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Growing evidence indicates that a selected group of global-scale waves from the
lower atmosphere constitute a significant source of ionosphere-thermosphere
(IT, 100-600 km) variability. Due to the geometry of the magnetic field lines,
this IT coupling occurs mainly at low latitudes (< 30°) and is driven by waves
originating in the tropical troposphere such as the diurnal eastward propagating
tide with zonal wave number s = -3 (DE3) and the quasi-3-day ultra-fast
Kelvin wave with s = =1 (UFKW1). In this work, over 2 years of simultaneous
in situ ion densities from lon Velocity Meters (IVMs) onboard the lonospheric
Connection Explorer (ICON) near 590 km and the Scintillation Observations
and Response of the lonosphere to Electrodynamics (SORTIE) CubeSat near
420 km, along with remotely-sensed lower (ca. 105 km) and middle (ca. 220 km)
thermospheric horizontal winds from ICON's Michelson Interferometer for
Global High-resolution Thermospheric Imaging (MIGHTI) are employed to
demonstrate a rich spectrum of waves coupling these IT regions. Strong DE3
and UFKW1 topside ionospheric variations are traced to lower thermospheric
zonal winds, while large diurnal s = 2 (DW2) and zonally symmetric (DO) variations
are traced to middle thermospheric winds generated in situ. Analyses of diurnal
tides from the Climatological Tidal Model of the Thermosphere (CTMT) reveal
general agreement near 105 km, with larger discrepancies near 220 km due to
in situ tidal generation not captured by CTMT. This study highlights the utility of
simultaneous satellite measurements for studies of IT coupling via global-scale
waves.
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1 Introduction

The generation and propagation of atmospheric waves with different spatiotemporal
scales represent the primary mechanism through which energy and momentum are carried
from the lower atmosphere to the ionosphere-thermosphere (IT) system. Solar tides are
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primarily generated by the periodic absorption of solar radiation
in longitude and localtime (LT) by tropospheric water vapor,
stratospheric ozone, and latent heat release in deep tropical clouds.
Planetary waves (PWs), Kelvin waves (KWs), and gravity waves
(GWs) are mainly excited by surface topography, unstable shear
flows, and convection. The subset of this wave spectrum that can
effectively propagate upward grows exponentially with height into
the less dense atmosphere. As a result, the waves achieve their largest
amplitudes in the dissipative region between about 100 km and
150 km known as the mesosphere-lower-thermosphere (MLT) (e.g.,
Yigit and Medvedeyv, 2015; Liu, 2016; Yigit et al., 2016). A fraction of
the wave spectrum can reach the upper thermosphere and exosphere
(e.g., Forbesetal, 2009; Oberheide etal.,, 2009; Gasperini et al.,
2015; 2018; 2020; 2022). As part of their vertical propagation,
nonlinear wave-wave interactions can occur that contribute to
modifying the interacting waves and generating secondary waves
(Palo et al., 1999; Changetal.,, 2011; Liu, 2016; Gasperini et al.,
2015; 2021; Forbesetal., 2021a; b). The wave-driven IT wind
variations can redistribute ionospheric plasma through the electric
fields generated via the dynamo mechanism in the MLT or directly
by moving plasma along magnetic field lines at higher levels (e.g.,
Liu, 2016).

The global IT coupling described above occurs primarily at
low latitudes (<30°) as a result of the geometry of the magnetic
field lines near the equator and is largely driven by waves of
tropical tropospheric origin. Two prominent examples of such large-
scale waves from the tropical wave spectrum that preferentially
propagate into the IT system are the well-known diurnal eastward
propagating with zonal wavenumber s = -3 (DE3), and the
eastward-propagating ~2.5-4-day period ultra-fast Kelvin wave
(UFKW) with zonal wavenumber s = -1, hereafter UFKW1 (e.g.,
Forbes et al., 2009; 2020a; b; Oberheide et al., 2009; Gasperini et al.,
2015; 2021; 2022; Chang et al., 2011; Gu et al., 2014a; Pedatella and
Forbes, 2009; Yamasaki et al., 20205 Liu et al., 2013). As discussed
by Gasperini et al. (2022), these so-called ‘ultra-fast tropical waves’
that include DE3 and UFKWs, are known to preferentially propagate
into the IT system and significantly alter thermospheric winds
(Gasperini et al., 2015; 2020) and ionospheric densities (Pedatella
and Forbes, 2009; Chang et al., 2011; He et al., 2011; Gu et al., 2014a;
Gasperini et al., 2021). DE3 originates primarily in the tropical
troposphere by latent heat release in deep convective clouds (e.g.,
Hagan, 1996; Lieberman et al., 2007), and its equatorially symmetric
mode is the largest component in the lower thermosphere
(e.g., Truskowski et al., 2014) and can propagate into the middle
thermosphere (e.g., Oberheide etal.,, 2011; Gasperini et al., 2015;
2018) and ionosphere (e.g., Gasperini et al., 2021) due to its long
vertical wavelength of about 56 km. UFKWs are a special kind
of GW trapped in equatorial and low-latitude regions, where the
Coriolis force is negligible (Salby et al., 1984; Andrews et al., 1987).
Similarly to DE3, UFKWs originate primarily from latent heat
release in the tropical troposphere and are the largest in the zonal
wind component. UFKWs are characterized by the longest vertical
wavelength (~51 km) of all Kelvin waves and thus can penetrate well
into the lower and middle thermosphere (e.g., Forbes et al., 2020a;
b), with amplitudes of upwards of 30 m/s in the MLT zonal wind
(Gu et al., 2014a), and middle thermospheric zonal wind amplitudes
exceeding 10 m/s (Gasperini et al., 2015; 2018; 2020). The focus of
this study is on diurnal tides and UFKWs, however, semidiurnal
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tides (and terdiurnal tides) can also play a large role in IT coupling
and connections to the lower atmosphere, as recently demonstrated
observationally by Forbes et al. (2022).

Using concurrent satellite observations from Ionospheric
Connection Explorer (ICON; Immeletal., 2018; Immeletal.,
2021) observatory, the Scintillation Observations and Response
of The Ionosphere to Electrodynamics (SORTIE; Crowley et al.,
2016) CubeSat, and the Thermosphere Ionosphere Mesosphere
Energetics Dynamics (TIMED) Sounding of the Atmosphere using
Broadband Emission Radiometry (SABER) instrument (Mertens
etal.,, 2001), along with Specified-Dynamics Whole Atmosphere
Community Climate Model with thermosphere and ionosphere
eXtension (SD/WACCM-X; Liu et al., 2018; Gasperini et al., 2020)
modeling, Gasperinietal. (2021) demonstrated a pronounced
zonal wavenumber 4 (WN4) structure in the global low-latitude
ionosphere due to the DE3 propagating through the lower
thermosphere. More recently, Gasperini et al. (2022) revealed a rich
spectrum of waves coupling the lower (~90-105 km) and middle
(~200-270 km) thermosphere with the upper F-region (~540 and
~590 km) ionosphere through analyses of simultaneous ICON and
Constellation Observing System for Meteorology, Ionosphere and
Climate 2 (COSMIC-2) observations. These and other recent studies
(e.g., Heelis R. A. et al., 2022; Lieberman et al., 2022; Harding et al.,
2022; Yamazaki et al., 2022; Forbes et al., 2021a; b; Immel et al.,
2021; Liu et al., 2021; Wautelet et al., 2021), demonstrate the utility
of employing a diverse set of contemporaneous satellite observations
to characterize and better understand the origin of large-scale
variability occurring in the tightly-coupled IT system.

Despite some improved understanding of IT connections
involving global-scale waves afforded by recent ICON, Global-
scale Observations of the Limb and Disk (GOLD), and COSMIC-
2 satellite observations, there are many unresolved questions
regarding the variability of the wave spectrum and its impacts
on the low-latitude IT system. Availability of simultaneous lower
(i.e., ~90-110 km) and middle (i.e., ~200-300 km) thermospheric
winds and topside F-region (ie., ~590km) ion density from
the ICON mission (Immeletal., 2018; 2021), combined with
periods of concurrent ionospheric observations from the SORTIE
CubeSat (Crowley etal., 2016) near 420 km, during the solar
minimum and generally geomagnetic-quiescent period (Kp>4 on
only about 8.7% of the days) between January 2020 and March
2022 provides a unique opportunity to develop an improved
experimental understanding of how global-scale waves couple lower
thermospheric variability with IT variability. This study evaluates,
for the first time, the simultaneous diurnal tidal spectrum and
other high-impact global-scale waves in the lower and middle
thermosphere and topside F-region ion density using the most
recent version of the data publicly available at the time of writing.
This is accomplished through spectral analyses of the recently-
released version 5 (v05) of ICON MIGHTI wind data over the height
ranges ~93-106 km and ~200-270 km, where wind measurements
are made during both day and night, and in-situ-measured topside
F-region ion density from IVM instruments onboard ICON (v06)
and SORTIE (v02).

This paper is organized as follows: Section 2 briefly describes the
satellite data, modeling, and methodologies, Section 3 contains the
results and related discussions, while Section 4 provides a summary
and the main conclusions.
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2 Satellite observations, modeling,
and methods

This study employs simultaneous ICON MIGHTI horizontal
wind, ICON IVM ijon density, and SORTIE IVM ion density
satellite observations, along with diurnal tidal output from the
Climatological Tidal Model of the Thermosphere (CTMT). A brief
overview of these observational datasets, CTMT, and the spectral
methods herein adopted are provided below. This summary provides
the necessary context for the interpretation of the global-scale wave
analyses presented in Section 3.

2.1 Satellite data

ICON is a NASA Heliophysics System Observatory (HSO)
mission launched on 10 October 2019 on a nearly circular
~27° inclination orbit at an altitude near 590 km (Immel et al,,
2018). The ICON mission aims to directly measure the processes
of ionospheric modification by the dynamics of the neutral
atmosphere (Immel et al., 2018; 2021; Immel and Eastes, 2019). As
a single satellite, ICON only covers two local solar times (LST)
a day, each precessing by about 29.8 min toward earlier LST each
day.

This study employs MIGHTTI Level 2 Version 5 (V05) green-
line vector winds (~95-106km) and red-line vector winds
(~200-270 km) that provide coverage during both daytime
and nighttime. Dhadly etal. (2021) showed agreement between
MIGHTI and Thermosphere, Ionosphere, Mesosphere Energetics
and Dynamics Doppler Interferometer (TIMED/TIDI) zonal
wind observations, with correlations around 0.6 and root mean
square (RMS) differences of ~56 m/s, and similar large amplitude
longitudinal variations. RMS differences between MIGHTI winds
and ground-based radars and interferometers are on the order of
20 m/s (Harding et al., 2021; Makela et al., 2021). Characterization
of the mean horizontal winds and the associated circulation
by ICON/MIGHTI for Northern Hemisphere summer solstice
conditions was also studied by Yigitetal. (2022). While the
aforementioned studies employed previous data versions, a new
calibration method for the so-called ‘zero wind was developed
for VO5 MIGHTI winds that uses a long-term comparison of
the ascending- and descending-orbit data to perform a self-
calibration of the zero baselines, which is independent of external
data or models (Englertetal, 2023). The estimated accuracy
of the V05 wind data is generally 10-25m/s (Englertetal.,
2023). Such uncertainties are negligible in tidal/wave fits when a
sufficiently large number of data points are used. Recent work by
Yamazaki et al. (2023) shows general agreement between MIGHTI
V05 mean winds and Horizontal Wind Model 14 (HWM14)
winds.

Along with the MIGHTI thermospheric wind observations
described above, this study utilizes ICON IVM-A L2-7 V06 ion
densities (Heelis et al., 2017; 2022a; b; Huba et al., 2021; Park et al.,
2021a; Park et al., 2021b). The IVM is comprised of two instruments,
the Retarding Potential Analyzer (RPA) and the Drift Meter (DM).
The IVM data are down-selected by including data only for times
where the two ‘RPA’ and ‘DM’ flags are both less than 1. Heelis et al.
(2017) reported ICON/IVM ion densities to have an accuracy
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exceeding 10°cm™ based on mission requirement considerations.
Total ion concentrations measured by ICON IVM (primarily O+
and H+) are considered equivalent to electron density and hereafter
referred to as ‘Ne. Gasperini et al. (2021) found strong agreement
(r>0.8) between nearly-coincident independent Ne observations
from IVM instruments onboard ICON and COSMIC-2 during a
period of similar LT coverage. Similar results were obtained in the
recent study by Choi et al. (2023), wherein comparisons of in situ ion
density measurements from IVMs onboard COSMIC-2 and ICON
using observations during geomagnetic quiet days at solar minimum
showed strong agreement.

SORTIE is a NASA HSO 6U CubeSat mission launched onboard
Dragon CRS-19 to the International Space Station, from where it
deployed on 19 February 2020 in a nearly circular ~51.6° inclination
orbit near 420 km (Crowley et al., 2016). SORTIE reentered Earth’s
orbit around 8 September 2022. The primary objective of the
SORTIE mission is to discover the sources of wave-like plasma
perturbations in the F-region ionosphere, including the relative
role of dynamo action versus direct mechanical forcing in their
formation. The SORTIE sensor suite consists of two components;
a micro planar Langmuir probe (uPLP) and an IVM. The
temperature, composition, and vector velocity of the ionospheric
plasma are measured by the IVM. Gasperinietal. (2021) used
concurrent ICON and SORTIE IVM ion density observations to
demonstrate coupling from the lower thermosphere to the topside
ionosphere from the DE3 tide during a period of similar local
time coverage. Azeem etal. (2022) showed the first observation
of Traveling Ionospheric Disturbances (TIDs) by SORTIE above a
deep convection system over Texas and used model simulation and
corroborating satellite and ground-based data to demonstrate their
connection to vertically propagating GWs. This study uses the in situ
L2 total ion density product from the miniature IVM (day and night)
from 27 May 2020-8 October 2020 (i.e., days 148-282) and 8 April
2021-21 October 2021 (i.e., days 464-660).

2.2 Climatological Tidal Model of the
thermosphere (CTMT)

The CTMT (Oberheide etal., 2011) characterizes the global
behavior of vertically propagating tides in the thermosphere
(90-400 km; pole to pole). CTMT is based on tidal temperatures
and winds in the mesosphere-lower-thermosphere (MLT) region
from the Sounding of the Atmosphere using Broadband Emission
Radiometer (SABER) and TIMED Doppler Interferometer (TIDI)
instruments onboard the Thermosphere Ionosphere Mesosphere
(TIMED) satellite extended into the
thermosphere using Hough Mode Extension (HME) modeling.

Energetics Dynamics

In brief, HMEs represent global solutions (pole-to-pole, 0-
to 400-km altitude) to the linearized dynamical equations of the
atmosphere for an oscillation of a given frequency and zonal
wavenumber, taking into account dissipative effects (including
radiative cooling, eddy and molecular diffusion of heat and
momentum) above the forcing region (Lindzen and Hong, 1974;
Forbes and Hagan, 1988). These perturbations are computed
for a background windless atmosphere characterized by a single
climatological height profile of temperature. HMEs can be thought
of as a latitude versus height table of self-consistent amplitudes
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and phases for the velocity, temperature, and density perturbation
fields of an oscillation with a particular frequency and zonal
wavenumber (e.g., Forbesetal, 1994; 2017; 2022). More details
on HMEs and CTMT can be found in the recent study by
Forbes et al. (2022), which focuses on the vertical evolution of the
non-migrating semidiurnal tidal spectrum and their relationship to
viscous dissipation and in situ thermospheric sources.

As detailed in Oberheideetal. (2011), monthly tidal
climatologies for CTMT are obtained from averaging about 6 years
(2002-2008) of TIMED SABER and TIDI observations. CTMT
accounts for contributions from solar radiation absorption in the
troposphere and stratosphere, tropospheric latent heat release, and
nonlinear wave-wave interactions occurring within and below the
MLT and is valid for low-to-medium solar radio flux conditions
(F10.7 = 110 SFU). One should keep in mind that thermospheric
tidal forcing occurring above the MLT is not accounted for by
CTMT. As a result, this model is not able to capture migrating
tides forced in situ by the absorption of solar EUV radiation and
nonmigrating tides forced in the thermosphere (e.g., Jones et al.,
2013).

This study employs zonal and meridional wind diurnal tidal
amplitudes from CTMT for comparison with ICON MIGHTIL
Given the observationally-based climatological height-latitude
tidal information provided by CTMT for solar low-to-medium
conditions (F10.7 = 110 SFU), CTMT is an excellent model for
the interpretation of the MIGHTI-derived tidal amplitudes during
2020-2021.

2.3 Spectral analyses and nomenclature

As noted in Section 2.1, ICON only covers two LSTs each day
which prohibits the reliable extraction of tidal variability on a daily
or quasi-daily basis. Cullens et al. (2020) showed that at least 35 days
of data have to be combined into a composite day to obtain LST
coverage sufficient for tidal diagnostics at all latitudes observed by
MIGHTT (~10°S to ~40°N). Similar considerations can be made for
ICON IVM. The tidal diagnostics of the composite data is further
explained in Forbesetal. (2022) and Gasperini etal. (2022) and
follows a similar procedure as that adopted by Gasperini et al. (2015,
2017, 2020) in the analyses of GOCE and CHAMP tidal winds and
densities.

Only data collected during the period between 1 January 2020
and 23 March 2022 were used in this study. This period was
selected because it occurs near solar minimum and is and generally
geomagnetic-quiescent. The daily Kp index reaches Kp > 6 (Kp > 5)
only on 4 (17) out of the 813 days examined. Data collected during
days with Kp > 5 are excluded from the analysis. Note that during
the period under investigation, ~25.3% of days have Kp>3, ~8.7% of
days have Kp>4, ~2.1% of days have Kp>5, and ~0.5% of days have
Kp>6. Itis pertinent to note that recent investigations (e.g., Cai et al.,
2020; 2021) elucidate that even modest levels of geomagnetic
activity (Kp<3) have the potential to generate large I'T perturbations,
which can penetrate the equatorial regions. Nonetheless, the low-
latitude protracted oscillations in IT parameters investigated in this
study and the composite 40-day moving means involved in the
tidal fitting, are likely to significantly reduce any impact from any
underlying fluctuations in geomagnetic activity. The effect of solar
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and geomagnetic preconditioning in IT coupling via global-scale
waves is an important topic of research that will be investigated
further in future work.

The green-line winds are given every ~2.5 km for the height
range ~91-112 km, while the red-line winds are given every ~10 km
between ~203-301 km. Diurnal tidal fits are performed using 40-day
moving windows on winds averaged in 6° latitude, 40° longitude,
and 2-h UT bins extending from 10°S to 40°N using the native
~2.5km (green-line) and ~10 km (red-line) altitude sampling. To
determine the spatiotemporal evolution of the waves, a linear 2-
dimensional least squares fit is performed to waves propagating
in time and longitudes. A moving window of 40 days is chosen
instead of 35 days to alleviate negative effects associated with the
occurrence of occasional gaps, data quality issues, and instrument
calibrations. As noted by Forbes et al. (2022), this binning effectively
removes the effects of small-scale variations and improves the
statistics while also leading to smoother visual depictions. The
fits are performed for diurnal (24-h period), semidiurnal (12-h
period), terdiurnal (8-h period), and quarterdiurnal (6-h period)
tides with zonal wave numbers s = +4. Note that quarterdiurnal
tides were recently demonstrated to play a non-negligible role in the
lower thermosphere (Pancheva and mukhtarov, 2023). The primary
reason for using the same averaging window for both greenline and
redline wind data, despite the different dynamic and electrodynamic
processes at play, is consistency in the wave retrieval at the two
altitudes, including averaging nearly identical local times, which is
a preferred condition for comparing tidal winds between these two
different altitude regions. The fitting method allows for robustness
in the statistics as the 40-day wave fits are assumed to be valid only
when at least 35 days of data are available.

For ICON MIGHTI, only the data that are flagged as ‘Good’ or
(Wind Quality = 1) and ‘Caution’ (Wind Quality = 0.5) are used.
This data quality selection criterion largely eliminates observations
near the South Atlantic Anomaly (SAA) where the retrieval of
wind velocities is difficult due to increased radiation, observations
with small airglow signals, and observations from the day-night
terminators where mode changes of the instrument take place. Their
removal primarily eliminates data near 270°-330° longitude in the
Southern Hemisphere, which are away from the primary latitude
regions of interest for the wind results contained in this study (i.e.,
0°-40°N). Occasional data gaps in the V05 MIGHTI winds are
largely removed by the 40-day averaging. Data gaps may be a source
of uncertainty in the retrieval of wave amplitudes due to incomplete
local time sampling, especially during more extensive data gaps in
mid-2021. Future data releases that improve coverage are expected
to alleviate any potential detrimental effects of missing data. For
ICON IVM, the ‘RPA and ‘DM’ flags are less than 1 when the data
is of the highest quality and greater than 1 when it should be used
with caution or rejected (see the data product documentation in
the University of California at Berkely (UCB) ICON’s public FTP
site provided in the Data Availability Statement for further details).
This data quality selection criterion (flags <1) is adopted for ICON
IVM.

The tidal nomenclature used here is standard (e.g., Hagan et al.,
1995; Hagan and Forbes, 2002): DWs or DEs is a westward
or eastward propagating diurnal tide, respectively, with zonal
wavenumber s. For semidiurnal tides, D is replaced by S. DO is the
zonally symmetric diurnal tide, while SO is the zonally symmetric
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(A) Diurnal spectrum of ICON IVM total ion density (i.e., Ne, electron density) during 1 January 2020-23 March 2022 near the geomagnetic equator
(£5° MLAT) near 590 km showing zonal wavenumbers ‘s’ (positive for westward propagation) within +4. The spectrum is obtained by applying
2-dimensional spectral fitting on 40-day moving windows and including only data with RPA and DM flags <1 occurring on 3-hourly intervals with kp <
6. DW1 is set to 0. The amplitudes are shown as percentage variations with respect to the zonal mean. Contours are shown from 0% to 25% in 2.5%
intervals. (B) Time series of the daily F10.7 solar radio flux (black line) and 3-hourly kp geomagnetic (blue line) indices.

semidiurnal tide. Stationary PWs with zonal wavenumber m are
denoted ‘SPWm.

3 Results and discussion

Figure 1A shows the diurnal non-migrating tidal spectrum of
ICON IVM Ne near the geomagnetic equator (+5° MLAT) and
590 km altitude covering zonal wavenumbers s = +4 and extending
from 1 January 2020 to 23 March 2022 (days 1-813). The strong day-
night Ne difference ‘aliased’ into DW1 is removed to highlight non-
migrating diurnal tidal variability. The tidal variations are shown
as percentages relative to the zonal mean. The time series of the
solar (daily F10.7 solar radio flux) and geomagnetic (3-hourly kp)
indices is shown in Figure 1B. This ~2-year period is characterized
by solar flux that increases from about 70 SFU in early 2020 to
about 100-130 SFU in early 2022, and by geomagnetic activity that
is generally below kp = 6. For the period examined, the daily Kp
index exceeded Kp = 5 (Kp = 6) during 17 (4) days. The 17 days
with Kp>5 were excluded from the analysis. Only 3 days or less
occurred in the same 40-day windows, thus their removal generated
no significant gaps in the analysis. This method assumes that any
deviations related to enhanced geomagnetic activity are averaged
out. It is important to keep in mind that due to the 40-day averaging
required to derive the full zonal wavenumber tidal spectrum from
ICON observations, day-to-day tidal variability is largely absent in
the tidal spectra herein presented. Moreover, tidal amplitudes are
likely to appear reduced due to the 40-day averaging (see, e.g., related
discussions in Forbes et al. (2017); Hausler et al. (2014)).

Strong Ne variability associated with DE3 is observed around
days 510-630 (i.e., June-September 2021), with amplitudes upward

Frontiers in Astronomy and Space Sciences

05

of 20%. Smaller (~10%-15%) DE3 Ne variability is observed
around days 150-280 (i.e., June-September 2020) in agreement
with the well-known seasonal and inter-annual variations in the
thermospheric DE3. Large DO and DW2 Ne variability, exceeding
20% is several occasions, is observed throughout the ~820 days
displayed. A close relationship between the temporal variations of
DO and DW2 Ne variations can be seen by a close inspection of
Figure 1A. Larger DO and DW2 can be seen during days 700-820
corresponding to increased solar flux in early 2022. Note also some
remarkable correspondence between prominent quasi-27-day solar
rotation variations in flux (see the black curve in Figure 1B) and
DO and DW2 Ne variability, further suggesting a connection to
solar forcing for these tidal components that will be discussed
in further detail below. Shown in Figure 1A are also large (up
to 15%-20%) DE1 Ne amplitudes around days ~100-200 and
~460-580 and occasionally enhanced DE2 and DW3 (e.g., days
~20-80) Ne amplitudes.

Next, we examine the concurrent diurnal non-migrating tidal
spectrum from ICON MIGHTI zonal winds in the lower (i.e.,
~105km) and middle (i.e., ~220km) thermosphere near the
geographic equator and at 10°N-20°N geographic latitude (GLAT),
as shown in Figure 2. The lower thermospheric diurnal non-
migrating tidal spectrum is dominated by DE3 with amplitude
variations upward of 25 m/s during days 180-320 and 540-690
corresponding to early July through mid-November 2020 and
2021, respectively. In the middle thermosphere, DE3 still retains
significant amplitudes up to around 15m/s in agreement with
the vertical propagation of this wave component to higher
thermospheric altitudes. For both altitudes shown in Figure 2,
DE3 attains the largest amplitudes near the geographic equator in
accordance with the Kelvin wave equatorially-trapped nature of

frontiersin.org


https://doi.org/10.3389/fspas.2023.1217737
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

Gasperini et al.

10.3389/fspas.2023.1217737

A . DW1 setto 0 ICON MIGHTI ZONAL WIND 40-DAY DIURNAL AMPL (m/s), 5S-5N, 220 km Quality Flags > 0.5
3 150
E 2
g 1
§ Y 75
z -1
2 2
3 0.0
100 200 300 500 600 700 800
2020 2021 2022
A' ICON MIGHTI ZONAL WIND 40-DAY DIURNAL AMPL (m/s), 10N-20N, 220 km
4
3 15.0
3 2 l
€1
g Y 75
z -1
2 2
3 0.0
2020 100 200 300 2021 500 600 700 2022 800
B .
3
g 2
g 1
£ 0
ER
25
3
4
2020 100 200 300 2021 500 600 700 2022 800
L]
B' .
3 ‘250
5 2 S 21X S
€1
g
2o T = 125
z -1
=2 <P e
3 Logml o g1,
100 200 3 400 600 700 800
2020 Time (days since 1 January 2020) 2022
FIGURE 2

(A-A") Diurnal non-migrating tidal spectrum (s + 4, positive to the west) of ICON MIGHTI red-line middle thermospheric (~220 km) zonal winds during 1
January 2020-23 March 2022 near the geographic equator (+5° GLAT) and between 10°N and 20°N GLAT, respectively. (B-B') same as (A-A’) but in the
lower thermosphere near 105 km. The wind tidal amplitudes are shown as m/s, with maxima set to 15 m/s near 220 km and 25 m/s near 105 km.
Different color scale ranges are chosen for the lower and middle thermospheric wind spectra to facilitate visual representation. Contours at ~220 km
(~105 km) are shown from 0 m/s to 15 m/s (25 m/s) in ~1.7 m/s (~2.8 m/s) intervals. Quality flags >0.5 are adopted. As for Figure 1, the tidal spectrum is
obtained by applying 2-dimensional spectral fitting on 40-day moving windows, and DW1 is set equal to 0.

the dominant thermospheric Hough mode of DE3 with a vertical
wavelength of about 56 km (e.g., Gasperinietal, 2015; 2017).
Remarkable correspondence is also found between the seasonal
variations in the thermospheric zonal wind DE3 and the ionospheric
Ne DE3 concurrently measured by ICON IVM and shown in
Figure 1A. Given the significantly larger DE3 amplitudes observed
in the lower thermosphere, the primary coupling process is likely
to be associated with the E-region dynamo. Nonetheless, direct
propagation to the middle thermosphere is also likely to constitute
a non-negligible source of ionospheric DE3 (e.g., Gasperini et al.,
2021). More work needed to be done to understand possible
ion-neutral coupling effects in the zonal wind DE3 near 220 km
due to the component of DE3 associated with E-region dynamo
processes.

Hagan and Forbes (2002) demonstrated that DE3 and DE2
are mostly forced by latent heat release in persistent large-scale
tropical rainfall systems and provide a direct coupling mechanism
between tropospheric weather and upper thermospheric variability
via upward propagation. These and other nonmigrating tides
were also shown to induce a significant longitudinal and local
time variation in the low-latitude F-region plasma, as discovered
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by Sagawaetal. (2005) and Immeletal. (2006), and more
recently shown by Gasperini et al. (2021) using concurrent ICON,
SORTIE, and TIMED satellite data, along with SD/WACCM-
X modeling. An important neutral-plasma coupling process is
the longitudinal modulation of E-region dynamo electric fields
by nonmigrating zonal wind tides (Hagan etal., 2007; Jin et al.,
2008) although F-region meridional tidal winds and thermospheric
tidal O/N2 variations also play an important role (England et al.,
2010).

Figure 2 also shows large zonal wind DW2, DE2, and DO
amplitudes with maxima near 15-20 m/s and larger amplitudes
the middle
comparisons between Figures 2A,B near the equator and between
Figure 2A" and Figure 2B’ near 10°N-20°N GLAT reveal that
significant middle thermospheric variability associated with DW2,

generally occurring in thermosphere. Closer

DE2, and DO is not traceable to lower thermospheric variability.
This result is a strong indication of in situ generation in the
thermosphere for these wave components. As hypothesized by
Oberheide et al. (2011) and later demonstrated by Jones et al. (2013)
using  Thermosphere-Ionosphere-Mesosphere-Electrodynamics
General Circulation Model (TIME-GCM) simulations, DO and
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DW?2 can originate via nonlinear interaction between the in-situ
EUV-generated DW1 and the stationary planetary wave with s =
1 (SPW1) resulting from the geographic and geomagnetic field
offset driven by plasma-neutral interactions. Similar DO and DW2
variability is also observed in Ne measured in situ by ICON IVM
near 590 km (see Figure 1A). Using TIME-GCM, Jones et al. (2013)
distinguished between diurnal and semidiurnal migrating and non-
migrating tidal components generated locally in the thermosphere
from those that originate in the troposphere. They found that at
low and middle latitudes both migrating and nonmigrating tides
can be generated in situ through ion-neutral interactions due to the
longitude-dependent ionosphere imposed by the realistic magnetic
field configuration. Specifically, Jones et al. (2013) found that during
solar maximum, non-migrating diurnal and semidiurnal tides
forced by ion-neutral interactions are responsible for the majority
of the longitude-dependent tidal structure seen in the low and
middle latitude upper thermosphere, with D0 and DW?2 arising from
hydromagnetic coupling between SPW1 (i.e., modified ionosphere)
and DW1 (i.e., idealized wind circulation) that can reach amplitudes
of up to 20 m/s near 500 km. More discussion on this important
finding and discrepancies with the modeling results by Jones et al.
(2013) is provided in the later part of this study.

10.3389/fspas.2023.1217737

Note that the geographic coordinate system is the more
natural and effective frame for diagnosing the origins of tidal
dynamics. Therefore, in the present study, zonal winds near 105 km
(typically corresponding to the peak height of the Hall conductivity)
and 220 km are ordered in geographic coordinates to diagnose
the lower-to-middle thermospheric connection. This allows us
to understand what component of the thermospheric DE3 can
propagate to the middle thermosphere. A geomagnetic reference
frame may be appropriate to study connections between the middle
thermospheric wave amplitudes and those observed in the topside
F-region ionosphere. A geomagnetic frame will certainly generate
some distortions in the structures. This is due to the way that
a wind field ordered in geographic coordinates interacts with a
magnetic field whose inclination, declination, and magnitude vary
with longitude (see, e.g., Maute et al., 2012; Forbes et al., 2021b).
However, magnetic coordinates are most appropriate for diagnosing
global-scale waves in ionospheric parameters, as shown in many
IT wave coupling studies (e.g., see references in Forbes etal.,
2021b). A geomagnetic reference frame may be appropriate to
study connections to the topside ionosphere DE3, however, the
distortions in the structures due to the way that a wind field ordered
in geographic coordinates interacts with a magnetic field whose
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FIGURE 3

Same as Figure 2 (A-B') but for ICON MIGHTI meridional winds. As for Figure 2, contours at ~220 km (~105 km) are shown from 0 m/s to 15 m/s

(25 m/s) in ~1.7 m/s (~2.8 m/s) intervals
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inclination, declination, and magnitude vary with longitude are not
the primary focus of this study and will be subject of follow-on
work.

We now turn our attention to the diurnal non-migrating
tidal spectrum in meridional winds measured by ICON MIGHTI.
Figure 3 shows the same spectral depictions of MIGHTI winds
as Figure 2 but for the meridional wind component. Clearly, the
spectra are dominated by DO and DW2 variability in both the
lower and middle thermosphere with meridional wind amplitudes
exceeding 20 m/s on several occasions. In the lower thermosphere
(i.e., ~105 km), particularly striking are the DW?2 variations around
days 255-415 (i.e., mid-September 2020—mid-February 2021) and
620-780 (i.e., mid-September 2021 - mid-Feruary 2022) and 10°N-
20°N GLAT and DO variations around days 255-450 (i.e., mid-
September 2020 - late-March 2021) and 520-780 (i.e., early-June
2021 - mid-February 2022) near the geographic equator and 10°N-
20°N GLAT. In the middle thermosphere (i.e., ~220 km), significant
DO and DW2 variations are observed throughout 2020-2022
with amplitude maxima near 15 m/s a little correspondence with
the lower thermospheric DO and DW2. This finding suggests,
similar to what was discussed in the context of Figure 2, that
these wave components are likely to be generated in situ likely

A DW1 setto 0
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from the nonlinear interaction between in-situ EUV-generated
DW1 and the SPWI1. More discussion on this topic is provided
below.

Next, we compare the ionospheric diurnal tidal spectrum
observed at two different ionospheric heights to investigate the
persistence of certain features through different altitude regions
in the topside F-region ionosphere. For this purpose, we compare
tidal results from concurrent IVM measurements onboard the
SORTIE CubeSat near 420 km and ICON near 590 km. Due to
their different altitudes, SORTIE IVM observes an O + -dominated
ionosphere while ICON IVM samples nonnegligible H+ (especially
during nighttime). Thus, to best interpret the ionospheric tidal
signatures observed concurrently by ICON and SORTIE, Figure 4
compares ICON O+ density with SORTIE total ion density (i.e., Ne).
Gasperini et al. (2021) already demonstrated a strong correlation
between the WN4 structure seen in SORTIE Ne and ICON O+
density during May 2020, with Pearson correlation coeflicients as
high as 0.87.

Figure 4A, A" show the diurnal nonmigrating tidal spectrum as
a function of time near the geomagnetic equator (5°S-5°N MLAT)
of ICON IVM O+ density and SORTIE IVM Ne, respectively.
For SORTIE, IVM data is sufficiently continuous to allow 40-day
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(A-A’) Wavenumber-DOY diurnal spectrum of O ion density near the geomagnetic equator (5°S-5°N MLAT) from ICON IVM near 590 km and SORTIE
IVM near 420 km, respectively. (B-B’) MLAT-DOY depiction of ICON IVM and SORTIE IVM DE3 O" amplitudes. The amplitudes (shown as percentages
over the zonal mean) are obtained by applying 2-dimensional spectral fitting on 40-day moving windows. Note the different color scales for SORTIE
and ICON DE3. SORTIE (ICON) DE3 maxima near 30% (15%). Contours for ICON (SORTIE) are shown from 0% to 15% (25%) in 1.5% (2.5%) intervals
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spectral fitting during the two periods: 27 May 2020-8 October
2020 (i.e., days 148-282) and 8 April 2021-21 October 2021 (i.e.,
days 464-660). Comparisons between the diurnal spectra of ICON
IVM Ne near 590 km and SORTIE IVM Ne near 420 km suggest the
presence of similar wave components, with large DE3, D0, DE2, and
DW2 (note that the enhancements are not concurrent for all times
and wave components). Near the geomagnetic equator, Ne tidal
amplitudes near 420 km are about 40% larger than those observed
near 590 km (note the different color scales between Figures 4A,B).
This result is evidence that the prominent D0 and DW2 Ne variations
previously discussed are not isolated to 590 km but are a common
feature throughout the topside ionosphere.

Further, Figure 4B, B" elucidate the MLAT-temporal structure
of DE3 amplitudes (as percentages over the zonal mean) of ICON
O+ density and SORTIE Ne, respectively. Effects from the equatorial
ionization anomaly (EIA) in DE3 appear evident at both altitudes,
although at ~420 km the peaks occur near +20° MLAT while at
~590 km the peaks are near +10° MLAT. This effect is likely due to
SORTIE’s lower mean altitude in accordance with the well-known
ionospheric fountain effect (e.g., Andrews et al., 1987). Important
equatorial asymmetries exist in DE3 Ne amplitudes near 420 km that
are not as clearly present near 590 km.

We now focus on the latitudinal-temporal amplitude structure
of a few dominant wave components in the lower and middle
thermospheric and topside ionospheric diurnal spectra, specifically
DWI, SPW1, DO, and DW2 as shown in Figure 5. Prominent
variability in the nonmigrating tidal components is observed in both
lower and middle thermospheric zonal winds with amplitudes up to
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~18 m/s. The lower thermospheric DW1 shows little resemblance
with the middle thermospheric DW1, as expected since the latter
is largely driven in situ in the thermosphere by the absorption
of solar EUV radiation. The DW1 Ne appears to be rather
equatorially symmetric and shows a closer association with the
middle thermospheric DW1 than the lower thermospheric DW1.
A closer inspection of Figure 5 reveals strong similarities in the
timing and latitude structure of the middle thermospheric zonal
wind SPW1 and DO (particularly in the northern hemisphere around
days 150-220 and 480-610), and some correspondence with DW1
and DW2. Similar considerations can be made for the latitudinal-
temporal of these 4 wave components in Ne. A more detailed
discussion on DW2 and DO is provided below in the context of
previous studies and CTMT results.

Next, we investigate diurnal tidal variability in the zonal winds
from the CTMT model. The focus is on latitude-temporal and
altitude-temporal structures and comparisons with those observed
by MIGHTI. As already discussed in Section 2.2, tidal forcing
occurring in situ in the thermosphere is not accounted for in
CTMT. In other words, CTMT is not capable of reproducing in-
situ-forced migrating tides resulting from EUV forcing (e.g., the
middle thermospheric DW1), and in-situ-forced nonmigrating tides
in the middle thermosphere due to nonlinear interactions, most
notably the diurnal nonmigrating tidal components DW2 and
DO. For context, Table 1 contains information on the peak height,
peak latitudes, and vertical wavelengths for zonal wind HME1
and HME2 for DW2, DW1, D0, DE1, DE2, and DE3 that are
at the basis of CTMT. Also included in Table 1 are HME1 and

100

©
M. LAT (deg)

200

Geographic latitude (GLAT) versus DOY structure of ICON MIGHTI zonal wind DW1 (A), SPW1 (B), DO (C), and DW2 (D) amplitudes in the lower
thermosphere near 105 km. (A” =D"") Same as (A-D), but in the middle thermosphere near 220 km. (A”-=D") Same as (A-D), but from ICON IVM Ne near
590 km. All the spectra are obtained by least squares fitting data in 40-day moving windows. Contours for DW1 at ~105 km, ~220 km, and ~590 km are
shown up from 0 m/s/% to 36 m/s, 90 m/s, and 100% in ~3.2 m/s, ~8.2 m/s, and 9.1% intervals, respectively. Contours for SPW1 at ~105 km, ~220 km,
and ~590 km are shown from 0 m/s/% to 18 m/s, 18 m/s, and 46% in ~1.6 m/s, ~1.6 m/s, and 4.2% intervals, respectively. Contours for DO and DW2 at
~105 km, ~220 km, and ~590 km are shown from 0 m/s or 0% to 18 m/s, 18 m/s, and 23% in ~1.6 m/s, ~1.6 m/s, and 2.1% intervals, respectively.
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HME2 of the 3-day UFKW1. HMEI and HME2 correspond to
the first symmetric and first antisymmetric Hough modes with
symmetric and antisymmetric referring to the relative phasing
across the equator. Note that meridional wind HMEs always have the
opposite symmetry. As shown in previous studies (e.g., Oberheide
and Forbes, 2008; Oberheide et al., 2009; 2011) non-equatorial tidal
peaks in the middle/upper thermosphere tend to shift toward higher
latitudes due to molecular diffusion. Gasperini et al. (2017) studied
the effects of mean winds and dissipation on both DE3 and a 3-
day UFKWI1 in a general circulation model for solar minimum
conditions, reporting that the effects of asymmetric mean winds are
to distort the horizontal shapes of these waves and shifting their
peaks toward westward wind regimes.

The latitude versus month-of-the-year structure of the major
(DW2, DW1, D0, DE2, and DE3) diurnal tidal amplitudes from
CTMT near 105 km (220 km) altitude in zonal and meridional
winds are contained in Figure 6 (Figure7). While Figure 8
shows the latitude-height structure of the annual-mean diurnal
tidal amplitudes also from CTMT. As already discussed by
Oberheide et al. (2011) in the context of comparisons between

>

Lat (deg)

CTMT, DW1, Zonal Wind
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CTMT and neutral density and wind observations from the
Challenging Minisatellite Payload (CHAMP) satellite, the presence
of strong middle/upper thermospheric DW2 and DO and their
absence in CTMT suggests the presence of additional forcing
mechanisms in the thermosphere. For tides, the time constants
of eddy and molecular diffusion are proportional to the square of
their vertical wavelengths (e.g., Oberheide et al., 2011). As such, the
short vertical wavelength characterizing DW2 (~33 km) makes it
not capable of effectively propagating into higher thermospheric
altitudes. As shown in Table 1, for the zonal winds only the
antisymmetric HME (HME2) of DO has a sufficiently long vertical
wavelength (~69 km) to propagate into the thermosphere. Note
that for the meridional winds (not shown in Table 1) only the
symmetric HME (HME1) of DO can effectively propagate to the
thermosphere. HME2 is responsible for generating prominent
antisymmetric signals in the lower (partly shown by Figure 6C) and
middle (partly shown in Figure 7C) thermospheric DO zonal winds,
while HMEL1 is responsible for producing symmetric signals in
the lower (Figure 6C") and middle (Figure 7C') thermospheric DO
meridional winds. These tidal signatures (and latitude structures)
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Latitude versus month zonal wind amplitude structure of DW2 (A), DW1 (B), DO (C), DE1 (D), DE2 (E), and DE3 (F) near 105 km altitude from the
Climatological Tidal Model of the Thermosphere (CTMT) model. (A’—F') Same as (A—F), but for the meridional wind component. Contours are shown
from 0 m/s to 15 m/s in 1.5 m/s intervals. The zonal (meridional) wind DE3 (DW1) amplitudes are divided in half to facilitate visual representation.
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Same as Figure 6 (A—F'), but near 220 km altitude. Contours are shown from 0 m/s to 7 m/s in ~0.7 m/s intervals.

in DO are also found in the MIGHTT observations (Figure 5 for
the zonal wind component), although CTMT underestimates the
amplitudes by up to ~75% in the middle thermosphere (i.e., near
20 m/s in MIGHTT and near 5 m/s in CTMT, depending on latitude
and month of the year) due to lack on in situ generation. DW2
meridional and zonal winds are very large below about 100 km (not
shown), small near 105 km (Figure 6A, A’ respectively), and nearly
absent in the middle thermosphere (Figure 7A, A', respectively) as
the zonal wind component is associated with the first symmetric
HME. DW2 zonal wind amplitudes in the lower thermosphere are
underestimated by CTMT by up to ~67%(12 m/s versus 4 m/s),
while the strong (15 m/s) middle thermospheric DW2 observed by
MIGHTI is nearly absent in CTMT likely due to in situ generation
not reproduced by CTMT.

To summarize, diagnostics of MIGHTI red-line winds
(Figure 5A’-D’) indicate middle thermospheric diurnal tidal
amplitudes exceeding 15 m/s with DO, DW2, and SPW1 often the
largest nonmigrating diurnal tides present. This finding, already
suggested by Oberheide et al. (2011) and confirmed numerically by
Jones et al. (2013), demonstrates that the nonmigrating components
DW?2 and DO have an upper thermospheric source. This source is
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most likely associated with the nonlinear interaction occurring in
situ in the middle/upper thermosphere of the in-situ-generated
DW1 and SPWI, as clearly demonstrated by the close association
between the latitude-temporal structure of these 4 wave components
(Figure 5). A strong and somewhat prominent finding from Figure 5
that is different than what was modeled by Jones et al. (2013) is
the presence of DO and DW2 with prominent amplitudes even
during weak solar flux conditions. Jones et al. (2013) showed that
these non-migrating tides were less likely to be strong under solar
minimum/maximum conditions, which is not in agreement with
the MIGHTT results shown in Figure 5.

The HME2 of DW2 does not play a significant role here since
DW?2 is fully symmetric below about 100 km altitude. As one
can see from Figure 8, the eastward propagating DE2 and DE3
zonal wind tides can propagate directly into the thermosphere
without substantial changes to their latitudinal structures as a
result of their relatively longer vertical wavelengths (70 km and
56 km, respectively, as shown in Table 1) that correspond to reduced
molecular dissipation for their first symmetric modes. In general,
the MIGHTT latitude-temporal structures at 220 km are significantly
different than those shown by the CTMT. In the case of DO,
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Latitude (10°S-40°N, y-axis) versus height (100-300 km, x-axis) zonal wind amplitude structure of DW2 (A), DW1 (B), DO (C), DE1 (D), DE2 (E), and DE3
(F) as annual means from the CTMT model. (A’—F') Same as (A-F), but for the meridional wind component. Contours are shown from 0 m/s to 10 m/s

in 1 m/s intervals

TABLE1 Zonal wind HMEs for diurnal tides and the 3-day UFKW1.‘Z’is the
altitude of maximum amplitude, ’/\: denotes the vertical wavelength
between 90 and 120 km for F10.7 = 125, while ‘lat,’ the latitudes of zonal
wind peaks at‘z"

T

Dw2 94/33 +24 unstable

DW1 93/35 +30 unstable

Do 94/32 +30 105/69 +30
DE1 164/149 0 101/45 +24
DE2 105/70 0 101/35 +24
DE3 106/56 0 102/30 +18
UFKWI1 (3d) 110/51 0 101/7 +15

DWI, and DW?2 this is due to the presence of in situ-generated
components in the MIGHTTI tides which are not included in the
CTMT. Comparisons between MIGHTI and CTMT diurnal tides
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reveal discrepancies connected with differences in tides with longer
vertical wavelengths that are more capable of propagating from
~105 km to ~220 km. Lower (middle) thermospheric zonal wind
DE3 amplitudes from CTMT maximizing near 15 m/s (~7 m/s) are
largely underestimated (by about 50%) compared to those observed
by MIGHTI with maxima near 30 ~ m/s (~15m/s). Note that
the MIGHTI-observed DE3 zonal wind amplitudes are generally
consistent with previous observations (e.g., Gasperini et al., 2015;
2018; 2021). Some model-data differences not ascribed to in situ
generation in the thermosphere may be ascribed to lower solar flux
in the observations (70-100 SFU for MIGHTTI versus ~110 SFU for
CTMT) that favors wave propagation to the middle thermosphere
and by the well-known inter-annual variability in the waves (note
that CTMT is a ‘climatology’ of the tidal spectrum obtained
combining over 6 years of TIMED data).

Seminal theoretical studies (e.g., Lindzen, 1967; Lindzen and
Hong, 1974; Volland, 1974; Volland and Mayr, 1977; Forbes and
Garrett, 1979; Forbes and Hagan, 1988; Forbes and Vincent, 1989)
reported on some basic characteristics of waves propagating into the
thermosphere, where the dissipative time scales increase roughly as
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the inverse of density. Entering the thermosphere, tidal amplitudes
generally increase up to a region where dissipation is important
and then (case 1) asymptotically approach constant values (with
no significant decrease in amplitude with increasing altitude), or
can increase up to a region where dissipation is important but
then (case 2) decrease considerably before asymptotically reaching a
constant value. In previous work, Gasperini et al. (2017) examined
the vertical propagation of DE3 (and UFKW1) to the thermosphere
using TIME-GCM with the lower boundary based on Modern-
Era Retrospective analysis for Research and Applications (MERRA)
reanalysis data. This study found that (a) the effect of molecular
dissipation is to broaden the latitudinal structures in accord
with prior theoretical predictions and satellite observations (e.g.,
Gasperini et al.,, 2015); (b) the main effect of background zonal mean
winds is to distort the height-latitude structures; (c) the altitude
where upward propagating waves maximize is related to the ratio
between the timescale for dissipation and the wave’s Doppler-shifted
frequency.

Figure 9 contains the vertical structure of CTMT equatorial
DE3 zonal wind amplitudes (panel a) and phases (panel b) during
September, which shows a behavior largely consistent with a
significant reduction in wave amplitudes in the thermosphere.
As previously noted, careful analysis of the observational results
contained in Figure 2 reveals DE3 zonal wind amplitudes that are
reduced by about 50% near 220 km compared to ~105 km. This
result suggests that the MIGHTI-observed DE3 in the middle
thermosphere is undergoing dissipation more closely resembling
case (2). It is important to note that while the DE3 may still have
appreciable amplitudes near 220 km, there is likely only some small
phase progression with altitude, i.e., dissipative effects have made its
vertical wavelength extremely long. As such, one may argue that the
DE3 is no longer propagating vertically.

Finally, we examine the global-scale wave spectrum extending
from 0.5 days to 7 days as revealed by 2-dimensional least-squares
fitting of remotely-sensed MIGHTT lower (i.e., 105 km) and middle
(i.e., 220 km) thermospheric zonal winds and we compare it with
the one inferred by in-situ-measured IVM Ne near 590 km. These
spectral results near the equator (10°S-10°N GLAT for the winds
and 10°S-10°N MLAT for Ne) that combine over 800 days of data
are shown in Figures 10A-C, respectively. The migrating tides are
set to 0 to facilitate visual representation. The dominant diurnal
tidal periodicities present near 105 km are DE3, DE2, DO, and DW2
(already extensively discussed in Figures 2, 5).

Figure 10A reveals the existence of a prominent and persistent
~3-day UFKWT1 in the lower thermosphere, with ~2-year mean
amplitudes near 10 m/s. UFKWs constitute the subset of Kelvin
waves with faster horizontal phase speeds (~150 m/s) enabling
their propagation to MLT heights and above (e.g., Salby et al,
1984; Forbes, 2000; Gu et al., 2014; Gasperini et al., 2015; 2018;
Forbes et al., 2020). In the MLT the most frequent and longest-
lasting UFKW events have s = —1 and ~2-4-day periods. UFKWs
can effectively drive F-region ionospheric variability (Liu et al., 2013;
2015; Guetal, 2014; Abdu etal,, 2015) primarily through the E-
region dynamo processes (e.g., Chang et al., 2010) but also in situ
via F-region winds and field-aligned drifts (e.g., Forbes et al., 2020).

The lower thermospheric zonal wind wave spectrum in
Figure 10A also demonstrates a strong s = +1 ~6-day variation
associated with the westward quasi-6-day planetary wave with
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FIGURE 9
Vertical structure (100-300 km, x-axis) of CTMT equatorial DE3 zonal
wind amplitudes (A) and phases (B) during September.

zonal wavenumber 1 (Q6DW). The Q6DW is a prominent and
recurrent planetary wave in the MLT region (e.g., Talaat et al., 2002;
2001; Lieberman et al., 2003; Riggin et al., 2006; Forbes and Zhang,
2017). A number of recent studies demonstrated impacts on F-
region ionospheric variability from Q6DWs (Gan et al., 2016; 2017;
Gu et al,, 2014b; 2018a; b; Qin et al., 2019; Yamazaki, 2018). As
noted by Forbes et al. (2020¢), changes in F-region electron densities
at Q6DW periods result from transport by ExB drifts, where the
electric field E is generated in the ionospheric E-region through
dynamo action of Q6DW winds and possibly Q6DW modulation
of tides and/or gravity waves. The spatial structure of Q6DW in the
MLT region is highly consistent with the theoretical Rossby (1, 1)
normal mode (Talaat et al., 2001), with Q6DW amplitudes in the
zonal wind maximizing around the equator (e.g., Qin etal,, 2019;
2021; Forbes et al., 2020c).

Spectral analyses of MIGHTI middle thermospheric winds
indicate significantly reduced amplitudes (by ~50%-80%) for
both the UFKW1 and Q6DW near 220 km (see Figure 10B” for
UFKW1). This result suggests that both these wave components
undergo strong dissipation in their propagation between ~105 km
and ~220 km. It is important to realize that the wave spectra
in Figures 10A-C are averages of over 2 years of MIGHTI and
IVM observations. However, previous modeling and observational
evidence indicate that thermospheric UFKW and Q6DW occur
mainly in limited events lasting from about 10 days to 30 days.
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Hence, the UFKW1 and Q6DW amplitudes in Figures 10A-C
are likely to be significantly suppressed by the averaging
involved.

Closer examination of the middle thermospheric wave spectrum
reveals dominant s = 0 variations with periods of 12 h (i.e., SO, as
recently shown by Forbes et al., 2022), 1-day (i.e., DO, previously
discussed), and 7 days; and other notable s = 0 variations near 2
and 3 days. Remarkably, along with the expected strong DE3, DE2,
DO, and DW?2 variations, the Ne wave spectrum (Figure 10C) shows
prominent variability near 3 days and s = —1 associated with the
lower thermospheric UFKW1 and near 6 days and s = +1 associated
with the Q6DW (Figure 10A). Figure 10C also shows strong SW3
variability (similar to that discussed by Forbes et al., 2022), westward
propagating 3-day variations, and prominent s = 0 variability near
7 days that closely resembles the variability in zonal winds near
220 km (Figure 10B). These latter two variations have not been
reported before in ICON data and will be the subject of future work.
Comparison between Figures 10A-C, allowed by contemporaneous
MIGHTI and IVM observations, demonstrates how the short-term
large-scale variability of ionospheric density is mostly driven by
lower and middle thermospheric waves, at least at low latitudes
for low solar activity and relatively quiet geomagnetic conditions.
The similarities between the ~2-year-averaged lower thermospheric
zonal wind and ionospheric Ne wave spectra in Figures 10A-C are
quite remarkable.

Similar to DE3 which is known to be primarily generated in the
tropical troposphere by latent heat release in deep convective clouds
(e.g., Hagan, 1996; Lieberman et al., 2007), UFKWs also originate
primarily from latent heat release in the tropical troposphere and
have a predominance of the kinetic energy in the zonal wind
component (e.g., Forbes, 2000). As previously discussed, UFKWs
are a special kind of gravity waves modified by the Earth’s rotation
and trapped in the equatorial and low-latitude regions, where
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the Coriolis force is negligible (Salby et al., 1984; Andrews et al.,
1987), and have a long vertical wavelength (>50 km) that allow
them to propagate into the lower and middle thermosphere, with
zonal wind amplitudes exceeding 30 m/s near 110 km (Gu et al,
2014a) and 10 m/s near 260 km (Gasperinietal.,, 2015). Using
HMEs, Forbesetal. (2023) recently showed that UFKWs with
periods shorter than about 4 days can effectively penetrate above
the lower thermosphere, and dissipation broadens UFKW latitude
structures with increasing height and lengthens vertical wavelengths
with increasing latitude, whereas ion drag effectively dampens
UFKW amplitudes with increasing efficiency at higher solar activity
levels.

Figures 10A-C  demonstrate the prominence of the
thermospheric DE3 and UFKW1 and their ability to effectively
couple into the ionosphere. Next, we focus our attention on
their latitude-temporal structures in MIGHTI zonal winds near
105 km (Figure 10A" and Figure 10A", respectively) and 220 km
(Figure 10B” and Figure 10B”, respectively) and in IVM Ne
near 590 km (Figure 10C’" and Figure 10C”, respectively). After
the exact UFKW1 period is determined using spectral analysis,
simultaneous least-squares fits are performed on these 40-day
windows to derive DE3 and UFKW1 amplitudes and phases.
UFKW1 amplitudes are derived using 40-day moving windows
for consistency with the tidal diagnostics. As discussed in detail
for Figure 2, the lower thermospheric zonal wind DE3 shows
prominent amplitudes upward of ~25m/s during days 180-320
and 540-690 (early July through mid-November 2020 and 2021),
while the middle thermospheric DE3 retains large amplitudes up to
about 15 m/s.

The latitude-temporal structure of the DE3 zonal winds is
similar between the two heights in agreement with the primarily
first symmetric mode of DE3 (with vertical wavelengths of ~56 km,
see Table 1) that dominates at both heights compared to the second
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antisymmetric mode (with vertical wavelengths of ~30 km, see
Table 1) that peaks near 102 km, and is thus likely to be already
mostly dissipated by about 105 km altitude. The UFKW1 shows
similar seasonal behavior to DE3 with large amplitudes upward of
18 m/s during days 180-320 and 540-690 corresponding to early
July through mid-November 2020 and 2021. While this finding is
not surprising considering that both DE3 and UFKWs are known
to be generated via similar processes in the lower thermosphere
(i.e., latent head in tropical convective systems), various previous
studies (e.g., Gasperini et al., 2015; 2018) noted lack of a defined
seasonal variation for UFKWs. While it is possible that the 40-day
averaging would hide some of the variability, Figure 10A" suggests
that some recurrent seasonal pattern in the lower thermospheric
UFKW may be present. This finding may require further verification
that will necessitate additional analyses and longer observational
datasets. UFKW1 middle thermospheric amplitudes show maxima
near 8 m/s, i.e., about 50% less than their corresponding amplitudes
near 105 km. Significant latitudinal asymmetry is found in both
DE3 and UFKW1 at both thermospheric heights. Using a general
circulation model, Gasperinietal. (2017) showed notable effects
from mean winds on DE3 and UFKW amplitudes. These effects
are significantly more severe for DE3 than for the UFKW despite
the fact that they share the same phase speed and that their full
latitudinal widths at half-maximum are both near 30° thus making
them subject to effectively the same mean winds. Similar conclusions
can be made by close inspection of Figure 10. Note that UFKWs are
not included in CTMT, hence no comparisons can be made for these
wave components.

4 Conclusion

This study evaluates the simultaneous diurnal tidal spectrum
and other high-impact waves in the lower and middle thermosphere
and topside F-region ion density (i.e., Ne) from ICON and SORTIE.
This is accomplished through spectral analyses of recently-released
version 5 (v05) ICON MIGHTI wind data over the height ranges
~93-106 km and ~200-270 km (with day and night coverage),
and in-situ topside F-region ion densities from IVMs onboard
ICON (v06) near 590 km and the SORTIE CubeSat (v02) near
420 km. Results are presented during the solar minimum and
generally geomagnetic-quiescent period (Kp>4 on only about
8.7% of the days) extending from January 2020 to March 2022
which provides a unique opportunity to better understand how a
selected group of global-scale waves couple lower thermospheric
variability with IT variability. Comparisons with the CTMT tidal
model are also presented. These analyses of remotely-sensed
horizontal thermospheric winds from ICON MIGHTI and in-
situ-measured F-region Ne from ICON and SORTIE IVMs, along
with comparisons with tidal output from CTMT, reveal the
following.

1. ICON IVM diurnal spectral analyses reveal large DO-and
DW2-induced ion density variability, exceeding 20% on several
occasions, throughout January 2020 - March 2022. A close
relationship between the DO and DW2 Ne variations is found
consistent with strong quasi-27-day variations in the amplitudes
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during later 2021 likely induced by corresponding solar rotation
variations in flux. Strong Ne variability associated with DE3
is observed around July-October 2021 with amplitudes upward
of 20%. Smaller (~10%-15%) DE3 Ne variability is observed
around July-October 2020 in agreement with the well-known
seasonal and inter-annual variations in the thermospheric
DE3.

. The lower thermospheric diurnal non-migrating tidal spectrum

is dominated by DE3 with amplitude variations upward of
25m/s from early July to mid-November 2020 and 2021. The
middle thermospheric DE3 retains significant amplitudes up to
around 15 m/s near the equator in agreement with the vertical
propagation of this wave component to higher thermospheric
altitudes. Remarkable correspondence is also found between the
latitude-temporal variations of the lower thermospheric zonal
wind DE3 and corresponding variation in the ionospheric DE3,
consistent with primary coupling through E-region dynamo
processes.

. Large zonal wind DW2, DE2, and D0 amplitudes with maxima

near 15-20 m/s and larger amplitudes generally occur in the
middle thermosphere. Significant DW2, DE2, and DO middle
thermospheric variability is not traceable to lower thermospheric
variability in these wave components, indicating in situ generation
in the thermosphere for these wave components (as hypothesized
by Oberheide et al., 2011 and later demonstrated numerically
by Jonesetal., 2013). Results indicate that DO and DW2 are
likely to originate via nonlinear interaction between in-situ EUV-
generated DW1 and the stationary planetary wave with s = 1
(SPW1) resulting from the geographic and geomagnetic field
offset, driven by plasma-neutral interactions. Similar DO and
DW?2 variability is also observed in Ne near 590 km. An important
finding from MIGHTI different than what was modeled by
Jones et al. (2013) is the presence of prominent DO and DW2 even
during weak solar flux conditions.

. The diurnal non-migrating tidal spectrum in meridional winds

measured by ICON MIGHTT is dominated by DO and DW2
variability in both the lower and middle thermosphere with
meridional wind amplitudes exceeding 20 m/s on several
occasions. In the lower thermosphere particularly striking are the
DW?2 variations and DO variations consistent with their in-situ
generation from the nonlinear interaction between in-situ EUV-
generated DW1 and the SPW1. Detailed diagnostics of MIGHTI
red-line winds indicate middle thermospheric diurnal amplitudes
exceeding 15 m/s with DO, DW2, and SPW1 often the largest
nonmigrating diurnal tides present. This source is most likely
associated with the nonlinear interaction occurring in situ in the
middle/upper thermosphere of the in-situ-generated DW1 and
SPW1, as clearly demonstrated by the close association between
the latitude-temporal structure of these 4 wave components. The
middle/upper thermospheric DW1 is largely due to in-situ EUV
forcing, while SPW1 is the result of the geographic/geomagnetic
pole displacement.

. Comparisons between the diurnal spectra of ICON IVM Ne near

590 km and SORTIE IVM Ne near 420 km suggest the presence
of similar wave components, with large DE3, DO, DE2, and DW2
(with enhancements that are not concurrent for all times and wave
components). Near the geomagnetic equator, Ne tidal amplitudes
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near 420 km are about 40% larger than 590 km, indicating that
the prominent DO and DW2 Ne variations previously discussed
are a common feature throughout the topside ionosphere and
not limited to the altitudes sampled by ICON IVM near 590 km.
EIA-induced effects are evident in DE3 with peaks occurring
near +20° MLAT near 420 km while the peaks are near +10°
MLAT near ~590 km, likely due to SORTIEs lower mean
altitude. Important equatorial asymmetries exist in DE3 Ne
amplitudes near 420 km that are not present near 590 km, possibly
due to vertically changing mean winds in the 420-590 km
region.

. The latitude-temporal and altitude-temporal diurnal non-

CTMT model are

analyzed and compared with MIGHTT observations. The lower

migrating tidal structures from the
thermospheric spectra are in general agreement, while large
discrepancies are found in the middle thermosphere due to in
situ tidal generation not captured by CTMT. The presence of
strong middle thermospheric DW2 and DO and their absence
in CTMT is consistent with the presence of additional forcing
mechanisms in the thermosphere. For the zonal winds, only
the antisymmetric HME (HME2) of DO has a sufficiently long
vertical wavelength to propagate into the thermosphere; while
for the meridional winds only the symmetric HME (HMEL)
of DO can effectively propagate to the thermosphere. HME?2 is
responsible for generating antisymmetric signals in the lower
and middle thermospheric DO zonal winds, while HME1 is
responsible for producing symmetric signals in the lower and
middle thermospheric DO meridional winds. The D0 amplitudes
in CTMT are underestimated by up to ~75% near 220 km,
and DW2 zonal wind amplitudes in the lower thermosphere
are underestimated by CTMT by up to ~67%, while the strong
(~15 m/s) middle thermospheric DW2 observed by MIGHTI is
nearly absent in CTMT due to the lack of in situ generation in
CTMT. These results suggest that CTMT (and any tidal model of
the thermosphere) would strongly benefit from the assimilation
of concurrent satellite measurements, including those from ICON
and SORTIE.

. The MIGHTI lower and middle thermospheric zonal wind wave
spectra with periods from 0.5 days to 7 days are analyzed and
compared with that of Ne inferred from IVM near 590 km.
Prominent and persistent ~3-day UFKW1 lower thermospheric
zonal wind variability with ~2-year mean amplitudes near 10 m/s
is found to be consistent with ionospheric Ne signatures. Given
the greatly reduced UFKW1 amplitudes near 220 km, we surmise
that the F-region UFKW1 ionospheric Ne variability is primarily
driven by E-region dynamo processes, while in situ driving
via F-region winds and field-aligned drifts are likely to play
a smaller role. The UFKW1 shows similar seasonal behavior
to DE3 with large amplitudes upward of 18 m/s during early
July through mid-November 2020 and 2021. UFKW1 middle
thermospheric amplitudes show maxima near 8 m/s, i.e., about
50% less than their corresponding amplitudes near 105 km.
Significant latitudinal asymmetry is found in both DE3 and
the UFKW1 at both thermospheric heights, similar to previous
modeling studies (e.g., Gasperini et al., 2017). These effects are
significantly more severe for DE3 than for the UFKW despite
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the fact that they share the same phase speed and that their full
latitudinal widths at half-maximum are both near 30° thus making
them subject to effectively the same mean winds that warrant
further investigations.

. The lower thermospheric zonal wind wave spectrum also reveals
marked Q6DW variability during 2020-2021. Spectral analyses of
MIGHTI middle thermospheric winds show significantly reduced
amplitudes (by ~50%-80%) for both the UFKW1 and Q6DW near
220 km. This result suggests that both these wave components
undergo strong dissipation in their propagation between 105 km
and 220 km.

. The middle thermospheric zonal wind wave spectrum reveals
dominant s = +0 variations with periods of 0.5 days (i.e., S0, as
recently shown by Forbes et al., 2022), 1-day (i.e., DO, discussed
in Section 3), and 7 days; and other notable s = 0 variations
near 2 and 3 days. These middle thermospheric s = 0 variations

(including large s = 0 IT variability near 9 days not shown
or discussed in this article) are reflecting prominent topside F-
region ion density variability that will be the subject of follow

on work.

Despite improved observational capabilities afforded by recent
satellite missions, our ability to attain a comprehensive physical
understanding of the relevant processes is significantly impaired
by data sparsity in the IT system. This study highlights the
importance of simultaneous satellite measurements to provide
much-needed day/night wind, temperature, and composition
observations throughout the thermosphere and ionosphere that
will enable the investigation of wave-mean flow interactions, ion-
neutral interactions, and dynamo processes critical for improvided
nowecasting and forecasting capabilities of IT phenomena.
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