACE have smaller (larger) values dur-
ing this time. A similar observation was made by Lei et al. (2012) in the CHAMP and
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GRACE data, namely that the densities are larger during March than those around Septem-
ber during periods of high and moderate solar actvitiy. Since CHAMP and GRACE data
are averaged for 2007-2010, it is possible it does not accurately represent the thermo-
spheric state during a geomagnetic quiet time (2010 for our purposes).

Note the phase of GUVI and GNSS data leads the CHAMP data, indicating that
there is a phase progression in the T-I SAO with altitude that GITM is unable to cap-
ture. For example, GUVI and GPS data show a September maxima closer to equinox
(day 266), whereas, the September maximum for CHAMP p is around day 280-300. More-
over, the phase progression with altitude is not uniform for different times of the year,
and is more prominent during June and September. This is different from the inference
by Yue et al. (2019) as they observed that the phase of the SAO in height-resolved O/Ny
stays the same between the lower and upper thermosphere. An annual asymmetry is also
quite noticeable for all the parameters shown in Figure 1. Lower O/Ny, TEC, and p are
observed near June solstice as compared to the December solstice. Another interesting
observation is that G/MSIS (the simulation in better agreement with the observational
datasets), has smaller SAO amplitude than GUVI O/Ny and Emmert p dataset, but larger
than GNSS TEC. The phase difference between the simulated SAO in G/MSIS and ob-
servational datasets is much larger for p, and smaller for O/Ny, and TEC. This obser-
vation delineates the challenge of the model-data comparison studies, and a possible rea-
son might be inherent biases and uncertainties in different satellite datasets.

These results reveal that GITM is able to reproduce SAO in some of the T-I pa-
rameters, TEC and p at 400 km without necessarily having an SAO at the lower bound-
ary, but with lower amplitude and shifted phase. However, the SAO in composition, O/Ny
is much smaller, but not absent. This is not necessarily the case with other T-I models
whose lower boundaries are between 95-100 km (e.g. TIE-GCM see Qian et al. (2009)
and Jones Jr. et al. (2021)). In the absence of a composition or eddy diffusion SAO im-
posed at the model lower boundary, the only major driver of the SAO is the thermospheric
spoon mechanism. The SAO in TEC and p are also influenced by factors other than com-
position such as the transport, plasma scale height for TEC, and temperature for p. To
eliminate the disagreements in the SAO amplitude and phase, the contribution from the
lower atmosphere cannot be ignored. In the next section, we discuss the distribution of
[O] in the MLT.

3.2 Lower Boundary Conditions

Figures 2a and 2b show 10-year averaged O number density from SABER at 85 km
and 97 km, while Figures 2c and 2d show the area-weighted global averages at each al-
titude. The global averages are only for the latitude region spanning +55° because of
missing data at high latitudes. Using a longer term average for satellite data reduces bi-
ases due to incomplete longitudinal sampling, tidal phases, missing data, etc, thus in-
creasing the statistical significance.

The latitudinal distribution of [O] reverses between the two altitudes, consistent
with what Smith et al. (2010) showed using an earlier version of the SABER [O] data.
At 85 km, the higher latitudes show an annual variation with larger [O] during winter.
This is because of the gravity wave induced summer-to-winter meridional circulation in
the mesosphere, and downwelling in winter (e.g., Lindzen, 1981; Holton, 1983; Garcia
& Solomon, 1985). The lower latitudes show an SAO with maxima around the equinoxes
which is similar to the mesospheric semiannual oscillation (MSAO) in zonal winds in the
equatorial mesosphere (Garcia et al., 1997). The SAO in zonal winds has been found to
be driven by momentum deposition by gravity waves that are selectively filtered by the
stratospheric winds (Burrage et al., 1996). However, the mechanism for the SAO at 85
km in [O] is still under investigation. The lifetime of O in this altitude region is too short
to be affected by a wind circulation of such a long period. Smith et al. (2010) suggested
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that the seasonal variation in the amplitude of the migrating diurnal tide might be a more
likely source. It was demonstrated by Jones Jr. et al. (2014) that tides induce a net in-
crease in [O] during equinoxes close to the equator via tidally induced advective trans-
port. Figure 2c shows that at 85 km, the global average is dominated by the SAO with
maxima closer to the equinoxes. This is because the high latitude AO in both the hemi-
spheres is out of phase and cancels out, which then reinforces the lower latitudinal SAO
in the global means.

At 97 km, the AO at higher latitudes reverses with larger [O] during the summer
(J. P. Russell et al., 2004; Smith et al., 2010; Sheese et al., 2011; Malhotra et al., 2020).
The mechanism responsible for these summer maxima is still under investigation (Smith
et al., 2010; Qian et al., 2017; Rezac et al., 2015; Malhotra et al., 2020). The effect of
this reversal on the upper thermosphere was discussed by Malhotra et al. (2020). It can
also be observed that the SAO at 97 km at lower latitudes is almost non-existent, and
is smaller than that observed by Smith et al. (2010). This difference might arise because
of different years that are included in the averages or different versions of SABER data.
In Figure 2d, a small intra-annual variation is observed with maxima around solstices
in the global mean [O]. The high latitude AO in the two hemispheres do not completely
cancel each other out, resulting in net maxima closer to the solstices. It should be noted
that these plots represent averaged values over a 10 year period. The global averages for
individual years can have deviations from this average. The amplitude of smoothed intra-
annual variation is ~20% at 85 km and decreases to <~3% at 97 km. Note that if high
latitude SABER data is also included in the calculation of global average [O], this am-
plitude increases and SAO peaks a little later in the year.

Figures 3a and 3b illustrate the latitudinal distribution of [O] at ~97 km from MSIS
and WACCM-X in 2010, respectively. WACCM-X shows more temporal and spatial vari-
ations, which is indicative of atmospheric variations including gravity waves, non-migrating
tides, and planetary waves propagating up from the lower atmosphere. The latitudinal
distribution of [O] in WACCM-X matches better with the SABER data at 97 km in Fig-
ure 2b. Both show annual variation at higher latitudes with maxima in summer and min-
ima in winter. MSIS, on the other hand, has higher [O] during winter. This is because
the [O] for MSIS in the MLT is extrapolated from higher altitudes assuming mixed equi-
librium below the turbopause (~105 km) with a correction factor for chemistry and dy-
namics. The version of MSIS used here, NRLMSISE-00 did not have [O] observations
in the MLT region as SABER had not been launched when it was created. Most of the
observations in this region are of neutral densities and temperature from rockets and in-
coherent scatter radars. Therefore, the correction factors in MSIS do not account for the
processes responsible for high latitude summer [O] in the MLT. The summer MLT max-
imum in [O] at high latitudes is better represented in NRLMSIS 2.0 (see Figure 11 of
J. T. Emmert et al. (2020)). At low latitudes, WACCM-X and MSIS show a larger am-
plitude SAO than what SABER observed. A possible explanation for this might be the
larger uncertainty in SABER [O] at these altitudes (Mlynczak et al., 2013; Smith et al.,
2013).

Figure 3¢ compares the area-weighted global mean [O] for MSIS, WACCM-X and
SABER data at 97 km. The [O] for MSIS and WACCM-X is for 2010, whereas the SABER
data is the average for 2002-2011 shown previously in Figure 2d. The global mean [O]
for both SABER and WACCM-X shows an SAO with maxima closer to solstices, whereas
[O] for MSIS shows an SAO with 180 degree phase shift (maxima around equinoxes). In
MSIS, the high latitude AO in both the hemispheres cancels out with each other result-
ing in minima at solstices. For WACCM-X, at equinoxes, low [O] at mid-to-high latitudes
result in minima at equinoxes relative to solstices. The SAO amplitude is lower and also
in agreement between WACCM-X and SABER. The overall magnitude of [O] for SABER
however exceeds that of both MSIS and WACCM-X. Note, NRLMSIS 2.0 [O] at 97 km
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are roughly a factor of 2 higher than what is shown in Figure 3c (see J. T. Emmert et
al. (2020) Figures 11-13).

Since the latitudinal distribution of [O] for WACCM-X is similar to SABER, the
lower boundary of GITM was changed to WACCM-X in 2010 to assess its effects on the
T-I SAO. We cannot directly use SABER at the lower boundary of GITM because of
the lack of measurements at high latitudes. As specified in Section 2, we also use other
parameters from WACCM-X in GITM. The temporal and latitudinal variation for these
parameters are not much different between MSIS and WACCM-X, and are shown in the
supporting information. Therefore, our results primarily signify the implications of dif-
ferent [O] distribution at the lower boundary. In the next few sections, we will analyze
the results of different simulations, starting with a comparison of meridional winds in
the thermosphere.

3.3 Dynamics

Figure 4 shows the 16-day averaged meridional winds for HWM, WACCM-X and
different GITM simulations at June solstice (June 2148 days). We take a multi-day av-
erage to eliminate short term variations due to tides and planetary waves, such that the
winds in this figure represent background meridional winds. All GITM simulations ex-
cept G/NUDGE show a higher altitude summer-to-winter thermospheric circulation start-
ing from around ~140 km which roughly agrees with HWM and WACCM-X winds. Both
HWM and WACCM-X although have larger wind speeds at summer high latitudes. G/NUDGE
shows equatorward winds between 140-170 km and summer-to-winter winds above 170
km. The wind patterns in the lower thermosphere are much different between the dif-
ferent model runs. In the lower thermosphere, between 100-120 km, two equatorward
circulation cells are observed in G/NOSAO, G/MSIS, and G/WX simulations. These
circulation cells are observed in GITM throughout the year and were shown to be driven
by the centrifugal force (Malhotra et al., 2020). Comparing Figures 4d and 4e, we see
that changing the lower boundary from MSIS to WACCM-X affects the magnitude of
the winds in the lower thermosphere, but does not change their direction. HWM and WACCM-
X winds, on the other hand, show a region with winter-to-summer circulation which has
previously been observed to be caused by residual gravity waves during solstices (Qian
et al., 2017). HWM primarily has Wind Imaging Interferometer (WINDII) data in this
altitude regime. Being a global T-I model, GITM does not resolve gravity waves. There-
fore, it does not have the requisite forcing for this opposite lower thermospheric circu-
lation, and hence relies on realistic boundary conditions. G/NUDGE demonstrates the
effect of constraining the winds in GITM with WACCM-X up to 140 km. Between 100-
120 km, G/NUDGE shows weak winter-to-summer circulation similar to pure WACCM-
X and HWM.

As an aside, during equinoxes (not shown here), GITM simulations continue to show
the equatorward circulation cells below 120 km. During this time, HWM and WACCM-
X also show a similar circulation pattern. This has also been previously observed in the
High Resolution Doppler Imager (HRDI) and WINDII wind measurements onboard the
Upper Atmosphere Research Satellite (UARS) (McLandress et al., 1996; Zhang et al.,
2007). It is possible that, because of absence of strong residual gravity wave forcing dur-
ing equinoxes, the centrifugal force dominates the momentum budget in this region at
equinoxes, resulting in net equatorward winds in the lower thermosphere.

Figure 5 shows the 60-day-averaged meridional wind for TIDI data near Decem-
ber and June solstices. In Figure 5a, between 90-100 km, northward winds indicate the
mesopause summer-to-winter circulation during December solstice. The horizontal line
at 97 km indicates the lower boundary of GITM. Above 100 km, southward winds de-
pict the winter-to-summer residual circulation. Similar meridional wind patterns are also
observed during June solstice in Figure 5b in the opposite direction, potentially signi-
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fying an AO in meridional winds in the lower thermosphere. Recently, Dhadly et al. [2020]
showed similar oscillations at midlatitudes, as well as an SAO, and high order intra-annual
oscillations in middle thermospheric in situ measurements of the horizontal neutral winds
from the Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) accelerom-
eter. HWM and WACCM-X agree with the TIDI data between 100-120 km, and thus
nudging the GITM dynamics towards WACCM-X should improve the thermospheric mod-
eling and SAO in GITM. However, it is worth noting that the magnitude of the winds

in the winter-to-summer circulation is much larger in TIDI data during both solstices.

In the next section, we will reveal the effect of different thermospheric dynamics on the
amplitude and phase of T-I SAO of the simulations.

3.4 Global Mean Intra-Annual Variations

Figure 6 reveals the averaged normalized O/Ny, TEC, and [O] and p at ~400 km
for GITM simulations compared with different datasets and models for 2010. This com-
parison was shown for G/NOSAO and G/MSIS previously in Figure 1. Similar to Fig-
ure 1, thin lines are the daily averages for all data, and the thicker lines indicate fitted
values. The parameters are normalized with respect to annual means as specified in equa-
tion 5. The amplitudes and phases for different model runs and observations are also sum-
marized in Table 2.

Figure 6a shows the daily averaged and fitted O/N5. The black line represents the
averaged O/Ny measurements from GUVI data. The phase of the SAO in G/MSIS and
G/NOSAO match best with the GUVI data and the MSIS model, with equinoctial max-
ima. Using MSIS at the lower boundary (G/MSIS) is however not enough, as it produces
a smaller SAO amplitude in comparison to GUVT observations. While WACCM-X [O]
compares well with SABER in the MLT, using WACCM-X at the lower boundary of GITM
(G/WX) leads to a T-I SAO with maxima closer to solstices and a phase difference of
~180° from GUVI SAOQO. Using dynamics from WACCM-X in the lower thermosphere
(G/NUDGE) reduces the amplitude of this out-of-phase SAO, but does not completely
correct it.

The phase shifts and amplitudes in TEC, and globally averaged [O] and p in Fig-
ures 6b, ¢ and d show similar model differences as the O/Ng, with maxima and minima
for G/WX and G/NUDGE almost midway between solstices and equinoxes. At 400 km,
the major neutral constituent is O, and thus, p primarily represents variations in [O].
However, for neutral density at 400 km, there are more observational datasets to vali-
date the simulations against. The densities from Emmert dataset, CHAMP and GRACE
peak around equinoxes (with an equinoctial asymmetry) similar to that of G/NOSAO
and G/MSIS. The difference in phase of both G/WX and G/NUDGE simulations with
respect to G/MSIS in Figures 6b, ¢, d is lower when compared to that for O/Ny in Fig-
ure 6a. This hints towards phase progression of SAO with altitude in G/WX and G/NUDGE
simulations towards equinoctial maxima due to the effect of temperature and possibly
the thermospheric spoon mechanism. This can be also noted by comparing the day of
first maxima of G/WX and G/NUDGE simulations for different quantities in Table 2.
The summer-to-winter meridional wind speeds increase with altitude in the lower-middle
as shown in Figure 4, resulting in decrease of global mean solstitial densities relative to
equinoctial densities. This will be more clear in Figure 7 where we show variations in
phase of SAO with altitude.

The WACCM-X model also has an SAO that is out-of-phase in the lower thermo-
sphere as seen in O/Ny (Figure 6a). However, it has the correct phase in TEC, [O], and
p at 400 km, with peaks at the equinoxes. This implies that the phase shifts towards equinoc-
tial maxima in the lower-middle thermosphere. Nudging GITM dynamics to WACCM-
X up to 140 km reduces the amplitude of oppositely-phased SAO in G/NUDGE, but is
not enough to completely correct the phase and shift the phase to equinoctial maxima.
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This reduction in the amplitude of the opposite SAO signifies primarily the contribu-

tion of the lower thermospheric residual circulation. Qian and Yue (2017) showed that

the residual circulation results in upwelling and reduction of O/Nsy in winter, and down-

welling and its increase in summer. This leads to an overall reduction of the global mean

O/Ny by 18% during solstices. Comparison of G/NUDGE with G/WX shows a similar
reduction in the global mean for all parameters in Figure 6 around both June and De-

cember solstices. Further explanation of these differences is beyond the scope of this manuscript.

Figure 7 compares the altitudinal progression of the [O] and p SAO amplitudes and
phases. For [O] at 100 km, MSIS and G/MSIS have the largest amplitude of 15%, with
maxima at around equinoxes (day 100). Both G/WX, G/NUDGE and the WACCM-

X model start with a much lower amplitude of around 5%, with maxima near solstices
(day 10), which are in better agreement with the amplitude and phase of SABER data

at 100 km. G/NOSAO starts with an amplitude of ~0. WACCM-X shows a minimum

at around ~120 km, above which the amplitude increases monotonously. The amplitude
of SAO in WACCM-X remains lower than other simulations also causing much lower am-
plitude in G/NUDGE, at ~10-15%. WACCM-X transitions from solstitial maxima to
equinoctial maxima in the 100-200 km altitude region. In the upper thermosphere, G/MSIS,
G/NOSAO and G/WX have the largest amplitudes of ~25%, which is greater than that
of MSIS. Since, there are limited observations of [O] in the thermosphere, there is an un-
certainty regarding which simulation represents the correct SAO amplitude. A similar
amplification of the SAO with altitude for different neutral species was depicted by Picone
et al. (2013) because of the variation in temperature. Thus, it is possible that different
temperature structure between the simulations leads to different amplification factors

of the SAO. When considering the importance of SAO at the lower boundary, G/NOSAO
catches up with other simulations above 300 km. However, the absence of lower bound-
ary SAQO results in much smaller amplitude below 300 km. Hence, our results indicate
that it is necessary to have an SAO in composition and winds at the lower boundary of
T-I models for better agreement with the observations in the lower-middle thermosphere,
otherwise it can lead to underestimation of the SAO in this region. Recent work by Jones Jr.
et al. (2021) using the TIE-GCM showed that including NRLMSIS 2.0 composition im-
proved the globally-averaged mass density SAO at 400 km in the TIE-GCM (although

the TIE-GCM amplitude was notably smaller than observed).

The phase for [O] largely remains constant with altitude for all GITM simulations.
G/MSIS and G/NOSAO continue to have maxima at equinox in the upper thermosphere,
which leads the MSIS SAO, as observed previously in Figure 1lc. G/WX and G/NUDGE
have maxima near the solstices progressing towards equinoxes with altitude. As stated
before, we believe that this is due to the effect of temperature and the summer-to-winter
thermospheric circulation that pushes the thermosphere towards a more mixed state at
solstices. This phase progression is most apparent between 100-300 km, above which it
does not change much. This is because the thermospheric spoon mechanism is more dom-
inant in this altitude region. Above ~300 km, O is in diffusive equilibrium and thus the
SAO phase is constant at higher altitudes.

Figure 7b shows the variation of SAO phase and amplitude for p. Above 200 km,
O is the major species and hence the SAO in p primarily reflects the variations in [O].
At 100 km, all the simulations start with a maxima at ~day 90 (equinox) because of the
dominance of the Ny density. The SAO in p for G/MSIS and G/NOSAO has almost a
constant phase with altitude displaying an equinoctial maxima, fairly consistent with MSIS
and TIME-GCM simulations by Jones Jr. et al. (2017). Pure WACCM-X also exhibits
a constant SAO phase above 100 km, peaking at equinox. This is because of the dom-
inant equinoctial maxima in Ny in the lower-middle thermosphere and equinoctial max-
ima in [O] above 200 km. In G/WX and G/NUDGE, the phase shifts from equinoctial
(due to N2) towards solstitial maxima at ~200-250 km (because of O). The model runs
that show the correct phase, i.e., the equinoctial peaks (WACCM-X, G/MSIS, G/NOSAO),
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lead all observational datasets (MSIS, CHAMP, GRACE, Emmert data, and GOCE).
These observational datasets peak at a similar time around ~day 100, while model sim-
ulations peak at ~day 80 (also in Table 2). The SAO amplitude for p increases with al-
titude similar to that of [O]. The SAO amplitude for the GITM simulations reaches a
maximum of ~20% and is in better agreement with CHAMP and GRACE, whereas the
amplitude is much larger in the Emmert and GOCE data. The SAO in temperature at
400 km (not shown here) has an amplitude of ~<3%, maximizing around ~day 70-80
for G/NOSAO and G/MSIS and ~day 50-60 for G/WX and G/NUDGE.

In summary, using WACCM-X [O] instead of MSIS at the lower boundary in GITM,
leads to the phase of T-I SAO that does not agree with the observations, despite the SABER-
like [O] distribution at the lower boundary. This can be linked with the solstitial peaks
in the global mean of [O] at 97 km in WACCM-X. Even though, O is not in diffusive equi-
librium above 97 km, but in fact is driven by the dynamics and chemistry in the lower
thermosphere, the phase shift in SAO between the MLT and upper thermosphere is marginal.
The maximum change in the phase of SAO in global mean [O] in GITM between the lower
boundary and upper thermosphere is ~30 days, and thus is not enough to drive a sea-
sonal change in the phase of SAQO, i.e., from solstices to equinoxes.

A similar analysis was done by Jones Jr. et al. (2017) (see Figure 2) for different
TIME-GCM simulations. Table 2 shows the SAO amplitudes and phases for standard
TIME-GCM and TIE-GCM with Qian et al. (2009) eddy diffusion variation (TIE-GCM
w/ Q09). Comparing with our G/MSIS simulation, for both TEC and p at 400 km, G/MSIS
peaks earlier in the year (day 83) as compared to these two simulations from Jones Jr.
et al. (2017) (day 106 and 122). The phase of the observations (GPS, CHAMP, GRACE,
and Emmert dataset) lies between these different models. For the SAO amplitudes, these
three model runs have larger amplitudes than the GNSS TEC (~13%). Comparing the
p at 400 km, both TIE-GCM w/ Q09 and G/MSIS agree with the SAO amplitude of CHAMP
and GRACE (~16-17%). To further understand the differences between our simulations,
we will analyze the latitudinal distribution of thermospheric densities in the next sec-
tion.

3.5 Global Distribution

Figure 8 illustrates the latitudinal distribution of [O] at ~150 km. G/NOSAO and
G/MSIS show a similar variation, with equinoctial maxima at lower latitudes. At sol-
stices, larger [O] is observed in the winter hemisphere because of the interhemispheric
summer-to-winter circulation. At ~day 180, by comparing the summer minima in the
northern hemisphere between these two simulations, we see that G/MSIS has a minima
spanning a larger latitudinal region. Similar behavior is observed starting from ~day 350
in the southern hemisphere. This is because G/MSIS starts with the summer minima
and winter maxima at the GITM lower boundary (see Figure 3). The interhemispheric
circulation adds to this depletion in summer and accumulation in winter. This can re-
sult in an underestimation and overestimation of [O] in summer and winter, respectively
(Malhotra et al., 2020).

G/WX and G/NUDGE also show winter [O] accumulation. Thus, GITM is able
to reverse the opposite latitudinal variation of [O], from larger values in the summer at
~97 km to relatively larger values in winter at ~150 km. There is also an increase in sum-
mertime [O], and thus decrease in the summer-to-winter gradient at solstices similar to
G/NOSAQ. The features of primary importance in these figures (8¢ and 8d) are the low
latitude maxima at solstices that contribute to the global mean T-I SAO that is almost

oppositely-phased with respect to the observations and G/MSIS (shown in Figure 6). G/NUDGE

has a similar latitudinal distribution as G/WX, but the absolute [O] densities are much
larger for both equinoxes and solstices. This is primarily because of the weakening of equa-
torward circulation cells below 120 km, during both solstices and equinoxes. To zeroth
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order, these circulation cells can be viewed as a ‘large-scale eddy’ mixing the thermo-
sphere, thereby decreasing light species concentration (i.e., O) and increasing heavy species
concentration (i.e., No), almost equally throughout the year, resulting in minimal effect
on the SAO amplitude and phase. In Figure 6, the parameters were normalized, lead-

ing to an overall decrease of the SAO amplitude in G/NUDGE due to the contribution

of the residual circulation as discussed previously. In contrast with Figures 8c and 8d,
the WACCM-X model in Figure 8e exhibits stronger winter maxima. However, similar

to both G/WX and G/NUDGE simulations, the summer-winter gradient is low. [O] from
MSIS is shown here for consistency. We do not expect MSIS to have the correct distri-
bution at these altitudes because of lack of [O] observations. It shows deep summer min-
ima at mid-high latitudes that cancels out the winter maxima of the opposite hemisphere,
resulting in equinoctial peaks in the global means.

Figure 9 shows neutral density at ~400 km (resembles major species, [O] at 400
km) from all our model simulations, as well as CHAMP and GRACE observations. The
high latitude winter maxima observed for [O] at ~150 km has transitioned to high lat-
itude summer maxima at ~400 km in this figure. This is because above ~300-400 km,
the effect of larger summer temperatures dominates over that of compositional changes
(due to thermospheric spoon mechanism) at a constant altitude (J. Emmert, 2015). The
p for G/WX and G/NUDGE have the correct annual oscillation at high latitudes, how-
ever, the maxima at lower latitudes is at solstices, similar to [O] at ~150 km. Thus, the
intra-annual variation in [O] stays the same at lower latitudes above ~150 km. The lat-
itudinal distribution of G/NOSAO and G/MSIS agrees with MSIS, CHAMP and GRACE
data, with slight phase differences. Comparing the absolute values of [O] and p in the
Figures 8 and 9, it should be noted that the difference amongst the various GITM sim-
ulations is largest during solstices. Thus, major phase differences between the global means
of the simulations in Figure 6, arise because of a relative increase in low latitude [O] dur-
ing solstices in the lower thermospheric altitude region in G/WX and G/NUDGE.

Note that the results in a previous study by Malhotra et al. (2020) showed that us-
ing high summer [O] from WACCM-X at the lower boundary improves the O/Ny agree-
ment of GITM with the GUVI data during January and June. The WACCM-X driven
GITM simulation showed a decreased O/Njy gradient between the two hemispheres. We
observe similar results in this study in Figure 8. However, since that study covered only
a small number of days around the solstices, the wrong phase of global mean T-I SAO
was not inferred. This raises the question, if WACCM-X represents the MLT state more
accurately, how and why does the phase of T-I SAO in G/WX and G/NUDGE does not
agree with observations? What are the additional processes in the lower thermosphere
that are required to correct this discrepancy? We will henceforth look at the differences
between the simulations during June solstice, when they are the largest.

3.6 June solstice

The panels on the left in Figure 10 show the averaged latitude-height distribution
for temperature, whereas the panels on the right show the latitudinal gradient in tem-
perature, for GITM simulations and WACCM-X around June solstice. Positive temper-
ature gradient signifies larger temperature towards north (summer) and vice-versa. We
show only G/MSIS and G/WX simulations here because G/MSIS shows a similar dis-
tribution as the G/NOSAO, and G/NUDGE is similar to WACCM-X. Overall, thermo-
spheric temperature is larger in GITM than in WACCM-X. In the lower thermosphere,
between 100-120 km, GITM shows low temperatures at high latitudes. This is because
of the divergence and adiabatic cooling due to equatorward circulation cells shown in Fig-
ure 4.

Above 140 km, WACCM-X has the weakest temperature gradient between the two
hemispheres. It shows positive temperature gradient at all heights. GITM on the other
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hand shows a large positive gradient in both the hemispheres. As compared to G/MSIS,
the gradient is slightly lower at equatorial latitudes in G/WX. A possible explanation

for this difference was discussed by Malhotra et al. (2020). As discussed in that study,
high summer [O] from WACCM-X at the lower boundary of GITM changes the wind mag-
nitudes between 100-120 km. This high summer [O] leads to larger equatorward winds
because of relatively larger equatorward-directed force, resulting in more adiabatic cool-
ing. Similarly, lower winter [O] produces relatively slower equatorward winds resulting

in less adiabatic cooling. This effect introduced near the lower boundary of the model
has implications on the temperature structure of the whole thermosphere, resulting in
the lowering of the summer temperature and relative increase in the winter temperature,
thereby reducing the summer-to-winter gradient. These differences in gradients have a
direct implication on the meridional and vertical winds, as the effectiveness of the ther-
mospheric spoon mechanism depends on the temperature gradient between the two hemi-
spheres (Jones Jr., Emmert, et al., 2018).

Figure 11 and Figure 4 demonstrate the variation in global meridional winds with
altitude for different GITM simulations, HWM, and WACCM-X. Negative (positive) val-
ues imply southward (northward) winds. Depending on the altitude, the difference in
wind profiles in this figure arise because of the differences in wind patterns and the global
mean magnitudes. At ~160 km, when all the model runs have summer-to-winter directed
winds, the GITM simulations have weaker wind magnitudes as compared to HWM and
WACCM-X. G/MSIS has stronger meridional winds than G/WX because of a larger tem-
perature gradient at equatorial latitudes. For G/NUDGE (Figure 4), at this altitude,
equatorward winds are observed, with stronger winds from summer high-latitudes to-
wards equator. These winds change to summer-to-winter interhemispheric winds at about
170 km, and maintain their lower amplitude relative to other simulations. WACCM-X
shows larger summer-to-winter winds compared to all model runs despite the smaller tem-
perature gradient. It is possible that the momentum sources from sub-grid processes, e.g.
breaking gravity waves at ~140 km increase the magnitude of interhemispheric winds
in WACCM-X. Another possible reason for weaker GITM winds might be stronger ion
drag and viscosity. Note the momentum terms that contribute to GITM meridional winds
were shown in Figure 4 of Malhotra et al. (2020). They showed that WACCM-X driven
GITM had smaller winter-directed pressure gradient force at low latitudes, similar to the
results shown in Figure 10. In the next section, we analyze the transport terms that con-
tribute to the distribution of [O] in the lower thermosphere and provide evidence that
low latitude accumulation in G/WX and G/NUDGE simulations are linked to weaker
interhemispheric winds and mixing via the thermospheric spoon mechanism in GITM.

4 Discussion

The continuity equation in the vertical direction in GITM can be written as,

ON. Oy (W 20, *®) ON,*© 1
S _ Lk _ 7" _ s = ¢x(d)
ot or r Urys or + N, Ss (6)
where
N = In(Ny) (7)

Following the notation from Ridley et al. (2006), r is the radial distance measured from

the center of the Earth. The subscript r denotes the component in the radial direction.

ur s is the vertical velocity of species s. Ny is the number density of species s. The source
term S for the species s includes the eddy diffusion and chemical sources and losses. Terms
*(a) and *(b) signify the divergence of the vertical velocity and term *(c) represents the
vertical advection. Here, we demonstrate these terms only for [O]. For the vertical con-
tinuity equation, we show the sum of terms *(a), *(b) and *(c¢). These terms collectively
are referred to as the transport terms. Amongst the source terms, the eddy diffusion terms
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has negligible effect above 120 km. Eddy diffusion acts on the thermospheric densities
primarily at ~100 km, but the effect is much smaller than the transport terms. The chem-
ical source term for [O] shows equinoctial peaks and thus does not provide an explana-
tion for the opposite SAO in G/WX and G/NUDGE. This is because of larger chem-

ical loss of [O] during solstices in G/WX and G/NUDGE simulations relative to other
simulations and is shown in the supporting information.

The continuity equation in the horizontal direction is :

ONe _ (100, 1 Ouy utanh " ug ON,  _us ON, " ()
ot " °\r 00 ' rcosd 0¢ r r 00  rcost 0¢ ’

where, 6 is latitude, ¢ is longitude, and the subscripts 6, ¢ denote the components in the
respective directions. The first grouping on the right, labeled *(e), is the divergence term,
while the second, labeled *(f), is the horizontal advection term. These are added together
and considered as the horizontal transport terms below.

Figure 12 shows the latitudinal distribution of the horizontal (top panels) and ver-
tical transport (bottom panels) terms that contribute to the global distribution of [O]
at ~150 km shown in Figure 8. The panels on the left show the terms for G/MSIS while
panels on the right are for the G/NUDGE. We only show G/MSIS and G/NUDGE, as
we expect similar inference for G/NOSAO and G/WX, respectively. The magnitudes are
different for the vertical and horizontal terms because the vertical continuity equation
uses N as shown in equation 7. G/MSIS shows high [O] accumulation in the winter high
latitudes via both horizontal and vertical transport. G/NUDGE shows weaker winter
accumulation driven exclusively by vertical transport, i.e., upwelling in summer and down-
welling in winter. Alternatively, the horizontal transport term shows an accumulation
at lower latitudes during solstices. The equatorward winds and the resulting convergence
in the altitude region of 140-170 km, in addition to the weaker interhemispheric merid-
ional winds above 170 km play an important role in the accumulation of [O] at low-latitudes.
The meridional wind difference between G/WX and G/MSIS shown in Figure 11 is not
large enough to be solely responsible for the difference in horizontal transport shown here.
Transport of [O] to low latitudes in G/WX and G/NUDGE is a consequence of a larger
summer high-latitude [O] in WACCM-X accompanied by overall weaker meridional winds
in GITM. G/MSIS does not have this accumulation because it already has larger win-
ter high-latitude [O] in the MLT. It is likely that since, pure WACCM-X has larger merid-
ional winds, it does not show equatorial accumulation of [O]. It was demonstrated by X. Liu
et al. (2014) that horizontal transport similarly also affects the peak location of the win-
ter Helium bulge.

Our results show that in GITM, when the SAO in global mean [O] in the MLT has
solstitial maxima, the T-I SAO also has solstitial maxima. The low-latitude accumula-
tion of [O] during solstices in G/WX further contributes to the increase in the SAO am-
plitude with altitude. From Figure 7, it is clear that the maximum change in the SAO
phase for GITM runs is ~30 days, which is not enough to bring a seasonal change in the
global mean SAO of G/WX and G/NUDGE. For achieving the equinoctial maxima in
the thermosphere (to match observations), either the MLT SAO should have equinoc-
tial maxima (G/MSIS) or the global mixing in the lower thermosphere during solstices
should be strong enough to decrease the [O] below its equinoctial values. G/MSIS has
the right phase of the T-I SAO in the lower thermosphere because it already has larger
global mean [O] at equinoxes at the lower boundary. The thermospheric spoon mech-
anism is enough to lead to the correct phase in G/NOSAO, but of lower amplitude in
O/N,. Since, we assume that G/WX and G/NUDGE better represent the MLT dynam-
ics (match with SABER observations), there should be additional mechanisms acting in
the lower thermosphere (not included in GITM) that decrease the solstitial [O]. Note,
we also interpret similar results for January solstice (not shown here). The major dif-
ference between January and June is that the meridional wind magnitudes are much weaker
for January relative to June.
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862 It can be suggested that since WACCM-X has the right SAO phase and latitudi-

363 nal distribution of [O] and p in the upper thermosphere, the nudging altitude in GITM

864 should be increased to above 140 km where WACCM-X wind speeds increase to achieve

865 the right phase of SAO. However, when compared with integrated O/Ng from GUVI (which
866 reflects the lower T-I state at ~140 km), WACCM-X has the wrong SAO phase (Fig-

867 ure 6a). Yue et al. (2019) showed that GUVI data has an SAO in both [O] and O/Ns

868 with equinoctial peaks, which are in phase between the lower (8.4 x 104 Pa) and up-

869 per thermosphere (6.35 x 1076 Pa). Similar results were also obtained by Yu et al. (2020).
870 We estimate 8.4 x 10~* Pa to be ~140-160 km. Even though the phase of the SAO is

871 correct in WACCM-X at 400 km, it is not until 200 km that the SAO completely tran-

872 sitions from solstitial maxima to equinoctial maxima. GITM on the other hand is un-
873 able to correct this as it has lower meridional wind speeds. This suggests that there are
874 mechanisms missing in both models that could be responsible for this phase transition

a7 of the SAO in [O]. Jones Jr. et al. (2017) noted that this phase transition in the global

876 mean SAO in TIME-GCM occurs between ~90-100 km. The amplitude of the SAO de-

877 creases to a minimum at 90 km, which is similar to the low amplitude observed by SABER
878 in Figure 2d. However, the transition altitude in TIME-GCM is much lower, as we still

879 observe solstitial maxima in SABER [O] at 97 km. Considering the results by Yue et al.

880 (2019) and Jones Jr. et al. (2017), in order to have the right phase of the SAO in inte-

881 grated O/Ny (and match with the GUVI observations), the global SAO should transi-

882 tion to equinoctial maxima in the lower thermosphere below ~140 km. However, mech-
883 anisms driving this transition are not well understood. Jones Jr. et al. (2017) also ob-

884 served a similar phase reversal between 90-100 km in the advective flux divergence, which
885 was represented by a combination of meridional and vertical mean transport. This pro-
886 vides a hint that dynamics in the lower thermosphere might be driving this transition.

887 Given the results shown herein, we offer the following thoughts about certain pro-

888 cesses that can improve the amplitude and phase of the SAO in T-I models such as GITM:

889 « We introduce a seasonal variation in K., at the GITM lower boundary as a pos-

890 sible solution, i.e., similar to that used by Qian et al. (2009) in TTE-GCM. Even

801 though seasonally varying K., decreases the O/Nz at solstices and increases it dur-
892 ing equinoxes, it is not enough to completely reverse the phase of the oppositely-

893 phased SAO. We also ran a simulation using WACCM-X version 2.1 at the lower

804 boundary of GITM and got similar results as G/WX shown in this study. The tem-
805 poral variation of global mean O/Ny and p at 400 km for both of these simula-

896 tions are provided in the supporting information.

807 « HWM winds have relatively larger summer-to-winter interhemispheric winds in

898 the lower thermosphere. Thus, the lower thermospheric meridional wind magni-

899 tudes can be increased in GITM to be in better agreement with HWM. Addition-

900 ally, Jones Jr., Emmert, et al. (2018) demonstrated that the thermospheric spoon

901 mechanism is most effective in the altitude regime where the thermosphere is tran-
902 sitioning from a fully mixed state to that of diffusively separated state. This can

003 be achieved by reducing ion drag and/or viscosity in GITM, or nudging the merid-
904 ional winds to HWM. The exact magnitude of winds in this region remains to be

905 studied as more thermospheric wind observations are made over the next few decades.
906 Larger meridional transport during solstices can potentially improve the global

o07 SAO phase and reduce the equatorial accumulation of [O] in G/WX and G/NUDGE.
908 » We also observe that winter-to-summer winds between ~100-120 km are much larger
909 in TIDI data than in HWM and WACCM-X. In our G/NUDGE simulation, we

910 found that this circulation results in the lowering of global mean (normalized) O/Ny,
out [O], p during solstices. If this residual circulation in WACCM-X and GITM is more
012 accurately represented such that the magnitude of the winds are in agreement with
013 TIDI data, the solstitial maxima seen in the G/WX and G/NUDGE simulations

014 could decrease significantly.
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Thus, the correct lower boundary conditions for GITM should be SABER/WACCM-
X-like [O], with additional mechanisms that represent the state of lower thermospheric
dynamics more accurately.

5 Summary and Conclusions

The T-T1 SAO is a large intra-annual density (mass and plasma) variation with max-
ima during equinoxes and minima during solstices. It is successfully reproduced in most
global whole atmosphere models. However, T-I models need estimates of the MLT state
via accurate specification of lower boundary conditions for producing the right ampli-
tude and phase of T-I SAQO. This is especially difficult as there are limited global sources
to validate the winds, composition, and temperature in the MLT. It has recently been
shown that lower atmospheric perturbations from gravity waves and tides can affect and
improve (in some studies) the modeling of T-I SAO in the global T-I models. This study
explores a possible approach to improving the amplitude and phase of T-I SAO in GITM.

Our results show that GITM successfully reproduces the T-1 SAO from first prin-
ciples when no SAO is present at the lower boundary, however with lower amplitude. This
demonstrates that the SAQO is primarily driven by the internal thermospheric horizon-
tal and vertical transport. Using the densities and temperature from MSIS (NRLMSISE-
00) and winds from HWM (HWM14) at the lower boundary improves the amplitude and
phase of SAQ, especially in the lower thermosphere. However, there are still some dis-
agreements between models and data regarding its phase and amplitude. For example,
summer densities are underestimated and winter densities are overestimated during sol-
stices, and the phase of SAO in p at 400 km leads the observations, especially during June
and September.

Another problem is that the lower boundary condition in [O] specified at ~100 km
by NRLMSISE-00 does not match data in this region from SABER. The [O] from SABER
(at 97-100 km) has larger densities at solstices and at summer mid-high latitudes, op-
posite to that of MSIS. It was found that [O] from WACCM-X at ~100 km matches the
data better and was then used as lower boundary condition in GITM. The seasonal and
latitudinal variations of other parameters are similar between MSIS and WACCM-X in
this altitude region. Using GITM driven by the opposite [O] distribution from WACCM-
X (G/WX) corrects for the summer-winter gradient. However, it does not improve the
SAO at higher altitudes, but rather leads to maxima around solstices, which is 180° out
of phase with respect to the MSIS driven GITM (G/MSIS) and the T-I observations. This
is especially interesting, since the pure WACCM-X model has the appropriate phase of
the upper thermospheric SAO, when compared to data. Nudging the dynamics in GITM
towards WACCM-X up to 140 km (G/NUDGE), reduces the amplitude of this oppositely-
phased SAQO, but does not completely correct it.

We find that the maximum change in the SAO phase in GITM between the lower
boundary and the upper thermosphere is ~30 days, which is not enough to have a phase
shift on a seasonal scale. We reveal that in G/WX and G/NUDGE simulations, the max-
ima in global mean [O] during the solstices are a result of the weaker thermospheric spoon
mixing in GITM as compared to WACCM-X. Larger [O] at summer high latitudes in the
MLT lead to accumulation of [O] at lower latitudes in the thermosphere during solstices,
which further increases the amplitude of the oppositely-phased SAO. G/MSIS is able to
achieve the right phase of T-I because it starts with the equinoctial maxima in [O] at
the lower boundary. For G/NUDGE, equatorward winds and the resulting convergence
between 100-140 km also add to this accumulation of [O]. The pure WACCM-X model
also has the wrong phase of the SAO in the lower thermosphere, as it transitions from
solstitial maxima towards equinoctial maxima between the altitudes ranging from 100-
200 km. Since, several studies have shown that the global mean [O] and O/N3 in the lower
thermosphere have equinoctial maxima, we suggest that the phase transition from sol-
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966 stitial to equinoctial maxima in the global mean SAQO should occur in the altitude re-
967 gion of ~100-140 km.

968 Since the [O] distribution in WACCM-X matches SABER observations at 97-100

969 km, there should be additional mechanisms acting in the lower thermosphere that de-

970 crease solstitial densities and nudge the phase of SAO towards equinoctial maxima. These
o71 could include stronger thermospheric spoon circulation, stronger lower thermospheric resid-
72 ual circulation during solstices, and a seasonal variation in K,,. It is also possible that

o73 sub-grid processes such as gravity wave breaking could act as a momentum source for

o74 the meridional winds, enhancing the meridional transport during the solstices. The ex-

o7s act mechanisms that drive the phase transition of the SAO in the lower thermosphere

o76 are currently unknown and will be the subject of future studies.

077 Our results emphasize the importance of accurate representation of the MLT state
o78 and dynamics in the lower thermosphere in T-I models for better modeling of T-I SAO,
079 and thus agree with the appraisal by Picone et al. (2013). We infer that the lower ther-
980 mospheric region between 100-150 km is a complex and important region, as this is where
981 the effect of the larger scale neutral dynamics is strongest. Finally, as new models and

082 datasets are introduced, it becomes crucial to validate them with the older models and

083 datasets; this can help in addressing the gaps in our knowledge of the physical mecha-

o84 nisms in the T-I region.
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